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1
AN EMERGING PARADIGM-SHIFT IN THE DEVELOPMENT OF 
HUMAN IN VITRO MODELS FOR PRECLINICAL TESTING AND 
DISEASE MODELING
Since the dawn of medical science, understanding the exact mechanisms of disease has 
been pivotal in the development of effective treatment strategies, surgical interventions 
and more recently, personalized medicine. As the global average life expectancy increases, 
so does the incidence of chronic diseases, which carry a heavy economic toll on society and 
compromises patients’ quality of life. In this growing population, this increase in the onset 
of diseases and the inherent biological variation of human beings which makes individual 
drug/treatment response highly variable, has put the drug discovery and development 
pipeline (Figure 1) to the test, calling for the adaptation of its rules and regulations to 
reduce the ever-increasing failure rates of new drugs. The staggering growth of the 
pharmaceutical industry in the last decades, and the high expenditure required to bring 
a new drug to the market (an estimated $314 million to $2.8 billion per drug from 2009-
2018)[1], is set to become an unsustainable issue in the coming years. The costs of the 
drug discovery process are further exacerbated due to the fact that an estimated 89% 
candidate drugs fail only after entering the highly costly clinical testing phase,[2] out of 
which 60-66% drugs fail to transition from Phase I clinical trials.[2,3] That is why, in recent 
years, far more attention has been focused on the preclinical testing phase of the pipeline, 
which most drugs still pass after a plethora of in vitro studies and in vivo studies on a 
wide variety of animal models. In this phase, most drug discovery testing culminates in 
animal testing, the current gold standard to ensure drug safety and efficacy before human 
trials.[4–7] However, ample research has demonstrated that no single animal model that 
can fully recapitulate the human condition, meaning that these models can easily fail to 
detect harmful or ineffective drugs due to their low predictability and thus bring about a 
significant translational gap.[4,5,7] From intra-species discrepancies in receptor specificity, 
immune reactivity, and drug metabolism, to the lack of diversity in inbred laboratory 
animals and the highly polarizing ethical issues that animal testing entails,[8] a general 
consensus on the need for more complex and predictive human disease models has 
emerged and become a priority for both scientists and policy makers in recent years.[5,6]

Supporting this paradigm shift in preclinical testing practices, various initiatives at national 
and European Union (EU)-wide levels have sought to develop programs to push forward 
the transition towards animal-free research. From the development of governmental 
initiatives like the Transitie Proefdiervrije Innovatie (TPI; transition animal-free innovation), 
to the creation of non-profit foundations such as Proefdiervrij in The Netherlands, the 
European Medicine Agency has also implemented steps to facilitate the adoption of 
New Approached Methodologies (NAMs) aimed to replace animal experimentation in 
pharmaceutical research. This, together with the congressional approval of the U.S. Food 
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and Drug Administration (FDA) Modernization Act 2.0 on January 2023, which allows 
for alternative complex in vitro model use in the advanced preclinical phases,[9] have 
recently opened the gateway to reduce the need for animal experimentation. However, 
in order to develop the next generation of in vitro platforms that can fill the ever-growing 
translational gap in our understanding of disease and the development of new drugs, it is 
first essential to understand the advantages and limitations of existing in vitro modeling 
techniques and leverage their translational potential. 

Figure 1: Schematic of the drug discovery and development pipeline including the 4 key phases of the process 
before entering the market: research and development, preclinical testing, clinical trials and review and approval 
stages. Created with BioRender.com.

EXISTING IN VITRO MODELING APPROACHES CAPTURE 
DIFFERENT ASPECTS OF ORGAN AND TISSUE COMPLEXITY 
The most widely used in vitro modeling approach for preclinical testing has been 
2-dimensional (2D) monolayer cell culture. Here, single cells are grown on top of a substrate 
and cultured in optimized medium and environmental conditions that enable their growth. 
For pharmaceutical research, these systems represent the gold standard due to their cost 
effectiveness and high-throughput potential.[10–14] While the simplicity of these models 
provides an indispensable understanding of basic cellular phenomena, these 2D cultures 
do not adequately represent the physiological conditions of cells in the human body 
and thus lack the physiological relevance needed to understand systemic processes and 
multicellular responses involved in specific disease and treatment strategies. For example, 
the lack of oxygen, nutrient and waste gradients, and limited control over cell-cell  and 
cell-extracellular matrix (ECM) interactions are crucial elements required to mimic native 
cellular behavior that cannot be replicated in two dimensions.[14–16] In the search for more 
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predictive, human-based in vitro models that better capture organ and tissue complexity, 
several tissue engineering approaches have been developed, each contributing different 
advantages to the modeling of human diseases (Table 1). 
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Table 1: Overview of in vitro modeling approaches including a brief description of their basic features, as well  
as their main advantages and limitations. 

In vitro platform Description Advantages Disadvantages

2D cell culture One or more cell types grown on two-dimensional surfaces 
(coated or non-coated)

- High throughput
- Highly reproducible
- Easy to automate culture and analysis
- Low cost

- 2D cellular response differs from cells in a 3D 
microenvironment

- Lack of physiological relevance
- Limited cell-matrix interactions

3D cell culture Hydrogels for cell 
encapsulation

One or more cell types embedded within three-dimensional 
matrices

- Wide range of materials from natural and 
synthetic origin

- Provide 3D microenvironment that mimics the 
extracellular matrix

- Versatile mechanical properties
- Low cost

- Cell-friendly hydrogels often too soft to withstand 
high mechanical stresses

- Lack the convoluted architectural organization of 
native tissues

- Poor physiological relevance on their own

Spheroids Free-floating, self-assembled cellular aggregates growing in 
sphered within biological fluids or extracellular matrix

- Can comprise multiple cell types from target 
tissue

- Exhibit cell-cell and cell-matrix interactions
- Scalable production
- Low cost

- Lack native tissue cell organization 
- Heterogeneity in size and shape
- Dense cell aggregation limits oxygen and nutrient 

supply

Organoids Three-dimensional structures derived from (pluripotent) 
stem cells, progenitor, and/or differentiated cells that self-or-
ganize through cell-cell and cell-matrix interactions

- Self-renewal and self-assembly capabilities
- Resembles native tissue organization
- Genetic stability
- Long-term, scalable expansion
- Differentiation capabilities into multiple tissue/

organ-specific cell lineages

- Low reproducibility
- Poor control over shape and size
- Lack of vasculature limits oxygen and nutrient 

supple
- Golden-standard culture matrix is tumor-derived

Bioreactors Manufactured devices that allow cell and tissue culture in 
carefully defined biological and physiological environments 
and employ mechanical means to influence biological pro-
cesses

- Provide dynamic culture conditions that lead to 
enhanced tissue-specific maturation

- Scalable systems for high throughput screening
- Introduction of dynamic flow enhance nutrient 

and oxygen supply

- Costly to set-up and scale
- Complex operating methodologies require expert 

users
- Limited control over microenvironmental and 

structural cues

Microphysiological 
systems

Miniaturized models that mimic the structure and function of 
human organs or tissues and their respective interfaces

- Accurate mimicry of tissue microenvironment
- High physiological relevance
- Incorporation of tissue-tissue and tissue-air 

interfaces allow modeling of tissue crosstalk
- Incorporate biomechanical cues and sensors
- Interconnected multi-organ-on=chip systems 

enable systemic studies of physiological processes

- Complex set-ups require expert users
- Lacks multi-scale architectural properties of native 

tissues
- Lack of standardization of fabrication and 

operation protocols
- Costly to upscale production and continuous 

monitoring

Biofabricated 
models

Biologically functional products with structural organiza-
tion from living cells, bioactive molecules, biomaterials, cell 
aggregates or hybrid cell-material constructs, through bio-
printing or bioasssembly and subsequent tissue maturation 
processes

- Highly customizable macro- and micro-structural 
architectures to mimic native-like organization 
and patient-specific shapes

- Enables the integration of multiple cells and 
materials in a spatially controlled manner

- Diverse range of existing bioprinting technologies 
with different process characteristics

- Convergence into multitechnology approaches 
enhances construct complexity and stability

- Layerwise approaches require long printing times 
to create clinically relevant sized constructs

- Layerwise approaches also pose limits on the 
design freedom of prints (i.e. overhangs and 
flowing structures)

- Compromise between material printability and 
shape fidelity, and optimal cell growth often 
required. 
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Bringing cell culture into the third dimension: development of 
advanced biological tools for in vitro model development
To increase the physiological relevance of existing cell-based models, research started 
to shift its focus towards more complex 3-dimensional (3D) cell culture strategies. These 
techniques range from encapsulating cellular structures within scaffolds (often aqueous 
soft matrices resembling the mechanobiological properties of native ECM like hydrogels), 
to developing cellular assemblies like spheroids and organoids that possess enhanced 
tissue/organ-specific functionalities based on their 3D organization.[11,12,14,15,17–19] These 
approaches have brought conventional cell culture into the third dimension, offering new 
tools to tune cell-cell and cell-ECM interactions in vitro, leading to more physiologically 
relevant microenvironments as compared to simple 2D monolayer cultures.[20–23] Spheroids 
can be defined as free-floating, self-assembled cellular aggregates growing in spheres 
within biological fluids or extracellular matrix.[24] These spheroids can in turn be composed 
of multiple cell types and form tight cell-to-cell and cell-ECM interactions within a few 
days.[25–28]  Since spheroids can be produced with high-throughput, these cell aggregates 
have been used for tumor characterization and immunotherapy efficacy models,[25,28,29] to 
build liver units that model drug toxicity,[30,31] to model processes in diseased organs, such 
as cardiac scar tissue formation,[32] and to develop highly organized models of various 
complex tissues like those in the musculoskeletal system[33,34]. Despite the potential and 
wide range of applications of spheroids, these 3D tissue models have intrinsic limitations, 
such as maintaining spheroid morphology and uniformity, achieving homogenous 
nutrient and oxygen supply throughout spheroids and the difficulty in incorporating all 
the cell types relevant to complex tissues/organs in an organized fashion.[29] 

Addressing the limitation of spheroids of mimicking the multicellular organization and 
resulting function of cell culture systems, the development of organoids takes a big leap 
towards recapitulating native tissue functions and organization. As defined by experts in 
the field, an organoid is “a three-dimensional structure derived from (pluripotent) stem 
cells, progenitor, and/or differentiated cells that self-organize through cell-cell and cell-
matrix interactions to recapitulate aspects of the native tissue architecture and function 
in vitro”.[35] These structures exhibit high genetic stability and expansion yield, making 
them excellent candidates for tissue engineering of clinically relevant-sized structures 
that exhibit highly predictive functions compared to their native counterpart.[23,36–38] The 
striking cellular organization similarities to native tissues, and the possibility to obtain 
these cell assemblies from most tissues in the human body have made organoids one of 
the most promising preclinical model candidates in recent years, with great strides in the 
understanding of organ development,[36,39–42] as well as human genetic and developmental 
pathologies.[36,38,40–50] As organoids can also be obtained from primary cells (i.e., obtained 
from biopsies) these tissue models have also facilitated the advancement of patient specific 
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biomedical research, and enabled further understanding and treatment development 
of rare diseases.[37,39,51] In combination with genome editing technologies[52–54] and 
other emerging biomedical tools, organoids are sure to bring about a revolution in the 
biomedical research field and have the potential to shape the next generation of in vitro 
models. Nonetheless, before incorporating these promising structures in the advanced 
preclinical testing phase some key limitations must be addressed. As with spheroid 
culture, control over the size and shape of organoids is difficult to homogenize, despite 
their high-throughput culture potential.[55] Furthermore, organoids lack a vasculature 
system that facilitates nutrient and oxygen supply, largely limiting their scalability to the 
millimeter-scale.[39,46,51] From a functional perspective, a key challenge lies in controlling 
the architecture of organoids during culture, a feature shown to significantly impact their 
maturation and biomimicry.[56]  It is thus evident that the development of new technologies 
that facilitate the introduction of complex enveloping architectures  to guide architecture 
and facilitate nutrient and oxygen supply is of utmost importance to bring this powerful 
biological tool into the forefront of preclinical research.

Incorporating dynamic culture in in vitro models: bioreactors 
and microphysiological systems
During the processes of development, growth, and regeneration that the human body 
experience since the prenatal stage, biophysical cues and feedback loops in their 
extracellular environment are crucial. Over time, cells have to adapt to these stimuli by 
changing their spatial organization and constantly engaging in cytoskeletal and ECM 
remodeling.[57] These processes are all major contributors of emerging organ and tissue 
structure and function and are thus essential elements needed to achieve enhanced 
biomimicry of preclinical testing platforms. Despite the aforementioned developments 
in advanced 3D cell culture models, these systems alone do not provide these biophysical 
factors such as shear, compression and flow. To date, several biophysical stimuli have 
been shown to effectively modulate cell fate and behavior, including electrical,[58–61] 
acoustic,[62,63] magnetic,[64–68] and mechanical, the latter being the most widely studied in 
a wide array of tissues.[67,69–72] To incorporate this into in vitro platforms, the  development 
of cell and tissue culture systems which recapitulate the dynamic in vivo environment has 
been another important step towards creating more predictive and accurate preclinical 
models.  

Bioreactors are manufactured devices that allow cell and tissue culture in carefully defined 
biological and physiological environments and employ mechanical means to influence 
biological processes[73]. Bioreactors pose a promising step in biomedical research and drug 
discovery by developing standardized, long-term, and scalable in vitro culture methods 
which enable researchers to achieve higher levels of experimental reproducibility. 
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Moreover, these devices facilitate the incorporation of numerous biophysical cues to 
biological structures, therefore enhancing the recapitulation of in vivo environments.
[73] Many different modalities of bioreactor exist, [73–77] for example, spinner flasks, which 
are automated stirring tanks that facilitate massive cellular expansion,[55,77] perfusable 
culture chambers that enable the introduction of dynamic flow throughout tissue 
models,[78,79] and culture chambers coupled to automated piston systems that enable 
continuous mechanical stimulation over time.[76] Thanks to 3D printing technologies 
highly customizable bioreactors can be designed for virtually any desired tissue-specific 
application.[80,81] Overall, these automated systems offer unique controllability of in vitro 
cell culture through customisable, physiologically relevant setups. Nonetheless, the 
introduction of more complex systems hinders the high-throughput possibilities of these 
platforms and introduces practical limitations that can hinder the widespread use of these 
technologies.

A subtype of microscale bioreactors, microphysiological systems (MPS) are another 
important in vitro modeling approach that enables the microscale recapitulation of 
functional units of tissues and organs.[82] These platforms also enable the introduction 
of flow and various biophysical stimuli, and importantly, are compatible with the 
incorporation of sensors for continuous monitoring of cellular processes.[83,84] The micro-
scale nature of these devices, such as organ-on-a-chip (OoC) platforms allows for the 
maintenance of more physiological cell-to-media ratios, eliminating massive dilutions in 
signalling molecules that provide insight into cellular behavior.[85] OoCs are a type of MPS 
based upon a microfluidic device containing networks of perfusable microchannels able 
to direct and manipulate picoliter to milliliter volumes of fluids.[86] This technology exploits 
developments in microfabrication techniques such as lithography and replica moulding 
in polydimethylsiloxane (PDMS)[87]  and other high resolution manufacturing technologies 
such as 3D printing.[88,89] These platforms may also be coupled with miniaturized biosensing 
and read-out capabilities.[90] These on-chip systems can incorporate tissue-specific 2D or 
3D cell culture systems, organized in ways that mimic tissue-tissue or tissue-air interfaces. 
These features provide a high physiological relevance platform that, in combination 
with the high-throughput set-up and analysis potential, make for extremely promising 
platforms for preclinical testing.[85,91] These OoC have been developed to study a wide 
range of organs and tissues such as liver,[92] lung,[93,94] intestine,[95] kidney,[96,97] the blood 
brain barrier,[98,99] articular joint tissues,[100,101] as well as vascular structures.[102,103] Naturally, 
the study of single tissues or organs when it comes to evaluating the systemic effect of 
drugs in the drug discovery pipeline is a rather reductive approach, so progress in the 
MPS field seeks to incorporate this inter-organ communication through devices known 
as human multi-organ-on-a-chip (multi-OoC), which are currently a major focus of in vitro 
model research.[104–106] Nonetheless, despite MPS’s comprehensive recapitulation of cell-
cell, cell-stimuli and tissue-tissue interactions, a critical aspect is lacking in these high 
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physiological relevance systems: the intricate multi-scale architectural complexity that, in 
vivo, plays a critical role in tissue and disease development. 

BIOFABRICATION APPROACHES PROVIDE UNPARALLELED 
ARCHITECTURAL CONTROL OF TISSUE ENGINEERED 
MODELS 
Despite the vast progress in enhancing the complexity of cellular organization through 
spheroid and organoid development, and the incorporation of tissue specific biophysical 
stimulation and multi-tissue interfaces with bioreactors and MPS, a key aspect in 
recapitulating native tissues lies in replicating their intricate micro- and macro-scale 
architecture. During development the cellular patterning and tissue architecture are key 
drivers of organ and tissue formation and the rise of their respective functions,[107–109] so 
being able to replicate these intricate elements is essential to achieve true physiological 
relevance in in vitro models. A technology-driven field that has come to the forefront of tissue 
engineering and regenerative medicine strategies in the last two decades is biofabrication, 
as it facilitates the precise patterning of cellularized materials into complex architectures.
[110–112] Biofabrication, a multidisciplinary field that bridges biology, materials science and 
engineering, as recently highlighted in a consensus paper from the International Society 
for Biofabrication (ISBF), can be defined as: “the automated generation of biologically 
functional products with structural organization from living cells, bioactive molecules, 
biomaterials, cell aggregates such as micro-tissues, or hybrid cell-material constructs, through 
Bioprinting or Bioassembly and subsequent tissue maturation processes”.[110] As this area of 
research grows and increasingly attracts the interest for tissue engineering, a wide range 
of techniques have been developed, all towards creating highly organized tissue mimics 
with unprecedented architectural control.[111] From the first bioprinting studies using 
inkjet printing technology,[113] multiple bioprinting modalities have now been developed 
and commercialized, like extrusion-based bioprinting,[114–116] inkjet printing,[117,118] light 
or laser-based bioprinting,[119–122] electrohydrodynamic-based printing,[123–126] and more 
recently, volumetric, layerless bioprinting methods, developed for the first time within 
this thesis work (Figure 2).[127] Each of these modalities possess different key features such 
as printing resolution, design freedom and material requirements.[111,112,128–130] Moreover, 
recent trends towards the development of multi-modal biofabrication devices,[131] which 
combine multiple technologies into a single step (i.e., first shown combining extrusion 
of thermoplastic materials with the extrusion of cell-laden hydrogels directly within the 
same construct), opens the door to the development of architecturally complex in vitro 
platforms where multi-cellular and multi-material structures can easily be created. 
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Figure 2: Graphical overview of the various categories of biofabrication approaches, with the range of achievable 
printing resolutions for each category. Adapted from [131].

 Decades of research in the field of biofabrication have brought about exciting developments 
to the field of in vitro models and tissue engineering through the myriad of techniques 
and applications explored in several extensive reviews in the field.[109,111,112,132,133] The 
physiological relevance provided by biofabricated constructs, given their spatial control 
over cell and biomaterial patterning, has even made these approaches one of several 
named by the FDA Modernization Act 2.0 as a potential replacement strategy for animal 
experimentation in the preclinical phase of the drug development pipeline. However, 
despite the immense strides taken in the last years through a vast multidisciplinary effort, 
some drawbacks remain that may hinder the translation of these approaches to preclinical 
settings. Apart from the need for further automation and incorporation of machine 
learning to enhance the reproducibility and adoptability of 3D bioprinting approaches, 
various fundamental process limitations pose shorter-term issues that must be addressed 
to enhance the mimicry of multi-scale, highly organized organs and tissues. On the one 
hand, the majority of bioprinting approaches cannot yet mimic the single-cell resolutions 
(10 – 100 mm)[134] required in many tissues, where cell orientation and alignment are key 
to their function. Multi-photon polymerization can reach submicron resolutions, but 
limited biocompatible materials are printable with this approach.[121] Development of 
high resolution, cell friendly approaches and compatible materials is crucial to overcome 
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this issue. Another important limitation is the extent of design freedom achievable 
with layer-by-layer bioprinting approaches. Despite the development of techniques to 
overcome the design limitations of these layered structures, such as embedded printing 
approaches,[135,136] these techniques are conventionally very time consuming when 
upscaling the size of printed constructs to clinically relevant sizes, and still pose some 
limits on printable designs such as free-floating components. Furthermore, ensuring the 
mechanical stability of bioprinted constructs has been a long-standing issue that may 
hinder the translation of these structures. Addressing these technological challenges will 
play a crucial role in the adoption of biofabrication approaches in the preclinical testing 
landscape.

Technology-driven challenge
In order to recapitulate the multiscale organization and architecture of native organs and 
tissues in clinically relevant-sized constructs, some key features must be introduced in the 
next generation of bioprinting technologies to enhance printing resolution and design 
freedom, reduce processing times and ensure mechanical stability of printed structures.

Regardless of these technical limitations, an exciting aspect of the biofabrication field is its 
compatibility with other in vitro modeling approaches. The process and material versatility 
of the various biofabrication approaches enable the introduction of complex 3D cell culture 
technologies like spheroids[32,137–140] and organoids,[141,142] which themselves hold immense 
preclinical potential but have specific material and processing requirements to ensure 
their optimal function. Their marriage with bioprinting technologies that allow for the 
precise patterning of these structures into physiologically relevant architectures can bring 
about functional patterns that more closely mimic human processes. For instance, Daly et 
al.,[32] and Bulanova et. al.[143] have demonstrated that, through the bioprinting of functional 
tissue spheroids, cardiac and vascularized thyroid gland constructs, respectively, can be 
fabricated. The bioprinted cardiac spheroid structures could replicate distinct units of 
healthy and scarred cardiac tissue that, when shaped into specific arrangements, enabled 
the observation of physiological phenomena like impaired contractions, decreased 
calcium handling and significant activation delays in the contractions at the scarred 
tissue areas.[32] Vascularized thyroid constructs also exhibited native-like functionality 
in vitro and in vivo, demonstrating thermoregulatory activity and thyroxine hormone 
secretion when placed in a controlled architecture with predefined spheroid spacing.[143] 
While these converged approaches have brought about promising enhancements in the 
functionality of tissue engineered in vitro platforms, most of the functional biofabricated 
constructs developed to date are scaled down units of organs and tissues.[144] To increase 
the translational potential of these technologies and facilitate the study of large-scale 
processes such as biodistribution, the introduction of multiple tissue units and upscaling 
of bioprinted structures is necessary.[144,145] Following this essential upscaling step, the 
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introduction of dynamic culture systems can help enhance differential nutrient and oxygen 
supply to various tissue units, introduce biomechanical cues needed for salient functions 
and mimic tissue interfaces.[81,146] A key set of technologies to achieve this are MPS, where 
the convergence with biofabrication approaches has already brought about exciting 
developments by enabling the fabrication of intricate OoC systems without the need of 
additional processing steps or facilitating the direct printing of the tissue components 
inside the chip devices with higher spatial control than conventional molding and casting 
approaches.[147–150] Overall, it is evident that in order to take biofabrication approaches 
to the next level in the preclinical testing pipeline, the incorporation of other in vitro 
modeling techniques is fundamental.

Application-driven challenge
When it comes to recapitulating large, multicellular and multifunctional organs and tissues, 
biofabrication faces major challenges like the mimicking of cellular organization and self-
assembly or the replication of native biophysical cues that may require the convergence of 
alternative technologies. 

Even with the incorporation of various in vitro modeling approaches, an outstanding 
challenge in the field of biofabrication is that of the development of biomaterials that 
are compatible with both cells and different printing approaches that are also capable 
of recapitulating key biochemical and structural cues of native tissues.[18,120,128,130] In 
brief, the materials used for bioprinting applications in the presence of cells are termed 
bioinks (or bioresins in the case of light- and laser-assisted approaches). The term bioink 
has, in a separate publication, also been defined by the ISBF as: “a formulation of cells 
suitable for processing by an automated biofabrication technology that may also contain 
biologically active components and biomaterials”.[129] Ample research into the design and 
characterization of printable bioinks/bioresins has been carried out, with multiple reviews 
describing the optimal material properties and common materials used for different 
bioprinting modalities.[109,130,151] In particular, designing bioinks that provide high shape 
fidelity (maintenance of shape and long-term stability), while also acting as an optimal 
environment to facilitate and preferentially guide cell fate has been a major challenge 
in the field since its inception.  To aid in the latter, the introduction of stimuli responsive 
hydrogels,[152,153] materials capable of binding bioactive compounds to replicate native 
chemical cues,[154–156] and mechanically versatile material platforms[157–161] that facilitate 
cellular growth and function of various cells and cellular assemblies like organoids and 
spheroids have been thoroughly investigated.
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1Material-driven challenge
Organ and tissue development are highly intricate processes that are highly reliant on 
intricately orchestrated spatiotemporal biochemical and structural cues. The development 
of bioink/bioresin platforms capable of mimicking these complex extracellular 
characteristics like bioactive factor delivery and patterning, as well as controllable structural 
changes is a major challenge in the field of biofabrication. 

While the field of biofabrication has come a long way in the last decades, significant 
challenges (outlined in boxes above) remain that must be addressed to increase the 
biomimicry of biofabricated structures that can one day become the new golden standard 
for preclinical testing practices. In this thesis, several steps have been taken to tackle these 
challenges, resulting in the introduction of novel bioprinting techniques, tissue-specific 
advanced in vitro platforms and smart bioinks/bioresins.

AIM AND OUTLINE OF THIS THESIS
Considering the need for more complex preclinical models to bridge the existing 
translational gap between commonly used 2D in vitro models, animal testing and clinical 
trials, the overarching aim of this thesis is “to develop new biofabrication approaches, 
encompassing 3D bioprinting technologies, powerful biological building blocks, and 
smart biomaterials, that facilitate the development of advanced human in vitro models 
with native tissue-like functionality.”

To take the first steps into realizing this aim, several key aspects of biofabrication 
approaches are addressed in the following sub-aims:

1) To develop novel bioprinting technologies that tackle existing limitations of current 
strategies such as reduced micro-scale printing resolution, limited design freedom 
and long processing times 

2) To apply these bioprinting technologies in combination with advanced biological 
building blocks, to develop the next generation of organ-specific human in vitro 
models

3) To develop advanced methods to control cell fate regulation and/or material 
properties post-printing through a new library of smart biomaterials 
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Figure 3: Graphical overview of the main topics covered in this thesis.

To address each sub-aim, this thesis is divided into three parts (Figure 3). Part I focuses on 
the development of advanced bioprinting techniques that address different limitations 
of existing bioprinting processes. In Chapter 2, the resolution limit of most conventional 
bioprinting approaches is tackled through the development of cell electrowriting (CEW), 
a new bioprinting approach that uses a voltage-driven printing head to fabricate high 
resolution, cell-laden hydrogel fibers with diameters comparable or even smaller than 
single cells (down to 5 mm). Chapter 3 on the other hand, focuses on addressing the 
restricted design freedom exhibited by most layer-by-layer manufacturing approaches, 
as well as the long printing times required to create clinically-relevant sized constructs. 
The development of volumetric bioprinting (VBP) as a cell-friendly, layerless approach 
introduces a significant enhancement in design freedom of hydrogel-based constructs 
and enables the ultra-fast fabrication of centimeter-scale complex living structures. The 
hydrogel structures developed with this technique however, as observed with a variety 
of tissue engineering approaches, exhibit rather limited mechanical properties which 
may hinder the functionality and stability of these prints. To address this, Chapter 4 
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demonstrates the possibility to converge Volumetric Printing and Melt ElectroWriting 
in a new approach termed VolMEW. The introduction of cylindrical melt electrowritten 
scaffolds (precisely organized thermoplastic microfibers) into the VBP process results in 
the enhancement of mechanical properties of the complex printed hydrogel structures. 

Transitioning the focus to the combination of biofabrication approaches with other in 
vitro modeling tools and their application for organ-specific in vitro model development, 
Part II highlights two target organs for which platforms of various complexity levels are 
developed: the liver and the heart. Chapter 5 demonstrates the extrusion bioprinting of 
human liver-derived organoids in a gelatin based bioink into simple 3D structures that can 
be perfused with various toxic compounds. While the bioprinted model permits organoid 
differentiation and exhibits toxicity-dependent organoid death, the large and fragile 
organoids appear fragmented and exhibit significant cell death post-printing due to the 
shear stresses characteristic of extrusion printing techniques. To address this key limitation, 
while still harnessing the potential of organoid technology, Chapter 6 shows, for the first 
time, the VBP of high-density organoid-laden structures which retain their morphology 
and function post-printing. Accurate printing of liver organoids into complex, structurally 
defined models and their incorporation into perfusable bioreactors shows the potential 
to modulate metabolic function based on the printed architecture, highlighting the 
importance of 3D shape in cellular function. In Chapter 7, a bi-chambered, multi-material 
heart model with native wall thickness gradients is volumetrically printed with induced 
pluripotent stem cell-derived cardiomyocytes, another powerful tool in cardiac tissue 
engineering. The design freedom of VBP enables the fabrication of numerous variations of 
the heart model to mimic different structural cardiomyopathies. Furthermore, an induced 
cryoinjury to mimic myocardial infarction showed promising biological signs of scar 
tissue formation and extracellular matrix remodeling, opening the door to the creation of 
clinically relevant cardiac in vitro models.

With promising observations regarding the use of VBP and other biofabrication approaches 
for in vitro model development, Part III focuses on further driving tissue mimicry of 
bioprinted structures through the development of new classes of smart biomaterials or 
“bioresins” that allow for the control of cell fate and/or structural properties of the material 
and cell culture environment. Chapter 8 shows a controlled drug delivery tool through the 
fabrication of printable microcapsules. Incorporation of an anti-angiogenic drug into these 
particles showed a significant reduction in vessel growth in a highly angiogenic platform, 
and the addition of 3D printing allowed for the precise patterning of these particles in 
complex architectures. Chapter 9 introduces a chemically editable gelatin norbornene 
(gelNOR) bioresin for VBP that not only exhibits highly tunable mechanical properties, but 
also enables the covalent attachment of thiolated proteins or growth factors with high 
spatiotemporal control. With this material, precise localized control over cell behavior is 
achieved and presents a first step towards mimicking complex developmental chemical 
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cues. In Annex I the library of VBP resins is further expanded through the development 
of thermoresponsive materials that exhibit temperature-dependent shrinking properties. 
These printable resins achieve the highest resolutions with VBP shown to date and exhibit 
great promise in the development of multi-scale bioprinted structures.

Finally, Chapter 10 discusses the overarching key findings of this thesis and includes 
future perspectives of the presented works for the development of advanced in vitro 
models using biofabrication approaches.

Overall, these compiled works aim to demonstrate how, through the combination of 
various aspects in the biofabrication field (advanced printing approaches, human-based 
biological tools and smart materials), physiologically relevant in vitro platforms can be 
developed and take the next step towards filling the translational gap currently hindering 
drug development and disease modeling.
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ABSTRACT
Bioprinting has become an important tool for fabricating regenerative implants and  in 
vitro cell culture platforms. However, until today, extrusion-based bioprinting processes 
are limited to resolutions of hundreds of micrometers, which hamper the reproduction 
of intrinsic functions and morphologies of living tissues. This study describes novel 
hydrogel-based bioinks for cell electrowriting (CEW) of well-organized cell-laden fiber 
structures with diameters ranging from 5 to 40 μm. Two novel photoresponsive hydrogel 
bioinks, that is, based on gelatin and silk fibroin, which display distinctly different gelation 
chemistries, are introduced. The rapid photomediated cross-linking mechanisms, electrical 
conductivity, and viscosity of these two engineered bioinks allow the fabrication of 3D 
ordered fiber constructs with small pores (down to 100 μm) with different geometries 
(i.e., squares, hexagons, and curved patterns) of relevant thicknesses (up to 200 μm). 
Importantly, the biocompatibility of the gelatin- and silk fibroin-based bioinks enables 
the fabrication of cell-laden constructs, while maintaining high cell viability post printing. 
Taken together, CEW and the two hydrogel bioinks open up fascinating opportunities to 
manufacture microstructured constructs for applications in regenerative medicine and in 
vitro models that can better resemble cellular microenvironments.

Keywords: high-resolution bioprinting, photosensitive hydrogels, cell electrowriting
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INTRODUCTION
Bioprinting is an emerging technique for the fabrication of biological constructs that can 
be used in regenerative medicine (RM) and in vitro drug testing.[110] However, in an attempt 
to better mimic native tissues, there is an increasing demand to engineer structures with 
finer resolutions and further capture the hierarchical structure and composition of the 
native extracellular matrix.[111,162] This mimicking of the cellular microenvironment could 
provide new opportunities for the generation of constructs that can successfully exhibit 
functions at tissue and organ levels.[109,131,163] For example, intercellular interactions at the 
micro- to nanometer scale,[164]  spatiotemporal changes in the ECM structure,[165,166]  and 
mechanical and topographical cues provided by fibrillar ECM components are the 
well-known key drivers of cell behavior[167–169] and are the likely crucial elements for the 
engineering of functional, tissue-like constructs. Until today, the most well-established 
bioprinting processes, namely, extrusion-based,[170,171]  droplet-based,[172]  and light-
assisted,[173] with the notable exception of two-photon polymerization,[174] are limited to 
resolutions close to tens of micrometers, which hamper the reproduction of such cellular 
microenvironments.

Recently, attempts have been made to achieve high-resolution biological constructs by 
using biofabrication processes, such as electrospinning[175–177] and electrohydrodynamic 
jetting.[178,179] In both methods, and differently from the conventional extrusion bioprinting 
techniques, material flow is driven by electrical forces that surpass the surface tension of 
the liquid ink, allowing for the fabrication of fibers with sizes smaller than the extrusion 
nozzle diameter.[180]  Despite the high-intensity electrical field involved, these methods 
were found to be compatible with the processing of living cells, even showing initial steps 
toward the reconstruction of hierarchical structures embedding cardiomyocytes,[175] or cells 
from neural lineage.[181] Nevertheless, neither of these techniques could simultaneously 
meet the requirements to emulate the intrinsic morphologies and local composition of 
cellular microenvironments, that is, the three-dimensional (3D) patterning, the deposition 
of fibers with micron/submicron size diameters, and the maintenance of high cell viability. 
Despite the fact that electrospinning approaches are compatible with the generation 
of cell-laden microfibers, they could not be readily applied to organize the fibers 
into predefined 3D shapes because of the whipping instabilities of the electrified jet.
[175,182] With electrohydrodynamic jetting, on the other hand, structures with more complex 
3D patterns could be created, yet fabrication resolution was compromised.[178,183,184]  In 
addition, most of the previous studies on nonthermal electrohydrodynamic jetting 
have been carried out with polysaccharide-based hydrogels, such as alginate, which 
present poor cell adhesive properties and limited mechanical toughness.[178,185] Thermal 
electrohydrodynamic jetting, on the other hand, has mostly been based on the use of 
synthetic polymers, such as poly(2-ethyl-2-oxazine) and ureido-pyrimidinone coupled 
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to poly(ethylene glycol),[179,184,186–188] which are not compatible with cell encapsulation. In 
particular, Melt Electrowriting (MEW) is a technique that has gained increased attention 
in RM because of its potential to engineer highly ordered fibrous scaffolds but until now 
is still limited to the use of biomaterial inks, that is, thermoplasts and hydrogel-based 
materials, without encapsulated cells, because of the high processing temperatures 
required. Supplementary Table S1 in the  Supporting Information  summarizes the 
material platform, resolution, shape control, and cell encapsulation capabilities of 
previously reported electrohydrodynamic fabrication technologies.

There is a clear need for the development of biomaterial platforms that are compatible 
with processing through the application of strong electrical fields, allow for the 
fabrication of complex small-scale geometries, and support high viability of encapsulated 
cells. Protein-based natural-derived materials are promising candidates because of 
their inherent biocompatibility, bioactive signals, binding affinity for cells, and tunable 
mechanical properties. Here, we describe a new class of photo-cross-linkable bioinks 
based on proteinaceous polymers, namely, gelatin and silk fibroin, that are compatible 
with the abovementioned requirements and thus can enable the 3D writing of microscale, 
cell-laden fibers via a cell electrowriting process (CEW) (Figure 1). This process conjoins 
the principles of electrical-assisted material deposition with cell-laden hydrogel extrusion, 
moving beyond the existent nozzle-based bioprinting processes and MEW technology. We 
selected gelatin, as it is derived from collagen, the main organic constituent of the natural 
ECM of mammals,[189]  and silk fibroin because of its unique mechanical properties and 
potential for cell encapsulation.[190,191] These protein-based polymers with complementary 
biological and mechanical properties could aid in further approaching the functional 
and structural properties of native cellular microenvironments, while additionally 
demonstrating the flexibility in material processing of the CEW for biofabrication.
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Figure 1: A) Comparison between conventional extrusion-based bioprinting and novel CEW process with 
respective differences in cell distribution and process resolution. B) Schematic of the developed gelatin and 
silk fibroin bioink compositions with their respective light photocrosslinking mechanism. Scheme illustrates the 
visible light-initiated orthogonal crosslinking of i) gelNOR with a PEG thiol cross-linker and ii) silk fibroin, in the 
presence of ruthenium and sodium persulfate. GelNOR and silk bioinks are compatible with both extrusion-
based printing and CEW.

RESULTS AND DISCUSSION
As a first step, the gelation kinetics, viscosity, and electrical conductivity of the CEW-
compatible bioinks were tuned (Figure 1A). Clearly, fast gelation kinetics is paramount 
to form stable fibers with a reproducible diameter that can be effectively stacked into 
ordered 3D structures. Although this feature is also important for bioinks in conventional 
extrusion-based bioprinting, it poses a significant challenge for CEW, as the bioinks 
typically flow about 10–100 times faster within the electrohydrodynamic jet than 
within conventional extrusion-based bioprinting.[192] This results in a short latency time 
available to cross-link the jet before it is deposited onto the collector. Because of this short 
latency time, visible light-mediated thiol-ene click reactions and di-tyrosine oxidation 
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photochemistries were used. More specifically, norbornene-modified gelatin (gelNOR), 
which can form a hydrogel network through step growth polymerization in the presence 
of a multifunctional thiol crosslinker, and unmodified silk fibroin, which undergoes quick 
photochemical crosslinking because of the presence of tyrosine residues in its protein 
structure,[193]  were selected as bioink platforms (Figure  1B). To accelerate the gelation 
kinetics, a two-component photoinitiator system was used, based on the mixture of tris(2,2-
bipyridyl)dichlororuthenium(II) hexahydrate and sodium persulfate (Ru/SPS). Such a two-
component system has been recently introduced for both extrusion- and light-based 
bioprinting processes in the fabrication of large tissue constructs with complex geometry, 
through a photoreactive process, which is only marginally affected by oxygen inhibition.
[173,194,195]  Photorheological analysis at different Ru/SPS ratios confirmed gelation of the 
gelNOR and silk fibroin bioinks within less than 30 s and 1.5 min of exposure to visible light, 
respectively (Figure 2A). This underscores the potential of these material combinations as 
inks for CEW, in view of the short latency times during which fiber crosslinking must occur. 
It is important to mention that a slight increase in the storage modulus of the gelNOR gels 
(but not of the silk gels) was observed, prior to the photo-exposure trigger. We attributed 
this to the high reactivity of the gelNOR system, as recently described by Soliman and 
colleagues,[196] and to the potential photo-exposure while placing the hydrogel materials 
on the rheometer.

Figure 2: Physical–chemical properties of gelNOR and silk fibroin bioink systems. A) In situ photorheometry 
showing the storage modulus (G’) of the bioinks as a function of time. Hydrogel samples were irradiated with 
visible light 30 s after the experiment started. B) Viscosity changes as a function of the bioinks’ PEO concentration. 
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C) Electrical conductivity of hydrogels as a function of both PEO and photoinitiator concentration. D) Sol fraction 
as a function of Ru/SPS photoinitiator concentration.* indicates significant difference.

In parallel to the fast gelation requirement, CEW bioinks should possess high viscosity and 
moderate electrical conductivity to prevent Rayleigh instabilities and ensure steady jets. 
To enhance viscosity, gelNOR and silk fibroin were blended with polyethylene oxide (PEO) 
at increasing concentrations (1–6% w/v). The viscosity of the gelNOR–PEO and silk–PEO 
blends increased significantly compared to the gelNOR- and silk fibroin-only solutions 
when PEO concentrations exceeded 3.4% w/v. Maximum viscosities of 0.8 and 0.4 Pa·s 
were obtained for gelNOR and silk fibroin hydrogel systems with 6% w/v and 3.4% w/v 
PEO, respectively (Figure 2B). These PEO concentrations were required to prevent droplet 
formation and to thus allow a steady jet formation.

The electrical conductivity of the gelNOR and silk fibroin hydrogels, with and without 
PEO, was considerably higher (0.9–1.3 mS/cm,  Figure  2C) than that of semiconductive 
fluids (<10–11 mS/cm)[197,198] that are considered ideal for steady jet formation under 
electrical fields. Nevertheless, our results demonstrate that these high conductivity values 
did not prevent stable jet formation, yet it did limit the continuous fiber collection to 
approximately 30 min. Based on our observations, this fabrication time was sufficient to 
collect satisfactory material volume without significant drying of the fibers. Additionally, 
the inclusion of 2/5 and 2/10 mM Ru/SPS resulted in a further increase of the conductivity 
of both hydrogel systems (1.5–2.3 mS/cm). This is likely due to the presence of sodium 
and persulfate ions from SPS in the aqueous medium of the ink. The presence of this 
compound determined a specific window within which the formation of a fluid jet at the 
spinneret was still possible (Figure 2C). Indeed, when the levels of SPS exceeded 10 mM, 
formation of a continuous jet was no longer observed, likely due to the excess of SPS 
ionic compounds and the resulting increase in electrical conductivity of the hydrogel. 
High crosslinking efficiency within such short latency time is of importance to ensure high 
printing resolution and cell embedding within the electrowritten filament. Therefore, the 
effect of SPS and PEO on the crosslinking efficiency of both CEW bioinks was investigated 
by quantifying the sol fraction upon the formation of the polymer network. Both bioink 
systems, 10% gelNOR + 6% PEO and 10% silk fibroin + 3.4% PEO, were able to form stable 
hydrogel fibers at 5 mM SPS concentration, which corresponded to an amount of uncross-
linked polymer of approximately 50% (Figure 2D). This sol fraction value is likely due, on 
one hand, to the presence of PEO macromolecules, which are not directly crosslinked 
in the hydrogel network, and on the other hand to the low SPS concentration used in 
the bioink. Ru/SPS mediates crosslinking of alkenes mainly via the generation of sulfate 
radicals,[194,195] whose concentration is dependent on the SPS content of the prepolymer 
solution. Lower sol fraction values could be achieved for 20 and 10 mM SPS; however, 
continuous fiber deposition could not be obtained, which limited further 3D scaffold 
fabrication.
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In order to allow controlled patterning of the fibers with the embedded cells, we then 
focused on fine-tuning the key CEW instrument parameters: applied voltage, collector 
velocity, and dispensing pressure, with respect to the fiber alignment and fiber diameter 
(Figure  3). The applied voltage was first studied at a constant collector velocity (25 
mm/s) and applied pressure (0.05 bar), as the combination of these parameters allowed 
the consistent deposition of homogeneous fibers, that is, without a jet break and 
minimal oscillation of fiber diameter within a jet. An increase in both fiber straightness 
and diameter was observed between 2.5 and 3.0 kV, with fibers from both gelNOR and 
silk fibroin hydrogel systems reaching full straightness (no visual fiber coiling) at 3.0 kV 
(Figure 3Ai, Bii). In contrast, coiling and reduction of the fiber diameter occurred when 
voltages between 3.0 and 5.0 kV were applied. The observed fiber coiling was likely due to 
an imbalance between the extrusion rate of the material and the velocity of the collector 
plate. Jet buckling and consequent fiber coiling typically occur when the jet velocity 
is higher than the collection velocity, as previously described for other direct writing 
electrofabrication methods.[199,200] By increasing the collector velocity from 25 to 50 mm/s, 
a reduction in fiber coiling and fiber diameter was consequently observed (Figure 3Aii, 
Bii). This suggests that an adequate balance between extrusion rate and collection 
velocity can prevent jet buckling and simultaneously reduce fiber diameter. For collector 
velocities between 25 and 50 mm/s, fiber diameters between 3 and 6 μm for gelNOR, and 
40–45 μm for silk fibroin (Figure 3Aii), were obtained. The higher fiber diameter for the 
silk hydrogel system is most likely attributed to the precursor solution showing a viscosity 
about twofold lower than that of the gelNOR system. Regardless of these differences, 
the obtained fiber diameters are 1 to 2 orders of magnitude smaller than the fiber sizes 
previously reported for extrusion-based bioprinting (≈200 μm).[201,202]  Interestingly, the 
obtained fiber diameters approximate the size of a single cell (animal cell size ∼10 μm) 
and were suitable for cell encapsulation. The effect of the dispensing pressure was also 
investigated, yet straight fiber alignment was only observed within a narrow pressure 
range (Figure 3Aiii). Because of the low viscosity of both hydrogel systems, dispensing 
pressures above 0.05 bar resulted in excessive flow rates and consequent fiber coiling 
and fiber diameter oscillation. An overview of the effect of key hydrogel bioink material 
properties and CEW processing parameters on jet formation, as well as of the physical 
mechanisms governing the CEW process, is provided in Supplementary Figures S1 and 
S6, respectively.
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Figure 3: Influence of key CEW processing parameters on fiber collection and 3D patterning for both 
cell-free gelNOR and silk fibroin hydrogel systems. A) Effect of i) voltage, ii) collector velocity, and iii) air 
pressure on fiber diameter. Printability window is represented by background colors. B) Representative 
microscopic images of the effect of increasing i) voltage and ii) collector velocity on fiber morphology for the 
gelNOR hydrogel system. Scale bar = 50 μm. C) Print fidelity of fiber hydrogel 3D scaffolds. Ci) Accuracy of printed 
pores, Acc pore, as a function of scaffold pore size. Acc pore was determined using a relative value obtained by the ratio 
between the design and fabricated pore area. In the case of no deviation between the printed and designed pore 
areas, Acc pore = 1. Cii) Representative images of printed scaffolds with pore sizes of 1000 and 200 μm for gelNOR 
hydrogel. Scale bar = 500 μm. D) Scaffold thickness as a function of the number of stacked hydrogel layers. Di) 
Final scaffold thickness and Dii) representative scanning electron microscopy (SEM) images of scaffolds with 
3 and 10 layers showing perfectly stacked hydrogel fibers at the vertices of squared pores. Scale bar = 10 μm.
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Next, the patterning capacity of both gelNOR and silk hydrogels was investigated by 
manufacturing 3D scaffolds with square pore geometries of varying pore sizes, from 
100 μm to 1000 μm, and varying scaffold thicknesses, from 1 to 30 layers (Figure 3Ci, 
ii). All scaffolds were fabricated under optimized fabrication parameters, that is, constant 
collector velocity of [25, 30] mm/s, voltages of 2.5 (gelNOR) and 3.0 (silk), air pressure 
of 0.05 bar, and cross-linking time with visible light (400–450 nm) during jet collection 
and after printing for approximately 5 min. Scaffolds with precisely configured square 
pores were obtained with minimum pore sizes of 100 μm for gelNOR and 400 μm for 
silk (accuracy of printed pores > 0.8). Smaller pore sizes could also be achieved, but this 
compromised the accuracy of printed constructs, resulting in higher deviations between 
the printed constructs and their digitally designed counterparts (data not shown). The 
lower print fidelity, and consequently larger pore sizes obtained for the silk ink, is most 
likely attributed to the lower viscosity and slower reactivity of this system. These two 
aspects combined resulted in less stable material collection during printing.

In addition, the ability to form scaffolds with curved fibers instead of straight fibers was 
also demonstrated (Supplementary Figure S2). Both bioink systems allowed the accurate 
writing of hemispherical shaped fiber scaffolds with a minimum interfiber distance of 200 
μm. We further observed that scaffolds with thicknesses of 50 and 200 μm for the gelNOR 
and silk hydrogel systems, respectively, could be fabricated without significantly affecting 
the printing accuracy (Figure 3Di, ii). Above these thicknesses, accurate fiber placement 
and stacking were hampered, likely due to the residual charges accumulated in and onto 
the electrified jets,[203,204] resulting in repulsive Coulomb interactions between the new 
and previously deposited fibers. Importantly, the hydrogel systems and the CEW process 
allowed the fabrication of regularly structured biocompatible hydrogel scaffolds with 
unprecedented high resolution and geometrical accuracies. To the best of our knowledge, 
no other nozzle-based biofabrication approach or MEW technology has been able to 
process natural-derived protein-based hydrogels with a similar control over the spatial 
resolution of the fibers (Supplementary Table S1).

Subsequently, the swelling and mechanical characteristics of gelNOR and silk fibroin 
CEW scaffolds were investigated (Figure 4). The swelling behavior was studied by 
measuring the diametral changes of single CEW fibers when subjected to an aqueous 
environment over 7 days (Figure 4A – C). The diameter of gelNOR fibers increased by 
approximately 2.5-fold compared to that on day 0, reaching a maximum diameter of 15.3 
± 0.5 μm (Figure 4A, C), whereas silk fibroin fibers displayed an increase of only 1.1-fold, 
reaching a maximum diameter of 55.9 ± 9.5 μm (Figure 4B). Interestingly, both gelNOR 
and silk fibroin fibers reached the equilibrium swelling at day 1, after which no change in 
morphology was observed until day 7. After day 7, small fiber breakage and loss of fiber 
morphological structure started to be observed in both material systems, which indicate 
partial material degradation. This limited stability in aqueous environments after 7 days 
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could be improved by increasing the crosslink density (i.e., polymer concentration and 
irradiation time), although at the cost of potentially reducing viability of encapsulated 
cells and their ability to synthetize new ECM. Further, the mechanical properties of 
gelNOR and silk fibroin CEW scaffolds were determined by nanoindentation testing 
carried out on CEW scaffolds at equilibrium swelling (Figure 4D – G). This mechanical 
testing method was selected because of its sensitivity to measure forces in the range of 
nano- to micro-Newtons and the suitability to characterize small-sized constructs, that is, 
on the scale of nano- to micrometers. The load–displacement curves of gelNOR and silk 
fibroin CEW scaffolds with three layers were compared with those of the scaffolds of the 
same composition prepared by conventional extrusion-based printing (Figure 4D, only 
representative images of CEW scaffolds are shown). We observed that the effective elastic 
modulus of gelNOR scaffolds (CEW, 8.5 ± 4.9 kPa; extrusion, 2.7 ± 1.5 kPa) was significantly 
lower than that of silk scaffolds (CEW, 164.3 ± 53.8 kPa; extrusion, 35.8 ± 16.7 kPa) (Figure 
4F, G). Notably, the effective stiffness of CEW scaffolds was 3 (gelNOR) to 4.5 (silk) times 
higher than that found for extruded printed scaffolds. Such differences are likely due to the 
higher shear-induced alignment by the CEW process than by the conventional extrusion 
printing, which led to the generation of polymer fibers with a high degree of orientation 
and reduced number of polymer entanglements. In addition, the obtained effective 
stiffness is comparable to that reported for other alginate- and gelatin-based materials 
(4 kPa – 20 MPa)[205,206] but significantly lower for silk-based hydrogels (24–1864 MPa)[207] 
processed by other electrohydrodynamic processes (see also Supplementary Table S1). 
This is likely due to the methanol treatment used to stabilize silk fibroin fibers obtained 
with other electrohydrodynamic techniques, which induces the rearrangement of silk 
fibroin chains into β-sheet crystals. Although this treatment conveys the silk mechanical 
properties similar to those of native silk fibers, it would not be suitable for the stabilization 
of cell-laden fibers.[208] Importantly, all silk scaffolds showed a greater overall energy 
absorption than the gelNOR scaffolds, as observed from the different load–displacement 
response curves (Figure 4D – E). This confirms the improved ductile behavior of the 
presented silk fibroin bioink system in comparison with the conventionally used alginate 
hydrogel systems for electrohydrodynamic processes.
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Figure 4: Swelling and mechanical characteristics of CEW hydrogels fibers. Swelling of A) gelNOR and B) silk 
fibroin-based cell-free hydrogel fiber before and after 1 hour, 1, 2, 3, and 7 days incubation in phosphate buffered 
saline (PBS). C) Representative images of swollen gelNOR fibers before and after 1 h and 2 days of swelling. D, 
E) Representative loading and unloading curves of CEW gelNOR and silk-based cell-free scaffolds measured by 
nanoindentation. Curves have been averaged over at least three measurements. F) Effective stiffness of CEW 
gelNOR and silk fibroin-based cell-free scaffolds and G) comparison with the scaffolds of same composition 
obtained by conventional extrusion bioprinting. All nanoindentation experiments were performed on scaffolds 
after 1 day of PBS immersion (equilibrium swelling).

Subsequently, the ability to pattern gelatin and silk fibroin hydrogels into 3D organized 
microfiber networks with encapsulated cells was assessed. For this, bone marrow-
derived mesenchymal stromal cells (MSCs) were mixed within the ink precursors. Cell 
concentrations up to 108 cells/mL could successfully be processed, and cell-laden 
electrowritten microfibers could be obtained. Viability of the electrowritten cells was 
determined at 1, 3, and 7 days of culture post printing, revealing a high ratio of living cells 
(> 70% at all time points) for both gelNOR and silk fibroin bioinks (Figure 5A). These values 
were comparable to those observed for conventional extrusion-based bioprinted and cast 
controls and were in line with previous works on different electrohydrodynamic techniques 
(Supplementary Table S1). Furthermore, the presence of the viscosity enhancer PEO in 
the gelNOR and silk fibroin-based CEW bioinks before and after incubation in PBS for 0, 
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24, and 72 h was studied (Figure S3). Analysis performed on the Fourier transform infrared 
spectroscopy (FTIR) spectra of gelNOR revealed the presence of peaks characteristic 
of polyethylene glycol (PEG)–thiol, namely the peaks indicative of the asymmetric and 
symmetric C–O–C stretching (≈1090 and 845 cm–1, respectively), representative of the 
incorporation of the PEG–thiol cross-linker within the polymer network (Supplementary 
Figure S3A). Although the inherent presence of such molecules within the gelatin 
hydrogels renders the PEO removal upon washing of the gels difficult to assess by means 
of FTIR, the analysis of the peak area between the ether peaks and amide I (≈1650 cm–

1) suggests that PEO residues may persist within the hydrogel after 3 days of washing 
(Supplementary Figure S3C). This is possibly due to the entrapment of PEO chains 
within the gelatin network. Although these data suggest that different washing protocols 
may be required to completely remove PEO, no significant effect on the cell metabolic 
activity was detected after 3 days of culture, indicating the overall safety of having this 
supplemental molecule as the viscosity enhancer (Figure 5A). Conversely, in the case of 
the silk fibroin hydrogels, PEO removal after 1 day of incubation in PBS was demonstrated, 
with the ratio between the area under the ether C–O–C stretching peak and the amide 
I band reaching values comparable to those of pristine silk (Supplementary Figure 
S3B – D). Taken together, these data show that the CEW process preserves cell viability, 
suggesting that the relatively high viscosity of the bioinks, the applied electric field, and 
the resulting shear stresses within the electrohydrodynamic jet did not induce significant 
damage to the cells. This is in agreement with previous works, which also indicated that 
living cells could be safely electrospun, reaching a minimum size of approximately 10 μm 
in diameter, even though in such setups, differently from CEW, limited patterning control 
was observed (Supplementary Table S1).[175,181,209]
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Figure 5: CEW of complex-shaped cell-laden fiber scaffolds. A) Cell viability of gelNOR and silk fibroin-
based cell-laden scaffolds after 1, 3, and 7 days of in vitro culture. Cell electrowritten scaffolds exhibited high 
cell viability (> 70%) for both hydrogel systems, similar to the conventional extrusion-based bioprinting and 
manual hydrogel casting. B, C) Cell distribution and morphology were examined on gelNOR-based cell-laden 
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scaffolds and compared with conventional extrusion bioprinting. Cell electrowritten fibers exhibited single 
cells accurately aligned along the fiber pattern. Meanwhile, extrusion-bioprinted fibers exhibited multiple cells 
distributed homogeneously along the thickness of the filament. Scale bar = 20 μm. D) Complex shape patterning 
of representative gelNOR-based electrowritten scaffolds with fluorescent nanoparticles. Cell electrowritten 
hexagon-shaped 3D scaffolds exhibited 2 times higher printing accuracy than the extruded printed scaffolds. 
CEW also allowed simultaneous printing of multiple bioinks in one single construct. Scale bars = 800 μm (left 
panels) and 400 μm (right panels).

We further investigated cell distribution and morphology within the gelNOR hydrogel 
system, as we hypothesized that smaller fiber diameters could alter these parameters 
substantially. In contrast to what is observed for the distribution of cells within large (≈300 
μm) hydrogel filaments obtained through conventional extrusion-based bioprinting, 
printed cells in gelNOR through the CEW process are accurately aligned following the 
deposition pattern of the fibers (Figure 5B). An interesting feature of the gelNOR CEW 
process is that each printed microfiber (diameter ≈ 2–10 μm) is significantly smaller 
than the size of an individual MSC in suspension (≈ 10–30 μm).[210] Small, submicron 
features, such as grooves, pillars, and microfibers, are generally known to greatly affect 
cell morphology via contact guidance and spatial constriction.[211] However, from a 
morphological point of view, the electrowritten cells showed only a slight cytoskeletal 
deformation, yet no significant morphological changes in the nucleus, compared to the 
cells embedded in extrusion-based printed fibers, as observed by measuring cell circularity 
as a shape descriptor (Figure 5C). Interestingly, the bioinks, rather than providing a strict 
confinement for the embedded cells, simply appear to accommodate for the cell size, 
encapsulating them in a bead-and-necklace-like conformation.

In addition, fluorescent microparticles, with the size comparable to that of MSCs, were 
used to facilitate the visualization of “cell-laden” constructs with more complex geometries 
and material combinations (Figure 5D). The unique patterning capabilities of the CEW 
process were demonstrated by printing complex hexagonal pore structures (accuracy of 
printed pores > 0.8), which could not be reproduced by conventional extrusion-based 
bioprinting (accuracy of printed pores < 0.4) (Figure 5D, Supplementary Figure S5). 
The potential of the CEW process for multi-material fiber scaffold fabrication was further 
investigated by simultaneous printing of two gelNOR bioinks loaded with fluorescent 
particles displaying different emission wavelengths. Well-organized microstructures 
with square-shaped pores were successfully obtained (Figure 5D). This versatility of the 
CEW process is a powerful characteristic that can aid the generation of more relevant 
ECM-like microenvironments that combine different materials and cell types. Another 
important implication of our results is the potential development of multiple tissue-type 
microenvironments, as the investigated cells, MSCs, possess the ability to differentiate 
toward different lineages (i.e., myoblasts, tendons, and neural-like cells). However, the 
remaining challenge is to maintain both the shape and stability of the fabricated cell-
laden fibers over culturing periods longer than 7 days. Because of the reduced fiber size 
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(combined with potentially the relatively high sol-fraction in the gelNOR bioinks) and 
enzymatic activity during culture, strategies to accurately control the degradation kinetics 
and mechanical stability may be required.

CONCLUSIONS
In summary, the unique biocompatibility of both the gelNOR and silk fibroin materials, 
their promising mechanical performance when compared with conventional extrusion 
bioprinting, the reduced cell-laden fiber sizes (5–40 μm), and the unprecedented 
resolution and patterning precision open promising avenues for the high-resolution 
printing of labile biological moieties and living cells. These remarkable features of the novel 
photoresponsive hydrogel bioinks and CEW process will allow to create microstructure 
scaffolds that can better resemble cellular microenvironments for RM (i.e., muscle fibers, 
tendons, and nerve networks) and organ-on-a chip models. One of the fascinating 
applications of CEW is the creation of unique cell culture platforms for applications in 
developmental biology and drug discovery because the cellular microenvironment could 
now be further controlled by the resulting cell-laden fiber size, material composition, 
scaffold architecture, and mechanical properties.

EXPERIMENTAL SECTION
Materials: The following materials were used: gelatin type A (bloom 180, Roth, Germany); 
8-arm poly(ethylene glycol) thiol (MW: 10,000 g/mol; JenKem Technology, USA); tris(2,2’-
bipyridyl)dichlororuthenium(II) hexahydrate (Ru; Sigma-Aldrich, The Netherlands); 
sodium persulfate (SPS; Sigma-Aldrich, The Netherlands); poly(ethylene oxide) (PEO; MW: 
600,000–1,000,000 g/mol, Acros Organics, USA); silkworm cocoons (Wild Fibres, UK); and 
lithium bromide (Acros Organics, USA).

GelNOR preparation: GelNOR was synthesized as previously described.[212] Briefly, 10% w/v 
porcine gelatin type A (180 bloom; Roth, Germany) was dissolved in phosphate-buffered 
saline (PBS) at 50° C under constant stirring conditions. A 20% w/v of carbic anhydride 
(CA; Acros Organics, Japan) was added to the gelatin solution, and the pH was adjusted 
to 7.5–8.0 using 5 M sodium hydroxide (NaOH). The reaction was quenched after 24 h by 
the addition of 3× PBS. After centrifugation at 4000 rpm to remove excess CA, gelNOR 
was dialyzed against deionized water (Milli-Q) at 5° C for 5 days, and water was refreshed 
2× per day. Finally, the solution was filter-sterilized and lyophilized. The degree of 
functionalization was 45%, as determined by fluoraldehyde assay, as previously reported.
[212]

Silk fibroin preparation: Silk fibroin was extracted from  Bombyx mori  silkworm cocoons, 
as previously described.[191] Briefly, cut cocoons were boiled in an aqueous solution of 
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0.02 M Na2CO3 for 30 min. The degummed fibers were dissolved in a 9.3 M LiBr (Sigma-
Aldrich) solution at 70° C for 1 h, followed by dialysis against water for 48 h, using cellulose 
dialyzing tubing (MWCO 3.5 kDa, Sigma-Aldrich). The resulting 6% w/v silk solution was 
concentrated to 16% w/v by dialysis against PEG (10 kDa, Sigma-Aldrich).

Bioink preparation: Stock gelNOR solutions were mixed with solutions having different PEO 
concentrations to obtain a blend with the final gelnor concentration of 10% and various 
PEO contents (1–6% w/v). A 10% w/v PEO stock solution was prepared by dissolving PEO 
powder in Milli-Q water. The gelnor/PEO blends were gently mixed at room temperature, 
followed by the addition of Ru and SPS at various ratios (2:5, 2:10, and 2:20). Concentrated 
silk solutions were prepared with the PEO concentrations same as the gelnor ink. The silk 
fibroin/PEO blend was mixed at 4 °C, followed by the addition of Ru and SPS at the same 
ratios as that of gelNOR.

Rheological measurements: Rheological characterizations of gelNOR, gelNOR/PEO, silk, 
and silk/PEO were performed on a rheometer (Discovery HR-2, TA instruments) fitted with 
a parallel plate of 20 mm in diameter, a gap distance of 0.5 mm, and equipped with a 
light-curing system. To determine the gelation time, the bioink solutions with different 
Ru/SPS ratios were placed between the two plates. In situ photorheometry was performed 
by using a visible light source, with light switched on 30 s after initiating the time sweep 
measurement. All measurements were performed within the linear viscoelastic region, at 
a strain of 1% and room temperature. The elastic modulus (G’) and viscous modulus (G”) 
were recorded as functions of time. To determine viscosity as a function of shear rate, the 
bioink solutions were placed between the parallel plates, and data were collected over a 
shear rate range between 1 and 1000 s–1. The photorheometry and hydrogel cross-linking 
experiments were conducted using a 600 lumen white lamp, with the wavelength range 
of 400–700 nm.

Electrical conductivity: The conductivity of the different hydrogel compositions was 
evaluated using a CDM230 conductivity meter (Radiometer Analytical, France). Calibration 
was first conducted using NaCl solutions (0.1 and 1% w/v).

Sol-fraction analysis: Crosslinking efficiency was assessed through sol-fraction analysis, 
as previously reported in the literature.[194] First, cylindrical gels (Ø = 6 mm × h = 2 mm) 
were prepared in custom-made Teflon molds and cross-linked by exposure to visible light 
irradiation (wavelength 400–450 nm) for 45 s. All cross-linked cylinders were weighted for 
their initial weight (min t=0) and three lyophilized samples to obtain dry weights (mdry t=0). 
The remaining samples were incubated in PBS at 37° C, freeze-dried, and weighted again 
(mdry). The sol-fraction was then determined as follows: sol fraction = ((min t=0 – mdry)/min t=0).

FTIR spectroscopy: Infrared (IR) spectra were obtained on a FTIR spectrometer (PerkinElmer 
Spectrum Two, with a universal ATR sampling accessory and equipped with a diamond 
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crystal, PerkinElmer Instruments, The Netherlands). The IR spectra were measured at 
room temperature in reflection mode, with the wavelength region from 4000 to 450 cm–1. 
GelNOR and silk-based CEW bioinks before and after incubation in PBS for 0, 24, and 72 
h were analyzed. All samples were freeze-dried for 24 h before analysis. The FTIR spectra 
were processed for peak deconvolution, integration, and analysis with the OriginPro 8 
software package (Origin Lab, USA). Upon identification of the key characteristic peaks of 
the macromolecules present in the hydrogel formulations, the area under the peaks was 
calculated. The presence of residual PEO within the hydrogels was estimated by calculating 
the ratio of the area under the peaks representing the asymmetric C–O–C stretch at 1090 
cm–1  (characteristic of the ether bonds in PEO) and the amide I band (characteristic of 
protein compounds like gelatin and silk).

Cell electrowriting: Hydrogel fabrication was performed with an in-house-built device 
(Supplementary Figure S6). Briefly, the hydrogel was loaded in a temperature-controlled 
printhead (temperature range 0–120° C) connected to a high-precision air pressure (0.01–
2 bar, VPPE-3-1-1/8-2-010-E1 557771, Festo). The hydrogel was electrified with a high-
voltage power supply (Heinzinger LNC 30000-2pos, 0–30 kV), and the electrified hydrogel 
fiber was collected in a computer-controlled high-precision XYZ stage (LG-motion, UK). The 
CEW device was protected by an acrylic box to ensure stable environmental conditions. All 
the fabrication experiments were performed at room temperature using glass syringes (3 
mL, 25 G needle nozzle). Hydrogel jet formation as well as fiber diameter and morphology 
were investigated at an increasing voltage of [2-5] kV, for a constant velocity of 25 mm/s 
and pressure of 0.05 bar; at an increasing collection velocity of [5, 50] mm/s, for constant 
voltages of 2.5 kV (gelNOR) and 3 kV (silk) and pressure of 0.05 bar; and at an increasing 
pressure of [0.05-0.3] bar, for a constant collection velocity of 25 mm/s and voltages of 2.5 
kV (gelNOR) and 3.0 kV (silk). Print fidelity and layer stacking experiments were performed 
at a constant collector velocity of [25-30] mm/s, voltages of 2.5 (gelNOR) and 3.0 (silk), and 
air pressure of 0.05 bar. All experiments were conducted at a constant collector distance 
of 5 mm, and the constructs were irradiated with visible light (400–450 nm) during jet 
collection and after printing for approximately 5 min. Square- and hexagon-shaped pore 
fabrication experiments were performed with the same CEW parameters. Jet and scaffold 
fabrications were monitored by digital USB microscopes.

Extrusion-based bioprinting: Extrusion printing of gelNOR and silk hydrogels was achieved 
by pneumatic dispensing with a CELLINK INKREDIBLE bioprinter (CELLINK, Sweden). 
Extrusion was performed at room temperature, with a 25 G needle tip, collector velocity of 
10 mm/s, and an applied pressure of 0.9 bar. After printing, the constructs were irradiated 
with visible light (400–450 nm) for 5 min.

Swelling and mechanical evaluation: Swelling was evaluated by first immersiing CEW fibers 
in PBS over 14 days, followed by imaging the fibers before and after 1 h, 1, 2, 3, 7, and 14 days 
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of immersion by fluorescence microscopy. The fiber diameter changes were measured at 
each time point. For simplicity, the fibers were assumed to expand in an isotropic manner. 
The mechanical behavior of the gelNOR and silk-based scaffolds obtained by CEW and 
extrusion-based printing was assessed by a displacement-controlled Piuma nanoindenter 
(Optics 11, The Netherlands). A probe with a spherical indenter tip with a radius of 28 μm 
and a stiffness of 0.51 N/m was used. Probe displacement was set to 10% of the specimen 
thickness. The effective elastic modulus (stiffness) was derived by fitting the load–
displacement curves to the Hertzian contact model, between 0 and 30% of the maximum 
load point. At least five scaffolds of each composition and fabrication process were tested.

Fiber and scaffold imaging: An Olympus BX51 fluorescent microscope (Olympus, The 
Netherlands) was used with a TRITC filter to obtain high-magnification images of the 
printed hydrogel fibers. Fluorescence microscopy for fiber quality analysis was performed 
through imaging the natural fluorescence exhibited by gelatin and silk polymers. 
Stereomicroscopy images of the fabricated 3D constructs were acquired with an Olympus 
stereomicroscope (Olympus Soft Imaging Solutions GmbH, The Netherlands). Accuracy 
of the hydrogel 3D constructs was also analyzed with SEM (Phenom Pro, Phenom-World, 
The Netherlands) at an acceleration voltage of 5–10 kV. Prior SEM imaging samples were 
gold-plated (2 nm) using a Q150R rotary-pumped sputter (Quorum Technologies, UK). 
Print fidelity was quantified using a relative value,  Acc pore, expressed by the following 
index: Acc pore = Afab/Ades, where Afab is the fabricated pore area and Ades is the designed pore 
area. The pore areas were quantified using Image J.

Cell isolation and culture: Equine tissue samples and cells were obtained from deceased 
horse donors, donated to science by their owners, according to the guidelines of 
the Institutional Animal Ethical Committee. Equine-derived bone marrow-derived 
mesenchymal stromal cells (MSCs) were isolated as previously described.[213] After isolation, 
the cells were cultured in MSC expansion medium consisting of DMEM + GlutaMAX (Gibco, 
31966, The Netherlands), supplemented with fetal bovine serum (FBS, 10% v/v, Gibco, 
10270, The Netherlands), penicillin/streptomycin (1%, Gibco, The Netherlands), l-ascorbic 
acid-2-phosphate (0.2 × 10–3M, Sigma-Aldrich, The Netherlands), and basic fibroblast 
growth factor (1 ng mL-1, PeproTech, United Kingdom); the medium was refreshed twice 
per week. The cells were expanded until passage 4 and used at a density of 108 cells mL-1 
for both CEW and extrusion-based bioprinting.

Cell viability: Cell viability in printed fibers was quantified through a LIVE/DEAD assay 
(Calcein AM, ethidium homodimer-1, Life Technologies, The Netherlands) using a confocal 
microscope (Leica SPX8, Leica Systems, The Netherlands) for imaging after 1, 3, and 7 days 
in culture (n = 5). Cast cell-laden hydrogels used as control groups were prepared using 
Teflon molds (Ø = 6 mm × h = 2 mm).

Immunofluorescent stainings: At days 1 and 7 after CEW and extrusion bioprinting, the 
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cell-laden constructs were fixed using 4% neutral buffered formalin. Following Triton-X 
membrane permeabilization, the samples were stained with phalloidin and DAPI. Images 
were captured using a Leica SP8X confocal microscope, and cell shapes were quantified 
using ImageJ.

Statistical analysis: All results are presented as mean ± standard error of the mean. 
Statistical analyses were performed using GraphPad Prism 7.0 (GraphPad Software, 
USA). Differences between groups were assessed by a one-way ANOVA with a post hoc 
Bonferroni test. The differences were found to be significant when p < 0.05. For the FTIR 
analysis, the ratio between the areas under the asymmetric C–O–C and amide I peaks for 
each sample was compared to PEO-free hydrogel controls, performing a one-way ANOVA 
with Bonferroni post hoc correction. Values of p < 0.05 indicated statistical significance.
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SUPPORTING INFORMATION

Supplementary Figures

Supplementary Figure S1: Cell electrowriting (CEW) fabrication window. Effect of key hydrogel materials 
properties and CEW processing parameters on the electrified jet formation. Quantitative investigation of bioink 
electrical conductivity and viscosity, as well as dispensing pressure, high voltage and collector velocity on CEW 
jet formation and fiber morphology and diameter can be found in Figures 2, 3.

