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The ambitious climbs high and perilous stairs  

and never cares how to come down;  

the desire of rising  

hath swallowed up his fear of a fall. 
 

Thomas Adams 

 

 

 

 

 

Alla mia famiglia ed a Romano 
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1.1 Biomaterials in medicine 

Biomaterials are referred to as any substance (other than a drug) or combination of 

substances, synthetic or natural in origin, which can be used for any period of time, as a 

whole or as a part of a system which treats, augments, or replaces any tissue, organ, or 

function of the body (National Institutes of Health (NIH)). Their use allowed progress in 

diagnostic methods as well as in the regeneration of diseased tissues and organs and in the 

delivery of active ingredients to the right place at the right time and dose.(1-3)  

Biomaterials comprise polymers, ceramics, composites and metals and have been used 

for many years in medical applications. It is estimated that over 40.000 pharmaceutical 

formulations, 8.000 medical devices and 2.500 diagnostic products that employ biomaterials 

are in current clinical practice.(1) In spite of their widespread use in medicine, many 

biomaterials lack some required properties to be used in biological systems and consequently 

their properties have to be further optimized to match the therapeutic need of the patients. 

Particularly, hydrophilic polymers in the form of cross-linked networks, known as hydrogels, 

are a class of biomaterials that have demonstrated great potential for pharmaceutical and 

biomedical applications.(4) 

1.2 Hydrogels 

Hydrogels are water-swollen polymeric materials able to maintain a distinct three-

dimensional structure.(5-6) They were the first biomaterials designed for clinical use in the 

early 1950s, when Otto Wichterle and Drahoslav Lím initiated a research program aimed to 

the development of hydrogels for soft contact lenses.(7) The fortunate use of hydrogels in 

ophthalmology, which translated, besides contact lenses, also in glaucoma microcapillary 

drains (8) and fillings for the restoration of detached retina,(9) was the driving force towards 

the exploration of many other biomedical applications. Indeed, hydrogels extended their use 

to coverings for perforated ear drums,(10) implants for plastic surgery,(11) drug delivery 

depots,(12-15) etc. Amazingly, after 60 years, hydrogels are still inspiring the scientific 

community and progress in this field has moved forward at an impressive pace. Nowadays, 

novel synthetic methods for the design of gel-forming polymers and molecular biology have 

encompassed traditional chemical methods, resulting in self-assembling and environmentally 

sensitive hydrogels with controlled degradability and mechanical properties. Hydrogels have 

been applied, in addition to traditional areas, also to the delivery of biotechnologically derived 

drugs (proteins and peptides), tissue engineering, microfluidics and nanotechnology.   

The success of hydrogels originates from their well known biocompatibility mainly due to 

their high water content and soft nature. These properties render hydrogels similar to 

biological tissues and consequently minimize cell adherence and inflammation once injected or 

implanted in the body.(16-21) Furthermore, their water absorbing capacity facilitates the 

accommodation of cells or hydrophilic molecules such as protein and peptides within the 

polymeric network.(22-25) 
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In order to ensure the clinical successes of hydrogels, several requirements, overviewed 

in Figure 1, need to be fulfilled. Besides biocompatibility, the biomaterial must be 

biodegradable (via chemical or enzymatic pathways), meaning that the hydrogel, after having 

served its biomedical function, is expected to degrade into soluble biocompatible products that 

can be metabolized and/or eliminated via renal filtration. In this way, surgical removal of the 

gel can be avoided. Additionally, ease of production and formulation, stability of the polymer 

and of the encapsulated drug, cytocompatibility, efficacy and flexibility, and minimally 

invasive administration are desirable characteristics (Figure 1). 
 

 

 

 

                                              

 

 

 
Figure1. Overview of the ideal characteristics of a hydrogel for biomedical and 
pharmaceutical applications 

 
1.2.1 Polymers for the design of hydrogels  

 

1.2.1a Polymer architectures 

 

Hydrogels are composed of polymers with different architectures (block copolymers, 

branched polymers, multi-arm polymers), as depicted in Figure 2. Based on the polymer 

topology, a large variety of different assemblies can be generated and peculiar hydrogel 

properties, such as mesh size, mechanical strength etc. can be tailored by changing the 

polymer design and  thus by the hierarchical polymer organization. 
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Figure 2. Macromolecular topologies of amphiphilic polymers capable to form self-assembled 
networks, a) linear block copolymers, b) star shape copolymers, c) graft copolymers.  

 

1.2.1b    Natural, synthetic and hybrid hydrogels 

 

Polymeric hydrogels can be based on natural or synthetic polymers as well as on 

combinations of these two. Examples of natural polymers are polysaccharides like hyaluronic 

acid, alginate, dextran, chitin/chitosan (26-35) and proteins like collagen, gelatin and 

fibrin.(36-39) Although natural polymers possess inherent biocompatibility, their use is also 

associated with a number of drawbacks, such as limitations in their production and purification 

from organisms, large batch-to-batch variation and contaminations that can possibly cause 

infections or immunogenicity. Moreover, their poor flexibility allows tailoring of the hydrogel 

properties only to a limited extent. With this respect synthetic polymers have distinct 

advantages. Examples of synthetic materials that have commonly been used to design 

hydrogels are poly(ethylene glycol) (PEG),(40) poly(2-hydroxypropyl methacrylamide) 

p(HPMAm),(41) poly(hydroxyethylmethacrylate) p(HEMA),(42) poly(vinyl alcohol) (PVA),(43) 

and poly((meth)acrylic acid) (p(M)AA).(44) Figure 3 shows the chemical structures of the 

most commonly used synthetic and natural polymers.  

 

 

 

a) b) c) 
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Figure 3. Chemical structures of natural ((a), (b) and (c)) and synthetic polymers ((d), (e), 
(f), (g), (h) and (i)) 
 

Of all synthetic polymers, PEG has gained the most interest in the biomedical field due to 

its appealing properties. PEG is a highly hydrophilic, biocompatible and low immunogenic 

polymer, it has protein-resistant properties,(19, 45-46) and is excreted up to a molecular 

weight of 50 kDa by the kidneys.(47) A number of PEG-based pharmaceutical products has 

been approved by the American Food and Drug Administration (FDA).(5) PEG lends itself to a
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broad range of chemical modifications for the preparation of cross-linked polymeric networks 

in aqueous medium.(48) For instance, PEG functionalized with cyclodextrins or cholesterol has 

been used for the formation of supramolecularly self-assembled hydrogels for protein release 

applications.(40) Similarly, PEG has been used as building bock for the synthesis of 

copolymers with biodegradable aliphatic polyesters, such as polylactide (PLA),(49) poly(D,L-

lactide-co-glycolide) (PLGA),(50) poly(ε-caprolactone) (PCL),(51) or polyphosphazenes.(52) 

Thermosensitive triblock copolymers of PEG and p(HPMAm) derivatives have been likewise 

designed for the preparation of injectable hydrogels.(53) P(HPMAm) is another hydrophilic and 

biocompatible synthetic polymer, currently under evaluation in a number of clinical trials, that 

has been used from the early 1970s to date in numerous applications, ranging from drug-

polymer conjugates for cancer therapy to copolymers for network formation.(54)  

Finally, hybrid hydrogels are composed of natural and synthetic polymers in an effort to 

exploit the advantageous properties of both systems. 

 

1.2.2 Cross-linking methods 

 

The above described (natural or synthetic) polymers share their high affinity for water 

and in order to prevent their dissolution in this medium they have to be crosslinked by either 

physical and/or chemical methods, yielding hydrogels.(55-56) Physical cross-linking relies on 

non-permanent reversible bonds based on hydrophobic interactions,(57-58) hydrogen 

bonding,(59) stereocomplexation,(60) inclusion complexation (61) or ionic interactions.(62) 

Thermosensitive polymers have been widely used for the preparation of physical hydrogels 

assembled by hydrophobic interaction between polymer chains at body temperature.  Physical 

cross-linking is particularly appealing for biomedical applications as it allows minimally 

invasive administration of the hydrogel, which is formed in situ upon injection. However, a 

general drawback of physical hydrogels is their limited stability, and therefore, when 

mechanical strength and long-term stability are required, chemically cross-linking methods 

are preferred. 

Chemical cross-linking leads to permanent covalent bonds that can be accomplished by a 

wide variety of chemical reactions, like e.g. radical polymerization,(23, 63-64) enzyme 

mediated polymerization,(65) click chemistry,(66-68) and Michael addition,(69-78). 

Some of these covalent cross-linking methods can be used for the design of in situ gelling 

systems. To this end, the absence of leachable toxic compounds possibly needed for the 

polymerization is a strict requisite. The combination of physical and chemical cross-linking has 

been often applied for the preparation of hydrogels. Dual cross-linking comprises immediate 

physical gelation upon administration and subsequent structural stabilization of the hydrogel 

by covalent bonding. In this way, the initial physical gelation at the site of injection avoids 

premature dissolution of the hydrogel and the subsequent chemical cross-linking confers
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stability to the network. Michael addition and photopolymerization are examples of chemical 

cross-linking reactions suitable for in situ gelation.(23, 78) 

 

1.2.3 Thermo-gelling hydrogels 

 

Thermosensitive polymers belong to the class of stimuli-responsive materials, also known 

as “smart”, “intelligent” or “environmentally sensitive”.(6, 79-80) Thermo-responsive 

polymers exhibit differences in solubility in aqueous medium in response to temperature 

changes. The temperature at which they undergo this transition is commonly referred to as 

the lower critical solution temperature (LCST). Below the LCST, the polymers are soluble in 

aqueous medium, whereas above the LCST, they are insoluble, due to hydrophobic 

interactions between the polymer chains. When thermosensitive and permanently hydrophilic 

polymers are combined (in form of block or graft copolymers), they are able to self-assemble 

above their LCST, forming a hydrogel structure. Polymers with LCST between room and body 

temperature can be used for the preparation of injectable hydrogels. In Figure 4 the self-

assembly mechanism of a thermosensitive triblock copolymer is depicted. 

  

1.2.4 Photopolymerization 

Photopolymerization is a type of radical polymerization that allows the formation of 

chemical cross-links between (meth)acrylate ((M)AA) bearing polymer chains. This type of 

reaction is initiated by a photoinitiator that decomposes and generates radicals in response to 

UV or visible light. A number of photoinitiators is available, with Irgacure 2959 being the most 

widely used for biomedical applications, as it has been demonstrated to be biocompatible at 

low dosage.(81) Photopolymerization is suitable for in situ gel formation as, potentially, it can 

be implemented by means of laparoscopy or transdermal illumination in case of 

subcutaneously injected depot systems.(81-82) The photocuring process is fast, taking usually 

only seconds to minutes to complete, can be conducted at room or body temperature without 

the use of organic solvents and offers the advantage of spatial and temporal control.(42, 83-

84) Photopolymerization has been applied for the chemical cross-linking of degradable 

hydrogels, used for both tissue engineering and protein delivery applications.(85-86) Hubbell 

et al. were the first to introduce the use of in situ photopolymerizable hydrogels. The polymer 

they used was composed of a PEG middle block, flanked with acrylate modified oligo(α-

hydroxy acids).(87) The systems showed rapid hydrogel formation upon irradiation with 

visible light in the presence of a suitable photoinitiator. This stable photopolymerized 

hydrogel, used as drug delivery depot, released a model protein, bovine serum albumin 

(BSA), for up to two months and, in tissue engineering application, it was effective in 

preventing scar adhesion formation after pelvic surgery in animal models.(85, 87) 

Additionally, it was shown that these gels did prevent surface-induced thrombosis and 
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reduced long-term intimal thickening when applied as a mechanical barrier on severely injured 

arteries.(88)  

 
 
 

Figure 4. Self-assembly of a thermosensitive linear triblock copolymer composed of two outer 
thermosensitive blocks and an inner hydrophilic block yielding in the formation of a hydrogel 
above the LCST of the thermosensitive block.  
 

This seminal work inspired other scientists, who developed a variety of other 

photopolymerizable polymers, such as (meth)acrylated linear and multi-arm PEGs,(89) 

methacrylated dextrans,(90) methacrylated dextran-hydroxyethyl methacrylate (dex-

HEMA),(91) methacrylated eight-arm PEG-poly(lactic acid) (PEG-PLA) star block 

copolymers.(92) 

 

1.2.5 Michael addition reaction 

 

The Michael addition reaction is a versatile synthetic methodology for the efficient 

coupling of electron poor olefins (e.g. acrylates) with a vast array of nucleophiles (e.g. 

amines, thiols) and is a widely applied synthetic method for the preparation of polymeric 

networks for multiple applications.(93-94) The main reasons for its wide applicability are 

the possibility to use this cross-linking method for in-situ gel formation and the existence 

of commercially available functional oligomers including PEG diacrylates and numerous 

oligomeric diamines such as Jeffamine®. Michael addition reaction occurs at physiological 

conditions without the need for (toxic) catalysts.(69, 95-97) Because of this 

advantageous property, Michael addition reaction has been successfully applied for the

HHyyddrroopphhiilliicc  nneettwwoorrkk  

+ΔT

Thermosensitive block 

Hydrophilic block HHyyddrroopphhoobbiicc  
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preparation of a number of hydrogels for biomedical applications,(69-74, 76-77) reviewed 

by Mather et al. (98) To give an example, Hubbell et al. studied protein drug delivery 

using Michael addition hydrogel networks from eight-arm PEG octaacrylate with 

dithiothreitol.(99) The protein drug human growth hormone (hGH), which suffers from 

rapid clearance, was entrapped into these hydrogels. The crosslink density of the 

networks, which influenced the drug diffusion, was controlled by the use of different 

molecular weights of PEG octaacrylate.  

 

1.3 Applications of hydrogels 

 

1.3.1 Protein delivery 

 

Advances in molecular biology and biotechnology have resulted in the mass production of 

protein therapeutics. However, several obstacles remain before these compounds can be 

turned into medicines capable for the treatment of patients. The challenge of releasing these 

drugs at the right time, at the right site and in the right dose, can be potentially faced by 

advanced drug delivery systems like hydrogels.  

The added value of hydrogels for protein delivery is improved safety, efficacy, 

convenience, and patient compliance. The rationale behind the use of hydrogels as drug 

delivery systems is that they can be administered in a minimally invasive manner, the 

encapsulated protein is released in a controlled fashion over an extended period of time, while 

remaining protected from rapid clearance due to enzymatic and/or chemical degradation 

(Figure 5). In this way, both the drug dosage and the number of administrations are 

decreased. 

                     
Figure 5. Schematic of the concept of controlled protein delivery using injectable hydrogel

+ 
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1.3.2 Tissue engineering 

 

The field of tissue engineering started to develop 15-20 years in response to the ever-

increasing need for donor organs and tissues.Tissue engineering involves the regeneration of 

artificial organs or tissues using three dimensional matrices, referred to as scaffolds, in 

combination with cells and biologically active compounds (i.e. growth factors). The matrices 

used for engineering of soft tissues are mostly based on hydrogels, because their porosity and 

natural tissue resemblance make these three-dimensional networks an amenable environment 

for cells survival and differentiation. Moreover, the hydrogel diffusivity enhances the exchange 

of nutrients and the elimination of cell metabolites.(86, 100-102)  

By tissue engineering, ideally, patient-derived cells can be cultured in vitro, mixed with 

hydrogel matrix to form a three-dimensional scaffold, fabricated by simple molding technique 

or more advanced bioprinting procedures (see section 3.2.1).(103-105) The obtained graft is 

subsequently implanted in the body, where the biomaterial is expected to support cell survival 

and differentiation and, in time, when new tissue is formed, to gradually degrade into 

biocompatible products that can be metabolized or eliminated from the body by renal filtration 

(Figure 6). The use of synthetic polymers for the preparation of hydrogels for tissue 

engineering offers the possibility to functionalize them by appropriate chemistry with peptide 

sequences that can improve interaction with cells. Several hydrogels have been derivatized 

with adhesive peptides, such as RGD sequences to promote cell adhesion.(106-109) 

 
                                                            

 
 

 
Figure 6. Schematic of the basic principles of tissue engineering by using hydrogels as 
extracellular matrix.   
 

CCuullttuurree  iinn  aa  
33DD  hhyyddrrooggeell  

bbaasseedd ssccaaffffoolldd 
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1.3.2a    Bioprinting 

 

At present, scientists within the field of tissue regeneration are exploring novel and 

potential routes towards enhanced clinical outcomes of artificially engineered organs. Most 

tissues, such as bone, skin, liver, cartilage, exhibit a precise hierarchical cellular organization 

that highly influences the tissue functionality. Replicating the native structure in an artificial 

graft is of crucial importance for the restoration of tissue functions and represents the 

challenge tissue engineering is currently facing. A novel strategy to achieve this goal relies on 

bioprinting, a scaffold preparation technique based on computer aided layer-by-layer three-

dimensional fiber deposition of cell-laden hydrogels (Figure 7).(110-113) This rapid 

prototyping-derived technique allows the preparation of complex three dimensional scaffolds 

with biomimetical cell organization. Moreover, as compared to solid scaffolds, the highly 

porous micro/macroenvironment of bioprinted scaffolds is extremely beneficial for cell survival 

and differentiation, as metabolites, nutrients and oxygen diffusion can be accomplished.(114-

118)  

 
 
 

 
 
 
 

Figure 7. Schematic representation of a bioprinting technique procedure. Hydrogels can be 
loaded with different cell types and extruded according to a computer designed porous 
pattern. Hydrogel fibers are deposited to form a three-dimensional scaffold that recapitulates 
the physiological cell placement. Adapted from ref. (110) 
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1.4  Aim of the thesis 

 

The aim of this thesis was to investigate the potential use of a novel biodegradable 

thermosensitive hydrogel, based on a triblock copolymer of (meth)acrylated poly(N-(2-

hydroxypropyl) methacrylamide lactate) and poly(ethylene glycol); (p(HPMAm-lac)-PEG-

p(HPMAm-lac)) (Figure 8b), as controlled protein delivery system and synthetic extracellular 

matrix for tissue engineering. P(HPMAm-lac) represents a novel class of biodegradable 

thermosensitive polymers, exhibiting LCST between room and body temperature, obtained by 

coupling lactate side chains to p(HPMAm) (Figure 8a).(41) By synthesizing an ABA 

architecture, where p(HPMAm-lac) are the thermosensitive A-blocks and PEG is the 

permanently hydrophilic B-block, a hydrogel is formed in response to a temperature 

change.(53) This visco-elastic network can be stabilized by additional chemical cross-links 

(i.e. by photopolymerization or Michael addition, see sections 1.2.4. and 1.2.5.) upon 

derivatization of the lactate side chains with (meth)acrylate groups, which form the central 

theme of this thesis (Figure 8b).(22) 

 
 

                                 
                   

             
Figure 8.   Chemical structures of (a) p(HPMAm-lac) and (b) methacrylated p(HPMAm-lac)-
PEG-p(HPMAm-lac)   
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      In our approach an injectable hydrogel is prepared by thermo-gelling at 37 °C, and 

subsequently the structure of this physical three-dimensional network is stabilized by 

additional chemical cross-linking, that is implemented by means of photopolymerization or 

Michael addition with thiolated hyaluronic acid. Cells or proteins are mixed with the matrix 

prior to chemical cross-linking. 

We aimed to evaluate whether proteins can be encapsulated in the hydrogel matrix and 

released in a controlled and tailorable fashion, retaining their native structure and biological 

activity. Additionally, different types of chemical cross-linking and the possibility to fine-tune 

the molecular design of the polymer in order to achieve modular mechanical, degradation and 

protein release behavior were explored. The potential of these hydrogels as bioprinted 

scaffolds for the regeneration of cartilage was also assessed. Finally, some insight into the 

hydrogel biocompatibility in vivo is provided. 
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1.5 Outline of the thesis 

 

Chapter 2 gives a literature overview of currently developed hydrogel matrices for 

protein delivery. The general challenges towards protein delivery and the most relevant 

hydrogel systems designed to overcome them are reviewed and discussed. Particular 

emphasis is paid to biodegradable and injectable polymers. Release mechanisms are 

highlighted and possibilities for improvements are suggested. 

Chapter 3 reports on the mechanical characterization, degradation and protein release 

behavior of photopolymerized thermosensitive hydrogels. Three model proteins are used 

(lysozyme, bovine serum albumin, immunoglobulin G) and their release mechanism is 

investigated. Assessment of protein stability, through the analysis of lysozyme secondary 

structure and biological activity is also studied. 

Chapter 4 describes the possibility to fine-tune the macromolecular design of the 

photopolymerizable thermosensitive polymer by precise chemical synthesis and aims to 

demonstrate how the structure of the polymer affects the mechanical properties, degradation 

behavior and release kinetics. The morphology of the hydrogels is studied by confocal laser 

scanning microscopy and Fluorescence Recovery After Photobleaching (FRAP) is used to 

investigate its diffusivity (Supporting information Chapter 4 in Appendix B).  

Chapter 5 explores a different type of chemical cross-linking method, other than 

photopolymerization. Thiolated hyaluronic acid (HA-SH) is synthesized and combined with the 

methacrylate bearing thermosensitive polymer bringing together advantageous properties of 

synthetic and natural materials. Michael addition reaction, occurring between thiols on HA-SH 

and (meth)acrylate groups on p(HPMAm-lac)-PEG-p(HPMAm-lac), is used as tissue and 

protein friendly cross-linking method for in-situ formation of a depot system. Characterization 

of the Michael addition reaction kinetics, as well as rheological analysis, degradation profiles 

and peptide release behavior of the formed hydrogels are reported. 

In chapter 6 the use of photopolymerized thermosensitive hydrogels for tissue 

engineering is examined. The suitability of the hydrogel for bioprinting purposes is studied and 

characterization of the rheological properties of solid and printed porous scaffolds is provided. 

In an effort to evaluate whether these porous scaffolds are suitable for the regeneration of 

cartilage, their stability in physiological buffer and chondrocyte compatibility are assessed. 

Chapter 7 deals with the hydrogel biocompatibility in vivo. The effect of the network 

characteristics, with respect to cross-link density on tissue response is studied after 

subcutaneous implantation of the photopolymerized depot systems in Balb/c mice.  Moreover, 

the degradation in vivo of the implanted hydrogels is investigated and correlated to in vitro 

behavior. 

Finally, chapter 8 summarizes the major findings of this thesis and outlines the potential 

applications and the future perspectives of the studied thermosensitive polymers. 
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Abstract 

Proteins are an important class of therapeutics. However, the drawbacks associated with 

their use, such as chemical, physical and enzymatic instability, poor bioavailability after oral 

administration and short half-life are limiting their widespread use as medicines. Therefore, 

there is a high need for advanced delivery systems, which are able to improve the therapeutic 

efficacy and reduce the side effects of proteins. Hydrogels represent a class of controlled 

release systems that hold important potential in protein delivery. Since their discovery in the 

early 1960s, rapid advances have been made in this field, allowing the design of injectable 

physically and/or chemically cross-linked polymeric networks with controllable polymer 

design, degradability, mechanical properties and release behavior. Smart hydrogels with 

responsive behavior to environmental stimuli were synthesized, allowing in situ gelation and 

on demand release of drugs. This chapter outlines the main injectable hydrogel systems 

developed to date and describes the most relevant cross-linking methods for in situ gelling. A 

special focus of the discussion is the use of hydrogels as protein controlled delivery systems, 

with respect to their release mechanisms, protein stability and methods to study protein 

release.
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2.1. Introduction to Protein Delivery 

 

2.1.1  Pharmaceutical proteins and delivery issues 

 

Once a rarely used class of therapeutic agents, pharmaceutical proteins have increased 

remarkably in number and frequency of use since the introduction of the first recombinant 

protein therapeutic, human insulin 30 years ago.(1) With more than 130 FDA (US Food and 

Drug Administration) approved products and many more in development, protein therapeutics 

gained a significant role in almost every field of medicine, like cancer, inflammatory diseases, 

vaccines and diagnostics.(2) The increasing use of pharmaceutical proteins can be explained 

by their advantageous properties as compared to small-molecule drugs and the progress 

achieved in their production technologies. Indeed, proteins serve a highly specific and 

complex set of functions -  i.e. catalysis of biochemical reactions, formation of membrane 

receptors and channels, transport of molecules within a cell or from one organ to another, 

intracellular and extracellular scaffolding support, etc. - that can hardly be reproduced by 

small synthetic compounds. 

Importantly, with the advent of hybridoma and recombinant DNA technologies, the limitations 

associated with the extraction and purification of pharmaceutical proteins from animal sources 

were circumvented. Protein therapeutics have become mass-scale products, manufactured 

using bacteria, yeast, mammalian cells, and transgenic plants. These biotechnological routes 

yield proteins with improved safety profiles, being generally well tolerated and less 

immunogenic, as compared to animal-extracted proteins. Protein therapeutics derive their 

specificity and function from their amino-acid-based primary, secondary and tertiary 

structure. For example, somatostatin owes its biological activity to a characteristic hairpin-

loop structure, which is present in both the 14 and 28 amino-acid active forms.(3) Since this 

discovery, the production of smaller therapeutically active synthetic analogues (i.e. the 

octapeptide octreotide), all sharing the hairpin loop pattern, became possible. However, the 

delicate three-dimensional structure of proteins is also a major limitation to the use of 

pharmaceutical proteins as they suffer from poor stability, due to proteolytic and chemical 

degradation as well as physical unfolding and aggregation.(4-6) This instability leads to loss of 

activity and often to elicitation of an immune response.(7-8) Because of their fragile nature, 

oral administration of proteins is a particularly challenging route due to the high proteolytic 

activity and low pH of the stomach, that destabilize and degrade the protein structure 

resulting in loss of biological activity. However, the capability to protect the active from the 

harsh conditions of the gastro-intestinal (GI) tract is not the only challenge. Bioavailability is 

another major issue associated with oral administration. The large molecular size of protein 

therapeutics makes their absorption through biological membranes difficult; consequently oral 

and transdermal administrations are ineffective. Therefore, to date protein drugs are almost 

without exception administered parenterally.  But, because of the consistent first-pass hepatic 
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metabolism, the fast renal clearance and consequently the short half-lives of many proteins 

(i.e. growth hormone, insulin, oxytocin, paratyrhoid hormone, vasopressin have half-lives 

lower than 25 minutes), frequent injections or infusions, that limit patient’s comfort, 

convenience and compliance, are required to obtain a therapeutic effect.(9) The mentioned 

drawbacks represent an immense challenge to modern medicine as they restrict the 

widespread acceptance and applications of proteins as therapeutics by patients and 

physicians, but also represent a tremendous opportunity for the drug delivery field. Among 

the approaches implemented to enhance protein’s pharmacokinetic and pharmacodynamic 

properties, while preserving its native form and improving patient’s compliance, scientists 

centered their focus mainly on the following strategies: 

(a) Development of needle-free administration routes with high bioavailability, such as 

pulmonary, oral and nasal delivery (10-11) 

(b) Extension of circulation time and masking immunogenicity of protein drugs by conjugation 

of the protein with macromolecules like poly(ethylene glycol) (PEG) or (polysialic acid)(12) 

 (c) Development of injectable controlled release delivery systems, including liposomes, 

polymeric micro and nano particles, and hydrogels.  

Generally speaking, all these approaches, aim to achieve the following benefits: 

(a) Maintaining plasma protein-drug concentration within the therapeutic window over an 

extended period of time 

(b) Protecting the active from premature degradation 

(c) Enhancing drug efficacy, while reducing side-effects 

(d) Avoiding frequent administration and lowering drug dosage. 

This chapter reviews injectable polymeric delivery systems used for the controlled release of 

pharmaceutical proteins, with special focus on hydrogels. In particular, we shortly overview 

the currently available technologies, which include lipid-based delivery systems, 

nano/microparticles and hydrogels, highlighting their rationale, characteristics and 

shortcomings in protein delivery. Hydrogels are more extensively described, from their 

general features to recent advances in synthesis and pharmaceutical applications. The 

discussion covers both physical and chemical cross-linking methods used for in situ gelling 

systems, environmentally responsive hydrogels and their use for protein release. Some 

limitations of hydrogels in protein delivery (burst and incomplete release) are also discussed 

and ways to tackle these are provided. Finally, emerging techniques to study release from 

hydrogels are illustrated. 
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2.1.2.   Particulate protein delivery systems 

 

2.1.2a.     Microspheres and nanoparticles 

 

Nanoparticle and microsphere-based drug delivery systems are advantageous because of 

their injectability and possibility to achieved prolonged release.(13) Biocompatibility and 

biodegradability are necessary criteria for selecting the drug carrier. A variety of synthetic and 

naturally occurring biodegradable polymers have been investigated in the past 30 years for 

the preparation of nano and microspheres.(13) A few examples of natural polymers used for 

the preparation of microparticles include chitosan, used for vaccination purposes (14), 

alginate-based microparticles for the pulsatile release of insulin(15) and polymerized serum 

albumin beads for vaccine delivery.(16) However, the development of polymer-based micro 

and nanospheres based on natural polymers has been overshadowed by the advances made 

in synthetic polymer technology. Among the synthetic polymers, aliphatic polyesters, 

polyanhydrides, polyorthoesters, polyphosphazenes and polyaminoacids are the most relevant 

representatives. Polyesters, in particular poly(lactic-co-glycolic acid) (PLGA), dominate the 

field with a number of marketed formulations (i.e. Lupron Depot®, Nutropin Depot®, 

Decapeptyl®, etc.),(17-18) because of the demonstrated biocompatibility and degradation into 

toxicologically acceptable products.(19) Despite the many advantages of PLGA microspheres, 

they also showed some inherent shortcomings, such as polymer hydrophobicity, acidic 

microenviroment during bioerosion,(20-21) leading to protein denaturation and 

aggregation,(22) burst and incomplete release.(23-25) Therefore, microparticle-based 

delivery systems are still awaiting major clinical successes and extensive research is being 

conducted to improve the current technology. For example, approaches to reduce the burst 

release and increase loading efficiency in microspheres comprise optimization of preparation 

method parameters (typically the double emulsion technique).(26-27) Furthermore, the 

synthesis of novel hydrophilic polymers, such as poly(lactic-co-hydroxymethyl glycolic acid) 

(PLHMGA) as an alternative to PLGA for the preparation of microspheres has been 

reported.(28-29) Protein and peptide delivery using nanoparticles is still in its infancy, but the 

interest in this field is increasing and some examples of nano-delivery systems for proteins 

have become available.  

Early developments on nanoparticulate systems for protein delivery were reviewed by 

Couvreur et al.,(30) while more recent advances were discussed by Pinto Reis et al.(31) The 

major advantage of using this approach resides in the possibility to achieve site-specific 

release of the drug by passive or active targeting and, in contrast to microparticles, to 

accomplish intracellular protein delivery. Targeting drugs to the desired site of action would 

not only improve therapeutic efficiency but also permits a reduction in the dose of drug 

administered, thus minimizing unwanted toxic effects.  
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2.1.2b    Lipid-based delivery systems 

 

Emulsions, liposomes and solid lipid nanoparticles are all examples of lipid-based delivery 

systems for proteins. Proteins and peptides can be incorporated in the internal phase of 

water-in-oil emulsions and delivered in a controlled fashion upon administration.(32-33) Some 

studies have demonstrated in vivo efficacy of these delivery systems, releasing e.g. aprotinin 

for a prolonged period of time (33) or inducing immune response upon oral-antigen delivery 

(34).  Despite these encouraging results and the possibility to modify to some extent their 

release behavior (35) by varying disperse phase volume fraction, osmotic gradient and 

particle size, formulation and protein stability issues as well as low encapsulation efficiency, 

incomplete release and poor control over release kinetics limit the use of this technology as 

protein delivery system.  

Liposomes, consisting of one or more phospholipid bilayers separated by internal aqueous 

compartments, are well established and extensively investigated particulate carrier systems 

that have been successfully employed for the controlled release and site specific drug 

delivery. With the possibility to vary their dimensions, composition, surface charge and 

structure, liposomes have demonstrated to be suitable for encapsulation of enzymes and 

proteins. An advantage of liposome-encapsulated enzymes/proteins is their potential ability to 

enter the cytoplasm or lysosomes of cells. In the past 20 years, extensive literature on their 

application for the release of encapsulated or surface-associated proteins and peptides,(36-

37) has been published (reviewed by Torchilin (38)). Unlike emulsions, liposomes can be 

lyophilized and administered upon reconstitution(39-40) and they have shown to be able to 

protect therapeutics from degradation and to slowly release them when liposome 

destabilization takes place. However, difficulties to achieve tailorable controlled release by 

liposomal formulation along with the risk for opsonization in humans still represent obstacles 

for the use of liposomes as protein and peptide delivery systems.(41) 

Finally, a novel class of particles (based on lipid components other than phospholipids), 

described for the first time by Müller et al(42) is solid lipid nano- and microparticles. 

Incorporation of proteins into solid lipid nano- and microparticles is relatively new and the 

work on the characterization of these delivery systems is rather scarce. Nevertheless, some 

examples of prolonged in vitro release and in vivo efficacy are available and allow concluding 

that these types of formulation hold potential as protein carriers.(43-46) However, 

optimization of the solid lipid particles formulation aimed to overcome burst and incomplete 

release, often observed with these types of delivery systems, is needed.(44, 47-48) Moreover 

the possibility to tailor drug release has not been investigated in detail yet. 
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2.1.3. Hydrogels for sustained delivery, general features 

 

Hydrogels are cross-linked networks of hydrophilic polymers, capable to retain large 

amounts of water yet remaining insoluble and maintaining their three-dimensional structure. 

Since their discovery and application in the biomedical field by Wichterle et al. in the early 

1950s,(49) an immense number of hydrogels have been developed and they have been 

studied for a wide range of biomedical and pharmaceutical applications, including contact 

lenses,(50) tissue engineering,(51) diagnostics, drug delivery,(52-53) vascular 

prostheses,(54) coating for stents and catheters.(55) Polymers need to be physically and/or 

chemically cross-linked, in order to prevent their dissolution. Hydrogels can be prepared using 

degradable and non-degradable, natural and synthetic polymers and they can consist of 

homopolymers, copolymers, interpenetrating or double polymeric networks.(56-57) 

Hydrogels are generally regarded as biocompatible materials because their high water 

content and soft nature render them similar to the natural extracellular matrix and minimize 

tissue irritation and cell adherence.(58) Furthermore, their porous structure, along with their 

water content, are extremely suitable properties to accommodate high loads of water-soluble 

compounds, like therapeutically active proteins and peptides, in a physiologically relevant 

setting, amenable to protein stability.  

Unlike other delivery systems (microparticles, emulsions, etc.), where preparation 

conditions are sometimes detrimental to proteins (i.e. use of organic solvents and protein 

denaturating processes, like homogenization, exposure to interfaces, etc.), hydrogel 

preparation procedures are beneficial in preserving protein stability, as very mild conditions 

(aqueous environment, room temperature)  are normally adopted. 

All these unique properties of hydrogels have sparked increasing interest in their use as 

reservoir systems for proteins that are slowly released from the hydrogel matrix in a 

controlled fashion to maintain a therapeutic effective concentration of the protein drug in the 

surrounding tissues or in the circulation over an extended period.  

Proteins can be physically incorporated in the hydrogel matrix and their release is 

governed by several mechanisms, such as diffusion, swelling or erosion or combination of two 

or more of these mechanisms. Hydrogels allow fine-tuning of the protein release by tailoring 

their cross-link density via changes in polymer architecture, concentration, molecular weight, 

or chemistry. Other strategies to tailor drug release from hydrogels exist and they rely on 

reversible protein-polymer interaction, or encapsulation of the protein in a second delivery 

system (e.g. micro- or nanoparticles) dispersed in the hydrogel network.  

Preformed, macroscopic hydrogels have to be admistered by surgical intervention. This is 

costly and not convenient for the patient and therefore nowadays, attention is focused on 

injectable hydrogels that can be administered in a minimally invasive manner. Injectable 

hydrogels are characterized as clear polymer solutions prior to administration and turn into a 

visco-elastic system at the site of administration upon injection. They jellify in response to 
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external stimuli (like temperature, pH, ionic strength, solvent) or by means of other physical 

and chemical cross-linking methods (stereocomplexation, inclusion complexation, 

photopolymerization, Michael addition, etc.). 

Moreover, by appropriate design of the polymeric material, biodegradability and 

bioresorption can be ensured. Biodegradation is defined as conversion of materials into less 

complex intermediates or end-products that can be eliminated from the body without harmful 

effects.(59) In general it can be accomplished via dissociation of the polymer chains or 

enzymatic and hydrolytic degradation pathways.  

 

2.2.      Cross-linking methods for in situ forming hydrogels 

 

2.2.1.   Physical cross-linking  

 

Physical cross-linking between polymers can be obtained by using several non-covalent 

interactions, such as e.g. hydrophobic interactions, ionic interactions, hydrogen bonding, host-

guest interactions or combinations of these. The most popular interactions for building 

physically cross-linked hydrogels are hydrophobic interactions, because they are strong 

interactions in aqueous environment and hydrogels can simply be prepared by using 

amphiphilic block copolymers. As amphiphilic polymer hydrogels will be discussed in more 

detail in the “Smart Hydrogel” section, this section will focus on more specific interactions that 

have been used recently to prepare hydrogels for protein delivery.   

 

2.2.1a.   Inclusion complexes 

 

Inclusion complexes of cyclic β-cyclodextrins (βCD), which are cyclic oligosaccharides with 

an internal hydrophobic pocket, and complementary low molecular weight guest molecules 

have been used as a cross-linking method for the design of in situ gelling networks.(60) Yui et 

al. reviewed several aspects of supramolecular self-assembling systems based on rapidly 

responsive hydrogels from polymeric hosts and low molecular weight guests.(61) βCD and 

cholesterol end-functionalized star-shaped PEG polymers have been synthesized and used as 

gelators for the preparation of hydrogels aimed to protein delivery.(62-64) Upon hydration of 

a mixture of star PEG-βCD and star PEG-cholesterol, hydrogels are formed (Figure 1). The 

hydrogels are assembled by formation of β-CD/cholesterol inclusion complexes driven by 

hydrophobic and van der Waals interactions. The hydrogels exhibited thermosensitive 

behavior being completely reversible upon cooling and heating steps. In particular, at low 

temperature viscoelastic behavior, due to slow dynamics, was observed, while at higher 

temperatures a viscous system, due to a reduced number of βCD/cholesterol complexes and 

faster chain relaxation processes was obtained.(62) A study of hydrogels based on cholesterol 

and βCD modified PEGs of different architecture (linear, 4-arm star and 8-arm star) revealed 
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that the 8-arm star based mixtures yielded the strongest viscoelastic network.(63) The 8-arm 

star PEG based hydrogels were studied for protein release purposes; hydrogels based on PEG 

of different molecular weights were used to study the release of model proteins and a 

quantitative and nearly zero-order release of entrapped proteins was shown. The release was 

governed by surface erosion, which depended on the network swelling stresses and initial 

crosslink density of the gels.(65) 

 

 
 

Figure 1.Self-assembling poly(ethylene glycol) hydrogel system based on inclusion 
complexes between β-cyclodextrin (β-CD) and cholesterol. Hydrogels are formed after 
hydration of a mixture of star-shaped 8-arm poly(ethylene glycol) (PEG) end-modified with β-
CD groups and the same star-shaped PEG end-modified with cholesterol moieties. Reproduced 
from reference (62). 

 
Other supramolecular-structured hydrogels, displaying a gel-sol phase transition, were 

prepared by inclusion complexation between poly(ethylene glycol) grafted dextrans and α-

cyclodextrins (αCDs) in aqueous solution. The gel-sol transition was based on the 

supramolecular assembly and dissociation, and the transition was reversible and controllable 

by the polymer concentration and the PEG content of the graft copolymers as well as the ratio 

between the guest and host molecules. Thermosensitive behavior was also observed, as at 

high temperatures the network dissociated reversibly.(66) In order to add pH functionality to 

the described thermosensitive hydrogel based on inclusion complexes, poly(d-lysine) (PL), a 

cationic polymer, was grafted onto dextran and used for inclusion complexation with α-CDs. 

Transition from a phase-separated structure of hydrated dextrans and hydrophobically 

aggregated inclusion complexes in buffer solution at pH 10.0 (where the primary amine are 

deprotonated allowing the CDs to be threaded onto the PL chain) was observed. The 

hydrogels showed thermoreversible gel-sol transitions as well as pH-sensitive phase 

transitions.(67)
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By utilizing the interaction of oligo( -CD) with dodecyl side chains modified poly(acrylic acid), 

systems that undergo gel-to-sol and sol-to-gel transitions were successfully constructed.(68) 

 

2.2.1b.    Stereocomplexation 

 

Stereocomplexation is defined as co-crystallization of two enantiomers. This physical 

interaction has been investigated as cross-linking method for the preparation of injectable 

hydrogels. The enantiomers mainly employed for the preparation of in situ forming hydrogels 

are poly(l-lactide) (PLLA) and poly(d-lactide) (PDLA), which combined in a 1:1 racemic 

mixture are able to form stereo-complex crystals. Other specialized reviews are focused on 

these stereocomplexed hydrogels, from their synthesis, to crystallization mechanism, 

degradation and general applications,(69-70) therefore just a few systems are discussed in 

this chapter. When PDLA and PLLA are coupled to hydrophilic polymers like dextran and mixed 

in an aqueous medium a hydrogel is formed. Proteins can be loaded in the hydrogels by 

dissolving them in the solution of the hydrogel precursors (Figure 2). This gelation 

mechanism was first described by De Jong et al. (71-72)  

 

 
 

Figure 2. Schematic presentation of the self-assembling mechanism of stereocomplexed 
dextran hydrogel. Reproduced from reference.(71) 

 
The application of these hydrogels as controlled drug delivery systems was described.(73) 

Model proteins (lysozyme and IgG) (73) as well as the therapeutically relevant proteins 

(recombinant human interleukin-2, rhIL-2) (52) from the dex-lactate hydrogels was studied in 

vitro and in vivo. Lysozyme was released from 30 wt% polymer hydrogels in 5 days by 
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diffusion, while the bigger protein IgG was released in 8 days by a combination of diffusion 

and swelling/degradation of the matrix. RhIL-2 was initially rapidly released in vitro and in a 

later stage a slower release was observed. In vivo studies were done by injecting 

intraperitoneally RhIL-2 loaded hydrogels into tumor bearing mice. Placebo hydrogels and 

RhIL-2 bolus injections were used as controls. The same therapeutic effect of one injection of 

RhIL-2 loaded hydrogels was achieved with 5 consecutive Rh-IL2 bolus injections. In vivo 

biocompatibility studies showed only a mild foreign body reaction, most likely due to 

degradation of the polymer.(74) 

 

2.2.2.     Chemical cross-linking 

 

Chemical cross-linking will yield covalent bonds between different polymer chains and the 

resulting hydrogel network is in general more resistant to mechanical forces than physically 

cross linked networks. Many coupling reactions can be used to obtain cross-linked polymers, 

especially “click chemistry”(75) and also “native chemical ligation” (76)are becoming more 

popular due to their ease of use and high conversion. However, in this section we focus on 

techniques that are used for in situ gelation and therefore most interesting for protein delivery 

at the moment.   

