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Biofabrication is a rapidly advancing field 
that uses bioprinting or bioassembly to 
create organized 3D structures that are 
biologically functional.[1] These engineered 
biological constructs can be used for drug 
discovery and screening, for the develop-
ment of in vitro models of human dis-
ease or ultimately, as implants to restore 
or replace damaged tissue.[2–4] In order to 
successfully engineer a biologically func-
tional construct, it is essential to stimulate 
neo-tissue formation and improve spatial 
organization and mechanical integrity as 
seen in native tissues.[5–7] Extrusion-based 
bioprinting techniques are already used to 
generate hydrogel constructs that replicate 
some native tissue features, such as zonal 
organization of articular cartilage tissue, 
and can generate vascularized tissue struc-
tures, bone tissue gradients, and the air–
blood barrier by using different materials, 
cell types, and cell densities.[8–12] However, 
hydrogels that support extensive cellular 
differentiation are intrinsically soft and 
thus mechanically unstable.[13] This chal-
lenge can potentially be resolved with fiber 
reinforcing strategies, including adapta-

tion of textile techniques that enable fabrication of 3D-woven 
networks.[14–16] However, these techniques are limited in con-
trol over material or cell deposition. Fused deposition modeling 
(FDM) does allow for hydrogel reinforcement and control over 
cell deposition. Unfortunately, the relatively low printing reso-
lution (≈200 µm) of the reinforcing material with FDM limits 
space for tissue maturation,[17–22] and this reinforcing strategy 
usually fails to provide an adequate micromechanical environ-
ment for tissue differentiation.[23] An alternative strategy to 
reinforce hydrogels involves the incorporation of sub-micron 
scale, organized fiber scaffolds generated by melt electrowriting 
(MEW).[24–28] This electrohydrodynamic fiber writing uses a 
high voltage electrical field to form sub-micrometer fibers from 
polymer melts. Previous studies show that MEW fibers used 
to fabricate 3D screening devices to test cellular response to 
microstructures fibers can facilitate the specific alignment of 
cells.[29,30] However, this fabrication procedure requires a two-
step approach—the fabrication of the fiber scaffold, followed by 
embedding a cell-laden hydrogel inside—which severely limits 
control over accurate deposition of multimaterials and cells, 
and subsequently the creation of hierarchical structures.

The aim of this study was to generate biologically functional 
constructs with more complex architecture and composition by 

Fabrication of biomimetic tissues holds much promise for the regenera-
tion of cells or organs that are lost or damaged due to injury or disease. 
To enable the generation of complex, multicellular tissues on demand, the 
ability to design and incorporate different materials and cell types needs to 
be improved. Two techniques are combined: extrusion-based bioprinting, 
which enables printing of cell-encapsulated hydrogels; and melt electrow-
riting (MEW), which enables fabrication of aligned (sub)-micrometer fibers 
into a single-step biofabrication process. Composite structures generated by 
infusion of MEW fiber structures with hydrogels have resulted in mechani-
cally and biologically competent constructs; however, their preparation 
involves a two-step fabrication procedure that limits freedom of design of 
microfiber architectures and the use of multiple materials and cell types. How 
convergence of MEW and extrusion-based bioprinting allows fabrication of 
mechanically stable constructs with the spatial distributions of different cell 
types without compromising cell viability and chondrogenic differentiation of 
mesenchymal stromal cells is demonstrated for the first time. Moreover, this 
converged printing approach improves freedom of design of the MEW fibers, 
enabling 3D fiber deposition. This is an important step toward biofabrication 
of voluminous and complex hierarchical structures that can better resemble 
the characteristics of functional biological tissues.
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converging MEW and extrusion-based bioprinting into a single-
step manufacturing procedure. Here, we demonstrate that this 
combination increases freedom of design, while maintaining 
the specific advantages associated with each of the individual 
techniques.