Supplementary Figure S2: Representative microscopy images of curved CEW fibers of gelNOR (top) and silk 
(bottom). Curved fibers could be produced with an interfiber spacing of A-C) 1000 μm and B-D) 200 μm. Scale 
bar = 1000 μm.
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Supplementary Figure S3: FTIR analysis of hydrogels formed from the A) gelNOR and B) Silk-based CEW bioinks 
before and after incubation in PBS for 0, 24 and 72 hours. The amide I band and the major ether bond stretching 
band are highlighted in blue and green, respectively. The ratio between the area under the asymmetric C-O-C 
stretching peak and the amide I band shows C) presence of PEO within the gelNOR mixture, and D) release of 
PEO after 1-day of incubation in PBS for the silk-based bioinks.

Supplementary Figure S4: Representative fluorescence images of cells on gelNOR based cell-laden scaffolds 
obtained by conventional extrusion bioprinting (left) and CEW (right).
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Supplementary Figure S5: Comparison of printing accuracy of gelNOR scaffolds produced by extrusion 
bioprinting and cell electrowriting. Accuracy was determined using a relative value, Accpore, obtained by the ratio 
between the design and fabricated pore area. In the case of no deviation between printed and designed pore 
areas, Accpore = 1.

Supplementary Figure S6: A) Schematic illustration of the custom-made CEW setup. The system comprises 
a XYZ computer-controlled stage (1-4), a grounded aluminium collector plate (4-6), a printhead module for 
photocrosslinkable inks (7) composed of a localized lighting source (8), a temperature-controlled chamber 
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(9) and a high precision air-pressure (10). B) Physics of CEW process. Governing mechanisms of hydrogel jet 
formation and collection during CEW are divided in two main steps, A) jet formation and B) jet collection and 
solidification. Jet formation starts by extruding a volume of a viscous hydrogel (VM) that is then stretched by an 
applied electrical field (E) created between the dispensing nozzle (dn) and collecting plate. VM is dependent on 
extrusion pressure (p), hydrogel temperature (T), viscosity (μ) and electrical conductivity (ρ); while electrical field 
is a function of the collecting distance (dc) and acceleration voltage (U). After jet formation, the hydrogel material 
solidifies by exposure to visible light (Qv) and straight hydrogel fibers are collected when the speed of the jet (vf) 
equals the speed of the collector plate (vtc).

Supplementary Tables
Supplementary Table S1: Summary of electrohydrodynamic techniques using polymer and hydrogel solutions
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ABSTRACT
Biofabrication technologies, including stereolithography and extrusion-based printing, 
are revolutionizing the creation of complex engineered tissues. The current paradigm 
in bioprinting relies on the additive layer-by-layer deposition and assembly of repetitive 
building blocks, typically cell-laden hydrogel fibers or voxels, single cells or cellular 
aggregates. The scalability of these additive manufacturing technologies is limited by 
their printing velocity, as lengthy biofabrication processes impair cell functionality. 
Overcoming such limitation, this study describes the volumetric bioprinting of clinically-
relevant sized, anatomically-shaped constructs, in a time frame ranging from seconds 
to tens of seconds. An optical tomography-inspired printing approach, based on visible 
light projection, was developed to generate cell-laden tissue constructs with high 
viability (>85%) from gelatin-based photoresponsive hydrogels. Free-form architectures, 
difficult to reproduce with conventional printing, were obtained, including anatomically 
correct trabecular bone models with embedded angiogenic sprouts, and meniscal 
grafts. The latter underwent maturation in vitro as the bioprinted chondroprogenitor 
cells synthesized neo-fibrocartilage matrix. Moreover, free-floating structures were 
generated, as demonstrated by printing functional hydrogel-based ball-and-cage fluidic 
valves. Volumetric bioprinting permits to create geometrically complex, centimeter-scale 
constructs at an unprecedented printing velocity, opening new avenues for upscaling the 
production of hydrogel-based constructs and for their application in tissue engineering, 
regenerative medicine and soft robotics.

Keywords: biofabrication, tomographic laser prototyping, cell encapsulation, 
photopolymers, bioinks and bioresins
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INTRODUCTION
Living tissues owe their functionality predominantly to their complex architecture. The 
topographical and geometrical cues provided by the extracellular milieu, together with 
the precise and anisotropic spatial distribution of morphogens and biochemical signals, 
are well recognized as major determinants of cell fate both in vitro and in vivo.[162,214–216] 
Capturing such a shape-function relationship within engineered biomaterials holds great 
potential for the creation of new cell-instructive implants that can unlock the regenerative 
potential of embedded or recruited cells upon grafting in situ. Irregular and anisotropic 
architectures are fundamental, i.e., in the load-bearing function of cancellous bone as the 
trabecular framework aligns along the main direction of stress,[217] in the shock-absorber 
function of menisci, where geometry and zonal architecture distribute applied loads,[218] 
or in the contractile function of cardiac and skeletal muscle, as cell alignment provides 
directionality for force generation.[219] 

Biofabrication technologies are emerging as powerful tools to drive tissue regeneration. 
This is owed to their ability to accurately control the spatial orchestration of multiple cell 
types and biomaterials in an automated patterning process.[112,220] Although this discipline 
is still in its early stages of development, the presentation of optimized geometrical 
features and biomimetic architectures within biofabricated constructs, has shown 
remarkable achievements in the restoration of salient tissue functions even in vivo, for 
instance within biofabricated ovaries,[221] and thyroid glands.[143] 

Despite such promising advances, new developments are necessary to enable the creation 
of large, clinically-relevant biofabricated grafts, with potential application for regenerative 
medicine in humans, produced with a high speed scalable process. Current (bio)printing 
and additive manufacturing methods include extrusion-based techniques, lithographic 
printing, i.e., stereolithography (SLA) and digital light projection printing employing digital 
micromirror devices (DLP/DMD), laser-based methods and melt electrowriting. These 
all build three dimensional (3D) objects in a layer-by-layer fashion, typically patterning 
voxels or extruded fibers as essential building units.[112] This feature greatly limits the type 
of structures that can be generated, which often require supports to produce the complex 
hollow features and overhangs, typical of biological structures (i.e., due to intrinsic porosity 
and the presence of vasculature). Importantly, these printing processes take considerable 
time, especially when large, centimeter-scale grafts need to be generated.[112] Such 
extended fabrication times impose the requirement to keep the cells in a printer cartridge 
or within a printed construct outside an optimal culture environment for long periods. 
This can cause significant stress to cells and substantially impair their functionality.[202,222] 
This issue becomes even more significant when larger constructs are generated with 
high-resolution printing methods, such as those involving co-printing of microfibers and 
cells[202] or two-photon polymerization.[223] Thus, overcoming these limitations of layer-by-
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layer additive manufacturing in the field of tissue biofabrication is of great interest to open 
new avenues towards the successful generation of larger, clinically-relevant engineered 
constructs. 

Volumetric printing technologies introduce a paradigm shift, as they enable the creation 
of entire objects at once, rather than through the sequential addition of basic building 
blocks. In this study, the concept of Volumetric BioPrinting (VBP) is introduced, enabling 
the fabrication of entire cell-laden constructs with arbitrary size and architecture within a 
time frame of seconds to tens of seconds. As recently implemented, volumetric additive 
manufacturing relies on the projection of a series of 2D patterned optical light fields within 
a volume of a photopolymer.[224,225] The 2D light patterns act cumulatively to produce an 
optical 3D dose distribution that triggers polymerization of the irradiated material into the 
desired object. In the first conceptualization of volumetric additive manufacturing, simple 
objects were fabricated by irradiating a photopolymer reservoir with a superposition of 
multiple beams coming from fixed, pre-determined orientations.[226] New volumetric 
printing processes, inspired by computed tomography (CT), enable the production of 
more complex objects by using 2D dynamic light fields.[224,225] Technical photopolymers, 
such as acrylates[225] and elastomeric resins[224] have been printed, showing the ability to 
resolve features down to 80 µm.[224] However, the potential for regenerative medicine 
remains unexplored, and significant steps are required to further develop volumetric 
manufacturing into a cell printing technology.

RESULTS AND DISCUSSION
In this work, we demonstrated the bioprinting of large living tissue constructs by 
processing cell-friendly hydrogel-based bio-resins with a volumetric, visible light laser-
based printer. In our set-up, a three-dimensional light dose distribution is deposited into a 
cylindrical container of photopolymer gel to permit its spatially selective crosslink (Figure 
1A–B). To build up this three-dimensional dose distribution, the resin container is set into 
rotation and synchronously irradiated with a sequence of two-dimensional light patterns, 
computed by a Radon transform,[227] applying the principles of medical tomographic 
imaging in reverse. In other words, the light patterns represent projections of the object 
to fabricate along multiple rotational angles of the cylindrical volume of photopolymer. 
These dynamic light patterns are displayed into the build volume by irradiating a DLP 
modulator with a 405 nm laser source. Although each light pattern exposes the whole 
build volume, the light dose resulting from a single exposure is insufficient to crosslink the 
resin.[224] The polymer solidifies only in selective areas where the accumulation of multiple 
angular exposures results in an absorbed dose overcoming the gelation threshold 
(as exemplified in Supplementary Figure S1). As a consequence, and differently to 
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the layerwise process of stereolithography, overcuring will always lead to off-target 
polymerization. Thus, identifying the minimum exposure time to gelate the 3D object 
within the optical field is paramount to optimize shape fidelity.

Figure 1: Overview of the volumetric bioprinting process, showing (A) the cell-laden gelRESIN reservoir 
connected to a rotating platform, (B) a schematic of tomographic projections, used to print the human auricle 
model, and (C) a rendering of the resulting printed hydrogel structure. The inset in (C) shows a stereomicrograph 
of the actual printed hydrogel, stained with Alcian Blue to facilitate visualization (printing time = 22.7 s; scale 
bar = 2 mm).

Several photo-responsive hydrogels have shown remarkable compatibility for cell 
encapsulation. Among them, gelatin methacryloyl (gelMA) has rapidly become a widely 
used and versatile bioink, for both extrusion-based and light-based fabrication.[228–231] 
Therefore, as a cell-friendly bioresin for volumetric printing, we designed a formulation 
based on gelMA dissolved in phosphate buffered saline (PBS), with lithium phenyl-2,4,6-
trimethylbenzoyl-phosphinate (LAP) as photoinitiator for the free-radical polymerization 
of the methacryloyl moieties (gelRESIN). With this approach, complex, free-form 
structures could be generated within seconds from a volume of cell laden-hydrogels 
(Figure 1C). The chosen photoinitiator, LAP, exhibits a superior quantum efficiency and 
molar extinction coefficient at visible wavelength (ε = 50M-1cm-1 at 405 nm), compared 
with other initiators used so far for the volumetric printing of non-cell compatible resins.
[224] Importantly, in volumetric printing, the whole build volume must be addressed 
by each light pattern for the object reconstruction to be accurate. This feature sets an 
upper limit on the photoinitiator concentration. In other words, when designing a resin 
composition for volumetric printing, the initiator concentration must be low enough for 
the light to penetrate through the whole volume, but high enough to allow the gel to 
polymerize. To achieve that, a light intensity value corresponding to at least 37% of the 
incoming light intensity to reach the opposite edge of the build volume was found to be 
sufficient (Figure 2A). Using the Beer-Lambert law, this is equivalent to ln (10)εDc  =  1, 
where ε is the photoinitiator molar extinction coefficient (M-1m-1), D (m) is the diameter of 
the cylindrical build volume diameter, and c the photoinitiator concentration (mol m-3). 
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Interestingly, the LAP concentration required to produce well-defined printed structures 
was only 0.037% w/v, a value considerably lower than what has commonly been used in 
previously reported  additive bioprinting studies.[232–235] This reduces the potential toxicity 
risks that are correlated with high concentrations of this photoinitiator.[155,236] 

First of all, VBP showed a promising volume accuracy, with printed human auricle models 
showing a volume variation of 5.71 ± 2.31%, when comparing the printed constructs 
acquired via µCT and the original STL files. Remarkably, and in contrast to other additive 
bioprinting approaches, printing time is not bound to the dimensions of the construct. To 
quantify and compare the printing time, we printed an anatomical human auricle model 
that was first miniaturized (volume ≈0.15 cm3), then scaled two and three times (volume 
≈1.23 and 4.14 cm3, respectively). All VBP-printed models were fabricated within the same 
printing time (22.7 seconds). In extrusion-based bioprinting, the printing time increases 
cubically with the scaling factor, quickly reaching an unfavorable magnitude (>1-2 hours) 
when cell-laden centimeter-scale objects are required without greatly compromising 
on resolution. Instead, in DLP processes (but not in conventional SLA) the printing time 
increases linearly as a function of the height of the construct, independently on the area 
to be printed in each individual layer (Figure 2B).[173] DLP processes can be accelerated 
by reducing the lifting time of each printed layer, as shown by the recent development of 
the Continuous Liquid Interface Printing (CLIP) method.[237] However, as calculated using 
our biocompatible gelRESIN, even when reducing the lifting time to zero, the overall 
fabrication time (10 seconds/layer with gelRESIN) would be one order of magnitude 
higher than that achieved with volumetric bioprinting (data not shown). Conversely, in 
volumetric bioprinting, the printing time can be consistently found in the range of tens 
of seconds, regardless of the volume of the construct, as long as the same irradiation 
intensity is supplied to the photopolymer. For example, to keep a constant printing time 
for a build volume scaled twice in each dimension, a laser output four times as powerful 
as that used for the unscaled volume is necessary. Furthermore, volumetric bioprinting 
results in seemingly artefact-free surface features, as illustrated by the smooth profile of 
the generated structures, including the printed auricle (Figure 2Ci, further discussion 
provided in the supplementary information). These volumetric printed parts reflect the 
nature of the digital model and reproduce its surface features more faithfully, especially 
when compared with additive technologies. In fact, extrusion-based and DLP bioprinting 
exhibit a typical filament- and voxel-riddled pattern respectively that introduce an 
artefactual surface roughness profile in the construct (Figure 2Cii-iii). The resolution of 
volumetric printing is limited by optical and chemical phenomena. The optical resolution 
of volumetric printing is determined by the effective pixel size of the projected images at 
the center of the build volume, along with the depth of focus which determines to what 
degree the optical resolution is maintained at the edge of the build volume. The effective 
pixel size is 22.8 μm in our experiments, and with the current optics the resolution at the 
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edge of the volume is 33 μm. A number of effects, such as the diffusion of chemical species, 
can decrease the resolution of volumetric printing methods,[225] and steps to maximize 
resolution have been recently described.[224]

Figure 2: Main volumetric printing process parameters and printed construct features. A) Graphical representation 
of the light penetration pattern through the entire build volume in the presence of a photoinitiator. B) Fabrication 
time for the human auricle model scaled 1x (0.15 cm3), 2x (1.23 cm3) and 3x (4.14 cm3) using different bioprinting 
techniques: volumetric printing, extrusion-based (bio)printing and digital light processing. C) Close-up images 
of the surface features of the auricle fabricated through i) volumetric printing, ii) extrusion-based printing and iii) 
digital light processing (scale bars = 500 mm). D) Volumetric printing of a fluidic ball-cage valve with free-floating 
elements from a i) computer-generated 3D model of the valve. ii) Top-view of the printed valve (scale bar = 2mm), 
iii) close-up of the cage segment that permits flow (scale bar = 1mm), and video stills showing unidirectional 
flow functionality with an iv) open and a v) closed valve (black arrow represents the flow direction).

Moreover, we demonstrated the possibility, unique to volumetric bioprinting, to print 
free-floating parts without the need for sacrificial support materials or two-photon 
polymerization approaches. This feature is paramount to generate systems able to reversibly 
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modify their shape post-printing, and similar free-moving parts could be included also 
in structures printed with stimuli-responsive materials (often used in 4D printing),[238] for 
instance to facilitate shape changes. Hydrogel-based actuators are prevalently obtained by 
exploiting the swelling capability of hydrogels in response to osmolarity, temperature and 
pH,[238,239] and by endowing the materials with i.e., magnetic or electrical stimuli responsive 
properties, for instance by introducing nanoparticles within the hydrogel bulk.[219,240] On 
the other hand, the freedom of design provided by volumetric bioprinting approaches 
permits the production of such actuators through the direct fabrication of movable or 
articulating parts. To confirm this, we printed a fluidic valve inspired by the ball-cage 
cardiac valve prosthesis[241] (Figure 2Di-iii). Such a model, unlike other valve designs 
such as the anatomically inspired bi- and tri-leaflets,[235] cannot be directly fabricated 
by extrusion or DLP/DMD technologies in the absence of sacrificial supports. When 
connected to a fluidic system, the valve could function correctly, enabling unidirectional 
flow within the circuit (Figure 2Div-v). This feature that can have potential applications in 
hydrogel-based microfluidics[235] or in hydrodynamic-actuated soft robots.[242] To achieve 
this type of complex constructs, the thermoreversible gelation of gelRESIN is particularly 
advantageous. In fact, printing in the gel state (at room temperature) is beneficial not only 
to prevent cell sedimentation during the fabrication step (Supplementary Figure S2), 
but also to provide positional stability to the construct, avoiding movement of printed 
parts due to potential changes in buoyancy post-crosslinking or due to the rotation of 
the photopolymer reservoir. Furthermore, experimental analysis of the cell sedimentation 
time prior to the thermal gelation, revealed that cells are homogenously distributed 
throughout 2 cm-thick hydrogel volumes, even if the reversible gelation is triggered 
after 10 minutes after cell mixing. This result also suggests that, given the rapidity of the 
VBP process, homogenous cell suspension could be achieved even when processing 
alternative bioresins that lack the thermal gelation behavior of gelatin.  Finally, after the 
material is selectively crosslinked, the unreacted hydrogel precursor is easily washed away 
in PBS or aqueous media at 37° C, and the printed object is post-cured, giving rise to a 
complete polymerization comparable to that of cast gelMA gels, as documented by the 
low sol fraction (Supplementary Table S1). 

Notably, we demonstrated that living tissue constructs can be safely generated via 
volumetric bioprinting of gelRESIN without impacting cell survival. Structures with high cell 
viability (> 85% post-printing, Figure 3Ai) were created, with cells showing an increase in 
metabolic activity over time (Figure 3Aii). Chondroprogenitor cell viability was preserved 
at high levels across seven days of additional culture, with values comparable to those 
found for conventional hydrogel casting and other well-known bioprinting methods 
(no statistically significant differences, Figure 3Aiii). This result is also in line with several 
reports on safe and cytocompatible windows for radical-induced photopolymerization.
[243–245] Additionally, as a nozzle-free method, volumetric bioprinting shows no risk of 
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shear stress-induced cell damage or phenotype alteration which could compromise the 
function of the biological construct post-printing, as previously reported for certain high-
viscosity bioinks for extrusion-based and inkjet printing.[222,246,247] 

Further building on these results, an anatomical trabecular bone model laden with bone 
marrow-derived mesenchymal stromal cells (MSCs) was bioprinted using a µCT scan of a 
bone explant as a blueprint (cylindrical construct, 8.5 x 9.3 mm, Figure 3Bi-ii). Generation 
of the trabecular architecture and the convoluted, interconnected porous network, goes 
beyond what can be created with conventional extrusion-based bioprinting. Using the 
volumetric printing approach, these structures were successfully reproduced with the 
smallest resolved feature measuring 144.69 ± 13.55 µm (Supplementary Figure S3). 
Likewise, we also showed the creation of fully perfusable hollow channels with an inner 
diameter of 200 µm (Supplementary Figure S4). Overall, current resolution is comparable 
with the most accurate extrusion-based technologies, and has the potential to be further 
improved, as already demonstrated with conventional resins.[224] 

In biofabrication, the printing of an accurate 3D architecture is only the first step of many. In 
order to enable post-printing tissue maturation (either in vitro or in vivo), cells need to retain 
high viability, differentiation capacity, and the ability to synthesize bioactive compounds 
and interact with other cells in their surroundings. After volumetric bioprinting, cells 
could be maintained in culture, and the expression of salient physiological functions was 
observed over time (Figure 3C–D). More specifically, MSCs within the printed trabecular 
bone model were successfully primed in osteogenic medium for 7 days, as mimic of the 
osteoblasts within native bone (O-MSCs) (Figure 3C). These generated structures also 
allowed for further top-down tissue engineering strategies. In this case, the complex 
porous network of the cell-laden trabecular model could also be seeded with additional 
cells post-printing. For this, we delivered endothelial colony forming cells (ECFCs) and 
MSCs into the pore network between the printed O-MSC-laden trabeculae to generate 
a heterocellular structure. A co-culture of osteogenically differentiating cells, vascular 
endothelial cells and supporting MSCs that act as pericytes (P-MSCs), was successfully 
generated. After 3 days of culture, the formation of early angiogenic sprouts, typical of 
blood capillary network precursors,[248] was observed. Additionally, the introduced P-MSCs 
co-aligned along these nascent ECFCs sprouts (Figure 3Di-ii), suggesting a pericyte-like 
supporting activity.[248] Importantly, the density of such networks of organized sprouts, 
relative to the available volume within the pores of the model, was higher than that of 
pre-capillary networks generated by control co-cultures of ECFCs and MSCs, when the 
bioprinted O-MSCs structure is not present (Figure 3Diii, Supplementary Figure S5). 
This phenomenon, together with the observation that these early capillaries began to 
invade the bone hydrogel matrix, suggests that the bioprinted O-MSCs have the ability 
to provide paracrine signals that promote the angiogenic process driven by ECFCs. These 
findings further support the notion that volumetric bioprinting allows for the realization 
of key cellular functions. 
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Figure 3: A) Volumetric bioprinted, ACPC-laden gelRESIN disc-shaped constructs were cultured for 7 days and 
exhibited i) high cell viability (> 85%), ii) increased metabolic activity over time and iii) comparable cell survival 
compared to hydrogel casting and other commonly used bioprinting techniques: extrusion-based bioprinting 
and digital light processing. B) A complex trabecular bone model was fabricated to examine the development 
of salient characteristics post-printing. i) The printed bone exhibited a porosity that extended throughout the 
extended 3D construct (scale bar = 2 mm), ii) as shown through mCT imaging. C) The O-MSC-laden (pink) bone 
construct was cultured for 7 days (scale bar= 1mm). C) Constructs were then seeded with ECFCs (green) and 
P-MSCs (yellow) to induce capillary formation. i) ECFCs were shown to interconnect after 3 additional days of 
culture, filling the pores of the printed construct (scale bar = 500 mm), ii) and were also shown to begin invading 
the bone compartment of the construct (scale bar = 250mm). iii) Vessel interconnectivity and length was also 
measured quantitatively and compared to a control 2D culture condition.

In order to facilitate the synthesis of new tissue matrix and its homogeneous distribution 
within a 3D hydrogel for regenerative medicine and tissue engineering applications, 
(bio)fabrication processes need to allow for the processing of high cell densities. While 
the described volumetric bioprinting approach can meet this requirement, inkjet- 
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and extrusion-based processes present a greater challenge, due to the risk of nozzle 
clogging and nutrient depletion within the cartridge during extended printing times.
[249] Furthermore, the ability to process hydrogels in the gel state ensures prevention 
of sedimentation of embedded cells[250] and permits homogeneous cell distribution 
within the printed volume. To assess this potential and the ability of bioprinted cells to 
synthesize new-tissue matrix, a meniscus-shaped implant was printed from an anatomical 
scan (Figure 4A), encapsulating 107 articular chondroprogenitor cells (ACPCs) mL-1. 
These multipotent cells showed increased metabolic activity over time (Figure 4B) and 
exhibited high cell viability throughout the bioprinted structure (Supplementary Figure 
S6). These meniscus-shaped constructs could be successfully maintained in culture for at 
least 28 days during which synthesis of neo-fibrocartilage matrix was observed (Figure 
4C). Importantly, such neo-extracellular matrix (ECM) resulted in a functional increase 
of the mechanical properties of the meniscal graft, as measured by indentation. The 
compressive modulus increased from 24.63 ± 0.65 kPa immediately after the volumetric 
printing process, until reaching values in the range of 266.54 ± 4.49 kPa, comparable to 
native human fibrocartilage.[251] Newly synthesized glycosaminoglycans (GAGs) were 
distributed throughout the volume of the printed construct (Figure 4D). High amounts of 
collagen type I were also detected (Figure 4E), typical for the human menisci, as well as 
minor amounts of collagen type II (Figure 4F), analogue to the native tissue composition. 
To further promote the maturation of these constructs, which were cultured under static 
conditions, the use of dynamic loading systems or bioreactors could be of interest for 
future studies, for instance to induce physiological collagen fiber alignment.[252] 
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Figure 4: Long-term culture of meniscus-shaped, volumetric bioprinted constructs to assess matrix synthesis 
and neo-tissue formation. A) Meniscus constructs were printed from a i) computer-generated 3D model and ii) 
the resulting gelRESIN samples were cultured in vitro for 28 days (scale bars= 2 mm). iii) The 3D structure of the 
printed menisci was assessed through mCT, and iv) high cell viability throughout the construct was observed 
over a 7-day period. B) metabolic activity increased over a 7-day evaluation period. C) In terms of neo-tissue 
formation, the bioprinted constructs exhibited a significant increase in glycosaminoglycan production, as well 
as an increase of the meniscus compressive modulus over a 28-day culture period. Matrix components present 
in the native meniscus were shown to be present throughout the bioprinted constructs: D) glycosaminoglycans, 
E) extensive amounts of collagen type I and F) lower amounts of collagen type II (scale bars D–F= 50 mm).

CONCLUSIONS
In summary, the results reported herein highlight the potential of volumetric printing as 
a novel, powerful and versatile biofabrication strategy. Its ability to rapidly create large, 
free-form cell-laden structures, can solve many of the key challenges in bioprinting and 
regenerative medicine. With dramatically reduced printing times compared to conventional 
bioprinting methods, obtaining high cell numbers to be loaded into the printer and 
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produce constructs with high cell density remain open challenges toward the fabrication 
of clinically-relevant grafts. This could potentially be tackled with the use of novel sources 
of adult stem cells,[253] as well as with further refinement of induced Pluripotent Stem Cell 
(iPSC) technology,[254,255] or of bioreactors for upscaling the production of regeneration-
competent cells.[254,256] Additionally, with the adoption of volumetric bioprinting in the field 
of biofabrication, several future developments can be expected. Here, we selected gelMA 
as a resin, due to its well-established use in biofabrication approaches. However, there is 
virtually no limitation on the use of different photopolymers, and several photoresponsive 
natural or synthetic hydrogels could be optimized for this process (including but not 
limited to materials based on hyaluronan, PEG, alginate, or decellularized ECM) or even 
stimuli-responsive biomaterials for remote stimulation of the construct or controlled 
patterning of bioactive molecules.[156] Photochemistries alternative to methacryloyl 
addition polymerization could be employed as well, for instance thiol-ene step growth 
polymerization as used in DLP printing.[195] Next steps pertaining to the technology should 
introduce the potential for printing multiple materials within the same process, as this 
will be important to further mimic the heterogeneous composition of living tissues. 
For example, multi-material volumetric printing could be used to address the zonal 
architecture of certain tissues (i.e., cartilage, menisci), create cell and material gradients, 
replicate biological interfaces, introduce vascularization in a single step, or even co-print 
mechanically strong polymers to reinforce the cell-laden bioprinted hydrogels. The rapid 
speed of volumetric bioprinting is an important benefit for the production of tissues and 
disease models. The generation of large constructs with arbitrary shape can aid patient-
specific regenerative medicine, in light of potential translation of clinically relevant grafts. 
At the same time, drug discovery and testing typically requires testing of a large number 
of molecule combinations on identical models, which can easily be produced on a large 
scale with the proposed method, also reducing costs related to personnel and machine 
time necessary per constructs. It is hoped that this capability can complement and even 
reduce animal testing in the intermediate phases of drug development, leading to lower 
development costs and fewer ethical issues. Complemented by these perspectives for 
future developments, our results and the volumetric bioprinting technology proposed 
herein pave the way for the next generation of large and functional biofabricated grafts, 
with a wide array of envisioned applications for tissue regeneration, in vitro tissue and 
disease models, and soft robotics. 
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EXPERIMENTAL SECTION
Materials: Gelatin methacryoyl (gelMA; 80% DoF) was synthesized as previously 
described, and used as a 10% w/v solution in PBS.[257] As photoinitiator, lithium 
phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP, Tokyo Chemical Industry, Japan) was 
dissolved in phosphate-buffered saline (PBS) at 0.037% (w/v) in the hydrogel to induce a 
photocrosslinking reaction. In cast gelMA controls, LAP was dissolved at 0.2% w/v. Post-
photocrosslinking of printed samples was carried out in a solution containing tris(2,2- 
bipyridyl)dichlororuthenium(II) hexahydrate (Ru, 0.5 mM, Alfa Aesar, Germany) and 
sodium persulfate (SPS, 5 mM, Sigma Aldrich, The Netherlands). 

Volumetric printing procedure: To achieve volumetric bioprinting, six 405-nm laser diodes 
D with a 6.4-W combined power (HL40033G, Ushio, Japan) were collimated and coupled 
by lenses L1, L2 and L3 (L1:f=3.1mm aspheric lens; L2:f=200mm lens; L3:3.1mm aspheric 
lens)  in a square fiber F as illustrated in Supplementary Figure S7. The output of the fiber 
is then magnified and projected onto a digital micromirror device (DMD) via an aspheric 
lens and a set of orthogonal cylindrical lenses C1 and C2 (C1: f = 250mm cylindrical lens; 
C2: f = 300mm cylindrical lens). The surface of the DMD is imaged via a 4f-system (L5: f = 
150mm lens and L6: f = 250 mm lens) into a Ø16.75mm cylindrical glass vial (V) containing 
the photopolymer (PR). In the Fourier plane of the afocal system, an aperture (A) blocks 
the unwanted diffraction orders from the DMD. To address the largest build volume 
possible, the glass vial V is immersed into a vat (VAT) containing a liquid matching the 
refractive index of the resin (in this study, water). Hence, the addressable volume inside 
the photopolymer is approximately 14mm x 14mm x 20mm.  A feedback system was 
integrated in our volumetric printing setup by taking advantage of the transparency of 
the build volume. As shown in Supplementary Figure S6 a 671-nm laser (LAS; MLS-671-FN, 
CNI, China) is expanded by an afocal system (lenses L7 and L8) to match the build volume 
section. The build volume is subsequently imaged by a camera (CAM). The photoinitiators 
used in this study are not sensitive to the 671-nm imaging wavelength and this feedback 
system does not impact the printing parameters. The light patterns displayed during the 
volumetric printing process were calculated using a filtered back-projection algorithm,[224] 
as further detailed in the supplementary information.

Sample processing post-volumetric printing: Vials containing the printed constructs 
were heated to 37° C to melt the unpolymerized gelRESIN, and samples were washed 
with pre-warmed PBS, followed by 2.5 minutes of additional crosslinking in a Ru/SPS 
bath in PBS, under a visible light handheld lamp (130 lumen, Ansmann, Germany). Due 
to the transparency of the constructs printed with LAP, the Ru/SPS crosslinking system 
was chosen as it induces an orange staining of the hydrogels, thus facilitating their 
visualization, and is compatible to ensure homogenous crosslinking throughout large-
scale printed constructs (Supplementary Figure S8).[258] 
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Cell isolation and culture: Equine tissue samples and cells were obtained from deceased 
horse donors, donated to science by their owner and according to the guidelines of the 
Institutional Animal Ethical Committee. Equine-derived articular chondroprogenitor 
cells (ACPCs) and bone marrow-derived MSCs were isolated as previously described.[259] 
The procedures to isolate human tissue and cells were approved by the research ethics 
committee of the University Medical Center Utrecht. Human MSCs were isolated from 
bone marrow aspirates obtained from consenting patients as previously described.
[248] Endothelial colony-forming cells (ECFCs) were isolated from human cord blood 
(procedure was approved by the medical research ethics committee, University Medical 
Center Utrecht, informed consent was obtained from the mothers).[248] Details of the 
culture media are reported in the supplementary information.

Viability in volumetric bioprinting: ACPCs were harvested at passage 3, embedded in 
gelRESIN at a density of 107 cells mL-1, and printed into disc constructs (1mm height x 
5 mm diameter). These were cultured for 7 days in ACPC expansion medium, which 
was refreshed twice per week. Metabolic activity was measured with a resazurin assay 
(resazurin sodium salt, Alfa Aesar, Germany) and cell viability was evaluated using a LIVE/
DEAD assay (Calcein, ethidium homodimer, Thermo Fischer Scientific, The Netherlands) 
after 1 and 7 days (n=5). 

Stereomicroscopy and computed tomography: Macroscopic images were acquired using 
an Olympus SZ61 stereomicroscope coupled with an Olympus DP70 digital camera 
(Olympus Soft Imaging Solutions GmbH, The Netherlands). Micro-computed tomography 
(µCT) scans were performed using a contrast agent (CA4+, MW = 1354 g/mol, q = +4) that 
was synthesized and kindly provided by the lab of Mark W. Grinstaff.[260] Printed constructs 
were incubated in a solution containing 10 mg mL-1 CA4+ in PBS for 3 hours, washed and 
briefly dried with tissue paper, prior to being scanned with a Quantum FX µCT scanner 
(voxel size = 20 µm3, 90 kV tube voltage, 200 µA tube current, and 3 minutes of scan time, 
Perkin Elmer, USA). The volume of the resulting scans (n= 3 independent prints) was 
calculated using the “volume fraction” function of the BoneJ plugin for Image J (http://
bonej.org).

Comparison between different bioprinting technologies: A human auricle model was scaled 
1, 2 and 3x its original volume, and printing time was compared with extrusion-based and 
lithography based DLP bioprinting. For extrusion-based printing, gelRESIN was printed 
with a pneumatic-driven system (23G stainless steel nozzle, temperature = 18° C, feed rate 
= 10 mm s-1, pressure = 0.12 MPa, 3DDiscovery, regenHU, Switzerland). For DLP printing, 
gelRESIN was printed with DLP station (v5, Atum 3D, The Netherlands) equipped with 
a 405 nm projector (layer exposure time = 10 s, intensity = 15 mW cm2). Although the 
printer permits a minimum resolution of 50 µm in the Z direction, printing resolution 
was artificially worsened increasing the layer height to 300 µm, to match the resolution 
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achievable with extrusion-based printing and greatly decrease the printing time. The 
surface profile of the constructs was assessed using the best available resolution and 
inks for extrusion and DLP printing enabling most accurate and defect-free prints. For 
extrusion printing, 40% w/v solution of Pluronic F-127 (Sigma Aldrich, The Nethelands) in 
PBS was printed (temperature = 21° C, feed rate = 20 mm s-1, pressure = 0.22 MPa). For DLP 
printing a bioresin based on polyvinyl alcohol methacrylate (PVA-MA, 10% w/v in PBS), 
enabling resolution between 25 and 50 µm was used as previously described.[173] 

Fluidic experiments: The printed ball and cage valves were connected at both ends to 
silicone tubing with the same outer diameter to the inner diameter of the ends of the 
valve, and the flexibility of the tubing prevented leakage from the connection. Perfusion 
with PBS either pristine or supplemented with 10 mg mL-1 Cytodex 1 microbeads stained 
with Ponceau 4R to enhance visualization (diameter = 147-248 µm, GE Healthcare) was 
handled with a disposable syringe. Images and videos were taken with the aforementioned 
stereomicroscope.

Trabecular bone bioprinting and culture: Equine-derived MSCs were harvested at passage 
3, labelled with cell labeling solution DiD (Vybrant cell labeling kit, Thermo Fischer 
Scientific, The Netherlands, λex = 644 nm, λem = 665 nm) and embedded in gelRESIN at a 
density of 1 x 106 cells mL-1. Constructs were cultured for 7 days in osteogenic induction 
medium. Cell presence within the trabecular structures was imaged at day 7 via confocal 
laser scanning microscopy (SPX8, Leica Microsystems, The Netherlands). After this time, 
the pores of the bioprinted bone were seeded with human-derived ECFCs (passage 10) 
and supporting human-derived MSCs to act as pericytes (P-MSCs, passage 4) labeled with 
green fluorescent protein (GFP)[261] and DiL (Vybrant cell labeling kit, λex = 549 nm, λem = 
565 nm) respectively. To enable the formation of 3D capillaries within the porosity of the 
bone construct, these cells were injected together with matrigel (Growth Factor Reduced, 
Corning, USA, 1:1 dilution in endothelial media) at a density of 4.5 106 MSCs and 1.25 106 
ECFCs mL-1. Loaded samples were cultured in endothelial medium for additional 3 days, to 
observe the onset of angiogenic sprouts formation via confocal microscopy. The length of 
the angiogenic network formed by ECFCs was calculated using the Angiogenesis Analyzer 
plugin for ImageJ (http://image.bio.methods.free.fr/ImageJ/?Angiogenesis-Analyzer-for-
ImageJ). Total length was normalized against the volume available for cell migration and 
sprouting. ECFCs and P-MSC seeded into 96 well plates in matrigel were used as controls.

Bioprinted menisci and neo-tissue formation: ACPCs were harvested at passage 3, embedded 
in gelRESIN at a density of 107 cells mL-1, and bioprinted into meniscus-shaped constructs. 
Samples were cultured for 28 days in chondrogenic differentiation medium, which was 
refreshed twice per week. Samples were analyzed for metabolic activity (resazurin assay) 
and cell viability using a LIVE/DEAD assay after 1 and 7 days of culture (n= 3). Fibrocartilage 
formation potential was assessed by quantifying GAG (dimethylmethylene blue assay, 
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DMMB, Sigma Aldrich) and DNA (Picogreen Quant-iT, Thermo Fischer Scientific, The 
Netherlands) synthesis after 1 and 28 days of culture, as well as via Safranin-O, collagen 
I and collagen II histological staining on paraffin-embedded samples (n= 3). Details of 
the immunohistochemical procedures are reported in the supplementary methods. 
Compressive properties of the printed menisci were probed in an indentation-based 
compression test, with a Dynamic Mechanical Analyzer (DMA Q800, TA Instruments, The 
Netherlands), equipped with a cylindrical flat piston (diameter = 2 mm). Samples at days 
1 and 28 of culture were subjected to a force ramp 0.5 N/min (n = 3-4). The compression 
modulus was calculated as the slope of the stress/strain curve in the 10% to 15% strain 
range. 

Statistics: Results were reported as mean ± standard error. Statistical analyses were 
performed using GraphPad Prism 7.0 (GraphPad Software, USA). For the quantitative data, 
single comparisons were assessed via a one or two-way ANOVA, followed by post-hoc 
Bonferroni correction to test differences between groups. When normality could not be 
assumed, non-parametric tests were performed. For the blood vessel length analysis, the 
quantification of the GAG/DNA ratio and the mechanical testing, a Mann-Whitney test 
was performed. Differences were found to be significant when p < 0.05.
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SUPPORTING INFORMATION

Supplementary Figures

Supplementary Figure S1: Side view of the Utrecht Dom tower model printed using the volumetric printing 
technique. Model resin SR399 (Sartomer, France) and 0.63 mM Irgacure 819 (Sigma-Aldrich, Germany), was used 
to print this model for illustrative purposes.

Supplementary Figure S2: Assessment of cell sedimentation at different waiting times after mixing of cells 
into the hydrogel solution. A) Macroscopic image of the hydrogel construct (scale bar = 2 mm). Dashed, white 
lines show the bottom, middle and top regions from which images were captured for cell quantification. Black 
arrow shows the direction from which the construct was irradiated. B) Quantification of cells in the different 
regions of the hydrogel construct after different waiting times. Values are expressed as the cell ratio in each 
region normalized against to total cell number within the whole section of the construct.

Supplementary Figure S3: Top view of the trabecular bone construct, as observed via optical stereomicroscopy. 
The hydrogel was stained with alcian blue to facilitate visualization. Scale bar = 1 mm.
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Supplementary Figure S4: Top view stereomicroscopy image of a gelRESIN hydrogel with embedded channels 
with decreasing inner diameter. Channels are perfused with an alcian blue solution to better visualize the open 
tubular vessels. Scale bar = 1 mm.

Supplementary Figure S5: Confocal microscopy (stitched tilescan), representing thepre-capillary network 
developed by the ECFC/P-MSC co-culture in the control condition (casted in matrigel in a tissue culture well). 
GFP channel, visualizing the ECFCs only. Scale bar = 100 mm.

Supplementary Figure S6: Cell viability of the bioprinted meniscal constructs over the first week of culture in 
differentiation medium.

Supplementary Figure S7: Graphical representation of the volumetric printing set-up. Coupling the laser diodes 
in the square core fibers (CeramOptec WF 70x70/115/200/400N, core size: 70 μm by 70 μm, numerical aperture: 
0.22) provides a homogeneous square output beam matching the rectangular aperture of the modulator, a 
digital micromirror device (DMD). The cylindrical lenses have different focal lengths, which allows adjusting the 
square beam from the fiber to the rectangular area of the DMD (Vialux V-7000 VIS). The DMD acts as a blazed 
grating, it was therefore rotated of approximately 7° to optimize its diffraction efficiency. When all the DMD 
pixels are in their ‘ON’ state, the power of the light beam sent into the vial is approximately 1.6 W.
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Supplementary Figure S8: Sol-gel analysis of the bottom, middle and top regions of 2 cm-high hydrogel 
constructs.

Supplementary Tables
Supplementary Table S1: Results of the sol-gel analysis for the casted and volumetric printed hydrogels.

Type of gel Sol fraction [%] Swelling [%]

gelMA (cast) 12.069 ± 1.965 8.190 ± 0.221

gelRESIN (printed) 6.662 ± 1.164 9.518 ± 0.193

Supplementary Table S2. Printing time (s) for the different gelRESIN constructs fabricated with volumetric 
printing technique.

Construct Printing time (s)

Human ear 22.7

Fluidic valve (ball and cage) 21.5

Trabecular bone 12.5

Supplementary Data
Smoothness of the prints: Though the light patterns used in our volumetric printing setup 
are produced with a similar pixelated DLP modulator as standard stereolithography 
printer, the structures printed with VBP exhibit a smoother surface profile than structures 
printed via stereolithography. This smoothness feature originates from the rotation of 
the container during the exposure with dynamic light patterns. The accumulation of 
different light intensities from multiple angles onto a local volume allows creating dose 
distributions along smooth profile rather than relying on elementary 20 µm cubic building 
blocks as in stereolithographic printers. Most importantly, stereolithography is a discrete 
layer-by-layer process creating step profiles whereas as the name indicates, in volumetric 
printing, the entire volume of the part is created at once.
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Supplementary Methods
Calculation of the tomographic back-projections for the volumetric bioprinting process: First, 
3D models in STL format were converted to a three-dimensional voxel map, that is to say 
a 3D matrix where the values ‘1’ indicate the presence of the object and ‘0’ its absence 
at each particular location in space. For each 2D section of this matrix, projections were 
calculated over a 360° grid of angles with a spacing of 0.6°, using the ‘radon’ function in 
MATLAB (MathWorks, USA). This function numerically calculates the Radon transform:

The projections were subsequently filtered with a Ram-Lak filter in the Fourier domain. 
This filter yields a set of projections which, when projected back into an empty volume, 
result in theory in a perfect reconstruction of the object. The calculated patterns having 
both negative and positive values, a simple threshold was used to set the negative values 
to 0 as physically, only positive light dose can be deposited inside the build volume.

Quantification of cell distribution throughout large hydrogel constructs: 1 mL cell-laden 10% 
gelMA solutions were left in its sol state for different periods of time (0 s, 30 s, 1 min, 5 
min and 10 min) before thermal gelation was induced in a cold water-bath. The hydrogel 
solutions were then photocrosslinked into a 2 cm-high cylindrical structure using the 
Ru/SPS crosslinking system. Cells were labelled with nucleus staining solution DAPI after 
crosslinking and imaged at 3 different areas within each region of the cylinder (bottom, 
middle and top; n= 3) using an epifluorescence microscope. Cell distribution along the 
resulting gel cylinder was then quantified.

ACPC expansion medium: Dulbecco Modified Eagle Medium (DMEM) + GlutaMAX (Gibco, 
31966, The Netherlands) supplemented with fetal bovine serum (FBS, 10% v/v, Gibco, 
10270, The Netherlands), penicillin/streptomycin (1%, Gibco, The Netherlands), l-ascorbic 
acid-2-phosphate (0.2 × 10−3 M, Sigma Aldrich, The Netherlands), and basic fibroblast 
growth factor (5 ng mL-1, PeproTech, United Kingdom).

MSC expansion medium: DMEM + GlutaMAX (Gibco, 31966, The Netherlands) supplemented 
with fetal bovine serum (FBS, 10% v/v, Gibco, 10270, The Netherlands), penicillin/
streptomycin (1%, Gibco, The Netherlands).

Osteogenic medium: alpha-MEM (Gibco, 22561, The Netherlands) supplemented with 
10% v/v FBS, 100 U mL-1 penicillin, 100 μg mL-1 streptomycin, 0.2 mM L-ascorbic acid-
2-phosphate, 20 mM b-glycerol phosphate (Sigma-Aldrich, The Netherlands), 100nM 
dexamethasone (Sigma-Aldrich, The Netherlands).

Endothelial medium: Endothelial Growth Medium‐2 (EGM‐2, Lonza, The Netherlands) 
containing Endothelial Basal Medium‐2 + SingleQuots (Lonza), 100 U mL-1‐100 μg mL-1 
PenStrep, and 10% heat‐inactivated FBS.
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Chondrogenic medium: DMEM + GlutaMAX supplemented with 100 U mL-1 penicillin, 
100 μg mL-1 streptomycin, 0.2 mM L-ascorbic acid-2-phosphate, ITS + Premix Universal 
Culture Supplement (1%, Corning, USA), dexamethasone (0.1 × 10−6 M, Sigma Aldrich, The 
Netherlands) and recombinant human TGF-ß1 (10 ng mL−1, PeproTech, USA).

Immunohistochemistry for collagen type I and II:  Paraffin embedded samples were cut 
into 5 µm thick slices, deparaffinized with xylene and hydrated in ethanol graded 
solutions. Endogenous peroxidases were blocked with 0.3% v/v hydrogen peroxide. 
Antigen retrieval was performed with 1mg mL-1 pronase and 10 mg mL-1 hyaluronidase, 
for 30 minutes at 37° C.  Sections were blocked with bovine serum albumin (5% w/v in 
PBS) for 1 hour at room temperature. Primary antibodies (anti-collagen type I, sc-8784, 
Santa Cruz Biotechnology, USA; anti-collagen type II, DSHB, II-II6B3, USA) were incubated 
overnight at 4°C. IgGs were used as isotype controls. Secondary antibody incubation 
was performed for 1 hour at room temperature, and staining was developed with with 
3,3-diaminobenzidine-horseradish peroxidase (Sigma Aldrich, The Netherlands). Nuclei 
were counterstained with hematoxylin and the sections were mounted in DPX (Millipore, 
USA).

Sol-fraction analysis of bioprinted constructs compared to cast controls: Samples were either 
printed or cast (n=5) and the crosslinking efficiency and swelling capacity of the resulting 
hydrogel constructs were assessed as previously described.[173] 
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ABSTRACT
Major challenges in biofabrication revolve around capturing the complex, hierarchical 
composition of native tissues. However, individual 3D printing techniques have limited 
capacity to produce composite biomaterials with multi-scale resolution. Volumetric 
bioprinting recently emerged as a paradigm-shift in biofabrication. This ultra-fast, light-
based technique sculpts cell-laden hydrogel bioresins into three-dimensional structures 
in a layerless fashion, providing enhanced design freedom over conventional bioprinting. 
However, it yields prints with low mechanical stability, since soft, cell-friendly hydrogels 
are used. Herein, for the first time, the possibility to converge volumetric bioprinting with 
melt electrowriting, which excels at patterning microfibers, is shown for the fabrication 
of tubular hydrogel-based composites with enhanced mechanical behavior. Despite 
including non-transparent melt electrowritten scaffolds into the volumetric printing 
process, high-resolution bioprinted structures were successfully achieved. Tensile, burst 
and bending mechanical properties of printed tubes were tuned altering the electrowritten 
mesh design, resulting in complex, multi-material tubular constructs with customizable, 
anisotropic geometries that better mimic intricate biological tubular structures. As a proof-
of-concept, engineered tubular structures were obtained by building tri-layered cell-
laden vessels, and features (valves, branches, fenestrations) that could be rapidly printed 
using this hybrid approach. This multi-technology convergence offers a new toolbox for 
manufacturing hierarchical and mechanically tunable multi-material living structures.

Keywords: biofabrication, volumetric additive manufacturing, bioprinting hydrogels, 
melt electrowriting 
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INTRODUCTION
In the quest to restore the function of damaged tissues, additive manufacturing 
technologies are continuously opening new avenues to better capture the complex 
composition and function of native biological architectures.[109] A central characteristic 
of biofabrication techniques is the ability to perform the automated and accurate 
simultaneous placement of living cells and materials (together also termed bioinks)
[129] in custom-designed patterns. Fabrication can be performed by means of light-
based printing, such as stereolithography and digital light processing,[173,262] extrusion-
based,[263,264] droplet-based or inkjet printing,[265–267] and fiber reinforcing technologies.
[268,269] All these technologies have their individual benefits and challenges with respect to 
resolution, shape-fidelity, cell-viability, compatible ranges of materials (inks or resins), and 
printing/processing time. Yet, while each technique excels in processing certain subsets 
of inks and object geometries, native biological tissues are characterized by their unique 
multicellular and multi-material composition, shape and hierarchical architecture, with 
features from the submicron to the macro-scale. Most importantly, both mechanical and 
biological function are intimately correlated to this multi-scale, multi-material hierarchy.
[109] New directions in the biofabrication field hold the promise to bridge this gap by 
converging different (and previously incompatible) bioprocessing technologies,[131,270] 
with the aim to produce engineered tissue constructs that, by combining their benefits 
and range of achievable prints, better mimic salient features of their native counterparts, 
to eventually restore and replace damaged tissues. 

Volumetric printing (VP) is a recently developed biofabrication technology to sculpt 
hydrogels into free-form 3D structures.[127] In VP, a hydrogel with the addition of a 
photocrosslinking agent is placed in a rotating platform and a light source (i.e., a laser), in 
combination with a spatial light modulator (such as a digital micromirror device, DMD), is 
subsequently used to deliver a sequence of filtered tomographic back-projections onto 
this volume. The sum of the different projections rapidly generate an anisotropic, 3D 
light-dose distribution within the build volume, thereupon activating the polymerization 
reaction only in correspondence to the desired object.[224] This process is extremely fast (< 
30 seconds to produce several cm3 parts)[121] compared to conventional extrusion-based 
printing (20 min), while offering equal or greater resolution (40-200 μm) with higher 
spatial freedom.[127,224] Although promising, the materials used with volumetric printing are 
hydrogels, which are intrinsically soft, while most tissues in the body also need to account 
for mechanical stability and load bearing capacity. Techniques to mechanically stabilize 
soft hydrogels include the formation of interpenetrating polymer networks, the inclusion 
of nanoparticles, or the inclusion of fibrous reinforcements, such as structures produced 
via fused deposition modeling, electrospinning, and melt electrowriting (MEW).[271] In 
particular, MEW generates (sub)micrometer-scale fibers by applying a high voltage to the 
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polymer melt. Fibers are deposited onto a moving collector plate, allowing for control 
over fiber deposition and subsequent scaffold architecture.[123,271] Scaffolds made with 
MEW have proven to facilitate cell alignment,[272] and increase the mechanical stability of 
tissue engineered constructs.[273] This technique is compatible with printing a variety of 
thermoplastic materials,[274,275] whose biochemical composition can further be modified 
post-writing with surface coatings.[274,276,277] Recently, first steps have also demonstrated 
the possibility to print hydrogel-based fibers.[278] Notably, fiber deposition can be done on 
a flat collector plate but also on a mandrel for the fabrication of intricate tubular scaffolds.
[279–281] Tubular geometries are of particular interest for biological applications, as they 
recur in many tissues, and can therefore be applied as scaffolds for blood vessels, airways, 
intestinal and tubular kidney structures,[282] among others.[280,281]

One of the drawbacks of MEW tubular scaffolds is that the inclusion of cells is generally 
done post-printing, either by direct seeding on top of the fiber strands, or by casting with 
a hydrogel carrier.[283–285] Promising composite structures have been produced, exploiting 
the unique ability of MEW to provide mechanical reinforcement to other cell-carrying 
materials.[202] However, since the cell-laden compartment can only be loaded in simple 
geometries following the electrowritten mesh pattern, replicating complex, branched 
and tortuous geometries typical of native tissues remains challenging.

In this work, we demonstrate for the first time the convergence of volumetric bioprinting 
with melt electrowriting, to pattern multiple materials and cell types in any custom-
desired geometry even within opaque polymeric microfibrous thermoplastic meshes. 
In shaping these novel hydrogel-cell-microfiber composites, as a proof-of-concept to 
demonstrate the applicability and versatility of this technology, we built a broad array of 
constructs that mimic key features of native blood vessels. The intricacy in design ranges 
from double-branched structures to multi-cellular and fenestrated, structurally reinforced 
scaffolds with tunable mechanical properties, and cell-laden architectures not possible 
with previously existing techniques alone. 

RESULTS AND DISCUSSION
The convergence of different 3D printing technologies has become a widely studied 
concept in the fields of biofabrication and tissue engineering, given the potential 
to exploit the advantages of different technologies to combine different classes of 
materials in a single object, and to create living, hierarchical structures.[131] In the present 
study, we aim to elucidate the potential and advantages offered by the convergence of 
volumetric printing (VP), which allows the fabrication of highly complex, centimeter-
scale structures using hydrogel-based bioresins,[127] and melt electrowriting (MEW), which 
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allows the creation of highly organized fiber architectures having micron-scale resolution, 
uniquely able to confer outstanding mechanical properties to low-stiffness hydrogels. To 
accomplish this, tubular MEW scaffolds were first fabricated from poly-ε-caprolactone 
(PCL) and incorporated into a volumetric printing vial, which in turn was exposed to the 
tomographic light projections required to form a 3D object in tens of seconds (Figure 
1A). As platforms to investigate the converged technique, termed VolMEW for simplicity 
of reference, materials widely used in the field of biofabrication for both technologies 
were employed in this study: PCL for MEW, given its previously established superior 
printing properties and medical grade nature,[274] and gelatin methacryloyl (gelMA) as a 
bioresin for VP, which has been shown to be a fast, high-resolution choice for this printing 
approach.[127,286] PCL itself, as a bulk material, features an in vivo degradation time of 1-2 
years, depending on molecular weight, chemical modifications and shape into which it 
has been processed.[287] Thereby, the degradation kinetics is highly dependent on the 
exact type of sourced material and on the morphology of the scaffold. Previous work has 
shown residues of fused deposition modeling (FDM) processed PCL in an equine model 
up to 6 months after implantation within a cement blend.[288] For MEW, due to the thin 
fiber diameter and relatively high surface to volume ratio, the degradation kinetics will be 
quicker, although the exact degradation time will depend also on the anatomical location 
in which the biomaterial is implanted. Within the articular joint of a horse model, remnants 
of MEW meshes were clearly seen even after 6 months of implantation,[289] while in the 
periodontal region in a mouse model, histological evidence of persisting MEW fibers was 
detected at 6 weeks of implantation.[290] While there is evidence showing MEW scaffolds 
are stable over long in vivo implantation times, consistent data elucidating in details their 
degradation kinetic scaffold is currently lacking in the literature, and future research would 
be needed i.e., before applying these materials as vascular grafts. In the present study, 
different MEW mesh architectures were successfully fabricated, with custom-designed i) 
pore shapes (i.e., rhombic with 34° and 70° winding angles and hexagonal (Figure 1Ai, 
B)) and ii) thicknesses (i.e., 20, 30, 40, and 60 printed layers). These tubular scaffolds were 
first placed into volumetric printer vials and guided in through a carbon fiber rod with 
controlled alignment (Supplementary Figure S1). Subsequently, the vials were loaded 
with gelMA. Due to the thermal gelation behavior characteristic of gelMA, the MEW mesh 
could be secured into its intended location and alignment even after removal of the 
support rod (Figure 1Aii - iv). With the MEW scaffold aligned within the printing vial, the 
VP process was conducted (Figure 1Av, C). 
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Figure 1: Convergence of MEW and VP processes - VolMEW. A) Graphical overview of i) the fabrication of 
tubular melt electrowritten scaffolds on a rod and their subsequent incorporation into the volumetric printing 
process by ii) first placing the MEW meshes in a vial of preheated gelatin methacryloyl solution using a carbon 
fiber rod with centering guides. iii) once the MEW tube is completely infused, the gelMA solution is gradually 
cooled as the mandrel is retracted without disrupting the gelling resin or the MEW mesh structure, iv) the vial 
is then fully gelled in ice water and v) placed in the volumetric printer. The same process can be applied in 
presence of cells, therefore performing a Volumetric Bioprinting (VBP) step. B) SEM images of three different pore 
structures of the tested MEW tubes (scale bars = 500 µm (top panels) and 100 µm (bottom panels). C) Digital 
images of the volumetric printing vials containing gelMA and a fixed, centered MEW mesh when inserted into 
the printer and when light projections are initiated. Scale bar = 2 mm.

After establishing a simple and consistent method for setting up a hybrid VolMEW process, 
the effect of the opaque PCL meshes on the tomographic illumination imparted by VP 
was investigated to ensure the achievement of high-resolution prints (Figure 2). It was 
essential to first characterize this effect because the VP process relies on the undisturbed 
passage of tomographic light projections through the entire bioresin vat in order to induce 
specific photocrosslinking in the target regions. The presence of elements that attenuate 
or refract the light beams incoming from the spatial light modulator could therefore impair 
printing resolution. While the presence of scattering elements (i.e., cells, particles) can be 
mitigated mixing the bioresin with refractive index matching compounds,[286] the effect 
of opaque structures had yet to be investigated. Previous research has demonstrated the 
possibility to perform volumetric prints around non-transparent objects, such as metallic 
rods. However, such prints were only achieved with bulky structures fully encasing the 
abovementioned rod and lack the fine features characteristic of volumetrically printed 
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objects.[225] In this study, the opacity of the PCL mesh provided a light attenuation effect 
by partially blocking the projection path in the regions where the PCL meshes align with 
the beam (occlusion points). 

A custom-made setup to evaluate the light attenuation effect was devised. A laser (520 nm) 
was used to project a small pixel matrix through the center of a rotating VP vial containing 
the constructs with varying MEW pore architectures, or constructs with the same mesh 
geometry, but different layer heights. A photodetector was then placed on the opposite 
side of the vial, to determine the profile of the light beam passing through the hydrogel-
soaked MEW mesh (Figure 2A, Supplementary Figure S2). The percentage of projected 
light intensity passing through each angle of the vial was calculated by integrating the 
normalized signal over a full rotation and represents the average percentage of light 
detected with MEW scaffold attenuations of different pore architectures (Figure 2B) 
and layer heights (Figure 2C). Compared to hydrogel-only control conditions, where 
94.9 ± 2.0% of light intensity could be detected after passing through the bioresin vial, 
all three MEW pore architectures: hexagons (80.9 ± 5.3%) and rhombi with 70° (77.1 ± 
3.7%) and 34° (91.6 ± 1.6%) winding angles, showed significantly lower percentages of 
detected light. As for the differences between architectures, the 34° rhomboid-shaped 
pore architecture showed the lowest attenuation effect, allowing significantly higher 
amounts of light passage compared to the hexagons and the 70° rhomboid. In presence 
of highly opaque fiber assemblies, such as the case of our MEW meshes, light travelling 
through the vial is primarily attenuated by the fibers, rather than scattered. Notably, 
precise printing has been demonstrated previously in presence of opaque occlusions, 
as, given that the light source has at least any 180° unobstructed view of the occluding 
object, tomographic reconstruction remains possible.[225] The light detection plots (Figure 
2Di, Supplementary Figure S3) clearly visualize that the different architectures exhibit 
a series of steep dips where the light is partially blocked by each occlusion point (Figure 
2Dii). Although the occlusion points coincide with a high local light attenuation, the 
average light passing through the vial is observed to be correlated with the pore size of the 
scaffold rather than the amount of total occlusion points per revolution. This hypothesis is 
supported by the significant difference in total percent transmitted light between 34° and 
70°, where both have only four occlusion points per revolution, but the 34° rhomboid (8 
pivot points) has a pore size of 4.12 mm², whereas 70° rhombi (8 pivot points) have a pore 
size of only 1.01 mm².[279] Using the same setup, 34° rhombi were selected to investigate 
the effect of layer height based on the observed least significant light attenuation for this 
architecture. Here, compared to the mesh-free control, the 20-layer scaffold (94.0 ± 2.7%) 
did not significantly decrease the amount of transmitted light, as opposed to what was 
found for the 40-(91.6 ± 1.6%) and 60-(88.4 ± 2.2%) layer structures (Figure 2C). Overall, 
it should be noted that all these light attenuation profiles are compatible with the light 
transmission requirements identified in previous works, when performing volumetric 
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printing using gelMA and LAP as resin components (>37% of transmitted light across the 
vial).[127] The observed differences in light attenuation are likely caused by i) the increase in 
total electrowritten material, combined with ii) minor stacking errors over the entire layer 
height resulting in a larger occlusion zone. In addition, inherent to MEW on a rotating 
mandrel, each deposited layer could suffer from a minute layer shift, effectively creating 
a sloped and, therefore, thicker wall. Consequently, as this thicker wall rotates out of the 
field of view of the projected spot, it partly overcasts the detected light over a longer 
angular distance when compared to thinner PCL walls (Supplementary Figure S4). 

Having shown that the degree of light attenuation can be controlled by pore architecture 
and layer height selection, the effect of shading on VP printing accuracy was assessed 
using 34° rhombic tubes at the different layer heights tested above. As a benchmark 
assay, we volumetrically printed cylinders with arbitrarily designed wall sizes to match 
the thickness of the MEW mesh (tprint = 14.8 s).  All three MEW-mesh wall thicknesses (20, 
40, and 60 layers) were completely encapsulated within VP-printed gelMA cylinders of 
equal programmed thickness as the MEW scaffolds (Figure 2E). The thickness of the wall 
enveloping the 20- and 40-layer scaffolds (291 ± 13 µm and 550 ± 16 µm, respectively) 
did not significantly differ from their respective target designs (MEW mesh thicknesses) 
(267 ± 10 µm and 537 ± 1 µm for the 20- and 40-layer meshes, respectively), suggesting 
that the potential effect of light attenuation for these scaffolds can be easily avoided 
with the selected volumetric printing light dose settings (Figure 2F). However, this was 
not observed for the 60-layer scaffold, where the resulting wall thickness encapsulating 
this structure (1026 ± 41 µm) was significantly larger than the mesh itself (828 ± 3 µm) 
(Figure 2F). The significant decrease in printing accuracy is underpinned by the light 
attenuation observations described previously, as this scaffold had the most noticeable 
effect on the passage of light through the VP sample. It is hypothesized that the thicker 
scaffold experiences a higher sum of diffuse backscatter reflected from the opaque PCL 
fibers, resulting in lower precision in delivering the light dose along the projected pattern. 
Consequently, off-target regions of the bioink adjacent to the MEW mesh also reached 
the photopolymerization threshold. Despite this effect seen in the thicker MEW samples, 
it is noteworthy that all three mesh thicknesses allowed VP to occur and produced 
homogeneous cylindrical prints. Moreover, if thicker MEW scaffolds are required for 
specific applications, this information on the light attenuation profile could feed future 
algorithms to computationally correct the tomographic projections.   
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Figure 2: Characterization of the effect of MEW tube incorporation on beam path homogeneity through 
gelMA-filled VP vials. A) Graphical overview of the test setup used to evaluate the light attenuation effect of 
different architectures/layers of MEW meshes. i) A 520nm laser beam is used to project a pixel array through 
a VP vial containing gelatin and different MEW tube structures for one 360° rotation while a detector placed 
at the opposite end of the vial is captures the percentage of light passing through the vial at each angle of 
rotation. ii) Diagram of the numbered occlusion locations in a 34° rhombus, where the highest light attenuation 
is observed with an example transmission point (*) and a corresponding graph. Based on the resulting light 
detection measurements per structure showing the percentage of light passing through the vial, the area under 
the curve is plotted for B) different mesh architectures: hexagons, rhombi with 70° and 34° winding angle and 
mesh-free controls, as well as for C) the 34° winding angle rhombus with different number of layers (20, 40 and 
60). Di) Time synchronous average percentage of light detected for the different mesh architectures and layer 
heights: hexagons (40 layers), rhombi with 70° (40 layers) and 34° (20, 40, 60 layers) winding angles and mesh-
free controls (n=4). ii) Architectural mesh diagrams and their respective occlusion points. Each occlusion mesh 
point (represented by the troughs in the graph) is numbered and iii) examples are given for the corresponding 
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graphs. E) Stereomicroscope images of VP-printed tubes accurately encapsulating tubular MEW meshes of 20, 
40 and 60 layers respectively (scale bars = 1 mm). F) Average wall thickness of the MEW meshes with different 
number of layers (20, 40 and 60) and the average wall thickness of the printed hydrogel surrounding these 
structures (n = 3, scale bars = 1 mm). * = p < 0.05, ** =  p < 0.01, **** =  p < 0.0001.

In previous research focused on the VP technique for bioprinting applications, 
biocompatible bioresins obtained from hydrogel-based materials with relatively low 
mechanical stability have been used. On the one hand, these classes of hydrogels 
are desirable when it comes to maintaining cell viability and facilitating cell-to-cell 
communication.[127,286,291,292] On the other hand, these bioresins are often not strong 
enough to withstand the harsh mechanical environment found in native tissues, be it 
shear, tensile, or compressive forces. The VolMEW approach has the potential to overcome 
this challenge and enhance the mechanical stability of the printed structures, enabling a 
range of tissue-specific load-bearing applications in line with the mechanical stabilization 
that has been achieved when MEW was combined with extrusion-based bioprinting.[167,202] 
To determine the mechanical properties of the hybrid VolMEW constructs, the burst and 
tensile performance of the composite prints were tested. 

First, the burst pressure of the tubes was assessed by connecting the VolMEW tubes 
to a custom-made test setup via microfluidics adapters and commercially available 
tubing (Figure 3A, Supplementary Figure S5A), Different from what was experienced 
with reinforced tubes, simply mounting constructs made from non-reinforced gelMA 
constructs to the adapters was difficult, as these prints tended to rupture while being 
secured in place. Vaseline was injected into the luminal cavity of the tubes and the 
pressure was recorded until failure. A significant difference in burst pressure was recorded 
for the different geometries, which displayed increased strength when compared to the 
gelMA-only controls (Control: 0.66 ± 0.32 bar / Hexagon: 1.14 bar ± 0.10 bar / 34°: 1.3 ± 
0.26 bar / 70°: 1.58 ± 0.17 bar) (Figure 3B). Overall, these results corroborate previous 
observations of hydrogel-infused tubular MEW scaffolds, which also showed enhanced 
tensile properties and resistance to flow-based pressures. Nevertheless, it should be 
noted that, in terms of absolute values, our results differ from previous burst pressure 
evaluations that have been done with heterotypic tubular graft systems as a balloon 
catheter has been used to inflate the construct.[284] To better capture the flow dynamics 
of a liquid exerting the pressure onto the lumen of the construct, and prevent drying 
out of the hydrogel, we opted for vaseline as a conductor for its incompressibility that 
would allow to exert the applied air pressure onto the construct and thus offer a form of 
comparison towards other comparable experimental setups with pressurized air. Vaseline 
also made it easier to notice small, damaged areas, as it formed ribbon-like shapes, which 
could be easily evaluated as failure of the construct (Supplementary Figure S5B). From a 
physiological perspective, the measured values are above the maximum arterial pressure, 
but below expected burst strength recordings for native vascular systems.[293] Nevertheless, 
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the measurements reveal the possibility of modifying these parameters by adapting the 
reinforcement geometry of the hybrid construct and adjusting the properties of the 
hydrogel via its composition. Moreover, it should be noted that, in a tissue engineering 
application, cells could be added to the printed scaffold prior to implantation, and the 
constructs could be subjected to an in vitro maturation step to finally match the desired 
mechanical properties for in vivo utilization.[294]

Next, a custom two-pin setup was mounted on a uniaxial tensile testing machine capable 
of cyclic motion and samples were mounted by inserting the pins through the lumen 
of the construct to perform radial tensile tests (Figure 3C). In this fashion, a motion 
similar to the dilation of blood vessels during systole could be replicated and recorded. 
This is a relevant parameter to quantify, because the compliance of a tubular construct is 
associated with the likelihood of graft occlusion and ultimately rejection, especially for 
small-diameter vascular structures.[295] Another advantage of testing circular constructs in 
radial tensile experiments is that it more closely approximates physiological mechanical 
properties compared to the planar axial method of cutting the tube longitudinally and 
clamping it onto the testing machine.[296] Conversion to stress and strain values were 
calculated using formulas previously used in wire myography.[297] In order to evaluate the 
tensile performance of the composite materials, samples were strained to 5 mm, which 
equates to 166% elongation, a value chosen as a reference point as it exceeds physiological 
vascular strain levels. Figure 3D illustrates the behavior of VolMEW constructs with 
different reinforcement geometries compared to unreinforced constructs. Each of the 
reinforcement geometries showed a different hysteresis curve over cyclic loading, and 
all of them allowed the VolMEW constructs to withstand a full cycle of stress loading, 
that instead resulted in failure for VP-only (gelMA-only) constructs. A significant overall 
increase was shown in the recorded peak stress values for all reinforcement strategies, 
with hexagonal pores (20.3 ± 3.2 kPa), rhombic pores with 34° (28.7 ± 4.9 kPa) and 70° 
(73.0 ± 21.5 kPa) winding angles, outperforming gelMA-only controls (5.2 ± 2.1 kPa). 
Overall, the strongest reinforcement in terms of Young’s Modulus was provided by the 
70° rhombic structure (10.8 ± 3.3 kPa) when compared to 34° rhombic (3.5 ± 0.3 kPa) 
and hexagonal (3.2 ± 1.2 kPa) structures (Figure 3E). The difference is likely caused by 
the specific pore sizes present in these MEW constructs as well as the compliance of the 
different repeating compartments in deforming along with the hydrogel during the tensile 
displacement. The effect of pore size of MEW meshes has already been characterized in 
previous studies.[279,298] The hexagonal constructs feature a higher stiffness compared to 
the rhomboid structures in radial deformation as an effect of their geometry, which is 
likely the main cause for the linear rise of stress in the recorded measurements and is 
supported by other studies on the influence of MEW geometries on their mechanical 
behavior.[299] The rhomboid structures illustrated a certain degree of flexibility depending 
on the winding angle, allowing the construct to behave elastically in the direction of radial 
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tensile deformation before transitioning to plastic deformation. This allows the rhomboid 
geometry to assume vastly different mechanical properties depending on the chosen 
winding angle.[300] The aforementioned effect is presented in the recorded difference 
between the 34° (Peak Stress 28.7 ± 4.9 kPa / Young’s Modulus 3.5 ± 0.3 kPa) and 70° (Peak 
Stress 73.0 ± 21.5 kPa / Young’s Modulus 10.8 ± 3.3 kPa) rhomboid orientations (Figure 
3D). The deviation between the generated samples is minimal within their group (apart 
from the 70° rhomboid constructs), highlighting the stable manufacturing process of the 
VolMEW constructs. The hexagonal structures differ from the rhomboids in their elastic 
properties due to the higher number of crossover points and the overall stable hexagonal 
geometry, resulting in a nearly linear mechanical behavior over the entire displacement 
range. For biological applications connective tissues and blood vessel walls are typically 
characterized by tensile stress-strain curves with an initial toe region (Supplementary 
Figure S6), indicative of the gradual recruitment of the ECM fibers in the direction of the 
application of the stress, followed by a stiffer region at higher deformations. A similar profile 
can be obtained with the rhombic MEW reinforcements at low winding angles (34°), while 
stiffer meshes in the radial direction can be obtained at higher winding angles (70°).[300] To 
enable a comparison to natural tissues, two porcine coronary arteries were measured in 
the same fashion as the VolMEW constructs. When comparing the rhomboid constructs 
to the porcine coronary arteries, the 70° (Blood Vessel 1: 72.4 kPa / 70°: 75.5 kPa) and 34° 
(Blood Vessel 2: 38.7 kPa / 34°: 37.3 kPa) VolMEW constructs showed a good approximation 
of the maximum stress levels, while the 34° rhomboid reinforced constructs also showed 
a comparable overall curve trajectory to the physiological specimens (Figure 3F). Due to 
inter-patient variability and the wide range of mechanical properties that vessels display 
even when taken from adjacent anatomical locations,[301] these results underscore the 
versatility of the proposed VolMEW system to modulate the mechanical profile of the 
printed composite tubes in order to approximate physiological blood vessel mechanics 
and to utilize the mesh design to account for natural variation. In summary, the presence 
of the MEW scaffolds endows the otherwise mechanically weak hydrogel construct with 
superior mechanical properties, and stress-deformation profiles approaching those 
displayed by native vessels.