 

2.2.2a.     Photopolymerization 

 

Photopolymerization is a form of radical polymerization that allows the formation of in situ 

formed hydrogels by means of UV or visible light, in the presence of a photosensitive 

compound, called a photoinitiator. This chemical cross-linking reaction is initiated by the 

decomposition of the photoinitiator upon exposure to UV or visible light, leading to the 

formation of radicals. In the presence of hydrogel precursors, bearing polymerizable groups, 

such acrylate or methacrylate moieties, a gel is formed after UV/visible light irradiation. As 

these stimuli can be applied in vivo in a minimally invasive manner, by means of laparoscopic 

devices or cathethers or transdermal illumination, (77-78)  photopolymerization is considered 

a suitable method for the preparation of in situ gelling viscoelastic systems.  Since Hubbell et 

al. introduced this cross-linking method for the first time,(79) photopolymerization has been 

used for a number of biomedical applications, as it offers as series of advantages over other 

types of cross-linking methods. The photocuring process is fast, taking usually only seconds to 

minutes to complete, can be conducted at room or body temperature without the use of 

organic solvents and offers the advantage of spatial and temporal control.(80-82). In 2002, 

Nguyen et al. reviewed the photo-cross-linked hydrogels for potential tissue engineering 

application, describing the available photoinitiators and photopolymerizable compounds(51)  

and Van Tomme et al. provided a more recent update on the progress of photopolymerized 

hydrogel systems, as well as other types of in situ cross-linking methods.(83)
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As mentioned, Hubbell et al. pioneered the field of photopolymerized hydrogels for 

biomedical applications, designing a polymer composed of a central PEG chain and lateral 

oligomeric blocks of a hydrolyzable α-hydroxy acid, or other degradable moiety. The hydrogel 

precursors were synthesized by reacting dihydroxy polyethylene glycol with D,L- lactide using 

stannous octoate as a catalyst. This polymer was then reacted with acryloyl chloride to 

connect an acrylate unit at each end. PEG molecular weight was varied to tune the 

permeability as well the physical properties of the hydrogel, while the length of the α-hydroxy 

acids modulated the degradation of the hydrogels. The photoinitiator 2,2-dimethoxy,2-phenyl 

acetophenone was dissolved in N-vinyl pyrrolidone and added to the polymeric precursors 

solution in the presence of proteins. It was observed that a rapid gelation of the solution 

occurred upon UV curing. The release of several proteins of different molecular weight was 

investigated (discussed in section 4.2.).(79, 84) One of the drawbacks of photopolymerization 

can be the possible degradation of the proteins during photopolymerization, as the UV light, 

as well as the developed radical species upon photoinitiator decomposition might be 

detrimental to the encapsulated therapeutic. However, it was demonstrated that UV light of 

selected wavelength and low intensity preserves protein stability.(78) Furthermore, several 

papers, where enzymes were encapsulated by photopolymerization in hydrogel networks, 

demonstrated that both the biological activity and the protein structure were retained.(84) 

Pescosolido et al. confirmed the protein compatible nature of photopolymerization by 

demonstrating that the enzymatic activity of horse radish peroxidase, encapsulated in and 

released from interpenetrating networks composed of ionically cross-linked Ca2+-Alginate 

combined with photopolymerized methacrylated dextran, was preserved.(85)  In a 

photopolymerized thermosensitive hydrogel based on methacrylated poly(N-(2-hydroxyl 

propyl) methacrylamide lactate)-PEG-poly(N-(2-hydroxyl propyl) methacrylamide lactate) 

(p(HPMAm-lac)-PEG-p(HPMAm-lac) it was demonstrated that lysozyme retained its enzymatic 

activity and secondary structure after photopolymerization and release. It was reasoned that 

the self-assembly mechanism of the hydrogel played a beneficial role in the stabilization of the 

protein. The hydrogel was prepared by dissolving polymer, photoinitiator and enzyme in 

aqueous medium and the resulting solution was heated to body temperature before 

photopolymerization to mimic the physiological situation. By this procedure, hydrophobic 

domains of self-assembled thermosensitive chains and hydrophilic PEG rich pores were 

formed. The hydrophobic photoinitiator has affinity for the hydrophobic domains, while the 

protein resides most likely in the hydrophilic PEG pores. The phase separation between the 

two species led the radical cross-linking reaction to be confined in the hydrophobic domains, 

minimizing potential damage to the protein, which is mainly present in the PEG-rich 

domains.(86) However, protein stability and photopolymerization is a controversial topic, 

where generalized principles cannot be applied and the protein stability must be assessed for 

each specific polymer, photoinitiator and protein therapeutic. For example, the same system 

developed by Hubbell et al., which did not show detectable modification of encapsulated 
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proteins, adhered to surrounding cells when photopolymerized in vivo,  most likely as a result 

of chemical reactions between polymer and extracellular proteins. In contrast, tissue 

adherence was not observed when the hydrogels were photopolymerized ex vivo and 

subsequently implanted.(87) The choice of the photoinitiator can also play a crucial role in the 

success of application of photopolymerizable systems in the field of tissue engineering and 

protein release. Besides protein stability, the cyto- and biocompatibility of the initiator used to 

carry out the polymerization has to be taken into account. Bryant et al. performed a 

comparative cytocompatibility study on several photoinitiating systems, including 2,2-

dimethoxy-2-phenylacetophenone (Irgacure 651), 1-hydroxycyclohexyl phenyl ketone 

(Irgacure 184), 2-methyl-1-[4-(methylthio) phenyl]-2-(4-morpholinyl)-1-propanone (Irgacure 

907), and 2-hydroxy-1-[4-hydroxyethoxy)phenyl]-2-methyl-1-propanone (Darocur 2959), 

camphorquinone (CQ) with ethyl 4-N,N-dimethylaminobenzoate (4EDMAB) and 

triethanolamine (TEA) and the photosensitizer isopropyl thioxanthone. Both UV and visible 

light were used and a fibroblast cell line, NIH/3T3, was exposed to the photoinitiators at 

varying concentrations from 0.01% (w/w) to 0.1% (w/w) and studied before and after 

exposure to the initiating light. The results demonstrated that at low photoinitiator 

concentrations (≤0.01% (w/w)), all photo-initiators were cytocompatible with the exception of 

CQ, Irgacure 651, and 4EDMAB. At low light intensity, Darocur 2959 at concentrations 

≤0.05% (w/w) was among the most promising cytocompatible UV and visible light initiating 

systems, respectively.(78) More recently, Fedorovich et al. evaluated the effect of 

photopolymerization on stem cells embedded in hydrogels aimed for tissue engineering.(88) 

They analyzed the viability, proliferation and osteogenic differentiation of multipotent stromal 

cell (MSC) monolayers after exposure to UV-light in the presence of Darocur 2959. Apoptosis 

and osteogenic differentiation of encapsulated goat MSCs were studied in photopolymerized 

methacrylate-derivatized hyaluronic acid hydrogel and methacrylated hyperbranched 

polyglycerol gel. Adverse effects of photopolymerization on viability, proliferation and reentry 

into the cell cycle of the exposed cells in monolayers were observed, whereas the MSCs 

retained the ability to differentiate towards the osteogenic lineage. However, upon 

encapsulation in photopolymerizable hydrogels the viability of the embedded cells was 

unaffected by the photopolymerization conditions, while osteogenic differentiation depended 

on the type of hydrogel used, demonstrating in this case the protecting effect of hydrogels 

with respect to cells. 

In contrast, Lin et al. showed that photopolymerization was the cause of the incomplete 

release of BSA from cross-linked PEG based networks because of grafting of the protein to the 

polymeric network during the gelation reaction. The fraction of immobilized protein decreased 

with increasing initial loading (Figure 3).(89) The covalent coupling between BSA and 

hydrogel precursors was studied recently by Valdebenito et al., who demonstrated that BSA 

can act as chain transfer agent in radical reactions.(90) 
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Figure 3. Effect of protein initial loading on total release of BSA from photopolymerized PEG 
based hydrogels. Reproduced from reference (89) 

 
Another critical factor to be evaluated in photopolymerized hydrogels is their 

biodegradation. Although the polymer precursors are designed to be biodegradable, a third 

polymeric species is formed during polymerization, namely polyacrylic or polymethacrylic acid 

in case of acrylate and methacrylate bearing prepolymers, respectively. The solubility of these 

polyorganic acids, thus their possibility to be excreted by renal filtration, highly depends upon 

their molecular weight. Metters et al. carried out a detailed investigation of the bulk 

degradation phenomenon of photopolymerized hydrogels based on PEG and poly(lactic acid), 

previously developed by Hubbell and coworkers.(91) They developed a mathematical model, 

where the length of the molecular weight of the degradation products and, more in general, 

the kinetics of the bulk degradation phenomenon in chemically cross-linked matrices are 

predictable, allowing consequently a priori design of degrading hydrogels. They showed in a 

first and simpler model that the mass loss from the chemically cross-linked network depended 

on network parameters such as the number of cross-links per backbone chain and the mass 

fraction of the network contained in the backbone as opposed to the rest of the network. 

Model predictions versus degradation time also depended on reaction parameters such as the 

order of the hydrolysis reaction and the value of the kinetic rate constant.(92) An extension of 

this model to other aspects of the network degradation, where inclusion of partially reacted 

polymer and varying number of lactic acid repeating units were included and different 

polymerization conditions applied, was elaborated. This work allowed a more realistic 

representation of the bulk degradation of cross-linked hydrogels.(93) 
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Inspired by the work initiated by Hubbell, many other scientists designed 

photopolymerizable materials, such as acrylated 4-arm PEG, methacrylated dextran-HEMA, 

methacrylated dextran-HEMA-dimethylaminoethyl (dex-HEMA-DMAE), methacrylated eight-

arm PEG-poly(lactic acid) (PEG-PLA) star block copolymers. Smeds and colleagues reported 

on the use of two methacrylate modified polysaccharides, alginate and hyaluronan, that, upon 

photopolymerization, formed viscoelastic gels for tissue engineering.(94) Similarly, Leach et 

al. reported on photocrosslinkable hyaluronic and PEG based hydrogels for protein delivery 

and tissue engineering.(95) Anseth et al. studied PEG and poly(vinyl alcohol)-based polymers, 

containing acrylate or methacrylate functionalities for the in situ generation of 

photopolymerized networks.(96)  

 

2.2.2b.     Michael addition 

 

While most of the addition reactions are carried out in organic solvent and using rather 

toxic chemicals, and therefore not suitable for in situ gelling systems, as all traces of 

unreacted compounds and solvents have to be removed, Michael addition reaction can be 

implemented to cross-link injectable hydrogels. This chemical reaction occurs in aqueous 

medium, room temperature and physiological pH, without need for toxic compounds and 

involves the addition of a nucleophile or activated olefin to a carbon-carbon double bond on 

alkenes. Michael addition reaction is recently emerging as an advantageous cross-linking 

method for biomedical applications, especially when thiol groups are used as Michael donor 

species. The benefits of this reaction derive from the high selectivity of Michael acceptors for 

thiols, as compared to amines.(97) This means that in the presence of proteins, either 

encapsulated in the hydrogels network or present on the cell surface, the hydrogel precursors 

hardly show cross-reactivity with amine groups of the therapeutic or present extracellular 

matrices where the hydrogel precursors are administered. Moreover, using Michael type 

addition, the formation of a polyacrylic or methacrylic acid of uncontrolled molecular weight is 

avoided, in contrast to photopolymerization, as 1 donor molecule reacts with only 1 acceptor 

molecule. Hubbell and coworkers introduced for the first time this type of reaction for the 

preparation of injectable matrices by reaction of PEG-dithiol with PEG-acrylates in aqueous 

medium at physiological pH and room temperature. Solid particles of bovine serum albumin 

were mixed with the gel precursor solution and, upon Michael addition curing, the protein-

encapsulating hydrogels were formed in approximately 15 minutes. The different hydrogels 

reached equilibrium swelling in 24 hours and degraded in 5 to 25 days depending on the PEG 

functionality (PEG triacrylate degraded faster than PEG-octaacrylate).  Albumin was released 

during 5–12 days and importantly, complete release of the protein was observed, 

demonstrating the self-selectivity of the Michael addition for the thiol-modified PEG, rather 

than for the disulfide bonds (S-S), free thiol (SH) or amine groups of the protein. It was 

reasoned that S-S and SH are normally located in hardly accessible pockets, limiting the 
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cross-reactivity of the protein with the hydrogel precursors.(98) In a subsequent study, 

Hubbell and coworkers used a similar approach to crosslink hydrogels by combining Michael 

addition donors such as pentaerythritol tetrakis 3′-mercaptopropionate (QT) and addition 

acceptors such as poly(ethylene glycol) diacrylate (PEGDA), pentaerythritol triacrylate (TA), 

and poly(propylene glycol) diacrylate (PPODA). The reactions were carried out both in 

phosphate buffer solutions of physiological pH and in emulsion to facilitate the dissolution of 

poorly water-soluble compounds. Gels were obtained in a time-scale between 5 and 10 

minutes with complete conversion of thiols and acrylates, when the two species were 

combined in a 1:1 ratio. This indicated that side reactions, such as disulfide formation, are 

negligible on the time scale of the gelation. These crosslinked materials (at 75 wt% solid), 

showed compression moduli of 1.8 and 6.7 MPa and deformations up to 37%, depending on 

the preparation method (dispersion vs emulsion). In contrast to the highly water-swollen 

hydrogels designed for protein delivery, these materials exhibited much higher mechanical 

strength, they were therefore proposed for load-bearing applications, such as augmentation of 

collagenous or cartilaginous tissues.(99) 

PEG bis(vinyl sulfone)s were used in combination with cysteine-functionalized 

recombinant proteins containing sequences for integrin receptor ligation for the preparation of 

cell-adhesive hydrogels aimed to tissue repair application. Non-degradable and degradable 

networks were designed, with the latter containing protease cleavable units.(100) The cross-

linking kinetics of these hydrogels could be controlled by pH and the presence of charged 

amino acid residues in close proximity to the cysteine residue, which modulated the pKa of the 

thiol group.(101) In a follow up paper, Hubbell et al. synthesized hydrogels comprising 

multiarm vinyl sulfone-terminated PEG, a monocysteine containing adhesion protein, and a 

bis(cysteine) metalloprotein substrate protein (MMP). These hydrogels were studied for tissue 

engineering purposes and both cells and vascular endothelial growth factor (VEGF105) were 

encapsulated in the hydrogel. Figure 4 shows the stepwise formation of the hydrogel 

containing the adhesion proteins and the MMP substrate proteins as well as the attack on the 

substrate protein by a metalloprotease.(102) Michael addition reaction was also used as a 

curing agent in hyaluronan hydrogels. Jin et al. showed that solutions of HA conjugates 

containing thiol functional groups (HA-SH) and PEG vinylsulfone (PEG-VS) macromers were 

cross-linked via Michael addition to form a 3D network under physiological conditions. 

Gelation times varied from 14 min to less than 1 min, depending on the molecular weights of 

HA-SH and PEG-VS, degree of substitution (DS) of HA-SH and total polymer concentration. 

Good chondrocyte viability and differentiation was shown in these gels.(103) A novel 

sustained release formulation for erythropoietin (EPO) was developed by Hahn et al. using 

hyaluronic acid (HA) hydrogels crosslinked by Michael addition. Adipic acid dihydrazide grafted 

HA (HA-ADH) was synthesized and subsequently converted into methacrylated HA (HA-MA) by 

reaction in water medium with methacrylic anhydride and subsequent isolation by ethanol 

precipitation. EPO was loaded into hydrogels during hydrogel preparation by reacting HA-MA 
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with two different cross-linkers, dithiothreitol (DTT) and thiols groups containing peptide 

linker. The gelation time was about 30 min and 180 min for peptide linker and DTT, 

respectively. The faster reaction kinetics of HA-MA with the peptide linker was ascribed to the 

positive charges of the amino acids adjacent to the thiol groups, which accelerated the 

Michael addition, as also observed by Lutolf et al.(104) Approximately 90% of EPO was 

released in vitro from both hydrogels degraded by hyaluronidase SD (HAse SD) and the 

kinetics showed a rapid phase of release during the first two days, followed by a slower phase 

for the next 7 days. In vivo release tests of EPO from HA-MA hydrogels crosslinked with the 

peptide linker confirmed an elevated plasma concentration of EPO for 7 days. (105-106) 

 

Figure 4. 1) Vinyl sulfone-functionalized PEGs were modified via Michael type addition 
reaction with mono-cysteine adhesion peptides and 2) bis-cysteine MMP substrate peptides 
was used to form gels from aqueous solutions in presence of cells and VEGF105. 3) These 
elastic networks were designed to locally respond to protease activity at cell surface. 
Reproduced from (102) 

Cellesi et al. have described the simultaneous thermal gelling and Michael addition 

cross-linking of linear and tetra-arm pluronic, which exhibits a reverse thermal gelation in 

water solutions at physiological temperature and pH for the design of a synthetic 

substitute of alginate. Pluronic was derivatized with thiol or electron poor olephins and 

when these two polymers were combined, a simultaneously thermally and chemically 

cross-linked hydrogel was formed. The thermal gelation at 37°C provides hardening 

kinetics similar to that of alginate. With slower kinetics, the chemical cross-linking then 

develops an irreversible and elastic gel structure, which in turn  determines the 

transport/release properties of loaded compounds.(107) Figure 5 shows the gelation 

chemistry of the described hydrogel. The hydrogels showed very high diffusivity(108) and 

these materials were also investigated for the preparation of beads and liquid core 
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hydrogel based nanoparticles for drug encapsulation.(109) 

 

 

 

Figure 5. Linear (on the left) and tetramer (on the right) triblock copolymers of pluronic 
(PEG-PPG-PEG) were functionalized with two groups of clustered thiols or with two 
acrylates, respectively. Reproduced from reference (108). 

 
Injectable physically and chemically cross-linked hydrogels using Michael addition 

were developed by Lee et al. A thermosensitive copolymer of N-isopropylacrylamide 

(NIPAAm) and hydroxyethyl methacrylate (HEMA) with an LCST of 32 °C was synthesized 

and converted to poly(NIPAAm-co-HEMA-acrylate)by reaction of some the hydroxyl 

groups with acryloyl chloride. When the obtained poly(NIPAAm-co-HEMA-acrylate) was 

mixed with pentaerythritol tetrakis 3-mercaptopropionate (QT) stoichiometrically in a 0.1 

N PBS solution of pH 7.4 and 37 °C, a temperature-sensitive hydrogel was formed 

through the Michael-type addition reaction. The hydrogel had a low swelling and showed 

improved elastic properties at low frequency compared to the control physically 

crosslinked gels.(110) Later, Robb et al. copolymerized NIPAAm with N-

acryloxysuccinimide (NASI) via free radical polymerization. The synthesized 

poly(NIPAAm-co-NASI) was further modified to obtain poly(NIPAAm-co-cysteamine) 

through a substitution reaction of NASI by the amine group of cysteamine. In addition to 

thermoresponsive physical gelling due to the presence of NIPAAm, this system also 

chemically gels via a Michael-type addition reaction when mixed with poly(ethylene 

glycol) diacrylate. The presence of both physical and chemical gelation resulted in 

material properties that are much improved in comparison to the corresponding physical 
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gels.(111-112) Similarly, poly(NIPAAm-co-PEG-acrylate) based hydrogels that 

simultaneously physically and chemically cross-linked (Michael addition) were developed 

by Vernon et al.(113) Very recently, Wang et al. described the preparation of 

thermosensitive Michael addition cross-linked injectable thiol- and vinyl-modified poly(N-

isopropylacrylamide) (PNIPAAm)-based copolymer hydrogels for biomedical 

applications.(114) 

 

2.3.   Stimuli sensitive polymers for in-situ gelling systems  

 

Stimuli sensitivity has been widely applied for the design of injectable in-situ forming 

hydrogels, with pH and temperature responsive systems being the most attractive 

biomaterials. In the past 10-15 years research has shifted its interest from the research area 

of implantable materials to the fast-developing field of injectable in-situ gelling systems. In 

situ forming hydrogels (Figure 6) exist as viscous but still liquid aqueous solutions prior to 

administration but abrupt turn into gels upon administration.(115-118) In contrast to 

permanent networks formed by chemical cross-linking, stimuli-sensitive hydrogels are 

transient physical networks that can be reversibly transformed into solutions by varying the 

environmental conditions. The advantages of these delivery systems, able to form 

macroscopic drug-encapsulating gels at the site of injection, include improved patient 

compliance, cost reduction compared to surgical intervention and ability to overcome all the 

limitations associated with drug post-loading techniques. 
 

 
 
Figure 6. Self-assembly mechanism of stimuli sensitive hydrogels 
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2.3.1. Temperature sensitive hydrogels 

 

Temperature is the most widely used stimulus in environmentally responsive hydrogels. 

Temperature-responsive polymers are characterized by a critical gelation temperature in 

aqueous solutions, where self-assembly of the polymer chains owing to hydrophobic 

interactions, thus phase separation is observed. Polymers can display Lower Critical Solution 

Temperature (LCST) or Upper Critical Solution Temperature (UCST), when the polymer 

solution is phase separated above or below a specific temperature, respectively. 

Thermosensitive behavior is generally viewed as a phenomenon governed by the balance of 

hydrophilic and hydrophobic moieties on the polymer chain.(119-120) Most of the polymers 

studied for biomedical applications exhibit LCST behavior, with a few exceptions, for example 

natural polymers like gelatin and polysaccharides like agarose or cellulose derivatives.(121-

123) Only a few natural polymers display LCST behavior in the range between room and body 

temperature. Some cellulose derivatives (methyl and hydroxypropyl methylcellulose) at low 

concentrations (1-10 wt%) are liquid at low temperature, but jellify upon heating, however 

their gelation temperature is far above body temperature, representing a limitation of this 

material as in-situ gelling systems.(124) Chemical and/or physical modification can be 

adopted to lower the gelation temperature, for example by addition of NaCl or decreasing the 

hydroxypropyl molar substitution of hydroxypropyl methylcellulose.(124-125)  However, no 

studies on protein release with these systems have been published to date. Chitosan has been 

reported by Chenite et al. to form a gel close to body temperature and at physiological pH 

when combined with glycerol phosphate disodium.(126) Bhattarai et al. developed a chitosan-

PEG co-polymer (chitosan-g-PEG) injectable, thermoreversible gel that utilized intermolecular 

chitosan chain interactions for gelation. This hydrogel was used as a depot system for 

sustained protein release.(127) This type of thermosensitive gelation has also been observed 

in cellulose derivatives grafted with hydrophilic moieties.(128)  

Synthetic polymers offer many more opportunities as compared to natural polymers for 

the design of injectable hydrogels. The most frequently studied synthetic thermsosensitive 

polymer for biomedical and pharmaceutical applications is  poly(N-isopropylacrylamide) 

(PNIPAM), because its LCST in water is 32° C, thus suitable for in-situ gelling (Figure 

7).(120) The incorporation of hydrophilic monomers in pNIPAM increases the LCST whereas 

more hydrophobic units decreases it.(129) Similar behavior was observed by Vermonden et 

al., who reported a decrease in LCST of poly(hydroxylpropyl methacrylamide lactate) 

(pHPMAm-lac) upon introduction of hydrophobic methacrylate moieties in the polymer lactate 

side chains.(130) Similarly, the gelation behavior of poly(d,l-lactide-co-glycolide)–

poly(ethylenglycol)–poly(d,l-lactide-co-glycolide) (PLGA-PEG-PLGA) was influenced by the 

hydrophobicity of end caps (hydroxy, acetyl, propionyl, and butanoyl groups); an increase in 

the hydrophobicity of the copolymer lowered the transition temperature.(131) The same 

finding was obtained with cholesterol end-capped star PEG-PLLA copolymers.(132) 
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Figure 7.  (a) Thermosensitive behavior of PNIPAM. Below its LCST (32 °C) the polymer is 
soluble in aqueous medium, because of hydrogen bond formation of the amides of the 
polymer and water molecules; above the LCST, the polymer becomes insoluble in medium, 
self-assembling by hydrophobic interaction.(b) Phase transition of PNIPAM as a function of 
temperature and polymer weight fraction.  

 
Physically crosslinked PNIPAM-based hydrogels were described for the first time by Han et 

al.(133), who synthesized poly(N-isopropylacrylamide-co-acrylic acid) (p(NIPAM-co-AA)) to 

prepare thermosensitive matrices, that were used in follow-up studies for biomedical 

purposes, particularly as synthetic matrices in refillable bioartificial pancreas. Encapsulated 

Langeran islets showed good viability, and the cell-laden artificial matrices showed insulin 

release.(134-136). Similarly and more recently, p(NIPAM) networks were cross-linked using 

N, N′-methylenebisacrylamide (BIS) and used for bovine serum albumin (BSA) release studies 

in vitro. The release of the protein was not complete and a strong interaction between 

polymer and protein was proposed as the reason for the non-retrieved protein.(137) Kim et 

32°C 

(a) 

(b) 
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al. described the use of pH/thermosensitive polymeric beads based on terpolymers of NIPAM, 

butyl methacrylate (BMA) and acrylic acid (AA) (pH-sensitive) to modulate release of insulin. 

A high loading efficiency was accomplished (90-95%) and while no release of insulin was 

observed at pH 2.0 and 37° C, the drug was released at physiological pH.(138) The release 

rate and mechanism depended on the molecular weight (MW) of the polymer: low MW 

terpolymers eroded very quickly and released insulin within 2 hours by an erosion mediated 

mechanism, while in case of high MW polymer, which had a better stability, the gels showed a 

release a insulin for 8 hours that was governed by swelling/diffusion.(138) As observed for 

many other thermally assembled polymers, the stability of such hydrogels is rather poor and 

represents a major limitation in the use of these materials for pharmaceutical purposes. 

Therefore, in recent years, strategies to improve the stability of thermosensitive networks by 

chemical cross-linking methods, suitable for in-situ gelling, have been exploited. Examples of 

such methods are photopolymerization or Michael Addition reaction discussed in sections 2.2.1 

and 2.2.2, respectively.(108, 110-111, 130, 139-141) 

PNIPAM-based hydrogels self-assembling in a thermoreversible fashion and displaying 

improved hydrophilicity, thus enhanced capability to retain water within the hydrogels matrix, 

were synthesized by grafting NIPAM to permanently hydrophilic polymers like 

poly(ethylenglycol) (PEG), for example via Ce+/OH redox initiated free radical 

polymerization.(142-143) A series of polymers with different architectures were syntheszied 

(AB, BAB, A(B)4, and A(B)8 linear and star-shaped block copolymers with PEG as A block and 

PNIPAM as B block), and characterized for gelation mechanism and exploited for chondrocytes 

immobilization.(144) Several other copolymers of PNIPAM with poly(2-methacryloyloxyethyl 

phosphorylcholine) (PMPC) were synthesized and characterized.(145-146) 

Other non-degradable thermosensitive polymers exhibiting hydrophilic-hydrophobic 

transition at temperatures close to body temperature are poly(vinyl ether)s (PVEs), their 

derivatives and copolymers (147) are excellently reviewed elsewhere(148) and are beyond 

the scope of this review as data on pharmaceutical and biomedical applications to date are 

lacking.  

A series of polymers, namely Pluronic® (BASF), based on poly(ethylene oxide)-b-

poly(propylene oxide)-b-poly(ethylene oxide) triblock copolymers (PEO–PPO–PEO), with 

varying PEO/PPO molecular weights and contents, exhibit LCST behavior below body 

temperature (149) and have been extensively investigated for their physical-chemical and 

thermodynamic properties, and pharmaceutical applications (150-153). Pluronics have been 

extensively used as in-situ forming drug delivery matrices and the possibility to prolong to 

some extent the drug pharmacokinetics by using Pluronic-based hydrogels was demonstrated. 

For example, similarly to NIPAM, monoamino-terminated Pluronic (mainly Poloxamer PF127) 

was coupled to poly(acrylic acid) (PAA) using dicyclohexyl carbodiimide (DCC) and graft 

copolymers of poly(acrylic acid)-g-Pluronic of different MW were synthesized via chain transfer 

reactions.(154) These graft copolymers gave improved gelation and mechanical properties as
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compared to the corresponding Pluronic, due to the presence of pH-sensitive moieties (PAA), 

that affect ionization and chain expansion of the polymer. Pluronic-based copolymers were 

widely studied for the delivery of protein and peptide therapeutics, like insulin, interleukin-2, 

urease, epidermal growth factor, endothelial cell growth factor, etc. Sustained release over 

several hours was observed with possibility to tailor the release kinetics by polymer 

concentration or addition of excipients.(155-159)  However, Pluronics, as well as pNIPAM, are 

not ideal biomaterials for in vivo applications. Besides toxicity issues, observed with Pluronics 

in intraocular implantation,(160) their main disadvantage is their non-biodegradability that 

makes surgical intervention necessary to remove the delivery system from the body after the 

drug has been released. In addition, weak mechanical strength and stability, as well as high 

permeability for entrapped compounds are further limitations associated with the use of these 

polymers. Some of the listed drawbacks were partially overcome; to mention, Cohn et al. 

copolymerized PEG and PPO segments using two synthetic pathways: 1) chain extension of 

native Pluronics with hexamethylene diisocyanate (HDI) and 2) covalent binding of PEG and 

PPO chains using phosgene as the connecting molecule. The multiblock copolymers 

synthesized displayed  remarkably improved mechanical properties as compared to Pluronic, 

moreover an extension of the drug release time (release of RG-13577 up to 40 days) as 

compared to self-assembled Pluronic hydrogels.(161) However, biodegradability issues still 

exist.(162) Many block copolymers of Pluronics with polyesters (PLA and PCL) were also 

reported.(163-165)  

The most advanced thermosensitive delivery systems for proteins rely on biodegradable 

polymers, which is very advantageous for in-vivo applications.  

Biodegradable and biocompatible PEG/polyester block copolymer hydrogels, initiated by 

Kim and coworkers,(166) were introduced in 1990s as a novel class of biodegradable 

thermosensitive matrices. ABA-type PEG–poly(l-lactide)–PEG triblock copolymers (PEG–PLLA–

PEG) were first synthesized by ring-opening polymerization of l-lactide (LLA) using the 

monomethoxy PEG (MPEG) as macroinitiator; then the PEG–PLLA–PEG triblock copolymers 

were obtained by coupling MPEG–PLLA using hexamethylene diisocyanate (HMDI). These 

polymers exhibited UCST, therefore the drug loaded hydrogels were prepared at 45° C and 

then gelation is induced by lowering the temperature below 37 ° C. The release of fluorescein 

isothiocyanate (FITC) labeled dextran was studied and it was demonstrated that 12 days 

sustained release was achieved for 35 wt% hydrogels. Formulations of lower polymer content 

showed burst release that could be decreased by increasing the polymer concentration. Also a 

series of star-shaped PLLA–PEG block copolymers were synthesized by coupling star PLLA with 

monocarboxy-MPEG using DCC coupling reaction.(167) The main disadvantages of this system 

are the long degradation time due to PLLA crystallinity and the need for high temperatures for 

the preparation of the hydrogels, as the polymer exhibit UCST behavior. Under these 

conditions the structure of labile protein molecules, along with their activity might be affected.
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The next generation of PEG/polyesters hydrogels were based on PEG-PLGA-PEG triblock 

copolymers.(168) These materials displayed both LCST and UCST behavior and were 

processable avoiding the use of high temperatures to dissolve the polymer. The hydrogel 

stability upon subcutaneous injection in vivo was demonstrated using rat models and one 

month stable matrices were obtained.(169) TGF-β1 was loaded into these hydrogels and used 

as a reservoir for controlled drug release aimed for wound healing purposes.(170) 

Significantly high levels of re-epithelialization, cell proliferation and collagen organization were 

observed. The sustained release of synthetic drugs like ketoprofen and spirolactone was also 

studied from PEG-PLGA-PEG hydrogels(171), as well as release of insulin, porcine growth 

hormone and glycosylated granulocyte colony stimulating factor (in vitro and in vivo).(172-

173) Taken together, all these studies confirmed an improved stability and capability to 

release drugs over an extended period of time (weeks) as compared to Pluronics formulations. 

More detailed overviews of the characterics and efficacy of this type of copolymers can be 

found in other reviews.(148, 151) 

Several other thermosensitive copolymers of PEG with aliphatic polyesters were 

synthesized and applied for drug delivery. Some examples are AB, ABA, BAB copolymers of 

PEG with caprolactone (PCL) and δ-valerolactone (PVL).(174-177) The in vitro and in vivo 

release of fluorescein isothiocyanate-labeled bovine serum albumin (BSA-FITC) was studied 

from PEG-PCL diblock copolymers gels and compared to Pluronic gels, demonstrating longer in 

vivo stability of PEG-PCL hydrogels and enhanced capability to provide sustained protein 

release over 10 days, as compared to Pluronic gels, where destabilization and drug release 

within 3 days was observed.(178-179) 

Mikos et al. proposed the synthesis of PEG-based triblock copolymers consisting of 

poly(propylene fumarate) (PPF) as middle block.(180) Compared to other PEG copolymers, 

the use of PPF has the advantage of having unsaturated double bonds, suitable for 

stabilization of the hydrogels by chemical cross-linking of the hydrogels. Biodegradable 

multiblock amphiphilic and thermosensitive poly(ether ester urethane)s consisting of poly-

[(R)-3-hydroxybutyratel (PHB), poly(ethylene glycol) (PEG), and poly(propylene glycol) (PPG) 

blocks were synthesized by Loh et al. Their aqueous solutions were found to undergo a 

reversible sol-gel transition by micellar packing upon temperature changes at very low 

copolymer concentrations (2-5 wt%) and the authors envisioned that these systems are 

suitable for protein delivery.(181), Recently Pluronic analogs, containing middle blocks of 

poly(hexamethylene adipate) (PHA), poly(ethylene adipate) (PEA), and poly(ethylene 

succinate) (PESc) instead of PPO were synthesized. Because of the hydrophobic nature of PHA 

and PEA, strong hydrophobic interactions and micellization occurred, leading to formation of 

hydrogels only at high concentrations, while the more hydrophilic PESs showed gelation at low 

concentrations.(182) A general drawback of some of these polyester-based copolymers is 

their very long degradation time (i.e. PCL degrades in vivo in 2 to 4 years(183)), that leads to 
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polymer accumulation in the body for long periods, limiting the use of these materials for 

chronic diseases, where controlled delivery systems need to be administered repeatedly.  

In 2004, Hennink et al. introduced a new class of thermosensitive and biodegradable 

polymers based on pHPMAm-lac that displays tunable LCST behavior from ~ 10 to 60° C by 

simply changing the length of the lactate side chains.(184) The polymer biodegradability is 

ensured by the presence of hydrolytically sensitive ester bonds in the lactate side chains. 

When the terminal lactate group is cleaved by hydrolysis, the resulting polymer becomes 

water-soluble and can be eliminated by renal filtration, as long as its molecular weight is lower 

than the renal cutoff.(185) These thermosensitive polymers have been coupled to PEG by free 

radical polymerization using a PEG macroinitiator and yielding a copolymer with ABA triblock 

architecture, consisting of inner PEG B-block flanked by outer p(HPMAm-lac) A-blocks. These 

polymers are suitable for the preparation of in-situ gelling systems, (186) whose mechanical 

properties and degradation behavior were improved by combining thermal self-assembly with 

photopolymerization upon polymer derivatization with methacrylate moieties.(130) As 

described in chapters 3 and 4, the chemically stabilized hydrogels were suitable as controlled 

protein delivery, where model proteins were released according to diffusion governed kinetics, 

easily tailorable from 1 week to 2 months by changing polymer molecular weight, 

concentration and degree of derivatization with methacrylate groups.(86, 187-188) The 

potential of this thermosensitive hydrogel for tissue engineering was assessed by 

demonstrating good viability and differentiation of human Mesenchymal Stem Cells 

(hMSCs).(187) It was further demonstrated that by randomly copolymerizing p(HPMAm-

dilactate) and NIPAM, a biodegradable thermosensitive polymer was yielded.(141)     

Emerging thermosensitive hydrogels in the field of protein delivery are also biodegradable 

polyphosphazenes, consisting of a hydrophilic PEG block and hydrophobic amino acids or a 

peptide block (L-isoleucine ethyl ester (IleOEt), D,L-leucine ethyl ester (LeuOEt), L-valine 

ethyl ester (ValOEt), or di-, tri-,and oligo-peptides in the side groups.(189-191) Hydrogels 

were formed by intermolecular association of hydrophobic peptide chains and when PEG was 

coupled to di-, tri-,and oligo-peptides as side groups, hydrogels of higher mechanical strength 

were obtained as compared to PEG-IlaOEt polymer gels. Polymers containing depsipeptide 

(GlyGlycOEt) showed faster hydrolytical degradation because of the generation of carboxylic 

acid groups that made the polymers more hydrophilic, resulting in sustained release FITC-

dextran and human serum albumin in vitro for about 2 weeks. The authors also studied 

strategies to decrease the burst release from polyphosphazene hydrogels by addition of 

chitosan that due to its positive charge retained negatively charged proteins like BSA, gelatin 

type B (GB20), and FITC-BSA within the hydrogel network (192) Application of these 

hydrogels as extracellular matrix for artificial pancreas was investigated.(193) 

Finally, polypeptides are important biodegradable and biocompatible polymers having a 

variety of conformations, such as α-helix, β-sheet, and random coil and they lend themselves 

for the synthesis of building blocks for the preparation of thermosensitive hydrogels with 
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potential biomedical applications. Tirrell et al. introduced a polymer consisting of leucine 

zipper terminated protein flanking a central, flexible, water-soluble polyelectrolyte segment. 

Formation of coiled-coil aggregates of the terminal domains in near-neutral aqueous solutions 

triggers formation of a three-dimensional polymer network, with the polyelectrolyte segment 

retaining solvent and preventing precipitation of the chain.(194) Kopeček et al. reported a 

hybrid hydrogel system assembled from water-soluble synthetic polymers and a coiled-coil 

protein-folding motif. These hydrogels underwent temperature-induced collapse owing to the 

cooperative conformational transition of the coiled-coil protein domain.(195) Shortly later, 

amphiphilic diblock copolypeptide that assembles into a gel both by supramolecular and 

thermal association were reported by Nowak et al.(196) Jeong et al. developed L/DL 

poly(alanine) (PA) end-capped poly(propylene glycol)-poly(ethylene glycol)-poly(propylene 

glycol) (PLX) (PA-PLX-PA) polymers that in aqueous solutions underwent a sol-to-gel 

transition at increasing temperature by increase in β-sheet content of PA and dehydration of 

PLX. This system was stable in vivo for over 15 days.(197) Physically crosslinked poly(amino 

acid) hydrogels, formed by a sol-gel transition of amphiphilic poly(N-substituted α/β-

asparagine)s in an aqueous solution was described by Tacheuchi et al.(198) while recently 

Jeong et al. described amphiphilic polymers consisting of the hydrophilic poly(N-vinyl 

pyrrolidone) (PVP) block and a hydrophobic poly(alanine) (PA) block that formed micelles in 

water which aggregated as the temperature increased to yield gels. They demonstrated the 

use of PVP as an alternative to PEG to design reverse thermo-gelling biomaterials.(199) 

 

2.3.2.  pH sensitive polymers 

 

Due to the specific pH range occurring at physiological, pathological or sub-cellular sites 

such as stomach, intestine, endosome/lysosome, tumor sites etc. pH is another very 

important stimulus used for the design of in-situ gelling hydrogels.  

Suitable polymers for this purpose are those bearing weak polyelectrolyte (polyacid, 

polybase) or polyampholyte sequences. pH sensitive polymers rely on the 

protonation/deprotonation equilibrium which depends on the pKα of the acidic and/or basic 

moieties present in the polymer. Therefore, a pH sensitive polymer can be charged (yielding 

a swollen state) or uncharged (hydrophobic/collapsed state) depending on the 

environmental pH.  

Hydrogels comprising poly(methyl methacrylate) (PMAA) grafted to PEG (P(MAA-g-EG)) 

showing pH sensitivity due to complex formation and dissociation, have been used as drug-

delivery carriers for salmon calcitonin.(200-201) Recently, hydrogels that assembled at 

physiological pH were synthesized by grafting hydrophobic palmitoyl sequences to a 

biodegradable chitosan backbone. Hydrogelation was controlled by the degree of N-palmitoyl 

substitution and the pH. A 15% derivatized chitosan of 1 wt % concentration in aqueous 

system showed gelation upon increasing pH from 6 to 7.5, due to a transition from local 
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micelles to interconnected nanodomains. An in vivo study showed the actual formation of a 

gel at the site of injection, demonstrating potential for biomedical applications.(202) 

 

2.3.3.  pH/temperature sensitive hydrogels 

 

PH/temperature-sensitive copolymer hydrogels are prepared by introducing pH-sensitive 

moieties in a temperature-sensitive polymer. A pH/thermo-sensitive ABA copolymer was 

obtained by introducing carboxylic acid groups end groups into of PLGA–PEG–PLGA triblock 

copolymers. Although the non-modified triblock copolymer did not exhibit gelation upon 

increase of temperature, the carboxyl-capped PLGA–PEG–PLGA led to four states (sol, gel, 

precipitate, and turbid sol) depending on pH and temperature.(203)  

PH- and temperature-sensitive multiblock poly(ester amino urethane)s were synthesized 

by coupling poly(amino urethane) (PAU) through a condensation reaction to PCL-PEG-PCL 

triblock copolymers to yield multiblock copolymers (PCL-PEG-PCL-PAU)n. The incorporation of 

the ionizable PAU segments in the macromolecule induced pH sensitivity due to the tertiary 

amine moieties. Thus below pH 6.9 the polymer is in a sol state in aqueous solution up to 60 

°C due to of the electrostatic repulsion of the piperazine groups. In contrast, at physiological 

pH (pH 7.4) the solution displays a sol–gel transition upon increasing temperature to 37°C. 

The formation of the free-standing gel depended on the formation of interconnected micelles. 

The formation of a gel was assessed in vivo (204) and injectable poly(amidoamine)-

poly(ethylene glycol)-poly(amidoamine) triblock copolymer hydrogels exhibiting pH and 

temperature sensitivity were designed for bioadhesive applications. The dual responsiveness 

depended upon the poly(amidoamine) outer blocks which turned from a hydrophilic into 

hydrophobic state upon increasing pH and/or temperature. At low pH a sol was observed up to 

60 °C, while above pH 7.0 the micelles bridged, leading to the formation of a gel. In vivo 

experiments showed that upon subcutaneous injection of 12.5 wt % copolymer solution a 

white gel was obtained after one minute.(205) 

A thermosensitive triblock copolymer composed of poly(ε-caprolactone-co-lactic acid)-

PEG-poly(ε-caprolactone-co-lactic acid) (PCLA-PEG-PCLA) was synthesized by ring opening 

polymerization using ε-caprolacton (CL), lactide (LA) and PEG as macroinitiator. Separately, 

carboxylic acid terminated sulfamethazine oligomers (OSMs) were polymerized by chain 

transfer polymerization and coupled to terminal hydroxyl groups of the triblock copolymer, 

yielding a pentablock copolymer (OSMs-PCLA-PEG-PCLA-OSMs). The synthesized polymer 

solution showed a reversible sol-gel transition by a small pH change in the range of pH 7.4-

8.0 and also by a temperature change in the region of body temperature, forming a gel at 37 

°C, pH 7.4 (Figure 8). The block copolymers OSM−PCLA−PEG−PCLA did not form a gel at pH 

8.0 in the tested temperature range (from 4 to 60 °C) because the hydrophobic interaction 

between PCLA−OSM blocks is perturbed by the ionized sulfonamide group of the OSM block. 