To illustrate generation of organized cellular structures, 
equine-derived mesenchymal stromal cells (eMSCs) were 
labeled with fluorescent dyes, embedded in 10% gelatin-
metacryloyl (gelMA) and simultaneously printed with 
polycaprolactone (PCL) MEW fibers (Figure 1A). Precise 
arrangement of cells and materials in 3D was demonstrated by 
filling the pores of micro fiber scaffolds with extruded Tetris-like 
shapes of eMSC-laden gels (Figure 1B). Fine control over cell 

deposition was shown in both in-plane (x- and y-axis) printing 
(Figure 1C,D) and out-of-plane (z-axis) printing (Figure 1E). 
The 13 µm diameter of the MEW fibers (PCL), compared with 
the 200–400 µm diameter of the extruded bioink (gelMA), 
emphasizes the low volume of PCL in this multiscale fabrica-
tion process. The resolution of converged printing is currently 
limited by the resolution of hydrogel deposition. Nonetheless, 
the MEW boxes contribute to the shape fidelity of the printed 
hydrogel. Therefore, the 200–400 µm diameter of the extruded 
gelMA was relatively smaller compared with previously reported 
diameters of >500 µm.[11,31] Precise control over the deposition 
of the cell-containing bioink also provides the opportunity to 
control porosity and pore shape in the composite constructs 
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Figure 1. Convergence of MEW (PCL) and extrusion-based bioprinting (gelMA) into a single-step approach A) allows for control over spatial place-
ment of cells. Control over positioning of cells (membrane-labeled eMSCs) while using MEW and extrusion-based bioprinting B) (top view) results 
in hierarchical structures C) (top view), and the ability to fabricate porous constructs while including MEW D) (top view) and layered distribution in 
z-direction E) (cross section; arrow indicates where MEW mesh was positioned). eMSCs stained with DiI (red), DiO (blue/yellow), and DiD (green). 
Scale bars = 400 µm.
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(Figure 1D), which is essential when considering oxygen and 
nutrient supply in larger tissue constructs.[32,33] To our knowl-
edge, we are the first to demonstrate this more refined level 
of controlled 3D spatial organization when combining both 
micrometer-scale fibers and cell-laden hydrogels.

Improvements in organization of tissue architecture are 
an important step toward recapitulating the complex architec-
ture of tissues. Clearly, fibers in native tissue possess specific 
alignment that goes beyond the square, rectangular, or trian-
gular structures that are typically fabricated with MEW.[34,35] 
We demonstrated that during the converged printing of MEW 
and extrusion-based hydrogel printing, the hydrogel (here 40% 
w/v Pluronics F127) guides the spatial 3D architecture of the 
PCL fibers, and that this can be in the form of a single hydrogel 
strand (Figure 2A), interlocking the hydrogel (Figure 2B), or 
more complex shapes such as prisms (Figure 2C). The guiding 
of the MEW fiber by the hydrogel can even result in MEW 
fibers that have an out-of-plane character (Figure 2D). Although 
precise control over the spatial formation of fibrous struc-
tures remains challenging, the converged printing approach 
improves this control over fiber deposition, which is imperative 

in order to more closely mimic the fibrous component of the 
extracellular matrix architecture of the native tissue.