Based on these findings, combined with the previously established superior light 
attenuation performance, further experimentation focused on the 34° rhombus geometry. 
A major benefit of MEW is the highly organized manner of fabrication and the consistent 
stacking of fibers, enabling a high degree of reproducibility and an additional adjustment 
point for mechanical properties.[124,125] The evaluation of the effect of different layer 
heights for the 34° rhomboid constructs illustrated an increase of maximum recorded 
stress (20L: 18.5 ± 4.2 kPa / 40L: 34.3 ± 3.3 kPa / 60L: 37.3 ± 1.5 kPa), as well as an increase 
of Young’s Modulus. (20L: 2.9 ± 0.3 kPa / 40L: 3.3 ± 1.1 kPa / 60L: 5.3 ± 0.9 kPa) (Figure 
3G, H). Assessing the ability of the constructs to operate in a range of strains closer to 
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biological values over an extended period is a valuable metric to record when looking 
into the mechanical properties of tubular constructs. A 200-cycle displacement to 20 % 
strain was used, and it revealed an increase in stiffness as a function of the number of 
layers of the MEW reinforcement geometries (control: 1 ± 0.3 kPa / 20L: 3.6 ± 0.2 kPa / 
40L: 3.8 ± 1 kPa / 60L: 6.0 ± 1.3 kPa), except for the difference between 20 and 40 layers, 
where the SD and limit of recording resolution prevented any discernible significance 
from being recorded (Supplementary Figure S6C). It should be noted that although we 
focused on PCL as the MEW platform material and gelMA as VBP material in this study, the 
mechanical properties of the MEW fiber reinforcements could also be tuned by utilizing 
different biomaterial inks.[302–304] Regardless of the choice of material used for the fibrous 
reinforcement, another aspect to keep in mind in composite materials is the strength 
of adhesion between the fibrous inclusions and the embedding matrix (the hydrogel). 
In our case, observing the fracture behavior of the composite materials under tensile 
testing, it is possible to appreciate how failure occurs predominantly within the GelMA 
component, with the formation of a crack longitudinal to the direction of the bar used to 
apply the mechanical stress (Supplementary Figure S7). Notably, the fracture does not 
occur at the interface between the GelMA and the PCL fibers, nor is it aligned with the 
fibers themselves. This suggests that the interfacial strength between the two materials 
is likely superior to the tensile strength of the GelMA itself. Despite of this, should it be 
necessary for future applications to further improve the hydrogel-MEW mesh adhesion, 
several strategies have been reported in the literature, including surface treatments to the 
PCL to improve hydrophilicity,[277] or the introduction of covalent bonding between the 
two components,[305] among other possibilities.
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Figure 3: Mechanical properties of VolMEW constructs with different mesh architectures and number of 
layers.  A) Photograph of the burst pressure test setup with the construct mounted and pressurized using part 
of a custom 3D printed bioreactor assembly. B) Burst pressure evaluation between different MEW reinforcement 
geometries (30 layers). C) Photograph of the customized mounting setup on the uniaxial tensile testing machine 
with the VolMEW construct in place. D) Ultimate tensile stress analysis for architectural differences between the 
tested MEW geometries (30 layers) within the VP tubes. Constructs were displaced to 5 mm, corresponding to 166% 
strain. E) Graphical depiction of Young’s Moduli compared between MEW geometries (30 layers). F) Comparison 
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of VolMEW construct ultimate tensile stress (UTS) measurements with porcine coronary artery measurements 
obtained using the same tensile test setup and parameters. G) Ultimate tensile stress analysis of different layers 
of MEW construct reinforcement H) Graphical representation of Young’s Moduli compared between different 
layers of MEW construct (34° rhombus geometry).  I) Bending resistance was assessed by placing a volumetrically 
printed gelMA tube reinforced with 34° winding angle rhombus MEW meshes of different number of layers (0, 
20, 40 and 60) on two 5 mm high columns spanning 25 mm in length to evaluate the maximum deformation of 
the printed construct (scale bars = 5 mm). J) Plotted average maximum deformation of control samples without 
MEW reinforcement and tubes reinforced with 34° winding angle rhombus MEW meshes of different number of 
layers (0, 20, 40 and 60; dotted line represents the maximum height of the columns on which the constructs were 
placed). * = p < 0.05, ** = p < 0.01, *** = p < 0.001. n = 3 for mean values, unless indicated otherwise.

In addition to tensile testing and burst pressure analyses, the shape stability of these 
VolMEW cylinders was assessed by evaluating their bending resistance. While a degree of 
bending flexibility can be desirable to manipulate the VolMEW tubes, unwanted collapse 
due to the inability of the tubes to sustain their own weight can be detrimental. The 
experiment was set up in a manner similar to the previously proposed filament collapse 
test, which has been used to evaluate the filament stability of extrusion-based printing 
materials.[306] Briefly, long (27.5 mm) composite tubes (tprint = 16.4 s) were placed to bridge 
the distance across two columns spaced at increasing distance from each other (1–25 mm), 
and the gravity-induced flexural deformation of the tube was imaged and measured, as a 
function of the layer height (34° rhombic geometry) (Figure 3I, J). The most striking effect 
of the reinforcing MEW scaffolds was observed at the longest spanning distance of 25 mm. 
At this gap distance, where meshless 8% w/v gelMA cylinders completely collapse over 
the entire height of the column structure, increased resistance to bending is observed 
in the hybrid VolMEW samples as layer height increases (Figure 3I, Supplementary 
Figure S8). Spanning the largest gap of 25 mm, the 60-layer construct only underwent 
an average maximum deformation distance of 1.16 ± 0.04 mm, significantly less than the 
40- and 20-layer constructs (1.85 ± 0.05 mm and 4.09 ± 0.38 mm respectively). A similar 
trend in bending resistance was also observed for some of the smaller spanning distances 
(20, 16 and 12 mm), down to the 8 mm gap and below, where the maximum deformation 
becomes undetectable across all samples (Figure 3J). Importantly for the versatility of this 
approach, it was also demonstrated that lower gelMA concentrations (i.e., 5% w/v), which 
are often necessary for different cell types to thrive, the reinforcing effect of the MEW 
meshes is still evident in this bridging test (Supplementary Figure S9, S10). Overall, 
these mechanical evaluations confirm that the convergence of MEW with VP results in 
hybrid constructs exhibiting superior mechanical stability compared to pure gelMA 
constructs, thus enabling applications of these hydrogel-based constructs in a broader 
array of biologically relevant settings.  

With a thorough understanding of the mechanical reinforcement provided by MEW 
fibers in the established VolMEW converged approach, the unique advantages of the VP 
process were further explored to create advanced and geometrically complex tubular 
structures (Figure 4). Attempting to introduce cell-laden hydrogels within tubular porous 
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structures, such as those produced by fused deposition modeling, melt electrowriting or 
solution electrospinning could be simply performed via casting in tubular molds. A major 
drawback of such casting approaches is the lack of precise control, which only allows the 
production of homogeneous cylindrical tubes consisting of a single gel layer (and thus a 
single layer of encapsulated cells). Alternative approaches are therefore needed to obtain, 
for instance, multilayered walls analogous to those found in vivo in vessels larger than 100 
µm in diameter. With the positional accuracy provided by VP, the relative orientation of the 
hydrogel layers in relation to the MEW mesh can be freely designed and modified (Figure 
4A). This was demonstrated with prints in which the hydrogel layer reached the center 
of the mesh, leaving either the outer region of the scaffold gel-free (inner print; Figure 
4Ai, iii, v) or its inner region gel-free (outer print; Figure 4Aii, iv, vi). Such structures 
would have potential applications in vascular tissue engineering by allowing a second 
layer of gel to be printed over the exposed region of the scaffold to guide cell attachment 
and directionality,[282,307] or to incorporate multiple materials and cell types within the 
same construct. Another physiologically relevant application of the positional control 
of hydrogel printing within the MEW mesh is the creation of micron-scale fenestrations 
(Figure 4B), features resembling, albeit at a larger scale than native structures, those 
commonly found in permeable vessels throughout the human body. These fenestrated 
vessel walls, already present in neovascular structures during development,[308] are 
abundant in different regions of the body where permeability is critical for nutrient and 
waste exchange, including the renal glomerulus,[309] intestinal blood vessels,[310] the nasal 
mucosa,[311] and are present in different areas of the central nervous system,[312] including 
the blood-brain barrier in certain neurological diseases including strokes.[313–315] Apart from 
these naturally occurring fenestrated structures, the clinical application of fenestrated 
stents for the repair of damaged vessels and aneurysms has also been a topic of interest, 
given the need to maintain transmembrane transport in the repaired vascular structures.
[316–318] In this study, we have demonstrated how to generate similar types of leakage 
points throughout VolMEW printed tubes by taking advantage of the natural interactions 
at the interface between the bioprinted hydrogel structures and the MEW mesh (Figure 
4C). During the fabrication of MEW scaffolds, intersecting print paths of the same layer 
(crossover points) create a local elevation due to more material being stacked on top of 
each other, while at the same time there is a sagging effect between two crossover points 
that further amplifies the elevation effect. These crossover points are herein exploited to 
create fenestrated structures (Figure 4Ci). To achieve this, hollow gelMA cylinders were 
volumetrically printed exactly in the center of a MEW scaffold, leaving the inner base of 
the mesh and the tip of the crossover points exposed, allowing for small fenestrations 
(≈10-micron range, comparable to the MEW fiber thickness) to form on the outer surface of 
the hydrogel layer (Figure 4Cii, iii). These small fenestrations were successfully produced 
throughout long tubular structures and remained perfusable, as evident by the outflow 
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of Alcian Blue stain through the exposed crossover points (Figure 4D). Importantly, 
the number and distribution of these fenestrations can be controlled by adjusting the 
number of pivot points of the MEW tubes, an easily adjustable parameter in the code 
used to fabricate these tubular scaffolds. It is clearly visible that the 4-pivot point scaffold 
(Figure 4Di) yields fewer fenestration regions compared to the 8-pivot point scaffolds 
(Figure 4Dii). The VP design alone was also tested to fabricate fenestration-like structures 
of decreasing size by stacking cylinders on top of each other with a minimum reproducible 
gap size of 464 ± 48 µm (Figure 4Ei). These cylinders remained bound together by the 
interwoven MEW fibers and also allowed lateral Alcian Blue outflow (Figure 4Eii). The 
combination of macroscale VP- and micron-scale crossover VolMEW fenestrations (as low 
as hundreds of nanometers)[125] could introduce hierarchical pore distribution with spatial 
control along the length of the tube, while spanning a wide range of pore sizes within the 
same hydrogel shell. It should be noted that the density of larger, VP-induced pores should 
be carefully controlled, as placing too many of these gaps in close proximity to each other 
could significantly affect the structural stability of the printed constructs. Furthermore, it is 
important to note that the resolution of these fenestrations is determined by the thickness 
of MEW fibers and does not match native fenestration sizes. However, this approach 
could be exploited for other in vitro applications that require the controlled creation of 
micro-scale pores, and further developed to more closely mimic native structure scales. 
These experiments further demonstrate the potential of the VolMEW convergence, as the 
incorporation of MEW constructs not only plays a mechanical role in VP printing, but can 
also be exploited to create more complex, native-like tubular structures when combined 
with the design freedom offered by volumetric printing.

Figure 4: Printing of complex tubular structures and fenestrations. A) Graphical overview of possible i) 
inner and ii) outer printing strategies, in which the hydrogel embeds only the inner or outer region of the MEW 
construct respectively, leaving the rest exposed. Stereomicroscopic images of these iii, v) inner and iv, vi) outer 
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prints from iii, iv) top and v, vi) side views. B) VolMEW printing of fenestrated tubular constructs i) Graphical 
representation of the characteristic crossover points of tubular MEW meshes, and the resulting fenestrations 
when a thin layer of bioresin is printed exactly in the middle of the MEW construct. Stereomicroscopic images of 
the ii) top and iii) side views of such fenestrated structures. C) MEW induced fenestration showing local filtration 
at crossover points where the mesh pierces the hydrogel construct with i, ii) adjustable leakage over time based 
on the number of crossover points (black arrows) controlled by pivot points (PP). D) Circular fenestrations i) 
lightsheet maximum projection highlighting the ability to tailor fenestration size ii) light microscope image 
of the perfusable VolMEW construct with controlled leakage of Alcian Blue stain through the fenestrations, 
undisturbed by the presence of the MEW meshes. Scale bars = 1 mm.

In addition to introducing the freedom to control the degree of alignment and the 
presence of pores and fenestrations, the hybrid VolMEW approach also facilitates, for 
the first time, the integration of complex architectural structures in the outer and inner 
regions of the MEW-reinforced tubular structures (Figure 5). Current approaches, based 
on hydrogel casting and extrusion bioprinting do not easily allow for the integration of 
complex architectural elements around and within the pre-existing MEW mesh, mainly 
due to the presence of moving needles in extrusion printing, and the challenges of mold 
removal in the case of casting. By fully encapsulating the MEW scaffold in a single step 
using the VP approach, hydrogel regions with increased design freedom were created. 
Importantly, it was first shown that the light attenuation effect of the MEW mesh on the 
VP process explored in Figure 2 did not affect the printing resolution of features within 
the tubular structures (Figure 5A). To do this, the differences in feature size of a sinusoidal 
strut running through the lumen of a VolMEW tube were evaluated in comparison to 
hydrogel-only prints (Figure 5Ai,ii). The average strut thickness between the mesh-free 
and reinforced constructs did not exhibit significant differences, thus further cementing 
the fact that the light attenuation induced by the MEW mesh did not hinder the VP process 
(Figure 5Aiii). To illustrate the ability to print distinct, high-resolution components within 
the MEW mesh in a more widely distributed manner, a tubular structure lined with villi-
like pillars oriented in different angles was successfully resolved (Figure 5B). The villi 
structures were successfully resolved (232.3 ± 35.5 µm average thickness), did not fuse 
to one another and could be designed to match physiological length to width ratios.
[319,320] It should be noted that the purpose of these printed structure is to highlight the 
potential to resolve protrusions that can be easily produced within the PCL mesh-laden 
tubes via volumetric printing, but not with other approaches, and that native intestinal 
villi in humans show comparable dimension, but are present at higher densities. Next, to 
demonstrate the addition of complex geometries on the outer side of the VolMEW tubes, 
branching channels stemming from the reinforced tube were successfully printed (tprint =  
18.5 s). Both the reinforced and non-reinforced channels were homogeneously perfused, 
as the porous MEW mesh allowed for a seamless connection between the channels, 
demonstrating the potential to create more complex and reinforced branching structures 
that are crucial to replicating native vascular networks (Figure 5C). Additionally, the 
ability to print complex structures within the lumen of VolMEW reinforced tubes was 
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demonstrated, a mathematically derived Schwarz D lattice was printed within the gelMA 
cylinder, as proof-of-concept design (Figure 5D). While these types of structures have 
previously been printed on a volumetric printer,[286] it is remarkable that, even in the 
presence of the opaque MEW mesh, these fully perfusable structures could be resolved 
with a printing accuracy of 764 ± 48 µm (tprint = 14.8 s). 

Figure 5: High-resolution VolMEW printing demonstrating external and internal features of physiological 
relevance. A) Printing resolution of positive features in mesh-free samples i) as shown through stereomicroscopy 
images and in the presence of a 40-layer MEW mesh ii) as shown in a lightsheet microscopy image (dotted-box 
represents the measured strut, asterisk represents the area in which the MEW mesh is embedded). iii) Comparison 
of printing resolution between mesh-free and mesh. Bi) Digital model of a tubular structure consisting of several 
interspaced villus-like structures protruding into the lumen of an open channel, and ii-iii) different lightsheet 
microscopy slices of the model showing the presence of villi throughout the tubular structure. C) Digital model 
of a branched structure with channels of different diameters (dotted box shows the top view of the model) and 
ii) 3D reconstruction of the printed structure from lightsheet microscopy imaging. Di-ii) A digital model of a 
VolMEW printed Schwarz D structure inside a cylinder containing the reinforcing MEW mesh from lateral and 
vertical cross-sectional views and iii-iv) the corresponding lightsheet 3D volume reconstructions and v) a central 
lightsheet fluorescence image of the printed structure with the gel structure (red) and the encapsulated MEW 
mesh (green) highlighting the high printing resolution within the inner diameter of the mesh. Scale bars = 1 mm.

The presented range of architectures printed within reinforced VolMEW tubes highlights 
the fact that the inherent freedom of design of VP is maintained in this hybrid approach, 
and can bring about important advantages to different applications in tissue engineering. 
Another of these advantages was the incorporation of customizable, modular 
components to the tubular models shown here, that could facilitate the direct connection 
of VolMEW structures into leak-free perfusion systems (Figure 6). The role of perfusion in 



100

Chapter 4

4

the development of native-like tissues has been thoroughly explored in the field of tissue 
engineering, with the development of dynamic perfusion bioreactors and microfluidic 
systems gaining increasing interest in the last years.[321] Here, a major challenge when 
working with soft hydrogels is ensuring a tight and leak-free perfusion that can be 
maintained for long-term. In conventional casting/molding approaches, incorporating 
customizable inlets comprising a combination of narrowing and opening lumen 
diameters that allow for these tight connections, is very difficult when not unfeasible, 
especially when using low stiffness hydrogels like the ones applied in this work. Figure 
6 demonstrates how VolMEW can leverage the design freedom offered by VP to create 
readily perfusable constructs by incorporating fitting inlets to the tubular prints shown 
throughout this manuscript. First, custom-made connectors consisting of an O-ring to seal 
the inlet point of the tubular structures were developed, and a negative of these structures 
was incorporated into the tubular structure 3D models (Figure 6Ai,ii). These modular 
constructs enabled the leak-free, sterile perfusion of simple tubular structures for up to 
7 days under sterile conditions (tested in cell-free constructs), whereas the connector-
free, straight tubes immediately exhibited multiple leakage points (Figure 6Aii,iii). To 
demonstrate the feasibility and functional advantages of these modular constructs, 
perfusable models showing asymmetric (tprint = 18.5 s; Figure 6B) and symmetric (tprint = 

16.0 s; Figure 6C) narrowing of the VolMEW lumen to mimic stenosis were printed and 
could be immediately perfused. Continuous blood perfusion (Figure 6Ciii) through the 
symmetrical stenosis model resulted in a rapid blockage of flow at the stenotic region 
of the construct, and upon gentle flushing the formed blood clot could be observed 
occluding the narrow region of the construct (Figure 6Civ). To highlight the versatility 
of this modular approach, a simplified venous valve model (Figure 6Di) was successfully 
printed at high resolution within VolMEW reinforced tubes, with leaflets measuring 232 
± 10 µm (tprint = 11.9 s) (Figure 6Dii). The valve, as found in the native structure, was able 
to control flow in a unidirectional manner in response to flow pressure, with the leaflets 
bending towards each other and closing, preventing flow in one direction (Figure 6Diii), 
but remaining unstressed and open in the other direction, allowing uninterrupted flow 
(Figure 6Div). In this case, a different shaped connector was used, further showing the 
versatility of the VP, moldless- and contactless approach, to accommodate for virtually 
any geometry. The male part of the connector, could be produced on-demand using DLP 
printing, and tailored to the perfused structure and perfusion flow rates necessary for 
specific applications as previously shown.[321]
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Figure 6: Volumetric printing of custom connectors to create leak-free perfusable systems of physiological 
relevance with flow-dependent behavior. Ai) Digital model of a custom-made connector printed as an inlet 
and outlet of a MEW-reinforced tubular structure (dotted line shows the connector area added to the tubular 
print model). Stereomicroscope images of VolMEW-printed tubes ii) with and iii) without the custom-made 
connector (dotted lines) ends as they are perfused with Alcian Blue solution to visualize leakage points. being 
perfused in a homogeneous manner (arrows indicate the direction of flow). Bi) A digital model of a VolMEW 
complex stenosis model showing asymmetrical channel narrowing along the length of the printed tube and 
ii) a lightsheet microscopy image showing the inside of the resulting printed channel. Bi) A digital model of 
a VolMEW stenosis model with symmetrical narrowing of the lumen and ii) a lightsheet microscopy image 
showing the inside of the resulting printed channel. iii) Constant perfusion (arrows represent the direction of 
flow) of blood through the symmetrical stenosis model showing iv) blockage of flow at the stenosis region after 
minutes due to the formation of a blood clot (shown at higher magnification in the dotted box). Di) Digital model 
of a simplified venous valve model and ii) a central lightsheet section of the printed construct showing the high 
resolution leaflets (*) of the valve. iii-iv) Digital images of fluorescent beads perfused through the valve structure 
using a different fit of DLP-printed connectors, showing unidirectional flow (dotted lines show the outline of the 
printed construct and arrows indicate the direction of flow). Scale bars = 1 mm.

After successfully demonstrating the ability to print these different geometric features 
(complex branched structures, stenosis models, valves, etc.), create ready-to-perfuse 
systems and given the promising mechanical properties of the hybrid VolMEW scaffolds, 
the possibility of forming cell-laden constructs containing multiple cell types by both 
direct bioprinting and by post-print seeding was investigated. To make this possible, 
we devised a strategy to sequentially, volumetrically print multiple cell-laden hydrogel 
layers (Figure 7A), followed by a seeding phase in the lumen of the tube, resulting in 
a three-layer construct (Figure 7B). As a preparatory step, using a single fluorescently 
labeled suspension of human bone marrow-derived mesenchymal stromal cells (DiD-
hbMSCs), it was shown that cell-laden gelMA resins could be printed to precisely envelop 
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the MEW scaffold (tprint = 14 s), and the resulting hybrid, cellularized construct maintained 
high cell viability (Supplementary Figure S11) and could then be seeded with human 
umbilical vein endothelial cells (HUVECs) after printing (Figure 7C). This resulted in a 
two-layer construct with independent cell regions, an inner HUVEC layer (Figure 7Di) and 
a 3D gelMA layer encapsulating hbMSCs and the MEW scaffold to provide mechanical 
stability to the structure (Figure 7Dii). Next, we focused on providing a proof-of-concept 
demonstration of the possibility to perform volumetric printing across MEW meshes 
also in presence of cells, with the capacity to pattern multiple cell-types, mimicking the 
structuring of blood vessels. For this, three distinct cellular layers were fabricated using the 
hybrid VolMEW approach. Native macro-scale vessels, such as veins or arteries, have three 
distinct cell layers, the tunica intima, media, and externa, each consisting of different cell 
types (endothelial, smooth muscle, and fibroblasts, respectively) and matrix composition 
required for proper vessel function (Figure 7E). Our model tubular construct consisted 
of the previously described two-layer approach, but by adding a second VBP step with a 
new cell suspension (hbMSCs, which have the capability to differentiate towards smooth 
muscle cells and fibroblasts, in presence of the appropriate signals,[322–324] labeled with a 
different fluorescent dye, DiI), an outer cell and material layer was successfully printed, 
creating a three-layer architecture that approximates the layered structure of a native 
vessel (Figure 7F, G). Furthermore, the possibility of creating fenestrated, cellularized 
constructs was also demonstrated using the principles described in Figure 4. By first 
creating the first hydrogel layer as an inner print, leaving the outer edge of the vessel 
exposed, the second layer could still be printed within the MEW scaffold, leaving the 
small crossover points of the mesh exposed to the outside, creating the previously shown 
perfusable fenestrations in a cellularized model (Figure 7H). These final proof-of-principle 
prints demonstrate that the use of the VolMEW hybrid approach can be exploited in 
several ways to increase the complexity of current tissue engineered macrovascular-
inspired structures. While our experiments constitute a feasibility study for VolMEW as a 
bioprinting tool, future work aiming to produce fully functional vessel should first focus 
on extended culture time under flow to promote endothelial cell maturation, optimizing 
a proper tri-culture media system to either feed directly printed endothelial, smooth 
muscle cells and fibroblasts, or to induce the differentiation of MSCs into smooth muscle 
and fibroblastic phenotypes. Several biofabrication approaches have been explored to 
create architecturally complex vessels,[325] including sacrificial extrusion templating,[326,327] 
coaxial extrusion bioprinting,[328] suspended bioprinting[329] and suspended sacrificial 
printing,[330] digital light projection printing,[235,331,332] and acoustic wave patterning.[62,333] 
Expanding on this toolkit, VolMEW introduces the ability to both tune the mechanical 
properties of the construct and to introduce custom-designed patterns of microfibers, 
which have been used in previous work to facilitate stromal cell alignment.[284] Notably, 
and with broad applications beyond of vascular-mimetic printing, VolMEW allows to 
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freely sculpt the hydrogel component, creating features that intertwine with the MEW 
mesh, or, for example, incorporate fenestrations and branches relevant for hierarchical 
networks,[325] and valve-like structures, of relevance to regulate flow and local pressure in 
vessels and more generally in fluidic components. While conventional approaches (i.e., 
casting) are still suitable when producing simple, single component tubes, VolMEW does 
not require to build and remove a physical mold, therefore facilitating the fabrication step, 
and improving precision. This facilitates the incorporation of complex structures within 
and around the reinforced tubes that would pose significant complications for casting 
procedures. Additionally, by printing with tomographic light patterns, hydrogel layers 
thinner than the reinforcing MEW mesh can be easily obtained, as shown in Figure 4. These 
architectures can be printed in seconds with no need for support materials, incorporating 
a mechanically reinforcing MEW mesh without compromising print resolution. Moreover, 
while this study focused on the advantage of producing mechanically competent grafts 
even when using soft hydrogels for tissue culture, previous literature provide consistent 
data that certain cell types, including different types of muscle cells, are able to align 
following the directionality of the MEW fibers, even when these are embedded in a 
hydrogel matrix.[167,200,334] Future research on VolMEW could investigate this potential, for 
example to guide cell orientation in vessels including, i.e., a smooth muscle cell layer. 
Freedom of design in this contactless printing approach allows to produce architectures 
that cannot be easily obtained with other methods, and can therefore be potentially 
applied to produce patient specific in vitro models, in which the effect of flow as a function 
of the (vascular) geometry, could be studied. This has implications, for instance, for systems 
to predict the kinetics of stenotic processes (in line with the proof of concept shown in 
Figure 6B-C), or even to produce personalized grafts for regenerative medicine. Overall, 
these features make VolMEW promising for the creation of next-generation tubular 
grafts with customizable designs that can be tailored to tissue-specific requirements and 
produced in high-throughput.
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Figure 7: Sequential VolMEW printing of cell-laden, multi-material and multi-layer tubular constructs. A) 
Graphical overview of the multi-material VolMEW printing process with cell-laden bioresins. i) The MEW mesh 
is inserted as previously described followed by ii) VBP  of the scaffold with an overexposed fixation, whereby 
the construct is firmly attached to the printing vial. After iii) washing the residual, uncrosslinked hydrogel, iv, v) 
the process is repeated with the second material. Finally, the vi) fixation is cut with a scalpel. B) Depiction of the 
HUVEC seeding process, where first i) 1x107 cells mL-1 are pipetted into the construct, followed by ii) 20 minutes 
of incubation periods ending with 90° rotations. The process is repeated four times to homogeneously cover all 
sides to create iii) the final three-layer VolMEW construct. C) Perpendicular and Dii) longitudinal cross-sectional 
fluorescence images of a two-layer VolMEW-printed tubular construct consisting of VBP-printed hbMSCs (blue) 
in the gel layer encapsulating the MEW mesh and i) a HUVEC-seeded lumen (magenta) (dotted line represents 
the position of the MEW mesh crossover point). E) Diagram of native vessel structures compared to the VolMEW 
printed proto-vessels. F) Perpendicular and G) longitudinal cross-sectional fluorescence images of a tree-
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layer VolMEW printed tubular construct consisting of VBP-printed hbMSCs (blue and yellow) in the gel layer 
encapsulating the MEW mesh and a HUVEC-seeded lumen (magenta). H) Sequentially printed multi-material 
construct with crossover points exposed, embedding the MEW mesh in both layers (asterisk represents the MEW 
mesh crossover point tip, and dotted line represents the separation between printed cell layers). Panel E was 
partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 
3.0 unported license. Scale bars = 500 µm.

CONCLUSIONS
This study demonstrates, for the first time, the convergence of volumetric bioprinting 
with melt electrowriting to build geometrically complex objects with enhanced 
mechanical properties, even when using low stiffness bioresins commonly used in VP. In 
the first stage of the study, we presented the VolMEW setup, which takes advantage of the 
thermal gelation properties of gelMA and a custom-designed guide system to precisely 
place and align MEW constructs of different architectures. While the presence of MEW 
constructs in the VP vial is shown to attenuate the tomographic light path, VP-printed 
layers were successfully, and precisely sculpted onto and across the opaque microfibrous 
meshes with high shape fidelity. Furthermore, the reinforcing effects observed in these 
converged printing constructs show mechanical advantages in flexural, burst and tensile 
strength compared to non-reinforced scaffolds, reducing the gap between these hybrid 
biofabricated constructs and native tubular tissues of biological relevance, such as vascular 
structures. This newly developed approach also retains the high printing speeds (< 20 
seconds) and unparalleled design freedom associated with conventional VP. Exploiting 
this architectural freedom, an array of hierarchical, physiologically relevant constructs 
could be produced. This includes custom-designed and distributed wall fenestrations 
and complex printing of gyroid-structures, bifurcated channels and a functional venous 
valve model within the reinforced hydrogel tubes. As a proof-of-concept, the possibility 
of creating multi-material and multi-cellular structures through a sequential printing 
approach was also demonstrated. The three distinct layers found in native macro vessels 
(i.e., veins and arteries) could be replicated in these reinforced, composite structures, 
demonstrating the potential to create hierarchical living constructs with the VolMEW 
approach. Notably, since the MEW meshes can be bulk produced and stored to printing, 
future applications can be envisioned, in which off-the-shelf mesh geometries could be 
readily loaded into a volumetric printer, to add the hydrogel and cellular components, 
just before their intended application. Overall, this novel technique poses the possibility 
of creating volumetric composite objects from materials with very different chemical and 
physical properties (hydrogels and thermoplastics) with enhanced mechanical properties 
and high design freedom. By leveraging the advantages of the MEW and VP technologies 
in the present approach, these findings also provide exciting opportunities for future 
hybrid applications with other opaque materials (i.e., ceramics, metals) for advanced 
tissue engineering strategies.
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EXPERIMENTAL SECTION
Materials: For melt electrowriting, medical-grade polycaprolactone (PCL) (PURASORB PC 
12, Corbion Inc., Gorinchem, The Netherlands) was used to fabricate the MEW tubular 
scaffolds. As a bioresin for volumetric (bio)printing, gelatin methacryloyl (93.5% DoF) was 
synthesized as previously reported[335] and used as 5% w/v (cellular experiments), 15% 
w/v (venous valve) and 8% w/v (all others) solution in phosphate-buffered saline (PBS). 
As photoinitiator, 0.1% w/v lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP, 
Tokyo Chemical Industry, Japan) was supplemented to the hydrogel precursor solution to 
initiate the photocrosslinking reaction. 

Melt electrowriting of tubular structures with different geometries: Tubular MEW constructs 
were processed using two custom-made melt electrowriting devices with a cylindrical and 
interchangeable collector. One device, used to fabricate tensile test specimens, employs 
an Aerotech axis system (PRO115) and the A3200 (Aerotech, USA) software suite as coding 
and machine operating interface. Polypropylene cartridges, and 22G flat-tip needles 
(Nordson EFD, USA) were used. The second device, used for all other experiments, has 
been described elsewhere[282]  nd was used with an electrically heated 3 mL glass syringe 
and a 25G needle. A modified code was developed similar to previous work,[279] to move 
the collector in translational and rotational directions for precise fiber placement onto a 
rotating steel mandrel at predetermined winding angles. 

Thermally controlled incorporation of tubular MEW meshes into volumetric printing setup: In 
order to insert the tubular MEW scaffolds in a perfectly centered and reproducible manner, 
the scaffolds were transferred to 3mm pultruded carbon fiber rods (easycomposites, The 
Netherlands) matching the inner diameter of the MEW mesh. To center the rod inside a Ø10 
mm cylindrical borosilicate glass vial compatible for use with the volumetric printer, small 
inserts were printed on a Perfactory 3 digital light projection (DLP) 3D printer (Envisiontec, 
Germany) using PIC100 resin to fit the rod and perfectly match the inner diameter of the 
vial. To fix the samples in the center of the vial, the tubular mesh was placed on the end of 
the insertion rod with 5mm offset. The printing vial was then filled with preheated (37°C) 
bioresin and the rod was inserted. The vial was subsequently placed in ice water up to 
the beginning of the insertion rod until gelation occurred. The gelled bioresin holds the 
tubular mesh firmly in place. The insertion rod is raised to the upper limit of the tubular 
mesh and the gelation process repeated, resulting in a centered sample.

Volumetric (bio)printing process: A commercial Tomolite v1.0 (Readily3D SA, Switzerland) 
volumetric printing setup was used to fabricate the hybrid VolMEW constructs. The gelMA 
bioresin-infused MEW meshes were prepared as described above in Ø10 mm cylindrical 
borosilicate glass vials and kept cool at 4° C to ensure that the resin remained thermally 
gelled. Custom-designed CAD files (Fusion360) were loaded and processed using the 
Readily3D Apparite software (b11409a). The average light intensity across all prints was 
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set at 12.16 mW/cm². Venous valve models were additionally printed using Apparite’s 
proprietary settings for a bulk length of 400 µm and a bulk multiplier of 2x. After printing, 
the thermally gelled bioresin was gently washed with pre-warmed PBS at 37° C to 
remove the uncrosslinked resin from the printed structure. To achieve homogeneous 
crosslinking and facilitate sample handling, the samples were immersed in a 0.01% w/v 
LAP solution and post-cured for 5 min in an UV oven (Cl-1000, Ultraviolet Crosslinker, λ 
= 365 nm, I = 8mW/ cm2 UVP, USA). All printed structures for mechanical analysis and 
complex geometries were printed at a gelMA concentration of 8% w/v, except for the 
venous valve model. For this structure, a 15% w/v GelMA concentration was selected for 
the sake of visualization and handling, as stiffer hydrogels provided higher yield strength 
of the printed leaflets, and therefore withstood higher pressures when flow was directed 
against the closed valve. All cell-laden constructs were printed at a gelMA concentration 
of 5% w/v.

Measurements of MEW mesh light attenuation effect during VP: Tubular MEW meshes were 
placed in cylindrical vials containing the gelMA resin. The vials were then placed within 
the print area of the volumetric printer and coupled to the rotary stage (Newmark RB-
90). Index matching was achieved by immersing the vial in a square cuvette containing 
distilled water. A virtual beam was generated by encoding a circular region of on-sate 
pixels on a DMD (Vialux Hi-Speed V-7000) illuminated by a collimated 520nm source. This 
corresponded to a beam waist diameter of 200 ± 10 µm. The vial was positioned so that 
the virtual beam was incident on the central axis of the embedded MEW mesh and the 
vial. A biased photodetector (Thorlabs DET36A2) was positioned 100 ± 5 mm behind the 
vial and was used to measure the relative intensity of the incident light after attenuation 
by the scaffold. A digital acquisition board (National Instruments USB-6001) was used to 
acquire the voltage signal from the photodiode. In order to perform the measurement, 
the virtual beam was turned on and the vial was rotated at a rate of 36 deg sec-1 over a 
full rotation. The resulting voltage signal from the photodiode was recorded at a sampling 
rate of 50 Hz. For each sample, this measurement was acquired at 3 locations on the MEW 
mesh, with the virtual beam being offset by +3 mm and -3 mm from its central position. The 
acquired data was normalized with 100% being the maximum amount of light detected 
across all runs. The runs were then rotated to start at the first peak using Savitzky-Golay 
filtering, followed by finding the first local maximum, and the resulting phase-matched 
raw data were averaged using time synchronous averaging (MATLAB R2022a). The area 
under the curve was approximated using discrete trapezoidal numerical integration and 
the data were normalized (deg) and plotted (MATLAB R2022a).

Tensile testing of hybrid VolMEW constructs: To determine the radial mechanical properties 
of the VolMEW constructs, a customized two-pin mounting setup was used on a dynamic 
mechanical tester (Electron-Force 5500, TA Instruments, USA). Two metal pins were 
inserted through the luminal cavity of the constructs and a radial tensile force was applied 
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during the test procedure (Figure 3A). Samples were measured in a 100-cycle waveform 
setup with a peak displacement of 18% strain with respect to the inner tube diameter. 
Construct measurements were evaluated after the initial hysteresis had subsided and 
the peak force had stabilized over several cycles. A second evaluation was a pull to 166% 
strain to elucidate the maximum stress values at beyond physiological values of small 
diameter blood vessels.

Burst pressure analysis of VolMEW constructs: A Vieweg DC 200 (Vieweg, Germany) dispenser, 
which uses pressurized air to dispense material, was used with a custom tubing array that 
included a pressure gauge for readout and a Luer connector to a custom-made bioreactor 
assembly part created by DLP printing on a Prusa SL1s resin printing system (Prusa, Czech 
Republic) with Dreve FotoDent guide 405 nm (Dreve, Germany). The resin was also used 
to fix VolMEW constructs liquid tight into the assembly part, a thin cover of FotoDent has 
been applied to the connectors and cured with a Prusa CW1 curing and washing station 
(Prusa, Czech Republic). Vaseline was then injected into the VolMEW construct through 
an attached printer cartridge (Nordson, USA) until the construct’s lumen was completely 
filled with Vaseline. The opposing end of the assembly was then sealed off and air pressure 
applied via the printer cartridge by the dispenser until failure of the constructs could be 
observed by Vaseline breaking through the construct. Data collection was done by digital 
video recording of VolMEW constructs consisting of MEW meshes of different architectures 
and number of layers.

Bending resistance evaluation of VolMEW constructs: To evaluate the effect of MEW mesh 
incorporation on the bending resistance of the hydrogel constructs, 27.5 mm long VolMEW 
scaffolds were printed with meshes of rhombic pores with 34° winding angle consisting 
of different layer numbers (0, 20, 40 and 60). Based on the previously established filament 
collapse test developed to evaluate the shape fidelity of bioinks[306] similar 5mm column 
structures were printed from polylactic acid (PLA, MakerPoint) using a fused deposition 
modeling printer (Ultimaker S3, Ultimaker, The Netherlands) with gaps of 25, 20, 16, 12, 8 
and 4 mm, to assess the maximum deformation of the printed structures as they spanned 
each gap distance. Maximum deformation was measured as the lowest point the sample 
bent downwards from the top of the column structure.

Blood clotting assay in symmetric stenosis model: Equine blood was collected in 3.2% 
citrated tubes at the Horse Clinic, Faculty of Veterinary Medicine, Utrecht University, as 
redundant sample from veterinary surgery practice, in accordance to the institutional 
ethical committee of Utrecht University. Citrate prevents blood from clotting immediately 
after extraction. To allow blood to clot again it needs to be recalcified previous to the 
experiment. The recalcification buffer consisted of 63.2 mM CaCl2 and 31.6 mM MgCl2.
Tubing used for blood perfusion was coated in a 200 mM CaCl2, 0.1µL mL-1 Heparin, 1% 
BSA, 1% Glucose in HEPES solution overnight to prevent the blood from clotting in it. Blood 
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was continuously perfused through the symmetric stenosis model at a flow rate of 0.58 
mL min-1 using a syringe pump (AL-2000, World Precision Instruments). The tubes were 
perfused for 10 minutes or until blockage was observed due to blood clotting. Videos and 
images of the perfused model were acquired with an Olympus SZ61 stereomicroscope 
coupled with an Olympus DP70 digital camera (Olympus Soft Imaging Solutions GmbH, 
The Netherlands).

Cell isolation and culture: Green fluorescent human umbilical vein endothelial cells (GFP-
HUVECs; cAP-001GFP, Angioproteomie) were expanded in type I collagen precoated 
culture flasks in endothelial cell growth medium-2 (EGM-2) BulletKit medium (CC-3162, 
Lonza). Culture flasks were precoated with 50 μg mL−1 collagen I rat tail (354236, Corning) 
in 0.01 M HCl for 1 hour at 37°C, followed by two washes with phosphate-buffered saline 
(PBS). GFP-HUVECS were used in experiments at passage 6-7 and cultured in EGM-2 
medium for expansion and differentiation. Human bone marrow-derived mesenchymal 
stromal cells (hbMSCs) were isolated from bone marrow aspirates of consenting patients, 
as previously described.[336] Briefly, human bone marrow aspirates were obtained from 
the iliac crest of patients that were receiving spondylodesis or hip replacement surgery. 
Isolation and distribution were performed in accordance with protocols approved by 
the Biobank Research Ethics Committee (isolation 08-001, distribution protocol 18-739, 
University Medical Center Utrecht). Protocols used are in line with the principles embodied 
in the Declaration of Helsinki. MSCs were expanded in DMEM + GlutaMAX supplemented 
with FBS (10% v/v) and p/s 1%. The procedures for human tissue and cell isolation were 
approved by the Research Ethics Committee of the University Medical Center Utrecht.[336] 
All cells were cultured at 37°C, 5% CO2 and used at passage 4-5. HbMSCs were cultured in 
DMEM + GlutaMAX supplemented with FBS (10% v/v) and p/s 1%. All cells were cultured 
at 37°C and 5% CO2 and used at passage 4-5.

Volumetric bioprinting of reinforced multilayered macrovessel-like structures: Mechanically 
reinforced macrovessel structures mimicking the layered structure of native vessels 
(tunica intima, media and externa) were fabricated using a sequential bioprinting 
approach. The following procedure was used to fabricate two- and three-layer protovessel 
constructs. First, a 15mm hybrid VolMEW hollow tube was printed   with 1 x 106 cells mL-1 
hbMSCs labeled with membrane staining DiD (ThermoFisher Scientific, The Netherlands) 
encapsulated in 5% w/v gelMA + 0.1% w/v LAP bioresin. In this first layer, a MEW scaffold 
(40 layers) with rhombic pores of 34° winding angle and 8 pivot points was incorporated 
and completely encapsulated by the printed gel layer of 1050 µm. For the 3-layer structure, 
the sample was washed after the first printing step and re-infused in a bioresin suspension 
containing 5 x 105 cells mL-1 hbMSCs labeled with membrane staining DiI (ThermoFisher 
Scientific, The Netherlands), and a second outer layer of 800 µm was printed around the 
first cell layer. Samples were washed, post-cured for 5 minutes and cultured in hbMSC 
expansion medium overnight. The next day, the samples were placed on a rectangular 
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mold with a concave slot for the tube to rest on, and the channels were seeded with a 
suspension of 1 x 107 cells mL-1 GFP-HUVECs. Samples were rotated 90° every 20 minutes, 
for a total span of 80 minutes to achieve homogeneous cell seeding across the lumen of 
the protovessel. To create a fenestrated 3-layer protovessel, the same protocol was used, 
but the total width of the two cell layers was reduced to allow for overprinting of the 
MEW mesh outside the gel sample. Lateral and longitudinal cross-sections of the samples 
were imaged after 7 days of culture in EGM-2 BulletKit medium using a Thunder imaging 
system (Leica Microsystems, Germany).

Statistical analysis: Results were reported as mean ± standard deviation (S.D.). Statistical 
analysis was performed using GraphPad Prism 9.0 (GraphPad Software, USA). For tensile 
test results, Origin 2022 (OriginLab, USA) was used. Comparisons between experimental 
groups were assessed via one or two-way ANOVAs, followed by post hoc Bonferroni 
correction to test differences between groups. Non-parametric tests were used when 
normality could not be assumed. Differences were considered significant when p < 0.05. 
Significance is expressed on graphs as follows: * p <= 0.05, ** p <= 0.01, *** p <= 0.001, 
**** p <= 0.0001.
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SUPPORTING INFORMATION

Supplementary Figures 

Supplementary Figure S1: DLP printed alignment guides for tubular MEW meshes with 150 µm self centering 
wings. Ai,B) Winged guide for 10 mm and Aii) 20 mm Tomolite vials. B) Printed guide on carbon fiber rod for vial 
placement. C) Assembly with hydrogel in a vial prior to thermal gelation. Scale bars = 1mm. 

Supplementary Figure S2: Overview of the light attenuation setup from measurement to polar plot. A) Setup 
with two hypothetical rods as attenuating objects. B) Transmission profiles of light with i) no transmission, ii) 
partial transmission and iii) full transmission. The corresponding C) Cartesian and D) polar plots. 
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Supplementary Figure S3: i) Time synchronous average (tsa) data with data set lines (gray) and highlighted tsa 
(color) and ii) standard deviation for A) control, B) hexagonal (40L), C) 70° rhombus (40L), and 34° rhombi with D) 
20-, E) 40-, and F) 60-layer heights.
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Supplementary Figure S4: A) 34° and B) 70° winding-angle scaffolds with the uncompensated layer-shifting of 
crossover points with increasing wall height (dashed lines; scale bars = 1 mm). 

Supplementary Figure S5: A) Burst pressure test set-up and B) image of a failed construct and the characteristic 
ribbon-like appearance of Vaseline.

Supplementary Figure S6: UTS zoom of the relevant Young’s Modulus region for A) different architectures and 
B) different layer heights. C) Cyclic radial stress-strain curves presented as their mean with SD values to illustrate 
the deviation within the same MEW reinforcement geometry.
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Supplementary Figure S7: Digital images of A,C) mesh-free and B,D) MEW-reinforced tubular structures after 
pull to failure test, shown from an inclined top view and lateral view to show the breaking behavior of the 
samples. 

Supplementary Figure S8: Statistical information of bridging data shown in Figure 3J, showing two-way ANOVA 
analysis results for spanning-distance comparisons. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** =  p < 0.0001.

Supplementary Figure S9: A) Bending resistance of volumetrically printed 5% and 8% w/v gelMA tubes 
reinforced with 40-layer, 34° winding angle rhombus MEW meshes on two 5 mm high columns spanning 20 
mm in length to evaluate the maximum deformation of the printed construct (scale bars = 3 mm). B) Plotted 
average maximum deformation of control samples without MEW reinforcement and reinforced tubes at both 
hydrogel concentrations (dotted line represents the maximum height of the columns on which the constructs 
were placed).
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Supplementary Figure S10: Statistical information of bridging data shown in Supplementary Figure S9, 
showing two-way ANOVA analysis results for spanning-distance comparisons. * = p < 0.05, ** = p < 0.01, *** = p 
< 0.001, **** =  p < 0.0001.

Supplementary Figure S11: 7-day cell viability of hbMSCs embedded in gelMA hydrogel samples reinforced 
with a melt electrowritten mesh, and without mesh reinforcement.
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ABSTRACT
There is a need for long-lived hepatic in vitro models to better predict drug induced liver 
injury (DILI). Human liver-derived epithelial organoids are a promising cell source for 
advanced in vitro models. Here, organoid technology is combined with biofabrication 
techniques, which holds great potential for the design of in vitro models with complex 
and customizable architectures. In the present study, porous constructs with human 
hepatocyte-like cells derived from organoids were generated using extrusion-based 
printing technology. Cell viability of bioprinted organoids remained stable for up to ten 
days (88–107% cell viability compared to the day of printing). The expression of hepatic 
marker G6PC, transporters BSEP and ABCG2 and phase I enzyme CYP3A4 increased 
compared to undifferentiated controls (expansion condition), and was comparable to 
non-printed controls. Exposure to acetaminophen, a well-known hepatotoxic compound, 
decreased cell viability of bioprinted liver organoids to 21-51% (p < 0.05) compared to 
the start of exposure and elevated levels of damage marker miR-122 were observed in 
the culture medium, indicating the potential use of the bioprinted constructs for toxicity 
testing. We showed that human liver-derived epithelial organoids can be combined 
with a biofabrication approach, thereby paving the way to create perfusable, complex 
constructs which can be used as toxicology- and disease-models.

Keywords: extrusion-based bioprinting, drug induced liver injury, in vitro modeling, 
organoids
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INTRODUCTION
Drug-induced liver injury (DILI) is the most frequent reason for drug failure in clinical 
trials and post-marketing drug withdrawal.[337] Thirty percent of drug candidates are 
discontinued due to hepatic dysfunction even post-marketing.[338] Additionally, drug-
induced liver injury accounts for more than fifty percent of the cases of acute liver 
failure in the United States.[339] Preclinical drug testing using rodent models allows for 
drug evaluation in the presence of a complete immune system and cross-talk with other 
organs.[340] However, significant inter-species differences in metabolic processes, disease 
mechanisms and modes of toxicity, hamper the extrapolation of obtained preclinical data 
to the human situation.[341,342] 

Compared to animal models, human hepatic in vitro models could give more insight 
in specific metabolic processes and mechanisms of toxicity, and allow for an ethically 
less controversial model.[343] Primary human hepatocytes (PHHs) are considered the 
golden standard due to the representative expression levels of metabolizing enzymes 
and expression of liver-specific markers. However, issues with PHHs are their rapid 
dedifferentiation leading to decreased hepatic function in vitro and the limited availability 
of these cells.[344] Nevertheless, PHHs are still widely used and recently introduced culture 
strategies are able to delay the dedifferentiation process in an attempt to set up a model 
that can be used for long-term toxicity testing.[345–347] To overcome previously mentioned 
limitations of PHHs, hepatic cell lines, such as HepG2 and HepaRG, are extensively used.
[348] Although advantages of hepatic tumor-derived lines are their availability and nearly 
unlimited growth, they generally have reduced expression of key hepatic enzymes 
compared to PHHs.[349] Similar to PHHs, new culture strategies exist that are able to improve 
the hepatic function,[350] however these cell lines are single-donor-derived and therefore 
do not exhibit interindividual differences. Especially in the case of the liver, a model needs 
to recapitulate the interindividual variation in metabolism, which is a major contributor to 
heterogeneity in drug clearance.[351]

Organoids have a great potential to serve as liver models as they recapitulate aspects of 
the native tissue architecture and function in vitro.[352] Organoids are cultured as three-
dimensional structures that are derived from primary cells (stem cells, progenitor, and/
or differentiated cells) that self-organize through cell-cell and cell-matrix interactions.[35] 
Epithelial organoids are single germ layer derived and under specific culture conditions 
expand and polarize to reproduce aspects of the native epithelium.[353] In the case 
of the liver, progenitor cells derived from the biliary tree can be cultured as organoids 
and differentiated into the cholangiocytic- and hepatocytic-lineage, indicating a true 
bipotential nature. In culture conditions where the Wnt/b-catenin pathway is induced, 
these progenitor cells from the intrahepatic biliary tree form organoids (Intrahepatic 
Cholangiocyte Organoids, ICOs) and upregulate a stem cell marker LGR5.[354] ICOs are 
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highly proliferative, expanding as cystic structures for several months while remaining 
genetically stable and can be produced in large scale.[55,355] Under differentiating conditions 
ICOs upregulate hepatocyte markers and acquire mature hepatocyte functions, such as 
albumin and bile acid secretion, glycogen storage, phase I and II drug metabolism, and 
ammonia detoxification.[355] Unlike cellular aggregates or spheroids, the organoids are 
cystic-like structures which, in case of hepatic differentiation, are polarized with the apical 
side at the inside, facing the organoid lumen.[55] As ICOs are donor-derived, they can reflect 
interindividual variability in metabolic activity in vitro. Current hepatic maturity is limited 
compared to primary hepatocytes as indicated by lower hepatic function (i.e., albumin 
expression and cytochrome activity).[355] In order to improve hepatic maturation the 
complexity of the in vitro constructs can be increased, thereby more closely mimicking the 
native liver environment.[356] Biofabrication techniques, and more specifically bioprinting, 
can provide such complexity through the precise placement of biomaterial inks or bioinks 
to promote cellular interactions, and through the production of constructs that allow for 
vascularization and enhanced exchange of nutrients.[357,358]

The potential to converge bioprinting and self-assembled biological building units like 
organoids, has recently sparked attention in the biofabrication field, due to the possibility 
to create models at the tissue-like level scale.[109,359] Hence, novel models that benefit from 
both the 3D spatial control, as provided by bioprinting, and of the biological resemblance 
by using organoids as building blocks and bioink components, holds great potential to 
introduce a humanized testing platform for personalized medicine and drug screening. 
Here, we take the initial step towards increasing the culture complexity of human ICO’s 
by showing that bioprinted organoids can be processed into functional liver constructs. 

RESULTS
Hepatic constructs were created with extrusion-based bioprinting using organoid-derived 
hepatocyte-like cells and gelatin-based hydrogel (GelMA) as a bioink. After expanding 
the intrahepatic cholangiocyte organoids (ICOs) in Matrigel, in order to achieve the cell 
amount required for the bioprinting of the liver constructs, ICOs were resuspended in 
GelMA at a 2-5 million cells per mL density. Cell-laden GelMA was co-printed with the 
sacrificial hydrogel Pluronic-127 allowing to create porous constructs (Figure 1a). Printed 
constructs consisted of printed strands of 600 to 1000 µm with pores of 200 to 400 
µm in size (Figure 1b). Diffusion through the GelMA hydrogel occurred at > 1000 µm 
within minutes, as was determined by using a coloring dye (Figure S1). This observation 
indicates that the hydrogel allows an exchange of soluble compounds with molecular 
weight comparable or superior to the drugs used in this work, thus permitting exposure 
to the hydrogel-embedded organoids. Moreover, the shear thinning property of GelMA 
was unaffected by the presence of organoids in the hydrogel (Supplementary Figure 
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S1), as the trend in viscosity with increasing angular frequency was comparable to GelMA 
without organoids. 

Cell viability in bioprinted constructs
Hepatic differentiation of ICOs was started directly after bioprinting using differentiation 
media. After 10 days of culture, morphology of the organoids was assessed using an 
HE staining. We observed that the organoids remained within the printed GelMA struts 
or aligned along the edge (Figure 1c) with an average diameter size of 48.2 ± 29.0 µm 
(Supplementary Figure S2). Organoids were distributed evenly throughout the construct 
with an overall coverage area of 6.4 ± 0.4 % (Supplementary Figure S2) of bioprinted 
struts. In order to assess if the printed constructs can be applied for long-term toxicity 
studies, we assessed the cell viability of organoids over time using an Alamar blue assay as 
well as a live-dead assay. The differentiated (non-proliferative) organoids remained viable 
over a period of 10 days (88–107% cell viability compared to printing day; Figure 1d) 
as determined using an Alamar blue assay, which is comparable to organoids plated in 
GelMA (non-printed). Fluorescence imaging of live/dead cells showed that the amount of 
viable cells is stable over time and individual dead cells, which are present on the first day 
after printing, decreased over time (Figure 1e), which is comparable to the plated control 
(data not shown). 
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Figure 1: Bioprinting liver constructs. (a) Schematic overview of the experimental procedure for bioprinting 
liver constructs. Once expanded, liver organoids are encapsulated in hydrogel (GelMA). A porous construct 
was fabricated using extrusion-based bioprinting of the resulting bioink. The construct is cultured in organoid 
differentiation media, thus guiding organoids towards a hepatocyte-like phenotype. Scale bar = 1000 µm. 
Created with BioRender.com (b) Brightfield image of the bioprinted liver construct. Scale bar = 1000 µm. (c) HE 
staining of the bioprinted liver construct. Scale bar = 100 µm. Arrowheads indicate cystic organoid structures 
within printed struts. Scale bar = 100 µm, inserts are twofold higher magnification. (d) Cell viability of liver 
organoids in GelMA (5 donors) after plating (control; orange) and after printing (blue). Each dot represents the 
mean of a technical triplicate of a donor. (e) Representative image of the live/dead staining of liver organoids 
after printing at day 1 and 7 post-printing. Viable cells are stained in green, dead cells in red, image covers an 
entire printed strut. 

Post-printing hepatic functionality 
Hepatic differentiation of the organoids in GelMA droplets and extrusion-based 
bioprinted constructs was compared to that of organoids in in plated Matrigel cultures 
(day 10 of differentiation), by gene expression profiling and protein expression 
(immunofluorescence). As expected, gene expression profiling indicated a decrease of 
the stemness marker leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5) 
compared to expansion conditions (p < 0.01 for plated and printed organoids), and an 
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increase of hepatic markers ATP-binding cassette super-family G member 2 (ABCG2), bile salt 
export pump (BSEP), Glucose-6-Phosphatase Catalytic Subunit (G6PC), cytochrome P450 
3A4 (CYP3A4) in differentiation conditions compared to expansion conditions (Figure 2a). 
Expression levels of albumin, G6PC, ABCG2, and CYP3A4 and cytochrome P450 2E1 (CYP2E1) 
show that the use of organoid technology includes donor-to-donor variation, with one of 
the donors showing low expression, whereas the other donors show increased expression 
levels in differentiation condition (Figure 2a). Overall, GelMA differentiating conditions 
(both printed constructs and plated controls) showed similar gene expression levels for 
the assessed hepatic markers compared to Matrigel. Immunofluorescence analysis (Figure 
2b) showed that the cytoskeleton marker cytokeratin 18 (CK18) is present in bioprinted 
liver constructs (Supplementary Figure S3). Expression of membrane marker E-cadherin 
and tight junction marker zonula occludens-1 (ZO-1; Supplementary Figure S3) confirm 
that the bioprinted organoids retain an epithelial phenotype. Additionally, expression of 
hepatic markers hepatic nuclear factor 4 alpha (HNF4α), albumin, and argininosuccinate 
synthase (ASS) show differentiation towards hepatocytes. Expression of multi drug 
resistance protein 1 (MDR1), an apical transporter, shows polarization of liver organoids, 
allowing for transepithelial transport. Another characteristic of hepatocytes is glycogen 
storage. Glycogen can be hydrolyzed during a fasting state to generate glucose. Periodic 
acid-Schiff staining for glycogen shows that bioprinted organoids show glyocogen 
accumulation indicating hepatic function (Figure 2c).  
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Figure 2: Functionality assessment in liver constructs. (a) Gene expression of liver organoids in Matrigel (MG; 
expansion (EM) and differentiation (DM) conditions), plated and printed in GelMA in differentiation conditions 
(DM). Each dot represents the mean of a technical triplicate of a donor. Relative gene expression was calculated 
using the reference genes GAPDH and RPS5 (ΔCt). LGR5, Leucine-rich repeat-containing G-protein coupled 
receptor 5; G6PC, ATP-binding cassette super-family G member 2; CYP2D6, Cytochrome P450 2D6; CYP3A4, 
Cytochrome P450 3A4; CYP2E1, Cytochrome P450 2E1; ABCG2, Glucose-6-Phosphatase Catalytic Subunit; BSEP, 
Bile salt export pump (b) Immunofluorescence staining in liver constructs. Scale bar = 25 µm. HNF4α, Hepatocyte 
nuclear factor 4 alpha; MDR1, Multidrug resistance protein 1; ASS, Argininosuccinate synthase (c) Glycogen 
accumulation in liver construct. Scale bar = 50 µm.
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Toxicity in bioprinted constructs
As a proof-of-concept that the liver constructs can be applied to predict drug toxicity, 
we exposed bioprinted human organoids (5 donors) to the well-known hepatotoxic 
compound acetaminophen (APAP) on post-printing (differentiation) day 7 (72 h at 30 mM). 
APAP can cause liver toxicity after biotransformation into its toxic metabolite N-acetyl-p-
benzoquinone imine (NAPQI) by cytochrome P450 enzymes. Exposed organoids had a 
decreased cell viability to 21–45% (p < 0.01) after 72h of exposure compared to the start 
of exposure (Figure 3a), which is comparable to APAP toxicity observed in non-printed 
organoids (Supplementary Figure S4). Fluorescence imaging of cell viability shows that 
after 72 h of APAP exposure, the spherical shape of the organoids is disrupted indicating 
cellular stress (Figure 3b). Additionally, levels of damage marker miRNA-122 was also 
measured for four donors in the media. Levels of miRNA-122 seemed elevated compared 
to non-exposed organoids indicating leakage of miRNA-122 into the media (Figure 
3c). Taken together, this data suggests that bioprinted organoids contain functional 
cytochrome P450 enzymes which were able to biotransform APAP into its toxic metabolite 
NAPQI. 

Figure 3: Acetaminophen (APAP) toxicity in bioprinted organoids. Exposure (72 h at 30 mM APAP) started 
on day 7 post-printing with organoid-derived hepatocyte like cells. (a) Cell viability of bioprinted organoids 
exposed to APAP relative to the cell viability at start of exposure. Bioprinted organoids exposed to 0 mM APAP 
(control; orange) and 30 mM (blue). Each dot represents the mean of a technical triplicate of one donor (n=5). 
After 72h of exposure the cell viability of exposed organoids is significantly affected (p < 0.01). (b) LIVE/DEAD 
staining of bioprinted organoids non-exposed (-, day 10 post-printing) and exposed to APAP for 72 h (+, day 10 
post-printing). Viable cells are stained in green, dead cells in red. (c) Medium-levels of microRNA-122. Data are 
expressed as log2 fold-change (-ΔCt) using the non-exposed samples as baseline. Each symbol, representing a 
different donor (n = 4), and error bars represent the mean ± standard deviation.
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DISCUSSION
The present study shows the potential application of hepatocyte-like cells derived from 
human intrahepatic cholangiocyte organoids (ICOs) for the bioprinting of drug responsive 
liver models. This enables the production of liver tissue constructs that are able to 
metabolize compounds relevant for pharmaceutical research. To obtain such models, an 
extrusion-based bioprinting strategy using an organoid-laden, gelatin-based bioink was 
established. Bioprinted hepatocyte-like cells from ICOs with a sustained metabolic activity 
provide possibilities for developing more advanced post-printing culture platforms, 
such as bioreactors and the incorporation of microfluidic devices, which will increase 
functional maturation, as well as standardized testing procedures.[352,356,360] Herein, it 
is demonstrated that hepatic functionality of differentiated ICOs in GelMA (plated and 
bioprinted) is comparable to regular Matrigel cultures. As a proof of principle to show 
the potential of bioprinted hepatocyte-like cells from ICOs to predict in vitro toxicity, 
bioprinted constructs were exposed to acetaminophen (APAP), a well-known hepatotoxic 
drug.[361] Donor-derived liver organoids are hollow cystic structures that express hepatic 
functionality once differentiated towards the hepatic lineage.[55,355] After differentiation, 
the hepatocyte-like cells are polarized as indicated by specific membrane transporters at 
either the apical or basolateral membrane. The observed polarization (MDR1), an apical 
membrane transporter, does mimic the native tissue in great detail and is important in 
the excretion of metabolites and transepithelial transport which can be measured in the 
media surrounding the bioprinted construct. In non-polarized 2D cultures such transport 
studies are not possible.[362] The donor-derived origin of the liver organoids was visible 
in our expression profile as not all donors showed similar expression levels, such as 
CYP3A4 and CYP2E1. Interindividual differences in metabolic gene expression profile may 
contribute to the sensitivity to hepatotoxic drugs,[363] a feature that single-donor derived 
hepatic cell lines do not provide.[348] 

Additionally to toxicity screening, hepatocyte-like cells from ICOs also hold great promise 
for therapeutic applications due to their patient-derived origin. Next to iPSCs, it is one of 
the few models that allows for precision medicine approaches.[360] Tissue-derived epithelial 
organoids have been shown to exhibit patient-specific phenotypes in vitro,[364] thereby 
enabling personalized testing of therapeutic applications. Disease modeling using patient 
derived liver organoids have been described for diseases such as Alagille syndrome and 
alpha-1 antitrypsin deficiency.[355] Moreover, patient-derived organoids have been show 
to allow for genetic repair by gene editing techniques[365] and are envisioned as a clinical 
therapy.[366] Next to the liver-derived organoids focused on in this paper, the described 
bioprinting strategy can also be used in combination with tissue-derived organoids from 
other organs, including gall bladder, kidney, intestine and pancreas[367–369] paving the way 
for more in vitro (disease) modeling opportunities.  
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Although hepatocyte-like cells from ICOs are a valuable tool for studying metabolism, 
even after differentiation some hepatic features are still lacking resulting in an immature 
phenotype. By bioprinting the biological resemblance of the in vitro system can be 
improved by applying precise patterning of organoids thereby permitting control over 
porosity and improved nutrient and waste exchange.[370–372] Here, we used extrusion-based 
bioprinting, which is an affordable technique in which a wide range of materials can be 
used.[114,229] The bioink (organoid-laden hydrogel pre-cursor) is pushed through a needle 
and is used to draw the desired 3D design layer-by-layer. Extrusion-based bioprinting 
could potentially cause organoid disruption due to shear stress at the nozzle. However, 
with the printing settings optimized in this study, viability of the hepatocyte-like cells 
from ICOs remained stable over time and comparable to non-printed controls. 

Epithelial organoids are commonly cultured in the animal-derived and thermosensitive 
hydrogel Matrigel, which is advantageous for organoid growth and can be printed with 
a cooled print head.[373] However, while Matrigel has been well established to expand 
organoids in culture, using other 3D matrices during the organoid maturation steps has 
been proven to increase hepatic differentiation of liver organoids.[374,375] Furthermore, 
Matrigel shows considerable batch-to-batch variations, which represents a hurdle towards 
generation of highly standardized and scalable in vitro models for pharmaceutical research.
[376] In our study, the main goal was to maintain a hepatic phenotype for subsequent 
testing, rather than proliferation and maintenance of undifferentiated phenotypes. Thus, 
we selected the widely used gelatin-derived hydrogel GelMA to prepare the printable 
bioinks. The modified methacryloyl groups in GelMA allow irreversible photocrosslinking 
and highly controllable stiffness of the hydrogel.[229] Furthermore, rheological analysis 
showed that the used GelMA concentration has shear thinning properties, which greatly 
facilitates stable extrusion while minimizing cell stress during printing.[130,151] Upon 
addition of organoids, the material still maintained its shear thinning properties. As the 
selected GelMA concentration is known to give rise to relatively soft hydrogels, typically 
in the range ≈5 kPa.[377] Pluronic-127 was used to temporarily support the desired grid-
like structure before photocrosslinking[259] and the sacrificial filaments can also serve as 
a template to provide channels suitable to permit vascularization at a later stage.[371] The 
porosity of the current lattice shaped constructs already permit close proximity of the 
liver organoids to the media and nutrient supply. LAP was used as photoinitiator for its 
cytocompatibility, herein demonstrated also when mixed with organoid-laden bioinks, 
and its potential to trigger crosslinking with visible light (~405 nm), which has been shown 
to permit hydrogel formation under mild and cell-friendly photo-exposure conditions.
[378] Importantly, this is, to the best of our knowledge, the first report demonstrating the 
feasibility of bioprinting organoids derived from liver epithelium. Such liver organoids, 
forming lumen-rich structures, are more structurally fragile than dense spheroids and 
could potentially be susceptible to damage and disruption during extrusion through 
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a nozzle. This study indicates the feasibility and safety of bioprinting such structures 
without hampering their functionality and constitutes a necessary preliminary step for 
future studies of more complex bioprinted architectures. Taken together, extrusion-based 
bioprinting using GelMA in combination with a sacrificial material provide a versatile 
strategy for the bioprinting of a porous construct that sustains organoid viability.

Extrusion-based bioprinting of hepatic structures has been shown before using different 
hepatic in vitro models, such as tumor-derived hepatic lines,[370,371,379–381] (cryopreserved) 
PHHs,[382,383] and human iPSCs.[138,384] Although all cell-types have hepatocyte features, the 
cellular organization of these bioprinted models is different compared to the bioprinted 
organoid constructs. Cells can be bioprinted as single cells,[371,379–384] cellular aggregates 
that are forced to form (co-cultured) spheroids[370] or, in our case, as self-organizing 
organoids. Even though the size and level of organization of the cellular structures does 
not necessarily affect cell viability after bioprinting,[385] it can have an effect on hepatic 
functionality[138] and contribute to cellular organization within prints. Extrusion-based 
bioprinted intestinal-derived organoids showed that specific patterning of the organoids 
can stimulate self-organization.[386] Here, liver organoids also reorganized within the 
bioprinted constructs and did not maintain their morphological characteristics as seen 
in Matrigel cultures. Even though there are morphological differences, the hepatic 
differentiation state in bioprinted constructs was similar compared to Matrigel. The high 
stability of the bioprinted organoids with respect to cell viability could also be due to 
intrinsic cell-binding motifs present in gelatin.[387] 

Next to the stability in viability and gene expression levels, histology and function are 
equally important. The current liver constructs do not fully recapitulate the native 
liver structure yet. We showed that liver organoids can be patterned via bioprinting, 
which provides the basis for future applications. Several important steps need to be 
taken to increase the complexity of the in vitro system which will lead to improved 
hepatic differentiation. This improved differentiation can be reached by co-culture with 
supporting liver cells[388,389] or vascular cells leading to a vascularized construct,[347] or flow 
perfusion,[390,391] which can be applied to the bioprinted constructs.[347] The latter can be 
particularly beneficial, as recent studies have shown how in vitro zonation can be induced 
by flow perfusion.[392,393] The presence of Argininosuccinate synthetase (ASS, involved 
in urea cycle and mainly located in the periportal area) as well as the expression of CYP 
enzymes (mainly located in the perivenous area), suggests that hepatocyte-like cells from 
ICOs are not yet zonally oriented in the bioprinted constructs. In this study, we showed 
that hepatocyte-like cells from ICOs maintained high metabolic activity up to at least 
ten days after printing, allowing for post-printing exposure assays. The combination of 
bioprinting and ICOs provides possibilities to increase culture complexity to provide a 
more physiological relevant microenvironment and thereby potentially improve the 
hepatic differentiation state of the organoids. 
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Although several liver models have been developed for the determination of hepatic 
toxicity, almost all models have limitations that hamper their use in toxicity screening.
[344] In this study, acetaminophen-induced toxicity was observed in the liver constructs 
over time, although used acetaminophen concentrations were relatively high compared 
to literature.[370,394] This is likely mainly due to the high level of the anti-oxidant glutathione 
present in the organoid differentiation medium which acts as an anti-oxidant and 
protects against APAP toxicity.[395] Additionally, expression levels of CYP2E1, which is 
mainly responsible for the formation of the toxic metabolite NAPQI (in addition CYP3A4 
and CYP1A2 contribute to APAP metabolism, albeit to a lesser extent),[396] are only slightly 
increased in differentiated liver organoids compared to expanding conditions. Improved 
hepatic functionality, including CYP expression, can reinforce the predictive capacity 
for necrotic toxicity after formation of reactive metabolites.[397,398] With improvements 
of hepatic functionality of the organoids and the experimental set-up, bioprinted 
liver organoids could result in a robust in vitro model to detect drug-induced effects. 
Acetaminophen toxicity is known to be predictable and dose-dependent as the formation 
of a toxic metabolite causes toxicity, however most drug-induced hepatic injury are less 
predictable and occur via different mechanisms.[399] By exposure of liver organoids to a 
selection of known hepatotoxic compounds with different toxicological mechanisms (for 
example formation of reactive metabolites, BSEP inhibition, mitochondrial impairment) 
the applicability of liver organoids in specific toxicological mechanisms can be established.
[400]

CONCLUSIONS
We aimed to develop a hepatic model that allowed spatial control using hepatocyte-like 
cells from ICOs and gelatin-based hydrogel as bioink. By bioprinting epithelial organoids 
we have taken the first step in the development of a more complex, and hence more 
physiologically relevant, in vitro model system that allows the accurate predictions of 
drug-induced liver injury (DILI). This study provided the basis of a humanized testing 
platform for personalized medicine and/or drug screening based on the creation of liver 
constructs through bioprinting.
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EXPERIMENTAL SECTION
Cells and culture conditions: Healthy liver biopsies were obtained during liver transplantation 
at the Erasmus Medical Center Rotterdam in accordance with the ethical standard of the 
institutional committee to use the tissue for research purposes (ethical approval number 
MEC 2014-060). The procedure was in accordance with the Helsinki Declaration of 1975 
and informed consent in writing was obtained from each patient. Obtained human liver 
material was frozen down in Recovery Cell Freezing Medium for future experiments or 
used for organoid isolation directly. Organoid isolation was performed as follows: Tissue 
was chopped into small pieces and enzymatically digested with 0.125 mg mL-1 Type II 
collagenase and 0.125 mg mL-1 dispase in Dulbecco’s Modified Eagle’s Medium (DMEM) 
Glutamax supplemented with 0.01% v/v DNase I (Roche, Basel, Switzerland), 1% (v/v) 
fetal calf serum (FCS) and 1% v/v penicillin/streptomycin (P/S) at 37° C. Every hour, the 
supernatant was collected and fresh enzyme-supplemented media was added to the 
remaining tissue until only ducts and single cells were visible. Cells were washed with 
DMEM Glutamax (supplemented with 1% v/v FCS and 1% v/v P/S) and spun down at 453 
g for 5 min. All components were obtained from Life Technologies (Carlsbad, CA, USA). 