As the pH is decreased, most of the OSM is deionized, restoring the hydrophobic interaction 
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between PCLA−OSM blocks and forming a gel. By exploiting both pH and thermosensitive 

functionalities of the polymer, it was possible to broaden the gel window and obtain a sol 

between 10 and 70 °C at pH 8.0.  It is clear that this solution could be injected without 

concerns for premature gelation in the needle and, once in the body, the physiological pH 

triggered the gel formation. PCLA-PEG-PCLA gels showed a drop of pH (from 7.4 to 2.2), 

whereas the pentablock OSMs-PCLA-PEG-PCLA-OSMs showed the capability to buffer the pH, 

maintaining a value of 5.5.  (206-207) 
 

 
 

Figure 8. Schematic representation of the sol–gel mechanism of the pH/temperature 
sensitive block OSMs-PCLA-PEG-PCLA-OSMs copolymer solution. A) pH 7.4, 37 8C; B) pH 8.0, 
37 °C; C) pH 7.4, 15 °C; D) pH 8.0, 15 °C. Reproduced from reference (206) 

 

 The same group synthesized diblock copolymer hydrogels based on a basic poly(β-

aminoester) (PAE) coupled to MPEG. A gel-to-sol transition at pH >6.0 was observed, when 

the temperature was increased, as a result of micelle packing.(208) 
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Another dual responsive polymer is PAE-PCL-PEG-PCL-PAE pentablock copolymer, used 

for the release of insulin, was prepared by Michael addition polymerization of 4,4-trimethylene 

dipiperidine (TMDP), PCL-PEG-PCL diacrylate, and butane-1,4-diol diacrylate (BDA). Insulin, 

loaded into the hydrogels, formed complexes with the polymer lowering its LCST and acting as 

physical cross-links which was confirmed by the longer stability of the protein loaded 

hydrogels as compared with the placebo gels.(209) 
 
2.3.4.    Other stimuli responsive polymers 

 

2.3.4a.   Biomolecule sensitive hydrogels 

 

On demand release of drugs is a widely explored and particularly relevant for the release 

of drugs that necessitate a more complex release profile able to mimic the physiological drug 

concentration (E.g. insulin or hormones). Glucose sensitive hydrogels are insulin reservoirs of 

polymeric networks that release the drug on demand, particularly when the glucose 

concentration exceeds a certain level. One strategy to achieve this goal relies on the use of pH 

responsive hydrogels entrapping glucose oxidase, catalase and insulin. As a pH sensitive 

moiety, N,N-dimethyl aminoethyl methacrylate (DMAEMA) is often used. This compound is a 

weak and has often been introduced into copolymer hydrogels to render them pH sensitive. 

When glucose diffuses into the hydrogels, it is converted to gluconic acid due to the action of 

glucose oxidase. The formed gluconic acid causes a pH drop, responsible for the protonation 

of DMAEMA and swelling of the hydrogel due to increased electrostatic chain repulsions, 

resulting in larger pores in the gels and  release of insulin.(210) A similar approach was 

reported using a sulfonamide based glucose-responsive hydrogel.(211) In contrast, Kitano et 

al. proposed a poly(N-vinyl-2-pyrrolidone-co-phenylboronic acid) (p(NVP-PBA) as a chemically 

regulated delivery system for insulin. The diol moiety on PBA is involved in the glucose 

sensing mechanism and is responsible for the decrease in hydrogel stiffness with increasing 

glucose concentration followed by insulin release.(212) Brownlee et al. and Kim et al. 

pioneered the field of glucose-sensitive hydrogels using lecitin, known for its ability to bind 

carbohydrates. They loaded the hydrogel composed of cross-linked concanavalin A (a lectin 

having 4 binding sites), complexed to a glycosylated insulin in a pouch of Durapore® 

membrane. In presence of glucose, its competitive binding with concanavalin A triggers the 

release of insulin.(213-214)  Hydrogel systems sensing other biomolecules like antigens and 

proteins have been published as well; the reader is referred to more specialized reviews in 

which these systems are described and discussed. (215-216) 
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2.3.4b    Drug sensitive hydrogels  

 

Recently, Weber et al. proposed a drug-sensing hydrogel based on gyrase sub-unit B, 

reversibly cross-linked by coumermycin and able to release VEGF upon addition of novobiocin. 

The polymer forming the hydrogel is based on polyacrylamide functionalized with 

nitrilotriacetic acid chelating a Ni2+ ion to which GyrB can bind through a hexahistidine 

sequence. Through a mechanism of drug displacement, the addition of novobicin causes the 

cross-links to be partly broken , resulting in opening of the network structure and release of 

VEGF.(217) Antigen-sensing polymers have also been developed for the preparation of 

hydrogels. Miyata et al. reported on an semi-IPN hydrogel composed of two polymeric 

chains,each of them bearing either an antigen (rabbit IgG) or its specific antibody (goat anti-

rabbit IgG). The presence of free target antigen induces a change in hydrogel volume followed 

by the release of an encapsulated protein. They demonstrated that stepwise changes in 

antigen concentration can induce pulsatile permeation of a model protein (haemoglobin) 

through the network.(218) 

 

2.3.4c   Ionic strength responsive hydrogels 

 

In ionic strength responsive hydrogels the sol-gel transition is triggered by the salt 

concentration. To give an example, poly(NIPAAm-co-vinylimidazole) has been used to 

immobilize Cu (II) ions, and aimed to bind proteins. Upon increase of ionic strength the 

polymer chains collapse due to reduction of repulsive forces and increase in hydrophobic 

interactions, leading to precipitation of specifically bound proteins to metal ions. This system 

can be used for protein separation.(219) 

 

2.3.4d   Other stimuli sensitive hydrogels 

 

UV light has been used as a trigger for the (dis)assembly of hydrogels as well as for the 

release of encapsulated drugs. In order to design photosensitive hydrogels, a photochrome 

unit (e.g. azobenzene (AZOB)) has to be incorporated in the polymer structure. Azobenzene-

modified polyacrylate with different spacers between the photochrome and the backbone was 

synthesized and BSA was combined with the polymer in aqueous medium. In the dilute 

regime, BSA/AZOB complexes are formed in equilibrium with unbound BSA and the affinity of 

the protein for the polymer depended on the length of the hydrophobic spacer and the 

presence of additional n-alkyl side groups. In the semidilute regime, physical cross-linking 

involving BSA greatly enhanced the strength of the hydrogel. In the two regimes, light was 

shown to modify the binding properties due to cis-trans isomerization of the azobenzene. 

Reversible release of BSA (by up to 80% of the protein) was obtained by exposure to 

UV.(220) When a ternary gel mixture of p(AA/C12), α-CD, and 4,4′-azodibenzoic acid (ADA) 
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was irradiated with UV light, ADA isomerized from its trans to cis form , and the mixture 

underwent a gel-to-sol transition because α-CD formed inclusion complexes more favorably 

with C12 side chains than with cis-ADA. When subsequently the ternary sol mixture was 

irradiated with visible light, ADA isomerized back from cis to trans and the mixture underwent 

a sol-to-gel transition. Furthermore, these gel-to-sol and sol-to-gel transitions occurred 

repeatedly by repetitive irradiations of UV and visible light.(221) 

Similarly, mixtures of polyacrylamide bearing pendant AZOB moieties and βCD 

derivatized poly(allylamine) leads to photoresponsive hydrogels.(222) Kwon et al. introduced 

a polymeric system, which rapidly changed from a solid into a liquid in response to small 

electric currents, by solubilization of the solid polymer complex upon decomposition into two 

water-soluble polymers. The system is based on poly(ethyloxazoline) that forms complexes 

with poly(acrylic acid) or poly(methacrylic acid) and modulated release of insulin was achieved 

with this polymeric system.(223) Magnetic field sensitive gels can be obtained by 

incorporating colloidal magnetic particles into cross-linked hydrogels.  

 

2.4. Protein release 

 

2.4.1. Background 

 

As described in section 1, traditionally, protein therapeutics are administered parenterally 

upon reconstitution. The drug pharmacokinetics depend on the site of administration (i.v., 

s.c., i.m., etc.), the physico-chemical properties (solubility, molecular weight, isoelectric point, 

etc.) and the elimination rate (via hydrolytic or enzymatic degradation or simply by kidney 

excretion). Advanced controlled delivery systems aim to improve the unfavorable protein 

pharmacokinetics, enhancing their therapeutic effect. The fluctuating plasma drug 

concentrations observed with traditional repeated bolus injections are avoided by the use of 

controlled releasing hydrogels that are potentially able to maintain drug levels within the 

therapeutic window, overcoming risks associated with potentially toxic or ineffective drug 

concentrations. 

Generally speaking, the main mechanisms governing the protein release from hydrogels 

are: 

1. Diffusion  

2. Swelling  

3. Erosion/Degradation  

Of course, the different release mechanisms can also coexist.(224) The release mechanism 

depends on the characteristics of the polymeric network and the protein. When the hydrogel 

pores are bigger than the hydrodynamic radius of the protein, diffusion is the driving 

mechanism for release, with a diffusion rate depending on the protein size. When instead the 

hydrogels pores are smaller than the protein radius, swelling or erosion/degradation (bulk or 
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surface) are needed for release. Deviation from this behavior is observed when the hydrogel is 

triggered to swell/shrink by a specific stimulus, as described in other sections of this chapter 

or when the polymer and protein interact via non-covalent interactions (i.e. electrostatic, 

hydrophobic interaction, etc.). The release of such hydrogels depends on the dissociation rate 

of the protein from the polymer.  

 

2.4.2. Diffusion controlled release 

 

Many of the gel matrices reported to date exhibite diffusion controlled release, following 

Higuchi's kinetics , implying that the release is proportional to the square root of time.(225)  

The protein release profiles can be generally fine-tuned in order to meet their specific 

medical needs. One of the most commonly used methods to modulate release is tailoring the 

hydrogel cross-link density. In this respect, synthetic polymers offer several advantages as 

compared to their natural counterparts, as both the polymer architecture and its chemical 

structure can be easily modulated.  

Hubbell et al. in his pioneering work on photopolymerized hydrogels based on PEG and α-

hydroxy acid showed that the diffusivity of proteins in the hydrogels decreased with PEG 

molecular weight and protein release was governed by a combination of diffusion and 

degradation. It was reasoned that the PEG molecular weight determined the hydrogel mesh 

size.(84, 91) In the hydrogel studied by Censi et al. (described in chapter 3 and 4 of this 

thesis) a different polymer assembly was observed, as the hydrogel was cross-linked by a 

tandem method: hydrophobic interactions of the thermosensitive p(HPMAm-lac) chains, 

followed by subsequent photopolymerization. The PEG molecular weight was varied while the 

thermosensitive chain length was kept constant, implying that at body temperature the 

hydrogels of shorter PEG blocks had a greater hydrophobicity, as compared to analogues of 

longer PEG molecular weight. As a result, a more extensive phase separation with formation 

of bigger hydrophilic pores was observed for shorter polymers. The diffusivity of BSA was 

higher in hydrogels with higher porosity, which was confirmed by confocal laser microscopy 

studies (CLSM), that revealed the existence of bigger hydrophilic micropores in hydrogels of 

shorter PEGs. Differences in hydrogel inner structure were clearly visible. CLSM emerged in 

this work, as well as in the paper by Vermonden et al.,(188) as a powerful technique to 

investigate the hydrogel’s inner structure, especially in systems where phase separation into 

hydrophilic and hydrophobic domains is observed. 

 

2.4.3.    Degradation controlled release  

 

Stereocomplex PEG-(PLLA)8/PEG-(PDLA)8 based hydrogels that showed diffusion 

controlled release when loaded with lysozyme, released IgG (MW = 150 kDa) in 20 days with 

nearly zero order kinetics, meaning that the initial mesh size of the hydrogel was bigger than 
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LZM hydrodynamic radius and smaller than the one of IgG, which needed matrix degradation 

to be released.  Similarly, the release of interleukin-2 (IL-2), investigated both in vitro and in 

vivo, showed degradation mediated kinetics for 10 days.(226) 

Pluronics gels have been used to encapsulate and release proteins, such as insulin,(159) 

and IL-2.(227) In both studies zero order kinetics mechanism. However, the major 

shortcomings of these gels, as many other physical hydrogels, are their weak mechanical 

strength, rapid erosion, and fast release of the therapeutics from the gel networks.(153)  

A constant rate of human insulin release over two weeks was observed in vitro from 

injectable PLGA-PEG-PLGA (ReGel) systems, but incomplete release was obtained.(173) This 

drawback was overcome by adding 0.2% (w/v) zinc, with 90% of the loaded insulin released. 

A similar study was conducted with the incretin hormone glucagon-like peptide-1 (GLP-1), 

which was released in vitro from ReGel for over five days. Extended zero order release to over 

two weeks without burst effect was observed using zinc complexed GLP-1.(228)  

Another example of an insulin releasing hydrogel is based on PAE-PCL-PEG-PCL-

PAE.(209) Insulin was loaded into the matrix, forming an ionically linked insulin-PAE complex. 

An in vitro study showed an almost zero order release for up to 20 days. In vivo efficacy of 

insulin loaded gels was also assessed by implanting them sc in healthy and STZ-induced 

diabetic rats. The insulin-release profile showed that insulin was maintained at a constant 

steady-state level for 15 days in healthy rats, and further demonstrated that insulin levels 

were controlled by the amount of insulin loaded into the copolymer and the copolymer 

concentration in the hydrogel. Blood glucose and plasma insulin levels of diabetic rats showed 

that efficacy of the delivery system for more than 1 week with a single injection. (229)  

Surface eroding self-assembled hydrogels based on PEG/chol and PEG/β-CD, showing 

nearly zero release of lysozyme BSA and IgG were investigated by van de Manakker et al. 

Regardless of the polymer molecular weight the proteins were released in vitro in 

approximately 200 hours (Figure 9). The release however, could be tailored by the polymer 

content of the hydrogels.(65) 

 

2.4.4. Enhancing protein release  

 

Although significant progress has been achieved in the development of injectable 

biodegradable polymeric hydrogels, some challenges still remain. Initial burst or very fast 

release, which is observed in many protein releasing hydrogels both in vitro and in vivo, are 

limiting factors for many applications. In vivo burst release may be ascribed to the rate of 

gelation of injectable in situ gelling systems. When the sol-gel transition is not immediate, 

indeed, premature leakage of the protein in the surrounding tissue prior to complete gelation 

might occur. Burst or fast release can be also ascribed to hydrogel network defects or 

inhomogeneities as well as high diffusivity. 
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Figure 9. Surface eroding hydrogels composed of multiarm PEG-cyclodextrin/PEG-cholesterol 
inclusion complexes. (a) volume change in time of hydrogels loaded with dextran blue at 
physiological conditions (PBS, pH 7.4, 37 °C). (b) Almost zero order release kinetics of model 
proteins (lysozyme, BSA and IgG). Reproduced from reference (65) 

 
Some approaches to improve hydrogel performances and overcoming burst and fast 

release have been proposed. Synthetic flexible polymers like the photopolymerizable 

thermosensitive p(HPMAm-lac)-PEG-p(HPMAm-lac) triblock, investigated by Censi et al. and 

described in section 5.2. and in chapter 3 and 4 of this thesis, showed the capability to tailor 

the protein release profiles by designing modular polymer structures and extend the release 

time according to the aimed pharmacokinetics of the drug.(187)   

Another successful strategy is the introduction of functionalities in the polymer structure 

like charged groups or binding sites, which can prevent fast protein diffusion by polymer 

interaction. One example of such system has been already described in section 5.3. The 

release mechanism of proteins from PAE-PCL-PEG-PCL-PAE hydrogels depends on two 

(a) 

(b) 
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concomitant factors, the ionic interactions between partial positive charges in PAE blocks and 

negative charges in insulin and degradation of the PAE blocks.(229)  

The RADA16 peptide, self-assembled by formation of β-sheet structures, first reported by 

Zhang  (230) has been used to encapsulate and deliver several proteins for intramyocardial 

delivery. This peptide has also been used to deliver platelet-derived growth factor BB (PDGF-

BB) (231), stromal cell-derived factor-1 (SDF-1) (232), and insulin-like growth factor I (IGF-I) 

(233) to decrease myocardial infarct. Also in this case, the slow and controlled release of the 

active proteins is due to the amphiphilic nature of the self-assembling peptide that give some 

interaction with loaded proteins which slows down diffusion and subsequent release kinetics.  

Similarly, the release of FITC-albumin from polyphosphazene hydrogels was controlled 

using chitosan,(234) and was sustained over two months without an burst in the presence of 

chitosan, in contrast to the observed release over one month from gels without chitosan. The 

prolongation of release time was ascribed to the formation of an ionic complex between 

chitosan and FITC-albumin. The polyphosphazene hydrogel form Park et al. has also been 

used to entrap pancreatic islets,(235) which is an alternative way to overcome burst and 

uncontrolled release of insulin, as the protein release rate depends on the capability of cells to 

stay viable and produce the protein. In comparison with both rat islets entrapped in other 

hydrogels, and free islets, rat islets in the polyphosphazene hydrogel retained higher cell 

viability and showed insulin production, and consquently release of this protein from the gel 

for over a 28-day culture period. In a subsequent paper, polyphosphazene hydrogels were 

used to encapsulate hepatocytes as spheroids or single cells.(236) Over a 28-day culture 

period, the spheroid hepatocytes maintained a higher viability and produced albumin, whereas 

single hepatocytes showed lower levels of albumin secretion from the hydrogel. 

An alternative approach to prevent burst release is the combination of two delivery 

systems in one composite matrix. For example, Leach et al. developed a photopolymerizable 

(PEG-)glycidyl methacrylate-hyaluronic acid ((PEG-)GMHA) that showed remarkable 

diffusivity, leading to fast release of BSA (approximately 60% within 6 hours). The release 

time could be prolonged to a certain extent by increasing the polymer concentration, but the 

longest duration of release (up to several weeks) was achieved by incorporating BSA-PLGA 

microparticles within the hydrogel matrix (Figure 10).(95) Undesired interactions between 

the loaded protein and the hydrogel matrix are often observed in in situ cross-linked matrices 

and sometimes leading to the incomplete release of the protein. Protein immobilization within 

the nondegradable networks via free-radical reaction, demonstrated by gel electrophoresis, 

was dependent on photoinitiator and initial protein concentration (Figure 11a and b). Lin et 

al. proposed a method for enhancing cumulative release of protein from photopolymerized 

poly(ethylene glycol) hydrogels by using a pseudo-specific protein ligand. A model was 

developed to predict the release behavior of BSA in the presence of the metal chelator 

iminodiacetic acid (IDA), used as an excipient to diminish protein-polymer interactions and 

thus enhance the release of BSA. 
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Figure 10. BSA release profiles from photo-cross-linked (PEG-)glycidyl methacrylate-hyaluronic 
acid hydrogels. The fast diffusive release of the protein from the hydrogels could be retarded by 
increasing PEG and GMHA concentration (a, b), while the incorporation of BSA encapsulating 
PLGA microparticles allowed extension of the release time up to several weeks (c). Reproduced 
from reference (95) 

(c) 
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This model quantitatively predicts the improved release characteristics of BSA as ligand 

concentration and ligand affinity increase. Divalent metal ions such as copper, zinc, and nickel 

were also used synergistically with the IDA to evaluate the effect of ligand affinity on the 

extent of protein protection (Figure 11c).(89) 

 

 

 

 

 

(a) 

(b) 
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Figure 11. (a)The effect of photoinitiator concentration on BSA release. BSA release 
decreased with increasing photoinitiator concentration from 0.2 to 1 wt% (b)The effect of IDA 
concentration on BSA release at IDA/BSA molar ratio of 1 (c) Effect of Cu2+ concentration on 
BSA release. Molar ratio of IDA to BSA was kept at 1, while the molar ratio of Cu2+ ions to BSA 
were 1 (♦), 0.5 (●), and 0 (▲). Reproduced from reference (89) 
 

2.4.5. Methods to measure release kinetics  

 

The method generally applied to evaluate the release from gel based drug delivery 

systems relies on release studies. However, these experiments are time-consuming and 

sometimes poorly predictable because high variation among results can be observed 

depending on the method used for release studies in vitro (geometry of the dosage form, 

sampling method, volume of acceptor medium, swelling/degradation/erosion of the hydrogel 

matrix etc.). An emerging technique to investigate the mobility of molecules embedded in 

hydrogel matrices is analytical method named fluorescence recovery after photobleaching 

(FRAP).  

FRAP experiments are performed on hydrogels loaded with fluorescently labeled protein, 

which is photobleached in small regions (typically 10-50 um2)  within the gel using an optical 

microscope equipped with a light source. After bleaching the probe molecules, the 

fluorescence intensity within the bleached region recovers due to diffusion of unbleached 

molecules from the surrounding and the diffusion coefficient of the protein in the matrix can 

then be calculated from the resulting recovery profiles.(237) FRAP experiments have already 

been used to evaluate the mobility of molecules in cells and biological tissues, for example, 

Braeckmans et al. explored the mobility of macromolecules in bulk three-dimensional 

biological materials, such as vitreous body isolated from bovine eyes and lung sputum 

expectorated by cystic fibrosis patients.(238) Recently, several research groups characterized 

hydrogel-based drug delivery systems by FRAP. Vermonden et al. synthesized a series of 

thermo-gelling p(HPMAm-lac)-PEG-p(HPMAm-lac) triblock copolymer hydrogels containing 

PEG’s middle blocks of different molecular weight and used FRAP analysis to investigate how 

(c) 
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macromolecular diffusion can be controlled according to polymer design, concentration and 

temperature. FITC-dextrans were used as fluorescent probe and the results revealed that its 

diffusivity decreased with increasing polymer concentration, temperature and PEG’s molecular 

weight.(239) In another study, Branco et al. incorporated FITC-dextrans of different molecular 

weight in peptide based hydrogels, formed by peptide self-assembling in response to pH and 

ionic strength by formation of amphiphilic β-hairpin. Dextran mobility within and release from 

hydrogels of varying solid content was studied and it was found that the release was 

influenced by diffusion and charge interaction between dextran and peptide. Moreover the 

results observed in bulk release experiments correlated very well those obtained by FRAP. 

(240) 

Similarly, the possibility to tailor the molecular architecture of galactomanna hydrogels as 

well as guar-drug conjugates to entrap and limit the diffusion of model drugs was researched 

by Burke et al. Also in this study FRAP experiments were a valuable tool to study to which 

extent the hydrogel matrix was able to restrict the drug mobility and a fast screening method 

to design formulations with extended release profiles.(241) 

Kuijpers et al. performed parallel FRAP and bulk release studies to investigate the 

mobility of lysozyme in gelatin-chondroitin sulfate hydrogels containing 5, 10 and 20% of 

chondroitin sulfate. The results of lysozyme release experiments, which revealed that release 

was governed by  diffusion and electrostatic interactions between the protein and the hydrogel 

matrix, were confirmed by FRAP analysis. These studies showed that the combination of 

chondroitin sulfate with cross-linked gelatin gels led to a significant increase in the lysozyme 

loading capacity of the gel and a prolonged release time (by charge interaction).(242)  

A good correlation between FRAP and release data was found by Van Tomme et al. and 

Censi et al., whose hydrogel systems (86, 187, 243) are described in others sections of this 

chapter. Surface eroding hydrogels, releasing the drug with zero order kinetics showed 

immobile proteins by FRAP.(65)  

A more systematic comparative study between the measured diffusion coefficients by 

FRAP and the release kinetics was carried out recently by Brandl et al (Figure 12).(244) They 

used gels prepared by step-growth polymerization of PEG, loaded with FITC labeled dextrans.  

 

 

 
 
Figure 12. Schematic comparison between the classical approach of release study method 
and the FRAP technique. 
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The translational diffusion coefficients of the incorporated FITC-dextrans were measured 

by FRAP and pulsed field gradient NMR spectroscopy. Because the determined diffusion 

coefficients agreed well with those obtained from release studies, mechanical testing, FRAP, 

and pulsed field gradient NMR spectroscopy were proposed as alternatives to release 

experiments. However, although FRAP always reflects very well the relative differences in 

macromolecular diffusivity between hydrogels of different composition and cross-linking 

degree, the technique has some limitations. Quantitative correlation between the two 

techniques is not always possible as they rely on remarkably different setups. The time scales 

of FRAP and release experiments are totally different (FRAP monitors protein diffusivity for 

minutes while release experiments are performed over days or weeks), moreover FRAP 

experiments measure diffusion coefficient on a microscale level, unlike release experiments 

that provide data on the macrodiffusivity. Furthermore, swelling processes, often influencing 

the diffusion of entrapped molecules can occur only when the gel is exposed to aqueous 

medium in a release experiment setting; FRAP does not take swelling/matrix erosion into 

account. Thus, in our view, FRAP technique can be used as a complementary technique to 

release experiments to rapidly and qualitatively evaluate the potential of newly developed 

drug delivery systems for controlled release purposes. 

 

2.4.6.   Protein stability 

 

The potential of drug delivery systems to enter the clinic and make an impact on patient’s 

life strictly depends on their ability to release active proteins, besides providing their 

sustained release. Therefore, the assessment of protein stability needs to be implemented in 

the evaluation of hydrogel based delivery systems, in order to certify the pharmacological 

drug activity and the lack of immunogenicity. The stability of the protein has to be maintained 

during hydrogel preparation, storage and release.  

The maintenance of protein’s native structure still represents an issue for many hydrogel 

formulations, as very often incomplete release due to aggregation, chemical binding between 

protein and  polymer, oxidation, deamidation, etc. might occur.(6) 

As already mentioned, it was reported that BSA loaded in chemically cross-linked 

hydrogels by radical polymerization covalently coupled to the polymer, due to the role of BSA 

as chain transfer agent during the polymerization.(90) 

A number of complementary techniques to evaluate the structural changes of proteins are 

available and several of those need to be combined in order to have full characterization of 

the protein stability. Liquid chromatography (HPLC, SEC) is one of the fundamental methods 

to investigate possible changes in the primary structure of the protein, including oxidation, 

deamidation, or the presence of (ir)reversible aggregates. 

Other techniques of interest, aimed at characterizing structural changes are fourier 

transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), fluorescence 
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spectroscopy, far and near circular dichroism (CD), etc. and they are reviewed in more 

specialized papers.(245) 

 

2.5.      Conclusions 

 

Significant progress has been achieved in the development of injectable biodegradable 

polymeric hydrogels for protein delivery. In order to be eligible for clinical use, hydrogels must 

fulfill several requirements. They must be biocompatible, protein and cell friendly, 

biodegradable into excretable and non-harmful products and administered in an effective and 

minimally invasive manner. Importantly, they must exhibit mechanical properties and protein 

release behavior suitable for their specific application. Possibly, the tailorability of these 

properties is highly desirable. Advances in polymer chemistry allow the design of hydrogels of 

different topology and functionality, able to accomplish many of the demanded requisites. For 

example, stimuli sensitive hydrogels can modulate their behavior in response to 

environmental conditions (temperature, pH, ionic strength, biomolecules, drugs, etc.), being 

able to release proteins on demand or turn into a gel only upon parenteral administration. 

Besides stimuli sensitive hydrogels, other self-assembling systems lend themselves to be 

injectable, for instance stereo- or inclusion-complexed hydrogels. Chemical cross-linking can 

also be applied in situ as reaction like photopolymerization or Michael addition because these 

methods do not need toxic catalyst and can occur at physiological conditions (aqueous 

medium, pH 7.4, 37 °C). Polymer design at a molecular level allows the modulation of 

biodegradability, mechanical properties and release behavior in many advanced hydrogels. 

However, some challenges remain for achieving ideal characteristics. First of all, the 

parenteral administration of hydrogels must ensure in vivo rapid gelation and hydrogel 

stability during the release period, in order to avoid burst or unwanted rapid release of the 

drug; moreover needle clogging must be avoided. To this end, strategies comprising 

combinations of functionalities within a hydrogels have been applied. For instance, the 

combination of tandem cross-linking methods (thermosensitivity/photopolymerization, 

thermosensitivity/Michael addition) has been proposed as approach to achieve fast gelation 

and subsequent long-term stabilization of the releasing matrices. Combining thermo- and pH-

sensitivity will avoid needle clogging for administration in deep sites in the body. Secondly, 

although the biodegradation of many hydrogels have been investigated in vitro and in vivo, 

the fate of the degradation products, in order to assess lack of accumulation, has been hardly 

studied. The release behavior of many hydrogels is still unsatisfactory and optimization is 

needed. Furthermore, the inflammatory reaction caused by the delivery system might be a 

potential limitation for their application, especially for chronic diseases treatments, where 

repeated administration of the depot system is envisioned. Analytical techniques and 

biological assays to characterize the stability of the released protein need to be implemented 

in order to ensure biological activity and lack of immunogenicity.  Finally, although polymer 
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chemistry allowed the synthesis of biomaterials with appealing functionalities, sometimes 

translating these synthesis procedures into industrial mass-scale production can be 

challenging. 
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PPhhaarrmmaacceeuuttiiccaallss::  AAnn  UUppddaattee..  PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh  2277((44))::554444--557755..  

66..  WWaanngg  WW  ((11999999))  IInnssttaabbiilliittyy,,  ssttaabbiilliizzaattiioonn,,  aanndd  ffoorrmmuullaattiioonn  ooff  lliiqquuiidd  pprrootteeiinn  pphhaarrmmaacceeuuttiiccaallss..  
IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  118855((22))::112299--118888..  

77..  KKaalliiyyaappeerruummaall  AA  &&  JJiinngg  SS  ((22000099))  IImmmmuunnooggeenniicciittyy  aasssseessssmmeenntt  ooff  tthheerraappeeuuttiicc  pprrootteeiinnss  aanndd  
ppeeppttiiddeess..  CCuurrrreenntt  PPhhaarrmmaacceeuuttiiccaall  BBiiootteecchhnnoollooggyy  1100((44))::335522--335588..  

88..  DDee  GGrroooott  AASS  &&  MMaarrttiinn  WW  ((22000099))  RReedduucciinngg  rriisskk,,  iimmpprroovviinngg  oouuttccoommeess::  BBiiooeennggiinneeeerriinngg  lleessss  
iimmmmuunnooggeenniicc  pprrootteeiinn  tthheerraappeeuuttiiccss..  CClliinniiccaall  IImmmmuunnoollooggyy  113311((22))::118899--220011..  

99..  TTaanngg  LL,,  PPeerrsskkyy  AAMM,,  HHoocchhhhaauuss  GG,,  &&  MMeeiibboohhmm  BB  ((22000044))  PPhhaarrmmaaccookkiinneettiicc  aassppeeccttss  ooff  bbiiootteecchhnnoollooggyy  
pprroodduuccttss..  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccaall  SScciieenncceess  9933((99))::22118844--22220044..  

1100..  AAnnttoossoovvaa  ZZ,,  MMaacckkoovvaa  MM,,  KKrraall  VV,,  &&  MMaacceekk  TT  ((22000099))  TThheerraappeeuuttiicc  aapppplliiccaattiioonn  ooff  ppeeppttiiddeess  aanndd  
pprrootteeiinnss::  ppaarreenntteerraall  ffoorreevveerr??  TTrreennddss  iinn  BBiiootteecchhnnoollooggyy  2277((1111))::662288--663355..  

1111..  WWeerrllee  MM,,  MMaakkhhllooff  AA,,  &&  TTaakkeeuucchhii  HH  ((22000099))  OOrraall  PPrrootteeiinn  DDeelliivveerryy::  AA  PPaatteenntt  RReevviieeww  ooff  AAccaaddeemmiicc  aanndd  
IInndduussttrriiaall  AApppprrooaacchheess..  RReecceenntt  PPaatteennttss  oonn  DDrruugg  DDeelliivveerryy  &&##3388;;  FFoorrmmuullaattiioonn  33::9944--110044..  

1122..  VVeerroonneessee  FFMM  &&  HHaarrrriiss  JJMM  ((22000022))  IInnttrroodduuccttiioonn  aanndd  oovveerrvviieeww  ooff  ppeeppttiiddee  aanndd  pprrootteeiinn  ppeeggyyllaattiioonn..  
AAddvvaanncceedd  DDrruugg  DDeelliivveerryy  RReevviieewwss  5544((44))::445533--445566..  

1133..  SSiinnhhaa  VVRR  &&  TTrreehhaann  AA  ((22000033))  BBiiooddeeggrraaddaabbllee  mmiiccrroosspphheerreess  ffoorr  pprrootteeiinn  ddeelliivveerryy..  JJoouurrnnaall  ooff  
CCoonnttrroolllleedd  RReelleeaassee  9900((33))::226611--228800..  

1144..  JJaaggaannaatthhaann  KKSS,,  RRaaoo  YYUUBB,,  SSiinngghh  PP,,  PPrraabbaakkaarraann  DD,,  GGuuppttaa  SS,,  JJaaiinn  AA,,  &&  VVyyaass  SSPP  ((22000055))  
DDeevveellooppmmeenntt  ooff  aa  ssiinnggllee  ddoossee  tteettaannuuss  ttooxxooiidd  ffoorrmmuullaattiioonn  bbaasseedd  oonn  ppoollyymmeerriicc  mmiiccrroosspphheerreess::  AA  
ccoommppaarraattiivvee  ssttuuddyy  ooff  ppoollyy((DD,,LL--llaaccttiicc--ccoo--ggllyyccoolliicc  aacciidd))  vveerrssuuss  cchhiittoossaann  mmiiccrroosspphheerreess..  IInntteerrnnaattiioonnaall  
JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  229944((11--22))::2233--3322..  

1155..  SSaassllaawwsskkii  OO,,  WWeeiinnggaarrtteenn  CC,,  BBeennooiitt  JJPP,,  &&  CCoouuvvrreeuurr  PP  ((11998888))  MMaaggnneettiiccaallllyy  rreessppoonnssiivvee  mmiiccrroosspphheerreess  
ffoorr  tthhee  ppuullsseedd  ddeelliivveerryy  ooff  iinnssuulliinn..  LLiiffee  SScciieenncceess  4422((1166))::11552211--11552288..  

1166..  MMaarrttiinn  MMEEDD,,  DDeewwaarr  JJBB,,  &&  NNeewwmmaann  JJFFEE  ((11998888))  PPoollyymmeerriizzeedd  sseerruumm  aallbbuummiinn  bbeeaaddss  ppoosssseessssiinngg  ssllooww  
rreelleeaassee  pprrooppeerrttiieess  ffoorr  uussee  iinn  vvaacccciinneess..  VVaacccciinnee  66((11))::3333--3388..  

1177..  CClleellaanndd  JJLL,,  JJoohhnnssoonn  OOLL,,  PPuuttnneeyy  SS,,  &&  JJoonneess  AAJJSS  ((11999977))  RReeccoommbbiinnaanntt  hhuummaann  ggrroowwtthh  hhoorrmmoonnee  
ppoollyy((llaaccttiicc--ccoo--ggllyyccoolliicc  aacciidd))  mmiiccrroosspphheerree  ffoorrmmuullaattiioonn  ddeevveellooppmmeenntt..  AAddvvaanncceedd  DDrruugg  DDeelliivveerryy  
RReevviieewwss  2288((11))::7711--8844..  

1188..  OOkkaaddaa  HH  ((11999977))  OOnnee--  aanndd  tthhrreeee--mmoonntthh  rreelleeaassee  iinnjjeeccttaabbllee  mmiiccrroosspphheerreess  ooff  tthhee  LLHH--RRHH  
ssuuppeerraaggoonniisstt  lleeuupprroorreelliinn  aacceettaattee..  AAddvvaanncceedd  DDrruugg  DDeelliivveerryy  RReevviieewwss  2288((11))::4433--7700..  

1199..  AAnnddeerrssoonn  JJMM  &&  SShhiivvee  MMSS  ((11999977))  BBiiooddeeggrraaddaattiioonn  aanndd  bbiiooccoommppaattiibbiilliittyy  ooff  PPLLAA  aanndd  PPLLGGAA  
mmiiccrroosspphheerreess..  AAddvvaanncceedd  DDrruugg  DDeelliivveerryy  RReevviieewwss  2288((11))::55--2244..  

2200..  SShheennddeerroovvaa  AA,,  BBuurrkkee  TTGG,,  &&  SScchhwweennddeemmaann  SSPP  ((11999999))  TThhee  aacciiddiicc  mmiiccrroocclliimmaattee  iinn  ppoollyy((llaaccttiiddee--ccoo--
ggllyyccoolliiddee))  mmiiccrroosspphheerreess  ssttaabbiilliizzeess  ccaammppttootthheecciinnss..  PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh  1166((22))::224411--224433..  

2211..  FFuu  KK,,  PPaacckk  DDWW,,  KKlliibbaannoovv  AAMM,,  &&  LLaannggeerr  RR  ((22000000))  VViissuuaall  eevviiddeennccee  ooff  aacciiddiicc  eennvviirroonnmmeenntt  wwiitthhiinn  
ddeeggrraaddiinngg  ppoollyy((llaaccttiicc--ccoo--  ggllyyccoolliicc  aacciidd))  ((PPLLGGAA))  mmiiccrroosspphheerreess..  PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh  
1177((11))::110000--110066..  

2222..  VVaann  DDee  WWeeeerrtt  MM,,  HHeennnniinnkk  WWEE,,  &&  JJiisskkoooott  WW  ((22000000))  PPrrootteeiinn  iinnssttaabbiilliittyy  iinn  ppoollyy((llaaccttiicc--ccoo--ggllyyccoolliicc  
aacciidd))  mmiiccrrooppaarrttiicclleess..  PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh  1177((1100))::11115599--11116677..  
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2233..  JJiiaanngg  GG,,  WWoooo  BBHH,,  KKaanngg  FF,,  SSiinngghh  JJ,,  &&  DDeeLLuuccaa  PPPP  ((22000022))  AAsssseessssmmeenntt  ooff  pprrootteeiinn  rreelleeaassee  kkiinneettiiccss,,  
ssttaabbiilliittyy  aanndd  pprrootteeiinn  ppoollyymmeerr  iinntteerraaccttiioonn  ooff  llyyssoozzyymmee  eennccaappssuullaatteedd  ppoollyy((DD,,LL--llaaccttiiddee--ccoo--ggllyyccoolliiddee))  
mmiiccrroosspphheerreess..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  7799((11--33))::113377--114455..  

2244..  KKiimm  HHKK  &&  PPaarrkk  TTGG  ((11999999))  MMiiccrrooeennccaappssuullaattiioonn  ooff  hhuummaann  ggrroowwtthh  hhoorrmmoonnee  wwiitthhiinn  bbiiooddeeggrraaddaabbllee  
ppoollyyeesstteerr  mmiiccrroosspphheerreess::  PPrrootteeiinn  aaggggrreeggaattiioonn  ssttaabbiilliittyy  aanndd  iinnccoommpplleettee  rreelleeaassee  mmeecchhaanniissmm..  
BBiiootteecchhnnoollooggyy  aanndd  BBiiooeennggiinneeeerriinngg  6655((66))::665599--666677..  

2255..  YYeeoo  YY  &&  PPaarrkk  KK  ((22000044))  CCoonnttrrooll  ooff  eennccaappssuullaattiioonn  eeffffiicciieennccyy  aanndd  iinniittiiaall  bbuurrsstt  iinn  ppoollyymmeerriicc  
mmiiccrrooppaarrttiiccllee  ssyysstteemmss..  AArrcchhiivveess  ooff  PPhhaarrmmaaccaall  RReesseeaarrcchh  2277((11))::11--1122..  

2266..  PPééaann  JJMM,,  VVeenniieerr--JJuulliieennnnee  MMCC,,  BBoouurryy  FF,,  MMeenneeii  PP,,  DDeenniizzoott  BB,,  &&  BBeennooiitt  JJPP  ((11999988))  NNGGFF  rreelleeaassee  ffrroomm  
ppoollyy((DD,,LL--llaaccttiiddee--ccoo--ggllyyccoolliiddee))  mmiiccrroosspphheerreess..  EEffffeecctt  ooff  ssoommee  ffoorrmmuullaattiioonn  ppaarraammeetteerrss  oonn  
eennccaappssuullaatteedd  NNGGFF  ssttaabbiilliittyy..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  5566((11--33))::117755--118877..  

2277..  PéPéaann  JJMM,,  VVeenniieerr--JJuulliieennnnee  MMCC,,  FFiillmmoonn  RR,,  SSeerrggeenntt  MM,,  PPhhaann--TTaann--LLuuuu  RR,,  &&  BBeennooiitt  JJPP  ((11999988))  
OOppttiimmiizzaattiioonn  ooff  HHSSAA  aanndd  NNGGFF  eennccaappssuullaattiioonn  yyiieellddss  iinn  PPLLGGAA  mmiiccrrooppaarrttiicclleess..  IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  
PPhhaarrmmaacceeuuttiiccss  116666((11))::110055--111155..  

2288..  GGhhaasssseemmii  AAHH,,  vvaann  SStteeeennbbeerrggeenn  MMJJ,,  TTaallssmmaa  HH,,  vvaann  NNoossttrruumm  CCFF,,  JJiisskkoooott  WW,,  CCrroommmmeelliinn  DDJJAA,,  &&  
HHeennnniinnkk  WWEE  ((22000099))  PPrreeppaarraattiioonn  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  pprrootteeiinn  llooaaddeedd  mmiiccrroosspphheerreess  bbaasseedd  oonn  aa  
hhyyddrrooxxyyllaatteedd  aalliipphhaattiicc  ppoollyyeesstteerr,,  ppoollyy((llaaccttiicc--ccoo--hhyyddrrooxxyymmeetthhyyll  ggllyyccoolliicc  aacciidd))..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  
RReelleeaassee  113388((11))::5577--6633..  

2299..  GGhhaasssseemmii  AAHH,,  vvaann  SStteeeennbbeerrggeenn  MMJJ,,  TTaallssmmaa  HH,,  vvaann  NNoossttrruumm  CCFF,,  CCrroommmmeelliinn  DDJJAA,,  &&  HHeennnniinnkk  WWEE  
((22001100))  HHyyddrroopphhiilliicc  PPoollyyeesstteerr  MMiiccrroosspphheerreess::  EEffffeecctt  ooff  MMoolleeccuullaarr  WWeeiigghhtt  aanndd  CCooppoollyymmeerr  
CCoommppoossiittiioonn  oonn  RReelleeaassee  ooff  BBSSAA..  PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh::11--1100..  

3300..  CCoouuvvrreeuurr  PP  &&  PPuuiissiieeuuxx  FF  ((NNaannoo--  aanndd  mmiiccrrooppaarrttiicclleess  ffoorr  tthhee  ddeelliivveerryy  ooff  ppoollyyppeeppttiiddeess  aanndd  pprrootteeiinnss..  
AAddvvaanncceedd  DDrruugg  DDeelliivveerryy  RReevviieewwss  1100((22--33))::114411--116622..  

3311..  PPiinnttoo  RReeiiss  CC,,  NNeeuuffeelldd  RRJJ,,  RRiibbeeiirroo  AAJJ,,  &&  VVeeiiggaa  FF  ((22000066))  NNaannooeennccaappssuullaattiioonn  IIII..  BBiioommeeddiiccaall  
aapppplliiccaattiioonnss  aanndd  ccuurrrreenntt  ssttaattuuss  ooff  ppeeppttiiddee  aanndd  pprrootteeiinn  nnaannooppaarrttiiccuullaattee  ddeelliivveerryy  ssyysstteemmss..  
NNaannoommeeddiicciinnee::  NNaannootteecchhnnoollooggyy,,  BBiioollooggyy  aanndd  MMeeddiicciinnee  22((22))::5533--6655..  