In addition to structural organization, the generation of 
mechanically competent constructs is crucial for the clinical 
application of the bioprinted constructs. We investigated the 
mechanical behavior of composite constructs fabricated with 
the proposed single-step converged printing method, compared 
with similar constructs obtained by the two-step cast method. 
Both peak and equilibrium moduli under uniaxial compression 
loading conditions were assessed (Figure 3A). The compressive 
peak modulus of converged printed constructs increased from 
19.85 ± 7.51 kPa for gel alone to 246.84 ± 66.42 kPa for fiber-
reinforced gel, whereas the compressive peak modulus of the 
cast constructs increased from 49.48 ± 7.81 kPa for gel alone 
to 278.13 ± 56.72 kPa for fiber-reinforced gel. This increase in 
compressive peak modulus for the cast samples is comparable 
to previous studies where a volume fraction of 6% was used 
with the same materials (PCL and 10% gelMA).[24] Addition-
ally, the reinforcement effect remains at equilibrium where the 
compressive equilibrium modulus of samples increased from 
11.90 ± 4.09 (printing, gel alone) to 53.02 ± 8.73 kPa (converged 
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Figure 2. Toward more complex tissue architectures: using hydrogel (Pluronics, 40% w/v) to guide the direction of MEW (PCL) fibers. MEW fibers 
are guided over a single strand of hydrogel A), interlocked with hydrogel B). This enables more complex fiber architectures C) and out-of-plane fiber 
deposition D). Yellow arrows depict the hydrogel whereas the white arrows depict the PCL fiber. Scale bar = 500 µm.
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printing, reinforced gel), and from 17.02 ± 6.79 (cast, gel 
alone) to 64.17 ± 13.41 kPa (cast, reinforced gel) (Figure 3B). 
The compressive moduli of the converged printed samples did 
not significantly differ from the cast samples, meaning that 
the reinforcing effect is not affected by the converged printing 
approach. However, it is essential to establish a scaffold design 
that decreases the amount of gel between the stacking of the 
MEW fibers to ensure fusion of the MEW fibers in the z-direc-
tion, since this fusion is essential for the mechanical stability 
of the hydrogel–thermoplastic composites.[18] Since both the 
equilibrium as peak moduli of the converged printed scaffolds 
increased compared with printed gel only scaffolds, and no 
differences were found compared with the cast samples, the 
converged printing approach is able to increase the mechanical 
stability of the gelMA–PCL composites.

Combining MEW and hydrogel printing introduces parame-
ters that are potentially harmful for cells embedded on extruded 
hydrogel structures. Thus, we demonstrated that the converged 
fabrication process does not affect cell survival or differentia-
tion. First, since fiber diameters in sub-micrometer scale need 
to be generated, fabrication time, defined as the time needed 
to print the construct prior to crosslinking, is considerably 
higher compared with hydrogel extrusion-based bioprinting 
approaches. Construct fabrication time is based on a collector 
velocity of 80 mm s−1, a fiber diameter of 13 µm, the line 

spacing between the MEW fibers, and the required scaffold 
volume (Figure 4A). Second, due to the increase of fabrication 
time, we assessed the effect of exposure time to environ-
mental conditions during converged printing on the metabolic 
activity of the embedded cells (Figure 4B). For this, eMSCs 
(20 × 106 mL−1) were encapsulated in 10% gelMA and exposed 
to fabrication conditions by placement into an active fabrication 
chamber for 0–60 min; constructs were subsequently cultured 
in chondrogenic differentiation medium for four weeks. Meta-
bolic activity, compared with cast constructs not subjected to 
the fabrication conditions, was found to be decreased by 12%, 
33%, 63%, and 80% after 15, 30, 45, and 60 min, respectively. 
Third, the high voltage (typically 5–15 kV) required for MEW to 
acquire the jet may impact cell survival.

To assess the effect of the high voltage on cell behavior, 
eMSCs were embedded in 10% gelMA and constantly subjected 
to 0, 5, 10, or 15 kV. After 14 d, eMSC viability was 92% ± 3%, 
93% ± 3% 91% ± 2%, and 90% ± 2% for 0, 5, 10, and 15 kV, 
respectively (Figure 5A and Figure S1A in the Supporting Infor-
mation). Furthermore, metabolic activity of the constructs that 
were subjected to such voltage did not decrease, compared with 
the control samples that were not subjected to a voltage dif-
ference (Figure S1B in the Supporting Information). In addi-
tion, as MSCs have the ability to differentiate toward multiple 
lineages, including bone, fat, tendon, myoblasts, neural-like 
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Figure 4. Effect of environmental conditions on cells. Converged printing increases printing time of constructs, which is related to the volume and line 
spacing of the prints A). Converged printed constructs with a volume of 100 mm3 and a line spacing of 400 µm, resulted in 10 min of printing time 
per construct. Incubating the hydrogel after crosslinking decreased metabolic activity of the cells B). Metabolic activity was normalized against cast 
control sample without incubation time. * = significant difference from an incubation time of 0 min, p < 0.05.