The cell suspension was cultured in Matrigel™ (Corning, New York, NY, USA) droplets 
in expansion medium (EM) until intrahepatic cholangiocyte organoids (ICOs) arise, as 
previously described.[401] In short, EM consisted of Advanced DMEM/F12 (Life Technologies) 
supplemented with 1% v/v penicillin-streptomycin (Life Technologies), 1% v/v GlutaMax 
(Life Technologies), 10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 
Life Technologies), 2% v/v B27 supplement without vitamin A (Invitrogen, Carlsbad, CA, 
USA), 1% v/v N2 supplement (Invitrogen), 10 mM nicotinamide (Sigma-Aldrich, St Louis, 
MO, USA), 1.25 mM N-acetylcysteine (Sigma-Aldrich), 10% v/v R-spondin-1 conditioned 
medium (the Rspo1-Fc-expressing cell line was a kind gift from Calvin J. Kuo), 10 µM 
forskolin (Sigma-Aldrich), 5 µM A83-01 (transforming growth factor beta inhibitor; Tocris 
Bioscience, Bristol, UK), 50 ng mL-1 EGF (Invitrogen), 25 ng mL-1 HGF (Peprotech, Rocky Hill, 
NJ, USA), 0.1 µg mL-1 FGF10 (Peprotech) and 10 nM recombinant human (Leu15)-gastrin 
I (Sigma-Aldrich). Media was changed twice a week. Passaging occurred every 7-10 days 
at ratios ranging between 1:2 and 1:4. All cultures were kept in a humidified atmosphere 
of 95% air and 5% CO2 at 37° C. Organoids were primed for differentiation with BMP7 
(25 ng mL-1, Peprotech) through spiking EM 3 days prior to shifting to differentiation 
medium (DM). DM consisted of EM without R-spondin-1, FGF10 and nicotinamide, 
supplemented with 100 ng mL-1 FGF19 (Peprotech), 500 nM A83-01 (Tocris Bioscience), 
10 µM DAPT (Selleckchem, Munich, Germany), 25 ng mL-1 BMP-7 (Peprotech), and 30 µM 
dexamethasone (Sigma-Aldrich). Organoids were kept on DM up to 10 days. 

Bioink preparation: Gelatin-methacryloyl (GelMA) was synthesized from gelatin-derived 
from porcine skin (Sigma-Aldrich) as previously described.[257] In short, 10% w/v gelatin 
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in phosphate buffered saline (PBS) was reacted with 1:0.6 methacrylic anhydride (Sigma-
Aldrich) at 50° C for 1h in order to form 80% degree of functionalization of the lysine 
residues. The excess of methacrylic anhydride was removed by centrifugation. The 
obtained GelMA solution was neutralized with NaOH and dialyzed against distilled water 
for 5 days, sterile-filtered, freeze-dried and stored at -20° C until further use. 

The used photoinitiator in the bioink was lithium-phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP; Sigma-Aldrich) 0.2% w/v dissolved in DMEM/F12 
(without phenol red, supplemented with 1% v/v penicillin-streptomycin, 1% v/v GlutaMax, 
10 mM HEPES). Freeze-dried GelMA was dissolved (5% w/v) in the LAP-solution. The 
temperature of the GelMA solution was stabilized at 25° C prior to cell mixing. Organoids 
were mechanically fragmented and mixed with the GelMA bioink right before transferring 
to the bioprinting cartridge. The sacrificial material Pluronic®F-127 (Sigma-Aldrich) was 
dissolved in PBS (40% w/v) while incubating at 4° C under continuous agitation.

Rheological evaluation GelMA: The rheological properties of the hydrogel precursor 
solution were assessed using a DHR2 rheometer (TA Instruments, the Netherlands). To 
evaluate the hydrogels shear thinning properties, a stainless‐steel flat plate (diameter = 
20 mm) with a 200 µm plate‐to‐plate distance was used. GelMA in LAP-solution (65 µL 
of 5% w/v; previously described) was loaded and the gels complex viscosity (Pa·S) was 
recorded at 25°C as a function of shear rate (0.01–100 rad s-1) at a constant strain of 5% (n 
= 3 for GelMA control, n = 4 for cell-laden GelMA).

Compound diffusion in GelMA: A 5% w/v GelMA in 0.2% w/v LAP-solution was casted 
using a custom-designed PDMS mold and crosslinked for 10 minutes under 400 nm light 
exposure, to form cylindrical discs (diameter = 5 mm; height = 3 mm). To evaluate the 
diffusion rate of the crosslinked hydrogel construct, 10 µL of a green colored dye (MW 
= 534,3–561,7 g mol-1; Singh Traders, Baambrugge, the Netherlands) was pipetted on 
top of the cylinder to create an even fluid layer over the top face surface of the hydrogel 
disc. After 1, 2, 4, 6, 8, 12, 16, 24, 32 minutes samples were removed from the mold (n 
= 2 per time point). The migration of the dye through the gel over time was assessed 
using a stereomicroscope (Olympus SZ61 coupled with an Olympus DP70 digital camera; 
Olympus Soft Imaging Solutions GmbH, the Netherlands) by imaging cross-sections of 
the hydrogel cylinder at the indicated time points.

Bioprinting settings: The constructs were designed using a Computer Aided Design (CAD) 
software (BioCAD, RegenHU, Switzerland), and printed using an extrusion-based bioprinter 
(3D Discovery, RegenHU, Switzerland) in a sterile 5 cm Petri dish (ThermoFisher, Waltham, 
Massachusetts, USA). The constructs consist of horizontal strands of Pluronic®F-127 with 
0.135 mm space between each strand. In between these supporting strands, the cell-laden 
GelMA was printed and photocrosslinked with an exposure of 45 seconds with blue-light 
(405 nm). Subsequent layers are printed in a layer-by-layer fashion, with a 90 degrees 
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rotation in the filament orientation between each layer. Pluronic®F-127 was printed at a 
speed of 30 mm sec-1 at a pressure of 450-550 kPa. GelMA was printed at a speed of 15 
mm sec-1 at a pressure of 15-30 kPa. The printhead containing the cell-laden GelMA bioink 
was equipped with a cooling device set to 25° C. The dispensing tip was a stainless steel 
27G nozzle (length 6.35 mm; Nordson, Westlake, OH, USA) for both bioinks. After printing 
10 layers, the printed construct is further photocrosslinked for 10 min in a custom-made 
curing box containing 400 nm LED lights (000214, Groenlicht, Geldrop, the Netherlands). 
Pluronic®F-127 was washed away with DMEM/F12 (without phenol red, supplemented 
with 1% (v/v) penicillin-streptomycin, 1% (v/v) GlutaMax, 10 mM HEPES) at 4° C resulting 
in porous cubical shaped constructs (approximately 5x5x2 mm lxwxh). Constructs were 
cultured in 24 well plates (ThermoFisher) under differentiating conditions (Differentiation 
Medium, DM) as described for a maximum of 10 days in a humidified atmosphere of 95% 
air and 5% CO2 at 37° C.   

Alamar Blue cell viability assay: Cell viability of the organoids (4 donors in technical triplicate) 
in printed constructs and plated controls (GelMA and Matrigel) was examined through 
an Alamar Blue assay (ThermoFisher), a resazurin-based solution that functions as a cell 
health indicator. Briefly, the Alamar Blue reagent was diluted 1:10 in DMEM/F12 (phenol-
red free). Cells were incubated for 2 h at 37° C. Subsequently, fluorescence intensity of 
the Alamar Blue solution was measured with a photospectrometer (Fluoroskan Ascent FL, 
ThermoFischer Scientific) at ex/em 544/570 nm. 

Cell viability: Cell viability of printed and exposed organoids was visualized using a LIVE/
DEAD Viability/Cytotoxicity Kit for mammalian cells (ThermoFisher, Catalog number: 
L3224). Samples were incubated with fluorescent dyes to detect live (Calcein-AM) and 
dead (Ethidium homodimer-1) cells. Samples were imaged using confocal laser scanning 
microscopy (SP8, Leica Microsystems, the Netherlands).

Gene expression: Prior to RNA isolation, GelMA hydrogels were broken down using 
QIAshredder columns according to the manufacturer’s instructions (Qiagen, Hilden, 
Germany). RNA was isolated from liver organoids (4 donors (n=4), in triplicate) using 
350 µL RNeasy lysis buffer directly added into one well of the 24 well plate followed by 
RNA extraction using the RNeasy micro Kit according to the manufacturer’s instructions 
(Qiagen). cDNA synthesis was performed using iScript cDNA synthesis kit (Bio-Rad, 
Veenendaal, the Netherlands). Relative gene expression of selected genes was measured 
using RT-qPCR in a CFX-384 (Bio-Rad). Primer design, validation, RT-qPCR conditions, and 
data analysis was performed as previously described.[402] Normalization was performed 
using reference genes GAPDH and RPS5. Details of primers are listed in Table S1.

Immunofluorescence: Organoids (4 donors) were fixed in 4% w/v paraformaldehyde 
(PFA) with 0.1% v/v eosin and stored in 70% v/v EtOH at 4° C until further processing. 
Bioprinted constructs were placed in agarose before embedding to keep the constructs 
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integrity during the histological processing. Samples were embedded in paraffin and 
cut into 4 µm sections. Sections were deparaffinized and rehydrated. After antigen 
retrieval (information per antibody in Table S2), a blocking step was performed using 
10% v/v normal goat serum (Bio-Rad) in PBS for 30 min at RT. Antibodies are listed in 
Table S2. Incubation with primary antibodies was performed overnight at 4° C. Secondary 
antibodies were incubated at room temperature for 1h. Nuclei were stained with DAPI 
(Sigma-Aldrich) diluted 2000x in PBS. Washing steps were performed using a buffer of 
PBS with 0.1% Triton X-100 (Sigma-Aldrich) and 0.2% w/v Bovine Serum Albumin (Sigma). 
Slides were mounted using FluorSave (Merck-Millipore, Burlington, MA, USA), and images 
were acquired using confocal microscopy (SP8, Leica Microsystems). 

HE staining: Morphology and distribution of organoids in printed constructs (4 donors) 
was evaluated by hematoxylin and eosin (H&E) staining, scanned with slide scanner 
(Hamamatsu Photonics, Hamamatsu-city, Japan).

Acetaminophen toxicity: Acetaminophen (APAP; CAS 103-90-2, Sigma-Aldrich) was 
dissolved in differentiation medium as described above, using DMEM Glutamax with added 
factors as described for DM except Glutamax, NAC and B27. At day 7 of differentiation 
organoids were exposed to 30 mM APAP for 72 h (4 donors, n = 3), repeated dosing every 
24 h. Metabolic activity was examined at 24, 48 and 72 h after start of exposure using the 
Alamar Blue assay. Medium was collected at 4, 24, 48 and 72 h of exposure to examine 
levels of miRNA-122 in the medium. 

Detection miRNA 122 in medium: Total RNA was extracted from assay medium (120–160 µL) 
using the miRNeasy Serum/Plasma Kit (Qiagen) following the manufacturer’s instructions. 
miRNA-122 was reverse-transcribed using the miScript II RT Kit (Qiagen) according to the 
manufacturer’s protocol. Normalization of qPCR data of printed samples was performed 
using spiked-in synthetic C. elegans miR-39 (miRNeasy Serum/Plasma Spike-In Control, 
Qiagen). Ce_miR-39_1 and H2_miR-122a_1 miScript Primer Assays (Qiagen) were used 
for qPCR. The qPCR was carried out in a CFX-384 (Bio-Rad). Calculations were performed 
as previously described.[403] Changes of miRNA levels in supernatants were determined 
by comparing the Ct values in the exposed samples in comparison to the control (non-
exposed) samples and expressed as -ΔCt.

Statistical analysis: For the statistical analysis of metabolic activity data, the gene expression 
data and the effects of acetaminophen exposure, we applied the post-hoc comparison 
uncorrected Dunn’s test using GraphPad Prism (version 8.3.0). Significance levels are * 
p≤0.05; ** p≤0.01 and *** p≤0.001.
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SUPPORTING INFORMATION

Supplementary Figures

Supplementary Figure S1: Characterization of (a) the frequency-depended behavior of viscosity in a 5% w/v 
GelMA ink with (blue) and without (red) organoids (n = 3), and of (b) its capability to allow diffusion of solutes 
over time (n = 4). Dots and error bars represent the average ± standard deviation.

Supplementary Figure S2: Area of coverage (a) and organoid diameter (b) of the bioprinted organoids. (a) 
Average area of coverage is 6.4 ± 0.4 % (n = 3). Scale bar = 1000 µm. Yellow: Hydrogel; Red: Cells. (b) The average 
diameter of bioprinted organoids is 48.2 ± 29.0 µm. 
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Supplementary Figure S3: Immunofluorescence staining in liver constructs. Scale bar = 25 µm. ZO-1, Zonula 
occludens-1; CK18, Cytokeratin 18.

Supplementary Figure S4: Cell viability of non-bioprinted (plated; orange) and bioprinted (green) liver 
organoids exposed to acetaminophen (APAP) relative to the cell viability at start of exposure (differentiation day 
7 after plating/printing). Organoids exposed to 0 mM APAP (control; light colored box) and 30 mM (dark colored 
box). Each dot represents the mean of a technical triplicate of one donor (n = 5). 
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Supplementary Tables
Supplementary Table S1: Primers used for quantitative PCR analysis.

Gene Forward Reverse

LGR5 GCAGTGTTCACCTTCCC GGTCCACACTCCAATTCTG

ALB GTTCGTTACACCAAGAAAGTACC GACCACGGATAGATAGTCTTCTG

G6PC CGTCTTTAAGTGGATTCTCTTTGG GTCCAGTCTCACAGGTTACAG

CYP3A4 TGATGGTCAACAGCCTGTGCTGG CCACTGGACCAAAAGGCCTCCG

CYP2D6 GAGGTGCTGAATGCTGTC AGGTCATCCTGTGCTCAG

CYP2E1 GTACACAATGGACGGTATCACC GGAGCTTCTCTTCGATCTCAG

ABCG2 CGAGTAAAACTGAAGAGTGGCTTT CGAAGATTTGCCTCCACCT

BSEP GTCATCTTGTGCTTCTTCCC TCATTTGTAATCTGTCCCACCA

Supplementary Table S2: Antibodies used for immunofluorescence analysis 

Primary antibodies

Antigen Source and cat. number Raised in Dilution Antigen retrieval

MDR1 Novus Bio
NBP1-90291

rabbit 1:200 TE

CK18 Santa Cruz
sc-51582

mouse 1:400 Pepsin

Albumin Sigma Aldrich
A6684

mouse 1:1,000 TE

ZO-1 Invitrogen
40-2300

rabbit 1:250 Pepsin

HNF4α LS Biosciences
LS-B969

rabbit 1:200 TE

ASS Aviva System Biology 
ARP41366_T100

rabbit 1:300 Citrate

E-cadherin BD Bioscience
610181

w 1:100 TE / Citrate

TE: 10 mM Tris, 1 mM EDTA, 0.5% Tween 20 in PBS at pH 9.0 for 30 min at 98 °C
Citrate: 10 mM citrate buffer at pH 6.0 for 30 min at 98° C
Pepsin: 0.4% w/v (Dako) in 0.2 M HCl for 20 min at 37° C

Secondary antibodies
Antigen Source and cat. number Raised in Dilution

Anti-mouse 
Alexa 

Life Technologies #A11029 goat 1:200

Anti-rabbit 
Alexa 568

Life Technologies #A11036 goat 1:200

Secondary antibodies were diluted in Antibody Diluent (Dako).
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ABSTRACT
Organ- and tissue-level biological functions are intimately linked to microscale cell-cell 
interactions and to the overarching tissue architecture. Together, biofabrication and 
organoid technologies offer the unique potential to engineer multi-scale living constructs, 
with cellular microenvironments formed by stem cell self-assembled structures embedded 
in customizable bioprinted geometries. This study introduces the volumetric bioprinting 
of complex organoid-laden constructs, which capture key functions of the human liver. 
Volumetric bioprinting via optical tomography shaped organoid-laden gelatin hydrogels 
into complex centimeter-scale 3D structures in under 20 seconds. Optically-tuned 
bioresins enabled refractive index matching of specific intracellular structures, countering 
the disruptive impact of cell-mediated light scattering on printing resolution. This layerless, 
nozzle-free technique poses no harmful mechanical stresses on organoids, resulting in 
superior viability and morphology preservation post-printing. Bioprinted organoids 
underwent hepatocytic differentiation showing albumin synthesis, liver-specific enzyme 
activity, and remarkably acquired native-like polarization. Organoids embedded within 
low stiffness gelatins (< 2 kPa) were bioprinted into mathematically-defined lattices 
with varying degrees of pore network tortuosity, and cultured under perfusion. These 
structures acted as metabolic biofactories in which liver-specific ammonia detoxification 
could be enhanced by the architectural profile of the constructs. This technology opens 
up new possibilities for regenerative medicine and personalized drug testing.

Keywords: biofabrication; volumetric additive manufacturing; light-based 3D printing; 
bioresin; hydrogel
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INTRODUCTION
Laboratory-made three-dimensional (3D) living constructs that fully retain the function 
of human tissues and organs remain a major hope for regenerative medicine and for 
the development of advanced in vitro models for drug discovery, toxicology testing and 
precision medicine.[109,132] Biofabrication approaches, thanks to their ability to precisely 
orchestrate the three-dimensional patterning of multiple types of cells and biomaterials, 
have great potential to generate key architectural elements that can instruct the 
emergence of native functionalities in engineered tissues.[109] To date, various bioprinting 
techniques, a subset of biofabrication approaches in which one or several cellular 
components are directly incorporated in an additive manufacturing process,[110] have 
played a primary role in several proof-of-concept applications that showed the mimicry of 
salient organ functions in vivo, including in engineered ovaries,[221] thyroid glands,[143] and 
innervated skeletal muscle-like constructs.[404] The versatility and the freedom of design 
guaranteed by bioprinting technologies can be exploited both to generate anatomical-
like as well as engineering-inspired architectures. While the exact degree of biomimicry 
that an engineered tissue should have right after the fabrication step is still a matter of 
debate, it is generally agreed that recapitulating every detail of physiological structures 
may not be needed, while providing cells with an environment to initiate and boost their 
own biological functionality is more important.[143,221,405,406] However, developing complex 
living structures of physiologically-relevant size (i.e., dimension above the centimeter-
scale) that can favorably guide cell behavior remains a major challenge. In addition, 
while bioprinting excels at modulating the environment surrounding the printed cells, 
tissue morphogenesis events in vivo are primarily driven by cell-cell interactions and 
self-assembly at the microscale, and thus cannot be directly controlled in a bioprinting 
strategy. Thanks to the development of organoids, which are miniaturized 3D structures 
that express key organ-like behavior, harnessing such cell-driven organization in vitro 
has led to a major breakthrough in biomedical research.[36] Even though organoids can 
also be generated from differentiated primary cells, most of the systems developed up to 
now arise from stem cells (harvested from adult tissue, or induced pluripotent cells).[407] 
Stem-cell derived systems are particularly promising due to their self-renewal capacity, 
helping to obtain sufficient organoid numbers for downstream applications, and due 
to the potential of the cells to differentiate into the multiple lineages that compose the 
tissue of reference.[407] However, organoid development in conventional tissue culture on 
Matrigel-like substrates is highly aleatory, offering no control over individual architecture, 
and resulting in sizes limited to the millimeter range. 

In this work, we introduce a new, generalizable strategy for the light-driven volumetric 
bioprinting (VBP) of complex, functional organoid-laden constructs (Figure 1A). VBP is a 
layerless printing approach capable of printing positive and negative features (channels) at 
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high resolutions (41.5 ± 2.9 µm and 104.0 ± 5.5 µm, respectively) (Figures 1B-C) and large-
scale constructs previously achieving volumes of up to 4.14 cm3 in less than 30 seconds.[127] 
Given the novelty of the technology and of its working principle, which relies on the precise 
delivery of multiple tomographic light projections onto a cell-laden photopolymer, little is 
still known on the interplay between the cells and the precisely patterned projected light 
as well as on the printability requirements that a biomaterial needs to fulfill. Thus, first we 
investigated a new technique to engineer the optical properties of cell-laden hydrogels 
for VBP and unraveled its impact on printing shape fidelity. Leveraging this knowledge, 
in the present study VBP is combined for the first time with organoids that exhibit a 
microscale multicellular structure. These are herein bioprinted into centimeter-scale 
structures with designed architectures that facilitate access to metabolites. To meet the 
large cell numbers required for the volumetric bioprinting process (in the range of tens 
of millions of cells, at the densities shown throughout this study), a dynamic spinner flask 
culture system is used to establish organoid structures from human tissue samples (Figure 
1D). As a proof-of-concept, we demonstrate the fabrication of centimeter-scale hydrogel-
based objects embedding human liver epithelial organoids, obtained from primary (stem) 
cells found in intrahepatic bile ducts.[406] Differently from dense aggregates obtained from 
differentiated hepatic cells, that do not usually acquire native microarchitectural features 
of the liver,[408] these organoids are epithelial in nature, and form a cyst-like structure 
with an inner hollow lumen surrounded by a thin cell (mono)layer (Figure 1D).[35,355] This 
specific organization is especially interesting since many liver functions are dependent 
on hepatocyte polarization, i.e., the directional transfer and secretion of compounds from 
and towards the apical or basolateral side of the cell.  Importantly, since the specialized 
microarchitecture of the organoids can be easily compromised by mechanical stresses, 
a particular attention was placed on the ability of the printing process to preserve the 
self-organization of these biological building units. Thus, in this work epithelial liver 
organoids were selected to study how they can act as metabolically active biofactories, 
in which a prominent detoxification function of the liver can be modulated by the overall 
architecture of the construct, as defined via the volumetric printing process (Figure 1E).
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Figure 1: Overview of the high-resolution volumetric printing process and study design. A) Schematic 
representation of the volumetric printing process. B-C) Highest resolution prints of B) positive and C) fully 
perfusable negative features achieved with the 5% gelMA + 0.1% LAP bioresin used in this study (scale bars  = 
1 mm). Samples were imaged when being immersed in PBS directly after printing. D) Diagram of the hepatic 
organoid culture system, starting with human liver biopsies and isolation into single cells, which are then 
dynamically cultured in a spinner flask system to establish high yields of hollow epithelial organoid structures 
(microscopy image scale bar = 250 µm). E) Illustration of a complex, organoid-laden printed biofactory cultured 
under dynamic perfusion to enhance hepatic function, showing a representation of the breakdown of perfused 
compounds (purple circles) into metabolites (black squares). 
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RESULTS AND DISCUSSION
Volumetric bioprinting is an emerging light-based technology capable of sculpting cell-
laden photoresponsive hydrogels - also termed bioresins - into 3D constructs of various 
sizes, ranging up to several cubic centimeters, and complex geometries in a layerless 
fashion.[127] Leveraging the principles of tomographic additive manufacturing,[224,225] in VBP, 
a vat containing the bioresin is illuminated with visible light from multiple angles using a 
sequence of filtered backprojections of the object to be printed. While the light patterns 
address the whole build volume, the cumulative energy dose provided by the projections 
exceeds the bioresin’s photocrosslinking threshold only in the geometry corresponding 
to the  programmed object, thus building the whole construct at once. In this way, VBP 
yields centimeter-scale structures embedding microscale features in tens of seconds.
[127] The rapid fabrication time and cell-friendly light doses are beneficial for preserving 
cell viability and functionality post-printing, whereas extensive printing times required 
to fabricate large parts can be of concern for conventional layer-by-layer manufacturing 
(i.e., extrusion- and lithographic-based methods).[202] Moreover, via VBP, elements like 
overhangs, moving parts and convoluted porous networks typical of native tissues, can 
be easily recapitulated without the need for sacrificial or support materials, as previously 
reported reproducing the trabecular meshwork of cancellous bone.[127] 

As the first step towards the fabrication of organoid-laden structures, we investigated 
the impact of the optical properties of the bioresin on printing resolution, in particular 
the ability of the cell-laden material to homogenously transmit light. As opposed to 
extrusion-based  bioprinting (EBB), in which printability is predominantly governed by 
the rheological properties of a bioink,[151,306,409,410] in VBP and other light-based approaches, 
such as stereolithography and digital light processing, the printing resolution is defined 
primarily by the photopolymerization kinetics of the material, and by the ability to precisely 
control the spatial distribution of the light dose within the bioresin volume. While EBB 
of photocrosslinkable materials requires rapid polymerization kinetics as well to ensure 
construct stability, in VBP the latter is key in achieving highly accurate prints. This factor 
is largely dependent on the resolution of the light projection, the spatial coherence of 
the light source, the algorithm for generating the set of patterns (for a digital micromirror 
device, the optical resolution is given by the effective pixel size projected in the print 
volume), and the presence or absence of scattering elements. The latter is of particular 
relevance for bioprinting applications, since cells and many subcellular structures are 
capable of altering the path of incident light, either causing attenuation of ballistic photons 
or scattering, therefore affecting printing resolution. In particular, scattered light will blur 
the projected tomographic images, causing an increase of the light dose in regions of 
the volume adjacent, but external to the part to be printed. Depending on the length 
of the scattering mean free path at a given wavelength (which is a measurement of the 
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average distance between two consecutive scattering events, thus inversely proportional 
to the cell density[411]), this can result in off-target polymerization and loss of resolution. 
In addition, the ballistic light attenuation caused by scattering decreases the addressable 
size of the construct in the vial.

To investigate this effect, we printed a 5% w/v gelatin methacryloyl (gelMA)-based 
bioresin (Supplementary Figure S1) supplemented with 0.1% w/v lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) as photoinitiator carrying either a single 
cell suspension of a well-known hepatic cell line (HepG2)  (Figure 2A) or epithelial 
organoids derived from human liver (Figure 2B) in the form of a hollow disc with an 
S-shape filament (thickness = 500 µm) placed at its center (Supplementary Figure S2). 
This specific size was selected to generate filaments that could completely embed the 
produced organoids, even though finer printing resolution are possible as shown before 
in Figures 1B and C, in which resolution superior to what shown with volumetric printing 
up to date has been demonstrated.[224,225,291,412]  In an ideal print, both the thick border of 
the disc and the thinner filament, herein used as a benchmark to quantify the printing 
resolution, should solidify at the same time after receiving the same, optimal light dose. 
Exceeding this optimal dose will cause overcuring of the fine feature, thickening of the 
filament wall, and eventually clogging of the disc. At a low cell density (1 x 106 individual 
cells mL-1) the bioresin is photocrosslinked at an exposure dose of  250 mJ cm-2, and the 
fine features can be correctly resolved (at 312 mJ cm-2) with both single HepG2 cells and 
organoids. At higher cell concentrations, the minimal light dose required for crosslinking 
single cell suspensions rises, and the slope of the dose-thickness curve rapidly increases, 
narrowing the ideal printing window. Consequently, with the currently available hardware 
and software, printing at high cell densities is possible (as previously shown with up to 
107 articular cartilage progenitor cells mL-1).[127] However, this requires a fine empirical 
adjustment of the delivered dose, which is often impractical when cells are available in 
limited amounts. A similar trend was observed for organoid-laden bioresins, although the 
printing process yielded a larger printability window compared to what was observed 
with single cells, as loss of shape fidelity in reproducing the fine feature was observed 
only at 5 x 106 cells mL-1 (Supplementary Figure S3), a cell density selected for this 
investigation due to its already proven suitability for functional liver tissue engineering 
studies.[379,382,413–420] This result can be explained by the fact that liver organoids form cyst-
like, hollow structures delimited by an epithelial cell monolayer.[355] Due to their relatively 
large size (~300 µm), organoids have a longer scattering mean free path, compared to 
single cell suspensions at any given equivalent cell concentration. Recent research efforts 
are introducing novel algorithms for tomographic printing that can correct for scattering 
events at the filtered projection-level, and thus ensure high resolution printing even in 
opaque media.[421] Although this has been only shown with resins carrying homogenously-
sized particles so far,[421] future translation to materials laden with cells, which have more 
complex light scattering profiles, will help expand the range of applications of VBP.
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Figure 2: Effect of single cell and organoid density on volumetric bioprinting accuracy in absence of 
optical corrections. Fine feature thickness in constructs printed at increasing light doses (250–625 mJ cm-2) 
with bioresins containing different densities of A) single cell and B) organoid (1–5 x 106 cells mL-1). Dashed line 
represents the programmed feature dimension of the printed model (selected to be 500 µm to accommodate 
for the size of the printed organoids) (n = 3).

Cell-mediated scattering can also be addressed from the biomaterial-design perspective, 
by tuning the optical properties of the bioresin. In this study, we introduced a biocompatible 
and water-miscible refractive index matching compound, iodixanol, in order to modulate 
the optical performance of the gelMA-based bioresins (Figure 3A). Iodixanol was selected 
as it was proven not to harm cellular structures and tissue components, since this iodine, 
non-ionic compound has been applied for in vivo imaging,[422] as contrast agent for x-ray 
imaging,[423] and as an agent for the isolation of extracellular vesicles when preserving 
the integrity of membrane proteins is needed.[424] In principle, scattering-driven artefacts 
could be completely obviated, if the refractive index of the hydrogels matches that of 
the scattering element (i.e., the cells). However, cells are highly heterogeneous, composed 
of several subcellular structures each characterized by its own average refractive index 
(Supplementary Table S1).[425] Furthermore, different cell types and even individual 
cells within the same population have a unique light scattering fingerprint. Selected 
concentrations of iodixanol could thus be tested to approximate the light refracting 
profile of key subcellular components that play a major role in light scattering at 405 nm 
(the wavelength used in the printer), which primarily includes the nucleus, contributing 
to increased ballistic light.[425] 
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Figure 3: Enhancing volumetric bioprinting of single cells and hepatic organoids through bioresin optical 
tuning with iodixanol. A) Schematic of the bioresins used for volumetric bioprinting consisting of gelMA and 
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LAP, supplemented with iodixanol to optically tune the bioresin for enhanced printing accuracy in the presence 
of cellular structures. B) Stereomicroscopy images of i, ii) non-optically tuned bioresin and iii), iv) iodixanol-
containing bioresins for printing single cells and organoids (scale bars = 1 mm). C) Refractive index of the pristine 
and optically-tuned bioresins (n = 3). D) Schematic of the light scattering measuring setup, and E) resulting 
anisotropy coefficient of different bioresin samples containing 5 x 106 mL-1 single cells and organoids and 
increasing iodixanol content (n = 3). F) Printability window of 5 x 106 mL-1 single cells and organoids represented 
by the ratio of the printed fine feature thickness to the programmed thickness (n = 3). G) Soluble fraction of 
gelMA samples containing increasing iodixanol concentrations (n = 3). H) Side and top view of cross-sections 
from the 3D reconstruction of a complex bioprinted gyroidal structure with the optimized bioresin formulation 
carrying 10% w/v iodixanol  (scale bars = 2 mm). * = significant difference (p < 0.05).

Supplementation with iodixanol successfully improved printing resolution both when 
using bioresins embedding single cells or liver organoids at 5 x 106 cells mL-1 (Figure 3B), 
and it increased the refractive index of the bioresin in a concentration dependent manner, 
from 1.352 (pristine gelMA)  up to 1.3783 at a 40% w/v (Figure 3C). The characterization 
of the angular light scattering profile in bioresins laden with single cells and organoids, 
supplemented with increasing iodixanol concentrations (Figure 3D, E), confirmed the 
experimentally found result that more optical power was directed in the forward direction. 
The extracellular refractive index change caused by the addition of iodixanol provides a 
better match to the overall refractive index of the organoids and thus light is less scattered, 
which is  indicated quantitatively by  a measured anisotropy coefficient closer to 1 (unity 
indicates no scattering). This effect was observed for both single cells and organoids. In 
terms of volumetric bioprinting, this made it possible to identify a working window for 
printing hepatocytic cells of 30% w/v iodixanol and organoids with as low as 10% w/v 
iodixanol (Figure 3F, Supplementary Figure S4). Importantly, the positive effect of the 
printing optimization via hydrogel optical tuning can be readily applied to produce thin 
features also when utilizing higher cell densities (herein tested with 1.5 x 107 cells mL-1). 
This was shown by printing star-shaped hydrogel structures with the smallest resolved 
points measuring 49.2 ±  8.4 µm and 50.5 ± 6.0 µm, when using single cells and organoids 
respectively, although the organoids, given their large size exceeding the minimum print 
resolution, may of course protrude from the gel in the proximity of the finest features 
(Supplementary Figure S5). Notably, this approach for optical tuning of the biomaterials 
could potentially be combined with upcoming software-end based algorithms to further 
enhance printing resolution.[421] 

It should be noted that, while these results apply to the liver cells tested in this study, such 
optimization of the refractive index of the bioresin is likely to result in a different optimal 
printing window when utilizing another cell population. From the chemico-physical point 
of view, iodixanol is intended as a fugitive additive, and it passively diffuses out of the 
hydrogel after crosslinking. Sol-fraction analysis revealed that in presence of iodixanol 
concentrations from 10 to 40% w/v, the sol fraction of the bioresins increased from 44.0 
± 4.7 % to 75.3 ± 3.9%, whereas pristine gelMA showed lower values (4.2 ± 2.1%) (Figure 
3G). Such high values for the mass loss after 24 h can be explained by the partial diffusion 
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of the refractive index matching compound out of the gels, but also indicate that part of 
the additive, which forms a viscous solution at room temperature, is likely still trapped 
in the gel and may be released over a longer time frame. Thus, to minimize the presence 
of this extra component in the culture environment and ensure hydrogel stability for 
the subsequent prints embedding liver organoids, the bioresin formulation containing 
the lowest amount of iodixanol (10% w/v) was selected. This optimized, optically tuned 
bioresin composition made it possible to resolve complex 3D structures, such as gyroidal 
constructs (Figure 3H) printed in under 20 seconds (195 mJ cm-2, 19.5 s printing time), 
which are otherwise not possible to bioprint with conventional extrusion methods, 
especially with soft materials needed for tissue culture.

Having identified a bioresin formulation for printing with high shape fidelity in presence 
of increasing cell concentrations, we further explored the advantages of combining VBP 
and organoid technology to create a bioengineered construct able to perform native-
like liver function, given the critical role of the liver in maintaining systemic homeostasis. 
Notably, the distinguishing ability of liver epithelial organoids to capture micro-scale 
level architectures present in the liver, together with the fact that they can be readily 
obtained from individual patients and healthy donors via minimally invasive biopsies, 
holds potential for the development of advanced in vitro models for drug discovery 
and toxicology in personalized medicine. Such new platforms are especially needed in 
biomedical research, as liver damage is a primary cause for post-marketing withdrawal 
of new drugs,[338] a situation accentuated by the fact that current animal and cell culture 
models are insufficient to fully predict human physiology or donor-dependent responses.
[342,426]  The performance of liver organoids within the selected hydrogel upon bioprinting 
via VBP was investigated. Given the inherent challenge in replicating the multifaceted 
biosynthetic functions of native hepatocytes in vitro, we specifically analyzed i) the viability 
of the printed structures, and ii) the influence of the VBP on organoid microstructure and 
morphology, as a preliminary step to promote the differentiation and maturation capacity 
of the printed construct into hepatic-like structures.

The liver organoids used in this study were originally derived from adult stem cells positive 
for epithelial cell adhesion molecule (EpCAM) and for leucine-rich repeat-containing 
G-protein coupled receptor 5 (LGR5),[355] obtained through expansion in a dynamic stirred 
bioreactor.[55] Recent works further probing the in vivo origin of these cells suggest that these 
cells may be intrahepatic cholangiocytes, which display bi-potent differentiation capacity.
[35] These adult cells have already been demonstrated to maintain genomic stability over 
multiple passages,[355] suggesting they can be an ideal source when high cell numbers are 
required for liver tissue engineering applications. As these hepatic organoids are available 
from donor tissues, they also have the potential for simulating a patient-specific response 
to drugs, as well as the production of catabolites or toxic compounds natively metabolized 
in the liver for drug discovery and toxicology studies, or serve as promising building 
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blocks for whole organ engineering.[427] However, when freshly isolated and expanded, 
these cells do not normally display specific hepatocytic phenotype commitment.[35] The 
liver organoids obtained from these cells are typically expanded in presence of laminin-
rich basal membrane extracts (i.e., Matrigel), in culture media cocktails that maintain them 
in a proliferative state. Their differentiation into hepatocytic structures is accompanied by 
an inhibition of proliferation and can be triggered by switching the media composition 
(key components being bone morphogenetic protein-7 and fibroblast growth factor-19).
[55] This process has also been shown to be greatly influenced by mechano-chemical 
stimuli provided by different biomaterials and culture conditions.[428] As a first step, it 
was paramount to assess how organoids in differentiation media respond to the milieu 
defined by the VBP process.

Thus, upon printing, liver organoid-laden hydrogels were cultured in differentiation media. 
First, it was confirmed that iodixanol had no detrimental effect on the metabolic activity 
of the organoids, even when used in concentrations up to 40% w/v. In particular, all the 
tomographically bioprinted samples performed similarly to casted controls in absence 
of iodixanol, in which a slight decrement of resazurin reduction from day 1 to day 10 of 
culture was observed (Figure 4A). This was in line with what was previously observed for 
liver organoids cultured in differentiation conditions using other natural-origin hydrogels 
such as cellulose nanofibril-derived gels.[374] 

The evolution of the metabolic activity over 10 days was also assessed in further detail 
with the optimized bioresin supplemented with 10% w/v iodixanol. The performance of 
constructs obtained from cells from three adult donors, was evaluated comparing samples 
generated via VBP, EBB, and casted gelMA (with and without iodixanol) and Matrigel 
controls to assess the impact of different fabrication approaches and materials (Figure 
4B, further statistical details in Supplementary Figure S6). In all gelMA samples, the 
metabolic activity remained constant, whereas in the Matrigel control,  a gradual increase 
was observed over the culture period. In the latter, this increment was accompanied by a 
higher amount of DNA in the samples (Supplementary Table S2). This result is coherent 
with the notion that Matrigel is a favorable substrate for organoid proliferation.[374] 

Having demonstrated the cytocompatibility of the bioresin and of the printing process, an 
important objective was to evaluate if VBP could be used to preserve organoid structure, 
including the specific cell-cell contacts, tight junctions, and communication channels 
established during the organoid formation phase. During the expansion phase, organoids 
can reach millimeter-scale sizes, and in general, the growth to larger dimensions is regarded 
as an indicator of cell health.[55] As a light-based biofabrication technology, VBP does not 
subject cells to potentially harmful shear stresses that can instead be experienced in 
nozzle-based techniques.[247] Moreover, in extrusion-based bioprinting, nozzles typically 
displaying diameters 2-3 times larger than these organoid structures are required in order 
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to avoid clogging,[256] thus imposing a compromise on printing resolution. Alternatively, 
organoids need to be fragmented via mechanical or enzymatic disruption to enable 
seamless flow of the bioink during printing.[429] 

Figure 4: Viability of volumetrically bioprinted hepatic organoids. A) Metabolic activity of bioprinted 
organoids within bioresins with increasing iodixanol concentrations (0–40% w/v) over a 10-day differentiation 
period (n = 5). B) Metabolic activity (n = 5), C) Representative Live/Dead images (scale bars = 250 µm), D) live 
to dead ratio area (n = 3) coverage, and E) average organoid sizes (n = 60) of VBP- and EBB-printed organoids 
with the optically tuned bioresin (gelMA + 10 % w/v iodixanol), casted gelMA samples with (Cast +) and without 
10% w/v iodixanol (Cast -) and casted Matrigel (MG) samples over a 10-day differentiation period. * = significant 
difference (p < 0.05).
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A LIVE/DEAD fluorescent staining post-printing revealed that organoids printed via VBP 
displayed superior viability (93.3 ± 1.4%) and undisturbed average size (273.5 ± 49.9 mm) 
when compared to EBB (73.2 ± 1.2% viability, 100.1 ± 14.2 mm average size) one day post-
printing (Figure 4C, D, E). Such high viability, as demonstrated by the positive staining 
of Calcein AM into the cells lining the hollow organoid structures, was comparable or 
superior to casted gelMA and Matrigel controls. Notably, for all samples, it was found that 
most of the dead cells were single cells shed from the organoids, which appeared in higher 
numbers in the samples containing fragmented cells processed via EBB. This significant 
difference in dead cell numbers between the VBP conditions and the other processing 
methods can likely be attributed to the fact that the nozzle-free nature of VBP allows for the 
maintenance of the structural integrity of the organoids by minimizing the shear stresses 
induced on these large structures through actions such as pipetting or extruding through 
a nozzle. The EBB samples, which show the lowest viability at day 1, exhibit high number 
of dead cells likely due to i) a high number of single cells resulting from the mechanical 
fragmentation of the organoids pre-printing that are not capable of reassembly when 
incorporated in the hydrogels, and ii) further organoid damage and breakdown into 
single cells and smaller fragments due to the shear stresses experienced during extrusion 
through the nozzle (Figure 4D). This is further supported by the significantly smaller 
organoid sizes observed in EBB samples during the differentiation period (Figure 4E). 
Casted organoids in gelMA and Matrigel on the other hand, only undergo shear stresses 
as the embedded organoids pass through the narrow pipet tip for controlled volume 
deposition for the casting process, instead of the extensive fragmentation of EBB-printed 
organoids. This is likely the reason for the significantly higher viability compared to the 
EBB condition. Over time, viability values reached comparable values (94.1–98.2 %) for 
all experimental groups and controls. This was predominantly due to the fact that dead 
cells are removed from the culture environment with each media exchange, paired with 
the preservation of the cell viability already discussed for the biomaterials used in this 
study. To date, organoid shaping via bioprinting has been demonstrated via extrusion 
of a suspension of single stem cells, which are then led to re-form into organoids post-
printing.[386] Alternatively, biofabrication of pre-generated organoids has been prevalently 
performed via molding,[430] individual spheroid dispensing,[143] or robotic-assisted pick-
and-place techniques.[32] Although yielding impressive results in terms of generating 
tissues with high cell content, these approaches are limited to relatively simple 3D 
geometries, and rely on the printing of thick filaments/spheroids with a 400-1000 mm 
diameter range to achieve simple tubular structures.[32,143,386,430] Complementing the 
possibilities granted by such strategies, the ability of VBP to print pristine, undamaged 
organoids offers an alternative to facilitate the free-form generation of intact organoid-
laden constructs. Printing morphologically intact organoids can be advantageous for 
applications aiming to preserve the organoid pre-deposited ECM, given the increasing 
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evidence that cells embedded in biomaterials alter their behavior via contact with the 
nascent, self-synthesized ECM.[431] Even though in the context of liver tissue engineering, 
hepatocytes alone have limited capacity to secrete extracellular matrix proteins, this could 
be relevant especially when incorporating other liver-specific cell types, such as stellate 
cells.[432] 

Next, the expression of key hepatocyte differentiation markers was investigated (Figure 
5). Organoids from all experimental groups showed comparable levels of cytochrome 
3A4 activity (which appeared significantly elevated in Matrigel-based cultures vs. EBB 
samples) normalized over the total protein content of the sample (Figure 5A), as well as 
gene expression levels of the same cytochrome and albumin (Figure 5B, C). In addition, 
all samples showed comparable normalized levels of various liver transaminases, such 
as aspartate transaminase (ASAT, involved in amino acid metabolism), gamma-glutamyl 
transferase (GGT, involved in drug and xenobiotic detoxification) and glutamate 
dehydrogenase (GLDH, involved in the urea cycle) (Supplementary Figure S7). The 
presence of such markers indicates the successful commitment towards a hepatocyte-
like phenotype in VBP, EBB, and the casted controls, while only in the volumetrically 
bioprinted group this result was also paired with higher cell viability after printing. The 
evident donor-dependent variability observed in the expression levels indicate that liver 
organoids as in vitro models are better suited for personalized medicine applications or to 
establish bio-banks i.e., to study drug susceptibility on patient groups with similar genetic 
make-up, as already proposed for other tissue types.[433] 
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Figure 5: Liver-specific markers in volumetrically bioprinted hepatic organoids. A) CYP3A4 activity and 
relative gene expression of B) CYP3A4 and C) albumin in VBP- and EBB-printed organoids with the optically 
tuned bioresin, casted gelMA samples with (Cast +) and without 10% w/v iodixanol (Cast -) and casted Matrigel 
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(MG) samples after a 10-day differentiation period (n = 3). Representative fluorescence images of liver-specific 
and organoid polarization markers D) HNF4a and E-cadherin, E) MDR1 and albumin, and F) CK19 and ZO-1 in the 
VBP, EBB, Cast + and MG conditions after 10 days of hepatic differentiation. Scale bars = 50 µm. Individual data 
points shown for 3 different donors (N = 3).* = significant difference (p < 0.05).

Immunofluorescence analysis of volumetrically bioprinted organoids within the optimized 
gelMA-based bioresin also revealed the intracellular presence of the hepatocyte markers 
hepatocyte nuclear factor 4 alpha (HNF4a), E-cadherin, high-expression of albumin and 
tight junction protein-1 (ZO-1) (Figures 5D, E, F), as well as the absence of the cholangiocyte 
marker cytokeratin 19 (CK-19),[55] underlining the acquisition of a hepatocyte-like 
phenotype. Organoid morphology and glycogen storage was also visualized in all 
experimental groups though hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) 
stainings (Supplementary Figure S8). Extrusion-based printed samples and casted 
controls also showed similar patterns, albeit with some key differences. In particular, the 
VBP samples clearly showed a significantly higher degree organoid polarization, with the 
formation of an apical side in the cyst lumen for the highest percentage of organoids 
(73.9 ± 1.8%), as evidenced by the localized expression of multidrug resistance protein 1 
(MDR-1).[434] Organoid polarization is an indicator of maturation and an important feature 
to study the directional uptake, transport and eventual secretion of metabolites present 
in the native liver, which is not observed in cell lines under conventionally established 
culture conditions (i.e., standard 2D culture of single liver cell lines, primary cells or 3D 
spheroid cultures). Moreover, while MDR-1 was also detected in EBB and casted gelMA 
controls (but not in Matrigel), quantitative analysis of the polarized organoids showed 
significantly impaired polarization in these groups (12.1 ± 1.2% for EBB, 36.9 ± 3.0% and 
36.5 ± 3.6% 7 or the cast+ and cast- samples respectively) as opposed to VBP-printed 
organoids (Figure 5E, Supplementary Figure S9, S10). This significant difference 
between VBP-printed organoids and EBB and casted controls could be attributed to the 
fact that in VBP, structural integrity of the organoids is not disrupted during the printing 
process and seemingly results in the rapid acquisition of polarity markers when the 
differentiation process begins. Instead, EBB and casted organoids undergo shear stresses 
and fragmentation during their respective fabrication processes, and have to reassemble 
once they have been embedded in viscous hydrogels, a condition that may impair the 
onset of polarity across all organoids, as suggested by our results. These findings are 
also supported by the comparable trends observed in organoid viability post-fabrication 
(Figure 4), in which, much like for MDR-1 polarization, EBB showed the lowest values, 
followed by the milder casting process.  In addition, Matrigel controls were also negative for 
MDR-1, and notably also for albumin, even if the marker was present at a gene expression 
level, indicating no synthesis of this protein and indicative of a well-known common 
mismatch in molecular biology between mRNA levels and actual protein expression.
[435–437] This result, paired with the previous finding of enhanced metabolic activity over 
time, further underlines how Matrigel is an ideal substrate for organoid proliferation. 
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On the other hand, for hepatocytic differentiation, other hydrogels[374,428,438] including 
gelMA as shown in this study, appear to provide a more suitable 3D environment. While 
the exact mechanism by which gelMA facilitates organoid differentiation remains to be 
elucidated, previous studies with other RGD-modified polyethyleneglycol hydrogels have 
identified stiffness values in the range between 1-2 kPa as beneficial for organoid growth 
and differentiation.[428] Conversely, the same hydrogels in softer or stiffer formulation 
lead to inferior organoid yield and expression of liver fibrosis markers, respectively.[428] 
Interestingly, gelMA-iodixanol bioresins yielded gels with compressive moduli of 1.73 ± 
0.09 kPa, nearly identical to the matrigel compressive modulus (1.72 ± 0.09 kPa), suggesting 
that mechanosensing may indeed be a contributing element to the enhanced organoid 
differentiation, and the biological cues provided by the gelatin-derived gelMA resin may 
be a key factor in creating a more permissive environment for differentiation compared to 
the proliferative enhancement observed in Matrigel culture systems. These soft gels are 
also likely a consequence of the higher sol-fraction after crosslinking, since unmodified 
gelMA prepared at the same prepolymer concentration with no optical tuning resulted 
in stiffer gels (5.04 ± 0.10 kPa) (Supplementary Figure S11). Notably, both gelMA resins 
were shown to remain biodegradable after the photocrosslinking process, as found upon 
exposure to a collagenase-laden media,[331] an essential characteristic of biocompatible 
materials used in the field of tissue engineering (Supplementary Figure S12).

Upon confirming that VBP samples in optically tuned gelMA bioresins provide a 
suitable environment for liver organoid differentiation, we investigated the potential 
of bioprinting to modulate the functionality of the organoid-laden constructs, when 
cultured in a dynamic perfusion setting. At first, we selected a series of 3D objects with 
convoluted pore distribution from a pool of mathematically defined triple periodic 
minimal surface structures. This class of geometries is well-known in the field of tissue 
engineering, as lattices belonging to this family have been investigated to produce 
mechanical metamaterials,[439] to maximize cell seeding in polymeric scaffolds,[440] and 
to promote in vivo bone ingrowth in biomaterials-based implants,[441] among other 
applications. Specifically, we selected three lattice structures with interconnected 
porosity: Schwarz D, Schwarz G and Schwarz P.[442–445] At a comparable volume (between 
383.17 and 394.25 mm3), these structures show a decrease in surface area to volume 
ratio (from 2.05 to 1.88 mm-1), and decreasing average tortuosity of the porous network 
(from 1.32 to 1.04) respectively. (Supplementary Figure S13, Supplementary Table S3). 
Thus, the choice of these structures provide the possibility to modulate key geometrical 
parameters, and, under perfusion, the flow profile within the porous construct, that are 
paramount for the interaction between the embedded cells and the solutes within the 
culture media, without significantly altering the cell content and cell density. Therefore, 
these architectures offer an ideal platform and proof-of-concept to study the effect of the 
geometry imposed by the printing process on the functionality of the embedded cells. 
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Notably, such complex geometries are in general extremely difficult to reproduce at high 
resolution with extrusion technologies, especially when soft hydrogels are used as carrier 
materials. Hydrogel-based gyroidal structures can instead be easily printed with digital 
light projection bioprinting techniques, although generally requiring extended printing 
times that scale linearly with the height of the construct.[173] 

However, printing similar convoluted structures in cell-friendly processing times and at 
the same time ensuring shape fidelity when using soft, cell-friendly hydrogels like the 
gelMA-iodixanol bioresin tested in this study remains a major challenge in the field of 
biofabrication. Via VBP, we could successfully generate all three Schwarz structures laden 
with organoids, and the construct could maintain their shape when retrieved from 
the printing environment and immersed in aqueous media. To facilitate handling and 
permit a seamless coupling of the constructs with a fluidic circuit for perfusion culture, 
we modified the design of the lattices. These were encased in a hydrogel made fluidic 
chamber, equipped with an entry and an exit port, to which plastic microfluidic tubing 
could be coupled. The modified design could be reproducibly printed, with a printing 
time ranging from 14 to 15.5 seconds, depending on the geometry (Figure 6A). When 
compared to the extensive printing times that would be needed to fabricate these 
same centimeter-scale structures under optimal printing conditions (between 24.7–34.0 
minutes, even when using the easily printable and high-shape fidelity ink Pluronic F127, 
Supplementary Figure S14), the extremely rapid printing speed offered by VBP pose a 
promising advantage to overcome the detrimental effects on cell functionality that have 
been previously observed over extended printing times.[202] Given the high-speed printing 
achieved with VBP, these structures could also be printed for high-throughout analysis 
in a matter of minutes (Supplementary Figure S15). The system was first perfused 
with a constant flow of buffered solution supplemented with fluorescent microspheres 
to evaluate the flow profile within the structures. Tracking of the trajectory of the beads 
confirmed that these particles followed a nearly straight path in the Schwarz P lattice, 
as opposed to an increasingly wavy path in the other geometries (Figure 6B). This was 
quantitatively proven by the significantly larger trajectory amplitudes exhibited by the 
Schwarz D structure (0.214 ± 0.098 mm) compared to the G and P architectures (0.157 
± 0.109 and 0.077 ± 0.105 mm respectively, Supplementary Figure S16).  Given the 
constant flow rate (1.5 mL min-1)  imposed by the pump connected to the system and a 
smaller equivalent cross-sectional area along the flow pathway within more convoluted 
lattice in the Schwarz D, the average particle speed in this system was the highest (0.416 
± 0.009 mm s-1), whereas the lowest speed was found for the Schwarz P lattice (0.241 
± 0.009) (Figure 6C). Thus, the Schwarz D and P geometries, that showed the most 
marked differences in terms of flow profile, were printed embedding liver organoids, and 
conditioned in differentiation media, prior to being connected to the perfusion system 
for 24 hours. 
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Figure 6: Modulating hepatic organoid function through volumetric bioprinting of mathematically-
derived lattices with differing flow properties. A) Complex, perfusable architectures were successfully printed 
within seconds with an adjusted lattice design that enables coupling to microfluidic tubing as shown in the 
i-iii) STL models of the i) Schwarz D, ii) Schwarz G and iii) Schwarz P architectures. iv-vi) 3D reconstructions from 
µCT scans and vii-ix) macro-photographs showing the different complex and interconnected pore networks 
exhibited by the Schwarz iv,vii) D, v,viii) G, and vi,ix) P structures  (scale bars = 2 mm). B) These complex 
architectures were shown to modulate the flow trajectory of microspheres moving through the Schwarz i) D, ii) G 
and iii) P prints, as well as the C) average speed of the flowing particles (n = 485–1210). D) Albumin secretion and 
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E) GLDH levels of organoids embedded in Schwarz D and P architectures, after 24 hours of continuous perfusion 
(n = 4–8). F) Sterile perfusion setup, which enabled perfusion of differentiation medium supplemented with 
1.5 mM NH4Cl through complex architectures and resulted in differing G) total NH4Cl elimination compared to 
statically cultured cylindrical control samples and H) architecture-dependent NH4Cl elimination rates (n=4–8). * 
= significant difference (p < 0.05).

During this time, the culture media was collected to measure the secretion of albumin and 
of the liver specific enzyme GLDH, which is a key player in protein catabolism, ammonia 
production, and in the generation of substrates for the synthesis of ATP (Figure 6D, 
E, F).[446]   Albumin levels secreted over a 24 hour period of continuous flow perfusion 
were highest in the Schwarz P structure (0.061 ± 0.051 mg mgtotal protein

-1) compared to 
Schwarz D (0.013 ± 0.008 mg mgtotal protein

-1) and static controls (0.002 ± 0.001 mg mgtotal 

protein
-1) (Figure 6D). The total albumin production (3.40 ± 1.75 and 17.00 ± 13.03 mg mL-1 

for Schwarz D and P, respectively,  Supplementary Table S4) exhibited by the complex 
printed structures was also superior to previously reported experimental results from 
liver-like constructs, where albumin values range from ∼0.004,[447] ∼0.3,[448,449] and ∼0.6 
µg mL-1,[450] over longer medium collection periods of 7 – 10 days. Taking into account 
the total volume of medium collected in our perfusable system (∼28 mL), these highly 
complex VBP-printed biofactories outperform previous tissue engineering attempts in 
terms of albumin production. As for GLDH, printed and static constructs exhibited similar 
enzyme levels (Figure 6E). Most notably, the organoid-laden bioprinted lattices were able 
to actively remove ammonia from the media injected in the perfusion chamber (Figure 
6G), a key function normally performed by the liver through the urea cycle. Ammonia 
detoxification was significantly higher under perfusion culture (33.5 ± 5.8 and 24.3 ± 1.4 
nmol mgtotal protein

-1 for Schwarz D and P, respectively) when compared to static controls 
(12.7 ± 0.3 nmol mgtotal protein

-1), suggesting that the applied flow promotes organoid 
function, possibly due to stimuli provided by the fluid shear stresses on the gelMA-
embedded organoids. Previous studies using perfusion systems in combination with 
liver cell lines,[451] stem cells,[414] and differentiated primary cells[417] have shown enhanced 
liver-like functions in smaller-scale systems. In addition, fluid flow-induced shear stresses 
have demonstrated to enhance organoid maturation in different tissue engineering and 
organ-on-a-chip applications (i.e., kidney),[452] further supporting the hypothesis that 
shear stimuli also played a role in our system. Importantly, in Schwarz D samples, due 
to the higher flow velocity compared to the Schwarz P lattice, ammonia molecules have 
a shorter residency time within the construct (24.0 vs. 41.5 s). Yet, ammonia elimination 
also occurred at a significantly faster rate, indicating that the ammonia detoxification 
capacity of the bioprinted organoids can be effectively boosted by the accurate selection 
of the architecture imposed to the organoid-laden hydrogel, in this case, using a highly 
convoluted, tortuous structure like the Schwarz D construct (Figure 6H).  While it can be 
inferred that part of this modulation of the biological functionality in response to the 
engineered geometry can be due to an improved surface area available for exchange 
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of solutes, it is also likely that the design-driven enhancement in diffusion could directly 
stimulate the encapsulated liver organoids. It should also be noted that, given the design 
of these constructs, organoids were also present in the casing with connectors placed 
around the lattices, and these additions to the Schwarz structures were identical for 
all three architectures. Nevertheless, the variation in geometry imparted in the central 
part of the object was sufficient to observe a difference in terms of cell behavior during 
culture. In the context of our in vitro system, these mathematically defined lattices were 
shown to offer unique potential to control the fluid flow within the pores and to modulate 
the communication between the bioprinted organoids and solutes found in the media, 
leading to a modulatory effect on ammonia detoxification. Moreover, it is important to 
remark that, although in this specific study focused on bioprinting for in vitro 3D culture 
applications, and thus in vivo regenerative medicine applications go beyond the scope 
of this work, such user designable, bioprinted structures that can maximize the ability 
of the cells to interact with the surrounding nutrients and signals could have valuable 
applications also for producing transplantable grafts. Overall, these results underline 
the importance of architectural cues in the design of advanced tissue engineered and 
biofabricated constructs.
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CONCLUSIONS
In summary, the first phase of the study takes fundamental steps to unravel the effects 
of different cellular components (single cells and organoids) on the volumetric printing 
process, namely due to the cell-mediated light scattering and its effect on printing 
resolution. Using this knowledge, an optically tuned, gelatin-based bioresin was 
successfully developed and was able to reduce scattering through refractive index 
matching of specific intracellular components. This strategy is versatile, and could be 
potentially applied to resins used for volumetric additive manufacturing which use other 
photocrosslinking chemistries besides methacryloyl-based, such as thiol-ene step growth.
[453] This development allowed high resolution volumetric bioprinting with increasing cell 
densities, and provides important knowledge on the ideal design requirements for the 
development of next-generation bioresins for VBP. In combination with more advanced 
tomographic algorithms, multi-material and multi-cellular printing approaches can 
be more easily established in order to increase the overall complexity of volumetrically 
printed architectures. Using the liver as a model tissue platform, this study demonstrated 
the ability to harness the advantages of both VBP and organoid technology in a single 
approach that resulted in the fabrication of multi-scale biofactories capable of guiding 
tissue-specific functions. Liver-derived organoids were successfully printed at high 
densities and demonstrated maintained viability and hepatic function compared to 
extrusion printed and casted controls. The layerless fabrication approach employed by 
VBP resulted in increased organoid viability post-printing, and enabled the preservation 
of organoid morphology and polarity compared to controls. The soft, organoid-laden 
bioresin was successfully sculpted into highly convoluted, mathematically-derived 
structures with distinct structural properties. Successful printing of these cell-laden 
structures in under 20 seconds and establishment of a sterile perfusion chamber allowed 
the printed organoids to act as biofactories capable of modulating liver-specific ammonia 
detoxification depending on the printed architecture. These findings demonstrate the 
close relationship between the shape of the constructs and their resulting biological 
functionality, further underlining the potential of biofabrication for advancing tissue 
engineering. This study, therefore, opens up new possibilities for the future development 
of self-sustaining biofactories that are able to carry out a wide variety to tissue-specific 
functions. Overall, the combination of the ultra-fast VBP process with organoid technology 
holds great potential for the development of advanced regenerative medicine approaches 
and in vitro model development for fundamental biology research, personalized drug 
screening and disease modeling.
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EXPERIMENTAL SECTION
Materials: GelMA (93.5% DoF) was synthesized as previously reported,[335] and used as a 5% 
w/v solution in phosphate buffered saline (PBS). Lithium phenyl(2,4,6-trimethylbenzoyl)
phosphinate (LAP, Tokyo Chemical Industry, Japan) was added at 0.1% (w/v) as a 
photoinitiator to induce a photocrosslinking reaction. To perform optical tuning of 
the cell-laden bioresin, the gelMA and LAP solution was supplemented with different 
concentrations (0 – 40% w/v) of iodixanol (OptiPrepTM; StemCell Technologies, Canada).

Volumetric bioprinting procedure: Volumetric bioprinting of different structures was 
achieved using a Tomolite printer (Readily3D, Switzerland). For bioprinting, single 
cells and hepatic organoids were embedded in different gelMA bioresins at densities 
of 1 – 1.5 x 107 cells per mL and placed in Ø10 mm cylindrical borosilicate glass vials. 
The bioresin-filled vials were placed at 4° C to elicit thermal gelation and prevent cell 
sedimentation throughout the printing process. Briefly, the printing process is induced 
by a laser beam at 405 nm directed onto a digital micromirror device (DMD) that is 
modulated into tomographic projections. These projections are then imaged into the 
printing vials. The projections were calculated using a commercial software (Apparite, 
Readily3D, Switzerland) taking into account the material properties of the resin and the 
printing vials. The average light intensity before the printing container was 9.98 mW cm-2 
during printing. Further details concerning the tomographic printing process can be 
found in literature.[127,224] Post-printing, the printer vials were heated to 37° C to melt the 
unpolymerized bioresin, and samples were washed with prewarmed PBS. For the printing 
optimization experiments, prints at different light doses were performed, by modulating 
the exposure time. Successful crosslinking was appreciated for doses at which the every 
intended feature object could be resolved and the print did not redissolve when heating 
the bioresin. Finally, the as-printed parts underwent 5 min of additional crosslinking in 
0.1% w/v LAP in PBS solution in a CL-1000 Ultraviolet Crosslinker (λ = 365 nm; UVP, USA). 

Hepatic organoid establishment, expansion and differentiation: Healthy liver biopsies 
were obtained during liver transplantation at the Erasmus Medical Center Rotterdam 
in accordance with the ethical standard of the institutional committee to use the tissue 
for research purposes (ethical approval number MEC 2014-060). The procedure was 
in accordance with the Helsinki Declaration of 1975 and informed consent in writing 
was obtained from each patient. Disposable 125-mL spinner flasks (Corning, USA) were 
inoculated with 5  x 106 of the collected single cells in 20  mL expansion medium (EM), 
including 10% v/v Matrigel™ (Corning, New York, NY, USA) to increase organoid yield as 
previously described.[55] Rotation speed was set to 85 rpm. Every 2-3 days, new medium 
was added to the spinner flasks. After a 14-day expansion period, organoids were collected 
for printing and passaged into a new spinner flask. To assess the size of the organoids, 
aliquots from the spinner flasks were taken at the end of the culture time and imaged 
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with an optical microscope, measuring the diameter of at least 150 organoids per spinner 
flask.  In order to match the printed cell densities to the single cell conditions, aliquots of 
the organoid suspension were mechanically fragmented and trypsinized into single cells, 
and were subsequently counted using an automatic cell counter. Post-printing, organoid-
laden structures were cultured in hepatic differentiation media (DM) for 10 days. For single 
cell studies, HepG2 cell line was used, (ATCC nr. HB-8065) and cultured in T175 culture 
flasks in HEPG2 expansion medium, which was replenished twice a week. All cultures 
were kept in a humidified atmosphere of 95% air and 5% CO2 at 37° C. Details of the cell 
isolation protocol from liver biopsies and of the culture media components are reported 
in the Supporting Information. 

Stereomicroscopy and computed tomography for print evaluation: Macroscopic 
images of cell- and organoid-laden structures were acquired using an Olympus SZ61 
stereomicroscope coupled with an Olympus DP70 digital camera (Olympus Soft Imaging 
Solutions GmbH, The Netherlands). Zoomed in images were cropped and pasted over a 
black background to eliminate background reflections. µCT scans were performed with a 
Quantum FX µCT (voxel size = 15 µm3, 90 kV tube voltage, 200 µA current, and 26 seconds 
of scan time, Perkin Elmer, USA). 3D reconstructions were generated with the 3D viewer 
plugin in Image J (n = 3-6).

Refractive index and measurements of scattering phase function of cell suspensions: The 
refractive index of bioresins with different iodixanol concentrations (n = 3) was measured 
with an Abbe refractometer (2WAJ, Optika, Italy). The scattering properties of the 
hydrogels were measured with a custom-made apparatus, as depicted in figure 3D. The 
principle of the setup is similar to that introduced by Hunt and Huffman.[454] The apparatus 
setup and anisotropy coefficient calculations are detailed in the Supporting Information.

Metabolic activity and viability of bioprinted and cast organoids: Cylindrical organoid-laden 
constructs (5 x 106 cells mL-1; 5 mm diameter x 2 mm height) were produced through 
i) volumetric bioprinting (170 mJ cm-2, 17.0 s printing time) with and without iodixanol 
(0–40 % w/v), ii) extrusion-based bioprinting with a pneumatic-driven system (25 G 
stainless steel nozzle, temperature = 21° C, pressure = 0.03 MPa, 3DDiscovery, REGENHU, 
Switzerland), iii) casting of the gelMA bioresin with and without idodixanol (10% w/v) 
and crosslinking for 15 minutes in a CL-1000 Ultraviolet Crosslinker (λ = 365 nm; UVP, 
USA) and iv) casting in Matrigel droplets, thermally crosslinked at 37° C for 20 minutes. 
Importantly, EBB-printed organoids had to be mechanically fragmented using a P200 
pipette tip in order to prevent nozzle clogging prior to the fabrication step. Samples were 
cultured in organoid differentiation medium for 10 days, which was refreshed every two 
days. Metabolic activity (n = 5) was measured with a resazurin assay (resazurin sodium 
salt, Alfa Aesar, Germany) and normalized by double-stranded DNA content per sample 
quantified using a Picogreen Quant-iT assay (Thermo Fischer Scientific, The Netherlands) 
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after 1, 3, 7 and 10 days.  Cell viability was evaluated using a LIVE/DEAD assay (Calcein, 
ethidium homodimer, Thermo Fischer Scientific, The Netherlands) after 1, 3 and 10 days 
(n = 3), imaged by a Thunder imaging system (Leica Microsystems, Germany). For each 
measurement in the printing/casting comparisons, 3 donors were evaluated (N = 3).

Hepatic functionality assessment of bioprinted/casted constructs: CYP3A4 activity in 
organoids at day 10 of differentiation was quantified using the P450-Glo CYP3A4 Assay 
(Promega, USA) according to the manufacturer’s instructions. CYP3A4 levels were 
normalized to DNA amount in the samples determined with a picogreen assay (n = 3). 
Gene expression of liver-specific markers (CYP3A4 and albumin) was quantified through 
RT-qPCR (Bio-Rad, The Netherlands) at day 10 of differentiation (n = 3). Liver-specific and 
polarization marker expression upon hepatic differentiation (HNF4a, ZO-1, MDR1, CK-
19 and E-cadherin) were visualized through immunofluorescent stainings and imaged 
using a Thunder imaging system (Leica Microsystems, Germany) (n = 3). Details of the 
qPCR protocol primers and of the immunohistochemical procedures are reported in 
the Supporting Information. Liver transaminase and GLDH present in organoid-laden 
constructs and secreted albumin in the culture medium were measured with the clinical 
chemistry analyzer Beckman AU680 (Beckman Coulter, USA) using standard protocols  
(n = 3). Values were normalized to total protein content quantified through a micro-BCA 
protein assay kit (ThermoFischer Scientific, The Netherlands).

Fluorescent beads tracking through complex printed structures: Printed Schwarz D, G and P 
strcutures were placed in a custom-made PDMS mold and connected to a syringe pump 
using FA microfluidic tubing (IDEX Health&Science, OD 1.6 mm, ID 0.75 mm). Green 
fluorescent polyethylene microspheres (125 – 150 µm diameter; Cospheric, USA) were 
perfused through the printed structures at a flow rate of 20 µL min-1 (n = 3). Videos of 
microsphere flow through the printed constructs were recorded using a custom-made 
imaging system (Supporting Information). The particle trajectories were calculated from 
the acquired videos with the Crocker and Grier algorithm,[455] using trackpy v0.5.0 (https://
zenodo.org/record/4682814). The particles identified in each video frame were linked into 
trajectories using a proximity criterion. Mean particle speeds were calculated as averages 
between each trajectory start and end point, where the contribution of each trajectory 
to the overall mean speed was weighed by the trajectory length. The amplitude was 
calculated on a subset of the oscillations within the trajectories shown in Figure 6Bi-iii (n 
= 50-80). Local minima and maxima values were identified in the trajectory y positions. 
Amplitude was calculated as half of the distance in the direction orthogonal to the main 
direction of the flow from a maximum to the subsequent minimum. All code used for 
video analysis is available at: https://github.com/VictorOnink/Particle-Trajectory-Analysis.

Ammonia elimination assay in a sterile perfusion setup: Organoid-laden, volumetrically 
bioprinted Schwarz D and P structures (5 x 106 cells mL-1, 200 mJ cm-2, 20.0 s printing 
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time; n = 8 and 4 respectively) were cultured with differentiation medium for 10 days 
under static conditions. After 10 days the structures were transferred to a sterile flow 
perfusion chamber (Supplementary information) and perfused with DM supplemented 
with 1.5 mM ammonium chloride (NH4Cl) for 24 hours under continuous flow of 20 µL 
min-1. The fluidic chambers were cultured in sterile conditions at 37° C , and medium was 
collected for 24 hours. Ammonium chloride concentrations in the collected medium were 
determined using the Urea/Ammonia Assay Kit (Megazyme, Ireland). Medium samples 
were decolored using activated carbon (Merck, Germany). Static controls consisted of 
volumetrically printed non-porous cylinders (diameter 6 mm x 17 mm height) cultured 
under static conditions (n = 3). Media supplemented with 1.5 mM NH4Cl that was 
incubated for 24 hours without cells was used to determine the initial concentration (n 
= 3). Total ammonium chloride elimination and elimination rate were normalized to the 
total protein content. 