3322..  BBeecchheerr  PPEE  eedd  ((11998855))  MMeeddiiccaall  aanndd  PPhhaarrmmaacceeuuttiiccaall  aapppplliiccaattiioonn  ooff  eemmuullssiioonnss  ((MMaarrcceell  DDeekkkkeerr,,  IInncc..,,  
NNeeww  YYoorrkk)),,  VVooll  vvooll..  22,,  pppp  115599--223388..  

3333..  BBjjeerrrreeggaaaarrdd  SS,,  WWuullff--AAnnddeerrsseenn  LL,,  SStteepphheennss  RRWW,,  RRooggee  LLuunndd  LL,,  VVeerrmmeehhrreenn  CC,,  SSööddeerrbbeerrgg  II,,  &&  
FFrrookkjjaaeerr  SS  ((22000011))  SSuussttaaiinneedd  eelleevvaatteedd  ppllaassmmaa  aapprroottiinniinn  ccoonncceennttrraattiioonn  iinn  mmiiccee  ffoolllloowwiinngg  
iinnttrraappeerriittoonneeaall  iinnjjeeccttiioonnss  ooff  ww//oo  eemmuullssiioonnss  iinnccoorrppoorraattiinngg  aapprroottiinniinn..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  
7711((11))::8877--9988..  

3344..  MMaassuuddaa  KK,,  HHoorriiee  KK,,  SSuuzzuukkii  RR,,  YYoosshhiikkaawwaa  TT,,  &&  HHiirraannoo  KK  ((22000033))  OOrraall--aannttiiggeenn  ddeelliivveerryy  vviiaa  aa  wwaatteerr--
iinn--ooiill  eemmuullssiioonn  ssyysstteemm  mmoodduullaatteess  tthhee  bbaallaannccee  ooff  tthhee  TThh11//TThh22  ttyyppee  rreessppoonnssee  iinn  oorraall  ttoolleerraannccee..  
PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh  2200((11))::113300--113344..  

3355..  BBjjeerrrreeggaaaarrdd  SS,,  SSööddeerrbbeerrgg  II,,  VVeerrmmeehhrreenn  CC,,  &&  FFrrookkjjaaeerr  SS  ((11999999))  FFoorrmmuullaattiioonn  aanndd  eevvaalluuaattiioonn  ooff  
rreelleeaassee  aanndd  sswweelllliinngg  mmeecchhaanniissmm  ooff  aa  wwaatteerr--  iinn--ooiill  eemmuullssiioonn  uussiinngg  ffaaccttoorriiaall  ddeessiiggnn..  IInntteerrnnaattiioonnaall  
JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  119933((11))::11--1111..  

3366..  LLiiaanngg  MMTT,,  DDaavviieess  NNMM,,  &&  TTootthh  II  ((22000055))  EEnnccaappssuullaattiioonn  ooff  lliippooppeeppttiiddeess  wwiitthhiinn  lliippoossoommeess::  EEffffeecctt  ooff  
nnuummbbeerr  ooff  lliippiidd  cchhaaiinnss,,  cchhaaiinn  lleennggtthh  aanndd  mmeetthhoodd  ooff  lliippoossoommee  pprreeppaarraattiioonn..  IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  
PPhhaarrmmaacceeuuttiiccss  330011((11--22))::224477--225544..  

3377..  VVyyaass  SSPP,,  RRaawwaatt  MM,,  RRaawwaatt  AA,,  MMaahhoorr  SS,,  &&  GGuuppttaa  PPNN  ((22000066))  PPeeggyyllaatteedd  pprrootteeiinn  eennccaappssuullaatteedd  
mmuullttiivveessiiccuullaarr  lliippoossoommeess::  AA  nnoovveell  aapppprrooaacchh  ffoorr  ssuussttaaiinneedd  rreelleeaassee  ooff  iinntteerrffeerroonn  αα..  DDrruugg  
DDeevveellooppmmeenntt  aanndd  IInndduussttrriiaall  PPhhaarrmmaaccyy  3322((66))::669999--770077..  

3388..  PPuurrii  AA,,  LLoooommiiss  KK,,  SSmmiitthh  BB,,  LLeeee  JJHH,,  YYaavvlloovviicchh  AA,,  HHeellddmmaann  EE,,  &&  BBlluummeenntthhaall  RR  ((22000099))  LLiippiidd--bbaasseedd  
nnaannooppaarrttiicclleess  aass  pphhaarrmmaacceeuuttiiccaall  ddrruugg  ccaarrrriieerrss::  FFrroomm  ccoonncceeppttss  ttoo  cclliinniicc..  CCrriittiiccaall  RReevviieewwss  iinn  
TThheerraappeeuuttiicc  DDrruugg  CCaarrrriieerr  SSyysstteemmss  2266((66))::552233--558800..  

3399..  SStteevveennss  PPJJ  &&  LLeeee  RRJJ  ((22000033))  FFoorrmmuullaattiioonn  kkiitt  ffoorr  lliippoossoommaall  ddooxxoorruubbiicciinn  ccoommppoosseedd  ooff  llyyoopphhiilliizzeedd  
lliippoossoommeess..  AAnnttiiccaanncceerr  RReesseeaarrcchh  2233((11  AA))::443399--444422..  

4400..  VVaann  WWiinnddeenn  EECCAA  &&  CCrroommmmeelliinn  DDJJAA  ((11999999))  SShhoorrtt  tteerrmm  ssttaabbiilliittyy  ooff  ffrreeeezzee--ddrriieedd,,  llyyoopprrootteecctteedd  
lliippoossoommeess..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  5588((11))::6699--8866..  

4411..  YYaann  XX,,  SScchheerrpphhooff  GGLL,,  &&  KKaammppss  JJAAAAMM  ((22000055))  LLiippoossoommee  OOppssoonniizzaattiioonn..  JJoouurrnnaall  ooff  LLiippoossoommee  
RReesseeaarrcchh  1155((11--22))::110099--113399..  

4422..  MMuulllleerr  RRHH,,  MMeehhnneerrtt  WW,,  LLuucckkss  JJSS,,  SScchhwwaarrzz  CC,,  ZZuurr  MMuuhhlleenn  AA,,  WWeeyyhheerrss  HH,,  FFrreeiittaass  CC,,  &&  RRuuhhll  DD  
((11999955))  SSoolliidd  lliippiidd  nnaannooppaarrttiicclleess  ((SSLLNN))  --  AAnn  aalltteerrnnaattiivvee  ccoollllooiiddaall  ccaarrrriieerr  ssyysstteemm  ffoorr  ccoonnttrroolllleedd  ddrruugg  
ddeelliivveerryy..  EEuurrooppeeaann  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  aanndd  BBiioopphhaarrmmaacceeuuttiiccss  4411((11))::6622--6699..  
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4433..  DDeell  CCuurrttoo  MMDD,,  CChhiiccccoo  DD,,  DD''AAnnttoonniioo  MM,,  CCiioollllii  VV,,  DDaannnnaann  HH,,  DD''UUrrssoo  SS,,  NNeeuutteebboooomm  BB,,  PPoommppiillii  SS,,  
SScchhiieessaarroo  SS,,  &&  EEssppoossiittoo  PP  ((22000033))  LLiippiidd  mmiiccrrooppaarrttiicclleess  aass  ssuussttaaiinneedd  rreelleeaassee  ssyysstteemm  ffoorr  aa  GGnnRRHH  
aannttaaggoonniisstt  ((AAnnttiiddee))..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  8899((22))::229977--331100..  

4444..  GGaarrcciiaa--FFuueenntteess  MM,,  PPrreeggoo  CC,,  TToorrrreess  DD,,  &&  AAlloonnssoo  MMJJ  ((22000055))  AA  ccoommppaarraattiivvee  ssttuuddyy  ooff  tthhee  ppootteennttiiaall  ooff  
ssoolliidd  ttrriiggllyycceerriiddee  nnaannoossttrruuccttuurreess  ccooaatteedd  wwiitthh  cchhiittoossaann  oorr  ppoollyy((eetthhyylleennee  ggllyyccooll))  aass  ccaarrrriieerrss  ffoorr  oorraall  
ccaallcciittoonniinn  ddeelliivveerryy..  EEuurrooppeeaann  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccaall  SScciieenncceess  2255((11))::113333--114433..  

4455..  RRiibbeeiirroo  DDooss  SSaannttooss  II,,  RRiicchhaarrdd  JJ,,  PPeecchh  BB,,  TThhiieess  CC,,  &&  BBeennooiitt  JJPP  ((22000022))  MMiiccrrooeennccaappssuullaattiioonn  ooff  pprrootteeiinn  
ppaarrttiicclleess  wwiitthhiinn  lliippiiddss  uussiinngg  aa  nnoovveell  ssuuppeerrccrriittiiccaall  fflluuiidd  pprroocceessss..  IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  
PPhhaarrmmaacceeuuttiiccss  224422((11--22))::6699--7788..  

4466..  TTrroottttaa  MM,,  CCaavvaallllii  RR,,  CCaarrlloottttii  MMEE,,  BBaattttaagglliiaa  LL,,  &&  DDeebbeerrnnaarrddii  FF  ((22000055))  SSoolliidd  lliippiidd  mmiiccrroo--ppaarrttiicclleess  
ccaarrrryyiinngg  iinnssuulliinn  ffoorrmmeedd  bbyy  ssoollvveenntt--iinn--wwaatteerr  eemmuullssiioonn--ddiiffffuussiioonn  tteecchhnniiqquuee..  IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  
PPhhaarrmmaacceeuuttiiccss  228888((22))::228811--228888..  

4477..  RReeiitthhmmeeiieerr  HH,,  HHeerrrrmmaannnn  JJ,,  &&  GGööppffeerriicchh  AA  ((22000011))  LLiippiidd  mmiiccrrooppaarrttiicclleess  aass  aa  ppaarreenntteerraall  ccoonnttrroolllleedd  
rreelleeaassee  ddeevviiccee  ffoorr  ppeeppttiiddeess..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  7733((22--33))::333399--335500..  

4488..  GGaarrccííaa--FFuueenntteess  MM,,  TToorrrreess  DD,,  &&  AAlloonnssoo  MMJJ  ((22000033))  DDeessiiggnn  ooff  lliippiidd  nnaannooppaarrttiicclleess  ffoorr  tthhee  oorraall  ddeelliivveerryy  
ooff  hhyyddrroopphhiilliicc  mmaaccrroommoolleeccuulleess..  CCoollllooiiddss  aanndd  SSuurrffaacceess  BB::  BBiiooiinntteerrffaacceess  2277((33//22))::115599--116688..  

4499..  WWiicchhtteerrllee  OO  &&  LLiimm  DD  ((11996600))  HHyyddrroopphhiilliicc  GGeellss  ffoorr  BBiioollooggiiccaall  UUssee..  NNaattuurree  118855((44770066))::111177--111188..  

5500..  RRiittuu  AA,,  SShhaaiilllleeyy  JJ,,  SSuummiitt  MM,,  RRaajjaa  NN,,  UUsshhaa  KKaauull  RR,,  &&  DDiinneesshh  KKuummaarr  MM  ((22000044))  EEffffiiccaaccyy  ooff  ccoonnttiinnuuoouuss  
wweeaarr  PPuurreeVViissiioonn  ccoonnttaacctt  lleennsseess  ffoorr  tthheerraappeeuuttiicc  uussee..  CCoonnttaacctt  lleennss  &&  aanntteerriioorr  eeyyee  ::  tthhee  jjoouurrnnaall  ooff  
tthhee  BBrriittiisshh  CCoonnttaacctt  LLeennss  AAssssoocciiaattiioonn  2277((11))::3399--4433..  

5511..  NNgguuyyeenn  KKTT  &&  WWeesstt  JJLL  ((22000022))  PPhhoottooppoollyymmeerriizzaabbllee  hhyyddrrooggeellss  ffoorr  ttiissssuuee  eennggiinneeeerriinngg  aapppplliiccaattiioonnss..  
BBiioommaatteerriiaallss  2233((2222))::44330077--44331144..  

5522..  BBooss  GGWW,,  JJaaccoobbss  JJJJLL,,  KKootteenn  JJWW,,  VVaann  TToommmmee  SS,,  VVeellddhhuuiiss  TT,,  vvaann  NNoossttrruumm  CCFF,,  DDeenn  OOtttteerr  WW,,  &&  
HHeennnniinnkk  WWEE  ((22000044))  IInn  ssiittuu  ccrroosssslliinnkkeedd  bbiiooddeeggrraaddaabbllee  hhyyddrrooggeellss  llooaaddeedd  wwiitthh  IILL--22  aarree  eeffffeeccttiivvee  
ttoooollss  ffoorr  llooccaall  IILL--22  tthheerraappyy..  EEuurrooppeeaann  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccaall  SScciieenncceess  2211((44))::556611--556677..  

5533..  NNaamm  KK,,  WWaattaannaabbee  JJ,,  &&  IIsshhiihhaarraa  KK  ((22000044))  MMooddeelliinngg  ooff  sswweelllliinngg  aanndd  ddrruugg  rreelleeaassee  bbeehhaavviioorr  ooff  
ssppoonnttaanneeoouussllyy  ffoorrmmiinngg  hhyyddrrooggeellss  ccoommppoosseedd  ooff  pphhoosspphhoolliippiidd  ppoollyymmeerrss..  IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  
PPhhaarrmmaacceeuuttiiccss  227755((11--22))::225599--226699..  

5544..  WWeesstt  JJLL  &&  HHuubbbbeellll  JJAA  ((11999966))  SSeeppaarraattiioonn  ooff  tthhee  aarrtteerriiaall  wwaallll  ffrroomm  bblloooodd  ccoonnttaacctt  uussiinngg  hhyyddrrooggeell  
bbaarrrriieerrss  rreedduucceess  iinnttiimmaall  tthhiicckkeenniinngg  aafftteerr  bbaalllloooonn  iinnjjuurryy  iinn  tthhee  rraatt::  TThhee  rroolleess  ooff  mmeeddiiaall  aanndd  lluummiinnaall  
ffaaccttoorrss  iinn  aarrtteerriiaall��hheeaalliinngg..  PPrroocceeeeddiinnggss  ooff  tthhee  NNaattiioonnaall  AAccaaddeemmyy  ooff  SScciieenncceess  ooff  tthhee  UUnniitteedd  SSttaatteess  
ooff  AAmmeerriiccaa  9933((2233))::1133118888--1133119933..  

5555..  DDeennsstteeddtt  JJDD,,  RReeiidd  GG,,  &&  SSooffeerr  MM  ((22000000))  AAddvvaanncceess  iinn  uurreetteerraall  sstteenntt  tteecchhnnoollooggyy..  WWoorrlldd  JJoouurrnnaall  ooff  
UUrroollooggyy  1188((44))::223377--224422..  

5566..  HHeennnniinnkk  WWEE  &&  VVaann  NNoossttrruumm  CCFF  ((22000022))  NNoovveell  ccrroosssslliinnkkiinngg  mmeetthhooddss  ttoo  ddeessiiggnn  hhyyddrrooggeellss..  AAddvvaanncceedd  
DDrruugg  DDeelliivveerryy  RReevviieewwss  5544((11))::1133--3366..  

5577..  KKooppeecceekk  JJ  ((22000077))  HHyyddrrooggeell  bbiioommaatteerriiaallss::  AA  ssmmaarrtt  ffuuttuurree??  BBiioommaatteerriiaallss  2288((3344))::55118855--55119922..  

5588..  PPaarrkk  HH  &&  PPaarrkk  KK  ((11999966))  BBiiooccoommppaattiibbiilliittyy  IIssssuueess  ooff  IImmppllaannttaabbllee  DDrruugg  DDeelliivveerryy  SSyysstteemmss..  
PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh  1133((1122))::11777700--11777766..  

5599..  LLeennzz  RR  ((11999933))  BBiiooddeeggrraaddaabbllee  ppoollyymmeerrss..  BBiiooppoollyymmeerrss  II,,  AAddvvaanncceess  iinn  PPoollyymmeerr  SScciieennccee,,  eeddss  LLaannggeerr  
RR  &&  PPeeppppaass  NN  ((SSpprriinnggeerr  BBeerrlliinn  //  HHeeiiddeellbbeerrgg)),,  VVooll  110077,,  pppp  11--4400..  

6600..  HHaasshhiiddzzuummee  AA,,  TToommaattssuu  II,,  &&  HHaarraaddaa  AA  ((22000066))  IInntteerraaccttiioonn  ooff  ccyyccllooddeexxttrriinnss  wwiitthh  ssiiddee  cchhaaiinnss  ooff  
wwaatteerr  ssoolluubbllee  ppoollyymmeerrss::  AA  ssiimmppllee  mmooddeell  ffoorr  bbiioollooggiiccaall  mmoolleeccuullaarr  rreeccooggnniittiioonn  aanndd  iittss  uuttiilliizzaattiioonn  ffoorr  
ssttiimmuullii--rreessppoonnssiivvee  ssyysstteemmss..  PPoollyymmeerr  4477((1177))::66001111--66002277..  

6611..  CChhooii  HHSS  &&  YYuuii  NN  ((22000066))  DDeessiiggnn  ooff  rraappiiddllyy  aasssseemmbblliinngg  ssuupprraammoolleeccuullaarr  ssyysstteemmss  rreessppoonnssiivvee  ttoo  
ssyynncchhrroonniizzeedd  ssttiimmuullii..  PPrrooggrreessss  iinn  PPoollyymmeerr  SScciieennccee  3311((22))::112211--114444..  

6622..  vvaann  ddee  MMaannaakkkkeerr  FF,,  vvaann  ddeerr  PPoott  MM,,  VVeerrmmoonnddeenn  TT,,  vvaann  NNoossttrruumm  CCFF,,  &&  HHeennnniinnkk  WWEE  ((22000088))  SSeellff--
AAsssseemmbblliinngg  HHyyddrrooggeellss  BBaasseedd  oonn  ββ--CCyyccllooddeexxttrriinn//CChhoolleesstteerrooll  IInncclluussiioonn  CCoommpplleexxeess..  MMaaccrroommoolleeccuulleess  
4411((55))::11776666--11777733..  

6633..  vvaann  ddee  MMaannaakkkkeerr  FF,,  VVeerrmmoonnddeenn  TT,,  eell  MMoorraabbiitt  NN,,  vvaann  NNoossttrruumm  CCFF,,  &&  HHeennnniinnkk  WWEE  ((22000088))  
RRhheeoollooggiiccaall  BBeehhaavviioorr  ooff  SSeellff--AAsssseemmbblliinngg  PPEEGG--ββ--CCyyccllooddeexxttrriinn//PPEEGG--CChhoolleesstteerrooll  HHyyddrrooggeellss..  
LLaannggmmuuiirr  2244((2211))::1122555599--1122556677..  
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6644..  VVaann  DDee  MMaannaakkkkeerr  FF,,  KKrroooonn--BBaatteennbbuurrgg  LLMMJJ,,  VVeerrmmoonnddeenn  TT,,  VVaann  NNoossttrruumm  CCFF,,  &&  HHeennnniinnkk  WWEE  ((22000099))  
SSuupprraammoolleeccuullaarr  hhyyddrrooggeellss  ffoorrmmeedd  bbyy  ββ--ccyyccllooddeexxttrriinn  sseellff--aassssoocciiaattiioonn  aanndd  hhoosstt--gguueesstt  iinncclluussiioonn  
ccoommpplleexxeess..  SSoofftt  MMaatttteerr  66((11))::118877--119944..  

6655..  VVaann  MMaannaakkkkeerr  FFDD,,  BBrraaeecckkmmaannss  KK,,  MMoorraabbiitt  NNEE,,  DDee  SSmmeeddtt  SSCC,,  VVaann  NNoossttrruumm  CCFF,,  &&  HHeennnniinnkk  WWEE  
((22000099))  PPrrootteeiinn--rreelleeaassee  bbeehhaavviioorr  ooff  sseellff--aasssseemmbblleedd  PPEEGG--ßß--ccyyccllooddeexxttrriinn//PPEEGG--  cchhoolleesstteerrooll  
hhyyddrrooggeellss..  AAddvvaanncceedd  FFuunnccttiioonnaall  MMaatteerriiaallss  1199((1188))::22999922--33000011..  

6666..  HHuuhh  KKMM,,  OOooyyaa  TT,,  LLeeee  WWKK,,  SSaassaakkii  SS,,  KKwwoonn  IICC,,  JJeeoonngg  SSYY,,  &&  YYuuii  NN  ((22000011))  SSuupprraammoolleeccuullaarr--
ssttrruuccttuurreedd  hhyyddrrooggeellss  sshhoowwiinngg  aa  rreevveerrssiibbllee  pphhaassee  ttrraannssiittiioonn  bbyy  iinncclluussiioonn  ccoommpplleexxaattiioonn  bbeettwweeeenn  
ppoollyy((eetthhyylleennee  ggllyyccooll))  ggrraafftteedd  ddeexxttrraann  aanndd  αα--ccyyccllooddeexxttrriinn..  MMaaccrroommoolleeccuulleess  3344((2255))::88665577--88666622..  

6677..  CChhooii  HHSS,,  YYaammaammoottoo  KK,,  OOooyyaa  TT,,  &&  YYuuii  NN  ((22000055))  SSyynntthheessiiss  ooff  ppoollyy((εε--llyyssiinnee))--ggrraafftteedd  ddeexxttrraannss  aanndd  
tthheeiirr  ppHH--  AAnndd  tthheerrmmoosseennssiittiivvee  hhyyddrrooggeellaattiioonn  wwiitthh  ccyyccllooddeexxttrriinnss..  AA  EEuurrooppeeaann  JJoouurrnnaall  ooff  CChheemmiiccaall  
PPhhyyssiiccss  aanndd  PPhhyyssiiccaall  CChheemmiissttrryy  66((66))::11008811--11008866..  

6688..  TToommaattssuu  II,,  HHaasshhiiddzzuummee  AA,,  &&  HHaarraaddaa  AA  ((22000055))  GGeell--ttoo--SSooll  aanndd  SSooll--ttoo--GGeell  TTrraannssiittiioonnss  UUttiilliizziinngg  tthhee  
IInntteerraaccttiioonn  ooff  αα--CCyyccllooddeexxttrriinn  wwiitthh  DDooddeeccyyll  SSiiddee  CChhaaiinnss  AAttttaacchheedd  ttoo  aa  PPoollyy((aaccrryylliicc  aacciidd))  BBaacckkbboonnee..  
MMaaccrroommoolleeccuullaarr  RRaappiidd  CCoommmmuunniiccaattiioonnss  2266((1100))::882255--882299..  

6699..  VVaann  TToommmmee  SSRR,,  SSttoorrmm  GG,,  &&  HHeennnniinnkk  WWEE  ((22000088))  IInn  ssiittuu  ggeelllliinngg  hhyyddrrooggeellss  ffoorr  pphhaarrmmaacceeuuttiiccaall  aanndd  
bbiioommeeddiiccaall  aapppplliiccaattiioonnss..  IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  335555((11--22))::11--1188..  

7700..  TTssuujjii  HH  ((22000055))  PPoollyy((llaaccttiiddee))  sstteerreeooccoommpplleexxeess::  FFoorrmmaattiioonn,,  ssttrruuccttuurree,,  pprrooppeerrttiieess,,  ddeeggrraaddaattiioonn,,  aanndd  
aapppplliiccaattiioonnss..  MMaaccrroommoolleeccuullaarr  BBiioosscciieennccee  55((77))::556699--559977..  

7711..  DDee  JJoonngg  SSJJ,,  DDee  SSmmeeddtt  SSCC,,  WWaahhllss  MMWWCC,,  DDeemmeeeesstteerr  JJ,,  KKeetttteenneess--vvaann  DDeenn  BBoosscchh  JJJJ,,  &&  HHeennnniinnkk  WWEE  
((22000000))  NNoovveell  sseellff--aasssseemmbblleedd  hhyyddrrooggeellss  bbyy  sstteerreeooccoommpplleexx  ffoorrmmaattiioonn  iinn  aaqquueeoouuss  ssoolluuttiioonn  ooff  
eennaannttiioommeerriicc  llaaccttiicc  aacciidd  oolliiggoommeerrss  ggrraafftteedd  ttoo  ddeexxttrraann..  MMaaccrroommoolleeccuulleess  3333((1100))::33668800--33668866..  

7722..  DDee  JJoonngg  SSJJ,,  VVaann  NNoossttrruumm  CCFF,,  KKrroooonn--BBaatteennbbuurrgg  LLMMJJ,,  KKeetttteenneess--vvaann  DDeenn  BBoosscchh  JJJJ,,  &&  HHeennnniinnkk  WWEE  
((22000022))  OOlliiggoollaaccttaattee--ggrraafftteedd  ddeexxttrraann  hhyyddrrooggeellss::  DDeetteeccttiioonn  ooff  sstteerreeooccoommpplleexx  ccrroosssslliinnkkss  bbyy  XX--rraayy  
ddiiffffrraaccttiioonn..  JJoouurrnnaall  ooff  AApppplliieedd  PPoollyymmeerr  SScciieennccee  8866((22))::228899--229933..  

7733..  ddee  JJoonngg  SSJJ,,  vvaann  EEeerrddeennbbrruugghh  BB,,  vvaann  NNoossttrruumm  CCFF,,  KKeetttteenneess--vvaann  ddeenn  BBoosscchh  JJJJ,,  &&  HHeennnniinnkk  WWEE  
((22000011))  PPhhyyssiiccaallllyy  ccrroosssslliinnkkeedd  ddeexxttrraann  hhyyddrrooggeellss  bbyy  sstteerreeooccoommpplleexx  ffoorrmmaattiioonn  ooff  llaaccttiicc  aacciidd  
oolliiggoommeerrss::  ddeeggrraaddaattiioonn  aanndd  pprrootteeiinn  rreelleeaassee  bbeehhaavviioorr..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  7711((33))::226611--
227755..  

7744..  BBooss  GGWW,,  HHeennnniinnkk  WWEE,,  BBrroouuwweerr  LLAA,,  DDeenn  OOtttteerr  WW,,  VVeellddhhuuiiss  TTFFJJ,,  VVaann  NNoossttrruumm  CCFF,,  &&  VVaann  LLuuyynn  MMJJAA  
((22000055))  TTiissssuuee  rreeaaccttiioonnss  ooff  iinn  ssiittuu  ffoorrmmeedd  ddeexxttrraann  hhyyddrrooggeellss  ccrroosssslliinnkkeedd  bbyy  sstteerreeooccoommpplleexx  
ffoorrmmaattiioonn  aafftteerr  ssuubbccuuttaanneeoouuss  iimmppllaannttaattiioonn  iinn  rraattss..  BBiioommaatteerriiaallss  2266((1188))::33990011--33990099..  

7755..  vvaann  DDiijjkk  MM,,  RRiijjkkeerrss  DDTTSS,,  LLiisskkaammpp  RRMMJJ,,  vvaann  NNoossttrruumm  CCFF,,  &&  HHeennnniinnkk  WWEE  ((22000099))  SSyynntthheessiiss  aanndd  
AApppplliiccaattiioonnss  ooff  BBiioommeeddiiccaall  aanndd  PPhhaarrmmaacceeuuttiiccaall  PPoollyymmeerrss  vviiaa  CClliicckk  CChheemmiissttrryy  MMeetthhooddoollooggiieess..  
BBiiooccoonnjjuuggaattee    CChheemmiissttrryy  2200((1111))::22000011--22001166..  

7766..  HHuu  BBHH,,  SSuu  JJ,,  &&  MMeesssseerrssmmiitthh  PPBB  ((22000099))  HHyyddrrooggeellss  ccrroossss--lliinnkkeedd  bbyy  nnaattiivvee  cchheemmiiccaall  lliiggaattiioonn..  
BBiioommaaccrroommoolleeccuulleess  1100((88))::22119944--22220000..  

7777..  EElliisssseeeeffff  JJ,,  AAnnsseetthh  KK,,  SSiimmss  DD,,  MMccIInnttoosshh  WW,,  RRaannddoollpphh  MM,,  &&  LLaannggeerr  RR  ((11999999))  TTrraannssddeerrmmaall  
pphhoottooppoollyymmeerriizzaattiioonn  ffoorr  mmiinniimmaallllyy  iinnvvaassiivvee  iimmppllaannttaattiioonn..  PPrroocceeeeddiinngg  ooff  tthhee  NNaattiioonnaall  AAccaaddeemmyy  ooff  
SScciieenncceess  ooff  UU..SS..AA..    9966((66))::33110044--33110077..  

7788..  BBrryyaanntt  SSJJ,,  NNuutttteellmmaann  CCRR,,  &&  AAnnsseetthh  KKSS  ((22000000))  CCyyttooccoommppaattiibbiilliittyy  ooff  UUVV  aanndd  vviissiibbllee  lliigghhtt  
pphhoottooiinniittiiaattiinngg  ssyysstteemmss  oonn  ccuullttuurreedd  NNIIHH//33TT33  ffiibbrroobbllaassttss  iinn  vviittrroo..  JJoouurrnnaall  ooff  BBiioommaatteerriiaallss  SScciieennccee  
PPoollyymmeerr  EEddiittiioonn  1111::443399--445577..  

7799..  SSaawwhhnneeyy  AASS,,  PPaatthhaakk  CCPP,,  &&  HHuubbbbeellll  JJAA  ((11999933))  BBiiooeerrooddiibbllee  hhyyddrrooggeellss  bbaasseedd  oonn  pphhoottooppoollyymmeerriizzeedd  
ppoollyy((eetthhyylleennee  ggllyyccooll))--ccoo--ppoollyy((..aallpphhaa..--hhyyddrrooxxyy  aacciidd))  ddiiaaccrryyllaattee  mmaaccrroommeerrss..  MMaaccrroommoolleeccuulleess  
2266((44))::558811--558877..  

8800..  LLuu  SS  &&  AAnnsseetthh  KKSS  ((11999999))  PPhhoottooppoollyymmeerriizzaattiioonn  ooff  mmuullttiillaammiinnaatteedd  ppoollyy((HHEEMMAA))  hhyyddrrooggeellss  ffoorr  
ccoonnttrroolllleedd  rreelleeaassee..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  5577((33))::229911--330000..  

8811..  WWaarrdd  JJHH  &&  PPeeppppaass  NNAA  ((22000011))  PPrreeppaarraattiioonn  ooff  ccoonnttrroolllleedd  rreelleeaassee  ssyysstteemmss  bbyy  ffrreeee--rraaddiiccaall  UUVV  
ppoollyymmeerriizzaattiioonnss  iinn  tthhee  pprreesseennccee  ooff  aa  ddrruugg..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  7711((22))::118833--119922..  

8822..  RRooyyccee  HHyynneess  SS,,  MMccGGrreeggoorr  LLMM,,  FFoorrdd  RRaauucchh  MM,,  &&  LLaavviikk  EEBB  ((22000077))  PPhhoottooppoollyymmeerriizzeedd  ppoollyy((eetthhyylleennee  
ggllyyccooll))//ppoollyy((LL--llyyssiinnee))  hhyyddrrooggeellss  ffoorr  tthhee  ddeelliivveerryy  ooff  nneeuurraall  pprrooggeenniittoorr  cceellllss..  JJoouurrnnaall  ooff  BBiioommaatteerriiaallss  
SScciieennccee,,  PPoollyymmeerr  EEddiittiioonn  1188((88))::11001177--11003300..  

8833..  VVaann  TToommmmee  SSRR,,  SSttoorrmm  GG,,  &&  HHeennnniinnkk  WWEE  ((22000088))  IInn  ssiittuu  ggeelllliinngg  hhyyddrrooggeellss  ffoorr  pphhaarrmmaacceeuuttiiccaall  aanndd  
bbiioommeeddiiccaall  aapppplliiccaattiioonnss..  IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  335555((11--22))::11--1188..  
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8844..  WWeesstt  JJLL  &&  HHuubbbbeellll  JJAA  ((11999955))  PPhhoottooppoollyymmeerriizzeedd  hhyyddrrooggeell  mmaatteerriiaallss  ffoorr  ddrruugg  ddeelliivveerryy  aapppplliiccaattiioonnss

                              RReeaaccttiivvee  PPoollyymmeerrss  2255((22--33))::113399--114477..  

8855..  PPeessccoossoolliiddoo  LL,,  MMiiaattttoo  SS,,  DDii  MMeeoo  CC,,  CCeenncceettttii  CC,,  CCoovviieelllloo  TT,,  AAllhhaaiiqquuee  FF,,  &&  MMaattrriiccaarrddii  PP  ((22001100))  
IInnjjeeccttaabbllee  aanndd  iinn  ssiittuu  ggeelllliinngg  hhyyddrrooggeellss  ffoorr  mmooddiiffiieedd  pprrootteeiinn  rreelleeaassee..  EEuurrooppeeaann  BBiioopphhyyssiiccss  JJoouurrnnaall  
3399((66))::990033--990099..  

8866..  CCeennssii  RR,,  VVeerrmmoonnddeenn  TT,,  vvaann  SStteeeennbbeerrggeenn  MMJJ,,  DDeesscchhoouutt  HH,,  BBrraaeecckkmmaannss  KK,,  DDee  SSmmeeddtt  SSCC,,  vvaann  
NNoossttrruumm  CCFF,,  ddii  MMaarrttiinnoo  PP,,  &&  HHeennnniinnkk  WWEE  ((22000099))  PPhhoottooppoollyymmeerriizzeedd  tthheerrmmoosseennssiittiivvee  hhyyddrrooggeellss  ffoorr  
ttaaiilloorraabbllee  ddiiffffuussiioonn--ccoonnttrroolllleedd  pprrootteeiinn  ddeelliivveerryy..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd    RReelleeaassee  114400((33))::223300--223366..  

8877..  SSaawwhhnneeyy  AASS,,  PPaatthhaakk  CCPP,,  vvaann  RReennssbbuurrgg  JJJJ,,  DDuunnnn  RRCC,,  &&  HHuubbbbeellll  JJAA  ((11999944))  OOppttiimmiizzaattiioonn  ooff  
pphhoottooppoollyymmeerriizzeedd  bbiiooeerrooddiibbllee  hhyyddrrooggeell  pprrooppeerrttiieess  ffoorr  aaddhheessiioonn  pprreevveennttiioonn..  JJoouurrnnaall  ooff  BBiioommeeddiiccaall  
MMaatteerriiaallss  RReesseeaarrcchh  2288((77))::883311--883388..  

8888..  FFeeddoorroovviicchh  NNEE,,  OOuuddsshhoooorrnn  MMHH,,  vvaann  GGeeeemmeenn  DD,,  HHeennnniinnkk  WWEE,,  AAllbbllaass  JJ,,  &&  DDhheerrtt  WWJJAA  ((22000099))  TThhee  
eeffffeecctt  ooff  pphhoottooppoollyymmeerriizzaattiioonn  oonn  sstteemm  cceellllss  eemmbbeeddddeedd  iinn  hhyyddrrooggeellss..  BBiioommaatteerriiaallss  3300((33))::334444--335533..  

8899..  LLiinn  CC--CC  &&  MMeetttteerrss  AA  ((22000066))  EEnnhhaanncceedd  PPrrootteeiinn  DDeelliivveerryy  ffrroomm  PPhhoottooppoollyymmeerriizzeedd  HHyyddrrooggeellss  UUssiinngg  aa  
PPsseeuuddoossppeecciiffiicc  MMeettaall  CChheellaattiinngg  LLiiggaanndd..  PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh  2233((33))::661144--662222..  

9900..  VVaallddeebbeenniittoo  AA,,  EEssppiinnoozzaa  PP,,  LLiissssii  EEAA,,  &&  EEnncciinnaass  MMVV  ((22001100))  BBoovviinnee  sseerruumm  aallbbuummiinn  aass  cchhaaiinn  ttrraannssffeerr  
aaggeenntt  iinn  tthhee  aaccrryyllaammiiddee  ppoollyymmeerriizzaattiioonn..  PPrrootteeiinn--ppoollyymmeerr  ccoonnjjuuggaatteess..  PPoollyymmeerr  5511((1122))::22550033--22550077..  

9911..  SSaawwhhnneeyy  AASS,,  PPaatthhaakk  CCPP,,  &&  HHuubbbbeellll  JJAA  ((11999933))  BBiiooeerrooddiibbllee  hhyyddrrooggeellss  bbaasseedd  oonn  pphhoottooppoollyymmeerriizzeedd  
ppoollyy((eetthhyylleennee  ggllyyccooll))--ccoo--ppoollyy((αα--hhyyddrrooxxyy  aacciidd))  ddiiaaccrryyllaattee  mmaaccrroommeerrss..  MMaaccrroommoolleeccuulleess  2266((44))::558811--
558877..  

9922..  MMeetttteerrss  AATT,,  BBoowwmmaann  CCNN,,  &&  AAnnsseetthh  KKSS  ((22000000))  AA  SSttaattiissttiiccaall  KKiinneettiicc  MMooddeell  ffoorr  tthhee  BBuullkk  DDeeggrraaddaattiioonn  
ooff  PPLLAA--bb--PPEEGG--bb--PPLLAA  HHyyddrrooggeell  NNeettwwoorrkkss..  TThhee  JJoouurrnnaall  ooff  PPhhyyssiiccaall  CChheemmiissttrryy  BB  110044((3300))::77004433--77004499..  

9933..  MMeetttteerrss  AATT,,  AAnnsseetthh  KKSS,,  &&  BBoowwmmaann  CCNN  ((22000011))  AA  SSttaattiissttiiccaall  KKiinneettiicc  MMooddeell  ffoorr  tthhee  BBuullkk  DDeeggrraaddaattiioonn  
ooff  PPLLAA--bb--PPEEGG--bb--PPLLAA  HHyyddrrooggeell  NNeettwwoorrkkss::��  IInnccoorrppoorraattiinngg  NNeettwwoorrkk  NNoonn--IIddeeaalliittiieess..  TThhee  JJoouurrnnaall  ooff  
PPhhyyssiiccaall  CChheemmiissttrryy  BB  110055((3344))::88006699--88007766..  

9944..  SSmmeeddss  KKAA,,  PPffiisstteerr--SSeerrrreess  AA,,  MMiikkii  DD,,  DDaassttgghheeiibb  KK,,  IInnoouuee  MM,,  HHaattcchheellll  DDLL,,  &&  GGrriinnssttaaffff  MMWW  ((22000011))  
PPhhoottooccrroosssslliinnkkaabbllee  ppoollyyssaacccchhaarriiddeess  ffoorr  iinn  ssiittuu  hhyyddrrooggeell  ffoorrmmaattiioonn..  JJoouurrnnaall  ooff  BBiioommeeddiiccaall  MMaatteerriiaallss  
RReesseeaarrcchh  5555((22))::225544--225555..  

9955..  LLeeaacchh  JJBB  &&  SScchhmmiiddtt  CCEE  ((22000055))  CChhaarraacctteerriizzaattiioonn  ooff  pprrootteeiinn  rreelleeaassee  ffrroomm  pphhoottooccrroosssslliinnkkaabbllee  
hhyyaalluurroonniicc  aacciidd--ppoollyyeetthhyylleennee  ggllyyccooll  hhyyddrrooggeell  ttiissssuuee  eennggiinneeeerriinngg  ssccaaffffoollddss..  BBiioommaatteerriiaallss  
2266((22))::112255--113355..  

9966..  AAnnsseetthh  KKSS,,  MMeetttteerrss  AATT,,  BBrryyaanntt  SSJJ,,  MMaarrtteennss  PPJJ,,  EElliisssseeeeffff  JJHH,,  &&  BBoowwmmaann  CCNN  ((22000022))  IInn  ssiittuu  ffoorrmmiinngg  
ddeeggrraaddaabbllee  nneettwwoorrkkss  aanndd  tthheeiirr  aapppplliiccaattiioonn  iinn  ttiissssuuee  eennggiinneeeerriinngg  aanndd  ddrruugg  ddeelliivveerryy..  JJoouurrnnaall  ooff  
CCoonnttrroolllleedd  RReelleeaassee  7788((11--33))::119999--220099..  

9977..  FFrriieeddmmaann  MM,,  CCaavviinnss  JJFF,,  &&  WWaallll  JJSS  ((11996655))  RReellaattiivvee  NNuucclleeoopphhiilliicc  RReeaaccttiivviittiieess  ooff  AAmmiinnoo  GGrroouuppss  aanndd  
MMeerrccaappttiiddee  IIoonnss  iinn  AAddddiittiioonn  RReeaaccttiioonnss  wwiitthh  αα,,ββ--UUnnssaattuurraatteedd  CCoommppoouunnddss11,,22..  JJoouurrnnaall  ooff  tthhee  
AAmmeerriiccaann  CChheemmiiccaall  SSoocciieettyy  8877((1166))::33667722--33668822..  

9988..  EEllbbeerrtt  DDLL,,  PPrraatttt  AABB,,  LLuuttoollff  MMPP,,  HHaallsstteennbbeerrgg  SS,,  &&  HHuubbbbeellll  JJAA  ((22000011))  PPrrootteeiinn  ddeelliivveerryy  ffrroomm  mmaatteerriiaallss  
ffoorrmmeedd  bbyy  sseellff--sseelleeccttiivvee  ccoonnjjuuggaattee  aaddddiittiioonn  rreeaaccttiioonnss..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  7766((11--22))::1111--
2255..  

9999..  VVeerrnnoonn  BB,,  TTiirreellllii  NN,,  BBääcchhii  TT,,  HHaallddiimmaannnn  DD,,  &&  HHuubbbbeellll  JJAA  ((22000033))  WWaatteerr--bboorrnnee,,  iinn  ssiittuu  ccrroosssslliinnkkeedd  
bbiioommaatteerriiaallss  ffrroomm  pphhaassee--sseeggrreeggaatteedd  pprreeccuurrssoorrss..  JJoouurrnnaall  ooff  BBiioommeeddiiccaall  MMaatteerriiaallss  RReesseeaarrcchh  --  PPaarrtt  AA  
6644((33))::444477--445566..  

110000..  RRiizzzzii  SSCC  &&  HHuubbbbeellll  JJAA  ((22000055))  RReeccoommbbiinnaanntt  pprrootteeiinn--ccoo--PPEEGG  nneettwwoorrkkss  aass  cceellll--aaddhheessiivvee  aanndd  
pprrootteeoollyyttiiccaallllyy  ddeeggrraaddaabbllee  hhyyddrrooggeell  mmaattrriixxeess..  PPaarrtt  II::  DDeevveellooppmmeenntt  aanndd  pphhyyssiiccoocchheemmiiccaall  
cchhaarraacctteerriissttiiccss..  BBiioommaaccrroommoolleeccuulleess  66((33))::11222266--11223388..  

110011..  LLuuttoollff  MMPP  &&  HHuubbbbeellll  JJAA  ((22000033))  SSyynntthheessiiss  aanndd  PPhhyyssiiccoocchheemmiiccaall  CChhaarraacctteerriizzaattiioonn  ooff  EEnndd--LLiinnkkeedd  
PPoollyy((eetthhyylleennee  ggllyyccooll))--ccoo--ppeeppttiiddee  HHyyddrrooggeellss  FFoorrmmeedd  bbyy  MMiicchhaaeell--TTyyppee  AAddddiittiioonn..  BBiioommaaccrroommoolleeccuulleess  
44((33))::771133--772222..  

110022..  LLuuttoollff  MM,,  RRaaeebbeerr  GG,,  ZZiisscchh  AA,,  TTiirreellllii  NN,,  &&  HHuubbbbeellll  JJ  ((22000033))  CCeellll--RReessppoonnssiivvee  SSyynntthheettiicc  HHyyddrrooggeellss..  
AAddvvaanncceedd  MMaatteerriiaallss  1155((1111))::888888--889922..  