Figure 3. Convergence in a single-step approach does not affect the reinforcing effect of the MEW fibers. An increase in the compressive peak A) and 
equilibrium B) modulus was found when combining MEW (PCL) printing and extrusion-based hydrogel printing (10% gelMA). No differences were 
found between the converged printed and the cast samples. * = p < 0.05.
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cells, and cartilage tissue, this converged printing method has 
potential application in multiple tissue types.[37–39] As a proof of 
concept that the converged printing process was not harmful 
for eMSCs, we specifically demonstrated the potential to form 
cartilage-like tissue. We first measured glycosaminoglycan’s 
(GAGs), one of the main extracellular matrix components of 
cartilage, with a GAG/DNA assay over 28 d of culture. All sam-
ples showed an increase in GAG/DNA to an average of 11 ± 
1 µg/µg and 22 ± 2 µg/µg after 14 and 28 d of culture, respec-
tively. This finding was irrespective of the application of high 
voltage applied (Figure 5B). We confirmed this observation 
by safranin-O staining, which revealed that GAGs are evenly 
distributed throughout the samples (Figure 5C). For collagen 
type II, another main component of the extracellular matrix of 
cartilage, production was found to be increased over time in all 
samples, irrespective of the voltage applied (Figure 5C). No sig-
nificant differences were observed for cell viability, metabolic 
activity, or cartilage-like matrix production between the cast 
and converged printed scaffolds. Hence, converged printing did 
not affect cell (MSC) behavior in terms of viability, metabolic 

activity, and chondrogenic differentiation, and is therefore a 
promising biofabrication technique to fabricate hierarchical 
multimaterial, or multicellular structures with the potential to 
differentiate toward a mature tissue structure.

To our knowledge, this study demonstrates, for the first 
time, the successful convergence of MEW and extrusion-based 
hydrogel printing into a single-step manufacturing approach, 
improving our control over structure design and fiber writing. 
Our biofabrication technique allows us to grow living cells in a 
microenvironment with precisely controlled 3D spatial organiza-
tion that more faithfully recapitulates the complex architecture 
of native tissues. This greatly increases the ability to fabricate 
clinically relevant constructs without compromising mechanical 
integrity, cell viability, or (chrondrogenic) differentiation.

Experimental Section
Materials: The bioink for the cell experiments was 10% (w/v) gelatin 

methacryloyl (gelMA) (80% DoF, synthesized as previously described[40]) 
because of its high chondrogenic differentiation capacity,[41] and 
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Figure 5. MSC behavior after converged printing process. Cell viability (t = 14 d) in converged printing (CP) approach was comparable to cast control 
sample for all voltages used A). Chondrogenic differentiation was not compromised by the converged printing (CP) approach, showing no statistical 
differences in GAG/DNA compared with cast samples, for 5, 10, and 15 kV B). Safranin-O and collagen type II staining shows good proteoglycan and 
collagen type II distribution throughout the entire construct C). Scale bar = 100 µm, * = p < 0.05.
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the crosslinker Irgacure 2959 (BASF, Ludwigshafen, Germany) was 
dissolved in phosphate-buffered saline (PBS) at 0.1% w/v. Pluronics 
F127 hydrogel (40% w/v in PBS) was used as a model-ink to study the 
ability to guide MEW fibers with a hydrogel template because of its high 
shape fidelity. Medical-grade polycaprolactone (PCL) (PURASORB PC 12, 
Lot# 1412000249, 03/2015, Corbion Inc., Gorinchem, The Netherlands) 
was used as MEW material.