Statistical analysis: Results were reported as mean ± standard error of the mean (SEM). 
Statistical analysis was performed using GraphPad Prism 9.0 (GraphPad Software, USA). 
Comparisons between experimental groups were assessed via one or two-way ANOVAs, 
followed by post hoc Bonferroni correction to test differences between groups. When 
normality could not be assumed, non-parametric tests were performed. Differences were 

found to be significant when p < 0.05.

SUPPORTING INFORMATION 

Supplementary Figures

Supplementary Figure S1: Proton nuclear magnetic resonance (1H-NMR) spectrum of synthesized gelatin 
methacryloyl in D2O. 1H NMR (400 MHz, d2o) δ 7.24 – 7.10 (m, 3H), 5.52 (s, 1H), 5.28 (s, 1H), 4.73 (s, 2H), 4.47 (s, 
9H), 4.27 (s, 3H), 4.19 (s, 8H), 4.03 (s, 2H), 3.81 (s, 24H), 3.72 (d, J = 13.3 Hz, 9H), 3.49 (s, 9H), 3.07 (s, 6H), 2.55 (s, 3H), 
2.22 (d, J = 17.1 Hz, 8H), 2.13 (s, 6H), 1.95 (d, J = 11.6 Hz, 7H), 1.88 (s, 13H), 1.78 (d, J = 6.4 Hz, 8H), 1.51 (s, 4H), 1.41 
(s, 2H), 1.26 (d, J = 6.7 Hz, 10H), 1.07 (s, 2H), 0.78 (s, 10H).
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Supplementary Figure S2: Simple structure to measure printing resolution. Oval shaped structure with a 
curved inner strut representing a fine feature of 500 µm thickness. This structure was used to assess printing 
resolution with cell-laden bioresins containing different cell densities and concentrations of iodixanol. Scale bar 
= 2 mm.

Supplementary Figure S3: Printing accuracy of bioresins with increasing cell densities in absence of 
optical corrections (including SEM). Fine feature thickness in constructs printed at increasing light doses 
(250–625 mJ cm-2) with bioresins containing different A) single cell and B) organoid densities (1–5 x 106 cells mL-

1) (n = 3). * = significant difference (p < 0.05).

Supplementary Figure S4: Printing accuracy of bioresins with increasing iodixanol concentrations 
(including SEM). Fine feature thickness in constructs printed with 5 x 106 A) single cells and B) organoids mL-1 
at increasing light doses (250–625 mJ cm-2) with bioresins containing different iodixanol concentrations (0–40% 
w/v) (n = 3). 
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Supplementary Figure S5: High-resolution printing with high single cell and organoid densities. 
Stereomicroscopy images showing the printing of a star-shaped construct, zooming in on the fine feature points 
of the stars containing no cells, 1.5 x 107 cells mL-1, printed as single cells and as organoids (scale bar = 500 µm). 
The measurements reported in the panels refer to the width at the tips of the stars (n = 5-15).

Supplementary Figure S6: Metabolic activity of printed and casted organoids during hepatic 
differentiation (including SEM). Metabolic activity of VBP- and EBB-printed organoids with the optically tuned 
bioresin (gelMA + 10% w/v iodixanol), casted gelMA samples with (Cast +) and without iodixanol (Cast -) and 
casted Matrigel (MG) samples over the 10-day differentiation period (n = 3) (p < 0.05).

Supplementary Figure S7: Liver transaminases levels in bioprinted and casted organoid-laden samples 
upon hepatic differentiation. Levels of A) ASAT, B) GGT and C) GLDH in cell lysates of  VBP- and EBB-printed 
organoids with the optically tuned bioresin (gelMA + 10% w/v iodixanol), casted gelMA samples with (Cast+) 
and without iodixanol (Cast-) and casted Matrigel (MG) samples after the 10-day differentiation period (n = 3) 
(p < 0.05).
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Supplementary Figure S8: H&E and PAS staining of bioprinted and casted organoid-laden samples after 
hepatic differentiation. Histological images showing A) H&E staining and B) PAS staining of VBP- and EBB-
printed organoids with the optically tuned bioresin (gelMA + 10% w/v iodixanol), casted gelMA samples with 
(Cast+) and without iodixanol (Cast-) and casted Matrigel (MG) samples after the 10-day differentiation period.

Supplementary Figure S9: Liver-specific markers in cast samples not supplemented with iodixanol. 
Representative fluorescence images of liver-specific and organoid polarization HNF4a and E-cadherin,  MDR1 
and albumin, and CK19 and ZO-1 in the Cast- condition after 10 days of hepatic differentiation. Scale bars = 50 
µm.

Supplementary Figure S10: Quantitative analysis of organoid polarization based on luminal MDR-1 
expression between different fabrication strategies: VBP, EBB, and casted gelMA (with and without 
iodixanol) and Matrigel. (n = 160 – 255). * = significant difference (p < 0.05).
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Supplementary Figure S11: A) Stress/strain curves and B) compression modulus of gelMA samples without and 
with (10% w/v) iodixanol and Matrigel control samples. (n = 3). * = significant difference (p < 0.05)

Figure S12: Time-dependent, enzymatically accelerated degradation of pristine gelMA and gelMA 
supplemented with 10% w/v iodixanol. Exposure to a collagenase solution demonstrates the gradual 
degradation of photocrosslinked bioresins over time. Data is represented as mass percentage with respect to 
the gels prior to the incubation collagenase solution. Bioresin blends were completely degraded after 60 and 
45 minutes, respectively (n=3). ns = not statistically significant (p < 0.05), all other data points are significantly 
different from each other within bioresin groups.

Supplementary Figure S13: Mathematically-derived triply periodic minimal surface structures with 
distinct structural properties. STL models of the selected complex architectures Schwarz D, G and P, outlining 
their different surface area to volume ratio, tortuosity and pore sizes.
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Supplementary Figure S14: Printing times of Schwarz structures using different bioprinting approaches. 
Printing times (s) for Schwarz D, G and P structures as shown in figure 6A i-iii. VBP prints were performed with the 
optically tuned gelMA-based bioresin, while EBB prints, given the challenge in printing free-standing volumetric 
structures with such a soft material, were instead printed with a model bioink, Pluronic F-127.

Supplementary Figure S15: High-throughput printing of highly complex, perfusable structures within 
minutes. Twelve volumetrically printed constructs of complex architectures (Schwarz D, G and P) each 
measuring 1.7 cm in length and 6 mm in diameter with perfusable inlets printed in 180 s for high-throughput 
analysis of organoid activity.

Supplementary Figure S16: Bead trajectory analysis in different Schwarz architectures. Amplitude of the 
bead trajectories during perfusion at 1.5 mL min-1 of Schwarz D, G and P structures (n = 50–80). * = significant 
difference (p < 0.05).
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Supplementary Tables
Supplementary Table S1: Refractive index of different cellular organelles. Modified from Liu et al., 2016.[425] 

Supplementary Table S2: dsDNA content of organoid-laden samples fabricated with different approaches. 
Total dsDNA content in:  VBP- and EBB-printed organoids with the optically tuned bioresin (gelMA + 10% w/v 
iodixanol), casted gelMA samples with (Cast+) and without iodixanol (Cast-) and casted Matrigel (MG) samples 
after a 10-day differentiation period.

Supplementary Table S3: Structural and dimensional properties of mathematically-derived Schwarz 
structures.

Supplementary Table S4: Secreted albumin levels in bioprinted structures. Total albumin production of 
hepatic organoids printed into different architectures during 24 hours of sterile perfusion at 20 µL min-1.



174

Chapter 6

6

Supplementary Table S5: Primers used for quantitative PCR analysis.

Supplementary Table S6: Primary antibodies used for immunofluorescence analysis 
*TE: 10 mM Tris, 1 mM EDTA, 0.5% Tween 20 in PBS at pH 9.0 for 30 min at 98° C

Supplementary Table S7: Secondary antibodies used for immunofluorescence analysis  
*Secondary antibodies were diluted in Antibody Diluent (Dako).
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Supplementary Methods
GelMA characterization: 1H NMR spectrum was measured on an Agilent 400 MR-
NMR spectrometer (Agilent Technologies, USA) at 400 MHz in D2O at 50° C. The 
degree of functionalization of the synthesized gelMA was measured using a 
2,4,6-trinitrobenzenesulfonic acid (TNBSA, 5% w/v, Sigma, The Netherlands) in H2O 
solution to quantify free primary amines before and after methacryloyl substitution. 
For the sol-fraction analysis, cylindrical constructs (6 mm diameter x 2 mm height) were 
printed with bioresins containing different concentrations of iodixanol (n = 3; 0–40% w/v) 
and the mass loss of the resulting structures was assessed as previously described.[173] 

Cell isolation from liver biopsies: Liver biopsies (obtained during liver transplantation at 
the Erasmus Medical Center Rotterdam with ethical approval number MEC 2014-060) 
were chopped into small pieces and enzymatically digested with 0.125 mg mL-1 Type II 
collagenase and 0.125 mg mL-1 dispase in Dulbecco’s Modified Eagle’s Medium (DMEM) 
Glutamax supplemented with 0.01% v/v DNase I (Roche, Basel, Switzerland), 1% v/v 
fetal calf serum (FCS) and 1% v/v penicillin/streptomycin (P/S) at 37° C. Every hour, the 
supernatant was collected and fresh enzyme-supplemented media was added to the 
remaining tissue until only ducts and single cells were visible. Single cells were washed 
with DMEM Glutamax (supplemented with 1% v/v FCS and 1% v/v P/S) and spun down at 
453 g for 5 min. All components were obtained from Life Technologies (Carlsbad, CA, USA). 

Organoid expansion and differentiation medium: Expansion medium (EM) consisted 
of Advanced DMEM/F12 (Life Technologies) supplemented with 1% v/v penicillin-
streptomycin (Life Technologies), 1% v/v GlutaMax (Life Technologies), 10 mM HEPES 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, Life Technologies), 2% v/v B27 
supplement without vitamin A (Invitrogen, Carlsbad, CA, USA), 1% v/v N2 supplement 
(Invitrogen), 10 mM nicotinamide (Sigma-Aldrich, St Louis, MO, USA), 1.25 mM 
N-acetylcysteine (Sigma-Aldrich), 10% v/v R-spondin-1 conditioned medium (the 
Rspo1-Fc-expressing cell line was a kind gift from Calvin J. Kuo), 10 µM forskolin (Sigma-
Aldrich), 5 µM A83-01 (transforming growth factor beta inhibitor; Tocris Bioscience, 
Bristol, UK), 50 ng mL-1 EGF (Invitrogen), 25 ng mL-1 HGF (Peprotech, Rocky Hill, NJ, USA), 
0.1 µg mL-1 FGF10 (Peprotech) and 10 nM recombinant human (Leu15)-gastrin I (Sigma-
Aldrich). Differentiation medium (DM) consisted of EM without R-spondin-1, FGF10 and 
nicotinamide, supplemented with 100 ng mL-1 FGF19 (Peprotech), 500 nM A83-01 (Tocris 
Bioscience), 10 µM DAPT (Selleckchem, Munich, Germany), 25 ng mL-1 BMP-7 (Peprotech), 
and 30 µM dexamethasone (Sigma-Aldrich). The characterization of the micro-scale 
morphology of the organoids both in expansion and differentiation media via transmission 
electron microscopy has been extensively investigated and reported previously.[456] 
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HepG2 expansion medium: DMEM + GlutaMAX (Gibco, 31966, The Netherlands) 
supplemented with fetal bovine serum (FBS, 10% v/v, Gibco, 10270, The Netherlands) and 
penicillin/streptomycin (1%, Gibco, The Netherlands). 

Measurement of scattering phase function of cell suspensions: In the apparatus, light from 
a laser diode at 405 nm (HL40033G, Ushio, Japan) is condensed by an aspherical lens 
(C671-TME405, Thorlabs, USA) into a multimode optical fiber (WF 70×70/115/200/400N, 
CeramOptec, Germany). Then, a lens (AC254-030-A-ML, Thorlabs) collimates the light at 
the output of the fiber. An aperture placed right after the lens limits the extension of 
the outgoing beam to 1 mm. The light is sent straight onto a 2 mm thick square quartz 
cuvette (CV10Q7FA, Thorlabs).  The thickness of the cuvette was chosen so that only single 
scattering events were present in the hydrogel. Light scattered from the sample is collected 
by a photodiode (SM05PD3A, Thorlabs). The photodiodes rotate along a circumference 
of  r = 250 mm by means of a precision rotational stage (X-RSW60A-E03, Zaber, Canada). 
The cuvette is held static on top of the center of the circumference. The signal from the 
photodiode is amplified (PDA200C, Thorlabs) and digitized by a data acquisition device 
(USB-6003, National Instruments, USA) and recorded in a computer. A MATLAB code 
controls and synchronizes the laser, the rotational stage, and the data acquisition device 
to acquire intensities 5 times at every angle with an angular resolution of 0.05° between 0° 
and 20° (scattered light beyond this angle was 3 orders of magnitude less intense than at θ 
= 10°, and thus approached to zero). A python code is used to process and convert the raw 
measured currents on the photodiode into light intensities, and to calculate scattering 
properties from them. For each hydrogel, we report the anisotropy coefficient g, which is 
the expected value of the scattering angle (n = 3).[457] 

Mechanical analysis of samples with and without iodixanol: Compressive properties of 
casted bioresin cylinders (6 mm x 2 mm height) with 0 and 10% w/v iodixanol were 
assessed in an uniaxial,  indentation-based compression test with a Dynamic Mechanical 
Analyzer (DMA Q800, TA Instruments, The Netherlands), equipped with a cylindrical flat 
piston (diameter = 2 mm). Samples were subjected to a strain ramp of –20 %/min strain 
rate to –30 % deformation (n = 5).  Young’s modulus was calculated as the slope of the 
stress/strain curve in the 10–15% strain range.

Enzymatic degradation assay: To assess the enzymatic degradation of photocrosslinked 
resins used in this study, photocrosslinked 5% w/v gelMA and 5% w/v gelMA + 10% w/v 
iodixanol (cylindrical samples, diameter = 6 mm , height = 2 mm) were swollen in PBS 
overnight and subsequently incubated at 37° C in a 0.2% w/v solution of collagenase 
type II in Dulbecco’s modified Eagle Medium  (DMEM, 31966, Gibco, The Netherlands), 
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supplemented with 10% v/v heat-inactivated fetal bovine serum (FBS Gibco, The 
Netherlands), and 1% v/v penicillin and streptomycin (Life Technologies, The Netherlands). 
Samples were removed from the enzymatic solution at different time points (10, 25, 35, 
45, and 60 min, n = 3 per time point), and the mass was measured and compared to that 
of the hydrogels before collagenase incubation as previously described.[331] 

Gene expression analysis: Prior to RNA isolation, GelMA hydrogels were broken down 
using QIAshredder columns according to the manufacturer’s instructions (Qiagen, Hilden, 
Germany). RNA was isolated from organoids (3 donors, n =  3) using 350 µL RNeasy lysis 
buffer directly added into one well of the 24 well plate followed by RNA extraction using the 
RNeasy micro Kit according to the manufacturer’s instructions (Qiagen). cDNA synthesis 
was performed using iScript cDNA synthesis kit (Bio-Rad, Veenendaal, the Netherlands). 
Relative gene expression of selected genes was measured using RT-qPCR in a CFX-384 
(Bio-Rad). Primer design, validation, RT-qPCR conditions, and data analysis was performed 
as previously described (primer sequences are detailed in Supplementary Table S5).[402] 
Normalization was performed using reference gene 60S ribosomal protein L19 (RPL19). 

Albumin secretion: To determine organoid albumin secretion medium was collected 
during the differentiation period of 10 days to examine total albumin secretion (n = 3). 
The culture medium was collected and concentrated using Amicon Ultra centrifugal filters 
(Amicon, Germany). The concentration of albumin was then determined using a DxC-600 
Beckman chemistry analyzer (Beckman Coulter, USA). Values were normalized for total 
protein content.

Liver transaminase levels: Enzyme activity levels were determined by lysing the samples 
(3 donors, n = 3) with Milli-Q water (Merck, Millipore, Burlington, MA, USA). Subsequently,  
aspartate transaminase (ASAT), gamma-glutamyl transferase (GGT) and glutamate 
dehydrogenase (GLDH) were measured with the clinical chemistry analyzer Beckman 
AU680 (Beckman Coulter, USA) using standard protocols. Values were normalized for total 
protein content.

Immunofluorescence: Cell-laden discs (N = 3, n = 3) were fixed in 4% w/v paraformaldehyde 
(PFA) and stored in 70% (v/v) EtOH at 4°C until further processing. Samples were embedded 
in paraffin and cut into 5 µm sections. Sections were deparaffinized and rehydrated. After 
antigen retrieval (information per antibody in Supplementary Table S6), a blocking 
step was performed using 10% v/v normal goat serum (Bio-Rad) in PBS for 30min at RT. 
Antibodies are listed in Supplementary Table S6. Incubation with primary antibodies was 
performed overnight at 4° C. Secondary antibodies were incubated at room temperature 
for 1 h (listed in Supplementary Table S7). Nuclei were stained with DAPI (Sigma-
Aldrich) diluted 2000x in PBS. Washing steps were performed using a buffer of PBS with 
0.1% v/v Triton X-100 (Sigma-Aldrich) and 0.2% w/v Bovine Serum Albumin (Sigma, The 
Netherlands). Slides were mounted using FluorSave (Merck-Millipore, USA), and images 
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were acquired using a Thunder imaging system (Leica Microsystems, Germany). 

Extrusion-based printing attempt of Schwarz structures: Schwarz D, G and P structures 
encased in a perfusable chamber as shown in Figure 6A i-iii were printed with a pneumatic-
driven system (27 G stainless steel nozzle, temperature = 21° C, pressure = 0.2 MPa, feed 
rate = 25 mm s-1, 3DDiscovery, REGENHU, Switzerland) using model in Pluronic F-127 
(Sigma-Aldrich, The Netherlands). Support structures were printed with the same material 
under the same printing parameters to ensure the structure was successfully printed and 
remained stable. Printing time was recorded for comparison to VBP printing times.

Fluorescent Microsphere Imaging in Perfusable System: The fluorescent microspheres were 
illuminated using a 405nm laser source (USHIO HL40033G) driven at 500 ± 50 mW. The 
beam was first collimated using a f = 6.33mm 0.68NA mounted aspheric lens (Thorlabs 
C330TMD-A) then passed through an engineered square diffuser (Thorlabs ED1-S20-MD). 
This produced a homogenously illuminated surface with a square, top-hat illumination 
profile under which the samples were placed. A monochromatic camera (Basler a2A1920-
160umPRO) with a 25mm lens (Basler C125-2522-5M-P f25mm) and 455nm longpass filter 
(Thorlabs FGL455) was used to perform the imaging. The longpass filter acted to reduce 
the background signal of the laser illumination, such as not to overwhelm the emission 
signal of the excited microspheres.

Sterile perfusion system for assessment of organoid ammonia elimination: Volumetrically 
printed constructs were assembled into custom-made PDMS mold fitted in a custom-
designed Polylactic acid (PLA) flow chamber prepared by Ultimaker S3 FDM 3D printer 
(Ultimaker, The Netherlands). For a leakproof flow chamber, the PFA microfluidic tubing 
(IDEX Health&Science, OD 1.6 mm, ID 0.75 mm) was guided through the side walls of the 
chamber and the hollow inlet/outlet printed within the hydrogel construct, followed by 
applying UV crosslinkable glue (Norland Optical Adhesive NOA 63; Norland Products, 
USA) around the connection between the PDMS mold and the tubing under 5 min UV 
exposure with a handheld lamp (λ = 365 nm; Vilber Lourmat, Eberhardzell, Germany) 
solely on the connection zone. A 4-channel peristaltic pump (ISMATEC Regio ICC, 12 
rollers, 3-stop tubing ID 2.54 mm) was applied to perfuse 4 flow chambers independently 
at the flow rate of 20 µL min-1 per chamber for 24 hours within an incubator. An inlet 
reservoir of organoid differentiation medium (DM) supplemented with 1.5 mM of 
ammonium chloride was closed with a solvent cap (Diba Industries, 3*1/4”-28 UNF, GL32) 
which connected two PFA tubing for perfusion plus one syringe filter (0.2 mm) to prevent 
both particulate contamination and the evaporation of medium. The PFA tubing both 
from the flow chamber inlet and the solvent caps was fitted with the pumping tubing via 
a 1/4”-28 barbed adapter (IDEX Health&Science) coupled with a standard union (P-620, 
IDEX Health&Science), and the PFA tubing from the flow chamber outlet was connected 
to a microfluidic reservoir adapter (Elveflow, 2/4 port) which collected the fluid from each 
chamber towards individual 50 mL falcon tubes. 
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ABSTRACT
Cardiovascular diseases are the leading cause of death worldwide, with a high failure rate 
in the development of new therapies. Current in vitro models, such as two-dimensional 
cell culture and engineered heart tissues, have limitations in simulating cell-cell and 
cell-microenvironment interactions and in evaluating functional and structural changes 
typical of cardiac diseases in shape-accurate systems. In this study, we present a novel 
approach in the development of a three-dimensional cardiac in vitro model for the study 
of cardiovascular diseases, which combines multi-material volumetric bioprinting and 
human induced pluripotent stem cell-derived cardiomyocytes to create a scalable, bi-
chambered heart construct. To achieve a mechanically stable print capable of resisting 
the heart’s native pumping action in future studies, material properties were optimized 
to create a two-material construct with differing mechanical properties. The freedom 
of design of volumetric bioprinting also enabled the fabrication of different structures 
mimicking different cardiomyopathies. The multi-material printing process was shown 
to still allow physiological and diseased cellular gene expression responses to external 
stimuli such as an induced cryoinjury meant to mimic the onset of myocardial ischemia, 
as shown through ribonucleic acid (RNA) sequencing. Here, as a response to cryoinjury, 
the cells embedded within the volumetrically bioprinted heart showed gene-level signs 
of adverse matrix remodeling, as observed also in ischemic heart tissue. Furthermore, 
the printed models were shown to be compatible with medical imaging technologies 
like magnetic resonance imaging, highlighting the potential for clinically-relevant 
analyses in future studies. Further optimization of the platform is required, focusing on 
enhancing cell-cell contact within the printed model to improve coordinated beating, the 
development of more complex disease models, and the inclusion of other cell types and 
tissues to create more complex and realistic in vitro models of the cardiovascular system. 
Addressing this will lead to the creation of a tool that allows for the accurate study of the 
underlying mechanisms and development and progression of cardiovascular diseases in 
vitro, for use in high-throughput drug screening and personalized medicine.

Keywords: multi-material volumetric bioprinting, engineered heart tissues, iPSC-derived 
cardiomyocytes
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INTRODUCTION
Cardiovascular diseases, including myocardial infarction, are the leading cause of death 
worldwide with heavy disease burden.[458] In recent years, several therapies have gone 
through the drug development pipeline and reached the market. However, there is a major 
struggle to deliver compounds that can truly prevent chronic heart damage, and restore 
cardiovascular function, and many drug candidates never make it through clinical trials. 
Wherein the general drug discovery process experiences very high failure rates as well, 
with 89% candidate drugs failing immediately upon entering the clinical testing phase,[2] 
this phenomenon is exacerbated in the cardiac field partially due to the complexity and 
costs of acquiring clinically relevant data necessary to assess functional and structural 
improvements.[459] The latter can be associated with the limits in translating in vitro models 
evidence into functional clinically relevant measurements.[460] Several in vitro models have 
been developed and are now used to evaluate cardiac toxicity and the efficacy of new 
therapies.[461] These platforms extend from simplified two-dimensional (2D) models, where 
cells are seeded on the tissue culture plates, to advanced three-dimensional (3D) models 
such as engineered heart tissues (EHTs)[16]. Two-dimensional models can give elementary 
and mechanistic information about the tested drug at the cellular level; however, they 
lack the ability to simulate the complex 3D cell microenvironment.[16] Three-dimensional 
models that enable the precise patterning of multiple cell types relevant to the tissue/
organ of interest within extracellular matrix (ECM) mimicking matrices such as hydrogels 
can better represent the native cell-to-cell and cell-matrix interactions, thus yielding 
higher physiologically relevant functions.[12] Furthermore, current EHTs can give adequate 
information on drug efficacy by evaluating contraction forces and other relevant clinical 
characteristics (such as action potential measurements, receptor expression, and more)[462], 
but provide limited information on morphological adaptations given their architectural 
simplicity. The absence of a hollow multi-chamber structure in particular severely hinders 
the ability to evaluate key functional and structural outcomes of the developed heart 
tissue (i.e., contractility, heart volume, ventricle size, etc.). These structural factors are of 
utmost importance for several cardiovascular diseases, as alterations in heart morphology 
are commonly used in clinics to evaluate pathology progression; most often using 
echocardiogram and magnetic resonance imaging (MRI) as non-invasive methods to 
assess these parameters. To address this current gap in existing EHT platforms, the field 
of biofabrication has come forth as a viable set of enabling technologies that enable the 
precise patterning of complex biological units into hierarchical architectures that better 
mimic native structures.[110] 

While several biofabrication approaches have sought to recreate cardiac tissues, several 
challenges have arisen in the last years in truly mimicking the functionality and architecture 
of the heart.[463] From a technological standpoint, most functional bioprinted cardiac 
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tissue constructs are small and represent only a small region of the heart wall, to be used 
as potential cardiac patches.[464,465] While some advanced models have been created, that 
incorporate cardiac and endothelial cells to create partially vascularized heart tissue,[466,467] 
or enhance the mechanical properties of the printed construct,[200,466,468] conventional 
layer-by-layer bioprinting approaches pose a limit on the size and complexity of printed 
models. Recent advances in extrusion-based printing approaches have allowed for far 
more complex native heart models to be printed, by carrying out the printing process 
inside a support bath that enables the creation of hollow chambers and convoluted 
structures without the usual drawbacks of conventional extrusion printing. In this way, 
large, human-sized acellular heart models have been printed with high anatomical 
accuracy.[469] Smaller, cellularized heart models have also been printed this way, but 
either lack the compartmentalization of the native heart[470] or clinically relevant cardiac 
functionality outputs.[471] All these examples relying on layer-by-layer, nozzle extrusion 
bioprinting bring about significant drawbacks when upscaling and incorporating further 
design complexity to printed models. The creation of larger constructs would result in 
longer printing times, which can have detrimental effects on cell survival and function, 
especially when working with sensitive cells that require a high control of their culture 
environment. To overcome this problem, a novel tomography-based printing approach 
called volumetric bioprinting (VBP) allows for the creation of highly complex, cell-laden 
structures in tens of seconds.[127] In VBP, a sequence of tomographic light projections 
of the desired object are directed towards a light-sensitive bioresin, sculpting the 
structure in a single-step, thus facilitating the creation of convoluted structures such as 
overhangs, hollow chambers, etc., in a matter of seconds. Given the contactless nature of 
this approach, even large (hundreds of micrometers) and fragile cellular structures such 
as organoids have been successfully printed into highly convoluted, centimeter-scale 
structures without impairing cell viability, function or morphology.[286] Previous studies 
have shown the possibility to print contractile cells using this approach, yielding sporadic, 
localized contractions within VBP bioresins.[291] These key advantages over conventional 
3D bioprinting methods make this approach promising for the processing of other highly 
sensitive cell types into complex, native-like structures. 

Here, we combined VBP and a previously established co-culture of human induced 
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) and human fetal cardiac 
fibroblasts (hfCFs)[466] to develop a scalable, multi-material bi-chambered heart construct. 
From a technological perspective, we demonstrated the principles of multi-material 
VBP to create a mechanically competent structure with a mechanically stable material 
to enable handling and support of the printed structure, and a softer material that 
enables cell growth and function. The potential to print more complex, asymmetrical 
heart models using this approach to mimic various structural cardiomyopathies was 
also explored. To demonstrate that cells embedded within the volumetrically bioprinted 
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heart remain viable and reactive to external stimuli, a cryoinjury was performed on the 
heart wall to mimic the onset of myocardial ischemia, and its effects on gene expression 
were assessed at a whole-genome level as a proof of concept. Furthermore, from a 
translational perspective, the compatibility of the bioprinted heart with the widely used 
magnetic resonance imaging (MRI) technology was demonstrated, enabling conventional 
clinical analysis of the printed structure. All in all, we elucidate the potential of such a 
complex printed model for the study of cardiomyopathies, cardiac injury and potential 
treatment strategies in the future and highlight the current limitations and challenges 
of this biofabrication technology, which will need to be tackled to advance these heart 
constructs towards biomedical applications.

RESULTS AND DISCUSSION
One of the biggest drawbacks of cardiac in vitro models to date is the lack of ventricular 
compartmentalization. On the one hand, 2D cell culture models do not resemble the 3D 
structure of the native heart at all, and the more complex tissue engineered constructs, due 
to processing limitations, make the building of hollow, perfusable chambers extremely 
difficult and time consuming. Especially with the use of soft polymers that facilitate cell-cell 
interactions and coordinated beating motion, maintaining complex 3D structures post-
printing is a common challenge with conventional tissue engineering strategies.[128,144] 
Here, VBP was used to overcome this limitation and develop a bi-chambered heart model, 
rapidly produced in tens of seconds, with anatomically-derived wall thicknesses (Figure 
1A - D). Another challenge in cardiac tissue engineering is that of providing mechanical 
stability of EHTs, while also using low stiffness materials, suitable for muscle cell culture. 
To date, often a compromise between stiff, strain resisting matrices that support the 
beating and long-term stability of the construct, and soft matrices that facilitate cellular 
interconnections, elongation and migration must be made.[128] To address these challenges, 
the volumetrically bioprinted heart was fabricated using two different materials (Figure 
1B, C). First, a stiff supporting resin consisting of 15% w/v gelatin methacryloyl (gelMA) 
supplemented with 0.1% w/v lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP), 
which aids in increased shape fidelity of the printed structure and enables handling and 
hanging of the construct from a custom-made forklift structure to keep the constructs 
upright and prevent the collapse of one or both chambers (Figure 1D). Furthermore, 
this supporting region will also facilitate future functional readouts like ejection fraction 
quantification and incorporation within bioreactor systems. Second, a cell bioresin 
consisting of 5% w/v gelMA blend with 10% v/v iodixanol and 0.1% w/v LAP, providing a 
softer environment for cells to mature in. The volumetrically bioprinted heart structures 
could successfully be resolved in just over 20 seconds, and exhibited two hollow chambers 
separated by a septum. 
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Recent studies have shown the potential of multi-material VBP, some using sequential 
printing of the first material, a washing step to remove the uncrosslinked resin, followed 
by a second volumetric printing step of the second material,[472,473] or the incorporation 
of a second printing approach, such as embedded extrusion bioprinting.[474] However, 
as shown in a recently published study outlining different approaches towards multi-
material VBP, printing two resins in a single step requires some adjustments to their 
optical properties,[473][473] as well as the establishment of a strong interface that holds 
both materials together post-printing. The first step towards creating the multi-material 
bioprinted heart was to optimize a resin interface that would allow for the seamless 
connection between both support and cell-laden components through a protocol 
adjusting the thermal gelation of both resins (Figure 1E). First attempts at printing the 
two materials in a single printing step, with the support resin being immediately cooled 
to induce thermal gelation over the cell bioresin, were not successful. The pre-cooled 
cell bioresin which was immediately supplemented with a second layer of support resin 
above did not create a blended interface, suggesting that both materials were physically 
separated from each other (Figure 1Fi), and led to the heart structure breaking into two 
separate parts after washing (Figure 1Fii). Therefore, the interface protocol was adjusted 
by prewarming the support resin to 40° C (as opposed to a physiological temperature of 
37° C to prevent the resin from cooling too much during pipetting at room temperature) 
before gently pipetting it over the already gelated cell bioresin. The cell bioresin was 
pre-gelated to prevent immediate mixing of the two materials, but the pre-warmed 
support resin induced a partial melting of the surface of the cell bioresin, creating a 
blended interface where the materials mixed to ensure good integration between the 
two parts of the volumetrically bioprinted heart (Figure 1E, Fiii). Using this approach, the 
two bioprinted heart regions remained attached post-printing, creating a stable, multi-
material construct in a single step (Figure 1Fiv). Standardization of this approach with 
controllable heating rings to modulate the temperature of both materials independently 
and precisely is an important next step towards the upscaling of this model’s fabrication 
throughput.

Another important aspect needed to ensure a homogenous printed structure was 
matching the optical properties of both bioresins, to prevent printing inaccuracies arising 
from different light beam behavior through each of the bioprinted heart regions. For this, 
the refractive index (RI) of the cell bioresin had to be adjusted to match that of the support 
resin (1.355, the highest RI of the two). To achieve this, the cell bioresin was supplemented 
with varying degrees of iodixanol, a biocompatible compound previously shown to 
modulate the RI of VBP bioresins. As the iodixanol concentration in the cell bioresin 
increased, so did the refractive index (from 1.342 ± 0.00 with no supplemented iodixanol 
to 1.405 ± 0.004 with the addition of 40% v/v iodixanol). Of all concentrations tested, the 
10% v/v iodixanol condition (1.355 ± 0.000) was selected for further studies, as it matched 
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the RIs of both resins perfectly (Figure 1G). As an added value, this concentration has 
already been shown to efficiently enhance printing resolution in the presence of high 
single cell and organoid densities, as well as yield a decrease in the stiffness of pure 
gelMA that can have a positive effect on the viability and function of sensitive cell 
types[286] Importantly, this refractive index matching step can be applied to a wide variety 
of bioresins with differing optical properties. For example, should different cell types 
or scattering elements in one of the two resins require higher iodixanol concentrations 
for optimal printability, the second resin could also be supplemented with iodixanol to 
achieve matching RIs.

This difference in mechanical properties between the two resins is clearly shown in the 
compressive and tensile behavior of the two individual resins, and the intermediate 
behavior of the interface region of printed structures (Figure H - J). The compressive 
properties of a flat multi-material print consisting of the cell bioresin, support resin and 
thermally induced interface region (Figure 1H) all show significantly different properties, 
with the cell bioresin exhibiting the lowest Young’s modulus (4.16 ± 0.43 kPa) of the 
construct, with the support resin exhibiting 2.8-fold higher compressive properties (11.85 
± 1.30 kPa), and the interface, being a blend of both resins, exhibiting an intermediate 
Young’s modulus (6.80 ± 0.38 kPa) (Figure 1I). These properties confirm that the two 
resins provide different mechanical properties to the volumetrically bioprinted heart – a 
softer resin to facilitate cellular survival and function, and a stiff resin to facilitate handling 
of the construct and to provide structural stability when the printed sample is fixed to 
the forklift structure. The stiffness of the interface, an intermediate between the support 
and cell resins, suggests that the thermal protocol described above indeed leads to 
a homogeneous blend of the two materials. In terms of tensile properties, the support 
resin exhibited a significantly higher tensile modulus (200.65 ± 41.88 kPa) compared 
to the cell bioresin (14.00 ± 1.71 kPa), an important feature for the heart structure to 
withstand the hanging position from the forklift over the duration of culture (Figure 1J). 
The incorporation of these two mechanically different resins in a single construct, with 
a strong thermally induced interface, pave the way for various applications relevant 
to cardiovascular research using this complex 3D model, with properties that aim to 
withstand physiological cell functions.
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Figure 1: Volumetric bioprinting of two-chamber heart model. A) A 2-chamber heart model consisting of a 
top cell-free region made of 15% w/v gelMA + 0.1% w/v LAP (support resin) and the heart chamber structures 
made of 5% w/v gelMA + 10% v/v iodixanol + 0.1% w/v LAP and a 1x107 iPSC-derived cardiomyocyte/fibroblast 
co-culture (cell bioresin) (scale bar = 2 mm). B) Graphical overview of the multi-material volumetric bioprinting 
process employed to fabricate the multi-material heart constructs, by precisely placing the material interface 
over the desired regions of the computer-aided design (CAD) model. The printed hearts were then hung on a 
petri dish using a custom-made forklift structure to mimic the heart’s vertical orientation. C) Digital image of 
a volumetrically printed heart model acquired immediately post-printing and D) a cross-sectional view of the 
3D reconstruction of the printed volumetric heart obtained through lightsheet imaging (scale bar = 2 mm). E) 
Graphical representation of the thermally-induced interface formation between the cell bioresin and the support 
resin by gradually melting the cell bioresin with a pre-warmed support resin (40° C) for two minutes to create a 
blended interface. F) Digital images of the volumetric printer vials (i,iii) without a thermally induced interface (i) 
and with the thermal interface protocol (iii), and the resulting volumetric heart prints ii) without and iv) with the 
thermally-induced interface (scale bars = 2 mm). G) Refractive index measurements of the cell bioresin blends 
supplemented with increasing concentrations of iodixanol (0–40% v/v). The red box represents the refractive 
index range of the support resin. H) Stereomicroscopy image of the printed gel strip consisting of cell bioresin 
and support resin, with a thermally induced interface region (scale bar = 2 mm; dotted circles represent the 
regions subjected to the compression testing protocol. I) Young’s modulus of the printed structures’ cell bioresin, 
interface and support resin regions and J) the tensile modulus of the printed cell and support resins. * = p < 0.05.
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The design of the volumetrically bioprinted heart, a simplified bi-chambered construct, 
was based on anatomical heart wall thickness measurements obtained from patient MRI 
scans, where the base region of the heart is the widest, narrowing at the mid-section and 
widening again at the apex of the heart. A scaled-down version mimicking these ratios 
in wall thickness was fabricated using the volumetric printer through the multi-material 
approach described herein. A comparison between the  original CAD model consisting of 
these wall thickness variations was made with the volumetrically bioprinted structures, 
using 3D renderings from lightsheet scans (Figure 2A, B). The overall printing accuracy 
of the bioprinted heart model exhibited thickness variations ranging from ± 12.4 % at the 
base, ± 6.0 % at the mid-section and ± 5.5 % at the apex compared to the original design. 
Despite this variation, the overall wall thickness gradient observed in anatomical heart 
measurements was reproduced in the bioprinted heart, with the base (909.0 ± 52.4 mm), 
mid-section (912.0 ± 31.7 mm) and apex (964.6 ± 37.3 mm) mimicking the narrowing and 
widening of the native heart walls (Figure 2B). Furthermore, a comparison of the regions 
of the printed structure with the most variation compared to the CAD model showed 
that the biggest deviations occur where the septum connects with the outer heart wall, 
forming a protruding bump to appear along this side of the print (Figure 2C). This results 
from an additional accumulation of light at the corners of objects where features of 
different dimensions intersect, and currently a topic of study in the field of volumetric 
printing, with new algorithm corrections being developed recently.[475]

Having established the possibility to print multi-material bi-chambered constructs that 
mimic the basic compartmentalization of the heart, the freedom of design provided 
by VBP was further exploited to develop more complex, asymmetrical structures. 
Drawing from the structural changes that often occur with various cardiomyopathies, 
we demonstrate the possibility of printing these heart models with one-sided enlarged  
chamber (Figure 2Di, iv) or a shrunken chamber with a thickened wall (Figure 2Dii, 
v), which could be used to mimic the cardiac deformations observed in dilated and 
hypertrophic cardiomyopathies, respectively. In the future, these models could be used 
to evaluate various clinical parameters in vitro to better understand the structural impact 
of these pathologies. To further expand on the achievable printing complexity of the VBP 
process, the printing of a four-chambered anatomical replica of the heart was also printed 
with this approach (Figure 2Diii, vi). Upon further characterization and optimization of 
the simple volumetrically bioprinted heart system, these more complex models could 
bring about important improvements upon existing cardiac disease models, potentially 
replicating patient-specific structures with high accuracy to study disease and potential 
treatments in vitro. Furthermore, the high printing speeds characteristic of VBP could also 
be harnessed for the high-throughput study of this models for preclinical testing and 
patient-specific applications (Supplementary Figure S1).
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Figure 2: Printing accuracy of anatomically derived heart wall thicknesses and mimicking structural 
cardiomyopathies. A) Transversal cross-sectional view of the heart CAD model vs. the VBP hearts at the base, 
mid and apex regions of the heart and B) comparison of feature sizes and print volume compared to the original 
CAD model. C) Cloud-to-cloud distance difference map showing the size variation of the volumetric heart 
compared to the original CAD model. D) Cross-sectional views and full 3D renderings of complex heart models 
depicting: an enlarged chamber, a shrunk chamber and an anatomical heart model (without valve structures) 
obtained through lightsheet microscopy (scale bars = 2 mm). 

After optimization of the printed heart’s fabrication process, post-printing cellular 
behavior was assessed. The addition of iodixanol, as previously shown,[286] allowed for the 
successful printing of the model’s features at the employed density of 1 x 107 cells mL-1. 
Although the low stiffness of iodixanol-supplemented gelMA is in line with what has been 
reported in previous work to facilitate the establishment of intercellular connections in 
cardiomyocytes,[476] the currently used cell loading density, which is among the highest 
achievable through optical tuning of VBP bioresins,[286] is well below what has been 
previously used to facilitate coordinated beating.[466] This resulted in the volumetrically 
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bioprinted heart lacking the capability of undergoing coordinated beating motion, 
likely due to the absence of densely interconnected cells resulting from the suboptimal 
density of the printed bioresin. It is noteworthy that, in randomly distributed regions of 
the printed structures where cells were more densely interconnected, contractile activity 
was observed, supporting the fact that the bioresin platform employed here does enable 
iPSC-CM connectivity, albeit in dispersed, localized areas only (Supplementary Video 
S1). In its current form, the cell-laden heart construct lacked the coordinated contractile 
forces to allow for the investigation of relevant clinical outputs such as ejection fraction, 
electrophysiological parameters, and other key clinical information. The limitations and 
possible improvements for this volumetrically bioprinted heart platform are thoroughly 
discussed in the following section (Model Limitations and Perspectives). Nonetheless, 
the responsiveness of the printed cellular co-culture to external stimuli was investigated 
to determine if the fabrication steps would hinder such processes. To assess such cellular 
responses, a unilateral cryoinjury on the heart wall was induced to induce cardiomyocyte 
loss and scar formation, resembling the signs of myocardial ischemia (MI). This approach 
has been employed in vivo to study cardiac regeneration and MI treatment strategies.[477–481] 
In this proof-of-concept study, screening of transcriptional changes via RNA sequencing 
within the volumetrically bioprinted heart constructs that were either cryoinjured (n = 4) 
or left untreated was performed to evaluate the biological response to the induced injury 
as a proof of concept (Figure 3). Differential expression analysis led us to find a total of 96 
differentially expressed genes (70 upregulated, 26 downregulated), determined via a log2 

fold change greater than or equal to 1.5 (upregulated) or a log2 foldchange less than or 
equal to -1.5, with a Benjamini-Hochberg false-discovery rate of q < 0.05. All differentially 
expressed genes are displayed via Volcano plot. (Figure 3A). To further understand what 
differentially expressed genes were signaling, we performed gene enrichment analyses 
with the EnrichR package on gene ontology (GO) terms with a false-discovery rate of 
q < 0.05. Based on hierarchical clustering of each sample, the differentially expressed 
genes cluster by sample condition. In cryoinjured samples, differentially expressed genes 
were found to be enriched in extracellular structure and matrix organization (COMP, 
COL8A2, ADAMTS16) (Figure 3B). Response to transforming growth factor beta (WNT2, 
ADAMTSL2, PMEPA2) was also found to be upregulated due to cryoinjury, suggesting ECM 
remodeling processes occurring (Figure 3B). This phenomenon is also represented by ECM 
component genes (FN1, COL8A2, COL10A1, COL22A1, MFAP4) which were more highly 
expressed in cryoinjured samples (Supplementary Figure S2). Finally, in control samples, 
gene ontology enrichment elicited cellular communication and positive regulation of 
cell population proliferation (BMP2, FGFR2, IQGAP3, IL1R1) (Supplementary Figure S3), 
suggesting normal cellular processes occur in uninjured samples. Thus, these data provide 
evidence that a fibrotic response, at least at gene level, takes place in cryoinjured samples, 
with subsequent signs of matrix remodeling and de novo ECM deposition, as commonly 
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observed in clinical models of myocardial infarction.[482] While conventional clinical 
outputs were difficult to evaluate given the cell density limitations of the developed heart 
platform, this cellular response to cryoinjury is a promising observation that suggests the 
cells embedded within the printed structure retain key functions and exhibit the ability to 
undergo matrix remodeling in response to localized damage. 

Figure 3: RNA sequencing of cryoinjured vs. control volumetrically bioprinted heart samples. A) Volcano 
plot of differentially expressed genes between cyroinjury treatment and control volumetrically bioprinted 
heart samples. Differentially expressed genes were determined via Deseq2, where upregulated genes have > 
1.5 log2FC and adjusted p-value < 0.05 and downregulated genes have < 1.5 log2FC and adjusted p-value < 
0.05. B) GO Enrichment of Cryoinjury Treatment Genes; all 70 differentially expressed genes unique to cryoinjury 
treatment were subjected to Gene Ontology (Biological Processes 2021) enrichment.

Despite the biological drawbacks in terms of starting cell density of the volumetrically 
bioprinted heart platform, an important advantage of this approach, pending 
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improvements to cell interconnectivity and the induction of contractile activity, is its 
compatibility with widely used medical imaging technologies. Cardiovascular diseases 
are characterized by alterations in heart morphology linked to decreased function, and a 
common clinical practice is to evaluate such changes to monitor pathology progression, 
often using echocardiography and MRI.[483–485] Nevertheless, current in vitro systems 
present limited capability to mimic these morphological changes or apply these analysis 
techniques. The developed volumetrically bioprinted heart platform, with its advanced 
compartmentalized architecture and its water-based hydrogel composition enable the 
use of MRI imaging to monitor the morphological profile of the printed constructs. Herein, 
both cell-free and cell-laden heart constructs could be imaged with MRI technology 
immersed in their own cell culture medium (Figure 4). This in-medium imaging enabled 
the construct’s chambers to remain open and prevented the collapse of the lower stiffness 
cell-bioresin regions of the construct, allowing for an accurate 3D representation of 
the mini hearts. In this way, conventional clinical slicing of the resulting MRI scans was 
possible, enabling the visualization of the volumetrically bioprinted heart from various 
transversal slices along the cardiac short-axis (SAX) of the base, mid-region and apex of 
the structures (Figure 4A). Similarly, the scans could be sliced along the cardiac long-
axis (LAX) and the cardiac 4-chamber axis (Figure 4B). In the latter, the septum dividing 
the bioprinted heart’s chambers can be clearly visualized. This compatibility with medical 
imaging techniques conventionally used in cardiology increases the clinical relevance of 
this platform as a future in vitro model. Upon enhancement of the biological capabilities 
of the model, this imaging analysis could be employed to monitor morphological changes 
of the platform over time, together with the pertinent quantitative analyses to evaluate 
changes in heart volume and length, individual chamber volumes as well as heart wall 
and septum thickness.
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Figure 4: MRI imaging of cell-free and cell-laden volumetrically bioprinted heart constructs. A) Transversal, 
short-axis slices of representative cell-free and cell-laden volumetrically bioprinted heart constructs with 
separate slices of the base, mid and apex regions of the structure. B) MRI slices of the cell-free and cell-laden 
bioprinted hearts from a long-axis view and a 4-chamber view, where the dividing septum between the two 
independent chambers of the heart model are visible. Scale bars = 2 mm.
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MODEL LIMITATIONS AND PERSPECTIVES
Current in vitro models, such as 2D cell culture and engineered heart tissues, have 
limitations in mimicking the intricate macrostructural properties of cardiac tissue 
mimics. It is, therefore, necessary to develop a new generation of in vitro models with 
high architectural control to more predictively evaluate the efficacy of new therapies for 
cardiovascular disease, thus reducing the high failure rates of clinical trials. While VBP of 
the heart model presents a high-speed, contactless approach to process the sensitive 
iPSC-CMs employed in this model, the achievable cell densities and resulting cell-cell 
contact required to induce continuous and coordinated beating, resulting in actual fluid 
ejection, are not yet possible with VBP, due to the optical demands of the process itself. 
While previous studies with this co-culture employ densities of up to 6 x 107 cells mL-

1,[466] the current model could be correctly printed with 6-times less cells. Algorithms to 
correct scattering-induced artefacts,[421] alternative light sources that allow homogenous 
beam paths through a cell-laden suspension, the already employed optical adjustment of 
the bioresin,[286] or a combination of these approaches should be studied further to more 
significantly mitigate the cell density limitation of the VBP process and facilitate increased 
cell-cell interactions that allow the construct to function as a mini heart. Alternatively, 
strategies to guide cellular alignment and organization such as fiber reinforcement,[200,466,472] 
growth factor patterning,[486] or stimuli-responsive nanoparticles that can become highly 
aligned, [219] could help enhance cell interconnectivity without requiring such high cellular 
densities. In this way, the volumetrically bioprinted heart’s full potential could be realized, 
and allow for the incorporation of other clinical outputs to study cardiomyopathies, such 
as action potential, beating rate, calcium handling evaluation, optical mapping, and even 
ejection fraction. In the present study, another important limitation was the induction of 
the cryoinjury itself. Given the manual fashion in which the injury was created, and the 
large tool (frozen spatula) used in this study, it was extremely challenging to thermally 
induce a small and precise injury on one chamber of the bioprinted heart and keep 
track of the injured region during imaging and subsequent sample analysis. Alternative 
ways to induce a superficial injury without penetrating through the heart wall should be 
further investigated (i.e.. the use of a focused laser beam, or a blunt microneedle, with the 
additional aid of a stereotactic microscope to precisely position the injury) as well as a 
design change to ensure the injury site can be traced back during and after culture.
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CONCLUSIONS
This study presents a new approach to print cardiac in vitro models that capture 
key anatomical architectures using, for the first time, the combination of volumetric 
bioprinting and human iPSC-CMs. The bioprinted heart utilizes volumetric bioprinting 
to create scalable, bi- or multi-chamber heart constructs at high printing speeds. By 
introducing multi-material printing, and taking advantage of VBP’s design freedom, this in 
vitro heart platform can be built with region-dependent mechanical properties, forming 
a) a high stiffness zone that can facilitate handling and withstand a hanging position and 
b) a low stiffness zone suitable for cell encapsulation. This approach could also be used 
to create models representative of structural deformations of the heart, as well as the 
native 4-chambered heart structure, posing great promise for potential disease modeling 
and patient specific research and treatment development. Cells embedded within the 
volumetrically bioprinted heart also demonstrated their post-printing responsiveness 
to external stimuli, as shown through the gene expression-level indication of matrix 
remodeling exhibited after cryoinjury, resembling the cellular response during myocardial 
ischemia. Notably, the bioprinted heart demonstrated compatibility with MRI imaging, 
a widely used medical imaging technique used in the field of cardiology for diagnostic 
and disease monitoring purposes, making it a promising in vitro modeling platform upon 
further development.

While the enhancement of cellular density and cell-to-cell contact is needed for further 
optimization of this model to enable further incorporation of clinically-relevant readouts, 
we highlight the potential of the volumetrically bioprinted heart as a tool for studying the 
underlying mechanisms and evolution of cardiovascular diseases in vitro. This platform 
provides a more architecturally realistic model than traditional 2D models and previously 
developed EHTs and has the potential to be used in high-throughput drug screening and 
personalized medicine, ultimately facilitating the development of new therapies. Further 
studies should focus on the establishment of a fully coordinated beating platform, the 
introduction of complex injury/disease models, as well as the inclusion of other cell types 
such as endothelial and epicardial cells to create more complex and realistic in vitro models 
of the heart. Future developments can also include the combination of this advanced 
model with heart valves and a pressure-volume (PV) loop system, to provide additional 
information to mimic other aspects of cardiovascular diseases, such as hypertension, 
valve fibrosis, or heart failure. 
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EXPERIMENTAL SECTION
Materials: As the base bioresin for volumetric (bio)printing, gelatin methacryloyl (gelMA; 
93.5% DoF) was synthesized as previously reported.[335] GelMA solutions were made in 
phosphate-buffered saline (PBS) at the required concentrations for each region of the 
volumetrically bioprinted heart construct. As photoinitiator, 0.1% w/v lithium phenyl(2,4,6-
trimethylbenzoyl)phosphinate (LAP, Tokyo Chemical Industry, Japan) was supplemented 
to the hydrogel precursor solution to initiate the photocrosslinking reaction. To match the 
refractive index of the cells incorporated into the bioresin, 10% w/v iodixanol (OptiPrep, 
StemCell Technologies, Canada) was supplemented to the cell-laden bioresin. 

Human iPSC culture and differentiation: Three healthy Caucasian fully characterized human 
iPSCs lines generated from peripheral blood mononuclear cells by using the insertion-free 
Sendai virus reprogramming method were used: UKKi032-C (NP0141-31B), UKKi037-C 
(NP0144-41), and NP0143-18 UKKi036-C.[487] All these cell lines have been deposited in the 
European Bank for iPSCs (EBiSC, https://ebisc.org/) and are registered in the online registry 
for human PSC lines hPSCreg (https://hpscreg.eu/). iPSCs were cultured on growth factor 
reduced Matrigel (Corning) in Essential 8 medium refreshed daily. Cells were passaged 
every 4–5 days with 0.5×10−3 M EDTA (Thermo Fisher Scientific). iPSCs were differentiated 
into iPSC-CMs using a GiWi differentiation protocol adapted from Chirico et al.,[488] and 
subsequently expanded following Maas et al. protocol.[489] In the differentiation process, 
we included a purification and a replating step to generate a high-purity cardiomyocyte 
population.

Primary cell culture: Human fetal cardiac fibroblasts (hfCFs) were isolated as described 
previously[490]. hfCFs were cultured in fibroblast medium until 70-80% confluency and 
passaged in a 1:4 ratio before experimental use. hfCF medium consisted of DMEM ([+] 4.5 
g D-Glucose, L-Glutamine, [-] Pyruvate; Gibco, 41965-039) supplemented with 10% fetal 
bovine serum (FBS; Biowest S1810-500) and 1% penicillin-streptomycin (pen/strep; Gibco, 
15-140-122).

Volumetric heart bioprinting – multimaterial refractive index matching: To achieve a seamless 
interface between the two resins present in the volumetric heart, the optical properties 
of the cell bioresin (base 5% w/v gelMA + 0.1% w/v LAP) were matched to that of pristine 
15% w/v gelMA + 0.1% w/v LAP (support resin) using iodixanol (0 – 40% v/v iodixanol). 
The refractive index of the resulting 5% gelMA blends (n = 3) and the support resin was 
measured using a digital refractometer (MA871; Milwaukee Instruments, Hungary) using 
the pre-crosslinked hydrogel solution to select the optimal iodixanol concentration.

Volumetric heart bioprinting: iPSC-CMs were detached using TrypLE Select Enzyme 10X 
(Gibco), hfCFs were dislodged using Trypsin (Gibco) and mixed in a 10:1 ratio (90% iPSC-
CMs : 10% hfCFs). Cells were then spun down and resuspended in a 5% w/v gelMA, 10% v/v 
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iodixanol and 0.1% w/v LAP hydrogel precursor solution (cell bioresin). Subsequently, 500 
µL of this cell bioresin was gently pipetted inside a pre-cooled 10 mm diameter borosilicate 
glass vial to prevent cell sedimentation. The bioresin was further gelated in ice water for 5 
minutes. Afterwards, the vials were taken out of the ice water and 500 µL of pre-warmed 
(40° C) support resin (15% w/v gelMA and 0.1% w/v LAP) was pipetted just above the layer 
of cell bioresin. The vials were then kept at room temperature for 2 minutes to ensure a 
homogenous interface region was formed, and they were then cooled in ice water again. 
Volumetric bioprinting of the heart constructs was then carried out using a commercial 
Tomolite v1.0 (Readily3D, Switzerland) printer. Briefly, the vial was placed so that the 
interface of the heart STL model corresponded with the resin interface and a 405 nm laser 
beam was then directed towards a digital micromirror device that in turn modulated the 
tomographic projections of the model onto the rotating printer vial. Each region (support 
and cell-laden) received a different light dose to ensure homogenous printing of the 
heart model. After printing, the construct was gently washed with prewarmed medium 
to remove uncrosslinked GelMA and incubated in construct medium. After one hour, 
constructs were hanged using a custom-made, 3D printed forklift and transferred to a 
3.5 cm Petri dish (ThermoFischer Scientific, The Netherlands) with prewarmed construct 
medium. 75% of the construct culture medium was changed every other day. 

Mechanical characterization of multi-material constructs: To measure the compressive 
properties of printed structures consisting of both the support resin and cell bioresin 
employed in the volumetric heart, a 2980 Dynamic Mechanical Analyzer was used (DMA; 
Q800, TA Instruments, The Netherlands) equipped with a cylindrical flat piston (diameter = 
2 mm). Flat multi-material structures were printed as previously described (n = 5), forming 
a stable interface through thermal control of both resins. Using the 2 mm indenter, the 
compressive properties of the constructs were measured per region (one measurement 
of the support resin, one of the cell bioresin and one of the interface, carefully placed in 
the middle of the interface region). Each region was subjected to a strain ramp of -20% 
min-1 strain rate until 30% deformation. Young’s Modulus was calculated as the slope of 
the stress/strain curve in the 10-15% strain range. Similarly, the same DMA device was 
used with a tensile test clamp to assess the tensile properties of the different resins. 3 cm 
long strips with a thickness of 0.5 mm were printed with each resin composition, secured 
to each end of the clamp, and subjected to a force ramp of 0.05 N min-1 force rate until 
reaching 10 N or until the sample yielded (n = 6). The tensile modulus was also calculated 
as the slope of the resulting stress/strain curve in the 10-15% strain range.

Volumetric heart imaging and analysis: Volumetrically printed samples were imaged using 
a custom-made lightsheet microscope after staining with a Cy3.5-PEG-SH fluorescent dye 
(5kD; Biopharma PEG) and 3D renderings of the lightsheet scans were made with the image 
analysis software FIJI.[491] To show the printing accuracy between the printed hearts and 
the original CAD model, a 3D triangular mesh editing software (CloudCompare V2.11) was 
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used.[492] Both STL files (print reconstruction and original design) were manually aligned 
by selecting different referential points in each mesh. Then, the distance between the 
meshes was computed using the cloud-to-cloud distance (Hausdorff distance algorithm), 
which is a measurement for comparing image segmentations between two set points.[493] 
The difference map was then created to see the overall print variation from the original 
STL file.

Volumetric heart cryoinjury: Seven days after seeding, the volumetrically bioprinted 
hearts were transferred one by one on a clean Petri dish without medium. A sterile steel 
microspoon previously submerged in liquid nitrogen was gently placed on one of the 
ventricles for ten seconds. The constructs were subsequently transferred back into their 
support and cultured until further analysis.

RNA isolation and sequencing: 7 days after inflicting the cryoinjury, the volumetrically 
bioprinted hearts were digested for RNA isolation and bulk RNA sequencing were 
performed on control and cryoinjury samples (n = 4). First, samples were digested in 
collagenase to isolate the cellular material from the bioresin. Samples were incubated 
in sterile DMEM medium supplemented with 1% wt/v penicillin streptomycin and 1% 
wt/v collagenase type 2 enzyme (Worthingtom Biochemical, USA) for 8 minutes under 
stirring conditions. The resulting cell pellets were resuspended in 100 µL TRIZOL solution 
(ThermoFischer Scientific, The Netherlands) and stored frozen at -80° C until sequencing. 
RNA extraction, cDNA library preparation (CEL-Seq2 protocol[494]) quality control for aRNA 
and cDNA, and sequencing on a NextSeq500 High output 1 × 75 bp paired end run a 
sequencing depth of 10 million reads/sample were performed by Single Cell Discoveries 
B.V. (Utrecht, The Netherlands).

Differential gene expression and gene set enrichment analysis: Differential gene expression 
and normalization between cryoinjured and control bioprinted heart samples was 
evaluated using the DESeq2 package in R. Significance was set with a false-discovery 
rate Benjamini-Hochberg correction with a q-value < 0.05, average log2 fold-changes > 
1.5 for upregulated genes relative to control, and average log2 fold-changes < -1.5 for 
downregulated genes relative to controls. The heatmap of significant genes was created 
with the heatmap package in R, displaying the top 20 variably expressed genes across 
samples. The EnhancedVolcano package in R was used to create volcano plots depicting 
the top differentially expressed genes with the lowest q-values, the highest log2 fold-
changes for upregulated genes, and the lowest log2 fold-changes for downregulated 
genes. Gene set enrichment analysis via gene ontology (GO) enrichment terms (GO 
Biological Processes 2021, GO Molecular Function 2021, and GO Cellular Component 2021 
gene sets) was performed using the enrichR package in R, with significance cut-off for 
enrichment at q < 0.05 and a false discovery rate by Benjamini-Hochberg correction. The 
top 10 enriched GO terms per gene list were plotted via EnrichR.
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MRI imaging, data processing and quantification: MRI experiments were performed at a 
Varian 9.4 T magnet with OpenVnmrJ. To obtain a whole volume view of the volumetrically 
bioprinted hearts a 3D balanced SSFP sequence was used (TR/TE 15.4/7.7 ms, flip angle 
40°, FOV 30x10x10 mm3, 150x50x50 pts (resolution 200x200x200 µm3), nt 4, repeated 4 
times (0, 90, 180 and 270 phase shifts) and total acquisition time is about 10 min). Data 
processing was performed using MATLAB® (MathWorks®) and tools from FSL (FMRIB 
Software Library v6.0). Data were zerofilled to twice the size before Fourier-transformation, 
leading to an isotropic spatial resolution in the images of 100 micrometer. The 3D-volume 
images obtained from the balanced SSFP sequence showed a high signal intensity for the 
construct culture medium and lower signal intensities for the tissue matrix and the heart 
tissue, where the matrix base appeared to be most dense. Signal intensity of the image 
was inverted to allow a better observation of the heart tissue, which becomes higher in 
signal intensity because of this procedure. Masks were generated for three perpendicular 
slices through the volumetric heart, and these were manually edited to remove areas not 
containing the heart. The masks were used to seed a snake algorithm, an iterative region-
growing image segmentation program (activecontour in MATLAB) that automatically 
segments the heart. The ventricles within the volumetric heart were filled with culture 
medium and were detected by filling the holes in the mask of the volumetric heart and 
subtracting the original mask from the filled one. One of the heart images was manually 
oriented orthogonally and this image was used as a reference for linear registration of the 
other hearts (using FLIRT of FSL). The last step allows visual comparison of the registered 
hearts and compartmentalization of different regions of the heart (base, left ventricle, 
right ventricle). 
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SUPPORTING INFORMATION

Supplementary Figures

Supplementary Figure S1: High-throughput volumetric bioprinting of 12x volumetrically bioprinted heart 
models in under 3 minutes.
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Supplementary Figure S2: Heatmap of cryoinjured versus control volumetrically bioprinted heart samples. 
Differentially expressed genes (92 total, 70 upregulated, 26 downregulated) were plotted on a heatmap, and all 
4 replicates of cryoinjury and control conditions were clustered together per treatment.
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Supplementary Figure S3: GO Enrichment of Control Treatment Genes. All 26 differentially expressed genes 
unique to control treatment were subjected to Gene Ontology (Biological Processes 2021) enrichment.

Supplementary Video
Supplementary Video S1: High cell density region of a volumetrically bioprinted iPSC-CM/hfCF laden structure, 
exhibiting contractile activity.
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ABSTRACT
Pathological angiogenesis is a crucial attribute of several chronic diseases such as cancer, 
age-related macular degeneration, and osteoarthritis (OA). In the case of OA, pathological 
angiogenesis mediated by the vascular endothelial growth factor (VEGF), among other 
factors, contributes to cartilage degeneration and to implants rejection. In line with this, 
the use of the anti-VEGF bevacizumab (BVZ) has been shown to prevent OA progression 
and support cartilage regeneration. The aim of this work was to functionalize a medical 
grade collagen with poly (lactic-co-glycolic acid) (PLGA) microparticles containing BVZ 
via three-dimensional (3D) printing to target pathological angiogenesis. First, the effect 
of several formulation parameters on the encapsulation and release of BVZ from PLGA 
microparticles was studied. Then, the anti-angiogenic activity of released BVZ was tested 
in a 3D cell model. The 3D printability of the microparticle-loaded collagen ink was tested 
by evaluating the shape fidelity of 3D printed structures. Results showed that the release 
and the encapsulation efficiency of BVZ could be tuned as a function of several formulation 
parameters. In addition, the released BVZ was observed to reduce vascularization by 
human umbilical vein endothelial cells. Finally, the collagen ink with embedded BVZ 
microparticles was successfully printed, leading to shape-stable meniscus-, nose- and 
auricle-like structures. Taken altogether, we defined the conditions for the successful 
combination of BVZ-loaded microparticles with the 3D printing of a medical grade 
collagen to target pathological angiogenesis.

Keywords: anti-angiogenic effect, protein delivery, PLGA, 3D printing
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INTRODUCTION
Pathological angiogenesis is a crucial attribute of cancer and several chronic inflammatory 
diseases, such as age-related macular degeneration (AMD) and osteoarthritis (OA).[495,496] In 
cancer, new vessels develop by sprouting from pre-existing vessels leading to an abnormal 
vasculature with a disorganized architecture and a high vascular permeability, among 
other features.[495] In AMD, a chronic retinal disease, new abnormal vessels originating 
from the vascularized choroid invade the retinal space, leading to death of photoreceptors 
and irreversible blindness.[496] More recently, pathological angiogenesis has also been 
linked to OA, a chronic inflammatory disease characterized by the damage of the articular 
cartilage, pain, and reduced mobility. The association between pathological angiogenesis 
and OA has emerged following the observation that OA patients present vasculature in 
the articular cartilage and in the inner meniscus, which normally are avascular structures.
[497] As in cancer and in AMD, also in OA, members of the vascular endothelial growth 
factor (VEGF) family play a key role, among other factors.[495,497] In OA, this angiogenetic 
process is associated to a progressive breakdown of the extracellular matrix (ECM) and 
tissue degeneration.[497,498] In fact, one of the effects of VEGF is the stimulation of the 
degrading enzymes matrix metalloproteinases (MMPs) and the inhibition of the tissue 
inhibitors of the matrix metalloproteinases (TIMP).[498,499] Moreover, the VEGF-mediated 
cellular invasion can cause premature resorption of implanted cartilage scaffolds in 
vivo, via monocyte chemoattraction.[500] These observations highlight the importance of 
modulating the VEGF activity during OA and when a scaffold-mediated regeneration of 
avascular cartilage and fibrocartilage is sought.

Bevacizumab (BVZ) is a full-length, humanized, recombinant monoclonal antibody 
against all isoforms of VEGF-A. It was approved by the Food and Drug Administration 
(FDA) for the treatment of the advanced stage of colon, lung, kidney, and brain cancers, 
and it is also used as an off-label drug for the treatment of AMD.[501,502] Recently, BVZ has 
also emerged as a promising active factor to block pathological angiogenesis and support 
regeneration in OA cartilage.[503–505] As an example, BVZ was reported to support the repair 
of articular cartilage in an osteochondral defect model in rabbits.[506] Moreover, BVZ was 
found to preserve scaffold long-term stability in vivo.[500] Despite these promising in vivo 
results, the incorporation of BVZ in three-dimensional (3D) printed scaffolds for their use 
in regenerative medicine has not been explored yet. 

In this study, we biofunctionalized a medical grade collagen with BVZ-loaded microparticles 
to target pathological angiogenesis as that found in OA cartilage and meniscus. Moreover, 
we tested the processability of this composite material via 3D printing, a widely explored 
technology for the fabrication of customized scaffolds in tissue engineering. The rationale 
behind the use of polymeric microparticles is the prevention of the premature degradation 
of BZV and its controlled release upon implantation of the scaffolds.[507] In this sense, it has 
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been argued that for the efficient VEGF blockage in the context of OA cartilage, it would 
be important to achieve a continuous delivery of BZV for 2-3 weeks[500,506]. To achieve such 
profile, we selected microparticles made of poly(lactic-co-glycolic acid) (PLGA), a polymer 
known for its capacity to control the release of biological drugs, including BVZ.[508–515] 

In our study, a medical grade porcine collagen material that has already been applied 
in clinical procedures for cartilage, bone regeneration and wound healing[516–520] was 
selected for the production of the scaffold using 3D printing. This technique was selected 
because it allows the design and manufacturing of customized complex structures by the 
layer-by-layer deposition of printable materials, i.e., inks, that may carry cells and active 
factors.[521–526] Remarkably, 3D printing allows for the spatial distribution of these elements 
to recreate naturally occurring gradients, as those present in the articular cartilage and 
meniscus.[527,528] For example, the human meniscus presents an outer vascularized zone 
(the red zone) that gradually turns into an avascular inner zone (the white zone, outer-
inner gradient), whereas articular cartilage is avascular and presents several horizontal 
zones that differ in terms of cell morphology and density, as well as in the content and 
arrangement of the ECM components (bottom-up gradient). For such anisotropic tissues, 
3D printing can allow a spatio-specific distribution of active factors throughout tissue-
engineered scaffolds to mimic zone-specific features. This can be important to recreate an 
appropriate milieu for cell differentiation and tissue ingrowth.[528,529] Taken altogether, we 
combined BVZ micro-encapsulation and 3D printing to fabricate medical grade scaffolds 
loaded with anti-angiogenic microparticles targeting pathological angiogenesis, as 
that found in OA cartilage and meniscus. Remarkably, this approach may be potentially 
extended to other diseases with pathological angiogenesis, such as cancer and AMD.

RESULTS AND DISCUSSION

Effect of surfactants in the organic phase on the encapsulation 
and release of BZV from PLGA microparticles - Formulation 
screening 1 
First, an explorative screening (16 formulations) involving different non-ionic surfactants 
at different concentrations and in combination with two different PLGA molecular 
weights (Supplementary Table S1 and Supplementary Figure S1) was carried out. From 
this study, the five most interesting formulations in terms of EE and release profile were 
selected for the formulation screening 1 (Table 1). In this screening, the effect of different 
surfactants (Pluronic® F-68, Pluronic® L-64, Tween® 80 and Span® 60), used at different 
concentrations, was investigated. 
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Table 1: Effect of surfactants and their concentration in the organic phase on the BZV encapsulation efficiency 
(EE) of PLGA microparticles (formulation screening 1). The concentration of BVZ in the inner water phase (w1) 
was 28.9 mg mL-1 (0.2 mL), the concentration of capped PLGA (14 kDa) in the organic phase was 50 mg mL-1 (1 
mL).  In the abbreviations, S1 indicates screening 1, and the last 4 characters refer to the name of the surfactant 
and concentration used. Standard deviation values of the average diameter indicate particle size variability 
within a given batch.

Sample Surfactant in the  
organic phase

Surfactant  
concentration (mg mL-1)

Average  
diameter 
(µm)

EE (%)

S1-PF50 Pluronic® F-68 (HLB=28.0) 50 6.5 ± 7.4 53 ± 3

S1-PL150 Pluronic® L-64 (HLB=15.0) 150 1.5 ± 0.3 48 ± 3

S1-TW25 Tween® 80 (HLB=15.0) 25 2.3 ± 0.7 39 ± 0

S1-TW50 50 2.5 ± 1.3 22 ± 2 

S1-SP50 Span® 60 (HLB=4.3) 50 2.7 ± 1.4 83 ± 4

The EE values presented a broad range (22-83%) as a function of the surfactant hydrophilic/
lipophilic balance (HLB). This can be appreciated by comparing the formulations S1-PF50, 
S1-TW50 and S1-SP50, prepared using the same concentration in the organic phase of 
three different surfactants with different HLB values, i.e., Pluronic® F-68 (HLB = 28.0), 
Tween® 80 (HLB = 15.0) and Span® 60 (HLB = 4.3), respectively. Formulations prepared 
with Span® 60 showed the highest values of EE, i.e., 83%. This finding is in line with the 
results reported in previous literature, where the high encapsulation of hydrophilic drugs 
into poly(D,L-lactide) (PLA) and PLGA microspheres in the presence of Span® 60 was 
attributed to the low HLB of this surfactant, which makes it an ideal stabilizing agent for 
water-in-oil interfaces.[530,531] By increasing the HLB from 4.3 (Span® 60) to 15.0 (Tween® 
80), the EE values dramatically decreased down to 22%. By further increasing the HLB to 
28.0 (Pluronic® F-68), the EE values increased again up to 53%. This trend is in line with 
the observations by Dinarvand et al. regarding the encapsulation of a hydrophilic drug 
into PLA microparticles.[530] The lower EE found for the formulations made with Tween® 
80 can be attributed to its higher HLB, as compared to that of Span® 60 and, therefore, 
to its inferior capacity for the stabilization of the primary emulsion (w1/o). On the other 
hand, the moderate EE values found for the formulations made with the most hydrophilic 
surfactant of the study, i.e., Pluronic® F-68 demonstrated that the EE can also benefit from 
the stabilization of the secondary emulsion (o/w2), mediated by the migration of these 
surfactants to the o/w2 interface, which reduces the amount of protein adsorbed onto the 
microparticles surface.[530] Moreover, surfactants with high HLB may interact with the PVA 
present in the outer water phase, forming a gel-like stabilizing barrier.[530] 

Previous studies reported in literature have shown that the EE values of BVZ into PLGA 
nano- and microparticles fabricated by the double emulsion technique are usually higher 
than 80%.[512,513,532,533] However, it must be noted that in these studies uncapped PLGA is 
used, for which we have also found similarly high values of EE. These high values of EE 
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are likely due to the electrostatic interactions between the positively charged BVZ and 
the negatively charged PLGA carboxyl end groups. In this study, we preferred the use of 
capped PLGA, since the uncapped polymer did not support the desired release kinetics. 