110033..  JJiinn  RR,,  MMoorreeiirraa  TTeeiixxeeiirraa  LLSS,,  KKrroouuwweellss  AA,,  DDiijjkkssttrraa  PPJJ,,  vvaann  BBlliitttteerrsswwiijjkk  CCAA,,  KKaarrppeerriieenn  MM,,  &&  FFeeiijjeenn  JJ  
SSyynntthheessiiss  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  hhyyaalluurroonniicc  aacciidd--ppoollyy((eetthhyylleennee  ggllyyccooll))  hhyyddrrooggeellss  vviiaa  MMiicchhaaeell  
aaddddiittiioonn::  AAnn  iinnjjeeccttaabbllee  bbiioommaatteerriiaall  ffoorr  ccaarrttiillaaggee  rreeppaaiirr..  AAccttaa  BBiioommaatteerriiaalliiaa  6(6):1968- 77..  
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110044..  LLuuttoollff  MMPP,,  TTiirreellllii  NN,,  CCeerrrriitteellllii  SS,,  CCaavvaallllii  LL,,  &&  HHuubbbbeellll  JJAA  ((22000011))  SSyysstteemmaattiicc  MMoodduullaattiioonn  ooff  MMiicchhaaeell--
TTyyppee  RReeaaccttiivviittyy  ooff  TThhiioollss  tthhrroouugghh  tthhee  UUssee  ooff  CChhaarrggeedd  AAmmiinnoo  AAcciiddss..  BBiiooccoonnjjuuggaattee  CChheemmiissttrryy  
1122((66))::11005511--11005566..  

110055..  HHaahhnn  SSKK,,  OOhh  EEJJ,,  MMiiyyaammoottoo  HH,,  &&  SShhiimmoobboouujjii  TT  ((22000066))  SSuussttaaiinneedd  rreelleeaassee  ffoorrmmuullaattiioonn  ooff  
eerryytthhrrooppooiieettiinn  uussiinngg  hhyyaalluurroonniicc  aacciidd  hhyyddrrooggeellss  ccrroosssslliinnkkeedd  bbyy  MMiicchhaaeell  aaddddiittiioonn..  IInntteerrnnaattiioonnaall  
JJoouurrnnaall  ooff    PPhhaarrmmaacceeuuttiiccss  332222((11--22))::4444--5511..  

110066..  HHaahhnn  SSKK,,  PPaarrkk  JJKK,,  TToommiimmaattssuu  TT,,  &&  SShhiimmoobboojjii  TT  ((22000077))  SSyynntthheessiiss  aanndd  ddeeggrraaddaattiioonn  tteesstt  ooff  
hhyyaalluurroonniicc  aacciidd  hhyyddrrooggeellss..  IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  BBiioollooggiiccaall  MMaaccrroommoolleeccuulleess  4400((44))::337744--338800..  

110077..  CCeelllleessii  FF,,  TTiirreellllii  NN,,  &&  HHuubbbbeellll  JJAA  ((22000022))  MMaatteerriiaallss  ffoorr  cceellll  eennccaappssuullaattiioonn  vviiaa  aa  nneeww  ttaannddeemm  
aapppprrooaacchh  ccoommbbiinniinngg  rreevveerrssee  tthheerrmmaall  ggeellaattiioonn  aanndd  ccoovvaalleenntt  ccrroosssslliinnkkiinngg..  MMaaccrroommoolleeccuullaarr  
CChheemmiissttrryy  aanndd  PPhhyyssiiccss  220033((1100--1111))::11446666--11447722..  

110088..  CCeelllleessii  FF,,  WWeebbeerr  WW,,  FFuusssseenneeggggeerr  MM,,  HHuubbbbeellll  JJAA,,  &&  TTiirreellllii  NN  ((22000044))  TToowwaarrddss  aa  ffuullllyy  ssyynntthheettiicc  
ssuubbssttiittuuttee  ooff  aallggiinnaattee::  OOppttiimmiizzaattiioonn  ooff  aa  tthheerrmmaall  ggeellaattiioonn//cchheemmiiccaall  ccrroossss--lliinnkkiinngg  sscchheemmee  
((llddqquuoottaannddeemmrrddqquuoo  ggeellaattiioonn))  ffoorr  tthhee  pprroodduuccttiioonn  ooff  bbeeaaddss  aanndd  lliiqquuiidd--ccoorree  ccaappssuulleess..  BBiiootteecchhnnoollooggyy  
aanndd  BBiiooeennggiinneeeerriinngg  8888((66))::774400--774499..  

110099..  CCeelllleessii  FF,,  WWeebbeerr  WW,,  FFuusssseenneeggggeerr  MM,,  HHuubbbbeellll  JJAA,,  &&  TTiirreellllii  NN  ((22000044))  TToowwaarrddss  aa  ffuullllyy  ssyynntthheettiicc  
ssuubbssttiittuuttee  ooff  aallggiinnaattee::  OOppttiimmiizzaattiioonn  ooff  aa  tthheerrmmaall  ggeellaattiioonn//cchheemmiiccaall  ccrroossss--lliinnkkiinngg  sscchheemmee  
((""ttaannddeemm""  ggeellaattiioonn))  ffoorr  tthhee  pprroodduuccttiioonn  ooff  bbeeaaddss  aanndd  lliiqquuiidd--ccoorree  ccaappssuulleess..  BBiiootteecchhnnoollooggyy  aanndd  
BBiiooeennggiinneeeerriinngg  8888((66))::774400--774499..  

111100..  LLeeee  BBHH,,  WWeesstt  BB,,  MMccLLeemmoorree  RR,,  PPaauukkeenn  CC,,  &&  VVeerrnnoonn  BBLL  ((22000066))  IInn--SSiittuu  IInnjjeeccttaabbllee  PPhhyyssiiccaallllyy  aanndd  
CChheemmiiccaallllyy  GGeelllliinngg  NNIIPPAAAAmm--BBaasseedd  CCooppoollyymmeerr  SSyysstteemm  ffoorr  EEmmbboolliizzaattiioonn..  BBiioommaaccrroommoolleeccuulleess  
77((66))::22005599--22006644..  

111111..  RRoobbbb  SSAA,,  LLeeee  BBHH,,  MMccLLeemmoorree  RR,,  &&  VVeerrnnoonn  BBLL  ((22000077))  SSiimmuullttaanneeoouussllyy  PPhhyyssiiccaallllyy  aanndd  CChheemmiiccaallllyy  
GGeelllliinngg  PPoollyymmeerr  SSyysstteemm  UUttiilliizziinngg  aa  PPoollyy((NNIIPPAAAAmm--ccoo--ccyysstteeaammiinnee))--BBaasseedd  CCooppoollyymmeerr..  
BBiioommaaccrroommoolleeccuulleess  88((77))::22229944--22330000..  

111122..  MMccLLeemmoorree  RR,,  RRoobbbb  SS,,  LLeeee  BB,,  CCaappllaann  MM,,  &&  VVeerrnnoonn  BB  ((22000099))  MMiicchhaaeell--TTyyppee  AAddddiittiioonn  RReeaaccttiioonnss  iinn  
NNIIPPAAAAmm--CCyysstteeaammiinnee  CCooppoollyymmeerrss  FFoollllooww  SSeeccoonndd  OOrrddeerr  RRaattee  LLaawwss  wwiitthh  SStteerriicc  HHiinnddrraannccee..  AAnnnnaallss  ooff  
BBiioommeeddiiccaall  EEnnggiinneeeerriinngg  3377((1111))::22441166--22442255..  

111133..  CChheenngg  VV,,  LLeeee  BBHH,,  PPaauukkeenn  CC,,  &&  VVeerrnnoonn  BBLL  ((22000077))  PPoollyy((NN--iissoopprrooppyyllaaccrryyllaammiiddee--ccoo--ppoollyy((eetthhyylleennee  
ggllyyccooll))))--aaccrryyllaattee  ssiimmuullttaanneeoouussllyy  pphhyyssiiccaallllyy  aanndd  cchheemmiiccaallllyy  ggeelllliinngg  ppoollyymmeerr  ssyysstteemmss..  JJoouurrnnaall  ooff  
AApppplliieedd    PPoollyymmeerr  SScciieennccee  110066((22))::11220011--11220077..  

111144..  WWaanngg  ZZ--CC,,  XXuu  XX--DD,,  CChheenn  CC--SS,,  YYuunn  LL,,  SSoonngg  JJ--CC,,  ZZhhaanngg  XX--ZZ,,  &&  ZZhhuuoo  RR--XX  ((22001100))  IInn  SSiittuu  FFoorrmmaattiioonn  
ooff  TThheerrmmoosseennssiittiivvee  PPNNIIPPAAAAmm--BBaasseedd  HHyyddrrooggeellss  bbyy  MMiicchhaaeell--TTyyppee  AAddddiittiioonn  RReeaaccttiioonn..  AACCSS  AApppplliieedd  
MMaatteerriiaall  &&  IInntteerrffaacceess..  

111155..  GGuuppttaa  PP,,  VVeerrmmaannii  KK,,  &&  GGaarrgg  SS  ((22000022))  HHyyddrrooggeellss::  FFrroomm  ccoonnttrroolllleedd  rreelleeaassee  ttoo  ppHH--rreessppoonnssiivvee  ddrruugg  
ddeelliivveerryy..  DDrruugg  DDiissccoovveerryy  TTooddaayy  77((1100))::556699--557799..  

111166..  JJeeoonngg  BB  &&  GGuuttoowwsskkaa  AA  ((22000022))  LLeessssoonnss  ffrroomm  nnaattuurree::  SSttiimmuullii--rreessppoonnssiivvee  ppoollyymmeerrss  aanndd  tthheeiirr  
bbiioommeeddiiccaall  aapppplliiccaattiioonnss..  TTrreennddss  iinn  BBiiootteecchhnnoollooggyy  2200((77))::330055--331111..  

111177..  KKlloouuddaa  LL  &&  MMiikkooss  AAGG  ((22000088))  TThheerrmmoorreessppoonnssiivvee  hhyyddrrooggeellss  iinn  bbiioommeeddiiccaall  aapppplliiccaattiioonnss..  EEuurrooppeeaann  
JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  aanndd  BBiioopphhaarrmmaacceeuuttiiccss  6688((11))::3344--4455..  

111188..  TTaannaakkaa  TT,,  FFiillllmmoorree  DD,,  SSuunn  SS--TT,,  NNiisshhiioo  II,,  SSwwiissllooww  GG,,  &&  SShhaahh  AA  ((11998800))  PPhhaassee  TTrraannssiittiioonnss  iinn  IIoonniicc  
GGeellss..  PPhhyyssiiccaall  RReevviieeww  LLeetttteerrss  4455((2200))::11663366..  

111199..  HHeesskkiinnss  MM  &&  GGuuiilllleett  JJEE  ((11996688))  SSoolluuttiioonn  PPrrooppeerrttiieess  ooff  PPoollyy((NN--iissoopprrooppyyllaaccrryyllaammiiddee))..  22((88))::11444411  --  
11445555..  

112200..  SScchhiilldd  HHGG  ((11999922))  PPoollyy((NN--iissoopprrooppyyllaaccrryyllaammiiddee))::  EExxppeerriimmeenntt,,  tthheeoorryy  aanndd  aapppplliiccaattiioonn..  PPrrooggrreessss  iinn  
PPoollyymmeerr  SScciieennccee  ((OOxxffoorrdd))  1177((22))::116633--224499..  

112211..  AArrnnootttt  SS,,  FFuullmmeerr  AA,,  &&  SSccootttt  WWEE  ((11997744))  TThhee  aaggaarroossee  ddoouubbllee  hheelliixx  aanndd  iittss  ffuunnccttiioonn  iinn  aaggaarroossee  ggeell  
ssttrruuccttuurree..  JJoouurrnnaall  ooff  MMoolleeccuullaarr  BBiioollooggyy  9900((22))::226699--228844..  

112222..  RReeeess  DDAA  &&  WWeellsshh  EEJJ  ((11997777))  SSeeccoonnddaarryy  aanndd  tteerrttiiaarryy  ssttrruuccttuurree  ooff  ppoollyyssaacccchhaarriiddeess  iinn  ssoolluuttiioonnss  aanndd  
ggeellss..  AAnnggeewwaannddttee  CChheemmiiee  --  IInntteerrnnaattiioonnaall  EEddiittiioonn  1166((44))::221144--222244..  

112233..  BBaallll  PPGGHHaaRRCC  eedd  ((11999900))  PPhhyyssiiccaall  NNeettwwoorrkk..  PPoollyymmeerrss  aanndd  GGeellssNNeeww  YYoorrkk)),,  pppp  118855––119944..  

112244..  SSaarrkkaarr  NN  ((11997799))  TThheerrmmaall  ggeellaattiioonn  pprrooppeerrttiieess  ooff  mmeetthhyyll  aanndd  hhyyddrrooxxyypprrooppyyll  mmeetthhyyllcceelllluulloossee  JJoouurrnnaall  
ooff  AApppplliieedd  PPoollyymmeerr  SScciieennccee  2244((44))::11007733--11008877..  
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112255..  HHeeyymmaannnn  EE  ((11993355))  SSttuuddiieess  oonn  ssooll--ggeell  ttrraannssffoorrmmaattiioonnss..  II..  TThhee  iinnvveerrssee  ssooll--ggeell  ttrraannssffoorrmmaattiioonn  ooff  
mmeetthhyyllcceelllluulloossee  iinn  wwaatteerr..  TTrraannssaaccttiioonnss  ooff  tthhee  FFaarraaddaayy  SSoocciieettyy  3311::884466--886644..  

112266..  CChheenniittee  AA,,  CChhaappuutt  CC,,  WWaanngg  DD,,  CCoommbbeess  CC,,  BBuusscchhmmaannnn  MMDD,,  HHooeemmaannnn  CCDD,,  LLeerroouuxx  JJCC,,  AAttkkiinnssoonn  BBLL,,  
BBiinneettttee  FF,,  &&  SSeellmmaannii  AA  ((22000000))  NNoovveell  iinnjjeeccttaabbllee  nneeuuttrraall  ssoolluuttiioonnss  ooff  cchhiittoossaann  ffoorrmm  bbiiooddeeggrraaddaabbllee  
ggeellss  iinn  ssiittuu..  BBiioommaatteerriiaallss  2211((2211))::22115555--22116611..  

112277..  BBhhaattttaarraaii  NN,,  RRaammaayy  HHRR,,  GGuunnnn  JJ,,  MMaattsseenn  FFAA,,  &&  ZZhhaanngg  MM  ((22000055))  PPEEGG--ggrraafftteedd  cchhiittoossaann  aass  aann  
iinnjjeeccttaabbllee  tthheerrmmoosseennssiittiivvee  hhyyddrrooggeell  ffoorr  ssuussttaaiinneedd  pprrootteeiinn  rreelleeaassee..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  
110033((33))::660099--662244..  

112288..  PPeeppppaass  NNAA  eedd  ((11998866))  HHyyddrrooggeellss  iinn  mmeeddiicciinnee  aanndd  pphhaarrmmaaccyy))..  

112299..  FFeeiill  HH,,  BBaaee  YYHH,,  FFeeiijjeenn  JJ,,  &&  KKiimm  SSWW  ((11999933))  EEffffeecctt  ooff  ccoommoonnoommeerr  hhyyddrroopphhiilliicciittyy  aanndd  iioonniizzaattiioonn  oonn  
tthhee  lloowweerr  ccrriittiiccaall  ssoolluuttiioonn  tteemmppeerraattuurree  ooff  NN--iissoopprrooppyyllaaccrryyllaammiiddee  ccooppoollyymmeerrss..  MMaaccrroommoolleeccuulleess  
2266((1100))::22449966--22550000..  

113300..  VVeerrmmoonnddeenn  TT,,  FFeeddoorroovviicchh  NNEE,,  vvaann  GGeeeemmeenn  DD,,  AAllbbllaass  JJ,,  vvaann  NNoossttrruumm  CCFF,,  DDhheerrtt  WWJJAA,,  &&  HHeennnniinnkk  
WWEE  ((22000088))  PPhhoottooppoollyymmeerriizzeedd  TThheerrmmoosseennssiittiivvee  HHyyddrrooggeellss::  SSyynntthheessiiss,,  DDeeggrraaddaattiioonn,,  aanndd  
CCyyttooccoommppaattiibbiilliittyy..  BBiioommaaccrroommoolleeccuulleess  99((33))::991199--992266..  

113311..  YYuu  LL,,  CChhaanngg  GG,,  ZZhhaanngg  HH,,  &&  DDiinngg  JJ  ((22000077))  TTeemmppeerraattuurree--iinndduucceedd  ssppoonnttaanneeoouuss  ssooll--ggeell  ttrraannssiittiioonnss  ooff  
ppoollyy((DD,,LL--llaaccttiicc  aacciidd--ccoo--ggllyyccoolliicc  aacciidd))--bb--ppoollyy((eetthhyylleennee  ggllyyccooll))--bb--ppoollyy((DD,,LL--llaaccttiicc  aacciidd--ccoo--ggllyyccoolliicc  
aacciidd))  ttrriibblloocckk  ccooppoollyymmeerrss  aanndd  tthheeiirr  eenndd--ccaappppeedd  ddeerriivvaattiivveess  iinn  wwaatteerr..  JJoouurrnnaall  ooff  PPoollyymmeerr  SScciieennccee,,  
PPaarrtt  AA::  PPoollyymmeerr  CChheemmiissttrryy  4455((66))::11112222--11113333..  

113322..  NNaaggaahhaammaa  KK,,  OOuucchhii  TT,,  &&  OOhhyyaa  YY  ((22000088))  TTeemmppeerraattuurree--iinndduucceedd  hhyyddrrooggeellss  tthhrroouugghh  sseellff--aasssseemmbbllyy  ooff  
cchhoolleesstteerrooll--  ssuubbssttiittuutteedd  ssttaarr  PPEEGG--bb--PPLLLLAA  ccooppoollyymmeerrss::  AAnn  iinnjjeeccttaabbllee  ssccaaffffoolldd  ffoorr  ttiissssuuee  
eennggiinneeeerriinngg..  AAddvvaanncceedd  FFuunnccttiioonnaall  MMaatteerriiaallss  1188((88))::11222200--11223311..  

113333..  HHaann  CCKK  &&  BBaaee  YYHH  ((11999988))  IInnvveerrssee  tthheerrmmaallllyy--rreevveerrssiibbllee  ggeellaattiioonn  ooff  aaqquueeoouuss  NN--iissoopprrooppyyllaaccrryyllaammiiddee  
ccooppoollyymmeerr  ssoolluuttiioonnss..  PPoollyymmeerr  3399((1133))::22880099--22881144..  

113344..  BBaaee  YYHH,,  VVeerrnnoonn  BB,,  HHaann  CCKK,,  &&  KKiimm  SSWW  ((11999988))  EExxttrraacceelllluullaarr  mmaattrriixx  ffoorr  aa  rreecchhaarrggeeaabbllee  cceellll  ddeelliivveerryy  
ssyysstteemm..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  5533((11--33))::224499--225588..  

113355..  VVeerrnnoonn  BB,,  GGuuttoowwsskkaa  AA,,  KKiimm  SSWW,,  &&  BBaaee  YYHH  ((11999966))  TThheerrmmaallllyy  rreevveerrssiibbllee  ppoollyymmeerr  ggeellss  ffoorr  bbiioohhyybbrriidd  
aarrttiiffiicciiaall  ppaannccrreeaass..  MMaaccrroommoolleeccuullaarr  SSyymmppoossiiaa  110099::115555--116677..  

113366..  VVeerrnnoonn  BB,,  KKiimm  SSWW,,  &&  BBaaee  YYHH  ((11999999))  IInnssuulliinn  rreelleeaassee  ffrroomm  iisslleettss  ooff  LLaannggeerrhhaannss  eennttrraappppeedd  iinn  aa  
ppoollyy((NN--iissoopprrooppyyllaaccrryyllaammiiddee--ccoo--aaccrryylliicc  aacciidd))  ppoollyymmeerr  ggeell..  JJoouurrnnaall  ooff  BBiioommaatteerriiaallss  SScciieennccee,,  PPoollyymmeerr  
EEddiittiioonn  1100((22))::118833--119988..  

113377..  WWuu  JJ--YY,,  LLiiuu  SS--QQ,,  HHeenngg  PPWW--SS,,  &&  YYaanngg  YY--YY  ((22000055))  EEvvaalluuaattiinngg  pprrootteeiinnss  rreelleeaassee  ffrroomm,,  aanndd  tthheeiirr  
iinntteerraaccttiioonnss  wwiitthh,,  tthheerrmmoosseennssiittiivvee  ppoollyy  ((NN--iissoopprrooppyyllaaccrryyllaammiiddee))  hhyyddrrooggeellss..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  
RReelleeaassee  110022((22))::336611--337722..  

113388..  RRaammkkiissssoooonn--GGaannoorrkkaarr  CC,,  LLiiuu  FF,,  BBaauuddyyšš  MM,,  &&  KKiimm  SSWW  ((11999999))  MMoodduullaattiinngg  iinnssuulliinn--rreelleeaassee  pprrooffiillee  
ffrroomm  ppHH//tthheerrmmoosseennssiittiivvee  ppoollyymmeerriicc  bbeeaaddss  tthhrroouugghh  ppoollyymmeerr  mmoolleeccuullaarr  wweeiigghhtt..  JJoouurrnnaall  ooff  
CCoonnttrroolllleedd  RReelleeaassee  5599((33))::228877--229988..  

113399..  JJeeoonngg  KKJJ  &&  PPaanniittcchh  AA  ((22000099))  IInntteerrppllaayy  bbeettwweeeenn  CCoovvaalleenntt  aanndd  PPhhyyssiiccaall  IInntteerraaccttiioonnss  wwiitthhiinn  
EEnnvviirroonnmmeenntt  SSeennssiittiivvee  HHyyddrrooggeellss..  BBiioommaaccrroommoolleeccuulleess  1100((55))::11009900--11009999..  

114400..  NNiiuu  GG,,  ZZhhaanngg  HH,,  SSoonngg  LL,,  CCuuii  XX,,  CCaaoo  HH,,  ZZhheenngg  YY,,  ZZhhuu  SS,,  YYaanngg  ZZ,,  &&  YYaanngg  HH  ((22000088))  TThhiiooll//AAccrryyllaattee--
MMooddiiffiieedd  PPEEOO--PPPPOO--PPEEOO  TTrriibblloocckkss  UUsseedd  aass  RReeaaccttiivvee  aanndd  TThheerrmmoosseennssiittiivvee  CCooppoollyymmeerrss..  
BBiioommaaccrroommoolleeccuulleess  99((1100))::22662211--22662288..  

114411..  CCeennssii  RR,,  FFiieetteenn  PPJJ,,  ddii  MMaarrttiinnoo  PP,,  HHeennnniinnkk  WWEE,,  &&  VVeerrmmoonnddeenn  TT  ((22001100))  IInn  SSiittuu  FFoorrmmiinngg  HHyyddrrooggeellss  
bbyy  TTaannddeemm  TThheerrmmaall  GGeelllliinngg  aanndd  MMiicchhaaeell  AAddddiittiioonn  RReeaaccttiioonn  bbeettwweeeenn  TThheerrmmoosseennssiittiivvee  TTrriibblloocckk  
CCooppoollyymmeerrss  aanndd  TThhiioollaatteedd  HHyyaalluurroonnaann..  MMaaccrroommoolleeccuulleess..  

114422..  LLiinn  HHHH  &&  CChheenngg  YYLL  ((22000011))  IInn--ssiittuu  tthheerrmmoorreevveerrssiibbllee  ggeellaattiioonn  ooff  bblloocckk  aanndd  ssttaarr  ccooppoollyymmeerrss  ooff  
ppoollyy((eetthhyylleennee  ggllyyccooll))  aanndd  ppoollyy((nn--iissoopprrooppyyllaaccrryyllaammiiddee))  ooff  vvaarryyiinngg  aarrcchhiitteeccttuurreess..  MMaaccrroommoolleeccuulleess  
3344((1111))::33771100--33771155..  

114433..  TToopppp  MMDDCC,,  LLeeuunneenn  IIHH,,  DDiijjkkssttrraa  PPJJ,,  TTaauueerr  KK,,  SScchheelllleennbbeerrgg  CC,,  &&  FFeeiijjeenn  JJ  ((22000000))  QQuuaassii--lliivviinngg  
ppoollyymmeerriizzaattiioonn  ooff  NN--iissoopprrooppyyllaaccrryyllaammiiddee  oonnttoo  ppoollyy((eetthhyylleennee  ggllyyccooll))..  MMaaccrroommoolleeccuulleess  
3333((1144))::44998866--44998888..  

114444..  KKwwoonn  IIKK  &&  MMaattssuuddaa  TT  ((22000066))  PPhhoottoo--iinniiffeerrtteerr--bbaasseedd  tthheerrmmoorreessppoonnssiivvee  bblloocckk  ccooppoollyymmeerrss  
ccoommppoosseedd  ooff  ppoollyy((eetthhyylleennee  ggllyyccooll))  aanndd  ppoollyy((NN--iissoopprrooppyyllaaccrryyllaammiiddee))  aanndd  cchhoonnddrrooccyyttee  
iimmmmoobbiilliizzaattiioonn..  BBiioommaatteerriiaallss  2277((77))::998866--999955..  
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114455..  LLii  CC,,  BBuuuurrmmaa  NNJJ,,  HHaaqq  II,,  TTuurrnneerr  CC,,  AArrmmeess  SSPP,,  CCaasstteelllleettttoo  VV,,  HHaammlleeyy  IIWW,,  &&  LLeewwiiss  AALL  ((22000055))  
SSyynntthheessiiss  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  bbiiooccoommppaattiibbllee,,  tthheerrmmoorreessppoonnssiivvee  AABBCC  aanndd  AABBAA  ttrriibblloocckk  
ccooppoollyymmeerr  ggeellaattoorrss..  LLaannggmmuuiirr  2211((2244))::1111002266--1111003333..  

114466..  LLii  CC,,  TTaanngg  YY,,  AArrmmeess  SSPP,,  MMoorrrriiss  CCJJ,,  RRoossee  SSFF,,  LLllooyydd  AAWW,,  &&  LLeewwiiss  AALL  ((22000055))  SSyynntthheessiiss  aanndd  
cchhaarraacctteerriizzaattiioonn  ooff  bbiiooccoommppaattiibbllee  tthheerrmmoo--rreessppoonnssiivvee  ggeellaattoorrss  bbaasseedd  oonn  AABBAA  ttrriibblloocckk  ccooppoollyymmeerrss..  
BBiioommaaccrroommoolleeccuulleess  66((22))::999944--999999..  

114477..  AAoosshhiimmaa  SS,,  OOddaa  HH,,  &&  KKoobbaayyaasshhii  EE  ((11999922))  SSyynntthheessiiss  ooff  tthheerrmmaallllyy--iinndduucceedd  pphhaassee  sseeppaarraattiinngg  
ppoollyymmeerr  wwiitthh  wweellll--ddeeffiinneedd  ppoollyymmeerr  ssttrruuccttuurree  bbyy  lliivviinngg  ccaattiioonniicc  ppoollyymmeerriizzaattiioonn..  II..  SSyynntthheessiiss  ooff  
ppoollyy((vviinnyyll  eetthheerr))ss  wwiitthh  ooxxyyeetthhyylleennee  uunniittss  iinn  tthhee  ppeennddaanntt  aanndd  iittss  pphhaassee  sseeppaarraattiioonn  bbeehhaavviioorr  iinn--
aaqquueeoouuss  ssoolluuttiioonn..  JJoouurrnnaall  ooff  PPoollyymmeerr  SScciieennccee,,  PPaarrtt  AA::  PPoollyymmeerr  CChheemmiissttrryy  3300((1111))::22440077--22441133..  

114488..  HHee  CC,,  KKiimm  SSWW,,  &&  LLeeee  DDSS  ((22000088))  IInn  ssiittuu  ggeelllliinngg  ssttiimmuullii--sseennssiittiivvee  bblloocckk  ccooppoollyymmeerr  hhyyddrrooggeellss  ffoorr  
ddrruugg  ddeelliivveerryy..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  112277((33))::118899--220077..  

114499..  MMoorrtteennsseenn  KK  &&  PPeeddeerrsseenn  JJSS  ((11999933))  SSttrruuccttuurraall  ssttuuddyy  oonn  tthhee  mmiicceellllee  ffoorrmmaattiioonn  ooff  ppoollyy((eetthhyylleennee  
ooxxiiddee))--ppoollyy((pprrooppyylleennee  ooxxiiddee))--ppoollyy((eetthhyylleennee  ooxxiiddee))  ttrriibblloocckk  ccooppoollyymmeerr  iinn  aaqquueeoouuss  ssoolluuttiioonn..  
MMaaccrroommoolleeccuulleess  2266((44))::880055--881122..  

115500..  DDuummoorrttiieerr  GG,,  GGrroossssiioorrdd  JJLL,,  AAggnneellyy  FF,,  &&  CChhaauummeeiill  JJCC  ((22000066))  AA  rreevviieeww  ooff  ppoollooxxaammeerr  440077  
pphhaarrmmaacceeuuttiiccaall  aanndd  pphhaarrmmaaccoollooggiiccaall  cchhaarraacctteerriissttiiccss..  PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh  2233((1122))::22770099--22772288..  

115511..  JJeeoonngg  BB,,  KKiimm  SSWW,,  &&  BBaaee  YYHH  ((22000022))  TThheerrmmoosseennssiittiivvee  ssooll--ggeell  rreevveerrssiibbllee  hhyyddrrooggeellss..  AAddvvaanncceedd  DDrruugg  
DDeelliivveerryy  RReevviieewwss  5544((11))::3377--5511..  

115522..  AAlleexxaannddrriiddiiss  PP  &&  AAllaann  HHaattttoonn  TT  ((11999955))  PPoollyy((eetthhyylleennee  ooxxiiddee))ppoollyy((pprrooppyylleennee  ooxxiiddee))ppoollyy((eetthhyylleennee  
ooxxiiddee))  bblloocckk  ccooppoollyymmeerr  ssuurrffaaccttaannttss  iinn  aaqquueeoouuss  ssoolluuttiioonnss  aanndd  aatt  iinntteerrffaacceess::  tthheerrmmooddyynnaammiiccss,,  
ssttrruuccttuurree,,  ddyynnaammiiccss,,  aanndd  mmooddeelliinngg..  CCoollllooiiddss  aanndd  SSuurrffaacceess  AA::  PPhhyyssiiccoocchheemmiiccaall  aanndd  EEnnggiinneeeerriinngg  
AAssppeeccttss  9966((11--22))::11--4466..  

115533..  RRuueell--GGaarriiééppyy  EE  &&  LLeerroouuxx  JJCC  ((22000044))  IInn  ssiittuu--ffoorrmmiinngg  hhyyddrrooggeellss  --  RReevviieeww  ooff  tteemmppeerraattuurree--sseennssiittiivvee  
ssyysstteemmss..  EEuurrooppeeaann  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  aanndd  BBiioopphhaarrmmaacceeuuttiiccss  5588((22))::440099--442266..  

115544..  BBrroommbbeerrgg  LL  ((11999988))  PPoollyyeetthheerr--mmooddiiffiieedd  ppoollyy((aaccrryylliicc  aacciidd))::  SSyynntthheessiiss  aanndd  aapppplliiccaattiioonnss..  IInndduussttrriiaall  
aanndd  EEnnggiinneeeerriinngg  CChheemmiissttrryy  RReesseeaarrcchh  3377((1111))::44226677--44227744..  

115555..  JJoohhnnssttoonn  TTPP,,  PPuunnjjaabbii  MMAA,,  &&  FFrrooeelliicchh  CCJJ  ((11999922))  SSuussttaaiinneedd  ddeelliivveerryy  ooff  iinntteerrlleeuukkiinn--22  ffrroomm  aa  
ppoollooxxaammeerr  440077  ggeell  mmaattrriixx  ffoolllloowwiinngg  iinnttrraappeerriittoonneeaall  iinnjjeeccttiioonn  iinn  mmiiccee..  PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh  
99((33))::442255--443344..  

115566..  FFuullttss  KKAA  &&  JJoohhnnssttoonn  TTPP  ((11999900))  SSuussttaaiinneedd--rreelleeaassee  ooff  uurreeaassee  ffrroomm  aa  ppoollooxxaammeerr  ggeell  mmaattrriixx..  JJoouurrnnaall  
ooff  PPaarreenntteerraall  SScciieennccee  aanndd  TTeecchhnnoollooggyy  4444((22))::5588--6655..  

115577..  BBhhaarrddwwaajj  RR  &&  BBllaanncchhaarrdd  JJ  ((11999966))  CCoonnttrroolllleedd--rreelleeaassee  ddeelliivveerryy  ssyysstteemm  ffoorr  tthhee  αα--MMSSHH  aannaalloogg  
MMeellaannoottaann--II  uussiinngg  ppoollooxxaammeerr  440077..  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccaall  SScciieenncceess  8855((99))::991155--991199..  

115588..  MMoorriisshhiittaa  MM,,  BBaarriicchheelllloo  JJMM,,  TTaakkaayyaammaa  KK,,  CChhiibbaa  YY,,  TTookkiiwwaa  SS,,  &&  NNaaggaaii  TT  ((22000011))  PPlluurroonniicc®®  FF--112277  
ggeellss  iinnccoorrppoorraattiinngg  hhiigghhllyy  ppuurriiffiieedd  uunnssaattuurraatteedd  ffaattttyy  aacciiddss  ffoorr  bbuuccccaall  ddeelliivveerryy  ooff  iinnssuulliinn..  
IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  221122((22))::228899--229933..  

115599..  BBaarriicchheelllloo  JJMM,,  MMoorriisshhiittaa  MM,,  TTaakkaayyaammaa  KK,,  &&  NNaaggaaii  TT  ((11999999))  AAbbssoorrppttiioonn  ooff  iinnssuulliinn  ffrroomm  PPlluurroonniicc  FF--
112277  ggeellss  ffoolllloowwiinngg  ssuubbccuuttaanneeoouuss  aaddmmiinniissttrraattiioonn  iinn  rraattss..  IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  
118844((22))::118899--119988..  

116600..  DDaavviiddoorrff  FFHH,,  CChhaammbbeerrss  RRBB,,  KKwwoonn  OOWW,,  DDooyyllee  WW,,  GGrreessaakk  PP,,  &&  FFrraannkk  SSGG  ((11999900))  OOccuullaarr  ttooxxiicciittyy  ooff  
vviittrreeaall  pplluurroonniicc  ppoollyyooll  FF--112277..  RReettiinnaa  1100((44))::229977--330000..  

116611..  CCoohhnn  DD,,  SSoossnniikk  AA,,  &&  LLeevvyy  AA  ((22000033))  IImmpprroovveedd  rreevveerrssee  tthheerrmmoo--rreessppoonnssiivvee  ppoollyymmeerriicc  ssyysstteemmss..  
BBiioommaatteerriiaallss  2244((2211))::33770077--33771144..  

116622..  AAhhnn  JJSS,,  SSuuhh  JJMM,,  LLeeee  MM,,  &&  JJeeoonngg  BB  ((22000055))  SSllooww  eerrooddiinngg  bbiiooddeeggrraaddaabbllee  mmuullttiibblloocckk  ppoollooxxaammeerr  
ccooppoollyymmeerrss..  PPoollyymmeerr  IInntteerrnnaattiioonnaall  5544((55))::884422--884477..  

116633..  XXiioonngg  XXYY,,  TTaamm  KKCC,,  &&  GGaann  LLHH  ((22000055))  SSyynntthheessiiss  aanndd  tthheerrmmaall  rreessppoonnssiivvee  pprrooppeerrttiieess  ooff  PP((LLAA--bb--EEOO--
bb--PPOO--bb--EEOO--bb--LLAA))  bblloocckk  ccooppoollyymmeerrss  wwiitthh  sshhoorrtt  hhyyddrroopphhoobbiicc  ppoollyy((llaaccttiicc  aacciidd))  ((PPLLAA))  sseeggmmeennttss..  
PPoollyymmeerr  4466((66))::11884411--11885500..  

116644..  XXiioonngg  XXYY,,  TTaamm  KKCC,,  &&  GGaann  LLHH  ((22000066))  SSyynntthheessiiss  aanndd  tthheerrmmaallllyy  rreessppoonnssiivvee  pprrooppeerrttiieess  ooff  nnoovveell  
pplluurroonniicc  FF8877//ppoollyyccaapprroollaaccttoonnee  ((PPCCLL))  bblloocckk  ccooppoollyymmeerrss  wwiitthh  sshhoorrtt  ppccll  bblloocckkss..  JJoouurrnnaall  ooff  AApppplliieedd  
PPoollyymmeerr  SScciieennccee  110000((55))::44116633--44117722..  

116655..  CCoohhnn  DD,,  LLaannddoo  GG,,  SSoossnniikk  AA,,  GGaarrttyy  SS,,  &&  LLeevvii  AA  ((22000066))  PPEEOO--PPPPOO--PPEEOO--bbaasseedd  ppoollyy((eetthheerr  eesstteerr  
uurreetthhaannee))ss  aass  ddeeggrraaddaabbllee  rreevveerrssee  tthheerrmmoo--rreessppoonnssiivvee  mmuullttiibblloocckk  ccooppoollyymmeerrss..  BBiioommaatteerriiaallss  
2277((99))::11771188--11772277..
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116666..  JJeeoonngg  BB,,  BBaaee  YYHH,,  LLeeee  DDSS,,  &&  KKiimm  SSWW  ((11999977))  BBiiooddeeggrraaddaabbllee  bblloocckk  ccooppoollyymmeerrss  aass  iinnjjeeccttaabbllee  ddrruugg--
ddeelliivveerryy  ssyysstteemmss..  NNaattuurree  338888((66664455))::886600--886622..  

116677..  PPaarrkk  SSYY,,  HHaann  DDKK,,  &&  KKiimm  SSCC  ((22000011))  SSyynntthheessiiss  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  ssttaarr--sshhaappeedd  PPLLLLAA--PPEEOO  bblloocckk  
ccooppoollyymmeerrss  wwiitthh  tteemmppeerraattuurree--sseennssiittiivvee  ssooll--ggeell  ttrraannssiittiioonn  bbeehhaavviioorr..  MMaaccrroommoolleeccuulleess  3344((2266))::88882211--
88882244..  

116688..  JJeeoonngg  BB,,  BBaaee  YYHH,,  &&  KKiimm  SSWW  ((11999999))  TThheerrmmoorreevveerrssiibbllee  ggeellaattiioonn  ooff  PPEEGG--PPLLGGAA--PPEEGG  ttrriibblloocckk  
ccooppoollyymmeerr  aaqquueeoouuss  ssoolluuttiioonnss..  MMaaccrroommoolleeccuulleess  3322((2211))::77006644--77006699..  

116699..  JJeeoonngg  BB,,  BBaaee  YYHH,,  &&  KKiimm  SSWW  ((22000000))  IInn  ssiittuu  ggeellaattiioonn  ooff  PPEEGG--PPLLGGAA--PPEEGG  ttrriibblloocckk  ccooppoollyymmeerr  aaqquueeoouuss  
ssoolluuttiioonnss  aanndd  ddeeggrraaddaattiioonn  tthheerreeooff..  JJoouurrnnaall  ooff  BBiioommeeddiiccaall  MMaatteerriiaallss  RReesseeaarrcchh  5500((22))::117711--117777..  

117700..  LLeeee  PPYY,,  LLii  ZZ,,  &&  HHuuaanngg  LL  ((22000033))  TThheerrmmoosseennssiittiivvee  HHyyddrrooggeell  aass  aa  TTggff--ββ11  GGeennee  DDeelliivveerryy  VVeehhiiccllee  
EEnnhhaanncceess  DDiiaabbeettiicc  WWoouunndd  HHeeaalliinngg..  PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh  2200((1122))::11999955--22000000..  

117711..  JJeeoonngg  BB,,  BBaaee  YYHH,,  &&  KKiimm  SSWW  ((22000000))  DDrruugg  rreelleeaassee  ffrroomm  bbiiooddeeggrraaddaabbllee  iinnjjeeccttaabbllee  tthheerrmmoosseennssiittiivvee  
hhyyddrrooggeell  ooff  PPEEGG--PPLLGGAA--PPEEGG  ttrriibblloocckk  ccooppoollyymmeerrss..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  6633((11--22))::115555--116633..  

117722..  ZZeennttnneerr  GGMM,,  RRaatthhii  RR,,  SShhiihh  CC,,  MMccRReeaa  JJCC,,  SSeeoo  MMHH,,  OOhh  HH,,  RRhheeee  BBGG,,  MMeesstteecckkyy  JJ,,  MMoollddoovveeaannuu  ZZ,,  
MMoorrggaann  MM,,  &&  WWeeiittmmaann  SS  ((22000011))  BBiiooddeeggrraaddaabbllee  bblloocckk  ccooppoollyymmeerrss  ffoorr  ddeelliivveerryy  ooff  pprrootteeiinnss  aanndd  
wwaatteerr--iinnssoolluubbllee  ddrruuggss..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  7722((11--33))::220033--221155..  

117733..  KKiimm  YYJJ,,  CChhooii  SS,,  KKoohh  JJJJ,,  LLeeee  MM,,  KKoo  KKSS,,  &&  KKiimm  SSWW  ((22000011))  CCoonnttrroolllleedd  RReelleeaassee  ooff  IInnssuulliinn  ffrroomm  
IInnjjeeccttaabbllee  BBiiooddeeggrraaddaabbllee  TTrriibblloocckk  CCooppoollyymmeerr..  PPhhaarrmmaacceeuuttiiccaall  RReesseeaarrcchh  1188((44))::554488--555500..  

117744..  KKiimm  MMSS,,  SSeeoo  KKSSUU,,  KKhhaanngg  CC,,  SSuunn  CChhoo  HH,,  &&  LLeeee  HHBB  ((22000044))  PPrreeppaarraattiioonn  ooff  mmeetthhooxxyy  ppoollyy((eetthhyylleennee  
ggllyyccooll))//ppoollyyeesstteerr  ddiibblloocckk  ccooppoollyymmeerrss  aanndd  eexxaammiinnaattiioonn  ooff  tthhee  ggeell--ttoo--ssooll  ttrraannssiittiioonn..  JJoouurrnnaall  ooff  
PPoollyymmeerr  SScciieennccee,,  PPaarrtt  AA::  PPoollyymmeerr  CChheemmiissttrryy  4422((2222))::55778844--55779933..  

117755..  KKiimm  MMSS,,  HHyyuunn  HH,,  KKhhaanngg  GG,,  &&  LLeeee  HHBB  ((22000066))  PPrreeppaarraattiioonn  ooff  tthheerrmmoosseennssiittiivvee  ddiibblloocckk  ccooppoollyymmeerrss  
ccoonnssiissttiinngg  ooff  MMPPEEGG  aanndd  ppoollyyeesstteerrss..  MMaaccrroommoolleeccuulleess  3399((99))::33009999--33110022..  