Cells: Equine-derived mesenchymal stromal cells (eMSCs) 
were harvested at passage 3, embedded in 10% (w/v) gelMA at 
20 × 106 cells mL−1, and subsequently cultured in chondrogenic 
differentiation medium consisting of DMEM 41965 (Gibco) 
supplemented with penicillin/streptomycin (1%, Gibco), l-ascorbic 
acid-2-phosphate (0.2 × 10−3  m, Sigma Aldrich), ITS + Premix Universal 
Culture Supplement (1%, Corning), dexamethasone (0.1 × 10−6 m, Sigma 
Aldrich) and recombinant human TGF-ß1 (10 ng mL−1) for 28 d, medium 
was refreshed twice per week. To show control over cell deposition, 
eMSCs were labeled with a Vybrant cell labeling kit (Thermo Fischer 
Scientific), according to manufacturer’s protocol prior to encapsulation 
in gelMA. Confocal imaging was used to analyze cell distribution 
(Leica SP8X). To assess the effect of the fabrication conditions on the 
constructs, eMSC-laden 10% gelMA disks were cast, crosslinked for 
15 min (UVP CL-1000 Ultraviolet Crosslinker), incubated for 0, 15, 30, 
45, or 60 min, and cultured for 28 d. Metabolic activity was measured 
with an Alamar Blue staining (Resazurin sodium salt, Alfa Aesar) and 
cartilage-like matrix formation was quantified with a GAG/DNA analysis 
[Dimethylmethylene blue (DMMB, Sigma Aldrich, Picogreen, Quant-iT, 
Thermo Fischer Scientific)]. To evaluate if the cells were affected by the 
converged printing process, alternating layers of PCL fibers and gelMA 
(10% w/v; encapsulated with eMSCs) were fabricated. PCL fibers were 
deposited at 85 °C, with a collector velocity of 80 mm s−1, pressure of 
1.0 bar, collector distance of 6.0 mm, and with a voltage of 5, 10, or 
15 kV. After printing, all samples were cultured for 28 d in chondrogenic 
differentiation medium and analyzed for viability, metabolic activity, and 
chondrogenic differentiation with a LIVE/DEAD assay (Calcein, Ethidium 
homodimer, Thermo Fischer Scientific), GAG/DNA, Safranin-O, and 
collagen type II staining, respectively. An eMSC-laden cast disk was used 
as a control.

Scaffold Fabrication - Cast Scaffolds: Ten percent (cell-laden) gelMA 
samples were cast in disks using a Teflon mold at 15 –18 °C and UV 
crosslinked for 15 min (UVP CL-1000 Ultraviolet Crosslinker).

Scaffold Fabrication - Converged Printed Scaffolds: Converged printing 
was performed in a single-step approach (3DDiscovery Evolution, 
regenHU). Scaffold design was either layer-by-layer deposition of 
MEW fibers and extrusion-based bioprinted (cell-laden) hydrogel, or 
deposition of gel inside the MEW squared structures (boxes). PCL 
fibers were deposited at 85 °C, with a collector velocity of 80 mm s−1, 
5.0 kV, 1.0 bar, and at a collector distance of 6.0 mm. Ten percent 
w/v gelMA was extruded with a pressure of 0.5 bar, at 15–18 °C, and 
a collector velocity of 25 mm s−1. To investigate the possibilities of 
using a hydrogel to guide 3D MEW fiber deposition, different layers of 
hydrogel (Pluronics, 40% w/v, extruded with a pressure of 1.0 bar and 
a collector velocity of 22 mm s−1, at room temperature) were printed in 
the x-axis direction, after which the MEW fiber was deposited in y-axis 
direction.

Mechanical Analysis: To analyze the mechanical properties of 
converged printed scaffolds, alternating layers of MEW PCL and 
10% gelMA without cells were deposited. The MEW boxes had a line 
spacing of 400 µm and total scaffold height was 1.8 mm. The elastic 
peak and equilibrium moduli were assessed by unconfined compression 
using dynamical mechanical analysis (Q800, TA Instruments). Samples 
were prestrained at 20% strain followed by isostrain of 15 min. As a 
control, cast 10% gelMA disks (height = 2 mm, diameter = 6 mm) with 
and without MEW reinforcement were analyzed.

Statistics: For samples that were used for mechanical analysis, an 
n = 5 was applicable; for samples including cells, an n = 3 was used. 
For the quantitative data, a one-way ANOVA, post hoc Bonferroni was 
performed to test differences between groups. Differences were found to 
be significant when p < 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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