The BVZ release profiles of the tested formulations significantly differed as a function 
of the surfactant HLB and concentration (Figure 1a, b). Formulations made with 
poloxamers (Pluronic® F-68 and Pluronic® L-64) showed a release kinetics, characterized 
by an initial burst release phase during the first 2-3 days followed by a slower release 
until day 21. These formulations showed the lowest burst release (percentage of BVZ 
released by day 2 was 11% and 15%, for S1-PF50 and S1-PL150, respectively) and the 
lowest total percentage of BVZ released by day 21 (16% and 22% for S1-PF50 and S1-
PL150, respectively). Overall, the burst release of BVZ increased when the surfactant HLB 
decreased. This can be appreciated by comparing the formulations S1-PF50, S1-TW50 
and S1-SP50, which organic phases contain the same concentration of three different 
surfactants with different HLB values, i.e., Pluronic® F-68 (HLB = 28.0), Tween® 80 (HLB 
= 15.0) and Span® 60 (HLB = 4.3), respectively. Indeed, the percentage of BVZ released 
by day 2 was 11%, 29%, and 39%, for S1-PF50, S1-TW50 and S1-SP50, respectively. This 
trend can be explained by considering the different distribution of the surfactant and the 
protein within the PLGA matrix. Surfactants with a low HLB tend to position themselves 
preferentially towards the oily PLGA-containing phase, whereas those with a high HLB 
tend to diffuse towards the water phase, which causes a correspondent displacement of 
the entrapped protein.[530] Therefore, in the former case, the fraction of the protein that 
the surfactant displaces from the core and that ends up onto the microparticle surface 
is much higher. This explains the much higher burst release of BVZ observed when using 
surfactants with a lower HLB. The formulation S1-SP50 showed the highest burst release 
and the highest value of total BVZ released by day 21 (i.e., 41%), however between day 
5 and day 21 only a minor percentage of BVZ was released, which could be due to the 
absence of release or to the degradation of the protein molecules. S1-PL150 was the best 
performing formulation in terms of providing a constant release of BVZ from day 5 to 
day 21 (distributive release profiles shown in Supplementary Figure S3) and, hence, was 
selected for further evaluation by ELISA and by cellular in vitro studies. 

It must be noted that all formulations exhibited incomplete release of BZV, a result in 
line with previously reported data on the release of BVZ from PLGA particles.[508,512,513] 
For instance, Sousa et al. reported a total 15% BZV release over the first 7 days.[513] A low 
amount of total BZV release (< 10%) was also observed by Varshochian et al. during the 
first 21 days.[512] This incomplete protein release often noted for PLGA particles has been 
found to be dependent on the protein isoelectric point and protein size, as well as on the 
PLGA charge density and particle porosity.[513] The incomplete release of BVZ observed in 
our study is likely due to protein/polymer interactions, as previously described for protein-
loaded PLGA particles.[534–537] Indeed, all formulations showed an insoluble residue at the 
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end of the study. The presence of a residue originated by protein/polymer interactions 
has been previously reported for PLGA microparticles.[535] To understand the role of 
BVZ on the generation of this residue, in a separate experiment, BVZ-loaded and blank 
microparticles made with a fast-degrading uncapped PLGA with a molecular weight of 
2 kDa were prepared and monitored for 21 days. This PLGA type was selected because a 
complete PLGA degradation was expected for 21 days. This is important to exclude that 
the residue generation was due to undegraded PLGA matrix. Importantly, BVZ-loaded 
formulations showed an insoluble residue at day 21, whereas no residue was observed 
for the blank formulations (Supplementary Figure S4). This confirms that the presence 
of BVZ into PLGA microparticles triggered the formation of insoluble complexes. In this 
context, an interesting aspect is to analyse whether these BVZ/PLGA interactions are 
established during the formulation process or also after that BVZ has been released (post-
release BVZ adhesion onto PLGA residual particles). To answer this question, a separate 
experiment was performed. BVZ was dissolved in the release medium, incubated with 
blank microparticles, and free BVZ in the supernatant was quantified at day 0 and 7. No 
significant adhesion of BVZ was observed in this experiment. Therefore, the observed 
incomplete release cannot be attributed to post-release BVZ-PLGA interactions, but to 
an actual lack of BVZ release due to protein-polymer interactions that occur during the 
formulation and incubation process.

ELISA/Bradford comparative studies allowed to quantify the active protein (ELISA 
quantification) as a percentage of the total protein released (Bradford quantification, 
Figure 1c, d). These studies showed that the percentage of active protein for the selected 
formulation (namely, S1-PL150) ranged between 26 and 35%, depending on the time 
point under consideration. The partial protein inactivation observed in our study is in line 
with the results of Varshochian et al. who reported a protein inactivation of up to 79% 
during the first 21 days in an in vitro release study.[512] Importantly, the same authors found 
a much higher amount of active protein released in an ex-vivo model. This highlights the 
intrinsic limitations of in vitro release studies and the need to complement in vitro release 
data with other protein activity assays.    
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Figure 1: BVZ release profiles of the formulations prepared in the formulation screening 1. BZV cumulative 
release of all formulations in a) µg and b) % as a function of time. BVZ release profiles according to the Bradford 
assay and ELISA of the formulation S1-PL150. Cumulative release in c) µg and d) % as a function of time. In the 
abbreviations, S1 indicates screening 1, whereas the last 4 characters refer to the name of the surfactant and to 
the concentration used (Table 1).

Effect of the PLGA/BVZ and Tween® 80/BVZ ratios on the 
encapsulation and release of BVZ from PLGA microparticles - 
Formulation screening 2
The aim of the formulation screening 2 was to study the effect of the PLGA/BVZ ratio and 
the Tween® 80/BVZ ratio on the EE and release kinetics when the surfactant is dissolved in 
the primary water phase (w1) (Table 2). In this screening, Tween has been preferred over 
Pluronic because, according to the literature, it has been previously mixed in aqueous 
phases for BVZ micro- and nanoencapsulation, with a beneficial effect on the EE and 
stability.[538,539] Span has been excluded due to its insolubility in water.  
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Table 2: Effect of the PLGA/BVZ and Tween® 80/BVZ ratios on the encapsulation efficiency (EE) and microparticle 
size (formulation screening 2). Different PLGA/BVZ ratios were obtained by varying the volume of the primary 
water phase w1 (fixed BVZ concentration = 25 mg mL-1) and the concentration of capped PLGA (36 kDa) in the 
organic phase (fixed volume = 500 µL), whereas different Tween® 80/PLGA ratios were obtained by varying the 
concentration of Tween® 80 (58 or 116 mg mL-1) in w1. In the abbreviation, S2 indicates screening 2 and PB 
indicates the PLGA/BVZ ratio. For the formulations PB25, a and b indicate that the same PLGA/BVZ ratio was 
achieved using different volumes of w1 and different concentrations of PLGA in the organic phase; whereas 
for the formulations PB7, a and b indicate that the formulations have a different Tween® 80/BVZ ratio. Standard 
deviation values of the average diameter indicate particle size variability within a given batch.

Sample Volume 
w1
(mL)

PLGA concen-
tration 
(mg mL-1)

PLGA/BVZ 
ratio

TW80/BVZ 
ratio 

Average 
diameter 
(µm)

EE 
(%)

S2-PB50 0.1 250 50 2.3 107 ± 57 93 ± 7

S2-PB25a 0.2 250 25 2.3 81 ± 35 82 ± 1

S2-PB25b 0.1 125 25 2.3 39 ± 13 78 ± 8

S2-PB12 0.2 125 12.5 2.3 55 ± 21 75 ± 2

S2-PB7a 0.2 75 7.5 2.3 53 ± 22 62 ± 8

S2-PB7b 0.2 75 7.5 4.6 42 ± 21 85 ± 1

The EE presented values between 62 and 93%, depending on the composition (Table 
2). Overall, the EE increased when the PLGA/BVZ ratio increased. This general trend is in 
agreement with the results reported previously regarding protein delivery from PLGA 
microparticles,[515] and can be explained by the fact that an increase in the PLGA/BVZ ratio 
implies a lower BVZ diffusion from the internal water phase to the external one due to a 
lower BVZ gradient. Moreover, in our study an increase in the PLGA/BVZ ratio was also 
obtained by increasing the PLGA concentration, which causes an increase in the viscosity 
of the organic phase that, in turn, reduces the BVZ diffusion toward the external water 
phase.[515] Furthermore, by increasing the PLGA concentration, bigger particles were 
obtained. This likely caused a decrease in the BVZ leakage due to the relatively lower 
superficial area of bigger particles. 

By comparing the formulations S2-PB7a and S2-PB7b, it can be noted that an increase 
in the TW80/BVZ ratio from 2.3 to 4.6 caused a significant increase in the EE (from 62 to 
85%). This is in line with the findings reported by Narayana et al., who also found higher 
EE by increasing Tween 80 concentration.[538] Overall, the values of EE in the formulations 
of the screening 2 (Table 2) were higher than those found in the formulation screening 
1 (Table 1), likely due to the bigger particle size (40-100 µm vs 1-5 µm) and the milder 
homogenization used in the formulation screening 2. 

All formulations showed a sustained release of BVZ during the first 21 days (cumulative 
release curves in Figure 2 and distributive release curves in Supplementary Figure S5). 
In line with previously reported data on BVZ release from PLGA particles, the release was 
accelerated by decreasing the PLGA/BVZ ratio (from 50 to 7.5) and by decreasing the 
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particle size (from 100 to 40 µm).[508] The formulation S2-PB7b, which had the lowest PLGA/
BVZ ratio and the highest Tween® 80/BVZ ratio, released the highest amount of BVZ at 
day 21 (126 µg, 21%). This result indicates that the decrease in the PLGA/BVZ ratio and 
the increase in the Tween® 80/BVZ ratio had a synergistic effect in boosting BVZ release. 
For this reason, the formulation S2-PB7b was selected for further in vitro cellular studies. 
Remarkably, the percentage of active protein in the total released protein was higher than 
that found in the screening 1, ranging between 50 and 64% depending on the time point 
under consideration. Such difference is likely explained by the milder homogenization 
procedure employed in the screening 2 compared to the screening 1 (vortex at 2200 rpm 
vs Ultra Turrax 11200 rpm), and a more protective role of the higher PLGA concentration 
and of the surfactant in the primary water phase used in the screening 2.

Figure 2: BVZ release profiles of the formulations prepared in formulation screening 2. BZV cumulative 
release of all formulations in a) µg and b) % as a function of time. BVZ release profiles according to the Bradford 
assay and ELISA of the formulation S2-PB12. Cumulative release in c) µg and d) % as a function of time. In the 
abbreviations, S2 indicates formulation screening 2 and PB indicates the PLGA/BVZ ratio (Table 2).

Morphology of BVZ-loaded microparticles
The formulations S1-PL150 and S2-PB7b, selected for the in vitro cellular studies, were 
also visualized by FESEM. The BVZ-loaded microparticles of the formulation S1-PL150 had 
a diameter of about 1 µm and presented a rougher surface and a less spherical shape 
than the blank microparticles prepared using the same method (Figure 3a, b). This result 
indicates that the presence of BVZ affects the particle morphology, likely due to a partial 
BVZ/PLGA phase separation during solvent evaporation which causes dimples on the 
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surface.[508,540] The appearance of the BVZ-loaded microparticles after 21 days of release 
study was very similar to the one of the microparticles at day 0 (Figure 3c), which indicates 
that no visible particle degradation has occurred during that time frame. 

BVZ-loaded microparticles from the formulation S2-PB7b had an average diameter 
of 40 µm, a spherical shape, and a rough and highly porous surface (Figure 3d, e). We 
hypothesize that this high porosity is due to the lower PLGA/BVZ ratio and higher content 
of Tween® 80 used in this formulation compared to the other formulations prepared in the 
formulation screening 2. In line with this, BVZ-loaded microparticles of the formulation 
S2-PB50, which had the highest PLGA/BVZ ratio and the lowest amount of Tween® 80, 
showed a non-porous surface (Figure 3f). The observed particle porosity further supports 
the higher burst release of BVZ from S2-PB7b compared to S2-PB50. 

Figure 3: FESEM images of microparticles. Formulation S1-PL150 (a-c). a) BVZ-loaded microparticles at day 
0, b) blank microparticles at day 0, c) BVZ-loaded microparticles at day 21. BVZ-loaded microparticles of the 
formulation S2-PB7b at day 0 (d-e). f ) BVZ-loaded microparticles of the formulation S2-PB50 at day 0. Scale bar = 
2 µm for all photographs, except for the photograph d whose scale bar = 20 µm. 

In vitro cellular activity
In order to determine the bioactivity of the microencapsulated BVZ, the anti-angiogenic 
activity of the two selected microparticle formulations (namely, S1-PL150 and S2-PB7b) 
was tested on GFP-labelled human umbilical vascular endothelial cells (GFP-HUVECs) 
and human bone marrow-derived mesenchymal stromal cells (hbMSC)-laden fibrin gels 
(Figure 4a). This cellular co-culture has previously been shown to elicit HUVEC-driven 
network formation.[127,336] This process is aided by the presence of hbMSCs that differentiate 
into pericytes and provide support to the forming capillary networks.[248,336] Fibrin gel was 
selected as a cell carrier due to the high reproducibility of its properties and the simple 
casting procedure that facilitates high-throughput studies. Moreover, fibrin gels have 
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previously shown an ability to support endothelial proliferation, cell attachment and 
migration, leading to the formation of capillary-like structures.[336,541–543] As opposed to 2D 
cell culture models, cell encapsulation in a 3D matrix can provide a more physiologically 
relevant environment that is more permissive for angiogenesis to occur.[541] 

Firstly, we identified the active dose range of BVZ (10-100 µg mL-1) at which anti-angiogenic 
effects were initially observed within the cell-laden fibrin droplets (Supplementary Figure 
S6). From there, and considering the BVZ release profile of the selected formulations, we 
deduced that an amount of 10 mg of microparticles/well would be appropriate to study 
the anti-angiogenic capacity of our two selected formulations, as well as their effect on 
cell metabolism over a 7 day culture (Figure 4). The fluorescent images and corresponding 
software-based output images representing the vessels and junctions present in the fibrin 
gel show a clear recession of the HUVEC network in the presence of soluble BVZ (positive 
control) or BVZ-loaded microparticles compared to the BVZ-free controls consisting of 
blank microparticles and fibrin only (Figure 4b). 

The quantitative analysis of these images further supports this observation as it shows 
a statistically significant decrease in the average vessel area (approximately a 1.3-fold 
decrease, Figure 4c), average vessel length (approximately a 2-fold decrease, Figure 
4d) and total number of cellular junctions (approximately a 2-fold decrease, Figure 4e), 
when comparing the results obtained with BVZ versus the BVZ-free controls. Furthermore, 
the anti-angiogenic effect observed for both microparticle formulations confirms that a 
significant percentage of the released BVZ retains its activity. In fact, the effect of soluble 
BVZ that is supplemented to the medium with each media change (a cumulative amount 
of 80 µg BVZ throughout the culture period) does not show any significant variation 
compared to both BVZ-loaded microparticle formulations tested (expected cumulative 
release of active BVZ ≤ 100 µg) in either of the aforementioned vessel analysis outputs. This 
result is in line with previous research that showed the anti-angiogenic effect of released 
BVZ from different micro/nanoparticle studies.[514,533,543] These observations suggest that 
the gradual and sustained release of BVZ from microparticles is an effective strategy to 
achieve a controlled anti-angiogenic effect.

Importantly, despite the significant anti-angiogenic effect elicited by the introduction of 
BVZ in the co-culture system, neither the concentration, nor the way of BVZ supplementation 
(soluble BVZ supplemented to the media or BVZ released from microparticles) appeared 
to have a toxic effect on the established co-culture. Indeed, a constant metabolic activity 
(with values of fluorescence ranging from 8.8 to 10.4) was observed for all experimental 
conditions throughout the 7-day experiment (Figure 4f). This observation is also in line 
with a previous study that employed similar BVZ concentrations (0.1 - 10,000 mg mL-1) and 
showed no detrimental effect on HUVEC cell viability in the BVZ-concentration range used 
throughout the present study.[514]
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Figure 4: Anti-angiogenic effect of BVZ-loaded microparticles on GFP-HUVECs and hbMSCs 3D co-culture 
model. a) Scheme of the in vitro model based on fibrin gel droplets loaded with GFP-HUVECs, hbMSCs and BVZ 
microparticles. b) Fluorescent images of the vascular networks formed by the GFP-HUVECs within the fibrin 
gels after 7 days in culture in the presence of free BVZ (cumulative amount of 80 mg mL-1), two formulations of 
BVZ-loaded and blank microparticles (10 mg of microparticles/well), as well as BVZ-free controls (top panel). 
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The AngioTool output diagrams showing the vessel outlines (red) and the cellular junctions (blue), scale bars = 
250 mm (bottom panel). c) Average vessel area, d) average vessel length and e) number of junctions of vascular 
networks formed in the casted fibrin gels as calculated through the AngioTool software (n = 4-6) * = significant 
difference (p < 0.05). f ) Metabolic activity of the 3D co-culture over a 7-day period, under the same experimental 
conditions (n = 4 – 6) * = significant difference (p < 0.05) (f ). For simplicity, the two tested formulations S1-PL150 
and S2-PB7b are referred to as F1 and F2, respectively. 

3D printing of medical grade collagen biofunctionalized with 
BVZ-loaded microparticles
The cellular studies reported above showed a statistically comparable activity of the 
formulations S1-PL150 and S2-PB7b. Following this observation, the formulation S1-PL150 
was used for further 3D printing studies for two technical reasons. Firstly, microparticles 
of the formulation S1-PL150 are more versatile for 3D printing applications because they 
have a smaller diameter than those of the formulation S2-PB7b (approx. 1 µm vs 40 µm). 
Secondly, formulation S1-PL150 has a faster preparation protocol and easier handling. 

To assess the 3D printability of the microparticle-loaded collagen ink, a filament collapse 
test and a filament fusion test were performed.[306] In these tests, the filaments of the 
microparticle-loaded collagen ink were compared to those of the blank collagen ink 
(control). No filament collapse was observed after printing and over time for any of 
the two inks (i.e., with and without microparticles, Figure 5a, b), suggesting that the 
presence of BVZ-loaded microparticles at a concentration of 4.0 % (w/w) did not affect 
the 3D printability of the collagen ink. The fact that no filament collapse was observed 
even at the highest gap distance of 1.6 cm, suggests that, if needed, an increase of 
particle concentration up to a certain extent could be implemented without expecting 
any detrimental effect on the 3D printability. This would allow, for example, an increase 
in the dose of BVZ/scaffold, if required by the specific application, animal model and 
implantation site in future studies. Results from the filament fusion test showed that for 
the two inks, there was a similar relationship between the infill increase and the filament 
gap closure (Figure 5c). Furthermore, an increase in the infill density (input parameter 
controlled by the used software) from 50 to 90% resulted in a decrease of the line spacing 
in the printed pattern, and a clear filament fusion was observed only when using the 
highest infill value of 90%. For this reason, to ensure an adequate porosity, an infill value 
of 70% was considered the most appropriate for subsequent experiments where grid like 
structures were fabricated (Figure 5d). 

The SEM imaging on cross-sections of 3D printed, chemically cross-linked collagen 
scaffolds containing BVZ-loaded PLGA microparticles showed a uniform distribution of 
the spherical microparticles in the scaffold (Figure 5e, f). SEM images of cross-sections of 
blank 3D printed, chemically cross-linked collagen scaffolds (controls) are shown in the 
Supporting Information (Supplementary Figure S7).
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Figure 5: 3D printing of microparticle-loaded collagen ink and collagen scaffolds. a) 3D printing of a single 
filament of the microparticle-loaded collagen ink and blank collagen ink (control) in b) a filament collapse test 
(scale bar = 4 mm) and c) a filament fusion test (scale bar = 4 mm). Results for the filament fusion test are shown 
for three different infill values, i.e., 50, 70 and 90%. d) 3D printing of multi-layer rectangular cuboids for the 
fabrication of microparticle-loaded collagen scaffolds. e, f ) Cross-sections of microparticle-loaded collagen 
scaffolds after chemical cross-linking and freeze-drying, as visualized by SEM (e, scale bar = 20 µm and f, scale 
bar = 2 µm).

To assess the 3D printability of the microparticle-loaded collagen ink toward the generation 
of clinically relevant shapes, we fabricated meniscus-like structures with the typical 
C-shape and a wedge-like vertical cross-section, as well as human nose- and auricle-like 
structures based on generic models (Figure 6a - c). All 3D printed structures preserved 
high shape fidelity and were stable over time in PBS, without being chemically cross-
linked. Importantly, these structures were 3D printed without a supporting thermoplastic 
frame or a sacrificial material. The bottom-up fabrication was obtained by the progressive 
small increments of subsequent layers without intermediate steps of chemical cross-
linking. Remarkably, with this procedure both nasal and auricle cavities remained hollow 
highlighting the printing stability of the microparticle-loaded collagen ink. 

The successful 3D printing of these complex structures demonstrated that the applicability 
of the ink under study could be potentially extended to different tissues for a broad 
application in tissue engineering. These findings are a valuable effort toward addressing 
the constant clinical need for personalized medicine in tissue engineering which requires 
3D (bio-)printable materials for the fabrication of high-resolution, patient-specific scaffolds. 
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In the last decade, the use of 3D printed collagen inks has been widely reported for tissue 
engineering application, i.e., for cartilage and bone regeneration.[522,544,545] Usually, collagen 
is used alone or blended with other materials to obtain synergetic effects on mechanical 
and biochemical properties. However, most of these studies cover the 3D printing of 
simple 3D structures, usually rectangular cuboids, or cylinders. Only a few recent papers 
demonstrated the possibility to print more complex, hollow structures using collagen-
based inks, without supporting materials.[521,524,546] It is important to mention that these 
studies do not include the ink biofunctionalization through drug-loaded delivery systems, 
i.e., nano- or microparticles which can be a valuable tool for the final in vivo performance 
of the implant. On the other hand, studies that focus on the 3D printing of collagen inks 
functionalized with nano- and micro-sized drug delivery systems are limited to bone 
regeneration only and do not consider the possibility of fabricating complex, hollow 
structures.[547–549] In conclusion, our overview of the data reported in the literature to 
date confirms the novelty of the work described herein, consisting of a combination of 
an anti-angiogenic drug delivery system with a medical grade collagen ink for the 3D 
printing of complex, hollow structures without supporting materials. Future studies will 
investigate the release kinetics of BVZ from microparticle-loaded collagen scaffolds. In 
this context, we can hypothesize that the highly porous structure of the collagen scaffold 
and its interconnected pores are expected to allow the diffusion of the BVZ released from 
the microparticles in vitro. In an in vivo setting, when the scaffold is locally implanted, 
BVZ release kinetics may be affected by additional factors, such as the scaffold infiltration 
by endogenous components i.e., plasma and cells, and the formation of a fibrin clot. 
Remarkably, the studied biomaterial is made of FDA-approved and clinically used 
components, i.e., Avastin® (bevacizumab), medical grade collagen from Geistlich Pharma 
AG and PLGA. This will potentially accelerate the next steps of investigations toward the 
clinical translation of the proposed biomaterial. 
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Figure 6: 3D printing of biomimicking complex structures. Structures resembling the human a) meniscus, 
b) nose and c) auricle, obtained by a multi-layer deposition of BVZ microparticle-loaded collagen ink through a 
“Rokit Invivo 4D2” bioprinter. 3D models based on the STL file (red, left), 3D models showing the printing pattern 
based on the GCode (green, center), and 3D printed structures (white, right) are shown. Scale bar = 1 cm.

CONCLUSIONS
In this study, we achieved the biofunctionalization of a 3D printed, medical grade collagen 
with BVZ-loaded microparticles to target pathological angiogenesis, as that found in the 
articular cartilage and meniscus of OA patients. Our findings are of relevance considering 
the growing interest in the biofunctionalization of tissue engineering constructs by the 
inclusion of growth factors and other biomolecules. Since these signalling molecules 
require a molecule-specific spatiotemporal delivery, the combination of 3D printing 
(spatial control) and drug delivery strategies (temporal control), as explored in this study, 
is an essential tool for the development of novel tissue constructs with high performance. 
Likewise, we are currently investigating a similar approach to distribute microparticles 
loaded with different active factors (pro-angiogenic vs anti-angiogenic) throughout 
meniscus scaffolds to mimic its outer-inner gradient. 
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EXPERIMENTAL SECTION
Materials: Ester-terminated PLGA (capped PLGA) Resomer® RG 502 25G (D,L-
Lactide:Glycolide ratio = 50 : 50, Mn = 6880 Da, Mw = 14700 Da) and Resomer® RG 503 
25G (D,L-Lactide:Glycolide ratio = 50 : 50, Mn = 12100 Da, Mw = 35800 Da) were supplied 
by Evonik. Polyvinyl alcohol (PVA) was purchased by Nippon Gohsei, whereas poloxamer 
184 (Pluronic® L64) and kolliphor® HS 15 were supplied by BASF. Dichloromethane (DCM), 
dimethylsulphoxide (DMSO) and sodium azide were purchased by Scharlau, whereas 
phosphate-buffer saline (PBS) was purchased from Fischer Scientific. The anti-angiogenic 
BVZ (Avastin®) was kindly donated by mAbxience-GH Genhelix. Recombinant human 
VEGF 165 was supplied by Peprotech, goat anti-human IgG horseradish peroxidase (HRP)-
conjugated by Jackson ImmunoResearch and sodium hyaluronate (molecular weight = 
290 kDa) by Bloomage Biotech. Tween® 80 and Tween® 20 were purchased from Merck, and 
2,2’-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS) from Roche. Green fluorescent 
protein-expressing human umbilical vein endothelial cells (GFP-HUVECs) were supplied 
by Angio-Proteomie (USA). Endothelial Growth Medium‐2 (EGM‐2) and Endothelial 
Basal Medium‐2 + SingleQuots were purchased from Lonza (The Netherlands), whereas 
Dulbecco Modified Eagle Medium (DMEM) + GlutaMAX (31966), fetal bovine serum (FBS, 
10% v/v, 10270), penicillin/streptomycin (p/s 1%) and N-2-hydroxyethylpiperazine-N-
2-ethane sulfonic acid (HEPES, 15630080) from Gibco (The Netherlands). Fibrinogen 
(F8630) and thrombin (T4648) were supplied by Sigma-Aldrich, bovine serum albumin 
by Roche, resazurin sodium salt by Alfa Aesar (Germany). Porcine, decellularized medical-
grade collagen composed of collagen type I, type III and elastin, and purified as described 
in the patent Bio-Gide (EP1676592) was donated by Geistlich Pharma AG (Wolhusen, 
Switzerland). All other chemicals were supplied by Sigma-Aldrich.

Experimental design: Firstly, a formulation study was carried out to identify the parameters 
that allow the fabrication of BVZ-loaded microparticles with high encapsulation 
efficiency (EE) and with a BVZ sustained release over the first 21 days. Secondly, two 
selected formulations were tested in vitro in a 3D vascularization model to study the anti-
angiogenic activity of released BVZ and its effect on cellular metabolic activity. Thirdly, we 
studied the effect of microparticles on the 3D printability of a medical grade collagen ink 
and evaluated the feasibility of fabricating complex structures.

Preparation of BVZ-loaded microparticles: Microparticles composed of capped PLGA were 
prepared according to the water-in-oil-in-water double emulsion-solvent evaporation 
method as previously reported,[550] with some modifications. The detailed protocol used in 
the formulation screenings 1 and 2 is reported in Supporting Information. The formulation 
parameters used as variables are reported in Tables 1 and 2. The encapsulation efficiency 
(EE), defined as the percentage of entrapped protein versus total protein, was calculated 
using either a direct method or an indirect method, as reported in Supporting Information.
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In vitro release study: Microparticles were dispersed in PBS (5 mg mL-1) enriched with sodium 
azide and Tween® 20 (further referred to as release medium) and incubated at 37° C under 
mild agitation. At predefined time intervals, microparticles were centrifuged at 4° C for 30 
minutes using a speed of 10000 g (Centrifuge 5430R Eppendorf, formulation screening 1) 
or precipitated by sedimentation (formulation screening 2). Supernatants were taken and 
analysed for protein quantification. The pellets were resuspended in fresh release medium 
and incubated as explained above. The released BVZ at each time point was quantified by 
a Bradford protein assay according to the manufacturer’s protocol. Calibration curves were 
obtained using freshly prepared solutions of BVZ in the release medium, and by reading 
the absorbance at 595 and 466 nm by a Synergy H1 Hybrid Multi-Mode Reader (BioTeck). 
The ratio between the 2 absorbance values was used to build the calibration curve and to 
calculate BVZ concentration in the samples. For selected formulations, the released BVZ 
at different time points was also quantified by an enzyme-linked immunosorbent assay 
(ELISA), according to a protocol reported in the Supporting Information.

Particle size and morphology: Microparticles were visualized by using an Olympus 
IX51 optical microscope, equipped with an Olympus DP72 camera. The samples were 
prepared by placing 10 µL of a particle suspension (5 mg mL-1) on a microscope slide 
and covered by a coverslip. The average particle diameter was determined by measuring 
the circumference of at least 70 microparticles, with an Olympus cellSens standard 1.16 
software according to a 3-point circle identification method. Microparticle morphology 
of selected formulations was studied using Field Emission Scanning Electron Microscopy 
(FESEM). To this end, a volume of 25 µL of a microparticle suspension (5 mg mL-1) was 
deposited on a silicon wafer previously attached on top of a carbon-taped aluminium 
stub. Microspheres were air-dried overnight and then sputter-coated with a 5-nm coating 
of Iridium. Finally, microparticles were visualized using a FESEM microscope (Ultra plus 
FESEM, ZEISS), in a regime of high void.

Cell isolation and culture: GFP-HUVECs were used in co-culture with human bone marrow-
derived mesenchymal stromal cells (hbMSCs) to evaluate the anti-angiogenic effect of 
selected formulations of BVZ-loaded microparticles. hbMSCs were isolated from bone 
marrow aspirates obtained from consenting patients as previously described.[248] The 
procedures to isolate human tissue and cells were approved by the research ethics 
committee of the University Medical Center Utrecht. GFP-HUVECs were cultured in EGM‐2 
medium containing Endothelial Basal Medium‐2 + SingleQuots, 100 U mL-1‐100 μg mL-1 
PenStrep, and 10% heat‐inactivated FBS. HbMSCs were cultured in DMEM + GlutaMAX 
supplemented with FBS (10% v/v) and p/s 1%. All cells were cultured at 37 °C and 5% CO2.

Casting of GFP-HUVECs and hbMSC-laden fibrin gels: GFP-HUVECs and hbMSCs co-cultures 
were embedded in 3D fibrin gel droplets consisting of 6.6 mg mL-1 of fibrinogen and 2 U 
mL-1 of thrombin. GFP-HUVECs were encapsulated at a density of 2.5 x 106 cells mL-1 of gel 
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and hbMSCs were encapsulated at a density of 5 x 106 cells mL-1 of gel.  To this end, the cell 
pellet was suspended in fibrinogen dissolved in saline supplemented with 1% w/v bovine 
serum albumin and 10 mM HEPES. The cell-laden fibrinogen solution was then mixed with 
thrombin dissolved in DMEM supplemented with p/s. Fibrin gel droplets of a volume of 
20 μL were casted directly on the surface of a culture plate and incubated for 20 minutes 
at 37° C to allow complete gelation. The droplets were cultured in EGM-2 medium for 7 
days in the presence of fibrin-encapsulated blank or BVZ-loaded microparticles (10 mg of 
microparticles/60 µL of fibrin gel) or BVZ-supplemented medium (10 mg mL-1) (Figure 4a). 
Medium was refreshed every 2 days. Two formulations of BVZ-loaded microparticles were 
tested, namely S1-PL150 and S2-PB7b, that were selected from the formulation screenings 
1 and 2, respectively.

Evaluation of cell metabolism and anti-angiogenic activity: Metabolic activity of cell-laden 
droplets cultured in the presence of free BVZ, BVZ-loaded, and blank microparticles was 
assessed through a resazurin assay after 1 and 7 days in culture (n = 4 - 6). Cell-laden 
droplets cultured in the presence of free BVZ, BVZ-loaded, and blank microparticles were 
evaluated for their angiogenic capacity after 7 days in culture (n = 4 - 6). Samples were 
fixed in 4% v/v neutral buffered formalin, and fluorescent images of the GFP-HUVEC 
networks were acquired using a Thunder imaging system (Leica Microsystems, Germany). 
The vessel area coverage, average vessel length and junction number were calculated 
using the vessel analysis software AngioTool.[551]

Preparation of the blank and microparticle-loaded collagen ink: A blank collagen ink was 
prepared by dissolving medical-grade collagen in PBS at 12.5 % w/w. The mixture was 
manually stirred with a spatula and the pH was lowered to 3.5 using ortho-phosphoric 
acid 85% to yield a smooth slurry. The slurry was further homogenized using a static mixer 
and finally centrifuged to remove air bubbles. For the preparation of the microparticle-
loaded collagen ink, BVZ-loaded microparticles of a selected formulation, namely S1-
PL150, were dispersed in the exact weight of PBS to obtain a final particle concentration 
of 4% w/w referred to the total slurry. The particle suspension was gently mixed for 10 
seconds, added to the collagen powder, and further homogenized as explained above for 
the blank collagen ink. Before 3D printing, the ink was heated up to 30° C for at least 10 
min. 

Assessment of 3D printability: The 3D printability of the microparticle-loaded collagen ink 
was compared to that of the blank collagen ink in a filament collapse and a filament fusion 
test.[306] For the filament collapse test, a platform with pillars (l × w × h = 2.0 × 2.0 × 4.0 
mm3) placed at known gap distances (1.0, 2.0, 4.0, 8.0, and 16.0 mm) was fabricated using 
a Perfactory Mini digital light projection 3D printer (Envisiontec, Germany) as previously 
reported[306]. Over these gaps, a single gel filament was deposited using a Rokit Invivo 4D2 
bioprinter (Rokit Healthcare Inc., South Korea) equipped with a syringe dispenser and a 
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1.80 firmware. To this aim, the blank or the microparticle-loaded collagen ink was loaded 
into a Luer-Lock glass syringe (10 mL) with an inner diameter of 15.5 mm and extruded 
using a 0.61 mm needle (GA 20), a deposition speed of 4 mm/s, a layer thickness of 0.4 mm 
and a printing temperature of 25° C. In the filament fusion test, three different patterns 
were used, each one corresponding to a specific infill of 50, 70 and 90%. From the GCode 
analysis, it was found that the filament distances for the proposed infill of 50, 70 and 90% 
were 0.60, 0.27 and 0.06 mm, respectively. To perform the fusion test of the blank and the 
microparticle-loaded collagen ink, the same printing parameters of the filament collapse 
test were employed. Top-down pictures were obtained using a Nikon digital camera 
directly after printing, as no apparent deformation was observed at this time point.

Microparticle distribution and 3D printing of anatomically shaped structures: To analyze 
the microparticle distribution throughout the 3D printed collagen scaffolds, rectangular 
cuboids (13 x 13 x 5 mm) with an infill of 70% were fabricated using a Rokit Invivo 4D2 
bioprinter. To this end, either the microparticle-loaded ink, or the blank collagen ink (as 
control), was loaded into a Luer-Lock glass syringe and 3D printed using the printing 
parameters reported in section 2.10. The input print pattern was sliced using a NewCreatorK 
1.57.70 software. To preserve structural stability, the obtained samples were immersed in 
an aqueous solution of NaCl (100 mg mL-1) for 1 h, washed three times in PBS for 2 h, and 
pH-adjusted to 7.4. Subsequently, samples were freeze-dried and chemically crosslinked 
with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide 
(NHS) as described in the patent US2016166737A1. After cross-linking, washing steps in 
phosphate buffer at elevated pH and subsequent flushing steps were applied. Importantly, 
these steps allow the full inactivation of EDC and NHS, and permit to wash out remaining 
degradation products. Finally, samples were freeze-dried, conditioned at 22° C and at 55% 
of relative humidity for 2 h, and sterilized by the company STERIS (Däniken, Switzerland) 
using X-ray irradiation at 22-33 kGy. Slices (thickness = 1 mm) of freeze-dried samples 
were fixed on top of a carbon-taped aluminium stub, sputter-coated with a 5 nm coating 
of Iridium and visualized by a FESEM, as reported in section 2.5 for the visualization of 
microparticles. Finally, to show the feasibility of a clinically relevant printing process, 
complex anatomically shaped structures resembling the human meniscus, nose and 
auricle were printed based on generic models with a 70% infill.

Statistics: Results were reported as mean ± standard error of the mean (S.E.M.). Statistical 
analysis of vessel network characterization and cellular metabolic activity was performed 
using GraphPad Prism 9.0 (GraphPad Software, USA). Comparisons between experimental 
groups were assessed via one- (vessel network characterization) or two-way (metabolic 
activity) ANOVAs, followed by post hoc Bonferroni correction to test differences between 
groups. Normality was checked with a Shapiro-Wilk test. Differences were found to be 
significant when p < 0.05.
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SUPPORTING INFORMATION

Supplementary Figures

Supplementary Figure S1: BVZ release profiles of 7 formulations of the exploratory screening, selected based 
on the values of encapsulation efficiency (EE). Data are reported according to the Bradford assay. 

Supplementary Figure S2: BVZ release profiles of the formulations prepared to study the effect of the capping 
group (composition reported in Table S2). a) Cumulative release (µg) of BVZ over time, and b) cumulative release 
(%) of BVZ over time. Data according to the Bradford assay.
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Supplementary Figure S3: BVZ release profiles according to the Bradford assay of the formulations prepared in 
the formulation screening 1 (composition reported in Table 1). a) Distributive release (µg) of BVZ over time, and 
b) distributive release (%) of BVZ over time.

Supplementary Figure S4: Formulations made with uncapped PLGA with a molecular weight of 2 kDa after 
21 days of incubation. In the blank formulation (left), microparticles are visually completely degraded and 
solubilized, whereas the BVZ-loaded formulation (right) showed the presence of an insoluble residue.

Supplementary Figure S5: BVZ release profiles according to the Bradford assay of the formulations prepared in 
the formulation screening 2 (composition reported in Table 2). a) Distributive release (µg) of BVZ over time, and 
b) distributive release (%) of BVZ over time.
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Supplementary Figure S6: Identification of the active dose range of BVZ in the in vitro model based on a co-
culture of HUVECs and hbMSC. a) Angiotool vessel formation analysis after a 7 day culture of HUVECs-hbMSCs 
laden fibrin gels supplemented with increasing concentrations of free BVZ (0–100 mg mL-1) (scale bars = 250 mm). 
b) Average vessel area, c) average vessel length and d) number of junctions of vascular networks formed in these 
co-cultures (n = 3). * = significant difference (p < 0.05). 

Supplementary Figure S7: Cross-sections of blank collagen scaffolds after chemical cross-linking and freeze-
drying, as visualized by SEM (a, scale bar = 10 µm and b, scale bar = 2 µm).
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Supplementary Tables
Supplementary Table S1: Composition and encapsulation efficiency (EE) of the formulations tested in the 
exploratory screening, preliminary to the formulation screening 1. Surfactants with different hydrophilic-
lipophilic balance (HLB) and chemical structure were dissolved in the organic phase at different concentrations 
(25-150 mg mL-1) to fabricate microparticles made of capped PLGA of two different molecular weights (36 and 
14 kDa). Bevacizumab (BVZ) concentration in the primary water phase was 28.9 mg mL-1 (0.2 mL) and PLGA 
concentration in the organic phase was 50 mg mL-1 (1 mL). Formulations highlighted in bold are those selected 
for further release studies.

PLGA Surfactant Surfactant (mg mL-1) EE (%) Abbreviation

36 kDa

Pluronic® F-68 (HLB=28.0) 25 70 P36K PF68 25

50 57 P36K PF68 50

150 22 P36K PF68 150

Tween® 20 (HLB=16.7) 25 16 P36K TW20 25

50 7 P36K TW20 50

Pluronic® L-64 (HLB=15.0) 25 66 P36K PL64 25

50 48 P36K PL64 50

150 82 P36K PL64 150

Span® 60 (HLB=4.3) 25 88 P36K SP60 25

50 89 P36K SP60 50

14 kDa

Pluronic® F-68 (HLB=28.0) 50 57 P14K PF68 50

Pluronic® L-64 (HLB=15.0) 50 65 P14K PL64 50

Tween® 80 (HLB=15.0) 50 31 P14K TW80 50

150 21 P14K TW80 150

Span® 60 (HLB=4.3) 25 79 P14K SP60 25

50 90 P14K SP60 50

Supplementary Table S2: Formulations prepared to study the effect of the PLGA capping group and molecular 
weight. The concentration of Bevacizumab (BVZ) in the primary water phase was 28.9 mg mL-1 (0.2 mL), the 
concentration of PLGA in the organic phase was 50 mg mL-1 (1 mL), and a single surfactant, i.e., PL64 was used 
in a fixed concentration of 150 mg mL-1 in the organic phase, for all formulations. EE indicates the encapsulation 
efficiency.

Abbreviation PLGA capping group PLGA MW EE (%)

cPLGA 14K capped 14 48 ± 3

uncPLGA 14K uncapped 14 87 ± 4

uncPLGA 8K uncapped 8 87 ± 2
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Supplementary Methods and Results

Preparation of bevacizumab (BVZ)-loaded microparticles
For the fabrication of BVZ-loaded PLGA microparticles (formulation screenings 1 and 
2), capped PLGA (i.e., ester-terminated) was preferred over uncapped PLGA (i.e., acid-
terminated), since the free carboxyl group of the latter induces higher BVZ/PLGA 
interactions and an unsuitable BVZ release kinetics.

Formulation screening 1: Microparticles composed of PLGA (capped, 14 kDa) were 
prepared according to the water-in-oil-in-water double emulsion-solvent evaporation 
method as previously reported,[550] with some modifications. In detail, a primary water 
phase containing BVZ (200 µL) was emulsified into the organic phase (1 mL) containing 
PLGA dissolved in DCM (50 mg mL-1). The primary water phase consisted of BVZ dissolved 
in a buffer (28.9 mg mL-1) as obtained from the supplier, whereas the organic phase was 
a PLGA solution enriched with a surfactant (type and concentration of surfactants are 
reported in Table 1, main manuscript). The first emulsification step was carried out using 
a Digital Sonifier 450 (Branson) at 15% amplitude (approximately equivalent to 15 Watt) 
for 15 seconds, in presence of a cold-water bath. The obtained first emulsion was further 
emulsified into a secondary water phase containing poly (vinyl alcohol) (PVA, 5 mL, 10 
mg mL-1), using an Ultra Turrax T25 Digital (IKA), equipped with a S 25 N – 10 G dispersing 
tool at 11,200 rpm for 30 seconds. The double emulsion was then transferred into a more 
diluted PVA solution (10 mL, 3 mg mL-1) and stirred for 2 h to allow solvent evaporation 
and solidification of the microparticles. Microparticles were washed with milliQ water 
and collected via centrifugation (Optima™ L-100 XP ultracentrifuge equipped with a 
fixed angle 45 Ti rotor, Beckman Coulter). To this aim, microparticles were spun down 
at 30000 g for 30 minutes at 4°C. After the removal of the supernatant, microparticles 
were dispersed in an appropriate medium for the in vitro release study (section 2.4, main 
manuscript.). Alternatively, microparticles were dispersed in milliQ water and freeze-dried 
prior to cellular in vitro studies or 3D printing studies. Blank microparticles were prepared 
according to the same protocol replacing the BVZ solution with PBS. 

Formulation screening 2: Microparticles composed of PLGA (capped, 36 kDa) were 
prepared according to the water-in-oil-in-water double emulsion-solvent evaporation 
method as previously reported,[550] with some modifications. In detail, a primary water 
phase containing BVZ (100 or 200 µL) was emulsified into the organic phase (500 µL) 
containing PLGA dissolved in DCM (75, 125 or 250 mg mL-1). The primary water phase was 
a physical mixture of BVZ (25 mg mL-1) and Tween® 80 (58 or 116 mg mL-1) in phosphate 
buffer saline (PBS, pH 7.4, 25 mM), enriched with small amounts of sodium hyaluronate 
(0.5 mg mL-1) and Kolliphor® HS 15 (2.5 mg mL-1). This mixture was chosen since it has been 
previously found beneficial for antibody delivery when included in the formulation of 
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antibody-loaded nanocapsules developed in our group.[552] The organic phase was a plain 
PLGA solution in DCM. Different PLGA/BVZ ratios were obtained by varying the volume 
of the primary water phase and the concentration of PLGA in the organic phase, whereas 
different Tween® 80/PLGA ratios were obtained by varying the concentration of Tween® 
80 in the primary water phase (Table 2, main manuscript). The first emulsification step 
was carried out using a Digital Sonifier 450 (Branson) at 15% amplitude (approximately 
equivalent to 15 Watt) for 15 s, in presence of a cold-water bath. The obtained first 
emulsion was further emulsified into a secondary water phase containing PVA (5 mL, 10 
mg mL-1), using a vortex at 2200 rpm for 1 min. The double emulsion was then transferred 
into a more diluted PVA solution (33 mL, 3 mg mL-1) and stirred for 2 h to allow solvent 
evaporation and solidification of the microparticles. Microparticles were washed three 
times with milliQ water and collected via centrifugation (Centrifuge 5430R Eppendorf ). 
After each washing step, microparticles were centrifuged for 5 minutes at 4°C using a 
speed of 2000 g for all formulations, except for the formulations S2-PB7a and S2-PB7b 
(Table 2, main manuscript) for which a speed of 5000 g was used. After the removal of the 
supernatant, microparticles were dispersed in milliQ water and freeze-dried prior release 
study, in vitro cellular studies, or 3D printing studies. Blank microparticles were prepared 
according to the same protocol replacing the BVZ solution with PBS. 

Encapsulation efficiency (EE) of BVZ-loaded microparticles
The EE is defined as the percentage of the entrapped protein out of the total protein, and 
it was calculated using a direct method (formulation screening 1) or an indirect method 
(formulation screening 2).

Direct method: Microparticles were completely hydrolysed under basic conditions, 
according to a previously described method by Sah et al.,[553] with some modifications. 
In detail, 500 µL of DMSO was added to 5 mg of microparticles and agitated by vortex 
until clear appearance. Then, the mixture was stirred under an orbital agitation at r.t. for 
1h. Subsequently, 2.5 mL of NaOH 0.05M was added, homogenized by vortex, and left 
under magnetic stirring for 1 hour at r.t. Formulations containing the hydrophobic Span 
60 did not result in clear solutions after the hydrolysis. Therefore, these formulations were 
centrifuged for 30 minutes, at 30000 g, at 4° C (Optima™ L-90K ultracentrifuge, Beckman 
Coulter) to yield a clear supernatant. Aliquots of the clear supernatants were appropriately 
diluted using a mixture of DMSO/NaOH 0.05M (1:5) as diluent and analysed by the 
Bradford protein assay (Bio-Rad Laboratories GmbH), according to the manufacturer’s 
protocol. A solution of DMSO/NaOH 0.05M (1:5) was also used as diluent to obtain an 
8-point calibration curve of BVZ. The absorbance reading was performed using a Synergy 
H1 Hybrid Multi-Mode Reader (BioTeck) set at 595 and 466 nm, and the ratio between 
the 2 absorbance values was used to build the calibration curve and to calculate the BVZ 
concentration in the samples.  
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Indirect method: The amount of BVZ lost in the supernatant during washing was quantified 
via the Bradford protein assay, and the entrapped BVZ was calculated by subtracting the 
lost BVZ from the total protein. To avoid the interference of the supernatant components 
in the protein assay, the supernatant derived from blank microparticles was used to 
appropriately dilute samples and to prepare BVZ solutions for the calibration curve. 
The Bradford protein assay was carried out according to the manufacturer’s protocol. 
The absorbance reading was performed using a Synergy H1 Hybrid Multi-Mode Reader 
(BioTeck) set at 595 and 466 nm, and the ratio between the 2 absorbance values was used 
to build the calibration curve and to calculate the BVZ concentration in the samples.  

Enzyme-linked immunosorbent assay (ELISA)
A high protein-binding capacity polystyrene ELISA plate (ThermoFischer Scientific) was 
coated with 100 μL of a VEGF (Recombinant Human VEGF165) solution at 0.05 μg mL-1 in 
a coating buffer (1.59 mg mL-1 Na2CO3, 2.94 mg mL-1 NaHCO3, and 0.50 mg mL-1 NaN3, pH 
9.6) and incubated overnight at 4 °C. After washing (with Tween® 20 in PBS 0.05% v/v), 
the plate was blocked with 300 μL of a blocking solution (washing buffer supplemented 
with skimmed milk 2% w/v) per well for 2 h at 37° C under orbital stirring at 300 rpm. 
Subsequently, samples and standards were appropriately diluted in the release medium, 
dispensed after plate washing and incubated under orbital stirring at 300 rpm and 37 °C 
for one hour. After washing, 100 μL of the secondary antibody solution (0.08 μg mL-1 of 
goat anti-human IgG HRP-conjugated) was added to the plate and incubated for 1 h at 37 
°C. After a final washing step, 50 μL of substrate (2,2’-Azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid), ABTS) was added to each well and the absorbance at 405 nm was recorded 
during the following 30 minutes by using a Synergy H1 Hybrid Multi-Mode Reader 
(BioTeck). The standard curve was created by processing the data recovered after 30 
minutes, using GraphPad Prism 9 to generate a 4-parameter logistic (4-PL) curve-fit.

Exploratory screening of a single surfactant (preliminary to the formula-
tion screening 1)
Experimental design: The aim of this exploratory screening was to identify the main trends of 
encapsulation efficiency (EE) and release profile as a function of the surfactant hydrophilic-
lipophilic balance (HLB), chemical structure and concentration, when using two different 
molecular weights (36 and 14 kDa) of capped PLGA. To this aim, 16 formulations (n=1) 
were prepared by using 5 different surfactants varying in chemical structure and HLB, 
namely Pluronic® F-68 (HLB = 28.0), Tween® 20 (HLB = 16.7), Pluronic® L-64 (HLB = 15.0), 
Tween® 80 (HLB = 15.0), and Span® 60 (HLB = 4.7) (Table S1). Microparticles were prepared 
as described in section 1 of this document. The surfactant was dissolved in the organic 
phase together with PLGA at concentrations ranging between 25 and 150 mg mL-1, while 
keeping constant the concentration of BVZ (28.9 mg mL-1) and that of PLGA (50 mg mL-1). 
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Effect of a single surfactant on the EE: The values of EE obtained for all formulations are 
reported in Supplementary Table S1. Overall, the values of EE broadly ranged between 7% 
and 90% as a function of the surfactant chemical structure, HLB and concentration in the 
organic phase. For all water-soluble surfactants, i.e., Pluronic® F-68, Tween® 20, Pluronic® 
L-64 and Tween® 80, the EE decreased by increasing the surfactant concentration, except 
for P36K-PL64 150, for which an exceptionally high EE (i.e., 82%) was found when using 
the highest concentration of surfactant (150 mg mL-1). This trend can be likely explained 
by the fact that the use of a higher amount of surfactant causes its higher diffusion 
toward the external water phase, which may drive a higher premature leaching of BVZ. 
On the contrary, when using the lipophilic Span® 60, the high values of EE (79-90%) can 
be explained by the lack of surfactant diffusion and by its greater capacity of stabilizing 
water-in-oil-interfaces. A more detailed discussion about the effect of the surfactant HLB 
on the EE is reported in the manuscript. Comparing formulations made with the same type 
and concentration of surfactant and two different molecular weights of capped PLGA (14 
and 36 kDa), it can be noted that the EE values were not significantly affected by the PLGA 
molecular weight, except in the cases where 50 mg/mL of Pluronic® L-64 or 25 mg mL-1 of 
Span® 60 were used. In these two cases, the decrease of PLGA molecular weight caused 
an increase of EE when using Pluronic® L-64 and a decrease of EE when using Span® 60. 
For each surfactant and each PLGA molecular weight, the formulation with the highest 
value of EE was selected for further release studies (formulations highlighted in bold in 
Supplementary Table S1). In the cases where comparable values of EE were obtained, 
the formulation with the lowest concentration of surfactant was preferred. Formulations 
containing Tween®20 were excluded because of the very low values of EE (< 20%).

Effect of a single surfactant on the release kinetics of BVZ: The release profile of BVZ varied 
as a function of surfactant HLB, chemical structure and concentration in the organic 
phase (Supplementary Figure S1). Formulations made of poloxamers (Pluronic® F-68 
and Pluronic® L-64) showed a release kinetics characterized by an initial burst release 
phase during the first 3 days followed by a slower release until day 21. Compared to 
other surfactants tested in this study, formulations made of poloxamers showed the 
lowest percentage of BVZ released at day 0 (0.4-3.2%) and the lowest total percentage 
of BVZ released until day 21 (8.9-19.6%). The amount of total BVZ released increased by 
increasing the amount of surfactant, likely due to a higher surfactant diffusion toward 
the external water phase. Although Pluronic® L-64 and Tween® 80 share the same HLB, 
formulations made of these two surfactants significantly differ in terms of BVZ release 
kinetics. Indeed, the formulation made of Tween® 80 showed a much higher burst release 
percentage at day 0 (17.7% vs 1.0%) and a much higher total percentage of BVZ released 
at day 21 (35.8% vs 8.9%) compared to the formulation made with the same amount of 
Pluronic® L-64 and the same PLGA molecular weight (14 kDa). This highlights that the HLB 
is not the only parameter affecting the release kinetics but also the surfactant chemical 
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structure plays a major role, likely because it dictates different chemical interactions that 
the surfactant can establish with BVZ and PLGA. 

Formulations made of Span® 60 showed the highest percentage of BVZ released at day 0 
(13.4-25.4%) and the highest percentage of total BVZ released until day 21 (33.8-42.8%) 
of this study. For all formulations made with Span 60, the burst release increased by 
increasing the surfactant concentration. Moreover, after the high burst release phase a 
much flatter plateau was observed compared to the other formulations of this study. This 
highlights a better capacity of water-soluble surfactants to support a sustained release of 
BVZ from PLGA microparticles. 

Selection of formulations for the formulation screening 1: This exploratory screening (n = 1) 
allowed the selection of 5 formulations for the formulation screening 1 (n = 3), based on the 
results on EE and release profile. For each surfactant, the formulation with the best release 
profile (the highest percentage of BVZ released over the first 21 days) was selected among 
those having the highest EE values. Following this criterion, the selected formulations 
resulted those made using 50 mg mL-1 of surfactant, except for the formulation containing 
Pluronic® L-64, which contained 150 mg mL-1 of surfactant. Only for the formulation made 
of Tween® 80, two different surfactant concentrations were selected (i.e., 25 and 50 mg 
mL-1) to study in triplicate the effect of surfactant concentration. For a fear comparison, 
all formulations of the formulation screening 1 were prepared by using PLGA with a 
molecular weight of 14 kDa. 

Effect of the capping group on the EE and release profile of BVZ
Materials: Acid-terminated PLGA Resomer® RG 502 H 25G (D,L-Lactide:Glycolide ratio = 
50:50, Mn = 6320 Da, Mw = 14100 Da) was supplied by Evonik, whereas acid-terminated 
PLGA AP081 (D,L-Lactide:Glycolide ratio = 50:50, Mn = 5112 Da, Mw = 7760 Da) was 
purchased from PolySciTech®. Particles were prepared as described in section 1.1 of this 
document, except for the fact that particles were isolated by centrifugation at 49000 g for 
30 minutes at 4°C. EE was calculated as described in section 2.1 of this document. In vitro 
release study was carried out as described the main manuscript.

5.2. Effect of PLGA capping group and molecular weight: The values of EE of the formulations 
made with uncapped PLGA were much higher than those found when using capped PLGA 
(87% vs 48%) and no difference was observed between the two molecular weights used 
(Table S2). The higher encapsulation of BVZ when using uncapped PLGA compared to 
capped PLGA can be attributed to the establishment of electrostatic interactions between 
the positively charged BVZ (isoelectric point 8.3) and the negatively charged carboxyl end 
groups of uncapped PLGA. This is in accordance with previously reported studies where 
the EE of BVZ when using uncapped PLGA was higher than 80%.[512,513,532,533] Unfortunately, 
formulations made with uncapped PLGA showed a burst release of BVZ during the 
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first two days, followed by virtually no release up to day 21. Burst release increased by 
decreasing PLGA molecular weight (percentage of BVZ released by day 2 was 7% and 16%, 
when using PLGA with a molecular weight of 14 kDa and 8 kDa, respectively). This is in line 
with previous literature, and it is explained by the higher hydrophilicity of lower molecular 
weight PLGA, which causes a higher water uptake and burst release of hydrophilic drugs.
[554,555] By comparing formulations made with capped and uncapped PLGA of the same 
molecular weight (cPLGA 14K and uncPLGA 14K), a beneficial effect of the capping group 
on the release kinetics of BVZ can be observed. In fact, formulations made with capped 
PLGA released BVZ in a faster and more sustained manner. The absence of a sustained 
release observed for the formulations made with uncapped PLGA can be explained by 
the establishment of strong electrostatic interactions between the positively charged BVZ 
and negatively charged end groups of PLGA. This makes these formulations not suitable 
for our purpose and therefore, formulations made with uncapped PLGA were no further 
investigated. 
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ABSTRACT
Conventional additive manufacturing and biofabrication techniques are unable to edit the 
chemico-physical properties of the printed object post-printing. Herein, a new approach 
is presented, leveraging light-based volumetric printing as a tool to spatially pattern any 
biomolecule of interest in custom-designed geometries even across large, centimeter-
scale hydrogels. As biomaterial platform, a gelatin norbornene resin is developed with 
tunable mechanical properties suitable for tissue engineering applications. The resin can 
be volumetrically printed within seconds at high resolution (23.68 ± 10.75 µm). Thiol-ene 
click chemistry allows on-demand photografting of thiolated compounds post-printing, 
from small to large (bio)molecules (i.e., fluorescent dyes or growth factors). These molecules 
are covalently attached into printed structures using volumetric light projections, forming 
3D geometries with high spatiotemporal control and ~50 µm resolution. As a proof-of-
concept, vascular endothelial growth factor is locally photografted into a bioprinted 
construct and demonstrated region-dependent enhanced adhesion and network 
formation of endothelial cells. This technology paves the way towards the precise 
spatiotemporal biofunctionalization and modification of the chemical composition 
of (bio)printed constructs to better guide cell behavior, build bioactive cues gradients. 
Moreover, it opens future possibilities for 4D printing to mimic the dynamic changes in 
morphogens presentation natively experienced in biological tissues.

Keywords: volumetric additive manufacturing; biofabrication; photopatterning; light-
based printing; 4D printing
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INTRODUCTION
Three-dimensional (3D) printing technologies have rapidly become fundamental tools 
for biomedical research and personalized implant generation. These technologies 
have exceptional ability to generate biomaterials-based constructs with customized 
architecture and precise spatial patterning of different biocompatible materials and living 
cells (i.e., via biofabrication technologies including bioprinting).[556,557] Key applications 
of biofabricated structures that mimic salient features of native tissues include patient-
specific in vitro models for drug discovery, and implantable constructs for regenerative 
medicine.[558]

A main limitation of current bioprinting technologies is the lack of control over the 
temporal evolution of the printed structures. In fact, the physico-chemical properties 
of printed objects cannot be edited with precise spatiotemporal control after printing. 
Geometrical changes in various polymers and hydrogel-based 3D structures have so far 
been achieved using stimuli-responsive materials and shape memory polymers as building 
blocks. These approaches have often been defined as four-dimensional (4D) printing, 
with time being the fourth dimension.[559] Typically, these strategies include the induction 
of predictable and desired changes in stiffness, architecture, or size of constructs post-
printing upon exposure to heat,[560] ions,[561] ultrasounds,[562] or electromagnetic fields.[563] 
These geometrical changes are especially useful in the field of soft robotics,[564] and to 
mechanically stimulate cells during tissue culture.[565] On the other hand, time-dependent, 
on-demand modifications of the biochemical properties of the printed structure remain 
particularly challenging. Precise spatial control over the biochemical composition of 
a construct would allow for the gradual presentation of different growth factors and 
morphogens into local cell environments, thus enabling local control of (stem) cell fate, 
mimicking environmental changes naturally occurring during developmental, healing, 
and degenerative processes. In the field of 3D printed hydrogel for tissue engineering 
applications, capturing the physico-chemical composition of the native extracellular 
matrix (ECM) remains an important objective. In fact, tissue ECM displays unique region-
dependent mechanical properties, and it also acts as a depot of biologically active 
biochemical signals. These are both in the form of peptide sequences embedded in the 
ECM polymeric backbone, as well as through the release and presentation of growth factors 
tethered to specific domains in ECM proteins and glycans. Several elegant hydrogel-based 
systems have been designed to be readily functionalized with such bioactive sequences 
during their preparation. Often, these systems result in the isotropic distribution of 
bioactive cues that are effective in steering cell behavior.[566,567] Alternatively, post-curing 
in photopolymers can be leveraged to graft molecules of interest onto pre-fabricated 
structures, homogenously in specific regions in which the still reactive material is present, 
as shown for example in studies processing non-hydrogel materials.[568,569]
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To date, spatio-selective chemical grafting of bioactive molecules has been typically 
performed in tissue cultures exploiting the contactless nature of light-based fabrication 
technologies, for example with lithographic techniques,[156,570,571] which permit projections 
of 2D patterns, and via multiphoton lithography.[572,573] The latter, albeit showing 
exceptionally high resolution (< 1 µm), is limited by the working distance of the objective 
used in the device, which rarely exceeds 1 mm, thus preventing photochemical editing of 
larger objects.  

In the present study, we introduce a new visible light-mediated technology to precisely 
imprint volumetric 3D patterns of fluorescent moieties and biological molecules within 
cubic centimeter-scale hydrogels, leveraging the potential of tomographic printing. This 
approach enables the generation of geometrically defined patterns of biologically active 
species for directing cell behavior, which can be introduced arbitrarily at any time point 
after hydrogel crosslinking and printing. 

Previously, our group demonstrated the possibility to produce complex, hydrogel-based 
cell-free or cell-laden constructs of clinically relevant size in mere seconds, via Volumetric 
Bioprinting (VBP).[127] This novel light-based printing method, inspired by computed 
tomography, generates whole objects in a layer-less fashion (as opposed to conventional 
layer-by-layer 3D printing).[127,224,225] This permits high-speed printing, while still achieving 
printing resolution in the range of ≈40-50 µm, even when printing in the presence of 
cells and complex cellular aggregates like organoids.[286] In Volumetric Printing (VP), also 
called Volumetric Additive Manufacturing (VAM), a digital micromirror device shapes 
(visible) light into filtered back projections of the object to be printed, as instructed by a 
tomographic reconstruction algorithm. The projections are sent to a rotating volume of 
a photoresponsive material at specific angles, and the resulting light dose accumulation 
allows for selective crosslinking of the resin into the desired 3D object. While this concept 
has been so far applied for photocrosslinking and 3D printing, volumetric printing can be 
more broadly envisioned as a technique to spatially confine any light-triggered chemical 
reaction. In addition, as long as the printing resin is sufficiently transparent to the desired 
wavelength, the photoreaction could be conducted at any point in time post-manufacture 
of a given object, in a non-invasive and biocompatible manner.

To demonstrate this concept, in this study, we selected gelatin as a base material due 
to its known biocompatibility and possibility to source it with low endotoxin content, 
which makes it potentially translatable for medical and pharmaceutical use.[574] Moreover, 
gelatin allows for a broad array of chemical modifications, to accurately modulate its 
degradation profile and mechanical properties.[160,575] As a platform material, we prepared 
and characterized a thiol-ene photocrosslinkable norbornene-modified gelatin (gelNOR), 
which enables the generation of covalent hydrogel structures displaying complex 
geometries via volumetric printing. Thiol-ene click chemistry has gained increasing 



243 

Spatial-Selective Volumetric 4D Printing and Single-Photon Grafting of Biomolecules

9

attention in the field of 3D printing and tissue engineering, as it yields hydrogels with 
highly homogenous network composition and mesh size. As the thiol-ene reaction 
progresses via a step-growth mechanism, the physical characteristics of the network can 
be reproducibly controlled by selecting the thiol-bearing crosslinker (length, molecular 
weight, number of reactive groups), network density, Degree of Functionalization (DoF) 
and the thiol-to-norbornene ratio.[195] Given the accurate control over the crosslinking 
kinetics and reaction termination upon removal of light irradiation, it is also readily 
possible to contextually control the amount of unreacted norbornene groups, which 
remain available for secondary reactions (i.e., in this case, photografting) even after 
network percolation. Next, we subjected the volumetrically printed object to a second 
volumetric printing step in the presence of desired thiolated biomolecules of interest, a 
precise chemical editing can be performed locally at any point in time, decorating the 
hydrogel construct with 3D convoluted photopatterns (Figure 1). To ensure high spatial 
resolution during the photografting process, the interaction between tomographic light 
dose, initiator concentration and inhibiting antioxidant compounds was thoroughly 
characterized. As a proof-of-concept of biological functionality, a hydrogel chip with 
a perfusable channel was produced and assessed for cell adhesion, spatio-selective 
proliferation and promoted self-assembly of endothelial cells seeded within the channel, 
in response to volumetrically grafted patterns of vascular endothelial growth factor 
(VEGF), a key chemokine in angiogenesis. Overall, this novel approach paves the way 
towards the production of future tissue culture scaffolds and biofabricated constructs that 
can be gradually modified to match the evolving, dynamic requirements of cells during 
tissue culture and maturation, thus offering a new toolbox towards the engineering of 
functional living tissues.
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Figure 1: Overview of gelNOR synthesis and crosslinking reaction, and volumetric photografting process. 
A) Synthesis of gelNOR with addition of carbic anhydride at multiple timepoints. B) Schematic representation 
of the crosslinking mechanism of gelNOR with a dithiolated crosslinker, showing the two crosslinkers used in 
this study, DTT and DEG. C) Schematic representation of the volumetric photografting technique including 
volumetric printing, the infusion strategy with a thiolated compounds, and a second volumetric projection step 
for volumetric photografting of these compounds into complex structures within a gelNOR construct using 
covalent thiol-ene chemistry.

RESULTS AND DISCUSSION
As a starting point, gelNOR was selected as it satisfies multiple requirements, namely: 
i) the compatibility with light-based 3D printing processes, to provide architectural 
control over 3D printed scaffolds of an arbitrary geometry, ii) the printing of structures 
with tunable mechanical properties across a broad range of stiffness relevant for tissue 
culture, via screening different di-thiolated molecules, and iii) the ability to be used for 
photografting of any molecule bearing a free thiol group, such as those found in cysteine 
residues in native proteins. First, we screened an array of hydrogel formulations by 
varying crosslinker length and thiol-ene ratio, while keeping a constant 5 w/v% gelNOR 
concentration with 80% degree of norbornene functionalization, to maximize the amount 
of norbornene groups (Supplementary Figure S1). In addition, a relatively high degree of 
functionalization maximizes the number of reactive groups available for post-crosslinking 
during the volumetric photografting process. We thoroughly characterized a broad 
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library of hydrogel formulations with tunable mechanical properties, by introducing 
two crosslinkers displaying different length: dithiothreitol (DTT) and a dithiolated 
diethyleneglycol (DEG), at different thiol-to-norbornene ratios (Figure 2). To evaluate the 
general trend in the crosslinking kinetics of these hydrogel formulations, photorheology 
was performed (Figure 2A). We noticed that for all formulations crosslinking of the 
hydrogels start immediately upon the moment of light exposure and progresses with 
similar kinetics. This suggests that, in the range tested herein, the crosslinker length does 
not significantly influence the crosslinking kinetics of the hydrogel, which is in line with 
previous research.[576] However, varying the thiol-to-norbornene ratio, provided a clear 
difference in crosslinking kinetics between the samples, with 1:1 thiol-to-norbornene 
ratio yielding the fastest crosslinking kinetics (under 12 seconds to reach 80% of complete 
crosslinking). For hydrogels with a 4:5 thiol-ene ratio the crosslinking was achieved in 
under 24 seconds and for the 3:5 thiol-ene ratio crosslinking was achieved in under 36 
seconds. The step-growth mechanism of gelNOR is known to provide rapid crosslinking, 
resulting from ring strain relief, especially when compared with hydrogels formed with a 
chain-growth mechanism, like gelMA.[291,576] Consequently, this allows to control the mesh 
size of the formed hydrogel network without greatly affecting the reaction kinetics, by 
changing the length of the crosslinker while maintaining constant the thiol-ene ratio. The 
soluble fraction (sol-fraction), which represents the amount of uncrosslinked polymer 
that washes out of the hydrogel network, of varying gelNOR formulations showed no 
significant difference for different crosslinkers or thiol-to-norbornene ratios (Figure 2B). 
Hydrogels formed with DTT as crosslinker displayed a sol-fraction of 12.58 ± 4.95%, 10.76 
± 4.03%, and 6.04 ± 2.39% for thiol-ene ratios 1:1, 4:5, and 3:5, respectively. Hydrogels 
formed with DEG as crosslinker provided a sol-fraction of 9.94 ± 4.04%, 7.00 ± 2.05%, and 
4.78 ± 3.78% for the thiol-ene ratios 1:1, 4:5, and 3:5, respectively. All these measurements 
showed no significant difference. Dynamic mechanical analysis (DMA) was performed to 
determine the compressive modulus of the different hydrogel formulations (Figure 2C). 
Notably, a significant decrease in stiffness was observed as the thiol-to-norbornene ratios 
decreased in DTT samples (6.30 ± 0.29 kPa, 4.94 ± 0.70 kPa, and 3.53 ± 0.79 kPa for the 
thiol-ene ratios 1:1, 4:5, and 3:5) and between the 1:1 thiol-ene ratio (5.26 ± 0.13 kPa) the 
4:5 ratio (3.62 ± 0.12 kPa), and the 3:5 ratio (2.52 ± 0.08 kPa) for DEG crosslinked samples. 
This was to be expected since a 1:1 thiol-ene ratio would provide a maximal crosslinking of 
the polymer network and thus the stiffest gels, while at 4:5 and 3:5, thiol-ene ratios there 
is an excess of norbornene groups that do not participate in the network. As for the effect 
of crosslinker length on the compressive properties of the hydrogels, a significant increase 
in stiffness (1.36-fold) was observed in DTT samples compared to DEG at the 4:5 thiol-
to-norbornene ratio. This mechanical versatility supports previously data shown for this 
bioresin and demonstrates that the mechanical properties of gelNOR hydrogels can be 
easily tailored to specific needs by adjusting either the thiol-ene ratio, and/or the length of 
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the thiol crosslinker.[291,576,577] Considering the wide range of biomechanical requirements 
for culturing cells from different native tissues and organs, the mechanical versatility 
exhibited by gelNOR is of great interest to create stable, mechanically competent scaffolds 
for different tissue engineering applications.[578] In terms of the stress relaxation response 
of the materials, all the formulations showed a predominantly elastic behavior, in line with 
the characteristics of covalent hydrogels, with minimal relaxation, and high retention of the 
peak stress upon application of a constant strain (Figure 2D, Supplementary Figure S2). 
The swelling ratio of the hydrogel formulations differed significantly, both for crosslinker 
length and thiol-to-norbornene ratio (Figure 2E). The swelling ratios for the hydrogels 
with DTT as crosslinker were 14.47 ± 0.62, 16.84 ± 0.42, and 20.18 ± 1.07 for thiol-ene 
ratios 1:1, 4:5, 3:5, respectively. For the hydrogels with DEG as crosslinker we measured the 
swelling ratio to be 17.71 ± 1.28, 19.66 ± 0.33, and 23.02 ± 0.87 for the thiol-ene ratios 1:1, 
4:5, and 3:5, respectively. These results show that the hydrogels with a 1:1 thiol-ene ratio 
have a significant difference with varying crosslinker length, where the longer DEG has a 
higher swelling ratio than the shorter DTT crosslinker, probably also because DEG has a 
more hydrophilic profile than DTT. Furthermore, the measurement showed a significant 
difference in varying thiol-ene ratios for the formulations with DTT as crosslinker, where 
we see that the lower the crosslinker density, the higher the swelling ratio. This indicates 
the higher crosslinking density to be effectively formed for the 1:1 thiol-ene ratio, as 
compared to the other thiol-ene ratios. To confirm that the tunability of mechanical and 
physical properties of the hydrogels did not hinder sample stability over time, the rate 
of degradation of the different gelNOR formulations was evaluated in the presence of 
low collagenase concentrations (Figure 2F). The results of this accelerated degradation 
test, showed that all hydrogel formulations could be completely enzymatically degraded 
with a similar kinetics in a 60-minute timeframe, therefore suggesting the potential for 
cultured cells to remodel the gelatin matrix. 
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Figure 2: Mechanical and physical characterization of 5 w/v% gelNOR bioresins using different crosslinkers 
(DTT or DEG) at varying thiol-ene ratios (1:1, 4:5, or 3:5) keeping the LAP concentration consistent at 0.1 
w/v%, showing A) Photorheological time sweep measurements displaying the crosslinking kinetics (n = 3). B) 
Soluble fraction of different gelNOR formulations (n = 5). C) Compressive Young’s modulus (n = 3). D) Stress-
relaxation evolution graphs (n =). E) Swelling behavior (n = 5). F) Material degradation in collagenase solution at 
37°C (n = 3). * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

Next, having available this set of photoresponsive hydrogels, the potential for shaping 
them into complex architectures through volumetric printing was investigated. For this, the 
formulation yielding 1:1 thiol-norbornene ratio and DTT as a crosslinker was used, as it was 
the one showing the highest mechanical stability and stiffness, thus allowing to maximize 
the ease of handling during printing and photografting. Light-based biofabrication 
technologies, such as stereolithography,[579] digital light projection printing,[331] and 
multiphoton lithography,[580] enable printing at higher resolution (nanometers to tens of 
micrometers)[121] and superior freedom of design compared to extrusion printing. In fact, 
being nozzle-free, light-based techniques sculpt photoresponsive materials, enabling 
the production of convoluted geometries recurrent in biological tissues (i.e., templates 
of vascular networks) that cannot be readily produced with conventional extrusion 
techniques. With the recent introduction of volumetric printing, such complex geometries 
can now also be produced with a resolution in the range of few tens of micrometers, 
while printing centimeter-sized objects in less than 20 seconds (Figure 3). To date, this 
technology has been applied to produce architecturally complex objects made of light-
sensitive hydrogels,[127,286,291] polymeric acrylic and thiol-ene resins,[225,453] elastomers,[412] 
nanoparticle-laden materials,[421] and glass.[581] In this study, we successfully achieved high 
printing resolutions with the selected gelNOR formulation of 23.68 ± 10.75 µm for positive 
features (i.e., spikes), and of 176.01 ± 36.34 µm, printing open, perfusable channels within 
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a soft hydrogel matrix (Figure 3A, B). These findings show the highest printing resolution 
of positive features to date, and complement the high-speed, high-resolution printing 
of gelatin norbornene materials previously reported using this printing technique.[291] 
Based on these printing conditions, more complex scaffolds were accurately resolved, 
from a mathematically derived gyroidal structure to torus knot shaped channels (Figure 
3D, 3E). These highly convoluted structures were printed in less than 15 seconds, further 
underlining the ability of volumetric printing and of the gelNOR bioresin to rapidly and 
consistently produce architecturally complex, porous 3D structures. Printing accuracy was 
shown to be extremely high for both positive and negative feature constructs showing no 
significant difference in volume between the digital model and the printed object itself 
(gyroid: 69.40 mm3 model vs. 71.95 ± 2.11 mm3 print; torus knot channels: 154.73 mm3 
model vs. 169.85 ± 13.34 mm3 print) (Figure 3F). 