117766..  YYaanngg  JJ,,  JJiiaa  LL,,  HHaaoo  QQ,,  LLii  YY,,  LLii  QQ,,  FFaanngg  QQ,,  &&  CCaaoo  AA  ((22000055))  NNeeww  bbiiooddeeggrraaddaabbllee  aammpphhiipphhiilliicc  bblloocckk  
ccooppoollyymmeerrss  ooff  εε--ccaapprroollaaccttoonnee  aanndd  δδ--vvaalleerroollaaccttoonnee  ccaattaallyyzzeedd  bbyy  nnoovveell  aalluummiinnuumm  mmeettaall  ccoommpplleexxeess::  
IIII..  MMiicceelllliizzaattiioonn  aanndd  ssoolluuttiioonn  ttoo  ggeell  ttrraannssiittiioonn..  MMaaccrroommoolleeccuullaarr  BBiioosscciieennccee  55((99))::889966--990033..  

117777..  BBaaee  SSJJ,,  SSuuhh  JJMM,,  SSoohhnn  YYSS,,  BBaaee  YYHH,,  KKiimm  SSWW,,  &&  JJeeoonngg  BB  ((22000055))  TThheerrmmooggeelllliinngg  ppoollyy((ccaapprroollaaccttoonnee--66--
eetthhyylleennee  ggllyyccooll--bb--ccaapprroollaaccttoonnee))  aaqquueeoouuss  ssoolluuttiioonnss..  MMaaccrroommoolleeccuulleess  3388((1122))::55226600--55226655..  

117788..  HHyyuunn  HH,,  KKiimm  YYHH,,  SSoonngg  IIBB,,  LLeeee  JJWW,,  KKiimm  MMSS,,  KKhhaanngg  GG,,  PPaarrkk  KK,,  &&  LLeeee  HHBB  ((22000077))  IInn  VViittrroo  aanndd  iinn  
VViivvoo  RReelleeaassee  ooff  AAllbbuummiinn  UUssiinngg  aa  BBiiooddeeggrraaddaabbllee  MMPPEEGG--PPCCLL  DDiibblloocckk  CCooppoollyymmeerr  aass  aann  iinn  SSiittuu  GGeell--
FFoorrmmiinngg  CCaarrrriieerr..  BBiioommaaccrroommoolleeccuulleess  88((44))::11009933--11110000..  

117799..  KKiimm  MMSS,,  SSeeoo  KKSS,,  HHyyuunn  HH,,  KKhhaanngg  GG,,  CChhoo  SSHH,,  &&  LLeeee  HHBB  ((22000066))  CCoonnttrroolllleedd  rreelleeaassee  ooff  bboovviinnee  sseerruumm  
aallbbuummiinn  uussiinngg  MMPPEEGG--PPCCLL  ddiibblloocckk  ccooppoollyymmeerrss  aass  iimmppllaannttaabbllee  pprrootteeiinn  ccaarrrriieerrss..  JJoouurrnnaall  ooff  AApppplliieedd  
PPoollyymmeerr  SScciieennccee  110022((22))::11556611--11556677..  

118800..  BBeehhrraavveesshh  EE,,  SShhuunngg  AAKK,,  JJoo  SS,,  &&  MMiikkooss  AAGG  ((22000022))  SSyynntthheessiiss  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  ttrriibblloocckk  
ccooppoollyymmeerrss  ooff  mmeetthhooxxyy  ppoollyy((eetthhyylleennee  ggllyyccooll))  aanndd  ppoollyy((pprrooppyylleennee  ffuummaarraattee))..  BBiioommaaccrroommoolleeccuulleess  
33((11))::115533--115588..  

118811..  LLoohh  XXJJ,,  GGoohh  SSHH,,  &&  LLii  JJ  ((22000077))  NNeeww  bbiiooddeeggrraaddaabbllee  tthheerrmmooggeelllliinngg  ccooppoollyymmeerrss  hhaavviinngg  vveerryy  llooww  
ggeellaattiioonn  ccoonncceennttrraattiioonnss..  BBiioommaaccrroommoolleeccuulleess  88((22))::558855--559933..  

118822..  SSoonngg  MMJJ,,  LLeeee  DDSS,,  AAhhnn  JJHH,,  KKiimm  DDJJ,,  &&  KKiimm  SSCC  ((22000044))  TThheerrmmoosseennssiittiivvee  SSooll--GGeell  TTrraannssiittiioonn  BBeehhaavviioorrss  
ooff  PPoollyy((eetthhyylleennee  ooxxiiddee))//AAlliipphhaattiicc  PPoollyyeesstteerr//PPoollyy((eetthhyylleennee  ooxxiiddee))  AAqquueeoouuss  SSoolluuttiioonnss..  JJoouurrnnaall  ooff  
PPoollyymmeerr  SScciieennccee,,  PPaarrtt  AA::  PPoollyymmeerr  CChheemmiissttrryy  4422((33))::777722--778844..  

118833..  SSuunn  HH,,  MMeeii  LL,,  SSoonngg  CC,,  CCuuii  XX,,  &&  WWaanngg  PP  ((22000066))  TThhee  iinn  vviivvoo  ddeeggrraaddaattiioonn,,  aabbssoorrppttiioonn  aanndd  eexxccrreettiioonn  
ooff  PPCCLL--bbaasseedd  iimmppllaanntt..  BBiioommaatteerriiaallss  2277((99))::11773355--11774400..  

118844..  SSooggaa  OO,,  vvaann  NNoossttrruumm  CCFF,,  &&  HHeennnniinnkk  WWEE  ((22000044))  PPoollyy((NN--((22--hhyyddrrooxxyypprrooppyyll))  MMeetthhaaccrryyllaammiiddee  
MMoonnoo//DDii  LLaaccttaattee))::  AA  NNeeww  CCllaassss  ooff  BBiiooddeeggrraaddaabbllee  PPoollyymmeerrss  wwiitthh  TTuunneeaabbllee  TThheerrmmoosseennssiittiivviittyy..  
BBiioommaaccrroommoolleeccuulleess  55((33))::881188--882211..  

118855..  NNeerraaddoovviicc  DD,,  vvaann  SStteeeennbbeerrggeenn  MMJJ,,  VVaannsstteeeellaanntt  LL,,  MMeeiijjeerr  YYJJ,,  vvaann  NNoossttrruumm  CCFF,,  &&  HHeennnniinnkk  WWEE  
((22000033))  DDeeggrraaddaattiioonn  MMeecchhaanniissmm  aanndd  KKiinneettiiccss  ooff  TThheerrmmoosseennssiittiivvee  PPoollyyaaccrryyllaammiiddeess  CCoonnttaaiinniinngg  
LLaaccttiicc  AAcciidd  SSiiddee  CChhaaiinnss..  MMaaccrroommoolleeccuulleess  3366((2200))::77449911--77449988..  

118866..  VVaannddeerrhhoooofftt  JJLL,,  AAllccoouuttllaabbii  MM,,  MMaaggddaa  JJJJ,,  &&  PPrreessttwwiicchh  GGDD  ((22000099))  RRhheeoollooggiiccaall  PPrrooppeerrttiieess  ooff  CCrroossss--
LLiinnkkeedd  HHyyaalluurroonnaann--GGeellaattiinn  HHyyddrrooggeellss  ffoorr  TTiissssuuee  EEnnggiinneeeerriinngg..  MMaaccrroommoolleeccuullaarr  BBiioosscciieennccee  99((11))::2200--
2288..
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118877..  CCeennssii  RR,,  VVeerrmmoonnddeenn  TT,,  DDeesscchhoouutt  HH,,  BBrraaeecckkmmaannss  KK,,  DDii  MMaarrttiinnoo  PP,,  DDee  SSmmeeddtt  SS,,  VVaann  NNoossttrruumm  CC,,  &&  
HHeennnniinnkk  WWEE  ((22001100))  PPhhoottooppoollyymmeerriizzeedd  TThheerrmmoosseennssiittiivvee  PPoollyy((HHPPMMAAllaaccttaattee))--PPEEGG  BBaasseedd  HHyyddrrooggeellss::  
EEffffeecctt  ooff  NNeettwwoorrkk  DDeessiiggnn  oonn  MMeecchhaanniiccaall  PPrrooppeerrttiieess,,  DDeeggrraaddaattiioonn  aanndd  RReelleeaassee  BBeehhaavviioorr..  
BBiioommaaccrroommoolleeccuulleess  IInn  PPrreessss..  

118888..  VVeerrmmoonnddeenn  TT,,  JJeennaa  SSSS,,  BBaarrrriieett  DD,,  CCeennssii  RR,,  vvaann  ddeerr  GGuucchhtt  JJ,,  HHeennnniinnkk  WWEE,,  &&  SSiieeggeell  RRAA  ((22000099))  
MMaaccrroommoolleeccuullaarr  DDiiffffuussiioonn  iinn  SSeellff--AAsssseemmbblliinngg  BBiiooddeeggrraaddaabbllee  TThheerrmmoosseennssiittiivvee  HHyyddrrooggeellss..  
MMaaccrroommoolleeccuulleess  4433((22))::778822--778899..  

118899..  LLeeee  BBHH,,  LLeeee  YYMM,,  SSoohhnn  YYSS,,  &&  SSoonngg  SSCC  ((22000022))  AA  tthheerrmmoosseennssiittiivvee  ppoollyy((oorrggaannoopphhoosspphhaazzeennee))  ggeell..  
MMaaccrroommoolleeccuulleess  3355((1100))::33887766--33887799..  

119900..  SSeeoonngg  JJYY,,  JJuunn  YYJJ,,  JJeeoonngg  BB,,  &&  SSoohhnn  YYSS  ((22000055))  NNeeww  tthheerrmmooggeelllliinngg  ppoollyy((oorrggaannoopphhoosspphhaazzeenneess))  wwiitthh  
mmeetthhooxxyyppoollyy((eetthhyylleennee  ggllyyccooll))  aanndd  oolliiggooppeeppttiiddee  aass  ssiiddee  ggrroouuppss..  PPoollyymmeerr  4466((1144))::55007755--55008811..  

119911..  LLeeee  BBHH  &&  SSoonngg  SSCC  ((22000044))  SSyynntthheessiiss  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  bbiiooddeeggrraaddaabbllee  tthheerrmmoosseennssiittiivvee  
ppoollyy((oorrggaannoopphhoosspphhaazzeennee))  ggeellss..  MMaaccrroommoolleeccuulleess  3377((1122))::44553333--44553377..  

119922..  KKaanngg  GGDD  &&  SSoonngg  SSCC  ((22000088))  EEffffeecctt  ooff  cchhiittoossaann  oonn  tthhee  rreelleeaassee  ooff  pprrootteeiinn  ffrroomm  tthheerrmmoosseennssiittiivvee  
ppoollyy((oorrggaannoopphhoosspphhaazzeennee))  hhyyddrrooggeellss..  IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  334499((11--22))::118888--119955..  

119933..  PPaarrkk  KKHH  &&  SSoonngg  SSCC  ((22000055))  AA  tthheerrmmoo--sseennssiittiivvee  ppoollyy((oorrggaannoopphhoosspphhaazzeennee))  hhyyddrrooggeell  uusseedd  aass  aann  
eexxttrraacceelllluullaarr  mmaattrriixx  ffoorr  aarrttiiffiicciiaall  ppaannccrreeaass..  JJoouurrnnaall  ooff  BBiioommaatteerriiaallss  SScciieennccee,,  PPoollyymmeerr  EEddiittiioonn  
1166((1111))::11442211--11443311..  

119944..  PPeettkkaa  WWAA,,  HHaarrddeenn  JJLL,,  MMccGGrraatthh  KKPP,,  WWiirrttzz  DD,,  &&  TTiirrrreellll  DDAA  ((11999988))  RReevveerrssiibbllee  hhyyddrrooggeellss  ffrroomm  sseellff--
aasssseemmbblliinngg  aarrttiiffiicciiaall  pprrootteeiinnss..  SScciieennccee  228811((55337755))::338899--339922..  

119955..  WWaanngg  CC,,  SStteewwaarrtt  RRJJ,,  &&  KKooppeeččeekk  JJ  ((11999999))  HHyybbrriidd  hhyyddrrooggeellss  aasssseemmbblleedd  ffrroomm  ssyynntthheettiicc  ppoollyymmeerrss  
aanndd  ccooiilleedd--ccooiill  pprrootteeiinn  ddoommaaiinnss..  NNaattuurree  339977((66771188))::441177--442200..  

119966..  NNoowwaakk  AAPP,,  BBrreeeeddvveelldd  VV,,  PPaakkssttiiss  LL,,  OOzzbbaass  BB,,  PPiinnee  DDJJ,,  PPoocchhaann  DD,,  &&  DDeemmiinngg  TTJJ  ((22000022))  RRaappiiddllyy  
rreeccoovveerriinngg  hhyyddrrooggeell  ssccaaffffoollddss  ffrroomm  sseellff--aasssseemmbblliinngg  ddiibblloocckk  ccooppoollyyppeeppttiiddee  aammpphhiipphhiilleess..  NNaattuurree  
441177((66888877))::442244--442288..  

119977..  OOhh  HHJJ,,  JJoooo  MMKK,,  SSoohhnn  YYSS,,  &&  JJeeoonngg  BB  ((22000088))  SSeeccoonnddaarryy  ssttrruuccttuurree  eeffffeecctt  ooff  ppoollyyppeeppttiiddee  oonn  rreevveerrssee  
tthheerrmmaall  ggeellaattiioonn  aanndd  ddeeggrraaddaattiioonn  ooff  LL//DDLL--ppoollyy((aallaanniinnee))--ppoollooxxaammeerrLL//DDLL--ppoollyy((aallaanniinnee))  ccooppoollyymmeerrss..  
MMaaccrroommoolleeccuulleess  4411((2211))::88220044--88220099..  

119988..  TTaakkeeuucchhii  YY,,  UUyyaammaa  HH,,  TToommoosshhiiggee  NN,,  WWaattaannaabbee  EE,,  TTaacchhiibbaannaa  YY,,  &&  KKoobbaayyaasshhii  SS  ((22000066))  IInnjjeeccttaabbllee  
tthheerrmmoorreevveerrssiibbllee  hhyyddrrooggeellss  bbaasseedd  oonn  aammpphhiipphhiilliicc  ppoollyy((aammiinnoo  aacciidd))ss..  JJoouurrnnaall  ooff  PPoollyymmeerr  SScciieennccee,,  
PPaarrtt  AA::  PPoollyymmeerr  CChheemmiissttrryy  4444((11))::667711--667755..  

119999..  HHaann  JJOO,,  JJoooo  MMKK,,  JJaanngg  JJHH,,  PPaarrkk  MMHH,,  &&  JJeeoonngg  BB  ((22000099))  PPVVPPyyllaatteedd  PPoollyy((aallaanniinnee))  aass  aa  NNeeww  
TThheerrmmooggeelllliinngg  PPoollyymmeerr..  MMaaccrroommoolleeccuulleess  4422((1177))::66771100--66771155..  

220000..  BBeellll  CCLL  &&  PPeeppppaass  NNAA  ((11999966))  WWaatteerr,,  ssoolluuttee  aanndd  pprrootteeiinn  ddiiffffuussiioonn  iinn  pphhyyssiioollooggiiccaallllyy  rreessppoonnssiivvee  
hhyyddrrooggeellss  ooff  ppoollyy((mmeetthhaaccrryylliicc  aacciidd--gg--eetthhyylleennee  ggllyyccooll))..  BBiioommaatteerriiaallss  1177((1122))::11220033--11221188..  

220011..  TToorrrreess--LLuuggoo  MM  &&  PPeeppppaass  NNAA  ((11999999))  MMoolleeccuullaarr  DDeessiiggnn  aanndd  iinn  VViittrroo  SSttuuddiieess  ooff  NNoovveell  ppHH--SSeennssiittiivvee  
HHyyddrrooggeellss  ffoorr  tthhee  OOrraall  DDeelliivveerryy  ooff  CCaallcciittoonniinn..  MMaaccrroommoolleeccuulleess  3322((2200))::66664466--66665511..  

220022..  CChhiiuu  YY--LL,,  CChheenn  MM--CC,,  CChheenn  CC--YY,,  LLeeee  PP--WW,,  MMii  FF--LL,,  JJeenngg  UUSS,,  CChheenn  HH--LL,,  &&  SSuunngg  HH--WW  ((22000099))  RRaappiiddllyy  
iinn  ssiittuu  ffoorrmmiinngg  hhyyddrroopphhoobbiiccaallllyy--mmooddiiffiieedd  cchhiittoossaann  hhyyddrrooggeellss  vviiaa  ppHH--rreessppoonnssiivvee  nnaannoossttrruuccttuurree  
ttrraannssffoorrmmaattiioonn..  SSoofftt  MMaatttteerr  55((55))::996622--996655..  

220033..  CChhaanngg  GG,,  YYuu  LL,,  YYaanngg  ZZ,,  &&  DDiinngg  JJ  ((22000099))  AA  ddeelliiccaattee  iioonniizzaabbllee--ggrroouupp  eeffffeecctt  oonn  sseellff--aasssseemmbbllyy  aanndd  
tthheerrmmooggeelllliinngg  ooff  aammpphhiipphhiilliicc  bblloocckk  ccooppoollyymmeerrss  iinn  wwaatteerr..  PPoollyymmeerr  5500((2255))::66111111--66112200..  

220044..  DDaayyaannaannddaa  KK,,  HHee  CC,,  &&  LLeeee  DDSS  ((22000088))  IInn  ssiittuu  ggeelllliinngg  aaqquueeoouuss  ssoolluuttiioonnss  ooff  ppHH--  aanndd  tteemmppeerraattuurree--
sseennssiittiivvee  ppoollyy((eesstteerr  aammiinnoo  uurreetthhaannee))ss..  PPoollyymmeerr  4499((2211))::44662200--44662255..  

220055..  NNgguuyyeenn  MMKK,,  PPaarrkk  DDKK,,  &&  LLeeee  DDSS  ((22000099))  IInnjjeeccttaabbllee  PPoollyy((aammiiddooaammiinnee))--ppoollyy((eetthhyylleennee  ggllyyccooll))--
ppoollyy((aammiiddooaammiinnee))  TTrriibblloocckk  CCooppoollyymmeerr  HHyyddrrooggeell  wwiitthh  DDuuaall  SSeennssiittiivviittiieess::  ppHH  aanndd  TTeemmppeerraattuurree..  
BBiioommaaccrroommoolleeccuulleess  1100((44))::772288--773311..  

220066..  SShhiimm  WWSS,,  YYoooo  JJSS,,  BBaaee  YYHH,,  &&  LLeeee  DDSS  ((22000055))  NNoovveell  iinnjjeeccttaabbllee  ppHH  aanndd  tteemmppeerraattuurree  sseennssiittiivvee  bblloocckk  
ccooppoollyymmeerr  hhyyddrrooggeell..  BBiioommaaccrroommoolleeccuulleess  66((66))::22993300--22993344..  

220077..  SShhiimm  WWSS,,  KKiimm  SSWW,,  &&  LLeeee  DDSS  ((22000066))  SSuullffoonnaammiiddee--bbaasseedd  ppHH--  aanndd  tteemmppeerraattuurree--sseennssiittiivvee  
bbiiooddeeggrraaddaabbllee  bblloocckk  ccooppoollyymmeerr  hhyyddrrooggeellss..  BBiioommaaccrroommoolleeccuulleess  77((66))::11993355--11994411..  

220088..  JJoooo  JJSS,,  KKiimm,,  MM..SS..,,  LLeeee,,  DD..SS..  ((22000066))  MMaaccrroommoolleeccuullaarr  RReesseeaarrcchh  1144::111177..  
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220099..  HHuuyynnhh  DDPP,,  NNgguuyyeenn  MMKK,,  PPii  BBSS,,  KKiimm  MMSS,,  CChhaaee  SSYY,,  LLeeee  KKCC,,  KKiimm  BBSS,,  KKiimm  SSWW,,  &&  LLeeee  DDSS  ((22000088))  
FFuunnccttiioonnaalliizzeedd  iinnjjeeccttaabbllee  hhyyddrrooggeellss  ffoorr  ccoonnttrroolllleedd  iinnssuulliinn  ddeelliivveerryy..  BBiioommaatteerriiaallss  2299((1166))::22552277--
22553344..  

221100..  TTrraaiitteell  TT,,  CCoohheenn  YY,,  &&  KKoosstt  JJ  ((22000000))  CChhaarraacctteerriizzaattiioonn  ooff  gglluuccoossee--sseennssiittiivvee  iinnssuulliinn  rreelleeaassee  ssyysstteemmss  
iinn  ssiimmuullaatteedd  iinn  vviivvoo  ccoonnddiittiioonnss..  BBiioommaatteerriiaallss  2211((1166))::11667799--11668877..  

221111..  KKaanngg  SSII  &&  BBaaee  YYHH  ((22000033))  AA  ssuullffoonnaammiiddee  bbaasseedd  gglluuccoossee--rreessppoonnssiivvee  hhyyddrrooggeell  wwiitthh  ccoovvaalleennttllyy  
iimmmmoobbiilliizzeedd  gglluuccoossee  ooxxiiddaassee  aanndd  ccaattaallaassee..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  8866((11))::111155--112211..  

221122..  KKiittaannoo  SS,,  KKooyyaammaa  YY,,  KKaattaaookkaa  KK,,  OOkkaannoo  TT,,  &&  SSaakkuurraaii  YY  ((11999922))  AA  nnoovveell  ddrruugg  ddeelliivveerryy  ssyysstteemm  
uuttiilliizziinngg  aa  gglluuccoossee  rreessppoonnssiivvee  ppoollyymmeerr  ccoommpplleexx  bbeettwweeeenn  ppoollyy  ((vviinnyyll  aallccoohhooll))  aanndd  ppoollyy((NN--vviinnyyll--22--
ppyyrrrroolliiddoonnee))  wwiitthh  aa  pphheennyyllbboorroonniicc  aacciidd  mmooiieettyy..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  1199((11--33))::116611--117700..  

221133..  BBrroowwnnlleeee  MM  &&  CCeerraammii  AA  ((11997799))  AA  gglluuccoossee--ccoonnttrroolllleedd  iinnssuulliinn--ddeelliivveerryy  ssyysstteemm::  sseemmiissyynntthheettiicc  
iinnssuulliinn  bboouunndd  ttoo  lleeccttiinn..  SScciieennccee  220066((44442233))::11119900--11119911..  

221144..  KKiimm  SSWW,,  PPaaii  CCMM,,  MMaakkiinnoo  KK,,  SSeemmiinnooffff  LLAA,,  HHoollmmbbeerrgg  DDLL,,  GGlleeeessoonn  JJMM,,  WWiillssoonn  DDEE,,  &&  MMaacckk  EEJJ  ((11999900))  
SSeellff--rreegguullaatteedd  ggllyyccoossyyllaatteedd  iinnssuulliinn  ddeelliivveerryy..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  1111((11--33))::119933--220011..  

221155..  MMiiyyaattaa  TT,,  UUrraaggaammii  TT,,  &&  NNaakkaammaaee  KK  ((22000022))  BBiioommoolleeccuullee--sseennssiittiivvee  hhyyddrrooggeellss..  AAddvvaanncceedd  DDrruugg  
DDeelliivveerryy  RReevviieewwss  5544((11))::7799--9988..  

221166..  QQiiuu  YY  &&  PPaarrkk  KK  ((22000011))  EEnnvviirroonnmmeenntt--sseennssiittiivvee  hhyyddrrooggeellss  ffoorr  ddrruugg  ddeelliivveerryy..  AAddvvaanncceedd  DDrruugg  
DDeelliivveerryy  RReevviieewwss  5533((33))::332211--333399..  

221177..  EEhhrrbbaarr  MM,,  SScchhooeennmmaakkeerrss  RR,,  CChhrriisstteenn  EEHH,,  FFuusssseenneeggggeerr  MM,,  &&  WWeebbeerr  WW  ((22000088))  DDrruugg--sseennssiinngg  
hhyyddrrooggeellss  ffoorr  tthhee  iinndduucciibbllee  rreelleeaassee  ooff  bbiioopphhaarrmmaacceeuuttiiccaallss..  NNaattuurree  MMaatteerriiaallss  77((1100))::880000--880044..  

221188..  MMiiyyaattaa  TT,,  AAssaammii  NN,,  &&  UUrraaggaannii  TT  ((11999999))  AA  rreevveerrssiibbllyy  aannttiiggeenn--rreessppoonnssiivvee  hhyyddrrooggeenn..  NNaattuurree  
339999((66773388))::776666--776688..  

221199..  IIrrvviinn  DDJJ,,  GGooooddss  SSHH,,  &&  WWhhiinnnneerryy  LLLL  ((22000011))  DDiirreecctt  mmeeaassuurreemmeenntt  ooff  eexxtteennssiioonn  aanndd  ffoorrccee  iinn  
ccoonndduuccttiivvee  ppoollyymmeerr  ggeell  aaccttuuaattoorrss..  CChheemmiissttrryy  ooff  MMaatteerriiaallss  1133((44))::11114433--11114455..  

222200..  PPoouulliiqquueenn  GG  &&  TTrriibbeett  CC  ((22000055))  LLiigghhtt--TTrriiggggeerreedd  AAssssoocciiaattiioonn  ooff  BBoovviinnee  SSeerruumm  AAllbbuummiinn  aanndd  
AAzzoobbeennzzeennee--MMooddiiffiieedd  PPoollyy((aaccrryylliicc  aacciidd))  iinn  DDiilluuttee  aanndd  SSeemmiiddiilluuttee  SSoolluuttiioonnss..  MMaaccrroommoolleeccuulleess  
3399((11))::337733--338833..  

222211..  TToommaattssuu  II,,  HHaasshhiiddzzuummee  AA,,  &&  HHaarraaddaa  AA  ((22000055))  PPhhoottoorreessppoonnssiivvee  HHyyddrrooggeell  SSyysstteemm  UUssiinngg  MMoolleeccuullaarr  
RReeccooggnniittiioonn  ooff  αα--CCyyccllooddeexxttrriinn..  MMaaccrroommoolleeccuulleess  3388((1122))::55222233--55222277..  

222222..  TTaakkaasshhiimmaa  YY,,  NNaakkaayyaammaa  TT,,  MMiiyyaauucchhii  MM,,  KKaawwaagguucchhii  YY,,  YYaammaagguucchhii  HH,,  &&  HHaarraaddaa  AA  ((22000044))  CCoommpplleexx  
FFoorrmmaattiioonn  aanndd  GGeellaattiioonn  bbeettwweeeenn  CCooppoollyymmeerrss  CCoonnttaaiinniinngg  PPeennddaanntt  AAzzoobbeennzzeennee  GGrroouuppss  aanndd  
CCyyccllooddeexxttrriinn  PPoollyymmeerrss..  CChheemmiissttrryy  LLeetttteerrss  3333((77))::889900--889911..  

222233..  KKwwoonn  IICC,,  BBaaee  YYHH,,  &&  KKiimm  SSWW  ((11999911))  EElleeccttrriiccaallllyy  eerrooddiibbllee  ppoollyymmeerr  ggeell  ffoorr  ccoonnttrroolllleedd  rreelleeaassee  ooff  
ddrruuggss..  NNaattuurree  335544((66335511))::229911--229933..  

222244..  PPeeppppaass  NNAA,,  BBuurreess  PP,,  LLeeoobbaanndduunngg  WW,,  &&  IIcchhiikkaawwaa  HH  ((22000000))  HHyyddrrooggeellss  iinn  pphhaarrmmaacceeuuttiiccaall  
ffoorrmmuullaattiioonnss..  EEuurrooppeeaann  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  aanndd  BBiioopphhaarrmmaacceeuuttiiccss  5500((11))::2277--4466..  

222255..  KKoorrssmmeeyyeerr  RRWW  &&  PPeeppppaa  NNAA  eeddss  ((11998833))  MMaaccrroommoolleeccuullaarr  aanndd  mmooddeelliinngg  aassppeeccttss  ooff  sswweelllliinngg--
ccoonnttrroolllleedd  ssyysstteemmss  ((MMaarrcceell  DDeekkkkeerr)),,  pppp  7777--9900..  

222266..  HHiieemmssttrraa  CC,,  ZZhhoonngg  ZZ,,  VVaann  TToommmmee  SSRR,,  vvaann  SStteeeennbbeerrggeenn  MMJJ,,  JJaaccoobbss  JJJJLL,,  OOtttteerr  WWDD,,  HHeennnniinnkk  WWEE,,  &&  
FFeeiijjeenn  JJ  ((22000077))  IInn  vviittrroo  aanndd  iinn  vviivvoo  pprrootteeiinn  ddeelliivveerryy  ffrroomm  iinn  ssiittuu  ffoorrmmiinngg  ppoollyy((eetthhyylleennee  ggllyyccooll))--
ppoollyy((llaaccttiiddee))  hhyyddrrooggeellss..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  111199((33))::332200--332277..  

222277..  WWaanngg  PPLL  &&  JJoohhnnssttoonn  TTPP  ((11999955))  SSuussttaaiinneedd--rreelleeaassee  iinntteerrlleeuukkiinn--22  ffoolllloowwiinngg  iinnttrraammuussccuullaarr  iinnjjeeccttiioonn  
iinn  rraattss..  IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  111133((11))::7733--8811..  

222288..  CChhooii  SS,,  BBaauuddyyss  MM,,  &&  KKiimm  SS  ((22000044))  CCoonnttrrooll  ooff  BBlloooodd  GGlluuccoossee  bbyy  NNoovveell  GGLLPP--11  DDeelliivveerryy  UUssiinngg  
BBiiooddeeggrraaddaabbllee  TTrriibblloocckk  CCooppoollyymmeerr  ooff  PPLLGGAA--PPEEGG--PPLLGGAA  iinn  TTyyppee  22  DDiiaabbeettiicc  RRaattss..  PPhhaarrmmaacceeuuttiiccaall  
RReesseeaarrcchh  2211((55))::882277--883311..  

222299..  HHuuyynnhh  DDPP,,  IImm  GGJJ,,  CChhaaee  SSYY,,  LLeeee  KKCC,,  &&  LLeeee  DDSS  ((22000099))  CCoonnttrroolllleedd  rreelleeaassee  ooff  iinnssuulliinn  ffrroomm  
ppHH//tteemmppeerraattuurree--sseennssiittiivvee  iinnjjeeccttaabbllee  ppeennttaabblloocckk  ccooppoollyymmeerr  hhyyddrrooggeell..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  
RReelleeaassee  113377((11))::2200--2244..  

223300..  ZZhhaanngg  SS,,  HHoollmmeess  TTCC,,  DDiiPPeerrssiioo  CCMM,,  HHyynneess  RROO,,  SSuu  XX,,  &&  RRiicchh  AA  ((11999955))  SSeellff--ccoommpplleemmeennttaarryy  
oolliiggooppeeppttiiddee  mmaattrriicceess  ssuuppppoorrtt  mmaammmmaalliiaann  cceellll  aattttaacchhmmeenntt..  BBiioommaatteerriiaallss  1166((1188))::11338855--11339933..  

223311..  HHssiieehh  PPCCHH,,  DDaavviiss  MMEE,,  GGaannnnoonn  JJ,,  MMaaccGGiilllliivvrraayy  CC,,  &&  LLeeee  RRTT  ((22000066))  CCoonnttrroolllleedd  ddeelliivveerryy  ooff  PPDDGGFF--BBBB  
ffoorr  mmyyooccaarrddiiaall  pprrootteeccttiioonn  uussiinngg  iinnjjeeccttaabbllee  sseellff--aasssseemmbblliinngg  ppeeppttiiddee  nnaannooffiibbeerrss..  JJoouurrnnaall  ooff  CClliinniiccaall  
IInnvveessttiiggaattiioonn  111166((11))::223377..  
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223322..  SSeeggeerrss  VVFFMM,,  TTookkuunnoouu  TT,,  HHiiggggiinnss  LLJJ,,  MMaaccGGiilllliivvrraayy  CC,,  GGaannnnoonn  JJ,,  &&  LLeeee  RRTT  ((22000077))  LLooccaall  DDeelliivveerryy  ooff  
PPrrootteeaassee--RReessiissttaanntt  SSttrroommaall  CCeellll  DDeerriivveedd  FFaaccttoorr--11  ffoorr  SStteemm  CCeellll  RReeccrruuiittmmeenntt  AAfftteerr  MMyyooccaarrddiiaall  
IInnffaarrccttiioonn..  CCiirrccuullaattiioonn  111166((1155))::11668833--11669922..  

223333..  DDaavviiss  MMEE,,  HHssiieehh  PPCCHH,,  TTaakkaahhaasshhii  TT,,  SSoonngg  QQ,,  ZZhhaanngg  SS,,  KKaammmm  RRDD,,  GGrrooddzziinnsskkyy  AAJJ,,  AAnnvveerrssaa  PP,,  &&  LLeeee  
RRTT  ((22000066))  LLooccaall  mmyyooccaarrddiiaall  iinnssuulliinn--lliikkee  ggrroowwtthh  ffaaccttoorr  11  ((IIGGFF--11))  ddeelliivveerryy  wwiitthh  bbiioottiinnyyllaatteedd  ppeeppttiiddee  
nnaannooffiibbeerrss  iimmpprroovveess  cceellll  tthheerraappyy  ffoorr  mmyyooccaarrddiiaall  iinnffaarrccttiioonn..  PPrroocceeeeddiinnggss  ooff  tthhee  NNaattiioonnaall  AAccaaddeemmyy  
ooff  SScciieenncceess  ooff  tthhee  UUnniitteedd  SSttaatteess  ooff  AAmmeerriiccaa  110033((2211))::88115555--88116600..  

223344..  KKeemmppee  SS,,  MMeettzz  HH,,  BBaassttrroopp  MM,,  HHvviillssoomm  AA,,  CCoonnttrrii  RRVV,,  &&  MMääddeerr  KK  ((22000088))  CChhaarraacctteerriizzaattiioonn  ooff  
tthheerrmmoosseennssiittiivvee  cchhiittoossaann--bbaasseedd  hhyyddrrooggeellss  bbyy  rrhheeoollooggyy  aanndd  eelleeccttrroonn  ppaarraammaaggnneettiicc  rreessoonnaannccee  
ssppeeccttrroossccooppyy..  EEuurrooppeeaann  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccss  aanndd  BBiioopphhaarrmmaacceeuuttiiccss  6688((11))::2266--3333..  

223355..  PPaarrkk  KK--HH  &&  SSoonngg  SS--CC  ((22000055))  AA  tthheerrmmoo--sseennssiittiivvee  ppoollyy((oorrggaannoopphhoosspphhaazzeennee))  hhyyddrrooggeell  uusseedd  aass  aann  
eexxttrraacceelllluullaarr  mmaattrriixx  ffoorr  aarrttiiffiicciiaall  ppaannccrreeaass..  JJoouurrnnaall  ooff  BBiioommaatteerriiaallss  SScciieennccee,,  PPoollyymmeerr  EEddiittiioonn  
1166::11442211--11443311..  

223366..  PPaarrkk  KK--HH  &&  SSoonngg  SSCC  ((22000066))  MMoorrpphhoollooggyy  ooff  sspphheerrooiiddaall  hheeppaattooccyytteess  wwiitthhiinn  iinnjjeeccttaabbllee,,  
bbiiooddeeggrraaddaabbllee,,  aanndd  tthheerrmmoosseennssiittiivvee  ppoollyy((oorrggaannoopphhoosspphhaazzeennee))  hhyyddrrooggeell  aass  cceellll  ddeelliivveerryy  vveehhiiccllee..  
JJoouurrnnaall  ooff  BBiioosscciieennccee  aanndd  BBiiooeennggiinneeeerriinngg  110011((33))::223388--224422..  

223377..  DDee  SSmmeeddtt  SSCC,,  MMeeyyvviiss  TTKKLL,,  DDeemmeeeesstteerr  JJ,,  VVaann  OOoossttvveellddtt  PP,,  BBlloonnkk  JJCCGG,,  &&  HHeennnniinnkk  WWEE  ((11999977))  
DDiiffffuussiioonn  ooff  mmaaccrroommoolleeccuulleess  iinn  ddeexxttrraann  mmeetthhaaccrryyllaattee  ssoolluuttiioonnss  aanndd  ggeellss  aass  ssttuuddiieedd  bbyy  ccoonnffooccaall  
ssccaannnniinngg  llaasseerr  mmiiccrroossccooppyy..  MMaaccrroommoolleeccuulleess  3300((1177))::44886633--44887700..  

223388..  BBrraaeecckkmmaannss  KK,,  PPeeeetteerrss  LL,,  SSaannddeerrss  NNNN,,  DDee  SSmmeeddtt  SSCC,,  &&  DDeemmeeeesstteerr  JJ  ((22000033))  TThhrreeee--ddiimmeennssiioonnaall  
fflluuoorreesscceennccee  rreeccoovveerryy  aafftteerr  pphhoottoobblleeaacchhiinngg  wwiitthh  tthhee  ccoonnffooccaall  ssccaannnniinngg  llaasseerr  mmiiccrroossccooppee..  
BBiioopphhyyssiiccaall  JJoouurrnnaall  8855((44))::22224400--22225522..  

223399..  TTaaii  HH,,  WWaanngg  WW,,  VVeerrmmoonnddeenn  TT,,  HHeeaatthh  FF,,  HHeennnniinnkk  WWEE,,  AAlleexxaannddeerr  CC,,  SShhaakkeesshheeffff  KKMM,,  &&  HHoowwddllee  SSMM  
((22000099))  TThheerrmmoorreessppoonnssiivvee  aanndd  PPhhoottooccrroosssslliinnkkaabbllee  PPEEGGMMEEMMAA--PPPPGGMMAA--EEGGDDMMAA  CCooppoollyymmeerrss  ffrroomm  aa  
OOnnee--SStteepp  AATTRRPP  SSyynntthheessiiss..  BBiioommaaccrroommoolleeccuulleess  1100((44))::882222--882288..  

224400..  BBrraannccoo  MMCC,,  PPoocchhaann  DDJJ,,  WWaaggnneerr  NNJJ,,  &&  SScchhnneeiiddeerr  JJPP  ((22000099))  MMaaccrroommoolleeccuullaarr  ddiiffffuussiioonn  aanndd  rreelleeaassee  
ffrroomm  sseellff--aasssseemmbblleedd  ββ--hhaaiirrppiinn  ppeeppttiiddee  hhyyddrrooggeellss..  BBiioommaatteerriiaallss  3300((77))::11333399--11334477..  

224411..  BBuurrkkee  MMDD,,  PPaarrkk  JJOO,,  SSrriinniivvaassaarraaoo  MM,,  &&  KKhhaann  SSAA  ((22000055))  AA  nnoovveell  eennzzyymmaattiicc  tteecchhnniiqquuee  ffoorr  lliimmiittiinngg  
ddrruugg  mmoobbiilliittyy  iinn  aa  hhyyddrrooggeell  mmaattrriixx..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  110044((11))::114411--115533..  

224422..  KKuuiijjppeerrss  AAJJ,,  EEnnggbbeerrss  GGHHMM,,  MMeeyyvviiss  TTKKLL,,  ddee  SSmmeeddtt  SSSSCC,,  DDeemmeeeesstteerr  JJ,,  KKrriijjggssvveelldd  JJ,,  ZZaaaatt  SSAAJJ,,  
DDaannkkeerrtt  JJ,,  &&  FFeeiijjeenn  JJ  ((22000000))  CCoommbbiinneedd  GGeellaattiinn−−CChhoonnddrrooiittiinn  SSuullffaattee  HHyyddrrooggeellss  ffoorr  CCoonnttrroolllleedd  
RReelleeaassee  ooff  CCaattiioonniicc  AAnnttiibbaacctteerriiaall  PPrrootteeiinnss..  MMaaccrroommoolleeccuulleess  3333((1100))::33770055--33771133..  

224433..  VVaann  TToommmmee  SSRR,,  DDee  GGeeeesstt  BBGG,,  BBrraaeecckkmmaannss  KK,,  DDee  SSmmeeddtt  SSCC,,  SSiieeppmmaannnn  FF,,  SSiieeppmmaannnn  JJ,,  VVaann  
NNoossttrruumm  CCFF,,  &&  HHeennnniinnkk  WWEE  ((22000055))  MMoobbiilliittyy  ooff  mmooddeell  pprrootteeiinnss  iinn  hhyyddrrooggeellss  ccoommppoosseedd  ooff  
ooppppoossiitteellyy  cchhaarrggeedd  ddeexxttrraann  mmiiccrroosspphheerreess  ssttuuddiieedd  bbyy  pprrootteeiinn  rreelleeaassee  aanndd  fflluuoorreesscceennccee  rreeccoovveerryy  
aafftteerr  pphhoottoobblleeaacchhiinngg..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  RReelleeaassee  111100((11))::6677--7788..  

224444..  BBrraannddll  FF,,  KKaassttnneerr  FF,,  GGsscchhwwiinndd  RRMM,,  BBlluunnkk  TT,,  TTeeßßmmaarr  JJ,,  &&  GGööppffeerriicchh  AA  ((22001100))  HHyyddrrooggeell--bbaasseedd  ddrruugg  
ddeelliivveerryy  ssyysstteemmss::  CCoommppaarriissoonn  ooff  ddrruugg  ddiiffffuussiivviittyy  aanndd  rreelleeaassee  kkiinneettiiccss..  JJoouurrnnaall  ooff  CCoonnttrroolllleedd  
RReelleeaassee  114422((22))::222211--222288..  

224455..  JJoorrggeennsseenn  LL,,  MMooeelllleerr  EEHH,,  vvaann  ddee  WWeeeerrtt  MM,,  NNiieellsseenn  HHMM,,  &&  FFrrookkjjaaeerr  SS  ((22000066))  PPrreeppaarriinngg  aanndd  
eevvaalluuaattiinngg  ddeelliivveerryy  ssyysstteemmss  ffoorr  pprrootteeiinnss..  EEuurrooppeeaann  JJoouurrnnaall  ooff  PPhhaarrmmaacceeuuttiiccaall  SScciieenncceess  2299((33--
44))::117744--118822..
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Abstract 

 

In this paper the possibility to tailor degradation and protein release behavior of 

photopolymerized thermosensitive hydrogels is studied. The hydrogels consist of ABA triblock 

copolymer, in which the thermosensitive A-blocks are methacrylated poly(N-(2-

hydroxypropyl) methacrylamide lactate)s and the B-block is poly(ethylene glycol) with 

molecular weight of 10 kDa. These hydrogels are prepared by using a combination of physical 

and chemical cross-linking methods. When a solution of a thermosensitive methacrylated 

p(HPMAm-lac)-PEG-p(HPMAm-lac) is heated above its cloud point a viscoelastic material is 

obtained, which can be stabilized by introducing covalent cross-links by photopolymerization. 

By varying the polymer concentration, hydrogels with different mechanical properties are 

formed, of which the cross-linking density, mesh size, swelling and degradation behavior can 

be tuned. It was demonstrated that the release rate of three model proteins (lysozyme, BSA 

and IgG, with hydrodynamic diameters ranging from 4.1 to 10.7 nm) depended on the protein 

size and hydrogel molecular weight between cross-links and was governed by Fickian 

diffusion. Importantly, the encapsulated proteins were quantitatively released and the 

secondary structure and the enzymatic activity of lysozyme were fully preserved 

demonstrating the protein friendly nature of the studied delivery system. 
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3.1     Introduction 

 

The advent of the modern generation of biotherapeutics, such as peptides, proteins and 

DNA has resulted in a high need for suitable materials and technologies to deliver these 

biologicals (1). Hydrogels represent an important class of pharmaceutical delivery systems, 

aimed to overcome the major challenges associated with the formulation of biotherapeutic 

drugs, which are known for their problematic chemical and physical stability (2-4).  