Figure 3. Volumetric printing resolution and accuracy using gelNOR bioresins. Stereomicroscopy images of 
A) positive and B) fully perfusable negative features achieved with the 1:1 DTT gelNOR formulation (scale bars = 1 
mm; zoomed scale bar = 250 µm), and C) quantification of this maximum resolution (n = 3 independent samples, 
n = 10 technical replicates). Light-sheet 3D images of D) mathematically derived gyroid structure printed with 
gelNOR and E) hollow torus knot channel fabricated via VP using the 1:1 DTT gelNOR formulation (scale bars = 
1 mm). F) Volume comparison between original STL file and the printed construct of the gyroid and torus knot 
structures (n = 3). **** = p < 0.0001.

Building on the high-resolution printability of the gelNOR resin, we then investigated the 
potential to functionalize the printed constructs by covalently crosslinking single thiol-
bearing molecules on the gelatin backbone in a spatioselective fashion across centimeter-
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scale objects. During the volumetric printing process of hydrogels, light irradiation is on 
purpose prematurely stopped to avoid crosslinking of out-of-target regions of the build 
volume, which could lead to printing artefacts. Consequently, the hydrogel reaches 
enough network percolation to be considered stable, however the maximum crosslinking 
density is not achieved, and if necessary, can be reached only with a post curing process.
[127,286] This feature is especially desirable for enabling secondary reactions post-printing, 
such is the case of photografting onto still available norbornene groups.  As a first step, we 
thoroughly characterized the photografting process and how to modulate its accuracy, 
taking advantage of both the tomographic printing principle and the reactivity of the 
photoresin with thiols (Figure 4). For this purpose, we selected as a model molecule a 
fluorescent Cy3 tagged polyethylene glycol (PEG) chain functionalized with a single thiol 
moiety, which could be easily visualized and analyzed to determine photografting 
accuracy and intensity and exhibited stable fluorescence levels over time (Cy3-PEG-SH; 5 
kDa; Supplementary Figure S3). As first step, it was first confirmed that the Cy3-PEG-SH 
compound could be covalently bound to the gelNOR network. To assess this, gelNOR 
cylinders were infused with the grafting cocktail (containing Cy3-PEG-SH and LAP as 
photoinitiator) and were either irradiated with light from the volumetric printer (2000 mJ/
cm2), or left in the dark. As shown by fluorescence imaging, the photoexposed samples 
retained a stable level of fluorescence intensity over multiple days of incubation in PBS. 
Conversely, the Cy3-PEG-SH rapidly diminished over time in non-photoexposed samples 
(Figure 4A). A quantitative assessment of the fluorescence measured in the PBS used to 
wash the hydrogels further corroborated this observation, displaying 6-fold higher 
fluorescence signal in the eluates from the non-illuminated controls already after 1 day of 
incubation, showing a rapid release of the PEG probe as opposed to a stable incorporation 
facilitated by the volumetric printer (Supplementary Figure S4). Furthermore, 
quantitative analysis of the grafted and non-grafted samples demonstrated that for the 
grafting conditions selected in this experiment, the tethered mono-thiolated Cy3-PEG-SH 
was found to be in the range of 30.92 ± 2.06 µM concentration, and samples infused in the 
grafting cocktail but not photografted, showed non-detectable dye 
concentrations. (Supplementary Figure S5). Next, in order to ensure spatial control over 
the 3D patterns imparted during volumetric photografting, a thorough characterization 
of the reaction was performed. During the tomographic printing process, in fact, it is 
important to keep in mind that the whole hydrogel volume is exposed to light, by 
delivering an anisotropic, 3D dose distribution. With the aim to correctly confine the 
photografting reaction within the desired region dictated by the STL file, an optimal 
process would show high grafting specificity, which is a parameter measuring the contrast 
between in-target binding and off-target binding. As testing platform, gelNOR cylinders 
previously infused with a grafting cocktail were exposed to a series of disc-shaped 
tomographic projections using the volumetric printing set up and delivering to each disk 
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a different light dose (750–2000 mJ/cm2), to screen grafting specificity, intensity, and 
degree of off-target grafting (Figure 4B, Supplementary Figure S6). It was initially 
observed that by simply adjusting the light dose delivered to the printed construct (750-
2000 mJ/cm2) and photoinitiator concentration (0.6–1.0% w/v), covalent photografting 
could be achieved, but the Cy3 dye was detected at nearly equal amounts everywhere 
across the light path traversing the hydrogel with low spatial specificity, likely due to the 
high reactivity of the gelNOR system (Supplementary Figure S7). We therefore 
hypothesized that slowing down the reaction kinetics by adding a free-radical inhibitor to 
the grafting cocktail, could help minimize unwanted off-target events. In this study, we 
chose (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO) as inhibiting compound, since 
it has been previously used to enhance resolution in volumetric printing in combination 
with norbornene-based, non-hydrogel resins.[453] At relatively high concentrations, TEMPO 
can act as a pro-oxidant and elicit cytotoxicity on bacterial and mammalian cells,[582] 
however, this compound has been also proven to induce a protective effect for cells from 
oxidation-induced cell death,[583] and to act as a ROS scavenger,[584] when used in the safe 
concentration range also tested in our study (0.006 - 0.01 w/v%).[582,585] At the lower average 
light dose tested (750–1250 mJ/cm2), regardless of the TEMPO concentration, low 
specificity ratios were still observed (0.804 ± 0.05 - 1.825 ± 0.08) and correlated with low 
grafting overall (both in- and off-target, Figure 4C - E, Supplementary Figure S8), the 
latter being indicative of limited reaction efficiency, in line with the inhibiting action of 
TEMPO. At higher light doses, instead, sufficient free radicals can be generated within the 
region of interest in the hydrogel, resulting in an improved contrast over the surrounding 
regions, which instead receive a lower dose as programmed by the tomographic algorithm 
and are therefore more affected by the presence of TEMPO (Figure 4F - H, Supplementary 
Figure S8). Specifically, for the highest tested light dose (2000 mJ/cm2) and using the 
formulation consisting of 1.0% w/v LAP and 0.008% w/v TEMPO, grafting specificity of 
2.388 ± 0.06 (2.1-fold higher than what was found without TEMPO) could be achieved, 
while also showing the highest in-target fluorescence intensity (4.473 ± 0.11 times higher 
than the background), and a low off-target intensity of 1.568 ± 0.26 (with 1 being the 
value of the native autofluorescence of the hydrogel). Altogether these measurements 
showed the grafting cocktail consisting of 1.0% w/v LAP and 0.008% w/v TEMPO allows for 
the most specific photografting to be achieved, while exhibiting dose-dependent 
intensity changes and greatly reducing off-target grafting. Having optimized the grafting 
cocktail to achieve highly specific spatial patterning of our fluorescent molecule, we 
explored the potential to photograft more complex architectures, and assessed the effect 
of light dose grafting specificity of the Cy3-PEG-SH compound. To assess this, a tubular 
spiral was grafted surrounding a central channel within a printed cylinder (Figure 4I, J). 
This structure was successfully patterned and visualized in 3D (Figure 4I - J). Previously, it 
has been shown in several studies employing the VP approach that different architectures, 
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depending on their feature heterogeneity and size, require different light doses to be 
accurately resolved using this tomography-based approach.[286] In the case of photografting 
of complex objects, a light dose sweep was performed to determine whether grafting 
specificity was in any way affected by light dose. We showed that, albeit the highest 
grafting specificity for the spiral pattern was found at 1500 mJ/cm2, there was no significant 
difference for the other tested selected light doses, which also managed to resolve the 
spiral structure. This could suggest that the optimal formulation of the infusion cocktail 
may yield a broad, robust window for grafting such convoluted geometry at high 
specificity (Figure 4K). On top of this large grafting window at different doses, our gelNOR 
photografting system also yielded high resolutions of the grafted objects within our 
volumetric prints. A grafted spiral starting at 5 mm in width (5.04 ± 0.08 mm grafted 
resolution) that gradually became thinner in width until reaching a resolution of 1 pixel in 
the digital file reached a fully grafted resolution of 57.20 ± 1.66 µm (Figure 4L). This high 
level of resolution could be of particular impact and interest to produce patterns of 
bioactive molecules mimicking the micro-scale organization of biochemical components 
found in native biological tissues even at a scale close to the size of a single mammalian 
cell.
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Figure 4: Optimization of the volumetric photografting of thiolated fluorescent compounds. A) Schematic 
representation of grafting optimization of gelNOR with Cy3-PEG-SH at different light doses, photoinitiator and 
crosslinking inhibitor concentrations. B) Normalized fluorescence intensity (λ = 580 nm) of grafted and non-
grafted gelNOR hydrogels at different time points of washing with PBS (n = 3 technical replicates) C, F) Grafting 
specificity as ratio of intensity of the region of interest vs. unwanted crosslinking, D, G) Grafting intensity as ratio 
between the intensity of the region of interest and the background (dotted line represents the baseline gelNOR 
autofluorescence) and E, H) Off-target grafting as ratio between the intensity of the unwanted photografted 
regions and the background of gelNOR (dotted line represents the baseline gelNOR autofluorescence). Samples 
were grafted at a dose of 750 or 2000 mJ/cm2) with different infusion mix concentrations (ranging from 0.6 
to 1.0% w/v LAP and 0.006 to 0.010% w/v TEMPO, with 0.06% w/v Cy3-PEG-SH) (n = 3 technical replicates). I) 
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3D lightsheet reconstruction and J) cross-sectional view of a photografted Cy3-PEG-SH spiral inside a gelNOR 
construct with a central channel (scale bar = 1 mm). K) Grafting specificity of the photografted spiral at different 
light doses (250, 750, 1500 and 2000 mJ/cm2). L) 3D image of photografted coil structure of gradually decreasing 
width, starting at 5 mm, and measurement of maximum photografting resolution (scale bar = 1 mm). * = p < 
0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

Having established a successful protocol for photografting structures at high resolution, 
a range of different structures with varying feature sizes and degrees of complexity 
were accurately grafted (Figure 5, Supplementary Figure S9). A highly tortuous, 
mathematically derived gyroidal structure surrounding a central hollow channel within 
a printed gelNOR cylinder (Figure 5Ai), a spiral structure surrounding a hollow channel 
(Figure 5Aii), an interlocked chain structure with subunits in different axial orientations 
(Figure 5Aiii), the name of our research lab “Levato” spelled vertically along a gelNOR 
cylinder (Figure 5Aiv), and a random vessel structure (Figure 5Av) were successfully 
grafted using the previously optimized grafting cocktail. Moreover, since most tissues 
present highly diverse types of proteins and growth factors critical for tissue function 
that are heterogeneously distributed along the same area, the possibility to graft 
multiple compounds in a spatially defined regions within the same printed object were 
also investigated.   Here, a spiral shape was first grafted with Cy3-PEG-SH. Subsequently, 
another grafting process was performed, using a Cy5-PEG-SH, which was imprinted in the 
shape of vertically aligned cylinders (Figure 5Avi). Grafting specificity of these complex 
geometries was measured for the gyroid (4.04 ± 0.70), spiral (3.54 ± 0.64), interlocked 
chain (2.09 ± 0.45), “Levato” (2.18 ± 0.33), and the random vessel (1.88 ± 0.69) (Figure 5B). 
Furthermore, grafting intensity of the complex geometries was measured for the gyroid 
(4.27 ± 0.80), spiral (3.80 ± 0.44), interlocked chain (4.05 ± 0.36), “Levato” (3.98 ± 0.29), and 
the random vessel (3.99 ± 0.14) (Figure 5C).  The fact that both sets of values are within 
the same range as those observed in Figure 4 for simpler structures, further supports 
our previous observation that when using the optimized grafting cocktail, this process 
is extremely reproducible and as shown here, applicable to a wide range of architectures 
(Figure 5B). Variations in grafting specificity shown in Figure 5B are a phenomenon 
dependent on the tomographic reconstruction algorithm used for volumetric printing. As 
described in the previous literature,[224] when delivering light doses from multiple angles 
following a Radon transform and filtered-backprojections-based algorithm, the exact 
light dose delivered in every voxel oscillates around the average light dose set by the user. 
As a result, regions at the borders of the construct, especially in presence of sharp corners, 
tend to receive slightly higher doses and react faster. Printing (and herein, grafting) 
artefacts caused by this phenomenon could be resolved with dedicated corrections of 
the tomographic algorithm, as previously shown.[224] Despite this phenomenon, we 
demonstrate the possibility to accurately photograft complex patterns, even within more 
convoluted 3D printed structures, like an Atlas statue (Figure 5D) and a mathematically 
derived gyroid (Figure 5E). All in all, this fast method of grafting complex 3D patterns 
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of several thiol-functionalized molecules can greatly increase the possibility of editing 
large hydrogel-based constructs in a spatiotemporally controlled fashion via sequential 
volumetric printing. Noteworthy to mention that thiol-ene chemistry is not the only 
possibility for photografting small molecules into a hydrogel system. In this study, thiol-
ene chemistry was chosen since gelNOR is mechanically tunable and in many biological 
molecules there are cysteine residues capable of forming covalent networks through this 
thiol-ene chemistry. Other photochemistries could be studied for covalently grafting 
molecules to a hydrogel i.e., di-tyrosine oxidation,[335] photolysis of aromatic azides,[586] 
or selectively cleaving areas in a gelatin hydrogel,[576,587] which could further expand the 
library of functionalizing compounds that are usable with this volumetric photografting 
approach, to further enhance the biochemical profile of bioprinted scaffolds.
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Figure 5: Volumetric photografting of complex structures. Photografting and analysis of geometries with 
different feature sizes and degrees of complexity. A) 3D image reconstructions of i) a mathematically derived 
gyroid, ii) a spiral, iii) interlocked chain model, iv) research lab name spelled vertically, v) and a random 
interconnected vascular structure grafted with Cy3-PEG-SH onto cylindrical gelNOR volumetric prints and 
vi) double dye grafting with Cy3-PEG-SH (spiral, blue) and Cy5-PEG-SH (discs, green) onto cylindrical gelNOR 
volumetric prints. B) Grafting specificity of complex grafting structures (n = 3 samples), and C) grafting intensity 
of complex grafting structures (n = 3 samples). D,i) STL file of an Atlas statue (green; CC BY-SA 3.0) volumetrically 
printed with gelNOR and a photografted Cy3-PEG-SH spiral (red). ii) Lightsheet 3D reconstruction of the printed 
gelNOR model (green) and the photografted spiral (red). E,i) STL file of a mathematically derived gyroid structure 
volumetrically printed with gelNOR (green) and a photografted Cy3-PEG-SH spiral (red). ii) Lightsheet 3D 
reconstruction of the printed gelNOR model (green) and the photografted spiral (red). Scale bars = 2 mm.

Besides the tethering of fluorescent compounds for easy visualization and optimization 
of the photografting process, this approach can also be used to covalently attach 
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proteins or growth factors within the printed structures for guiding cell fate with 
spatiotemporal control. While covalent grafting of biomolecules could have an effect on 
protein bioactivity, the use of norbornene moieties for thiol-ene photoclick chemistry 
has previously been shown to enable thiolated protein immobilization, with several 
growth factors showing maintained bioactivity post immobilization.[588–592] As a proof-
of-concept, we volumetrically grafted vascular endothelial growth factor (VEGF) within 
a tissue engineered macrochannel, aiming to improve the adhesion and sprouting 
capacity of human umbilical vein endothelial cells (HUVECs) within an uncoated lumen. 
VEGF expresses synergistic interactions with the integrin adhesion receptors guiding 
vessel growth and maturation, as well as endothelial cell survival by the regulation of 
anti-apoptotic factor expression in these cells in vivo.[593–595] This proangiogenic growth 
factor is routinely used in endothelial growth culture medium to selectively enhance 
vascularization in in vitro engineered models as well.[596–600] VEGF has an uneven amount 
of cysteine residues and can be covalently coupled to a free norbornene onto the gelNOR 
network through the optimized photografting approach presented here. A volumetrically 
printed vascular chip, consisting of a central lumen of 1.5 mm in diameter, was fabricated 
to assess the effect of photografted VEGF on seeded HUVECs adhesion, interconnectivity 
and sprouting capabilities (Figure 6A). Given the short half-life of recombinant VEGF 
protein, cell performance in the grafted and non-grafted regions of the printed samples 
was evaluated after 3 days to ensure the proangiogenic effects of the tethered growth 
factor were captured, in the presence of either VEGF-free (VEGF-) or VEGF-supplemented 
(VEGF+) medium. To ensure that only the effects of VEGF incorporation were analyzed, 
the non-grafted regions of the prints were post-cured at the same light dose that was 
used to graft the VEGF, resulting in homogenous mechanical properties throughout the 
construct (Supplementary Figure S10). After 3 days of culture, clear differences in HUVEC 
adhesion and interconnectivity were observed in the VEGF-photografted regions cultured 
in both VEGF+ and VEGF- culture media (Figure 6B, C, Supplementary Figure S11). In 
VEGF-, HUVEC adhesion in the grafted regions of the lumen was significantly enhanced 
compared to non-grafted areas, as shown by the increased average cell coverage in the 
grafted (84.06 ± 6.36%) vs. non-grafted regions (35.72 ± 2.43%) (Figure 6B). In samples 
cultured with VEGF+ medium, the difference in the average HUVEC area coverage was less 
pronounced but showed significant differences between VEGF-grafted (83.71 ± 3.87%) and 
non-grafted (54.46± 8.57%) regions (Figure 6B) suggesting that in terms of cell adhesion 
to the hydrogel, the tethered VEGF provides a superior stimulation compared to free VEGF. 
Further, VEGF supplementation in the media did not significantly increase the coverage in 
the grafted regions of the construct, suggesting the absence of, or weak cumulative effects 
of the grafted and free soluble VEGF. Similarly, VEGF grafting had a significant effect on 
the cell interconnectivity showing a higher number of inter-cluster junctions compared 
to regions lacking the covalently bound VEGF molecules in the absence of VEGF in the 
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culture medium (309.00 ± 104.65 in VEGF-grafted region vs. 145.40 ± 49.07 in non-grafted 
regions) (Figure 6C). These effects were conserved across VEGF+ and VEGF- conditions. 
These observations suggest that the covalently tethered VEGF may provide a better 
support for HUVEC adhesion and growth compared to supplementation of soluble VEGF, 
at least in these initial stages of culture. The VEGF grafting could potentially be repeated 
over time to steer the vascular growth volumetrically printed constructs in real time in 
order to obtain more controlled multi-scale vascular structures. Further, after only 3 days, 
the photografted VEGF facilitated HUVEC infiltration into the printed hydrogel, as shown 
by the significantly higher spanning depth of the cells from the inner edge of the lumen 
into the bulk hydrogel (130.77 ± 25.83 µm in VEGF-grafted regions vs. 35.42 ± 7.73 µm in 
non-grafted regions) (Figure 6D, E). This observed cell infiltration was observed across 
the whole perimeter of the lumen (Figure 6F) and across the entire length of the printed 
channel (Figure 6G) in the grafted regions, while being completely absent in the non-
grafted regions of the vascular chip model. These observations are encouraging, given that 
a pro-angiogenic effect is clearly seen in the VEGF-grafted regions of the lumen, where the 
growth factor acts as a chemoattractant capable not only of enhancing cell adhesion to 
an uncoated printed lumen, but also facilitates cell sprouting into the bulk hydrogel in the 
early days of culture. Since these effects are seen in both VEGF- and VEGF+ medium, this 
strongly suggests that the covalently bound VEGF molecules retain sufficient bioactivity 
to steer the behavior of the seeded HUVECs. This grafting step could potentially be 
repeated over time to achieve different degrees of vascular growth volumetrically printed 
constructs and obtain more controlled multi-scale vascular structures. 

Overall, this study proves the feasibility of grafting biologically functional compounds 
like growth factors, allowing these to maintain their bioactivity and guide cell fate 
with exceptional spatiotemporal control. Despite the demonstrated potential of this 
volumetric photografting technique, the infancy of this approach leaves room for future 
developments and exploration. To further boost the potential of the photografting 
process, a wider library of chemically editable bioresins suitable for VBP should be 
developed, and the stability and long-term functionality of different grafted compounds 
should be elucidated in more depth. Importantly, in terms of future perspectives, the 
biocompatibility of the grafting conditions towards cell viability and function should be 
assessed in long-term culture conditions to further evaluate translatability for potential 
regenerative medicine applications. Furthermore, with such future developments, the 
possibility to continuously edit the printed construct with different bioactive molecules 
during culture (i.e., to replenish the growth factor content over time, or to change its 
localization over time), can also be explored to more closely mimic certain developmental 
and tissue repair processes.
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Figure 6: Photografting functional VEGF growth factor as proof-of-concept assay to guide endothelial 
cell adhesion, interconnectivity and sprouting. A) Schematic diagram of the sterile process with which VEGF 
was photografted onto half of a vascular chip model consisting of a central channel within a gelNOR cylinder. B) 
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Average area coverage and C) number of junctions of interconnected HUVEC clusters in the VEGF-grafted and 
non-grafted regions of the vascular chip cultured in VEGF-free and VEGF-supplemented medium after 3 days in 
culture (n = 3).  D) Average HUVEC spanning depth from the channel wall into the VEGF-grafted and non-grafted 
regions of the vascular chip, cultured in VEGF-free and VEGF-supplemented medium after 3 days in culture (n = 
3). E) Confocal images of horizontal cross-sections of the channel wall of the vascular chip seeded with HUVECs, 
showing various degrees of cell sprouting into the printed hydrogel. F) Confocal images of the vertical cross-
section of the seeded vascular chip channel in grafted and non-grafted regions cultured in VEGF-free medium. 
G) Tile scan maximum projection image of a confocal z-stack the vascular tube showing the boundary between 
the grafted and non-grafted regions (indicated by a dotted line). The color code indicates the z-axis depth, 
depicting how cells in all imaged layers can sprout in the surrounding hydrogel matrix. Scale bars = 250 µm. * = 
p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

CONCLUSIONS
In this study we demonstrated a new technological solution to create volumetric, 3D 
patterns of biological molecules within large, centimeter-scale hydrogels via tomographic 
printing and using visible light and bio-orthogonal thiol-ene chemistry. The selected material 
platform, gelNOR, was shown to possess highly controllable mechanical properties (through 
the adjustment of crosslinker length and resin DoF), and was shown to be printable via VBP, 
achieving a high printing resolution (20-30 µm for positive features). We demonstrated that 
these versatile gelNOR bioresins are suitable for the photografting of complex shapes onto 
volumetrically printed hydrogel constructs, as demonstrated by the controlled grafting of 
fluorescent dyes within gelNOR prints using tomographic projections, therefore allowing to 
both sculpt the architecture of the hydrogel and locally edit its chemical composition with 
high resolution (in the range of 50 µm). Through the extensive optimization of the grafting 
cocktail formulations (containing the thiolated compounds, crosslinking inhibitor TEMPO 
and LAP photoinitiator) and the light dose delivered to the printed object, we achieved, 
for the first time, effective and precise photografting of both small dyes and large bioactive 
molecules, achieving µm-scale resolution of the grafted structures within centimeter-scale 
constructs while using a single-photon approach. As a proof of concept, we further applied 
this photografting principle to covalently tether the bioactive, pro-angiogenic growth factor 
VEGF to selectively guide and confine endothelial cell growth in the grafted, biofunctionalized 
areas. Improved cell adhesion and early formation of endothelial cell connections were 
observed preferentially in the biofunctionalized regions of the printed chip construct. 
Given that these observations match those of cells exposed to unbound VEGF molecules, 
this study indicates that the grafting process preserves bioactivity of the growth factors and 
opens the door for further characterization and tissue engineering applications. Overall, this 
work takes the first step in the characterization and development of smart materials that 
allow spatiotemporally precise biochemical editing. In combination with the ultra-fast VBP 
technique, this photografting approach holds great promise to bring about the creation 
of biofabricated scaffolds that can better guide cell fate and behavior and therefore more 
closely mimic the complex biochemical environment of native tissues and organs.
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EXPERIMENTAL SECTION
Materials: Gelatin from porcine skin (type A, X-Pure low endotoxin content) was kindly 
provided by Rousselot Biomedical (Ghent, Belgium). Commercial grade gelNOR (type B, 
Bovine hide, DoF 60%) was kindly provided by BIO INX BV (Zwijnaarde, Belgium). Cellulose 
dialysis membrane tubes (molecular weight cutoff = 12 kDa) were purchased from Sigma-
Aldrich. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was purchased from 
Tokyo Chemical Industry (Tokyo, Japan). Cy3-PEG-SH and Cy5-PEG-SH (Mw = 5 kDa) were 
purchased from Biopharma PEG (Watertown, USA). All other chemicals were obtained 
from Sigma-Aldrich unless stated otherwise. 

GelNOR synthesis: Type A gelatin was dissolved in a CB-Buffer (carbonate-bicarbonate 
buffer pH 9, 0.1 M concentration) to reach a 10% w/v concentration. This solution was 
heated to 50° C for the gelatin to dissolve and kept at this constant temperature throughout 
the synthesis. To reach a desired degree of functionalization (DoF), 0.2 g (1.2 mmol) of 
carbic anhydride (CA) per gram of gelatin was used in the reaction. The CA was added 
every 10 minutes for a total of 5 times starting at t = 0. After every addition of CA, the pH 
of the reaction was stabilized with 5 M NaOH to reach a pH of 9. After 240 minutes (DoF 
80%) from the first addition of CA, the reaction was stopped by centrifuging the solution 
at 4000 rpm at room temperature for 5 minutes. Afterwards the pH was stabilized to 7.4 
using 1 M HCl. To benchmark the custom-synthesized gelNOR we used a commercial 
grade gelNOR kindly supplied by BIO INX BV (Zwijnaarde, Belgium) which exhibited 
comparable mechanical properties (Supplementary Figure S12) and grafting accuracy 
(Supplementary Figure S13) as the custom-synthesized hydrogel. The solution was 
diluted to reach a 5% w/v concentration of gelatin and dialyzed against MilliQ water for 4 
days at 4° C. After the dialysis, the solution was further diluted with MilliQ to reach a final 
concentration of 2.5% w/v. The solution was then heated to 50° C and sterile filtered. Next, 
the solution was frozen at -80° C, and lyophilized in a freeze dryer (Alpha 1-4 LSCbasic, 
Chris) to yield the dry product.

Degree of functionalization quantification: 2,4,6-trinitrobenzene sulfonic acid (TNBSA) 
assay was performed for the quantification of the amount of free amine groups present in 
the gelatin before and after functionalization. A glycine standard curve, to determine the 
amino group concentration, was prepared with concentrations of 0, 0.8, 8, 16, 32, 64 µg 
mL-1. Gelatin samples were dissolved in 1.6 mg mL-1 of 0.1 M NaHCO3 buffer. Subsequently, 
0.5 mL of the sample was mixed with 0.5 mL of a 0.1% w/v TNBSA solution in the buffer 
and incubated at 37° C for 2 h. Next, the reaction was stopped by the addition of 0.25 mL 
of 1 M HCl and 0.5 mL of 10% w/v sodium dodecyl sulfate (SDS). The absorbance of the 
samples was measured by a CLARIOstar Plus® (BMG Labtech, Germany) plate reader at λ 
= 335 nm. The amount of free amines was calculated to be 0.3371 mmol per g of gelatin, 
based on the TNBSA results (n > 5).
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Sample preparation for hydrogel crosslinking: Unless stated otherwise all experiments 
are conducted using gelNOR hydrogel supplemented with the following components 
to achieve photocrosslinking. GelNOR stock solutions were made in PBS at a 10% w/v 
concentration. LAP stock solution was made in PBS at a 1% w/v concentration. A stock 
solution of dithiothreitol (DTT) or 2,2’-(ethylenedioxy)diethanethiol (DEG) was prepared 
in PBS at a 100 mM concentration. To facilitate complete dissolution, all stock solutions 
were heated to 37° C. Afterwards, the stock solutions were mixed and diluted with PBS 
to reach a final concentration of 5% w/v gelatin-based material, 0.1% w/v LAP, and the 
tunable ratio of thiol crosslinker to norbornene as needed for each experiment (1:1, 4:5, 
or 3:5 thiol-ene ratio). 

Mechanical analysis: GelNOR solutions from different aliquots of the same synthesis batch 
were casted in a cylindrical mold (6 mm diameter, 2 mm height), and crosslinked for 10 
minutes (Cl-1000, Ultraviolet Crosslinker, λ = 365 nm, I = 8 mW/cm2 UVP, USA). Samples were 
washed in PBS at 37° C overnight to reach equilibrium swelling. To assess the compressive 
properties, the samples (n = 5) were subjected to a strain ramp at 20% min-1 strain rate 
until 30% deformation using a dynamic mechanical analyzer (DMA Q800, TA Instruments, 
The Netherlands). The compression modulus was calculated as the slope of the stress/
strain curve in the 10–15% linear strain range. To assess the viscoelastic properties, the 
samples (n = 5) were subjected to a strain recovery measurement at a constant 20% strain 
for 2 minutes and then left for recovery for 1 minute, with a preload force of 0.0010 N. The 
elasticity index was calculated as the ratio between the recovered stress and the maximal 
stress under constant strain.

Photorheology: Photorheology experiments on gelNOR precursor solutions to determine 
the crosslinking kinetics were assessed using a DHR2 rheometer (TA Instruments, The 
Netherlands). Time sweep experiments were performed at a frequency of 10.0 Hz, angular 
frequency of 62.83 rad/s, with 5.0% constant strain at 21° C (n = 3). A volume of 100 µL 
of gel was used with a gap size of 300 µm. A 20.0 mm parallel EHP stainless steel plate 
was used as geometry. 30 seconds after the start of the measurement, the light source 
was activated (1200mha, AOMEES, China, λ = 365 nm, intensity of 24 mW/cm2 for the 
remaining 2.5 minutes).

Soluble fraction and swelling ratio: The sol-fraction and swelling ratio experiment was 
performed according to a recent publication.[173] Briefly, to assess sol-fraction of the 
gelNOR hydrogel formulation, cylindrical samples produced from different aliquots of the 
same synthesis batch (6 mm diameter, 3 mm height, n = 5) were weighed immediately 
after crosslinking for their initial mass. Next, samples were placed in PBS and placed in the 
incubator at 37° C overnight. The next day, the hydrogel samples were weighed again, and 
their mass was measured as masswet,t0. Subsequently the hydrogels were lyophilized, and 
the dry mass (massdry,t0) was measured. The samples were stored in PBS again to ensure 
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swelling of the dry gels and placed in the incubator at 37° C overnight. The wet mass of 
the hydrogels was measured as masswet,t1. The samples were lyophilized, and the mass of 
the dry samples was measured as massdry,t1. The sol-fraction of the hydrogel formulations 
was calculated with the following formula:

Formula 1: Sol-fraction formula for analysis of the crosslinking properties of the gelNOR formulations.

The swelling ratio of the hydrogel formulations was calculated with the following formula: 

Formula 2: Swelling ratio for analysis of the swelling behavior of the gelNOR hydrogel formulations.

Enzymatic degradation assay. GelNOR hydrogels were swollen in PBS overnight and 
subsequently incubated in a 0.2% w/v collagenase type II in Dulbecco’s modified Eagle 
Medium (DMEM, 31966, Gibco, The Netherlands) supplemented with 10% v/v heat-
inactivated fetal bovine serum (FBS Gibco, The Netherlands), and 1% v/v penicillin and 
streptomycin (Life Technologies, The Netherlands) at 37° C. Samples were removed 
from the enzymatic solution at different time points (15, 30, 45, and 60 minutes, n = 3 
independent samples per time point). The mass of the hydrogel samples was measured 
and compared to the initial mass of the hydrogels before enzymatic incubation to 
determine the degradation rate of samples over time.

Volumetric printing: GelNOR solutions were dispensed into cylindrical borosilicate glass 
vials (Ø 10 mm), which were then loaded into a commercial volumetric 3D printer 
(Tomolite V1, Readily3D, Switzerland), equipped with a 405 nm laser, set to deliver an 
average light intensity of 11.98 mW/cm2 within the printing volume. Prior to printing, the 
samples were cooled to 4° C to achieve physical gelation of the gelatin-based materials. 
Custom-designed STL files were loaded into the printer software (Apparite, Readily3D, 
Switzerland). After the printing process, the vials were heated to 37°C and washed gently 
with 37° C PBS to retrieve the prints. To ensure homogenous crosslinking, the sample was 
submerged in 0.1% w/v solution of LAP in PBS and irradiated for 1 minute in a UV oven.

Volumetric photografting: Printed constructs were subjected to a second printing step 
to induce spatio-selective photografting. Samples were printed at equimolar amounts 
of thiol to norbornene at a 5% w/v gelNOR concentration. Next, the printed samples 
were washed with PBS overnight, and infused with a fluorescent probe molecule, Cy3-
PEG-SH (0.06 w/v%). To characterize the photografting reaction, several formulations 
of the infusion mix were prepared containing varying amounts of LAP (0.6, 0.8, or 1.0% 
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w/v concentration) and (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) (0, 0.006, 0.008, 
or 0.01% w/v concentration), as inhibitor of the thiol-ene grafting reaction. The printed 
constructs were infused with the infusion mix at 4° C for 2 hours. Next, the gels were placed 
back into the printing vials with a small amount of gelatin (5% w/v in PBS) to ensure thermal 
gelation and fixation of the construct inside the vial. The grafting process was performed 
in the printer, by loading STL files of the pattern to be grafted into the Apparite software, 
and performing a new tomographic light exposure step, to induce the 3D patterning of 
the fluorescent Cy3-PEG-SH in the programmed geometry. For the characterization of 
the volumetric grafting reaction, an array of vertically aligned cylindrical disks (3 mm 
diameter 1 mm height) were grafted within a gelNOR cylinder (6 mm diameter, 20 mm 
height), with every disk exposed to a different dose (dose range: 250, 750, 1250, 1500, 
1750, and 2000 mJ/cm2) (Figure 4A). The accuracy of the photografting process was 
assessed imaging cross-sections of these samples with a fluorescence microscope (Leica 
Microsystems, Germany), and the fluorescence intensity within the grafted regions of 
interest was compared to that of off-target areas. To assess the accuracy of photografting, 
3 different ratios were calculated using the following formulas:

Formula 3: Grafting specificity formula for analysis of grafted GelNOR hydrogels with fluorescent dyes.

Formula 4: Grafting intensity formula for analysis of grafted GelNOR hydrogels with fluorescent dyes.

Formula 5: Off-target grafting formula for analysis of grafted GelNOR hydrogels with fluorescent dyes.

Using optimized grafting parameters, complex, arbitrary 3D patterns of the Cy3-PEG-SH 
were imparted within custom designed, 3D printed objects. Finally, the constructs were 
washed with PBS for a maximum of 5 days, until the uncrosslinked dye was completely 
removed from the gel. Subsequently, the photografted constructs were imaged with a 
light-sheet microscope. To demonstrate the possibility of grafting multiple molecules in a 
sequential fashion, a second grafting process was also performed using Cy5-PEG-SH as a 
fluorescent dye, using the same components of the grafting cocktail.

Volumetric grafting of VEGF and cell culture assays: Cylindrical constructs with a perfusable 
channel spanning through the center of the construct were volumetrically printed as 
described above, and a pro-angiogenic growth factor was photografted on the bottom 
half of these constructs (n = 4  replicates samples, single HUVEC donor line). To ensure 
homogenous mechanical properties in the grafted and non-grafted regions, the bottom 
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half (non-grafted) of the construct was post-cured immediately after printing at the same 
light dose that was subsequently used during photografting (750 mJ/cm2). Samples were 
then washed and incubated overnight at 4°C in an infusion mix of LAP (1% w/v), TEMPO 
(0.008% w/v), and recombinant human vascular endothelial growth factor (1000 ng mL-1; 
VEGF165, PeproTech). The volumetric photografting process was conducted as described 
above to deliver an average light dose of 750 mJ/cm2 to the top half of the construct and 
generate constructs with anisotropic VEGF patterning. The constructs were then washed 
at 37° C for 5 hours to remove excess, non-grafted VEGF. Green fluorescent protein 
(GFP)-tagged human umbilical vein endothelial cells (GFP-HUVECs, Angio-Proteomie, 
Boston, USA, passage 5) were seeded into the channel within the printed construct at a 
concentration of 107 cells mL-1. To ensure homogenous seeding through the round channel, 
the samples were placed in rectangular PDMS molds and rotated 90° every 15 minutes for 
the first hour of culture. Cell-seeded constructs were cultured in Endothelial Cell Growth 
Medium-2 (EGM‐2) containing Endothelial Basal Medium‐2 + SingleQuots (except VEGF), 
100 U mL-1‐100 μg mL-1 PenStrep, and 10% heat‐inactivated FBS. Samples were cultured 
at 37° C and 5% CO2, medium was refreshed every day. To assess the effect of non-grafted 
VEGF, the full EGM-2 medium (including VEGF) was used for control samples. On day 3, 
fluorescent images of the GFP-HUVEC growing along the printed channels were acquired 
via confocal laser scanning microscopy (SPX8, Leica Microsystems, The Netherlands). The 
HUVEC area coverage and cell spanning depth (distance from inner side of the lumen to 
the outer edge of the lumen, or sprouting cells) were measured with Fiji,[491] and junction 
numbers were analyzed using the vessel analysis software AngioTool.[551]

Statistics: Results were reported as mean ± standard deviation (SD). Statistical analysis 
was performed using GraphPad Prism 9 (GraphPad Software, USA). Comparisons between 
experimental groups were assessed via one or two-way ANOVAs, followed by post hoc 
Bonferroni correction to evaluate differences between groups. When normality could 
not be assumed, non-parametric tests were performed. Differences were found to be 
significant when p < 0.05.
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SUPPORTING INFORMATION

Supplementary Figures

Supplementary Figure S1: 1H-NMR spectrum of gelNOR in D2O. 1H NMR (400 MHz, D2O) δ =  5.97 (s, 1H), 4.48 (s, 
3H), 4.30 – 4.18 (m, 3H), 3.82 (s, 10H), 3.75 (s, 0H), 3.71 (s, 2H), 3.52 (dd, J = 7.4, 3.8 Hz, 1H), 3.50 (s, 3H), 3.22 (s, 1H), 
3.07 (s, 2H), 2.87 (s, 1H), 2.57 (s, 1H), 2.21 (s, 3H), 2.14 (s, 2H), 1.96 (s, 1H), 1.89 (s, 8H), 1.81 (s, 6H), 1.58 – 1.51 (m, 
4H), 1.49 (s, 1H), 1.27 (d, J = 7.5 Hz, 5H), 1.11 – 1.00 (m, 2H), 0.80 (s, 5H), 0.73 (s, 1H).

Supplementary Figure S2: Elasticity ratio of gelNOR hydrogels employing crosslinkers of different lengths and 
different thiol-to-norbornene molar ratios as measured by DMA as a result of stress-relaxation measurements (n 
= 3). * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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Supplementary Figure S3: Fluorescent intensity of the infusion mix after infusing of the hydrogel samples at 
different time points. Showing no significant decrease in fluorescence over time (n = 3).

Supplementary Figure S4: Fluorescent intensity of washing water of both grafted and non-grafted gelNOR 
hydrogels at different time points (n = 5). ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

 

Supplementary Figure S5. Cy3-PEG-SH concentration quantification of non-infused, non-grafted and 
grafted gelNOR hydrogels after washing. The hydrogel samples were enzymatically degraded using 0.2% 
w/v collagenase, after which the fluorescent intensity was measured and the concentration of dye inside the 
hydrogel was calculated (n = 3). N.D. = Not Detected. **** = p < 0.0001.



267 

Spatial-Selective Volumetric 4D Printing and Single-Photon Grafting of Biomolecules

9

Supplementary Figure S6: Fluorescence image of gelNOR cylinder as used for grafting optimization used in 
Figure 4 to optimize photografting, explaining how the ratios were measured. Area 1 is used to measure the 
intensity of the intended photografting region. Area 2 is used to measure intensity off-target grafting of the 
unwanted regions. Area 3 is used to measure the intensity of the background. From these values, the grafting 
specificity (ratio of area 1 vs. area 2), grafting intensity (ratio of area 1 vs. area 3), and off-target grafting (ratio of 
area 2 vs. area 3) was measured. This image is from a gelNOR hydrogel with a formulation consisting of 1.0% w/v 
LAP, 0.006% w/v TEMPO, and 0.06% w/v Cy3-PEG-SH. Scale bar = 1 mm.

Supplementary Figure S7: Grafting specificity of Cy3-PEG-SH on gelNOR hydrogels without radical scavenger 
TEMPO and with 0.010% w/v TEMPO included in the grafting cocktail, with a stable photoinitiator concentration 
(0.6% w/v LAP) and at two volumetric printing light doses (750 and 2000 mJ/cm2) (n = 3). **** = p < 0.0001
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Supplementary Figure S8: Full grafting optimization (specificity, intensity and off-target grafting) of Cy3-
PEG-SH on gelNOR hydrogels at different light doses (750 – 2000 mJ/cm2), photoinitiator (0.6 - 1.0% w/v) and 
crosslinking inhibitor concentrations (0.006 - 0.010% w/v) (n = 3). * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** 
= p < 0.0001.
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Supplementary Figure S9: STL models of the structures grafted onto gelNOR hydrogels in Figure 5. A gyroid, 
spiral, interlocked chain, lab name “LEVATO”, and a random vessel-like network. 

Supplementary Figure S10. Compression modulus of volumetrically printed 5% w/v gelNOR hydrogels using 
DTT as crosslinker in a 1:1 thiol-ene ratio with 0.1% w/v LAP as photoinitiator. Comparison of the compression 
modulus between non-grafted, grafted with Cy3-PEG-SH (750 mJ/cm2), and post-cured (750 mJ/cm2) and casted 
samples (n = 3) in absence of the thiolated PEG probe. **** = p < 0.0001.

 

Supplementary Figure S11: Representative confocal images of HUVECs (GFP-positive) seeded on portions of 
the lumen of the printed vascular chip model (n = 3 biological replicates). Scale bars = 100 µm.
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Supplementary Figure S12: Compression modulus comparison between commercially available gelNOR from 
BIO INX B.V. and custom synthesized non-commercially available gelNOR crosslinked under identical conditions 
(1:1 SH:NOR ratio using DTT as a crosslinker + 0.1% w/v LAP). Young’s modulus for both gels showed no significant 
differences (n = 5).

Supplementary Figure S13: Comparison of complex photografting of a spiral structure around a hollow 
channel, between commercially available gelNOR (supplied by BIO INX B.V.) and custom made gelNOR. Showing 
no differences in photografting application both in cross-sectional view as in 3D view. Samples were exposed to 
same infusing concentration (0.06% w/v Cy3, 1.0% w/v LAP, and 0.008% w/v TEMPO) and same light dose (750 
mJ/cm2). Scalebar = 1 mm.
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Supplementary Methods
Nuclear magnetic resonance (NMR): The 1H-NMR spectrum of the gelatin-based materials 
was measured by NMR (400 MHz, Agilent 400 MR-NMR, Agilent technologies, USA). The 
material was dissolved in D2O at a 4% w/v concentration. NMR was not used to calculate 
the DoF of the material since a big overlap occurs with the material and the functionalized 
groups, leading to inaccurate calculation of the DoF following this method (n = 3 
independently synthesized batches). NMR was used as a purity check of the material.

Cy3 concentration quantification: Cylindrical gelNOR (5% w/v, 1:1 thiol-ene ratio) samples 
with a volume of 100 µL were prepared. These samples were infused with the Cy3-PEG-SH 
infusion mix as described previously. The hydrogels were photografted at a dose of 750 
mJ/cm2. Samples were treated in 4 different conditions: 1) non-infused hydrogel, 2) infused 
hydrogel which was not grafted, 3) hydrogel which was infused and grafted and 4) freshly 
infused hydrogel without washing (to determine the initial loading concentration of Cy3-
PEG-SH). After photografting samples were washed in PBS for 2 days at 4° C. Subsequently, 
the hydrogels were enzymatically degraded using 0.2 w/v% collagenase solution at 37° C 
for 1 hour. The fluorescent intensity for all conditions was measured with a CLARIOstar 
Plus® (BMG Labtech, Germany) plate reader with excitation at λ = 530 nm, and emission at 
λ = 580 nm. From this measurement, the concentration of fluorescent dye in the hydrogel 
formulation was calculated using a known standard curve (Supplementary Figure S5). 
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In the current healthcare landscape, enhancing the efficiency of the drug discovery 
pipeline is of utmost importance to counter the increasing incidence of chronic diseases 
and the differential patient response to drugs and other treatment strategies. In order 
to improve the efficacy of the drug discovery process, the development of advanced 
preclinical testing strategies that better mimic healthy and diseased human processes is 
necessary to ensure that candidate drugs and therapies can be more accurately studied 
before transitioning into the very costly clinical trial phase.[5,6,460] With governmental and 
social initiatives encouraging the development of animal-free research that can overcome 
the low-predictability of human conditions shown in various animal models,[7–9] the field of 
biofabrication provides advanced fabrication technologies that could fill the translational 
gap of human-based in vitro models in the advanced phases of the preclinical testing 
pipeline. However, while the existing biofabrication techniques have enabled the creation 
of structurally complex, three-dimensional (3D) biological tissue analogues,[109,110,112] 
the current state of the field has encountered several key obstacles that still hinder the 
achievement of functionally predictable and accurate in vitro models that are needed 
as late-stage preclinical testing platforms. Throughout this thesis, several steps have 
been taken towards fulfilling the aim of developing “new biofabrication approaches, 
encompassing 3D bioprinting technologies, powerful biological building blocks, 
and smart biomaterials, that facilitate the development of advanced human in vitro 
models with native tissue-like functionality”. In the three overarching sections, different 
challenges in the development of advanced biofabricated in vitro platforms have been 
addressed and will be further discussed below.

ADVANCED BIOPRINTING STRATEGIES FOR MIMICKING NA-
TIVE TISSUE ORGANIZATION
Existing biofabrication strategies exhibit significant limitations in their basic working 
principles that hinder the architectural complexity and ensuing shape-function 
relationships of bioprinted tissue analogues, which have thus far hampered their 
adoption as standardized preclinical and clinical research models. To recapitulate native 
tissues from a functional perspective, it is crucial to mimic their biochemical composition 
in a structurally accurate way, mimicking the micro-scale and bulk shape of tissues to 
enable intricate multicellular interactions and matrix organization that gives rise to 
tissue-specific functionalities, as well as providing the mechanical stability required for 
in vitro tissues to mature and resist physiological stresses. Part I of this thesis focused on 
the development of novel bioprinting techniques that provide enhanced control over 
various of these features. Chapter 2 introduced a novel approach, cell electrowriting 
(CEW), that enables the precise, high-resolution patterning of cell-laden, naturally 
derived biopolymers through an adaptation of the melt electrowriting (MEW) process. 
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It has long been established that resolving the microscale features of native tissues is 
instrumental in replicating salient elements of native cellular organization, extracellular 
matrix structure and the cell-cell and cell-matrix interactions, features that are essential 
to the functionality of many tissue engineered constructs.[107,109,601] While other bioprinting 
approaches have been shown to achieve such single-cell patterning resolutions such 
as cell electrospinning,[181,602] multiphoton printing[161,174,603] and laser induced-forward 
transfer,[604] this approach introduces a high degree of positional control over cell 
patterning within continuous biopolymer fibers, providing intricate cellular organization 
and controlled directionality at the microscale. Such an approach could potentially be 
applied in future mechanobiology studies, where the interaction of cells with their fibrous 
microenvironment and the resulting effects on cellular alignment and orientation are 
essential to induce native-like functions. Mechanobiological processes of cells within 
highly aligned tissues such as cardiac, vascular, and musculoskeletal tissues, have been 
extensively studied using fibrous substrates and provided insights into the molecular 
mechanisms involved in microscale tissue organization.[605–607] Therefore, the high 
architectural control over cellularized fiber deposition and cell directionality in CEW could 
be a valuable additional biofabrication tool to gain further understanding into microscale 
cellular processes occurring in tunable microarchitectures. However, a drawback of 
CEW and principally of all high-resolution approaches, capable of patterning cells and 
materials at single-cell resolutions, is the inherent limitation regarding achievable print 
sizes. This severely hinders their scalability when it comes to developing multi-scale 
tissue mimics that also resemble the bulk shape and multicellular composition of their 
native counterparts. Furthermore, while the presented CEW process could potentially be 
performed with various natural and synthetic hydrogels, the various material requirements 
of electrohydrodynamic processes (viscosity, conductivity, surface tension, and fiber 
stabilization processes),[276] makes the development of CEW-compatible materials that are 
also optimal for cell culture a challenging effort. As observed in conventional printing 
approaches,[128] achieving optimally printable material properties for CEW (i.e. high 
viscosity, reduced ion and salt hydrogel content), can have detrimental effects on cell 
viability and behavior unless a compromise between printability and cell compatibility 
is made. As possible directions to expand the library of CEW-printable materials, the 
development and optimization of highly viscous hydrogels is required, through the 
incorporation of high molecular weight polymers or the addition of viscosity enhancers as 
shown in this chapter. However, to still enable high cell viability and functionality, material 
modifications such as the incorporation of dynamic or supramolecular bonds could be a 
valuable addition to enhance cell stretching and migration within these more printable 
biomaterials. 

On the one hand, approaches such as cell electrowriting may be beneficial to induce a high 
degree of cellular organization in a small region of a tissue of interest and study fundamental 
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processes, for example, those dependent on cell signaling and mechanobiology. However, 
CEW-based and other high-resolution printing methods may not be the best suited 
to provide the complex 3D macroenvironments that can better encompass multiple 
cell types and gradients of biochemical and mechanical cues as observed in vivo given 
their long processing times. Even conventional lower-resolution layerwise approaches 
(i.e., extrusion bioprinting) that are widely used in the field of biofabrication undergo a 
significant increase in processing times as the print volume is increased, hampering the 
upscaling of bioprinted constructs that can replicate the complex macroscopic shape-to-
function relationships of native tissues.[121] In Chapter 3, the volumetric bioprinting (VBP) 
approach was first introduced, bringing about a paradigm shift from the conventional 
layer-by-layer manufacturing approach towards a single-step printing process. This radical 
change in printing modality was achieved through the use of coordinated sequences of 
tomographic back projections directed towards light-sensitive polymers, yielding highly 
convoluted 3D structures when the cumulative dose from these projections surpassed 
the material’s crosslinking threshold.[224,225] Here, cell-laden, centimeter-scale structures 
could be bioprinted in tens of seconds, exhibiting the fastest printing speeds in the field 
of biofabrication to date. Not only was VBP shown to be scalable while maintaining such 
short printing times and high cell viability,  but the design freedom of the technique 
also proved to be far greater than as seen in layerwise techniques, where overhangs or 
free-standing objects are extremely difficult to resolve, especially in short processing 
times to prevent impairments to cellular functionality. These features make this printing 
modality a great addition to the bioprinting toolkit, where replicating the convoluted 
macro-architectures of native tissues can be achieved in a matter of seconds, facilitating 
the fabrication of clinically-relevant sized structures. Nonetheless, the development of 
this technique does not overcome all drawbacks of the bioprinting process. Since its 
inception, a wide range of volumetrically printable materials has been developed.[608] 
However, in the context of biocompatible hydrogel based bioresins for cell encapsulation, 
significant challenges remain, especially when aiming to develop materials that 
facilitate cell migration and support the cells’ own ability to self-assemble into tissue-like 
structures. Most types of hydrogels that facilitate these cellular behaviors typically display 
low stiffnesses and relatively low polymer content. When volumetrically printing these 
soft materials, especially into convoluted structures with large channels or overhanging 
features, maintaining the shape fidelity of these structures is an important challenge that 
must be addressed in order to develop stable complex-shaped tissue analogues. 

There is, therefore, a need to optimize the volumetric bioprinting approach and material 
library to facilitate the fabrication of convoluted cell-laden hydrogel structures that exhibit 
optimal cell behavior while maintaining high shape fidelity post-printing. Hydrogel 
reinforcement with thermoplastic polymer structures, [167,271,284,609] printing of multiple 
materials with varying mechanical properties,[135,170,610] or the development of hybrid 
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hydrogel biomaterials with higher stiffness that can facilitate cell migration and matrix 
remodeling through the incorporation of dynamic bonds,[611–613] are concepts that have 
been employed in conventional extrusion bioprinting methods with significant success. 
To achieve construct stability and shape fidelity of volumetrically bioprinted constructs, 
the convergence of melt electrowriting with volumetric printing (VolMEW) presented in 
Chapter 4 presents one of various approaches to enhance the mechanical stability of 
printed structures. In this converged approach, the mechanical properties of low-stiffness 
hydrogel prints were significantly enhanced through the incorporation of tubular MEW 
meshes, as well as the shape stability of tubes with open macro channels (> 3 millimeters). 
While such a reinforcing approach has demonstrated similar mechanical enhancement 
of tubular cell-seeded constructs without a hydrogel component,[284] the incorporation 
of VBP in this case generates the possibility of developing highly complex tubular 
architectures that can be used to mimic various tissue-specific features (i.e,. intestinal 
tube with villi, fenestrated and branching vascular structures) and disease models (i.e., 
stenosis of blood vessels and other tissues). The concept of technology convergence as 
presented in this chapter has been the focus of ample research in recent years in the field 
of biofabrication, due to the need to develop advanced approaches that can mimic the 
intricate hierarchy of native tissues, which often requires structural and biomechanical 
properties that individual bioprinting approaches cannot currently provide.[131] 

Within the scope of the volumetric printing process, this multi-technology convergence 
has recently been explored to address some of the major drawbacks of this novel approach 
as well as other light-based printing technologies. For example, an alternative approach 
to reinforce volumetrically printed structures demonstrated the combination of materials 
with differing mechanical properties through the combination of embedded extrusion 
bioprinting of stiff hydrogel patterns within granular hydrogels and the subsequent 
volumetric bioprinting of the support bath into complex architectures.[474] Another 
example of technology convergence addressed the limit on the achievable resolution 
of VBP (>20 mm positive features and >100 mm negative features), which has hindered 
the creation of multi-scale printed structures to date. Rizzo et al., demonstrated the 
feasibility of combining the high-speed printing of large VBP constructs with perfusable 
macrochannels with the subsequent 2-photon ablation of high-resolution (∼2 mm) 
microchannels.[614] The resulting convoluted and multi-scale tubular networks greatly 
resemble native vascular structures, but given the short working depth of the 2-photon 
ablation process (∼500 mm), such a converged approach will be challenging to upscale. 
In its current form, such an approach can only be used to pattern thin constructs of the 
border regions of larger VBP-produced structures. An alternative material-based approach 
to push the micro-scale resolution of volumetric bioprinting is presented in Annex I. 
Here, thermally responsive, photocrosslinkable hydrogels were developed for volumetric 
bioprinting. Post-printing thermal treatment of these developed resins facilitated the 
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creation of high-resolution prints, achieving the highest resolution of negative features 
to date with this printing approach (< 40 mm). While the printing resolution of 2-photon 
ablation and other multiphoton strategies remains higher, the material-approach 
described here provides the full extent of the freedom of design offered by VBP, without 
the penetration depth restrictions posed by these other approaches.[615–617] With further 
optimization of the shrinking process of these hydrogels, and with increased control over 
temperature-dependent shrinking differences,[618] further steps can be taken towards the 
creation of multiscale volumetric structures. 

Overall, the chapters outlined in this part of the thesis have made significant strides towards 
tackling key fabrication-centered challenges towards the creation of advanced bioprinted 
constructs that can serve as the next generation of in vitro platforms. However, there 
are further aspects related to the biological functionality and maturation of bioprinted 
structures that are crucial in the development of precise and predictive platforms utilizing 
these advanced printing techniques. 

INCORPORATING ADVANCED BIOLOGICAL BUILDING 
BLOCKS WITHIN THE BIOPRINTING PROCESS IN TISSUE-
SPECIFIC PLATFORMS 
Native tissue function arises from an intricate cascade of multicellular interactions with 
their surrounding 3D environment, where signaling and mechanical cues are regulated 
by constant feedback loops. Mimicking this complex 3D microenvironment goes beyond 
printing anatomically accurate architectures. It requires the mimicry of native cellular 
organization and interactions that single cell types or multicellular co-cultures of stem or 
primary cells cannot easily recapitulate without the body’s intricate biochemical guidance. 
To complement the fabrication-based advances for creating complex 3D structures 
presented in Part I of this thesis, Part II aimed at incorporating cutting-edge biological 
tools to enhance cellular function and maturation within complex 3D architectures. As 
illustrated by the growing trend of converging complementary bioprinting approaches 
to harness their respective advantages, the same principle applies to the convergence 
of different in vitro modeling technologies. In this case, the freedom of design offered 
by bioprinting can be further leveraged through the incorporation of advanced pre-
organized cellular assemblies and microtissues, such as tissue-like spheroids and 
organoid technology, to increase the biological mimicry of the resulting structures.
[139,142,619,620] In this thesis, one of the model organs chosen to explore this convergence of 
bioprinting with advanced biological building blocks was the liver, given its critical role 
in blood detoxification and maintenance of systemic homeostasis and its importance 
in the field of toxicology and the drug discovery process. Replicating this organ’s highly 
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complex multicellular and multifunctional nature has been a major challenge in the 
field of tissue engineering, and significant drawbacks remain regarding the mimicry of 
the 3D organization and intercellular interactions of previously developed models.[621,622] 
In Chapter 5, the possibility of creating highly functional bioprinted liver models that 
exhibit physiologically-relevant functions was demonstrated through the incorporation 
of human-derived liver organoids, which hold great expansion capacity while maintaining 
genetic stability, multilineage differentiation capabilities and exhibit liver-specific markers 
and functions.[623] Organoids, which are three-dimensional structures derived from self-
organizing (pluripotent) stem cells, progenitor, and/or differentiated cells exhibit superior 
recapitulation of the native tissue organization and function due to their enhanced cell-
cell and cell-matrix interactions.[35] These structures have emerged as powerful tools for 
understanding organ development, modeling diseases, and testing potential therapeutics 
in patient-specific 3D organized platforms. The inclusion of organoids as biological 
building blocks in the bioprinting process can aid in overcoming some limitations of 
organoid technology related to size, vascularization, and architectural complexity, with 
bioprinted scaffolds providing support and spatial guidance to enhance the controllability 
of organoid growth and the emergence of higher-level functional characteristics.[39,46,51,56] 
Few studies have explored this potential synergy, but there is already significant evidence 
that spatial patterning of organoid structures via bioprinting,[386] and other methods to 
control the architecture and microenvironment properties surrounding them,[624,625] can 
have  organoid can guide and enhance tissue morphogenesis in vitro. In this first study 
presented in Chapter 5, liver organoids were bioprinted with extrusion bioprinting 
technology, to enable the precise positioning of these complex 3D cellular structures 
into an open pore architecture that would result in higher oxygen and nutrient supply to 
the organoids and potentially increase their metabolic exchange rate compared to non-
printed samples. These printed organoid structures demonstrated differentiation capacity 
into metabolizing hepatocytes capable of responding to the presence of common drug 
compounds. However, the significant morphological damage induced on the organoids 
to facilitate extrusion, as well as from the shear stresses of the extrusion nozzle, the large 
inter-donor variability, and the relatively simple grid-like architecture printed with the soft 
bioinks needed to favor organoid function posed significant limitations to the process and 
did not show significant advantages over conventional casting methods. Nonetheless, it 
opened the possibility of shaping such complex structures into controllable 3D shapes 
while maintaining their basic functions and differentiation potential. 

With the development of VBP described in this thesis, this new and contactless printing 
approach posed an optimal opportunity to further enhance the architectural complexity 
into which organoids could be encapsulated, with the aim to elicit shape-dependent 
metabolic behaviors and develop functional liver units (Chapter 6). Here, the VBP 
process was first optimized to enable the incorporation of increased single cell and 
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organoid densities in line with previous liver in vitro models to better replicate native liver 
functions and enabled the printing of highly complex liver organoid-laden structures.
[413–415] By optically tuning the gelatin methacryloyl bioresin to reduce the light scattering 
phenomenon shown to impact printing resolution, the tuned bioresin did not only 
enhance printing resolution in the presence of cells, but also resulted in a soft (2 kPa) 
matrix for the organoids to grow in, within the stiffness range of healthy liver tissue, as 
determined by conventional clinical guidelines.[626] The growing importance of optical 
and crosslinking properties, and photons-materials interactions in light-based printing, 
including phenomena like light scattering, underscores the demand for new materials or 
the modification of existing ones that align with these technologies.[421] These efforts are 
particularly significant due to the increased attention these technologies are receiving, 
owing to their superior design flexibility and in the case of VBP, its scalability.[119,120] While 
extrusion printing methods are not strongly influenced by the optical properties of a 
bioink (rheological properties like shear thinning and viscosity play a much larger role 
on printability),[130] VBP has its specific requirements in terms of bioresin transparency, 
absorbance, crosslinking kinetics and refractive index homogeneity to ensure accurate 
and high-resolution printing. Therefore, the design, characterization and application 
of a compatible bioresin library is crucial to expand the range of matrices that can 
be incorporated into cell-laden prints. In the present study, the soft, optically tuned 
bioresins that proved to facilitate organoid survival and function could still be shaped 
into complex architectures without undergoing structural artefacts resulting from the 
collapse of stacking layers typically observed in layerwise methods. Volumetrically 
bioprinted organoid structures not only retained their differentiation capacity, but in this 
case, due to the stress-free printing method, the structural integrity of the organoids was 
maintained, showing highly organized, polarized structures compared to casted samples. 
When further shaped into complex, mathematically defined architectures with distinct 
structural properties,[444,627] and cultured in a dynamic perfusion system to provide mild 
mechanical cues throughout culture, these in vitro liver units exhibited a shape-dependent 
capacity to metabolize common waste products depending on the architectural shapes 
into which they were placed. This study highlights the importance of the bioprinting 
process in creating convoluted shapes designed to guide and control biological function 
and is a clear example of how a combination of advanced tools (bioprinting, organoids, 
and perfusion systems) can bring about enhanced tissue-like functionality. Drawing 
from design concepts stemming from different disciplines, such as water purification 
membrane or dialysis device fabrication,[444,445] efforts should be placed to further explore 
the design and modeling different structural compositions and their effect on flow, shear 
stresses and nutrient and oxygen supply within bioprinted structures. While the metabolic 
rates observed here are in line with previous literature,[414,417,451] characterizing the overall 
effect of such liver units in an in vivo setting would be beneficial to assess the physiological 
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relevance of the developed platform, not just as a preclinical model, but potentially as a 
regenerative implant capable of recovering the metabolic capacity of the liver. This shape-
to-function relationship provided by the bioprinting of predefined architectures can be 
further combined with the possibility to develop patient-specific organoids for various 
tissues.[36,37,352,628,629] This synergy of technologies would present an exciting possibility for 
personalized disease modeling, drug screening and development of tailored regenerative 
therapies.

To further explore the design freedom of VBP and its compatibility with other advanced 
biological tools, Chapter 7 showcases the development of multi-material, induced 
pluripotent stem cell (iPSC)-derived cardiomyocyte laden heart model. In this instance, 
another highly versatile cellular technology is introduced into the VBP system. Induced 
pluripotent stem cells hold immense promise in regenerative medicine and biomedical 
research. These cells, derived from adult somatic cells possess the ability to transform 
into virtually any cell type in the human body. iPSCs provide a unique, ethically sourced 
platform for modeling diseases, screening drugs, and studying developmental processes.
[630] Despite challenges regarding the standardization of generation and differentiation 
protocols, their patient-specific nature of these cells, like organoids, offer the potential 
to tailor treatments to individual patients.[630,631] The resulting iPSC-laden in vitro heart 
platform exhibited great design versatility, creating various simplified bi-chambered 
models with differing chamber volumes, as well as an anatomically shaped 4-chambered 
heart model. To create a mechanically competent construct, two mechanically distinct 
bioresins were printed, and enabled the maintenance of cellular function of iPSC-derived 
cardiomyocytes. While the developed heart platform proved to be compatible with 
medical imaging techniques, and some beating cell patches were observed throughout 
the construct and exhibited responsiveness to external damage cues, the maximum 
cellular density employed with this printing technique did not support sufficient cell-cell 
contacts to induce coordinated beating, and thus the evaluation of other clinically relevant 
outputs of the platform. Further development of the model is necessary to leverage the 
architectural advantages of VBP with the biological power provided by these iPSC cells.
[488,489] For such approaches, where intricate cell alignment and contact is needed, various 
avenues could be considered, from the combination of optical and algorithmic[421] light 
scattering correction strategies to increase the processable cell densities with VBP and 
the use of infrared wavelengths displaying high penetration depth through cells and 
other opaque components, to the direct guidance of printed cells to self-assemble and 
align in predetermined orientations using growth factor gradient patterning along the 
heart walls,[277,566,568,569] embedding cells within highly aligned fiber meshes that guide 
their growth and alignment, [466,468,486] or through the direct orientation of cells through 
the manipulation of acoustic,[142] magnetic,[219,632] or electrical fields.[59,240]  

All in all, Part II of this thesis employed the fabrication concepts developed in Part I 
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and incorporated advanced biological tools into the bioprinting processes, yielding 
tissue-specific platforms that exhibit native-like functional outputs and a high degree 
of control over architecture, which is shown to be a key factor in modulating biological 
activity of highly organized cellular structures. By harnessing the distinct advantages of 
self-assembled 3D cellular structures like organoids, or the powerful induced pluripotent 
stem cell technology within such complex architectures, important steps have been 
taken towards more precise control over cell fate. Nonetheless, in order to orchestrate the 
intricate developmental processes of tissues, more advanced approaches that incorporate 
biochemical cues into these complex structures are needed to achieve accurate models 
that encompass their multicellular and multifunctional nature.

ENHANCING CELL FATE REGULATION THROUGH THE 
DEVELOPMENT OF SMART BIOMATERIALS 
Beyond the incorporation of self-assembled cellular units to increase the mimicry of the 
cell-cell interactions characteristic of native tissues, a fundamental aspect required to 
ensure accurate functional outputs of in vitro platforms is the incorporation of spatially 
organized biochemical cues to guide cell behavior. In the body, signaling pathway 
activation and inhibition arises as a result of highly orchestrated multicellular and multi-
tissue interactions, setting up tissue and organ development, as well as their subsequent 
functions. In vitro, without the constant feedback loops of surrounding tissues and 
multiple cell types organized in a hierarchical fashion, it is crucial to provide such 
biochemical cues in the correct timing and region of tissue engineered constructs. Part 
III of this thesis explored material-based approaches that facilitate the controlled delivery 
of bioactive cues to bioprinted constructs to enhance the localized control over cellular 
functions. Chapter 8 shows the development of a controlled release system for bioactive 
compounds with cell fate guidance effects, consisting of biodegradable microparticles 
that could be incorporated into printable bioinks for their precise positioning within 
bioprinted structures. By combining the widely explored concept of controlled drug 
delivery[633–635] with the positional accuracy of 3D bioprinting, this study highlights the 
possibility to modulate the spatial and temporal presentation of bioactive compounds 
to cells already spatially patterned into tissue-specific organizations. In this particular 
study, the use of medical grade and FDA approved materials for both the microparticles, 
loaded anti-angiogenic drug and the collagen bioink also demonstrates the clinical 
translatability of such an approach. Nonetheless, while the speed and efficiency of release 
can be tailored through modifications of the microparticle formulation, there are limits to 
the controllability and long-term efficiency of this approach, especially where carefully 
coordinated bioactive factor availability, concentrations and positional accuracy are 
crucial to emulate native tissue heterogeneity. Furthermore, the precise localization and 
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distribution of these microparticles is limited by the resolution of the extrusion printing 
process in this case, resulting in functionalized regions ranging in the hundreds of 
micrometers, which may exceed the required resolution to pattern microscale gradients 
of bioactive compounds. Combining these microparticles with higher resolution 
technologies could be a solution to achieve higher control over the biofunctionalized 
regions. Approaches like electrowriting or laser-induced forward transfer (LIFT), where 
superior encapsulation resolutions of these particles could be achieved, could bring about 
higher positional control over this controlled release process. Furthermore, drawing from 
the ample research performed in the field of controlled drug delivery strategies, further 
improvements to enhance the specificity and temporal control over the process could 
be undertaken. One alternative is the combination of particles that allow differential 
release rates of one or more compounds. For example, hydrogel microspheres for 
controlled release have been developed with highly tuneable degradation rates.[636] Such 
controlled delivery approaches have also been used to achieve the delivery of living cells 
to therapeutic target regions, for instance, for controlled cardiac progenitor cell delivery 
and grafting in ischemic heart regions.[636] Furthermore, the printed material itself could 
be developed as a controlled release platform, as previously shown through the chemical 
modification of ceramic materials to tune the degradation and release rate of compounds 
embedded within.[637] Alternative methods in which the release of bioactive compounds 
is achieved through specific environmental stimuli like pH,[638,639] temperature,[639] or 
magnetic cues[640] for example could be employed to further refine the positional and 
temporal specificity of the compound release process. 