Hydrogels are polymeric networks that absorb large quantities of water while remaining 

insoluble in aqueous solution due to the presence of chemical and/or physical cross-links 

between the polymer chains. They are excellent materials for the release of biotherapeutics 

because they display advantageous physico-chemical properties by protecting these active 

compounds from premature degradation and by releasing them in a controlled manner (5-8). 

Hydrogels can be prepared from both natural and synthetic hydrophilic polymers, as well as 

from combinations thereof (9). Synthetic polymers are preferred over their natural 

counterparts because the risk of immune responses and viral and bacterial contaminations 

associated with the use of natural polymers can be circumvented. Importantly, synthetic 

polymers have well defined structures that can be modified to tailor the final properties of the 

systems. In this study a synthetic biodegradable polymer, exhibiting lower critical solution 

temperature (LCST) behavior in aqueous solution, was investigated that potentially can be 

used to design an injectable in situ forming hydrogel (10). The body temperature induced 

formation of a macroscopic gel at the site of injection offers several benefits including patient 

comfort, enhanced by the minimally invasive administration, and cost reduction when 

compared to a surgical intervention (11). Moreover, the use of LCST polymer-gels permits 

encapsulation of active compounds during network formations, overcoming complexities and 

limitations associated with post-loading technologies. 

As the use of physical-crosslinked hydrogels is limited by their relative poor stability, in our 

approach the hydrogel network is formed by using a combination of physical and chemical 

cross-linking methods, as successfully applied in other systems (6, 12-13). To this end, 

association of the thermosensitive blocks above their cloud point at first induces physical 

gelation and subsequently UV-photopolymerization introduces chemical cross-links to improve 

the stability of the hydrogels. Photopolymerization can be applied in a minimally invasive 

manner, for example, using laparascopic devices, cathethers or transdermal illumination. 

Further, the photocuring process is fast, taking usually only seconds to minutes to complete, 

can be conducted at room or body temperature without the use of organic solvents and offers 

the advantage of spatial and temporal control (14-16). Photopolymerization has been applied 

for the chemical cross-linking of degradable hydrogels, used either for tissue engineering or 

protein delivery applications (17-20). The polymer used in this study, as depicted in Figure 1, 

has a triblock structure (ABA) with thermosensitive poly(N-(2-hydroxypropyl) methacrylamide 
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lactate) A-blocks that are partly modified with methacrylate moieties and a B-block of 

hydrophilic poly(ethylene glycol) with molecular weight of 10 kDa (21-22). 
 

 
Figure 1. Chemical structure of ABA triblock copolymer consisting of partly methacrylated 
poly(N-(2-hydroxypropyl) methacrylamide lactate) and PEG 10000. 
 
The p(HPMAm-lac) blocks are responsible for the thermosensitive behavior of the polymer 

whereas the methacrylate groups can be used for further chemical crosslinking of the 

hydrogel. Degradability is ensured by the presence of hydrolytically sensitive ester bonds in 

the lactate side chains of the polymer as well as in the ester bonds between PEG and thermo-

blocks (23). This will eventually result in biocompatible degradation products, i.e. PEG, 

p(HPMAm), polymethacrylic acid and lactic acid, which can be either metabolized or 

eliminated through renal filtration. 

We demonstrated that the cloud point of the polymer can be tuned by the average length of 

the lactate side chains (21). However, it was shown that this physically crosslinked gel had a 

limited stability in aqueous environment likely due to its fast swelling and subsequent 

dissolution. We also showed that the stability was substantially improved by introduction of 

covalent crosslinks in the hydrophobic domains upon UV polymerization of the methacrylate 

groups (24).  

The aim of this work was to investigate the tailorability of the newly developed 

injectable thermosensitive hydrogels for protein release. Further, the structural integrity and 

biological activity of the released proteins was studied.  

 

3.2. Materials and methods 

 

3.2.1. Materials 

 

Unless indicated otherwise, chemicals were obtained from Sigma Aldrich and were used 

as received. L-lactide was obtained from Purac Biochem BV (Gorinchem, The Netherlands) and 

Irgacure 2959 was obtained from Ciba Specialty Chemicals Inc. White egg chicken lysozyme 
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and 4,4´-azobis(4-cyanopentanoic acid) were obtained from Fluka Chemie AG (Buchs, 

Switzerland). HPMAm was obtained from Zentiva a. s. (Praha, Czech Republic). HPMAm-

monolactate and HPMAm-dilactate were synthesized according to a previously reported 

method (25). Monoclonal human IgG1 (solution of 65mg/ml in 10mM sodium citrate solution, 

5% (w/v) sucrose, pH 6) was provided by Biogen Idec Intl BV (The Netherlands).  

 

3.2.2. 1H NMR spectroscopy 

 
1H NMR (300 MHz) spectra were recorded on a Gemini 300 MHz spectrometer (Varian 

Associates Inc., NMR Instruments, Palo Alto, CA) using CDCl3 and DMSO-d6 as solvents. 

Chemical shifts were referred to the solvent peak. 

 

3.2.3. Synthesis of methacrylated triblock copolymer 

 

ABA triblock copolymer of PEG 10 kDa as hydrophilic B-block and p(HPMAm-lac) as 

thermosensitive outer A-blocks with a feed ratio HPMAm-monolactate/HPMAm-dilactate of 

50/50 was synthesized by free radical polymerization using (PEG-ABCPA)n as macroinitiator 

according to the method described by Vermonden et al. (22). The Mn of the polymer was 

determined by 1H NMR and by GPC as described in section 2.3. Subsequently, methacrylic side 

groups at 10% of the available OH groups were introduced.The yield was 1.5 g (94%) and the 

degree of methacrylation (DM) 10 %, as determined by 1H NMR in DMSO (24).                

 

3.2.4. Preparation of the empty and protein loaded hydrogels  

 

Gels with a weight of 100 mg were prepared in cylindrical shaped glass vials (diameter 

of 5 mm) as follows. The polymer was dissolved at a concentration of 20, 25 or 35% (w/w) 

unless indicated otherwise in PBS buffer pH 7.4 (8.2 g/l NaCl; 3.1 g/l Na2HPO4.12H2O; 0.3 g/l 

NaH2PO4, supplemented with 0.02% NaN3). The samples were then kept at 4 ºC for 2 hours to 

fully dissolve the polymers. Next 20 µl of a concentrated Irgacure 2959 solution (25 mg/ml) in 

PBS buffer pH 7.4, was added to the polymer solution to get a final photoinitiator 

concentration of 0.05% (w/v). The prepared hydrogel was heated to 37 ºC in order to induce 

physical gelation of the polymer. A BluePoint lamp 4 (350-450 nm, Honle UV technology, light 

intensity of 450 mW/cm2) was applied during 5 minutes for the photopolymerization of the 

hydrogels.  

 

3.2.5. Methacrylate conversion measurements  

 

The gels prepared as described in section 2.6 were incubated at 37 ºC in 10 ml of 0.02 

M NaOH for 30 minutes to dissolve the gels. Subsequently, 2 ml of 2 M acetic acid solution 
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was added. Samples treated the same way, but without the addition of photoinitiator and UV 

irradiation were used as controls. For detection of methacrylic acid, a Waters Acquity UPLCTM 

system was used with a BEH C18 1.7µm, 2.1 × 50 mm column, equipped with a UV detector 

operating at 210 nm. The eluent used was 95/5/0.1% H2O/acetonitrile/CF3COOH. The flow 

rate was 0.5 ml/min and the column temperature was 50 °C.  

 

3.2.6. Hydrogel degradation studies 

 

Gels (100 mg, 20 and 35 % w/w) were prepared in cylindrical glass vials as described 

in section 2.6. The vials were transferred to a water bath of 37 ºC and 0.9 ml of PBS buffer at 

pH 7.4 containing 0.02% NaN3 was added on top of the gels. At regular intervals the weight of 

the gel was measured (Wt) upon removal of the excess of buffer to calculate the swelling ratio 

(SR = Wt/W0) as ratio between weight of the gel at different time-points and initial gel weight 

(W0). After each measurement 0.9 ml of fresh buffer was added and the vials stored again in 

the water bath at 37 °C. 

 

3.2.7. Rheological characterization of (non)-photopolymerized hydrogels 

 

Rheology analysis of the photopolymerized hydrogels was performed on an AR G-2 

(TA-Instruments), which was equipped with UV lightguide connected to a BluePoint lamp 4 

(350-450 nm, Honle UV technology, light intensity of 50 mW/cm2). Gels were studied at 37 °C 

using a plate-plate geometry at 0.1% strain and 1 Hz frequency. The diameter of the 

geometry was 20 mm and the gap between the plates 300 µm. The polymer solution was 

applied between the two plates and heated from 4 to 37 °C and after 3 minutes the sample 

was UV irradiated for 5 minutes. From the storage modulus G’, the molar weight between 

effective cross-links, Mc, was calculated using equation 1, 

 

             

cM

RT
G


'                                              (1) 

 

where ρ is the polymer concentration [g/m3], R is the molar gas constant and T is the 

absolute temperature (26). 

 

3.2.8.  Protein Release studies from photopolymerized hydrogels  

 

In vitro protein release from photopolymerized gels was studied using three model 

proteins, lysozyme, BSA and IgG, differing in molecular weight (Mw) and hydrodynamic 

diameter (dh) (Mwlysozyme = 14000 g/mol; MwBSA = 67000 g/mol; MwIgG = 150000 g/mol; dh 

lysozyme = 4.1 nm (27); dh BSA = 7.2nm (27); dh IgG = 10.7 nm (28)). Twenty µl of a concentrated 
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protein solution (50 mg/ml) was added to 60 µl of a polymer solution in PBS pH 7.4, upon 

storage of the latter at 4 °C to allow homogeneous distribution of the protein in the hydrogel. 

Subsequently, 20 µl of Irgacure solution (25 mg/ml) was added to 80 µl of protein/polymer 

solution and the resulting solution was heated to 37 °C and photopolymerized in a cylindrical 

glass vial, as described in section 2.4. Next, 0.9 ml of PBS buffer pH 7.4 was applied on top of 

the gels and the vials were incubated in a shaking water bath at 37 °C. Samples of 0.15 ml 

were taken in time and replaced by an equal volume of fresh buffer. The concentration of 

lysozyme and BSA in the different samples was determined using an Acquity UPLCTM with a 

BEH C18 1.7 µm, 2.1 × 50 mm column. An eluent gradient, from 0 to 100% of eluent A was 

used, where eluent A was 95/5/0.1% H2O/acetonitrile/CF3COOH and eluent B was 100/0.1% 

acetonitrile/CF3COOH. The injection volumes of the samples were 5 µl, the flow rate 0.25 

ml/min and detection was done at 210 nm. The concentration of IgG in the release samples 

was determined by GPC using a using a TSK Gek 3000 SWXL column (300 × 7.8 mm) with 

TSK Gel 3000 pre column (Tosoh Biosep, Stuttgart, Germany) and PBS pH 7.4 as eluent. The 

flow rate was 0.7 ml/min and detection was done at 280 nm. The column temperature was 40 

°C and the injection volumes of samples were 40 µl.   

 

3.2.9. Fluorescence recovery after photobleaching (FRAP) 

 

The mobility of FITC-labeled BSA (obtained from Sigma Aldrich) in 20 and 35% (w/w) 

gels was studied with FRAP analysis. FITC-BSA (2 mg/ml) loaded gels were prepared as 

described in section 2.4. Prior to photopolymerization, a spatula tip of the mentioned 

hydrogels was placed between two objective glasses, separated by a 0.5 mm thick adhesive 

spacer (Secure-Seal Spacer, Molecular Probes, Leiden, The Netherlands). Next, the gel was 

photopolymerized using the same experimental conditions as described in section 2.4. 

Measurements were performed using a previously published FRAP method (29). FRAP 

experiments were carried out on a confocal scanner laser microscope (MRC1024 UV, Bio-Rad, 

Hemel Hempstead, UK) modified for bleaching arbitrary regions and. The 488-nm line of a 4W 

Ar-ion laser (Stabilite 2017; Spectra Physics, Darmstadt, Germany) was used for 

photobleaching and imaging. Uniform disks of 40 µm of diameter were bleached at high laser 

intensity for 200 ms and the recovery of fluorescence in that area was monitored during 60 s 

by using a strongly attenuated laser beam. The microscope was equipped with a 10× 

objective lens (CFI Plan Apochromat; Nikon, Badhoevedorp, The Netherlands). The local 

diffusion coefficient and immobile fraction were calculated from the experimental recovery 

curve by fitting of the appropriate FRAP model (29). 
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3.3. Results and Discussion 

 

3.3.1.  Synthesis and characterization of methacrylated triblock copolymers  

 

A p(HPMAm-lac)-PEG-p(HPMAm-lac) triblock copolymer was synthesized by radical 

polymerization using a PEG macroinitiator with a yield of 84% (22). Table 1 shows the 

characteristics of the synthesized polymer. The ratio of HPMAm-monolactate and HPMAm-

dilactate (ML/DL) in the thermosensitive polymer was 55/45 as determined by NMR, which 

was close to the feed ratio of 50/50. The molecular weight Mn of the polymer was 52 kDa, as 

determined by 1H-NMR; in detail, the Mn’s of the PEG block and the p(HPMAm-lac) blocks were 

10 kDa and 21 kDa, respectively. The polymer was functionalized using methacrylic anhydride 

and DMAP as catalyst in dry THF (Figure 1).  
 
Table 1. Characteristics of triblock p(HPMAm-lac)-PEG-p(HPMAm-lac) 

a Determined by 1H NMR 
b Determined by GPC using PEG standards [21] 
c Determined by SLS at 5 mg/ml in acetate buffer pH 5.0 [23]. 

 
1H NMR showed that 10% of the hydroxyl groups on the lactate chains was 

methacrylated and the efficiency of methacrylation was about 40%. The molecular weight Mn 

determined by GPC using PEG standards was 38 kDa. It should be noted that GPC with PEG 

standards always provide lower Mn’s for these kind of polymers compared to NMR data (21-

22, 24). The Mn of the synthesized p(HPMAm-lac)-PEG-p(HPMAm-lac) triblock copolymer was 

similar to that before methacrylation, indicating that no premature polymerization of the 

methacrylate groups had occurred. The synthesized triblock copolymer had a rather narrow 

molecular weight distribution (the polydispersity index (PDI) was 1.4). The non-methacrylated 

triblock copolymer had a cloud point of 29 ºC, which is in line with LCST-values found before 

for p(HPMAm-lac) with a ratio of HPMAm-monolactate/HPMAm-dilactate of 55/45 (21). A 

decrease in LCST to 21 °C was observed after methacrylation, which is caused by the 

increased hydrophobicity of the polymer.  
 

3.3.2.  Gel formation and rheological properties 

 

A 35 % aqueous solution of p(HPMAm-lac)-PEG-p(HPMAm-lac) triblock copolymer had a 

gelation point of 31 °C (Appendix A, Figure 1SI), but these gels however had a limited 

Mn  

(kDa) 
PDIb Yield 

(%) 
Feed 
ratio  

ML/DL 

Measured 
ratio 

ML/DLa 

DM 

(%)a 
CP 

(°C)c 

0 29 52a 
38.5b 

1.4 84 50/50 55/45 
10 21 
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stability at 37 °C.(24) To stabilize the structure of the gels they were crosslinked by 

polymerization of the methacrylate groups upon UV-irradiation using Irgacure 2959 as 

photoinitiator, which was selected for its known biocompatibility (30). Table 2 shows that 

methacrylate conversion was around 80% for the 35% formulation and even increased to 

around 95% for the 20% formulation. This might be due to the lower turbidity of the polymer 

gel at lower concentrations, which allows a more efficient penetration of the UV light into the 

gel. 
 

Table 2. Methacrylate conversion and average molar weights between effective cross-links 
(Mc) for gels with 20, 25 and 35% w/w of polymer concentration at 37 °C. 
  

 

Figure 2 shows that the storage modulus of the hydrogels rapidly and substantially 

increased upon UV irradiation. Subsequently, G’ of the gels with lower polymer content 

reached almost a plateau level, whereas G’ of the gel with 35% of polymer increased until the 

end of the 5 min UV curing. The storage moduli of the gels after the UV polymerization 

increased from 1600 to 4600 Pa with increasing polymer concentration from 20 to 35% 

(Figure 3), which in turn suggests a decrease of hydrogel molecular weight between cross-

links with increasing solid content. Tan δ was similar for the three gels and had a value 

between 0.5 and 0.75. 

In line with expectations, the 35% gels displayed a higher G’ than the 25% gels, while 

the G’ and G’’ for the 20 and 25% hydrogels were about the same (Figure 2). This observation 

can likely be explained by the methacrylate conversion (Table 2), which shows a higher 

methacrylate conversion in the 20% hydrogel than for the 25% hydrogel and counterbalances 

the effect of the lower solid content of the gel. For the gel with 20% of polymer concentration, 

an absolute amount of 2.1 ± 0.1*10-11 mol of methacrylate groups were converted and, 

similarly, 2.4 ± 0.1*10-11 mol were calculated for the gel with 25% of polymer concentration. 

Whereas for 35% polymer hydrogels a higher amount of converted methacrylate groups was 

found (3.1 ± 0.2*10-11 mol), which explains the higher value of the storage modulus. 

To further characterize the gel properties, the Mc was investigated (5, 31). As expected, 

the Mc values of the studied hydrogels, as determined from the storage moduli and calculated 

using equation (1), decrease with increasing polymer concentration (Table 2). This result 

Polymer concentration  
(% w/w) 

Methacrylate 
conversion (%) 

Mc (kDa) 

20% 94±3 322 ± 22 

25% 87±5 364 ± 19 

35% 79±5 196 ± 12 
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shows a similar tendency as was previously reported for dextran hydrogels (32-33). 

Furthermore, it can be observed that in the studied range of polymer concentrations, the Mc 

values of the gels are always higher than the molecular weight of the selected proteins. 

 

0 1 2 3 4 5 6
0

1000

2000

3000

4000

5000

G' 20%
G'' 20%

G' 35%
G'' 35%

G' 25%

G'' 25%

Time (min)

G
', 

G
'' 

(P
a)

 
Figure 2. Storage modulus (G’) and loss modulus (G’’) of hydrogels with 20, 25 and 35% w/w 
of polymer concentration during the UV curing process. UV-illumination was done for 5 
minutes and started at time 0.5 min.  
 
3.3.3.   Degradation behavior of the (non)-photopolymerized hydrogels  

 

Swelling and degradation experiments (Figure 3) showed that non-photopolymerized 

gels at 35% of polymer concentration fully dissolved in around 100 hours at 37 ºC and pH 

7.4.  
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Figure 3. Swelling curves of photopolymerized hydrogels ((▲) 20 and (●) 35% (w/w)) and 
(■) non-photopolymerized 35% (w/w) hydrogel at 37 ºC, pH 7.4. Data are shown as average 
(n=2).  
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During incubation with buffer the gels absorb water, resulting in swelling stresses in the gel. 

When the strength of the swelling stresses becomes higher than that of hydrophobic 

interactions, which hold together the thermosensitive chains within hydrophobic domains, 

polymer dissociation occurs, eventually leading to its dissolution into the incubation buffer.  

The chemically crosslinked the networks are able to resist the swelling stresses, 

improving the stability of the gels. Photopolymerized 35% hydrogels swelled to almost 3 times 

their initial weight within 360 hours and subsequently dissolved completely in about 850 

hours. Hydrogels with 20% of polymer concentration reached a maximum swelling ratio just 

above 2.0 after 48 hours, and then dissolved in about 500 hours. As reported previously (21), 

the strong swelling is caused by hydrolysis of the lactate side chains at pH 7.4. When the 

lactate groups are cleaved, the network becomes more hydrophilic and consequently will 

absorb more water, resulting in an increased swelling ratio during the first days. The 

degradation of the hydrogels is due to hydrolysis of the ester groups connecting the 

methacrylate moieties and the polymer backbone. These connecting ester bonds are less 

sensitive for hydrolysis than those present in the non-derivatized units (34). 

 

3.3.4.     In vitro protein release 

 

Proteins were easily loaded in the hydrogel network by mixing an aqueous protein 

solution and a polymer solution prior to heating and photopolymerization. The influence of 

protein molecular weights and of hydrogel composition on release was investigated. A 

continuous release of proteins from gels of both 20 and 35% of polymer content was observed 

and, importantly, a quantitative release was obtained for all proteins and hydrogel 

formulations (Figure 4), meaning that neither irreversible aggregation nor covalent bonding 

of protein to the polymer chains had occurred.  

To further investigate the compatibility of the delivery system with the protein, 

preservation of the structure of the released protein was assessed for lysozyme. CD 

measurements revealed that there were no changes in the spectra of the released lysozyme 

when compared to native lysozyme (Appendix A, Figure 2SI). A bioactivity assay showed that 

the specific activity of released lysozyme was unaltered (Appendix A, Figure 3SI), when 

compared with that of the native protein. It can therefore be concluded that the structure of 

the released lysozyme was fully preserved, indicating that the preparation process of the 

photopolymerized gels is protein friendly. This may be due to the separation of the proteins 

that reside in the hydrophilic domains, from the site of polymerization that occurs in the 

hydrophobic domains of the hydrogels.Figure 4a shows that the complete release of lysozyme 

was obtained in 45 and 105 hours, while BSA (Figure 4b) was released in about 150 and 325 

hours and IgG (Figure 4c) in 250 and 400 hours from hydrogels with 20 and 35% of polymer 

concentration, respectively. From this protein release behavior it can be concluded that the 

protein release kinetics can be tailored by changing the polymer concentration and that the 
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release is dependent on the protein size. Hydrogels with increasing polymer content display 

higher cross-link density, which leads to a smaller molecular weight between cross-links, as 

shown in Table 2, and thereby to a lower release rate,(35) which correlate very well with the 

hydrodynamic diameters and molecular weights of the selected proteins 

(IgG>BSA>Lysozyme). 
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Figure 4. Cumulative protein release from hydrogels with (■) 20 and (▼) 35% (w/w) of 
polymer concentration as a function of time. (a) Lysozyme, (b) BSA, (c) IgG (n=3). 

 
To gain more insight into the release mechanism, the experimental release data were 

fitted to the Ritger-Peppas equation (36-37): 

 

Mt/M∞ = ktn                                                                (2) 

 

where Mt/M∞ represents the fractional release of the loaded protein, k is a kinetic constant, t 

is the release time and n is the diffusional exponent that can be related to the release 

mechanism of the entrapped molecules. If n = 0.5, the release is governed by Fickian 

b 

c 

a 
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diffusion. If n = 1, molecules are released by surface erosion, while both mechanisms play a 

role in release if n has a value between 0.5 and 1. The experimental release curves fit to n-

values of 0.5 for all the proteins; the cumulative release scaled linearly with the square root of 

time up to a cumulative release of 80-90% (Figure 5), meaning that the release displayed 

first order kinetics (38). These release profiles suggest a typical diffusion-controlled release of 

the loaded proteins (31, 39-40). A similar behavior was observed by Hiemstra et. al. in 

degradable dextran hydrogels, which showed a biphasic release of Lysozyme, BSA and IgG 

with an initial diffusion controlled phase, whereas basic fibroblast growth factor (bFGF) was 

quantitatively released by diffusion governed first order kinetics.(41) A diffusional controlled 

release implies that the hydrogel mesh size is bigger than the diameter of the investigated 

proteins, which indeed correspond to the calculated mesh sizes from the rheological data 

(Table 2). By comparing the slopes of the cumulative release versus square root of time plots, 

it can be noticed that, the release rate decreased with increasing protein size and polymer 

concentration, meaning that mobility of proteins is restricted by their size (42) and by the 

cross-linking density of the hydrogel.(35) 
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Figure 5. Cumulative release of the three model proteins ((■) lysozyme, (▲) BSA and (▼) 
IgG) from corresponding hydrogel formulations as a function of the square root of time. (a) 
20% w/w polymer concentration; (b) 35% w/w polymer concentration.  

 

Table 3 lists the calculated protein diffusion coefficients by the early-time approximation 

equation of Fick’s second law (36): 

   Mt/M∞=4(Dt/πδ2)1/2                                                           (3) 

where Mt/M∞ represents the fractional release of the entrapped protein, D is the diffusion 

coefficient, t is the release time and δ is the diffusional distance, equal to the thickness of the 

gel (4.5 and 4.0 mm for gels with 20 and 35% of polymer concentration respectively). As 

expected, the diffusion coefficients in the hydrogels decrease with increasing molecular weight 

a b 
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of the protein. It is further shown in line with expectations, that an increase of initial polymer 

concentration leads to lower diffusion coefficients of the proteins in the hydrogel matrices.   

 
3.3.5.   Fluorescence recovery after photobleaching (FRAP) 

 

To further investigate the protein mobility in the hydrogels containing 20 and 35% of 

polymer concentration, fluorescence recovery measurements after photobleaching (FRAP) 

were performed at 37 °C, using FITC-labeled BSA as model protein. After photobleaching of 

FITC-BSA in hydrogels with 20 and 35% (w/w) of polymer the fluorescence almost completely 

recovered within 60 seconds in both hydrogels, and consequently the mobile fractions values 

were close to 1 (Table 4). 
 

Table 3. Diffusion coefficients (μm2/sec) of lysozyme, BSA and IgG in water and hydrogels 
with 20 and 35% (w/w) of polymer concentration calculated by the early-time approximation 
equation of Fick’s second law (n=3) 
  

Protein H2O Hydrogel 
20% w/w 

Hydrogel 
35% w/w 

Lysozyme 104a 24.8 ± 0.2 8.4 ± 0.1 

BSA 59b 7.8 ± 0.1 2.3 ± 0.2  

IgG 40c 4.6 ± 0.1 2.0 ± 0.3 

a from reference (27)  
b from reference (27) 
c from reference (28)  

 
Table 4. Diffusion coefficients and mobile fractions of FITC-BSA from hydrogels with 
increasing polymer concentrations 
 

Polymer 
concentration (%) 

D (μm2/sec) Mobile Fraction 

0 59 a  N.A. 
20 6.4 ± 1.1 0.89 ± 0.04 

35 2.4 ± 0.2 0.94 ± 0.03 
a from reference (27)  

 
This means that almost the entire protein population is able to freely diffuse through the 

hydrogel network, and demonstrates in line with the release data, that the pores in the 

network are greater than the hydrodynamic diameter of BSA. Further, a mobile fraction of 

approx. 1 also shows that neither insoluble protein aggregates were present in the network, 

nor chemical protein-polymer coupling had occurred (e.g by Michael addition reaction between
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 methacrylate groups of p(HPMAm-lac)-PEG-p(HPMAm-lac) triblock copolymer and lysine 

residues present in BSA) during the process of hydrogel formation.  

The FRAP experiments also showed that the diffusion coefficient of FITC-BSA decreases 

with increasing polymer concentration, more precisely a 9 and 20 time decrease was observed 

in hydrogels with 20 and 35% of polymer concentration, respectively, as compared to the 

protein diffusion coefficient in water.  

The calculated diffusion coefficients from the FRAP experiments are in excellent 

agreement with the values calculated from the release data (Table 3 and 4). Therefore, it can 

be concluded that the protein release was governed exclusively by diffusion and 

swelling/degradation of the matrix does not contribute to the release mechanism. 

 

3.4. Conclusions 

 

Chemically cross-linked p(HPMAm-lac)-PEG-p(HPMAm-lac) hydrogels were prepared by 

thermogelling combined with photopolymerization, which is a fast and simple crosslinking 

method that substantially improves the stability and the mechanical properties of hydrogels. 

Proteins were easily loaded into the hydrogels by mixing a concentrated protein solution with 

a polymer solution prior to heating and photopolymerization. They were quantitatively 

released with first order kinetics and therefore the release mechanism was governed by 

diffusion. The release kinetics of entrapped proteins can be tailored by the gel characteristics. 

Finally, the preservation of lysozyme structure and function upon release demonstrates the 

protein friendly nature of these hydrogels and their potential as biomaterials for controlled 

protein delivery. 
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Abstract 

 

Photopolymerized thermosensitive A-B-A triblock copolymer hydrogels composed of 

poly(N-(2-hydroxypropyl)methacrylamide lactate) A-blocks, partly derivatized with 

methacrylate groups at different extent (10, 20 and 30%) and hydrophilic poly(ethylene 

glycol) B-blocks of different molecular weights (4, 10, 20kDa) were synthesized. The aim of 

the present study was to correlate the polymer architecture with the hydrogel properties, 

particularly rheological, swelling, degradation properties and release behavior. It was found 

that an increasing methacrylation extent and a decreasing PEG molecular weight resulted in 

increasing gel strength and cross-link density, which tailored the degradation profiles from 25 

to more than 300 days. Polymers having small PEG-blocks showed a remarkable phase-

separation into polymer- and water-rich domains as demonstrated by confocal microscopy. 

Depending on the hydrophobic domain density, the loaded protein resides in the hydrophilic 

pores or is partitioned into hydrophilic and hydrophobic domains and its release from these 

compartments is tailored by the extent of methacrylation and by PEG length, respectively. As 

the mechanical properties, degradation and release profiles can be fully controlled by polymer 

design and concentration, these hydrogels are suitable for controlled protein release. 
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4.1.  Introduction 

 

The design of a controlled drug delivery system is usually based on the drug’s 

physicochemical and pharmacokinetic properties and aimed to prevent drug’s rapid clearance, 

inducing a desired pharmacological response over a prolonged period of time and to obviate 

potentially harmful plasma peak concentrations, normally occurring upon bolus injection.(1-3) 

Despite the encouraging progress in the field of controlled drug delivery over the past 

decades, some important clinical needs are still unmet. Conventional delivery systems suffer 

from the limitation of minimal synchronization between the required time for therapeutically 

effective drug plasma concentrations and the actual drug release profile exhibited by the 

dosage form. These considerations have upraised the importance of drug delivery systems 

fulfilling the drug’s therapeutical requirements and have shifted the focus of scientists 

towards the design of idealized drug formulations, wherein the required amount of active 

agent is made available at the desired time and site of action in the body.(4)  

Hydrogels are three-dimensional networks of physically and/or chemically cross-linked 

polymers that imbibe large amounts of water, mimicking tissues and allowing encapsulation 

and release of biomolecules in a physiologically relevant setting and they have emerged as 

promising candidates in this respect.(5-7) Besides their ability to circumvent some of the 

complexities associated with the release of biotherapeutics from hydrophobic polymers (e.g. 

degradable copolymers of lactic and glycolic acid) such as protein denaturation(8),(9) and 

immunogenic response towards the entrapped protein,(10) they exhibit the capability to 

modify the pharmacological performance of various classes of drugs by precise modulation of 

their release in a sustained and tailorable fashion.(5) Amphiphilic block copolymers are a 

particular class of suitable hydrogel building blocks because of their ability to self-assemble, 

as well as flexibility of block copolymer chemistry, which allows the realization of well-defined 

molecular architectures of hydrogel networks, and thereby tailoring their macroscopic 

properties and drug release behavior. Moreover, another crucial functionality of synthetic 

block copolymer based hydrogels is their biodegradability.  

Hydrogel networks composed of hydrophilic polymers such as poly(ethylene glycol) 

(PEG)(11-12) or poly(vinyl alcohol) (PVA)(13) are particularly suitable to carry out the above 

functions, as these materials possess physicochemical characteristics that closely mimic those 

of natural tissues. This characteristic is well suited for the design of “smart” biomaterials with 

tunable bioresponsive functions. Degradation and drug release kinetics in a given biological 

environment can be readily controlled by the polymer molecular weight and functionality, as 

well as the overall polymer content.(14-18)  

In our previous work, we have described a class of synthetic biodegradable polymers, 

exhibiting Lower Critical Solution Temperature (LCST) behavior in an aqueous solution that 

potentially can be used to design injectable in situ forming hydrogels.(19-20) The 

aforementioned polymer has an A-B-A architecture consisting of thermosensitive poly(N-(2-



Chapter 4 

 104 

hydroxypropyl)methacrylamide lactate) (p(HPMAm-lac) A-blocks that are partly modified with 

methacrylate moieties, to allow chemical cross-linking using photopolymerization, and a B-

block of poly(ethylene glycol) (PEG).(21-22) The p(HPMAm-lac) A-blocks exhibit 

thermosensitive behavior, having a cloud point (CP) that can be tuned by the average length 

of the lactate side chains.(21) This property allows the design of a polymer that self-

assembles in aqueous solution upon injection in vivo, because its CP is lower than 37°C. (23) 

This body temperature induced formation of a macroscopic gel at the site of injection is 

particularly beneficial for the patient, implying minimally invasive administration, enhanced 

shape adaptation and cost reduction compared to surgical implantation.(24-25) Moreover, the 

use of thermosensitive polymer-gels permits the encapsulation of active compounds during 

the network formation, overcoming complexities and limitations associated with post-loading 

techniques.  

Despite the numerous advantages of physically cross-linked hydrogels, their rapid swelling 

and subsequent dissolution in physiological environment limits their applicability as controlled 

delivery systems. Therefore, chemical cross-linking methods are additionally used to stabilize 

the hydrogel structure.(26-29) To this end, in our approach UV photopolymerization is 

applied upon association of the thermosensitive blocks above their CP and, as a result, the 

structural stability of the hydrogel is remarkably enhanced.(30-34) Photopolymerization is a 

widely utilized technique to realize spatially and temporally controlled chemical cross-linking 

of hydrogels suitable for drug delivery and tissue engineering. Potentially, it can be 

implemented by means of laparoscopy or trans-dermal illumination in case of subcutaneously 

injected depot systems.(35-36) 

Besides thermosensitivity, degradability is another advantageous characteristic of our 

hydrogel system, which is ensured by the presence of hydrolytically sensitive ester bonds in 

the lactate side chains as well as in the ester bonds connecting PEG and the thermo-

blocks.(37) Under physiological conditions, hydrolytical degradation of the hydrogel 

eventually results in low-toxic degradation products, i.e. PEG, p(HPMAm), polymethacrylic 

and lactic acid, which can be either metabolized or eliminated through renal filtration. 

We have shown that the described thermosensitive polymer based hydrogel is a suitable 

controlled delivery system for proteins, being the release mechanism mediated by Fickian 

diffusion of the biomolecule through the gel network.(30) It was further shown that the 

diffusivity of entrapped proteins could be tailored by the polymer concentration and depended 

on the protein molecular weight. Additionally, the preservation of the structural and functional 

integrity of the protein was demonstrated.(30) 

The present study aimed to explore the tailorability of the described hydrogel by the 

molecular structure of the polymer, varying PEG’s molecular weight (MW) and degree of 

methacrylation (DM), and investigates how these properties affect the cross-link density. The 

flexibility of the polymer chemistry indeed offers the opportunity to create a variety of 
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hydrogels with well-defined physicochemical properties and reproducible and modular release 

profiles.(16, 18, 38) 

 

4.2.  Materials and Methods 

 

4.2.1 Materials 

 

Unless indicated otherwise, the chemicals were obtained from Sigma-Aldrich and were 

used as received. L-lactide was obtained from Purac Biochem BV (Gorinchem, The 

Netherlands) and Irgacure 2959 was obtained from Ciba Specialty Chemicals Inc. 4,4´-

Azobis(4-cyanopentanoic acid) was obtained from Fluka Chemie AG (Buchs, Switzerland). 

HPMAm-monolactate and HPMAm-dilactate were synthesized according to a previously 

reported method.(21) The synthesis of triblock copolymers with PEGs as middle block and 

polyHPMAm-lactate as outer blocks was described previously (22, 30-31) and applied in this 

study for the preparation of triblock copolymers having fixed p(HPMAm-lac) A-blocks of 22 

kDa, derivatized with 20% of methacrylate groups and PEGs of varying molecular weight (4, 

10, 20, 40 kDa) B-blocks, and polymers having a PEG 10 kDa B-block, p(HPMAm-lac) 22 kDa 

A-blocks, modified with 10, 20 and 30% of methacrylate moieties. Bovine serum albumin 

(BSA), fluorescein isothiocyanate bovine serum albumin (FITC-BSA) and Nile Red (NR) were 

purchased from Sigma Aldrich. 

 

4.2.2.     1H NMR Spectroscopy 

 
1H NMR (300 MHz) spectra were recorded on a Gemini 300 MHz spectrometer (Varian 

Associates Inc., NMR Instruments, Palo Alto, CA) using DMSO-d6 as a solvent. Chemical shifts 

were referred to the solvent peak (δ = 2.49 ppm for DMSO-d6). 

 

4.2.3.     Gel Permeation Chromatography 

 

The molecular weights of the polymers were determined by GPC using a Plgel 5 µm 

MIXED-D column (Polymer Laboratories) with a column temperature of 40 ºC. DMF containing 

10 mM LiCl was used as eluent with an elution rate of 0.7 ml/min, and the sample 

concentration was 5 mg/ml in the same eluent. Poly(ethylene glycols) with defined molecular 

weights were used as calibration standards.(21) 

 

4.2.4.     Determination of the Cloud Point 

 

The cloud point (CP) of the polymers was measured with static light scattering using a 

Horiba Fluorolog fluorometer (650 nm, 90º angle). The polymers were dissolved at a 
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concentration of 3 mg/ml in ammonium acetate buffer (pH 5.0, 120 mM). The heating rate 

was approximately 1 ºC/ min and every 0.2 ºC the scattering intensity was measured at 90º 

angle. The CP is defined as the onset of increasing scattering intensity.(37) 

 

4.2.5.      Synthesis of Methacrylated Triblock Copolymers 

 

Thermosensitive triblock copolymers consisting of PEG  4, 10, 20 and 40 kDa as 

hydrophilic block and pHPMAmlac as thermosensitive outer blocks with a HPMAm-

monolactate/HPMAm-dilactate ratio of 50/50 were synthesized by free radical 

polymerization using (PEG-ABCPA)n macroinitiators according to a method described 

earlier.(22) The OH side groups of p(HPMAm-lac) were partially methacrylated using the 

following procedure. The triblock copolymers (28.5 mmol) were dissolved in dry THF 

under a N2 atmosphere. Dimethylaminopyridine (DMAP) (0.15, 0.30 and 0.45 mmol, for 

10, 20 and 30% methacrylation, respectively) and triethylamine (TEA) (3.8, 7.6 and 11.4 

mmol for 10, 20 and 30% methacrylation, respectively) were added at 0ºC. Methacrylic 

anhydride (MA) (3.8, 7.6 and 11.4 mmol for 10, 20 and 30% methacrylation, 

respectively) at 1:1 molar ratio with TEA was added as last component. The reaction 

mixture was subsequently stirred for 24 hours at room temperature. Afterwards, the 

polymers were diluted with water, dialyzed (membrane with a cut-off of 12-14 kDa) 

against water for two days and isolated by freeze-drying. The synthesized polymers were 

characterized by 1H NMR (DMSO-d6): δ 7.35  (1H, b, NH), 6.15 & 5.80 (2H, d, C=CH2), 

5.4 (1H, d, CH-OH), 4.95 (d, CO-CH(CH3)-O), 4.1 (1H, d, CO-CH(CH3)-OH), 3.60 (904H, 

s, OCH2CH2 (PEG-protons)), 3.4 (2H, s, NHCH2), 2.2-0.6 (main chain protons and CH3 of 

lactate groups). The degree of methacrylation (DM), defined as the percentage of OH 

groups derivatized with methacrylate moieties was calculated from the ratio of the 

average intensity of the peaks at 6.15 and 5.80 and intensity of the peak at 5.4 ppm as 

follows:  ((I6.15+I5.8)/2) / ((I6.15+I5.8)/2 +I5.4) × 100%.(31) 

 

4.2.6.    Preparation of Placebo and Protein Loaded Hydrogels 

 

Hydrogels of 100 mg were prepared in cylindrically shaped glass vials (diameter of 5 mm) 

as follows. Triblock copolymers (20 and 35 mg) were dissolved in 60 and 65 µl PBS buffer pH 

7.4 (8.2 g/l NaCl; 3.1 g/l NaH2PO412H2O; 0.3 g/l NaH2PO4, supplemented with 0.02% NaN3), 

respectively. Next, 20 µl of an Irgacure 2959 solution (2.5 mg/ml) was added. The final 

polymer concentrations were 20 and 35 wt%, while the Irgacure concentration was 0.05 wt%. 

The samples were then incubated at 4 ºC for 2 hours to fully dissolve the polymers and 

subsequently heated to 40 ºC before photopolymerization. A BluePoint lamp 4 (350-450 nm, 

Honle UV technology, light intensity of 450 mW/cm2) was used during 5 minutes for the 

photopolymerization of the hydrogels. A glass filter between the sample and the light source 
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was used to cut off light wavelenght below 300 nm and prevent protein degradation. BSA or 

FITC-BSA loaded hydrogels were prepared according to a slightly different procedure. The 

triblock copolymers, 20 and 35 mg, were dissolved in 40 and 25 µl of PBS solution 

(composition see above), for 20 and 35 wt% polymer hydrogels, respectively. Upon 

dissolution of the polymer at 4 °C, 20 µl of an Irgacure solution in PBS (2.5 mg/ml) and 20 µl 

of a BSA (100 mg/ml) or FITC-BSA (10 mg/ml) solution in the same buffer was added to yield 

a hydrogel containing 2 wt% protein or 0.2 wt% fluorescently labeled-protein, 0.05 wt% 

Irgacure and 20 or 35 wt% polymer. The hydrogels were first physically (thermogelling) and 

subsequently chemically photo cross-linked as described above.  

 

4.2.7.   Swelling and Degradation Studies 

 

Hydrogels were prepared in 1 ml glass vials and the exact weight of the gel was measured 

(W0). The vials were incubated at 37 ºC and 0.9 ml PBS buffer pH 7.4, containing 0.02% 

NaN3 was added. At regular intervals, the incubation buffer was removed and the weight of 

the gel was measured (Wt) to calculate the swelling ratio (SR = Wt/W0). Next, 0.9 ml buffer 

was added and the samples were further incubated at 37 ºC.(30) 

 

4.2.8.   Rheological Characterization 

 

The rheological analysis of the photopolymerized hydrogels was performed on an AR-G2 

rheometer (TA-Instruments) equipped with UHP device connected to a BluePoint 4 mercury 

lamp (Honle UV technology, range 230-500 nm, intensity of 50 mW/cm2). Gels were studied 

at 37 °C using a plate-plate geometry. A 0.1% strain was applied. The physically cross-linked 

gels were photopolymerized in situ while measured.(30) 

 

4.2.9.   Release Studies 

 

In vitro release of BSA from the photopolymerized gels was studied in 1 ml cylindrical 

glass vials. The hydrogels (100 mg), placed on the bottom of the vial, were exposed to 0.9 ml 

of PBS buffer pH 7.4 (8.2 g/l NaCl; 3.1 g/l NaH2PO412H2O; 0.3 g/l NaH2PO4, supplemented 

with 0.02% to prevent bacterial growth). Only the top surface of the hydrogels was exposed 

to the incubation medium. The vials were incubated in a shaking waterbath of 37°C. Samples 

of 150 �l of the acceptor medium were taken in time and replaced by an equal volume of 

fresh buffer. The concentration of BSA was determined using an Acquity UPLCTM with a BEH 

C18 1.7 µm, 2.1 x 50 mm column. A mobile phase gradient, from 100% of eluent A 

(95/5/0.1% H2O/acetonitrile/trifluoroacetic acid) to 100% of B (100/0.1% 

acetinitrile/trifluoroacetic acid) in 10 minutes runtime was used. The injection volumes of the 

samples were 5 µl, the flow rate was 0.250 ml/min and detection was done at 280 nm. For 
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calibration, three solutions of BSA freshly dissolved at concentrations of 0.1, 0.5 and 1 mg/ml 

were prepared and the injected volumes varied from 0.5 to 7.5 µl. 