To overcome some of these challenges, Chapter 9 focuses on the development of 
an alternative approach to biofunctionalize 3D printed structures post printing with 
high positional accuracy and at high spatial resolutions. By leveraging the crosslinking 
capabilities of a previously employed gelatin-based hydrogel (gelatin norbornene)
[212,278,291,576,641] not only to induce photopolymerization of this resin in a volumetric 
printer, but also to photopattern thiolated bioactive compounds throughout the 
polymer backbone, mechanically and chemically tunable printed objects could be 
fabricated. Similar photopatterning concepts have been previously explored to “decorate” 
hydrogel-based 3D structures with various material chemistries,[568,572,573,642] including 
thiol-ene materials[641] as shown in this study. The majority of these approaches employ 
photomasking and light-based techniques like 2-photon polymerization technologies to 
create spatially defined biofunctionalized regions within hydrogel structures. However, 
these types of approaches pose distinct types of challenges when it comes to creating 
large and convoluted, precisely biofunctionalized printed constructs. In photomasking 
technologies, the resulting biofunctionalized patterns do not fully capture the 3D 
complexity observed in native developmental processes. These patterned structures 
provide no control over the z-directional architecture of the grafted regions, meaning 
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that resulting structures are just projected two-dimensional (2D) patterns, thus lacking 
the convoluted 3D complexity that can be achieved with more advanced light-based 
approaches.[572] On the other hand, another employed approach to photopattern 
biomolecules within hydrogels is 2-photon lithography. In studies demonstrating this 
approach, the 3D resolution of grafted structures is significantly enhanced, given the 
design freedom in across all planes that is possible in this approach. However, as with 
several multi-photon approaches, the working depth of this approach is rather limited 
(< 1 mm for various studies employing hydrogels)[614,615,643] and approximately 2-3 mm 
for microscopy applications.[644,645] This means that convoluted 3D printed structures of 
clinically relevant sizes could not be biofunctionalized with full spatial freedom. While 
the depth penetration of multiphoton approaches has been increased by employing 
alternative lens set-ups and immersion platforms to reduce light scattering,[617] the 
maximum achievable structure sizes of 7 mm in height compromise the submicron 
resolutions characteristic of these approaches, and are still very time consuming.[617] Thus 
the biochemical guidance provided by these approaches would be limited to small scale 
regions of organs or tissues, failing to capture tissue-wide complexity. In the case of the 
volumetric photopatterning approach developed in Chapter 9, through the leveraging 
of the tomographic back projections used in the volumetric printing process, spatially 
complex patterns of thiolated compounds could be achieved within seconds, through the 
entire depth of volumetrically printed structures. In this way, the incorporation of growth 
factors and their maintained bioactivity was shown to modulate vascular growth in 
printing constructs and could be used for a wide range of applications. Multiple bioactive 
compounds could potentially be incorporated in distinct regions of printed structures, 
guiding the response of single cell types of more advanced biological units in a highly 
controlled spatial manner, as demonstrated with model fluorescent compounds in this 
thesis. Similarly, this process can also be performed on demand during different stages 
of the print maturation period to selectively induce differential cellular responses over 
time, simply by repeating the photopatterning process with newly infused compounds. In 
this way, orchestrating complex signaling cascades in a spatiotemporal manner could be 
achieved to induce time-dependent changes in cell behavior, to better replicate complex 
native growth, developmental and disease processes in vitro. With the addition of this 
elegant patterning approach, the combination of the various innovative elements of the 
biofabrication process introduced in this thesis (scalable bioprinting processes, shape-
dependent control over self-assembled cellular units, and the ability to chemically edit 
the surrounding matrix of these complex biological components) open the door to 
creating the next generation of in vitro models with heightened architectural, biological 
and biochemical properties. 
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FUTURE PERSPECTIVES
The different studies presented in this thesis sought to improve specific gaps and 
drawbacks of existing biofabrication approaches, tackling key fabrication, biological 
and biochemical demands to enhance the biomimicry of in vitro platforms. Herein, we 
demonstrated the development of new technologies and the convergence of existing 
tools and techniques into complementary processes that enrich the biofabrication 
toolbox, to enable biomedical scientists to build more complex in vitro models that more 
closely capture salient features of (human) biology. At the same time, several challenges 
remain open in the field, and will require further, future research efforts to address all 
the considerations required to create more physiologically relevant in vitro platforms that 
could become standardized candidates for the advanced preclinical testing phase in the 
current drug development landscape.

Beyond achieving tissue-like functionality through the incorporation of advanced 
cellular components and a myriad of relevant biochemical and biomechanical cues, 
a major challenge in the field of biofabrication, and in vitro modeling in general, is the 
incorporation of vasculature into these platforms to provide adequate nutrient and 
oxygen supply, as well as intra- and inter-tissue transport. Hand in hand with this challenge 
is the establishment of interconnected platforms that represent various tissue units that, 
in the body, act in synchrony and are in constant communication through innervation 
and vasculature. The multi-scale resolution of various bioprinting techniques has been 
abundantly exploited to replicate the convoluted, multi-scale vascular networks within 
tissue-specific structures.[325,646] Recent approaches have demonstrated that a combination 
of techniques, such as the printing of macrochannels and subsequent chemoattracting 
strategies to guide capillary formation,[598,647] or the 2-photon ablation-based patterning 
of perfusable templates to induce cell infiltration,[648] provide significantly more native-like 
multi-scale vascular networks, rather than attempting to fabricate such complex networks 
with single techniques. To incorporate such complex vascular networks within the large 
volumetrically printed platforms shown in this thesis, VBP-compatible approaches 
to induce vascular network formation must be developed. Similar chemoattracting 
approaches, using the photopatterning approach demonstrated in Chapter 9 could 
serve to direct capillary formation within printed structures, for example. Furthermore, 
the incorporation of vascularization-promoting cells and materials in reproducible 
stochastic micropatterns using chaotic flows[649,650] for instance, could aid in creating prints 
with embedded, interconnected vascular structures. An important step to achieving 
vascularized structures lies in the development of compatible VBP materials that possess 
the stiffness and topographical properties optimal for vascular growth. For example, the 
use of photosensitive hydrogels with controllable porosity, dynamic bonds that facilitate 
cell-induced matrix remodeling or stable low molecular weight polymers could aid in 
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enhancing volumetric print vascularization. The recently developed Embedded extrusion 
Volumetric Printing (EmVP) process, in which materials of different mechanical properties 
and cell types can be differentially patterned, first through embedded printing within 
microgel resins and subsequently through VBP, could be another approach to introduce 
vascular networks into larger, complex architectures.[474] Along this same line of materials, 
the use of granular hydrogels consisting of microgel units for VBP or any other bioprinting 
technique has been a widely studied concept, as these highly tuneable materials can elicit 
a wide range of cellular behaviors through simple modifications like packing density, 
material stiffness and molecular weight, microgel shape and annealing strength, and 
material choice itself.[651–655] Due to their tuneable mechanics and the intrinsic porosity 
that forms at the gaps between microgels, these materials should be further studied for 
their potential to create complex and interconnected vascular networks.[656,657]

Regarding the multi-tissue interconnectivity that is essential to understand systemic 
processes and diseases, the multi-organ-on-a-chip microphysiological systems (MPS) that 
have been recently developed in the field of tissue engineering[104–106,658] pose a useful 
starting point for adoption in the biofabrication process. Creating looped perfusable 
systems that connect relevant bioprinted tissue units together as recently shown for 
MPS,[659] each connected through a central intricate vascular network to enable inter-
tissue transport and signaling, could be of great value to obtain more relevant clinical 
outcomes. For instance, in order to understand the drug toxicity effects of newly developed 
candidates, creating such arrays of the digestive and renal systems for instance, could 
provide unique insights into the delivery, absorption, breakdown and excretion of orally 
administered drugs. An MPS-based example of such interconnected, multi-tissue system 
developed a heart-lung-liver platform that was exhibited tissue-specific functions when 
cultured independently and in interconnected flow loops.[660] Interestingly, this model 
demonstrated a differential, detrimental response of the heart component of the platform 
to a lung-cancer drug when connected to the other organs compared to direct exposure 
to the drug in an independent loop, showcasing the advantage these interconnected 
platforms in the investigation of systemic processes.[660] Further incorporation multi-tissue 
interconnectivity and the development of sensors for advanced monitoring can provide a 
much more accurate understanding of these processes than an animal study for instance, 
and considering the patient-specific origin of organoids and other stem cell technologies, 
such systems could be used to create tailored treatment strategies for patients in the 
future and gradually reduce the need for animal experimentation.

Naturally, the implementation of the technologies discussed throughout this thesis as 
reliable and reproducible stages of the preclinical testing pipeline require more than 
just the aforementioned technology-centered developments. Given the young age of 
biofabrication as a research field, the vast majority of the biomaterials and resulting tissue 
analogues created with bioprinting approaches have not yet undergone the basic safety 
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and biocompatibility tests required to start the certification process as advanced therapy 
medicinal products (ATMPs). While more of the fundamental research in the field has started 
to transition towards preclinical applications, and first steps have been taken towards 
the first clinical trial of a biofabricated implant, several quality control and regulatory 
hurdles remain that thus far, hinder the widespread application of these technologies in 
the biomedical and pharmaceutical industries. The first issue to consider is the need for 
reproducibility and for quality control in 3D bioprinting processes. Slightly differing printer 
set-ups, variability in material properties from commercial of in-house origins, inter-user 
method variability and human error all pose significant drawbacks in the translatability 
of advanced bioprinting techniques. The introduction of artificial intelligence,[661] quality 
control sensors,[662] and methodology standardization are necessary additions to all classes 
of bioprinting technologies, including the ones presented in this thesis to automate and 
standardize biofabrication processes. Undergoing similar approaches to standardize 
material production and safety assessments is essential to ensure that these promising 
technologies continue to take steps closer to patients and industry. Furthermore, looking 
towards the establishment of in vitro platforms that can aid in the reduction of animal 
experimentation by providing biofabricated humanized models of high physiological 
accuracy, it is crucial to undergo long-term validation of recently developed systems to 
ensure these are in line with clinical outcomes and existing results from the immense 
collection of data from decades of animal experiments and the more basic in vitro models 
used to date. 

A major topic of debate that remains within the field that can greatly impact these 
regulatory and standardization obstacles revolves around the extent of complexity that 
must be directly crafted through tissue engineering and biofabrication technologies. 
While biofabrication approaches can continuously be redesigned to create more and more 
complex architectures, the more elements (fabrication-, biology- and material-related) 
that are incorporated into the process, the more arduous standardization and regulatory 
approval processes can become. A careful balance between exploiting these technologies 
to mimic every last aspect of target tissues, and reducing the overall process complexity of 
these approaches by providing few, yet powerful cues to guide tissue self-organization is 
of utmost importance to ensure biofabrication strategies can take the next step towards 
clinical and pharmaceutical applicability.[663] It is also noteworthy that, depending on the 
intended application of such biofabricated models (i.e., transplantation vs. clinical model), 
the regulatory and standardization requirements will differ significantly. Biofabricated in 
vitro platforms could already draw from the guidelines that are emerging in the organ-
on-a-chip field, where models are fit-for-purpose, to screen a specific range of drugs, 
diseases, or molecular pathways, and thus the required model complexity can be tailored 
per application. All in all, advanced biofabrication strategies, though not ideal for the 
early high-throughput testing stage of the preclinical process due to their complexity and 
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time-intensive manufacturing, hold significant potential for the more advanced phases 
of the pipeline. With adequate functional and regulatory optimization, these strategies 
can become valuable in elucidating complex tissue-specific and systemic drug responses 
given the higher-level functionality they provide, offering valuable insights into drug 
efficacy and safety.

CONCLUSION
This thesis introduced significant advancements within the field of biofabrication 
for the generation of human in vitro models with tissue-like functionality. Through a 
comprehensive exploration that tackled challenges related to fundamental bioprinting 
principles, the biological intricacies, and the biochemical and material property 
requirements of bioprinted structures to better recapitulate native tissues, the 
developments described here have expanded the toolkit of biofabrication approaches. By 
introducing novel technologies, including the pioneering, layerless volumetric bioprinting 
strategy, and synergizing new and existing advanced printing approaches to harness their 
unique advantages, this thesis showcases a variety of functional bioprinted tissue models 
that enable the study of biological processes in vitro. The fabrication and thorough 
exploration of volumetric bioprinting, distinguished by its scalability, unparalleled design 
freedom, compatibility with advanced biological tools, and a growing library of smart 
materials, chart new paths toward the creation of clinically-relevant testing platforms. The 
bioprinted, tissue-specific in vitro models presented here offer enhanced physiological 
accuracy and predictability, as well as the potential to incorporate patient-specific 
elements for personalized medicine. The toolkit developed in this thesis represents 
a crucial stride in bridging the translational gap of tissue-engineered in vitro models, 
particularly in the context of preclinical testing. Tackling the emerging challenges in 
navigating the regulatory landscape of the biomedical sector, the future of biofabricated 
in vitro models certainly holds promise as these innovative approaches continue to evolve 
in the coming years.
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INTRODUCTION
Tissues and organs are composed of highly organized, multiscale structures that give rise to 
specific functions essential for systemic homeostasis, from the micro-scale organization of 
cells and their surrounding extracellular matrix (ECM) to the bulk macro-scale architectures 
that facilitate the exchange of nutrients, oxygen and waste through various organs and 
regulate tissue-specific functions. Mimicking this multiscale organization is key to develop 
accurate in vitro tissue mimics that can be used to study development and disease, and in 
the future, be suitable for regenerative clinical strategies.[109,325] The field of biofabrication 
poses unique advantages to address this challenge, as it enables the precise placement of 
cells and biomaterials into highly organized structures through the use of various three-
dimensional (3D) bioprinting or bioassembly approaches.[110] The rapid development 
of 3D bioprinting approaches with distinct working principles, material properties and 
resolution capabilities, has made it so that a wide array of bioengineered constructs 
mimicking specific tissue and organ functions have been developed in the last decades.
[109,111,112,133] Extrusion-based bioprinting,[114,664], inkjet bioprinting,[117,118,665] sacrificial 
material-based techniques,[666] and light-assisted processes,[119,120,667,668] are amongst the 
most widely used in the field. When aiming to develop multi-scale constructs, it is often 
the high resolution structures that pose a greater technical challenge using these printers, 
and are largely limited by material properties of the bioinks employed (i.e., stiffness, post-
printing material stability and shape fidelity), and the working principle of the fabrication 
strategy itself (i.e., resulting Barus effect of extruded materials resulting in filament 
thickening, overcuring of light-sensitive resins in light-based approaches, and a wide array 
of process specific parameters).[121,128] When it comes to high-resolution printing, multi-
photon laser polymerization and ablation have been the most promising given their high 
precision, in which submicrometer regions of the bioresin can be photocrosslinked upon 
the simultaneous absorption of two or more  photons.[580,648,669,670] However, the working 
principle of these approaches makes them extremely time consuming, only producing 
small units in the span of several hours, making the upscaling of these printed structures 
into clinically  relevant-sized models very challenging. Furthermore, the existing library 
of photoresponsive hydrogels compatible with such techniques is rather limited still, 
especially those that support cellular function.[671–673]

Besides the achievement of high-resolution structures, to successfully transition any of 
these techniques to functional in vitro models and potential clinical applications, it is 
important to have a fabrication process that both facilitates complex structure creation 
and allows for short processing times, allowing for scalable production.[674] Despite notable 
advancements, there remains a strong demand for a more optimal method to prepare 
micron-scale structures within engineered tissues, be it from a fabrication perspective or 
through the development of smart materials that can be tailored to achieve these high 
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resolutions. 

In the case of smart materials, stimuli-responsive hydrogels are receiving considerable 
attention due to their ability to display rapid changes in swelling behavior in response 
to external stimuli, such as changes in temperature, pH, solvent composition and electric 
field.[152] Within these emerging types of smart biomaterials, thermo-responsive hydrogels 
are widely researched polymer systems that exhibit temperature-dependent behavior. 
These hydrogels can respond rapidly to changes in temperature resulting in an increase 
or decrease of their volume (swelling or de-swelling).[675–677] Poly(N-isopropylacrylamide) 
(PNIPAM) is one of the most widely studied and used temperature-sensitive materials, 
composed of hydrophilic (amide groups) and hydrophobic (isopropyl groups) side groups, 
which shows lower critical solution temperature (LCST) behavior around 32°C in aqueous 
environment.[677–679] When the LCST is reached, PNIPAM undergoes conformational 
changes, resulting in decreased solubility and wettability. Specifically, above the LCST, the 
hydrophilic bonds between water and amide groups are broken, resulting in the release 
of water and self-assembly of PNIPAM.[680–682] This process is reversible, meaning that when 
the environmental temperature is lowered below the LCST, the PNIPAM chains revert back 
to their coiled form. This transition of rehydration restore the solubility, and recovers their 
original wettability.[682]

PNIPAM has already been introduced to fabricate stimuli-responsive, high-resolution 
structures.[679,683] Using a microfluidic system to create tubular structures, PNIPAM’s water 
expulsion properties at high temperatures demonstrated a significant reduction in 
the wall thickness of these constructs. By doing so, the inner diameter of the channels 
increased, mimicking the process of vasodilation.[679] A similar, but more recent technique 
uses PNIPAM to decrease the overall volume (inner diameter and wall thickness) of simple 
tubular structures made of hydrogels and sacrificial materials, resulting in shrunken 
tubular structures with high cell viability over 7 days (human umbilical vein endothelial 
cells).[618]

In this study, we sought to exploit the thermal shrinking properties of PNIPAM within 
a volumetric printing (VP) process to create high-resolution bioprinted structures. 
Volumetric printing is a layer-less approach that facilitates the printing of highly 
convoluted geometries in tens of seconds.[127] This is achieved through the delivery of a 
sequence of tomographic light projections of a desired 3D object onto a photosensitive 
resin. Upon sufficient light accumulation in the desired regions of the resin volume, 
covalent crosslinking of the resin yields a solid 3D printed structure in a single step, 
with a high freedom of design.   Volumetric printing of cellular structures (volumetric 
bioprinting), has been demonstrated on various occasions, reporting the possibility to 
print viable and functional cells and organoids,[127,286] and to sculpt the latter into complex, 
function-modulating architectures.[286] The potential to create complex multi-material 
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constructs,[473] combine the VP approach with other printing strategies, like embedded 
bioprinting for further multi-material and multi-cellular applications,[474] two-photon 
ablation to create microchannels withing VP-printed structures,[614] and melt electrowriting 
to enhance the mechanical stability of printed hydrogel structures,[472] has also been 
recently demonstrated. In the field of material chemistry however, the use of smart, 
stimuli responsive bioresins has been limited to date. While chemically editable hydrogels 
have been recently shown to facilitate spatiotemporal growth factor patterning,[335] the 
use of stimuli-responsive materials that elicit conformational or chemical changes of 
volumetrically printed structures is still unexplored. Herein, the novel VP approach and the 
shrinking capabilities of PNIPAM-based materials will be converged to fabricate freeform, 
high-resolution structures. To facilitate cell adhesion to this thermosensitive hydrogel, 
we supplemented these hydrogels with two different biopolymeric, photocrosslinkable 
materials with methacryloyl moieties, gelatin methacryloyl (gelMA) or silk fibroin 
methacryloyl (silkMA). GelMA and silkMA have been covalently crosslinked with NIPAM 
through light induced radical polymerization to form a polymeric network (gelMA-NIPAM 
and silkMA-NIPAM, respectively), in which the gelMA or silkMA chains acts as a bridge 
between the PNIPAM backbone. The shrinking capacity of the resulting printed hydrogels 
was investigated upon exposure to 37° C (as shown in Figure 1A).

In this study, our goal was to explore a new category of thermosensitive materials for 
use as bioresins in a volumetric printing set-up and thus achieve clinically relevant-sized 
3D structures with high-resolution features. By combining the temperature-sensitive 
shrinking capacity of gelMA-NIPAM or silkMA-NIPAM hydrogels with the volumetric 3D 
printer the goal is to further push the resolution of this technique to be able to create 
multi-scale tissue mimics for tissue engineering applications (Figure 1B). 
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Figure 1: Schematic representation of the overall process: A) Chemical composition of the two hydrogels gelMA-
NIPAM or silkMa-NIPAM and B) visual representation of the tomography-based light projections of a nephron 
structure in volumetric printing.

RESULTS AND DISCUSSION
PNIPAM-derived hydrogel blends have previously been investigated for applications in 
tissue engineering, with differing ratios of supplemented gelMA to introduce greater 
bioactivity to these thermosensitive materials.[618] Said research has focused on developing 
shrinking tubular structures with gelMA-NIPAM that have showed promising vasculogenic 
effects in vivo, demonstrating temperature- and NIPAM:gelMA ratio-dependent shrinking 
behaviors.[618] In this study, the printability of this material with VP is explored for the 
first time, as well as the first-time characterization of photocrosslinkable methacrylated 
silk fibroin as another potential shrinkable biopolymer. The use of these widely used 
biopolymers opens the door to a wide variety of tissue engineering applications given 
their intrinsic biocompatibility and, especially important for silk, its unique mechanical 
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properties.[158,684–687] Since silk fibroin possesses side groups on its polymer chain 
(attributed to the presence of lysines, tyrosines and serines), functionalization of the 
polymer backbone has previously been demonstrated. In fact, the methacrylation of 
silk fibroin, a process optimized by Kim et al., highlighted the possibility of tuning the 
degree of methacrylation (DoM) of silk fibroin, in a glycidil methacrylate concentration-
dependent manner (in the range of 22-40 % DoM).[234]

The potential to thermally control the shrinking of PNIPAM-derived hydrogels is highly 
interesting in the field of biofabrication, when it comes to the 3D printing of high-resolution 
features, as a material-driven approach to produce micro-scale positive and negative 
features. While some printing approaches like multi-photon laser ablation[648,670,688,689] 
or digital light processing[235,331,332] have proven to achieve high-resolution features in 
the range of tens of micrometers using biocompatible hydrogels, these approaches are 
largely limited by the time required to print clinically-relevant sized structures for in vitro 
modeling or potential implantation. The recently introduced volumetric printing approach 
allows for the single-step printing of large and complex architectures in a matter of 
seconds.[127] VP allows for the processing of a wide variety of photoresponsive hydrogels, 
and theoretically, allows for a nominal resolution up to approximately 25-30 µm, based on 
the optical components employed in the system (i.e., pixel size in the digital micromirror 
device).[224] However, the inherent entropy of radical-mediated polymerization reactions 
(used for all volumetrically printed materials to date) has proven to hinder the achievable 
printing resolution of this technology.[286,291,486] 

The volumetrically printed silkMA-NIPAM and gelMA-NIPAM structures demonstrated 
significant resolution increases for both positive and negative features (Figure 2). SilkMA-
NIPAM showed a significant resolution enhancement of simple positive (from 36.7 ± 1.9 
to 27.0 ± 1.0 µm; tprint = 13.4 s) and negative (from 220.3 ± 2.5 to 71.5 ± 3.1 µm; tprint = 
11.8 s) features after overnight shrinking at the optimal temperature of 37o C (Figure 2A). 
Interestingly, these shrinking hydrogels enable the fabrication of positive features that 
match the optical resolution limit of the volumetric printer, and negative features also 
exhibit a high shrinking factor (3.1-fold). Similarly, gelMA-NIPAM exhibited a significant 
enhancement of print resolution (Figure 2B). While positive features (shrinking from 
59.6 ± 2.1 to 46.0 ± 1.1 µm; tprint = 14.2 s) did not achieve as high a resolution as silkMA-
NIPAM prints, the negative features achieved post-shrinking (from 123.8 ± 2.7 to 39.1 ± 
2.3 µm; tprint = 12.6 s) are, to date, the highest open channels created with a volumetric 
printer, highlighting the advantage of the post-printing shrinkage induced by the 
incorporation of PNIPAM, a process that does not require a change in the VP process 
itself. Another recently developed approach to enhance the printing resolution of VP 
has been explored, and consists of the incorporation of different lenses with various 
magnification capabilities to reduce the size of the volumetric projections and thus yield 
higher resolution features. However, this approach still did not yield the negative feature 
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resolution shown in the present study (with the highest magnification lenses employed 
achieving features of 240-380 µm features). While higher magnification lenses can be 
used to further push this resolution, the introduction of these into the printer set up also 
result in an overall reduction in size of the printable object.[614] Furthermore, the possibility 
to create high-resolution microchannels within volumetrically printed bulk structures has 
been demonstrated through the incorporation of a sequential 2-photon ablation step, 
which allowed the fabrication of negative features down to 1 µm in size.[614] However, 
the working depth of the 2-photon ablation process shown in this study is limited to 500 
µm, thus posing significant limitations on the size of the volumetrically printed structure 
that can be “edited” with these sequentially fabricated microchannels. Furthermore, the 
creation of complex structures was far more time consuming than the conventional VP 
approach, with working volumes of 0.02 mm3 taking over 10 minutes to fully ablate into 
open channels.[614] The printing of shrinkable bioresins shown in this study, which requires 
no modification of the optical set up of the volumetric printer and relies solely on the 
processing time of VP rather than the introduction of a second processing approach, is 
thus a promising approach for achieving high resolution features using this high-speed 
printing technique.
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Figure 2: Volumetric printing of thermally shrinkable structures. Simple VP structures consisting of positive and 
negative features in a pre- and post-shrinking (overnight at 37o C) state, as well as quantitative measurements 
of these feature sizes made of A) silkMA-NIPAM and B) gelMA-NIPAM (Scale bar low magnification = 1 mm, high 
magnification = 200  μm). C) Complex VP structures printed with silkMA-NIPAM (top row) and GelMA-NIPAM 
(bottom row), consisting of positive features (gyroid) and negative features (hollow torus knot) before and after 
shrinking (scale bar = 1 mm). * = p < 0.05, ** = p < 0.01.
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To demonstrate the ability to create more convoluted architectures consisting of complex 
struts and channels, and their ability to shrink into stable structures while maintaining 
high shape fidelity, both silkMA- and gelMA-based thermosensitive materials were used 
to volumetrically print larger, more intricate shapes. A gyroid structure, consisting of a 
complex network of repeating pore units, and a hollow torus knot shape with an inlet and 
outlet to allow perfusion were printed. For both materials, these larger, bulkier structures 
also underwent shrinking post-printing (Figure 2C). For silkMA, the gyroid (tprint = 17 s), 
representing a complex positive feature structure, underwent shrinking by a factor of 3.5 ± 
0.2, and the hollow torus knot network (tprint = 18.6 s by a factor of 2.3 ± 0.1), with all channels 
and features remaining distinct and open in the case of the channel structures. GelMA-
NIPAM in this case, experienced a much higher shrinking ratio for both gyroid (tprint = 17 s) and 
torus knot (tprint = 19 s) (6.1 ± 0.5 and 5.8 ± 0.4 respectively), indicating a more pronounced 
shrinking capacity of the gelatin-supplemented material in the chosen structures. This 
observation could be based on the printing technique itself. In the VP process, the desired 
regions of the bioresin are irradiated long enough to barely surpass the gelation threshold 
of the material, to prevent polymerization of the surrounding unwanted regions of the 
resin. This means the photocrosslinking of the hydrogel is stopped earlier than in regular 
casted constructs, where the gel is completely polymerized, and thus higher amounts of 
the polymer remain uncrosslinked in the printed conditions. After this crosslinking step, 
the unreacted polymer is washed out with warm phosphate buffered saline (PBS) and 
the resulting construct is then post-cured to finish the crosslinking mechanism leading 
to a stable hydrogel. Since gelatin is a more hydrophilic polymer than silk, uncrosslinked 
gelatin can more readily be washed out of the underpolymerized construct before the full 
polymerization of the construct takes place. This in turn leads to a final hydrogel with a 
lower crosslinking density than its more hydrophobic silkMA-supplemented counterpart. 
This lower crosslinking density for the gelMA-NIPAM hydrogels explains why they exhibit a 
larger shrinking capacity, since a lower crosslinking density leads to higher water content 
within the hydrogel network, and therefore increased water expulsion occurs at 37o C. 
Since silkMA is the more hydrophobic of the two biopolymers, this effect is decreased, as 
less of the initially uncrosslinked polymer immediately after VP is washed out before the 
post-curing step. Overall, this data demonstrates the ability to volumetrically print highly 
complex PNIPAM-based structures whose volume and feature sizes can be thermally 
controlled. The shrinking properties observed in this study can be carefully controlled 
through the selection of the resin composition (hydrophobic vs. hydrophilic supplements 
such as silkMA and gelMA, respectively) and/or the thermal cues provided to achieve a 
wide array of construct sizes for different applications. These observations open a wide 
range of possibilities for incorporating multiscale structures with both high-resolution 
positive and negative features, as well as fabrication times in the range of tens of seconds 
that can facilitate the creation of clinically-relevant sized constructs that more closely 
mimic native tissues.
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CONCLUSIONS
In this study, the library of materials for volumetric printing is further expanded with 
two photocrosslinkable, thermosensitive proteinaceous biomaterials, PNIPAM hydrogels 
supplemented with widely used biopolymers silkMA and gelMA. Both materials, upon 
surpassing the lower critical solution temperature of PNIPAM (32° C) exhibited a reversible 
shrinking behavior due to water expulsion resulting from a decrease in solubility and 
wettability of PNIPAM. Here, we demonstrate the compatibility of these materials with 
the ultra-fast volumetric printing approach. With these thermoresponsive materials, the 
current printing resolution of positive features was pushed to the limits of the theoretical 
optical resolution achievable with the printer (< 30 mm), and in terms of negative 
resolution, the gelMA-NIPAM blend under shrinkage at 37° C achieved the highest 
resolution of open channels reported to date using VP (< 40 mm diameter). Apart from this 
significant enhancement in simple positive and negative feature resolution, both materials 
could also be printed into highly tortuous gyroid structures and convoluted perfusable 
channel networks, exhibiting up to a 6-fold shrinking factor of these complex constructs. 
Gelatin and silk are widely used natural polymers in the field of tissue engineering and 
biofabrication, given their biocompatibility and in the case of silk, its unique mechanical 
properties. Thus, considering the great potential of the high-speed fabrication of complex, 
high-resolution structures with VP, it is crucial to investigate the compatibility of these 
materials with different cell types in the near future. In doing so, these newly established 
volumetrically printable materials could lead to the high-throughput generation of 
complex, multi-scale structures with controllable shrinking characteristics, opening new 
doors the creation of tissue mimics that can provide the next step in implantable and in 
vitro modeling platforms for biomedical applications. 

EXPERIMENTAL SECTION
Gelatin methacryloyl synthesis: Synthesis of gelMA with was performed according to 
previously reported procedures.[17] Briefly, 10 g of porcine skin type A gelatin (~300 bloom) 
was dissolved in 100 mL of phosphate-buffered saline solution (PBS) (pH 7.4) at 50° C for 
one hour. Methacrylic anhydride (MA) was added dropwise in a 0.8 mL g-1 ratio of MA to 
gelatin and left to stir for 2 hours at 50° C. Upon completion, the solution was diluted 
with PBS to a concentration of 200 mL g-1 gelatin followed by dialysis (MWCO: 12-15 kDa, 
Spectrum Lab Inc.) against deionized water at 40° C for 5 days. Lyophilization resulted in 
a white powder. 
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Methacrylate silk fibroin synthesis: Silk degumming was based on protocol by Rockwood et 
al.[191] and silk fibroin (SF) methacrylation was based on protocol by Kim et al.[234]  Briefly, 
Bombyx Mori silk cocoons (Evrosilk, Czech Republic) were cut using scissors and silkworm 
was disposed of. A 0.02 M Na2CO3 solution was brought to a boil and 5 grams of clean, 
cut open cocoons were boiled for exactly 5 minutes to remove the sericine layer. The 
degummed SF fibers were rinsed in cold deionized water and dried on aluminium foil 
overnight. SF (5 grams) was then dissolved in 9.3 M LiBr (Acros Organics) at 60° C. After 
1-hour glycidyl methacrylate (1.12g, 7.9 mmol) was added and the solution was left to 
stir for 3 hours. SilkMA was purified by dialysis against deionized water for 3 days using 
cellulose dialysis tubes (MWCO 3.5 kDa, Sigma Aldrich) at 4° C. The dialyzed solution was 
centrifuged to remove impurities and stored as liquid solution at 4° C. 

Preparation of gelMA-NIPAM and silkMA-NIPAM hydrogels: GelMA stock solution 10% w/v 
was dissolved in PBS at 50° C for an hour and stored at 4° C. NIPAM stock solutions in PBS 
of 10% w/v were prepared and stored at 4° C. To reach a concentration of 10%w/v, SF was 
dialyzed overnight against a 40% w/v polyethylene glycol (PEG) (6 kDa) aqueous solution 
using cellulose dialysis tubes (MWCO 3.5 kDa, Sigma Aldrich). The concentrated silkMA 
solution was stored at 4° C for no more than one week. GelMA or silkMA stock solutions 
were combined with NIPAM stock solution in different ratios (1:1, 1:2, 1:3, 1:4 and 1:5). 
However, the 1:4 ratio was chosen for further experiments with 0.1% w/v lithium phenyl 
2-4-6-trimethylbenzoyl phosphinate (LAP) (TCI chemicals, Hong Kong) as photo-initiator 
to produce a pre-gel solution. Pre-gel solutions were cast in open-topped cylindrical 
moulds (1 x 8 or 3 x 8 mm). The moulds were placed under Bluepoint 4 UV lamp (Honle UV 
technology AG, Germany) and irradiated for 40 seconds at a 5 cm distance (light intensity 
~390 mW at the light source). 

Hydrogel shrinking kinetics: Hydrogel disks (d = 8 mm, h = 2 mm, ~100 μl) were prepared as 
described before in a 1:4 GelMA-NIPAM and SilkMA-NIPAM ratios. Hydrogels were placed 
in 12 multi-well plates with 4 mL of PBS and incubated at 33° C and 37° C. Photos were 
taken at precisely timed timepoints from the moment the hydrogel was added to the 
warm PBS (33° C and 37° C) and images were analysed using ImageJ software (1. 53e, 
National institute of health, USA). 

Measurements of rheological and mechanical properties:  The crosslinking kinetics of the 
hydrogels were evaluated with a Discovery HR-2 Rheometer (TA Instruments, Etten-Leur, 
The Netherlands) equipped with a light guide attached to a BluePoint 4 lamp (Honle UV 
technology) using a 20 mm plate-plate geometry. Time sweeps were performed for 5 
minutes at 10% strain and 1Hz angular frequency at 25° C, the lamp was switched on after 
1 minutes for 30 seconds. Data were processed with TRIOS software (version 5.0). 

Furthermore, hydrogel disks (d = 8 mm, h =3 mm, ~150 μL) were prepared. Rheological 
properties were determined the same rheometer equipped with a Peltier plate for 
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temperature control and solvent trap to prevent evaporation. All samples were measured 
using a plate-plate geometry (aluminium, 20 mm diameter). Data were processed with 
TRIOS software (version 5.0). Oscillation amplitude sweeps were performed to determine 
appropriate strain for oscillation frequency sweep. Oscillation frequency sweeps (strain 
10%, frequency 0.1 to 100 Hz) were performed at 25° C, 33° C and 37° C.

Compression tests were performed on a 2980 DMA (Q800, TA Instruments, the Netherlands). 
Compression tests were performed using a three-step protocol: equilibration 25° C (or 33° 
or 37° C), isothermal for 3 minutes, compressive force ramp 2N/min up to 5N (n = 3). From 
the obtained data the young modulus was calculated as the slope of σ/ε between 0% and 
20%.

Volumetric printing: GelMA-NIPAM (2% w/v and 8% w/v respectively) and SilkMA-NIPAM 
(2% w/v  and 8% w/v respectively) solutions supplemented with 0.1% w/v lithium phenyl 
2-4-6-trimethylbenzoyl phosphinate (LAP; TCI chemicals, Hong Kong) were dispensed into 
cylindrical borosilicate glass vials (Ø 10 mm), which were then loaded into a commercial 
volumetric 3D printer (Tomolite V1, Readily3D, Switzerland) equipped with a 405 nm laser, 
set to deliver an average light intensity of 10.13 mW cm-2 within the printing volume. Prior 
to printing, the samples were cooled to 4° C to achieve physical gelation of the resins. In 
the case of SilkMA, which does not thermally gelate, 1% w/v porcine gelatin (25 mg mL-

1; porcine skin type A gelatin (~300 bloom) was added to the final resin blend to allow 
for thermal gelation to occur pre-printing and prevent artefacts due to sedimentation of 
the polymerized structure over time. Custom-designed stereolithography (STL) files were 
loaded into the printer software (Apparite, Readily3D, Switzerland). After the printing 
process, the vials were heated to 30° C to melt the unpolymerized resin and washed gently 
with PBS to retrieve the prints. To ensure homogenous crosslinking, the samples were 
submerged in 0.1% w/v solution of LAP in PBS and irradiated for 5 minutes in a CL-1000 
Ultraviolet Crosslinker (λ = 365 nm; UVP, USA). Afterwards, samples were submerged in 
PBS and incubated at 37° C overnight to induce shrinking. To analyze the print resolution 
achievable pre- and post-shrinking, an Olympus SZ61 stereomicroscope coupled with an 
Olympus DP70 digital camera (Olympus Soft Imaging Solutions GmbH, The Netherlands) 
was used to image the printed structures, which were stained using Alcian Blue solution 
for better visualization. To visualize the complex prints in 3D, samples were imaged using 
a custom-built lightsheet microscope. All images were processed, for feature and volume 
measurements, as well as generation of 3D renderings of light-sheet scans, using the 
image analysis software FIJI.[491]

Statistical analysis : Graphpad  PRISM v.9.4.1 was used for analysing and graphing data. 
Data are shown as mean ± SD, unless otherwise stated. Statistical significance was tested 
by unpaired t-test with Welch’s correction. 
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List of Abbreviations
2D: Two-Dimensional
3D: Three-Dimensional
4D: Four-Dimensional
ABCG2: ATP-Binding Cassette Super-Family G Member 2
ABTS: Azino-di-(3-ethylbenzthiazoline sulfonic acid)
ACPCs: Articular Chondroprogenitor Cells
AMD: Age-Related Macular Degeneration
APAP: Acetaminophen
ASAT: Aspartate Transaminase
ASS: Argininosuccinate Synthase
BVZ: Bevacizumab
CA: Carbic Anhydride
CAD: Computer Aided Design
CEW: Cell Electrowriting
CK-19: Cytokeratin 19
CK18: Cytokeratin 18
CLIP: Continuous Liquid Interface Printing
CT: Computed Tomography
DILI: Drug Induced Liver Injury
DMA: Dynamic Mechanical Analyzer
DM: Differentiation Media
DMEM: Dulbecco Modified Eagle Medium
DoF: Degree of Functionalization
DoM: Degree of Methacrylation
DMSO: Dimethylsulphoxide
DTT: Dithiothreitol
EBB: Extrusion-Based Bioprinting
ECFCs: Endothelial Colony Forming Cells
ECM: Extracellular Matrix
EDC: 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EE: Encapsulation Efficiency
EGM-2: Endothelial Growth Medium-2
ELISA: Enzyme-linked Immunosorbent Assay
EmVP: Embedded Extrusion Volumetric Printing
EU: European Union
FBS: Fetal Bovine Serum
FESEM: Field Emission Scanning Electron Microscopy
FDA: Food and Drug Administration
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FCS: Fetal Calf Serum
G6PC: Glucose-6-Phosphatase Catalytic Subunit
GAGs: Glycosaminoglycans
GelMA: Gelatin Methacryloyl
GelNOR: Gelatin Norbornene
GFP: Green Fluorescent Protein
GGT: Gamma-Glutamyl Transferase
GLDH: Glutamate Dehydrogenase
GO: Gene Ontology
H&E: Hematoxylin and Eosin
HEPES: (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HLB: Hydrophilic/Lipophilic Balance
HRP: Horseradish Peroxidase
HNF4α: Hepatic Nuclear Factor 4 Alpha
HUVECs: Human Umbilical Vein Endothelial Cells
iPSC: Induced Pluripotent Stem Cell
iPSC-CM: Induced Pluripotent Stem Cell-Derived Cardiomyocytes
IR: Infrared
ISBF: International Society for Biofabrication
LAP: Lithium Phenyl-2,4,6-trimethylbenzoyl-phosphinate
LiBr: Lithium Bromide
LAX: Cardiac Long-Axis
LCST: Lower Critical Solution Temperature
LIFT: Laser-Induced Forward Transfer
MA: Methacrylic Anhydride
MDR1: Multi Drug Resistance Protein 1
MEW: Melt Electrowriting
MG: Matrigel
MI: Myocardial Ischemia
MMP: Matrix Metalloproteinase
MRI: Magnetic Resonance Imaging
MSCs: Mesenchymal Stromal Cells
Multi-OoC: Multi-Organ-On-A-Chip
NaOH: Sodium Hydroxide
NAMs: New Approached Methodologies
NAPQI: N-acetyl-p-benzoquinone Imine
NHS: N-hydroxysuccinimide
NMR: Nuclear Magnetic Resonance
OA: Osteoarthritis
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P/S and Pen/Strep: Penicilin/Streptomycin
PAS: Periodic Acid-Schiff
PDMS: Polydimethylsiloxane
PEG: Polyethylene Glycol
PEO: Polyethylene Oxide
PHH: Primary Human Hepatocytes
PLA: Polylactic Acid
PLGA: Poly(lactic-co-glycolic acid)
PVA: Polyvinyl Alcohol
PVA-MA: Polyvinyl Alcohol Methacrylate
PV: Pressure-Volume
RI: Refractive Index
RNA: Ribonucleic acid
Ru: Tris(2,2-bipyridyl)dichlororuthenium(II) Hexahydrate
SAX: Cardiac Short-Axis
SEM: Scanning Electron Microscopy
SLA: Stereolithography
SPS: Sodium Persulfate
SAX: Cardiac Short-Axis
TPI: Transitie Proefdiervrije Innovatie
TRITC: Tetramethylrhodamine
TNBSA: 2,4,6-trinitrobenzenesulfonic Acid
UV: Ultraviolet
UTS: Ultimate Tensile Stress
VAM: Volumetric Additive Manufacturing
VBP: Volumetric Bioprinting
VEGF: Vascular Endothelial Growth Factor
VP: Volumetric Printing
µCT: Micro-computed tomography
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Summary
As the global average life expectancy increases, so does the incidence of chronic diseases, 
which carry a heavy economic toll on society and compromises patients’ quality of life. 
This increased disease incidence, and the inherent biological variation of human has put 
the drug discovery and development pipeline to the test, calling for the adaptation of 
its rules and regulations to reduce the ever-increasing failure rates of new drugs. The 
staggering growth of the pharmaceutical industry in the last decades, and the high 
expenditure required to bring a new drug to the market is set to become an unsustainable 
issue in the coming years. The costs of the drug discovery process are further exacerbated 
due to the fact that an estimated 89% candidate drugs fail only after entering the highly 
costly clinical testing phase. Therefore, in recent years, far more attention has been 
focused on improving the predictive capacity of the preclinical testing phase within the 
pipeline, where most drug discovery testing culminates in animal testing, the current 
gold standard to ensure drug safety and efficacy before human trials. A general consensus 
on the need for more complex and predictive human disease models has emerged and 
become a priority for both scientists and policy makers in the past decade. Supporting this 
paradigm shift in preclinical testing practices, various initiatives at national and European 
Union (EU)-wide levels have sought to develop programs to push forward the transition 
towards animal-free research. From the development of governmental initiatives like the 
Transitie Proefdiervrije Innovatie (TPI; transition animal-free innovation), to the creation of 
non-profit foundations such as Proefdiervrij in The Netherlands, the European Medicine 
Agency has also implemented steps to facilitate the adoption of New Approached 
Methodologies (NAMs) aimed to replace animal experimentation in pharmaceutical 
research. This, together with the congressional approval of the U.S. Food and Drug 
Administration (FDA) Modernization Act 2.0 on January 2023, which allows for alternative 
complex in vitro model use in the advanced preclinical phases, have recently opened the 
gateway to reduce the need for animal experimentation. 

Biofabrication is a novel, technology-driven field that has come to the forefront of tissue 
engineering and regenerative medicine strategies for the development of advanced in 
vitro models, as it facilitates the precise patterning of cellularized materials into complex 
architectures. Biofabrication, a multidisciplinary field that bridges biology, materials 
science and engineering is “the automated generation of biologically functional products 
with structural organization from living cells, bioactive molecules, biomaterials, cell 
aggregates such as micro-tissues, or hybrid cell-material constructs, through Bioprinting 
or Bioassembly and subsequent tissue maturation processes”. The last decades have seen 
the rapid development of various bioprinting modalities, each possessing different key 
features such as printing resolution, design freedom and material requirements, opening 
the door to the development of architecturally complex in vitro platforms where multi-
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cellular and multi-material structures can easily be created.

Considering the need for more complex preclinical models to bridge the existing 
translational gap between commonly used 2D in vitro models, animal testing and clinical 
trials, the overarching aim of this thesis was “to develop new biofabrication approaches, 
encompassing 3D bioprinting technologies, powerful biological building blocks, and 
smart biomaterials, that facilitate the development of advanced human in vitro models 
with native tissue-like functionality.” Addressing three key challenges pertaining to this 
aim, from a fabrication, biological complexity and material-based perspectives, this thesis 
was divided into three parts. Part I focused on the development of advanced bioprinting 
techniques that address different limitations of existing bioprinting processes. In Chapter 
2, the resolution limit of most conventional bioprinting approaches was tackled through 
the development of cell electrowriting (CEW), a new bioprinting approach that uses a 
voltage-driven printing head to fabricate high resolution, cell-laden hydrogel fibers 
with diameters comparable or even smaller than single cells (down to 5 µm). Chapter 3, 
addressed the restricted design freedom exhibited by most layer-by-layer manufacturing 
approaches, as well as the long printing times required to create clinically-relevant sized 
constructs. The development of volumetric bioprinting (VBP) as a cell-friendly, layerless 
approach introduced a significant enhancement in design freedom of hydrogel-based 
constructs and enables the ultra-fast fabrication of centimeter-scale complex living 
structures. The hydrogel structures developed with this technique however, as observed 
with a variety of tissue engineering approaches, exhibit rather limited mechanical 
properties which may hinder the functionality and stability of these prints. To address 
this, Chapter 4 demonstrated the possibility to converge Volumetric Printing and Melt 
ElectroWriting in a new approach termed VolMEW. The introduction of cylindrical melt 
electrowritten scaffolds (precisely organized thermoplastic microfibers) into the VBP 
process resulted in the enhancement of mechanical properties of the complex printed 
hydrogel structures. 

Shifting attention to the biological complexity introduced within biofabricated structures 
and their application for organ-specific in vitro model development, Part II highlights two 
target organs for which platforms of various complexity levels were developed: the liver 
and the heart. Chapter 5 demonstrated the extrusion bioprinting of human liver-derived 
organoids in a gelatin based bioink into simple 3D structures that could be perfused with 
various toxic compounds, exhibiting toxicity-dependent organoid death. However, these 
large and fragile organoids were fragmented and exhibited significant cell death post-
printing due to the shear stresses characteristic of extrusion printing techniques. To address 
this key limitation, while still harnessing the potential of organoid technology, Chapter 6 
showed, for the first time, the VBP of high-density organoid-laden structures which retain 
their morphology and function post-printing. Accurate printing of liver organoids into 
complex, structurally defined models and their incorporation into perfusable bioreactors 
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showed the potential to modulate metabolic function based on the printed architecture, 
highlighting the importance of 3D shape in cellular function. In Chapter 7, a bi-chambered, 
multi-material heart model with native wall thickness gradients was volumetrically 
printed with induced pluripotent stem cell-derived cardiomyocytes, another powerful 
tool in cardiac tissue engineering. The design freedom of VBP enabled the fabrication of 
numerous variations of the heart model to mimic different structural cardiomyopathies. 
Furthermore, an induced cryoinjury to mimic myocardial infarction showed promising 
biological signs of scar tissue formation and extracellular matrix remodeling, opening the 
door to the creation of clinically relevant cardiac in vitro models.

With promising observations regarding the use of VBP and other biofabrication approaches 
for in vitro model development, Part III focused on further driving tissue mimicry of 
bioprinted structures through the development of new classes of smart biomaterials or 
“bioresins” that allow for the control of cell fate and/or structural properties of the material 
and cell culture environment. Chapter 8 showed a controlled drug delivery tool through 
the fabrication of printable microcapsules capable of guiding endothelial cell behavior. 
The addition of 3D printing allowed for the precise patterning of these particles into 
complex architectures relevant for tissue engineering. Chapter 9 introduced a chemically 
editable gelatin norbornene (gelNOR) bioresin for VBP that not only exhibited highly 
tunable mechanical properties, but also enabled the covalent attachment of thiolated 
proteins or growth factors with high spatiotemporal control. With this material, precise 
localized control over cell behavior was achieved and presented a first step towards 
mimicking complex developmental chemical cues. In Annex I the library of VBP resins 
was further expanded through the development of thermoresponsive materials that 
exhibit temperature-dependent shrinking properties. These printable resins achieved the 
highest resolutions with VBP shown to date and exhibit great promise in the development 
of multi-scale bioprinted structures.

Overall, these compiled works demonstrate how, through the combination of various 
aspects in the biofabrication field (advanced printing approaches, human-based 
biological tools and smart materials), physiologically relevant in vitro platforms can be 
developed and take the next step towards filling the translational gap currently hindering 
drug development and disease modeling.
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Samenvatting
Naarmate de wereldwijde gemiddelde levensverwachting toeneemt, neemt ook de 
incidentie van chronische ziekten toe, die een zware economische tol eisen op de 
samenleving en de kwaliteit van leven van patiënten aantasten. Deze toegenomen ziekte-
incidentie, samen met de inherente biologische variatie van de mens, heeft de ontdekking 
en ontwikkeling van geneesmiddelen op de proef gesteld, waardoor de aanpassing van 
regels en voorschriften nodig is om de steeds toenemende faalpercentages van nieuwe 
medicijnen te verminderen. De verbazingwekkende groei van de farmaceutische industrie 
in de afgelopen decennia en de hoge uitgaven die nodig zijn om een nieuw medicijn 
op de markt te brengen, dreigen een onhoudbaar probleem te worden in de komende 
jaren. De kosten van het geneesmiddelenontdekkingsproces worden verder verergerd 
doordat naar schatting 89% van de kandidaat-geneesmiddelen pas faalt nadat ze de zeer 
kostbare klinische testfase zijn ingegaan. Daarom is er in recente jaren veel meer aandacht 
besteed aan het verbeteren van de voorspellende capaciteit van de preklinische testfase 
binnen de pijplijn, waar de meeste geneesmiddelentests uitmonden in dierproeven, de 
huidige gouden standaard om de veiligheid en werkzaamheid van geneesmiddelen te 
waarborgen voordat ze op mensen worden getest. Een algemene consensus over de 
noodzaak van meer complexe en voorspellende menselijke ziektemodellen is ontstaan en 
is een prioriteit geworden voor zowel wetenschappers als beleidsmakers in het afgelopen 
decennium.

Ter ondersteuning van deze paradigmaverschuiving in preklinische testpraktijken hebben 
verschillende initiatieven op nationaal en Europees niveau programma’s ontwikkeld 
om de overgang naar dierproefvrij onderzoek te bevorderen. Van de ontwikkeling van 
overheidsinitiatieven zoals Transitie Proefdiervrije Innovatie (TPI) tot de oprichting 
van non-profitstichtingen zoals Proefdiervrij in Nederland, heeft ook het Europees 
Geneesmiddelenbureau stappen ondernomen om de overname van nieuwe benaderde 
methodologieën (NAM’s) gericht op het vervangen van dierproeven in farmaceutisch 
onderzoek te vergemakkelijken. Dit, samen met de goedkeuring van de U.S. Food and 
Drug Administration (FDA) Modernization Act 2.0 in januari 2023, die het gebruik van 
alternatieve complexe in vitro modellen in de geavanceerde preklinische fasen toestaat, 
heeft recentelijk de weg geopend om de behoefte aan dierproeven te verminderen.

Biofabricatie is een nieuw, op technologie gebaseerd vakgebied dat naar voren is 
gekomen in weefseltechnologie en regeneratieve geneeskunde strategieën voor de 
ontwikkeling van geavanceerde in vitro modellen, omdat het de precieze vormgeving 
van gecellulariseerde materialen in complexe architectuur vergemakkelijkt. Biofabricatie, 
een multidisciplinair vakgebied dat biologie, materiaalkunde en techniek met elkaar 
verbindt, is “de geautomatiseerde ontwikkeling van biologisch functionele producten 
met structurele organisatie uit levende cellen, bioactieve moleculen, biomaterialen, 
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celaggregaten zoals microweefsels, of hybride cel-materiaalconstructies, via bioprinten of 
bioassemblage en daaropvolgende weefsel maturatieprocessen”. De afgelopen decennia 
was er snelle ontwikkeling van verschillende bioprintmodaliteiten, elk met verschillende 
belangrijke kenmerken zoals printkwaliteit, ontwerpvrijheid en materiaalvereisten, 
waardoor de ontwikkeling van architectonisch complexe in vitro platformen mogelijk is 
waar multicellulaire en multimateriële structuren gemakkelijk kunnen worden gecreëerd.

Rekening houdend met de behoefte aan complexere preklinische modellen om de 
bestaande translationele kloof tussen veelgebruikte 2D in vitro modellen, dierproeven en 
klinische proeven te overbruggen, was het overkoepelende doel van deze scriptie “om 
nieuwe biofabricatiebenaderingen te ontwikkelen, waaronder 3D-bioprinttechnologieën, 
krachtige biologische bouwstenen en slimme biomaterialen, die de ontwikkeling van 
geavanceerde menselijke in vitro modellen met functionaliteit vergelijkbaar met native 
weefsel faciliteren.” Om deze doelstelling aan te pakken, vanuit een fabricage-, biologische 
complexiteit- en materiaalgericht perspectief, was deze scriptie verdeeld in drie delen.

Deel I richtte zich op de ontwikkeling van geavanceerde bioprinttechnieken die 
verschillende beperkingen van bestaande bioprintprocessen aanpakken. In Hoofdstuk 
2 werd de resolutiegrens van de meeste conventionele bioprintbenaderingen aangepakt 
door de ontwikkeling van cel-electrowriting (CEW), een nieuwe bioprintbenadering die 
een spanningsgestuurde printkop gebruikt om hoogwaardige, cel geladen hydrogelfibers 
te fabriceren met diameters vergelijkbaar met, of zelfs kleiner dan cellen (tot 5 µm). 
Hoofdstuk 3 richtte zich op de beperkte ontwerpvrijheid van de meeste laagsgewijze 
productiebenaderingen, evenals de lange printtijden die nodig zijn om constructies van 
klinisch relevant formaat te maken. De ontwikkeling van volumetrisch bioprinten (VBP) 
als een celvriendelijke, laagvrije benadering introduceerde een aanzienlijke verbetering 
in het ontwerpvrijheid van op hydrogel gebaseerde constructies en maakte de ultrasnelle 
fabricage van complexe structuren op centimeterschaal mogelijk. De hydrogelstructuren 
ontwikkeld met deze techniek vertoonden echter, zoals waargenomen bij verschillende 
hydrogel gebasserde weefsel engineering, nogal beperkte mechanische eigenschappen 
die de functionaliteit en stabiliteit van deze prints kunnen belemmeren. Om dit aan 
te pakken, toonde Hoofdstuk 4 de mogelijkheid om Volumetric Printing en Melt 
Electrowriting (MEW) samen te voegen in een nieuwe benadering die VolMEW wordt 
genoemd. De introductie van cilindrische steigers gemaakt met MEW (nauwkeurig 
geplaatste microvezels) in het VBP-proces resulteerde in de verbetering van de 
mechanische eigenschappen van de complexe geprinte hydrogelstructuren.

Met de aandacht verschoven naar de biologische complexiteit geïntroduceerd 
binnen bio-gefabriceerde structuren en hun toepassing voor de ontwikkeling van 
orgaanspecifieke in vitro modellen, benadrukt Deel II twee doelorganen waarvoor 
platformen van verschillende complexiteitsniveaus werden ontwikkeld: de lever en 
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het hart. Hoofdstuk 5 toonde de extrusie-bioprinting van door de mens afgeleide 
leverorganoiden in een op gelatine gebaseerde bioinkt in eenvoudige 3D-structuren 
die konden worden geperfuseerd met verschillende toxische stoffen en die organoïde 
dood vertoonden afhankelijk van de toxiciteit. Deze grote en kwetsbare organoiden 
waren echter gefragmenteerd en vertoonden aanzienlijke celdood na het printen 
als gevolg van de schuifspanningen die kenmerkend zijn voor extrusie-gebaseerde 
printtechnieken. Om deze belangrijke beperking aan te pakken, maar nog steeds 
gebruikmakend van de potentie van organoïdtechnologie, toonde Hoofdstuk 6 voor het 
eerst de VBP van organoïde-beladen structuren met hoge dichtheid die hun morfologie 
en functie behielden na het printen. Het nauwkeurig printen van leverorganoïden 
in complexe, structureel gedefinieerde modellen en hun opname in perfuseerbare 
bioreactoren toonde het potentieel om de metabole functie te moduleren op basis van 
de geprinte architectuur, waarbij het belang van de 3D-vorm in cellulair functioneren 
werd benadrukt. In Hoofdstuk 7 werd een twee-kamer, multi-materiaal hartmodel met 
inheemse wanddiktegradienten volumetrisch geprint met cardiomyocyten afgeleid van 
geïnduceerde pluripotente stamcellen, een ander krachtig instrument in hartweefsel 
regeneratie. De ontwerpvrijheid van VBP maakte de fabricage van talloze variaties 
van het hartmodel mogelijk om verschillende structurele cardiomyopathieën na te 
bootsen. Bovendien liet een geïnduceerde cryoletsel om myocardinfarct na te bootsen 
veelbelovende biologische tekenen van littekenweefselvorming en extracellulaire matrix 
remodellering zien, wat de weg opent naar de creatie van klinisch relevante cardiale in 
vitro modellen.

Met veelbelovende waarnemingen over het gebruik van VBP en andere 
biofabricatiebenaderingen voor de ontwikkeling van in vitro modellen, richtte Deel III zich 
op het verder bevorderen van weefsel nabootsing van biogeproduceerde structuren door 
de ontwikkeling van nieuwe klassen slimme biomaterialen of “bioharsen” die de controle 
over de celbestemming en/of structurele eigenschappen van het materiaal en de cel 
kweekomgeving mogelijk maken. Hoofdstuk 8 toonde een werktuig voor gecontroleerd 
geneesmiddelafgifte door de fabricage van printbare microcapsules die het gedrag van 
endotheliale cellen kunnen sturen. De toevoeging van 3D-printen maakte de precieze 
vormgeving van deze deeltjes in complexe architectuur mogelijk die relevant is voor 
weefseltechnologie. Hoofdstuk 9 introduceerde een chemisch bewerkbare gelatine 
norbornene (gelNOR) biohars voor VBP die niet alleen zeer instelbare mechanische 
eigenschappen vertoonde, maar ook de covalente bevestiging van thiolhoudende 
eiwitten of groeifactoren met hoge controle mogelijk maakte in zowel tijd als ruimte. Met 
dit materiaal werd precieze gelokaliseerde controle over cellgedraging bereikt en werd 
een eerste stap gezet naar het nabootsen van complexe ontwikkelingschemische signalen. 
In Bijlage I werd de bibliotheek van VBP-harsen verder uitgebreid door de ontwikkeling 
van thermoresponsieve materialen die temperatuurafhankelijke krimpeigenschappen 
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vertonen. Deze printbare harsen bereikten de hoogste resoluties met VBP tot nu toe 
getoond en tonen grote belofte in de ontwikkeling van multiscale gebioprintestructuren.

Over het algemeen tonen deze samengevoegde werken aan hoe, door de combinatie 
van verschillende aspecten in het biofabricatieveld (geavanceerde printbenaderingen, 
op menselijke biologie gebaseerde gereedschappen en slimme materialen), fysiologisch 
relevante in vitro platforms kunnen worden ontwikkeld en de volgende stap kunnen 
zetten naar het overbruggen van de huidige translationele kloof die de ontwikkeling van 
geneesmiddelen en ziektemodellering belemmert.
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Resumen
A medida que la esperanza de vida experimenta un incremento a nivel global, se observa 
simultáneamente un aumento en la incidencia de enfermedades crónicas. Dichas 
patologías conllevan un considerable impacto económico en la sociedad, comprometiendo 
la calidad de vida de los pacientes. La elevada prevalencia en enfermedades crónicas, 
combinada con la variación biológica intrínseca en los seres humanos, ha puesto a 
prueba el proceso de descubrimiento y desarrollo de medicamentos, requiriendo la 
adaptación de la normativa y regulación para mitigar las crecientes tasas de fracaso en 
el descubrimiento de nuevos fármacos. El notable crecimiento que ha experimentado 
la industria farmacéutica en las últimas décadas y los considerables gastos que requiere 
llevar un nuevo medicamento al mercado están destinados a convertirse en un problema 
insostenible en los años venideros. Los costos asociados a este proceso se ven exacerbados 
debido al hecho de que el 89% de los potenciales medicamentos fallan después de entrar 
en la costosa fase de ensayos clínicos. En consecuencia, se ha dirigido especial atención 
durante los últimos años a mejorar la capacidad predictiva en la fase preclínica de la cadena 
de desarrollo farmacéutico. En esta etapa se realiza la mayor parte de experimentación 
enfocada al descubrimiento de nuevos fármacos, culminando en ensayos con animales, 
siendo éste el modelo de investigación estándar vigente para garantizar la seguridad y 
eficacia de los medicamentos antes de su utilización en ensayos humanos. Surge pues un 
consenso general sobre la urgente necesidad de nuevos modelos para la investigación 
de enfermedades humanas más complejos y predictivos, convirtiéndose en una prioridad 
tanto en el ámbito científico como político en la última década. Apoyando esta evolución 
de paradigma en las prácticas de ensayos preclínicos, diversas iniciativas nacionales (como 
en los Países Bajos) y de la Unión Europea han buscado desarrollar programas que impulsen 
la investigación libre de la utilización de animales. Desde el establecimiento de iniciativas 
gubernamentales como la Transitie Proefdiervrije Innovatie (TPI; Investigación Libre de 
Animales) hasta la creación de fundaciones sin fines de lucro como Proefdiervrij en los 
Países Bajos, la Agencia Europea de Medicamentos también ha implementado medidas 
para facilitar la adopción de New Approached Methodologies (NAM; Metodologías con 
Nuevo Enfoque) destinadas a reemplazar la experimentación en animales por una libre 
de ellos. Adicionalmente, en enero de 2023, se aprobó el Acta de Modernización 2.0 de 
la Administración de Alimentos y Medicamentos de EE. UU., la cual autoriza el uso de 
modelos in vitro más sofisticados como alternativa en fases preclínicas avanzadas. De 
esta forma queda abierta la puerta a disminuir la dependencia de la experimentación con 
animales en el ámbito farmacéutico. 

La biofabricación es una disciplina emergente e innovadora, impulsada por tecnología de 
vanguardia en ingeniería de tejidos y medicina regenerativa. Es utilizada en el desarrollo 
de avanzados y más complejos modelos in vitro, ya que permite producir con precisión 
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materiales ya celularizados, siguiendo arquitecturas de gran complejidad. Se considera un 
campo multidisciplinario que integra biología con ciencias de materiales e ingeniería, es 
“la generación automatizada de productos biológicamente funcionales con organización 
estructural a partir de células vivas, moléculas bioactivas, biomateriales, agregados 
celulares como microtejidos o construcciones híbridas de células y materiales, mediante 
la Bioimpresión o Bioensamblaje y subsiguientes procesos de maduración tisular”. En las 
últimas décadas, las distintas modalidades de bioimpresión han experimentado un rápido 
desarrollo, cada una centrada en características clave distintas, como son la resolución 
de impresión, la libertad de diseño y requisitos de materiales. Estos avances favorecen 
así el desarrollo de plataformas in vitro arquitectónicamente complejas, posibilitando 
la creación de estructuras multicelulares y multimateriales de manera más accesible y 
eficiente.

Debido a la necesidad de desarrollar nuevas plataformas preclínicas de mayor complejidad 
para reducir el sesgo traslacional existente entre los modelos comúnmente empleados in 
vitro bidimensionales, los ensayos en animales y los ensayos clínicos, el objetivo principal 
de esta tesis fue “desarrollar nuevos procesos de biofabricación que abarquen desarrollos 
tecnológicos de bioimpresión 3D, la incorporación de bloques biológicos avanzados y de 
biomateriales inteligentes, que faciliten el desarrollo de modelos avanzados in vitro con 
funcionalidad fisiológica”. Abordando tres desafíos clave acerca de este objetivo, desde 
una perspectiva de fabricación, complejidad biológica y basada en materiales, esta tesis 
se dividió en tres partes. La Parte I se centró en el desarrollo de técnicas avanzadas de 
bioimpresión y las limitaciones intrínsecas de los procesos asociados. En el Capítulo 2 
se abordaron las limitaciones en resolución en la mayoría de las técnicas convencionales 
de bioimpresión a través del desarrollo de electroescritura de células (CEW, del inglés 
Cell ElectroWriting), un nuevo método que utiliza una cabeza de impresión impulsada 
por voltaje para imprimir con alta resolución fibras de hidrogel con células de diámetros 
similares o incluso inferiores a los de una célula (hasta 5 µm). El Capítulo 3 se enfocó en las 
restricciones de libertad de diseño exhibidas por la mayoría de las técnicas de fabricación 
capa por capa, así como los extensos tiempos de impresión requeridos para crear 
estructuras de tamaño clínicamente relevante. Se introduce la técnica de bioimpresión 
volumétrica (VBP) como un enfoque libre de capas y propicio para la impresión de células, 
lo cual supuso una mejora significativa en la libertad de diseño de modelos impresos 
en hidrogel y permite la fabricación ultrarrápida de estructuras complejas celularizadas 
a escala centimétrica. Sin embargo, dichas estructuras, como se observa en varios 
métodos de ingeniería de tejidos, exhiben propiedades mecánicas bastante limitadas 
que pueden obstaculizar su funcionalidad y estabilidad. Con el fin de solucionar dicho 
problema, el Capítulo 4 demostró la posibilidad de fusionar la impresión volumétrica 
y la electroescritura de fusión en un nuevo enfoque denominado VolMEW (del inglés, 
Volumetric Printing and Melt ElectroWriting”). La introducción de andamios cilíndricos 
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producidos mediante la técnica de electroescritura de fusión (microfibras termoplásticas 
depositadas y organizadas con gran precisión) en el proceso de VBP resultó en la mejora 
de las propiedades mecánicas de las impresiones en hidrogel. 

Centrando la atención en la complejidad biológica presente en los productos biofabricados 
y su potencial aplicación en el desarrollo de modelos in vitro para órganos específicos, 
la Parte II de esta tesis presenta dos órganos objetivo para los cuales se diseñaron 
plataformas de diversos niveles de complejidad: el hígado y el corazón. El Capítulo 5 
evidenció que es posible la bioimpresión por extrusión de organoides derivados de 
hígado humano, embebidos en un biotinta basada en gelatina, para la fabricación de 
estructuras tridimensionales simples  que podrían perfundirse con diversos compuestos 
tóxicos, mostrando que la mortalidad de los organoides era dependiente de toxicidad. Sin 
embargo, estos organoides grandes y frágiles se fragmentaron y mostraron una significativa 
mortalidad celular postimpresión debido a las tensiones mecánicas características de las 
técnicas de impresión por extrusión. Para abordar esta limitación sustancial mientras aún 
se exploraba el potencial del uso de organoides, el Capítulo 6 mostró por vez primera la 
VBP de estructuras densas en organoides capaces de mantener su morfología y función 
tras la impresión. La impresión de forma precisa de organoides hepáticos en modelos 
complejos y estructuralmente definidos, así como su incorporación en biorreactores 
perfusibles, ha mostrado el potencial para modular la función metabólica en función 
de la arquitectura impresa. Esto destaca la importancia de la forma tridimensional en la 
función celular. En el Capítulo 7, se imprimió volumétricamente un modelo de corazón 
multicámara y multimaterial incorporando gradientes fisiológicos de grosor de la pared 
cardiaca con cardiomiocitos derivados de células madre pluripotentes inducidas, una 
herramienta de gran utilidad en la ingeniería de tejidos cardíacos. La libertad de diseño 
proporcionada por la VBP permitió la creación de numerosas variaciones del modelo de 
corazón para imitar diferentes cardiomiopatías estructurales. Por ejemplo, se simuló un 
infarto de miocardio practicando una lesión por crioinducción en uno de los modelos y 
mostró signos biológicos prometedores de formación de tejido cicatricial y remodelación 
de la matriz extracelular. Este hallazgo allana el camino a la creación de modelos cardíacos 
in vitro clínicamente relevantes.

Con descubrimientos prometedores sobre el uso de la VBP y otros métodos de 
biofabricación para el desarrollo de modelos in vitro, la Parte III se centró en ahondar 
en la imitación de tejidos de estructuras bioimpresas mediante el desarrollo de nuevos 
biomateriales inteligentes o bioresinas. Estas permiten el control del funcionamiento 
celular y/o propiedades estructurales del material y del propio entorno de cultivo celular. 
En el Capítulo 8 se presentó una herramienta de administración de medicamentos 
controlada mediante la fabricación de microcápsulas imprimibles capaces de guiar 
el comportamiento de células endoteliales. El uso de la impresión 3D permitió la 
incorporación de dichas partículas en arquitecturas de gran complejidad relevantes en 
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el ámbito de la ingeniería de tejidos. El Capítulo 9 introdujo una nueva bioresina de 
gelatina norborneno (gelNOR), editable químicamente en la VBP la cual no solo mostró 
propiedades mecánicas altamente ajustables, sino que también permitió la unión 
covalente de proteínas tioalquiladas o factores de crecimiento con un elevado control 
espaciotemporal. Con este material se logró un control localizado y preciso sobre el 
comportamiento celular, marcando un primer paso hacia la imitación de señales químicas 
de desarrollo. En el Anexo I, se muestra la ampliación de la biblioteca de resinas de VBP 
mediante la utilización y desarrollo de materiales termosensibles que exhiben propiedades 
de contracción dependientes de la temperatura. Estas resinas imprimibles fueron capaces 
de alcanzar las mayores resoluciones con VBP registradas hasta la fecha y significan un 
gran hallazgo para el desarrollo de estructuras bioimpresas a múltiples escalas.

En términos generales, estos estudios demuestran cómo mediante la combinación 
de diversos elementos en el ámbito de la biofabricación (mediante enfoques de 
impresión avanzados, herramientas biológicas centradas en seres humanos y materiales 
inteligentes) posibilita el desarrollo de plataformas in vitro de gran relevancia fisiológica. 
Este enfoque representa un paso significativo hacia la reducción de la brecha traslacional 
que actualmente limita el avance en el desarrollo de medicamentos y la modelización de 
enfermedades.
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