  

4.2.10.   Confocal Laser Scanning Microscopy (CLSM) 

 

FITC-BSA loaded hydrogels were prepared as described in the previous section. Prior to 

photopolymerization, the hydrogels were heated at 37°C and a trace amount of NR was 

added to the hydrogel. The hydrogels were incubated at 37°C for 2 hours to allow partioning 

of NR into the hydrophobic domains of the gels. Subsequently, the hydrogels were placed on 

a microscope slide and covered with a sealed cover-slip. The hydrogel was photopolymerized 

and confocal images were obtained using a Zeiss/Biorad Radiance 2100MP multiphoton 

microscope (Jena, Germany) equipped with Argon (488 nm) and HeNe (543 nm and 633 nm) 

lasers and a 100× water immersion objective lens. Fluorescence detection was performed 

with standard filter cubes settings for the detection of the FITC and NR labels. The hydrogels 

were maintained at a temperature of 37 °C using a Solent Scientific climate chamber 

(Segensworth, UK). 

 

4.3. Results and Discussion 

 

4.3.1.    Polymer characteristics 

 

A series of A-B-A triblock copolymers consisting of pHPMAm-lac A-blocks of approximately 

22 kDa, PEG molecular weight (MW) of 10 kDa (B block) and with a varying methacrylation 

extent (DM) of 10, 20 and 30 % were synthesized. Also triblock copolymers with different 

PEG B-block molecular weight of 4, 10 and 20 kDa were prepared, while keeping the 

methacrylation extent and the A-blocks molecular weight constant (20% and 22 kDa, 

respectively). The polymers are abbreviated as MxPy, where Mx indicates the degree of 

methacrylation (i.e. M10 for a DM of 10%) and Py the PEG molecular weight (i.e. P10 for PEG 

10 kDa).  

Scheme 1 shows the chemical structure and Table 1 the characteristics of the 

synthesized polymers.  

For all the synthesized polymers, the copolymer composition (DP1:DP2 ratio), as 

determined by 1H-NMR, corresponded to the feed ratio of 50:50. The polymer M0P10 (Table 1) 

had a CP of 29°C, which dropped to 21, 14 and 8°C upon 10 (M10P10), 20 (M20P10) and 30% 

(M30P10) methacrylation, respectively. As reported previously, this decrease in CP is due to an 

increased polymer hydrophobicity as a result of the introduction of methacrylate groups on 

the lactate side chains.(30-31) The variation of PEG molecular weight had no influence on the 

cloud point of the triblock copolymers M20P4, M20P10, M20P20 and M20P40 (Table 1). 
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Scheme 1. Chemical structure of A-B-A triblock copolymers composed of methacrylated 
p(HPMAm-lac) A-blocks and PEG B-block.  

 

The molecular weights of the polymers, calculated according to 1H-NMR and measured by 

GPC are listed in Table 1. It appears that the values based on GPC analysis exceed those 

based on 1H-NMR analysis. It was shown earlier that this discrepancy can be ascribed on the 

use of PEG homopolymers as GPC standards that display larger hydrodynamic volumes than 

the triblock copolymers.(22, 39) All the synthesized polymers had a yield of polymerization of 

72 ± 3 % and the conversion of the methacrylic anhydride during the methacrylation reaction 

was 45 ± 5%, in agreement with previous results.(30-31) 

Hydrogels, with initial solid contents of 20 and 35% were prepared from the different 

triblock copolymers listed in Table 1. 
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Table 1. Characteristics of A-B-A triblock copolymers composed of (methacrylated) 
p(HPMAm-lac) A-blocks and PEG B-block.  
 

Name PEG 
MW 

(kDa) 

DM 
(%)a 

Mn 
A-blocks 

(kDa)a 

Mn 
triblock 

(kDa)/PDIb 
CPc (°C) 

M0P10 10 0 23.5 38.1/1.9 29 

M10P10 10 10 22 39.2/2.0 21 

M20P10 10 20 23 39.7/1.8 14 

M30P10 10 30 21.5 40.1/1.8 8 

M20P4 4 20 23.5 27.1/2.1 15 

M20P20 20 20 22.5 47.5/2.0 14 

M20P40 40 20 23 53.2/1.9 16 

  
a Determined by 1H-NMR; b Determined by GPC; c Determined by SLS 

 

4.3.2.    Mechanical Characterization of Hydrogels 

 

The chemical cross-linking efficiency after UV-photopolymerization was studied by 

determination of the unreacted methacrylic groups, upon degradation of the gels (Table 2), 

as described earlier.(30) It was found that, regardless of the PEG molecular weight and the 

extent of methacrylation, the methacrylate conversion was approximately 75% and 95% for 

hydrogels of 35 and 20% polymer concentrations, respectively.  

These data are in line with previous observations, where it was reasoned that the 

decreased methacrylate conversion at increased polymer concentration can be attributed to 

the higher cloudiness of polymer richer hydrogels, leading to diminished capability of the light 

to penetrate into the sample.(30) 

The mechanical characterization of the hydrogels was performed by rheological 

measurements. In previous papers, we demonstrated that physical hydrogels are formed at 

temperatures below 37°C (22) and that the UV photopolymerization induced a remarkable 

and immediate stabilization of the hydrophobic domains by chemical cross-linking of the 

methacrylate groups on the lactate side chains. (30) 

In Figure 1, the influence of methacrylation extent on the rheological properties of 20 

and 35 wt% polymer hydrogels is shown. As expected, the storage moduli clearly indicate 

that for both polymer concentrations the cross-linking density increases with increasing 

methacrylation extent, indicating the formation of a tighter and more rigid network when the 

polymer is derivatized with more methacrylate moieties. For all the hydrogel formulations 
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studied, tan δ (G’’/G’) was found between 0.1 and 0.3 demonstrating that almost fully elastic 

gels were formed. 
 
Table 2. Methacrylate conversion of hydrogels consisting of A-B-A triblock copolymers (Table 
1). 
 

 
Figure 2 shows the effect of PEG middle block molecular weight on the mechanical 

properties of hydrogels. In line with expectations, the hydrogel with the highest polymer 

concentration exhibited the highest G’ (9.4 ± 0.3 kPa and 37.6 ± 0.6 kPa, for 20 M20P4 and 

35 M20P4 wt%, respectively). However, M20P20 hydrogels showed higher storage moduli as 

compared to M20P10 analogues. This evidence did not confirm the trend observed in non-

photopolymerized hydrogels, where polymers of shorter PEG length yielded a stronger 

hydrogel.(40) Hydrogels having shorter PEG length are expected to have higher G’ for two 

reasons. Firstly, because at equal weight percentage of the polymer, the molar concentration 

of M20P4, having the smallest molecular weight, is higher as compared to the molar 

concentration of M20P10 and M20P20. Secondly, because M20P4 hydrogels, characterized by a 

remarkable hydrophobicity above the CP, expelled some water upon gel formation, resulting 

in a higher polymer concentration. This was not observed for M20P10 and M20P20 hydrogels, 

where the hydrophobicity of the p(HPMAm-lac) chains above the CP is well balanced by the 

hydrophilicity of the PEG middle block. The higher molar concentration of M20P4 gels along 

with its marked hydrophobicity might also lead to a different number of self-assembling 

thermosensitive chains associated in each hydrophobic domain.  

 

Name  
Polymer content  

(wt%) 

Methacrylate 
conversion  

(%) 
 20 94±3 

M10P10  35 79±5 

M20P10 
 20 

35 
93±7 
71±6 

M30P10 
 20 

35 
94±1 
76±3 

 20 98±2 
M20P4  35 75±5 

 20 94±4 
M20P20  35 78±6 
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Figure 1. Effect of methacrylation extent of M10P10, M20P10 and M30P10 (Table 1) on storage 
moduli (G’) of photopolymerized hydrogels for 20 and 35 wt% of polymer concentration. Data 
are shown as mean ± standard deviation; n = 3. 
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Figure 2. Effect of PEG middle block molecular weight of M20P4, M20P10 and M20P20 (Table 1) 
on storage moduli (G’) of photopolymerized hydrogels for 20 and 35 wt% of polymer 
concentration. Data are shown as mean ± standard deviation; n = 3. 
 

The observation that the M20P20 hydrogels had higher G’ as compared to M20P10 for both 

hydrogel concentration (Figure 2) is most likely due to the larger contribution of the 

entanglements of the PEG 20 kDa chains to the network strength. The evidence that PEG 20 

kDa chain entanglements play a crucial role in the M20P20 network properties is reflected by 

the substantial higher viscosity of the M20P20 solution compared to M20P10 and M20P4 below the 

CP (data not shown). 
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4.3.3. Degradation Behavior of Hydrogels 

 

The degradation of the different photocrosslinked hydrogels was studied by incubating 

them at pH 7.4 and 37 °C. Figure 3A shows that hydrogels of 20 wt% degraded in 22, 70 

and 110 days, for M10P10, M20P10 and M30P10, respectively, whereas hydrogels of 35 wt%, in 

Figure 3B, exhibited longer degradation time of 37, 225 and 310 days for M10P10, M20P10 and 

M30P10, respectively. Similarly, 20 wt% hydrogels composed of PEGs of different molecular 

weight degraded in 27 and 70 days for M20P20 and M20P10 gel, respectively (Figure 4A), while 

35 wt% hydrogels degraded in 101 and 225 days for M20P20 and M20P10, respectively (Figure 

4B). The degradation time of both 20 and 35 wt% M20P4 hydrogels exceeded 250 days. In 

agreement with the gel mechanical properties, these results show that the degradation 

behavior can be fine tuned by the molecular design of the polymer, in particular, by the 

extent of methacrylation and by molecular weight of the PEG block. Generally speaking the 

higher the G’ values (and thus the higher the crosslink density), the longer the degradation 

time (compare data of Figures 1 and 2 with Figures 3 and 4). Only the degradation behavior 

of M20P20 is not in line with rheological data, since this gels showed the poorest stability 

despite its high G’ value compared to their M20P10 analogues. This observation reinforces the 

hypothesis that the entanglements of the longer PEG 20 kDa polymer chains are partially 

responsible for the high G’ values of the M20P20 hydrogels, but do not contribute to the long-

term stability of the hydrogel. 

The degradation mechanism of p(HPMAm-lac)-PEG based hydrogels is due to hydrolysis of 

the numerous ester bonds present in the polymer networks as described earlier.(37, 41) It 

was shown that the lactate side chains of p(HPMAm-lac) with a free terminal OH group are 

hydrolyzed in approximately one week. The terminal lactate moiety in the HPMAm-dilactate is 

degraded faster than the one in the HPMAm-monolactate, because by a nucleophilic attack of 

the hydroxy terminus, the ester bond that is located two lactate units further on in the side 

chain is hydrolyzed in a so-called backbiting mechanism. When these lactate side chains are 

hydrolyzed, the network becomes more hydrophilic and consequently can absorb more water, 

resulting in an increasing swelling ratio during the first week, which was indeed observed for 

almost all degrading hydrogels (Figures 3 and 4). The lactate groups attached to the 

polymerized methacrylate groups are expected to hydrolyze by random chain scission at a 

much slower rate, due to the lack of a hydroxy terminus. Therefore, a high cross-linking 

density leads to slow degradation kinetics because of the high number of derivatized hydroxyl 

groups. 
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Figure 3. Effect of methacrylation extent on degradation profiles of M10P10, M20P10 and M30P10 
hydrogels (Table 1) during incubation at 37°C in PBS buffer pH 7.4, for A) 20 and B) 35 wt% 
polymer concentration. Data are shown as mean ± standard deviation; n = 3. 
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Figure 4. Effect of PEG middle block molecular weight on degradation profiles of M20P4, M20P10 
and M20P20 hydrogels (Table 1) during incubation at 37°C in PBS buffer pH 7.4, for A) 20 and 
B) 35 wt% polymer concentration. Data are shown as mean ± standard deviation; n = 3. 
 
4.3.4. Release Behavior of Hydrogels 

 

The influence of polymer concentration, extent of methacrylation and molecular weight on 

BSA release was investigated. In Figure 5 the release profiles of BSA from photopolymerized 

hydrogels are shown for different methacrylation degrees. Unexpectedly, M10P10, M20P10 and 

M30P10 hydrogels of 20 wt% polymer concentration had the same protein release behavior, 

being the protein released with the same kinetics in approximately 10 days (Figure 5A). The 

A B 

A B 
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release mechanism was investigated by fitting the release curves to the Rigter-Peppas 

equation: (42-43) 

Mt / M∞ = k tn  

where Mt / M∞ represents the fractional release of the loaded protein, k is a kinetic constant, t 

is the release time and n is the diffusional exponent that can be related to the release 

mechanism of the entrapped molecules. If n = 0.5, the release is governed by Fickian 

diffusion. If n = 1, molecules are released by surface erosion, while both mechanisms play a 

role in the release if n has a value between 0.5 and 1.  

The experimental release curves fitted to n-values of 0.5 as the data points scaled linearly 

with the square root of time up to a cumulative release of 80–100% (Figure 5B), suggesting 

first order release kinetics.(44) This fit implies a typical diffusion-controlled release of the 

loaded protein with a hydrogel mesh size bigger than the hydrodynamic diameter of the 

investigated protein. Similar behavior was observed in our previous study, where a diffusion 

governed release of model proteins of molecular weights ranging between 14 and 150 kDa 

was found.(30)  
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Figure 5. A) BSA release from M10,20,30P10 hydrogels (Table 1) of 20 wt% polymer 
concentration. B) Cumulative release of BSA as a function of the square root of time for 
M10,20,30P10 hydrogels of 20 wt% polymer concentration. Data are shown as mean ± standard 
deviation; n = 3. 

 
From these results it can be concluded that although the rheological properties and 

degradation kinetics are dependent on the extent of methacrylation, the release kinetics are 

hardly affected by this parameter. At low polymer concentration, the density of hydrophobic 

domains is low and the protein likely resides preferentially in the hydrophilic areas of the 

hydrogels. The increase of extent of methacrylation affects the cross-link density within the 

hydrophobic domains but does not influence the hydrophilic compartments. 
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The release of BSA from M10,20,30P10 hydrogels of 35 wt% polymer concentration is shown 

in Figure 6. A biphasic release kinetics comprising an initial fast release during approximately 

5 days, followed by a slower release phase highly influenced by the cross-link density, was 

observed. When the polymer concentration of M10,20,30P10 hydrogels increases from 20 to 35 

wt%, the volume fraction of the hydrophobic domains also increases and the protein 

partitions both in the hydrophilic and in the hydrophobic areas of the hydrogels. The rapid 

release during the initial stage is most likely caused by protein that is released from the 

hydrophilic domains in the gels. As pointed out above, this release is not affected by the 

extent of methacrylation. The second phase of release can then be attributed to protein 

encapsulated in the hydrophobic domains of the gels. However, since the chemical cross-links 

are present in the hydrophobic domains, the release of BSA encapsulated in these 

compartments is dependent on the DM. In particular, the mobility of the protein is more 

restricted in hydrogels of higher methacrylation degree. 
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Figure 6. A) BSA release from M10,20,30P10 hydrogels (Table 1) of 35 wt% polymer 
concentration. B) Cumulative release of BSA as a function of the square root of time for 
M10,20,30P10 hydrogels of 35 wt% polymer concentration. Data are shown as mean ± standard 
deviation; n = 3.  
 

Hydrogels of different PEG’s molecular weight showed similar BSA release behavior for 20 

and 35 wt% polymer concentration (Figures 7 and 8). However, in contrast to the results of 

rheological and degradation studies, the hydrogels of longer PEG chains, M20P20, displayed 

relatively slow BSA release kinetics in 5 and 67 days, for 20 and 35 wt% polymer 

concentration, respectively. Surprisingly, the M20P4 hydrogels, instead, exhibited very fast 

release in 2.5 and 4 days for 20 and 35 wt% polymer concentrations, respectively (discussed 

further in the next section). A small burst release (approximately 4 and 2 % for 20 and 35 

wt% polymer hydrogels) was also observed in the release kinetics of M20P4 hydrogels, likely 
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attributable to the slight shrinkage of hydrogel and the expulsion of protein upon gel 

formation.  
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Figure 7. A) BSA release from M20P4,10,20 hydrogels (Table 1) of 20 wt% polymer 
concentration. B) Cumulative release of BSA as a function of the square root of time for 
M20P4,10,20 polymer hydrogels of 20 wt% polymer concentration. Data are shown as mean ± 
standard deviation; n = 3. 
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Figure 8. A) BSA release from M20P4,10,20 hydrogels (Table 1) of 35 wt% polymer 
concentration. B) Cumulative release of BSA as a function of the square root of time for 
M20P4,10,20 polymer hydrogels of 35 wt% polymer concentration. Data are shown as mean ± 
standard deviation; n = 3 

 

Diffusion controlled (n=0.5) monophasic release was shown for 20 wt% M20P4, M20P10 and 

M20P20 hydrogels as well as for 35 wt% M20P20 hydrogels, where the hydrophilicity is most 

predominant. M20P4 and M20P10 hydrogels at 35 wt% polymer concentration, with higher 

hydrophobicity, displayed biphasic release (Figure 8A and B). Most of the studied hydrogels 

(20 wt% M10,20,30P10, 35 wt% M10,20P10, 20 and 35 wt% M20P20) showed quantitative release 

within the experimental error (cumulative release higher than 80%), however some 

formulations (35 wt% M30P10, 20 and 35 wt% M20P4,20), having relatively high hydrophobic 

A B 
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domains volume fractions, exhibited incomplete BSA release during the studied time-scale. 

This observation leads to the conclusion that when the protein is located mainly in the 

hydrophilic PEG domains or in hydrophobic domains of relatively low cross-link density, the 

protein is totally released by diffusion and the degradation of the matrix is not an important 

factor, whereas when the protein resides in highly cross-linked hydrophobic domains, its 

mobility is remarkably restricted and degradation of the hydrogel is needed for the complete 

release thereof. These findings were supported by Fluorescence Recovery After 

Photobleaching (FRAP) experiments(45) (Appendix B), where decreasing mobile fractions 

were found with increasing cross-link densities. Also the protein diffusional behavior in 

polymer networks of both different methacrylate extent and PEG length was studied by FRAP 

analysis and compared to the release kinetics. Good agreement between FRAP and release 

data was found as the diffusion coefficients of (fluorescently labeled)-BSA followed the same 

trends both in FRAP and release experiments (Appendix B).  

The tailorability of protein release from chemically cross-linked thermosensitive hydrogels was 

studied also by Wang et al. (46) Similarly to M20P10 and M20P20 hydrogels of 35 wt % solid 

content, a quantitative BSA release of 35 days from Pluronic F127-poly(caprolactone) 

copolymer based hydrogels was found and the in vitro release rate was negatively correlated 

to the molecular weight of proteins, as we also reported previously for photocrosslinked 

p(HPMAm-lac)-PEG-p(HPMAm-lac) hydrogels.(30) However, in contrast to our studies, where 

the release mechanism was diffusional, Wang et al. demonstrated that both diffusion and 

degradation of the matrix contributed to the protein release. Other UV-cured 

(thermosensitive) hydrogels showed faster release kinetics. Photo-polymerized Hyaluronic 

acid/Pluronic hydrogels were used by Kim and Park to investigate the release of human 

growth hormone.(47) A release time span of 13 days was found at 37°C and the mechanism 

was governed by erosion. BSA was released in 5 days from photo-polymerized degradable 

PEG hydrogels based on di-acrylated oligo-lactide derivatized PEG hydrogels(32) and the 

release depended on both permeability of the matrix  prior to degradation and its degradation 

rate.  

Leach et al. (48) developed highly diffusive photocrosslinkable hyaluronic acid-polyethylene 

glycol hydrogels that showed a decrease of BSA diffusion coefficient (D) with increasing 

concentration of hydrogel precursors, as also found in the present (Appendix B) as well as in 

other studies.(49) Moreover, in line with our release kinetics from the hydrophilic gel 

compartments, where diffusion coefficients of BSA varying from 1.11 to 52.9 μm2/sec were 

found (Appendix B), a range of Ds from 8.5 to 45.4 μm2/sec was obtained from Hyaluronic 

acid/Pluronic hydrogels.(48) The diffusion coefficients based on release experiments from the 

hydrophobic domains, ranging between 0.01 and 3.5 μm2/sec were comparable to the ones 

published for photo-crosslinked low molecular weight PEG hydrogels. (50-51) However, the 

use of these hydrogels is limited because of lack of biodegradability, therefore the system we
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 describe in the present paper, showing slowly diffusive release phases, represents an 

advantage over the existing hydrogel systems. 

 

4.3.5. Confocal Laser Scanning Microscopy 

 

To gain more insight into the hydrogel microstructure, confocal laser scanning microscopy 

(CLSM) was performed on M20P4,10,20,40 hydrogels, in which the hydrophobic domains were 

stained with the hydrophobic dye NR and the hydrophilic pores with FITC-BSA. M20P40 was 

used only in CLSM studies because its high viscosity even below the CP, due to entanglement 

of the PEG chains, makes the injectability of the hydrogel difficult and thus practical 

application of this gel system is limited. However, this polymer is a valuable tool to 

investigate the hydrogel structural organization at different molecular designs. From Figure 

9, an evident hydrogel micro-porosity dependency on PEG molecular weight can be seen, as 

previously also observed in our studies on p(HPMAm-lac)-PEG-p(HPMAm-lac) physical 

hydrogels.(40) A similar behavior was observed for hydrogels of 20 wt% polymer 

concentration (data not shown). This remarkable porosity of hydrogels of small PEG molecular 

weight is likely due to a phase separation with hydrophilic domains surrounded by a polymer-

rich phase. The extent of phase separation within the hydrogel is strongly related to the 

hydrophilicity-hydrophobicity balance between PEG and p(HPMAm-lac).  

The observed phase separation explains the BSA release behavior of the studied 

hydrogels. BSA, localized in the water-rich phase separated domains, is expected to be 

minimally restricted in mobility and thereby rapidly released. Likely, the micropores are 

interconnected by smaller hydrophilic nanopores, which are hardly visible on CLSM pictures, 

but their presence is proven by the co-localization of FITC-BSA (Figure 9E) and NR (Figure 

9F) in the polymer-rich phase, shown for M20P40 hydrogels. In the superimposed picture 

(Figure 9D) where the double staining is shown, the presence of FITC-BSA in the nano-pores 

of the polymer-rich phase is poorly visible, due to the higher signal given by NR as compared 

to FITC-BSA. On the other hand, the mobility of the BSA encapsulated in the hydrophilic 

domains of the hydrogel networks where the micro-phase separation is minimal or 

indiscernible, like in case of M20P20 and even more markedly of M20P40 hydrogels, is much 

more limited. In fact, prior to release, the protein has to diffuse through smaller hydrophilic 

domains, as compared to more phase-separated hydrogels. Finally, the protein possibly 

entrapped in the hydrophobic domains is immobile or slowly diffusing, due to the presence of 

chemical cross-links, that represent barriers to the macromolecular diffusion.
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Figure 9. CLSM pictures of M20P4,10,20 hydrogels (Table 1) double stained with hydrophobic 
NR (in red) and hydrophilic FITC-BSA (in green). A) 35 wt% M20P4 hydrogels. B) 35 wt% 
M20P10 hydrogels. C) 35 wt% M20P20 hydrogels. D), E) and F) 35 wt% M20P40 hydrogels; 
pictures show the FITC-BSA/NR double staining (D) as well as the FITC-BSA staining (E) and 
NR staining (F). 
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The demonstrated polymer phase separation lends itself to explain also the mechanical 

properties of the hydrogels. Likely, the phase separation induces the formation of domains 

with high polymer concentration that highly contribute to the gel strength. The hydrophilic-

hydrophobic balance plays a key-role in the structural organization of the hydrogel, leading to 

phase separation and to the tendency to expel water if the hydrophobic character of the 

hydrogels is dominant. 

 

4.4. Conclusions 

 

In this paper, we described how the molecular design of a thermosensitive methacrylate 

bearing A-B-A triblock copolymer tailored the mechanical properties, degradation and protein 

release behavior of hydrogels prepared using these polymers. Increasing degree of 

methacrylation and decreasing PEG molecular weight led to higher cross-link density and to 

the formation of hydrogels of increased storage modulus and enhanced stability to the 

hydrolytic degradation at physiological pH. BSA was released from hydrogels by a mechanism 

mainly governed by diffusion. Nevertheless, the cross-link density not always correlated to 

the BSA release rate, which was independent of the extent of methacrylation for 20 wt% 

hydrogels and for the initial phase of the biphasic release of 35 wt% polymer gels. The extent 

of methacrylation affected indeed the cross-link density within the hydrophobic domains and 

only the release rate of BSA that resides partly in those self-assembled domains can be 

tailored by the cross-link density. On the other hand, hydrogels of longer PEG polymer chain 

exhibited an unexpected slower release rate. CLSM analysis clarified that the gels were 

phase-separated into water-rich hydrophilic and polymer-rich hydrophobic domains and that 

the extent of phase separation could be controlled by the PEG block length of the polymer. 

Hydrogels of small PEG blocks showed large hydrophilic domains from which the protein was 

rapidly released. Hydrogels of longer PEG blocks showed a more homogeneous structure 

resulting in slower protein diffusion. 

In conclusion, the studied hydrogels are excellent candidates as injectable biomaterials for 

the controlled delivery of biotherapeutics because their versatility and flexibility allow precise 

tailoring of mechanical properties, degradation profiles and release behavior to the desired 

pharmacokinetics of each specific drug. 
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Abstract 

 

This study reports on the synthesis, characterization and peptide release behavior of an 

in situ physically and chemically cross-linking hydrogel. (Meth)acrylate bearing ABA-triblock 

copolymers consisting of a poly(ethylene glycol) (PEG) middle block, flanked by 

thermosensitive blocks of random N-isopropylacrylamide (pNIPAm)/N-(2-hydroxypropyl) 

methacrylamide dilactate (pHPMAmlac2) and exhibiting lower critical solution temperature 

behavior in aqueous solution were synthesized. Upon body temperature induced physical 

gelation, these polymers were cured by Michael type addition reaction with thiolated 

hyaluronic acid (HA-SH) to yield injectable in situ gelling, biodegradable but structurally stable 

and biocompatible hydrogels. These stable and elastic networks were prepared by mixing 

(meth)acrylated ABA-triblock copolymers and thiolated hyaluronic acid at a ratio 

thiol/(meth)acrylate groups of 1/1. The simultaneous physical and chemical gelation kinetics, 

investigated by rheological measurements, demonstrated that the physical networks were 

progressively stabilized as the Michael addition reaction between (meth)acrylate and thiol 

groups proceeded and that acrylated thermosensitive polymers had a higher reactivity with 

thiol groups, as compared to methacrylate analogues, resulting in a faster gel formation. The 

networks, characterized by a remarkable initial structural stability, degraded in time at 

physiological conditions. The degradability is ensured by the presence of hydrolytically 

sensitive ester bonds in the cross-links, as well as in the lactate side chains and between PEG 

and thermosensitive blocks. Methacrylated polymer gels loaded with a model peptide 

(bradykinin), showed a diffusion controlled release of this peptide, tailorable by the polymer 

concentration. This tandem system, displaying in situ physical and chemical gelation has a 

high potential for biomedical applications, such as delivery of peptide and protein 

biopharmaceuticals.
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5.1. Introduction  

 

Most systemically administered pharmaceutical peptides and proteins undergo rapid 

elimination and cause high plasma peak concentrations, which often results in undesired 

side effects. In this study a non-invasive and patient-friendly delivery system, capable to 

protect and release polypeptides in a sustained manner is investigated. We designed an 

injectable hydrogel, that exhibits a body temperature induced gelation at the site of 

injection and of which the structure is stabilized through a Michael addition reaction. 

Injectable, self-assembling hydrogels are receiving increasing attention because of 

their desirable properties for drug delivery and tissue engineering applications. Their 

advantages over preformed chemically crosslinked polymer hydrogels are the use of 

minimally invasive methods for administration, in vivo shape adaptation and ease of drug 

encapsulation.(1-2) Different physical interactions can be exploited for the design of in 

situ gelling systems, among which the use of thermosensitive polymers is of particular 

importance. Polymers exhibiting LCST behavior (Lower Critical Solution Temperature) are 

soluble in aqueous solutions at low temperature and self-assemble above their cloud point 

(CP), being suitable as injectable materials if their CP is between room and body 

temperature.(3-4) A general drawback of self-assembling hydrogels however is their 

limited mechanical strength and low stability due to swelling and subsequent dissolution 

of the polymers. To improve the gel strength and stability, the use of covalent cross-

linking strategies,(5-6) among which photo-cross-linking, is well known.(7-9) Recently, 

also click chemistry between azides and acetylenes is used to obtain well-defined network 

structures.(10-12) A drawback of these chemical cross-linking techniques is their need for 

catalysts, which can be toxic. Therefore, in situ gelation is usually not applicable for these 

kinds of hydrogels. 

Michael addition reaction between thiol and acrylate or methacrylate groups (13-14) 

is a particularly suitable mechanism for in-situ chemical cross-linking because it occurs at 

physiological conditions without the need for (toxic) catalysts. (15-18) Because of its 

advantageous properties, Michael addition reaction has been successfully applied for the 

preparation of a number of hydrogels for biomedical applications, (17, 19-25) reviewed 

by Mather et al. (26) 

Besides injectability and stability issues, also biocompatibility is an important 

property that should be taken into consideration for the design of hydrogels for 

biomedical purposes. A well known strategy to ensure biocompatibility and cell adhesion 

and proliferation in the gels is the use of natural polymers such as polypeptides and 

polysaccharides. Hyaluronic acid (HA) is a natural polysaccharide, which can be found in 

synovial fluids, extracellular matrix, connective tissues and organs. HA is a linear polymer 

consisting of alternating D-glucuronic acid and N-acetyl-D-glucosamine moieties and is 

known for its favorable physical (e.g. viscosity, hydration) and biological (protein and cell 
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interactions) properties.(27) In our approach, hyaluronic acid was derivatized with thiol 

moieties, (28-30) as shown in Scheme 1, and used as a curing agent for thermal gelling 

(meth)acrylate bearing polymer hydrogels.(30-33) 

Cellesi et al. have described the simultaneous thermal gelling and Michael addition 

cross-linking of telechelic pluronic for the design of a synthetic substitute of alginate.(17) 

Tandem physically and chemically gelling systems based on poly(NIPAAm-co-cysteamine) 

(14) and on poly(NIPAAm-co-HEMA-acrylate) (34) and poly(NIPAAm-co-PEG-acrylate) 

(35) copolymers have been described by Vernon et al. More recently, Park et al. reported 

on injectable HA/Pluronic F127 composite tissue-adhesive hydrogels (31) and Wang et al. 

described the preparation of Michael addition cross-linked injectable thiol- and vinyl-

modified poly(N-isopropylacrylamide) (PNIPAAm)-based copolymer hydrogels for 

controlled drug delivery. (36) 
 
 
 
 
 
 
 
 
 
 

 
 
 
Scheme 1  Chemical structure of partially thiolated hyaluronic acid (HA-SH). 

 
Recently, we applied a similar cross-linking approach to design a novel hydrogel 

composed of thermosensitive biodegradable polymers capable to cross link via Michael 

addition reaction with thiolated hyaluronic acid. This hydrogel possesses an innovative 

combination of advantageous aspects, such as stability at the site of injection, due to the 

rapid thermal gelling upon injection, structural stability, due to Michael addition cross-

linking, biocompatibility and cell adhesion properties, due to the presence of hyaluronic 

acid, biodegradability and flexibility. 

The thermosensitive polymers were designed with an ABA-triblock architecture 

consisting of a hydrophilic poly(ethylene glycol) (PEG) middle block and flanking 

thermosensitive blocks of random copolymer of N-isopropylacrylamide (NIPAm) and N-(2-

hydroxypropyl) methacrylamide dilactate (HPMAmlac2) in a NIPAm/HPMAmlac2 ratio of 

76/24, as shown in Scheme 2. pNIPAm is a non-degradable thermosensitive polymer 

with a cloud point of 32ºC. (37-38) When the hydrophobic HPMAmlac2 (24 mol %) is 

copolymerized with NIPAm, the cloud point of the obtained copolymer decreases to 23ºC. 
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Furthermore, the introduction of HPMAmlac2 makes the polymer biodegradable, 

because under physiological conditions, the lactate side chains will be hydrolyzed in time, 

yielding a more hydrophilic polymer (random pNIPAm and poly(N-(2-hydroxypropyl) 

methacrylamide monolactate) with a cloud point above 37°C. (39-40) Therefore at body 

temperature the hydrolyzed polymers are expected to dissolve and can be excreted by 

renal filtration when the molecular weight is below the renal excretion treshold of 50 kDa. 

(41) To enable a Michael addition reaction between the triblock copolymers and the 

thiolated HA, acrylate and methacrylate groups were introduced in the side chains of the 

HPMAmlac2 units.  

In the present work, we describe the synthesis, characterization and potential 

biomedical applications of this injectable in situ gelling, initially structurally stable but 

biodegradable hydrogel, prepared by tandem physical gelation and chemical stabilization 

of the themal gelling network by Michael addition cross-linking with thiolated hyaluronic 

acid. 
 
 
 
 
 
 
 
 

 
Scheme 2 Chemical structure of ABA-triblock copolymers consisting of a PEG10000 B-block and 
random pNIPAm-HPMAmlac2 A-blocks (R=H or CH3 for pNHPta and pNHPtma respectively). 
 
5.2.4. Materials and Methods 

 

5.2.1. Materials 

 

All commercial chemicals were obtained from Aldrich unless indicated otherwise and 

were used as received. L-Lactide was obtained from Purac Biochem BV (Gorinchem, The 

Netherlands). Low molecular weight hyaluronic acid (sodium hyaluronate) with a 

molecular weight of 35000 Da was supplied by Lifecore (Minnesota, U.S.A.) 

Hydroxypropylmethacrylamide-dilactate (HPMAm-dilactate) was synthesized according to 

a previously reported method. (42) 3,3’-Dithiobis(propanoic dihydrazide) (DTP) was 

synthesized by the method described by Vercruysse et al. (43) 
 

5.2.2. 1H NMR Spectroscopy 
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Mercury Plus 300 spectrometer. Chemical shifts were referred to the solvent peak (δ = 

7.24 ppm for CHCl3, 2.54 ppm for DMSO and 4.79 ppm for H2O). 

 

5.2.3. Gel Permeation Chromatography (GPC) 

 

 The molecular weights of the polymers were determined by GPC using a Plgel 5 µm 

MIXED-D column (Polymer Laboratories) with a column temperature of 40 ºC. DMF 

containing 10 mM LiCl was used as eluent with an elution rate of 0.7 ml/min, and the 

sample concentration was 5 mg/ml in the same eluent. Poly(ethylene glycols) with 

defined molecular weights were used as calibration standards.  

 

5.2.4. Synthesis of thermosensitive triblock copolymers 

  

Thermosensitive ABA triblock polymers were prepared according to a previously 

described procedure (Scheme 3). (42) 4,4’-azobis(4-cyanopentanoic acid) (ABCPA, Fluka) 

was used to prepare a PEG10000-ABCPA macroinitiator with PEG molecular weight of 

10000. This initiator was used to copolymerize HPMAmlac2 (25%) and NIPAm (75%) to 

obtain triblock copolymers with pHPMAmlac2/NIPAm as outer blocks and PEG as midblock.  

The OH side groups of HPMAmlac2 were partially methacrylated or acrylated by the 

following procedure. (39) Triblock copolymer (1 g) was dissolved in 100 mL of dry THF 

under N2 atmosphere. Dimethylaminopyridine (3 mg) and triethylamine (90 µL) were 

added at 0ºC. Methacrylic anhydride or acrylic anhydride was added in an anhydride/OH 

molar ratio of 0.5. The reaction mixture was subsequently stirred for 24 hours at room 

temperature. Afterwards, the polymers were diluted with water, dialysed (membrane with 

a cut-off of 12-14 kDa) against water for two days and isolated by freeze-drying. The 

final thermosensitive triblock copolymers are abbreviated as pNHPtma 

(polyNIPAm/HPMAmlac2-PEG triblock methacrylated) and pNHPta (polyNIPAm/HPMAmlac2-

PEG triblock acrylated), respectively. 

 

5.2.4a. Before (meth)acrylation: 
1H NMR (CDCl3) δ 6.5 (H3, H9), 5.2-4.8 (H13), 4.45-4.25 (H12), 4.05-3.8 (H4), 3.7-

3.5 (H16), 2.6-0.8 (other protons). The monomer ratio (mol/mol) in the block polymer 

was determined from the ratio of the integral of H4 of NIPAm/ H12 of HPMAmlac2. The Mn 

of the thermosensitive blocks was calculated by comparison of the NIPAm and HPMAmlac2 

integrals with the integral of PEG protons. The obtained ratio of NIPAm/HPMAmlac2 was 

74/26. The total mass of the thermosensitive blocks was 27 kDa (Mn of A-B-A triblock 

polymer = 13.5-10-13.5 kDa). 

Cloud point: 23.1 ºC for polymer dissolved in 120 mM ammonium acetate buffer pH 5 

at a polymer concentration of 2 mg/mL by static light scattering at a wavelength of 650
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 nm. The cloud point was defined as the onset of increased scattering intensity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 3 Synthesis route of (meth)acrylate bearing ABA-triblock copolymers consisting of a 
PEG10000 B-block and random pNIPAm-HPMAmlac2 A-blocks (R=H or CH3 for pNHPta and 
pNHPtma respectively). 
 

5.2.4b. After methacrylation: 
1H NMR (DMSO-d6): δ 7.35 (H3, H9), 6.15 & 5.80 (H17, H18), 5.4 (H15), 4.95 (H13), 

4.2 (H13 next to OH), 3.8 (H4), 3.60 (H16), 3.3-0.6 (other protons). The degree of 

methacrylation (DM) was calculated from the ratio of the average intensity of the peaks 

at 6.15 and 5.80 and intensity of the peak at 5.4 ppm as follows: ((I6.15+I5.8)/2) / 

((I6.15+I5.8)/2 +I5.4) × 100%. The degree of methacrylation, defined as the percentage of 
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OH groups derivatized by methacrylate moieties, was 28%. 

GPC: Mw = 46 kDa; Mn = 22 kDa; PDI = 2.14    

Cloud point: 18.8ºC 

 

5.2.4c  After acrylation:  
1H NMR (DMSO-d6) δ 7.35 (H3, H9), 6.2, 6.1, 6.0 (H17, H18, H19), 5.4 (H15), 4.95 

(H13), 4.2 (H13 next to OH), 3.8 (H4), 3.60 (H16), 3.3-0.6 (other protons). The degree 

of acrylation (DA) was calculated from the ratio of the average intensity of the peaks at 

6.2, 6.1 and 6.0 and intensity of the peak at 5.4 ppm as follows: ((I6.2+I6.1+I6.0)/3) 

/((I6.2+I6.1+I6.0)/3) +I5.4) × 100%. The degree of acrylation, defined as the percentage of 

OH groups derivatized by acrylate moieties, was 32%.   

GPC: Mw = 57 kDa; Mn = 23 kDa; PDI = 2.5    

Cloud point: 16.0 ºC.  
 

5.2.5.  Synthesis of thiolated hyaluronic acid (HA-SH) 

 

 Thiolated hyaluronic acid was synthesized according to the procedure described by 

Shu et al. (28) Briefly, 0.5 g of sodium hyaluronate (Mn = 37.9 kDa, PDI = 1.27, measured 

by GPC) was dissolved in water and 482 mg (1.70 mmol) of DTP was added while stirring. 

The pH was adjusted to 4.75 with 1 M HCl and subsequently 388 mg of 1-ethyl-3[3-

(dimethylamino)propyl]carbodiimide (EDC, 2.02 mmol ) was added while keeping the pH 

at 4.75. The solution was stirred at room temperature for 48 hours and the reaction was 

stopped by increasing the pH to pH 7 with 1 M NaOH. Then, 2.0 g of dithiothreitol (DTT) 

was added and the pH was raised to 8.5. The reaction mixture was stirred for another 

24h. and subsequently acidified to pH 3.5 with 1 M HCl. The mixture was purified by 

dialysis (Mw cutoff = 3500 Da) against dilute HCl (pH 3.5) containing 100 mM NaCl and 

finally against water at 4°C. The final product was obtained as a white powder after 

lyophilization. The degree of substitution (DS), defined as the number of DTP residues per 

100 disaccharide units, was determined by 1H NMR and detection of free thiols by 

Ellman’s method. 
1H NMR (D2O): δ = 4.6-3.3 protons of hyaluronic acid), 2.85 (CH2-SH), 2.70 

(CH2CH2SH), 2.00 (NHCOCH3), DS: 54%.  

Thiol content, defined as percentage of disaccharide units of HA derivatized with free 

thiol groups determined by Ellman’s method: 50%,  

These two different methods showed good agreement between the DS values, within 

the experimental error. The DS is indicated as a mean value of 52%.  

GPC: Mn = 39.8 kDa, PDI = 1.26 
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5.2.6.   Viscotek 

 

A viscotek GPC was used for characterization of hyaluronic acid and thiolated 

hyaluronic acid. A TDA 302 with triple detector array, column: Grade GMPWxL no.H3371 

and detector: GPC max VE 2001 GPC solvent sample module were used. As a standard, 

PEO with a concentration of 5 mg/ml was used and also the samples had a concentration 

of 5 mg/ml. The eluens was ammonium acetate buffer pH 5 (concentration 120 mM). 

 

5.2.7. Preparation of the placebo and bradykinin loaded hydrogels  

 

Gels of a volume of 200 µl were prepared in cylindrical shaped glass vials (diameter 

of 5 mm) as follows. pNHPtma or pNHPta was dissolved in 100 µl of PBS buffer pH 7.4 

(8.2 g/l NaCl; 3.1 g/l NaH2PO4 12 H2O; 0.3 g/l NaH2PO4, supplemented with 0.02% NaN3). 

The samples were gently mixed using a needle and stored at 4 °C for 1 hour to allow the 

complete dissolution of the polymer. Separately, HA-SH was dissolved in 100 µl of the 

same buffer at room temperature for 1 hour, mixed using a needle. Upon complete 

dissolution, the HA-SH solution was mixed with the pNHPtma or pNHPta solutions at room 

temperature. The final concentration of the polymers was 20 and 5.4 wt% for pNHPt(m)a 

and HA-SH, respectively. The aforementioned concentrations corresponded to a ratio 

between thiol and (meth)acrylate groups of 1/1. Upon homogeneous mixing of the two 

polymer solutions, the samples were incubated at 37 °C for 1 hour, unless indicated 

otherwise. 

BK loaded hydrogels were prepared according to a slightly different procedure. 

PNHPtma was dissolved in 60 µl of PBS buffer at 4°C, next 40 μl of a peptide solution 

(100 mg/ml) was added to the pNHPtma or pNHPta solution prior addition of the HA-SH 

solution. The peptide concentration was 2 wt%. The final polymer concentration was 20 

and 5.4 wt% or 9 and 2.4 wt%, for pNHPtma and HA-SH, respectively, equal to a 

thiol/(meth)acrylate groups ratio of 1/1. Upon mixing the (meth)acrylated and thiolated 

polymer solutions, the gels were incubated at 37°C for 1 hour to allow the Michael 

addition reaction.  

 

5.2.8. Rheology  

 

An AR-G2 rheometer equipped with a Peltier plate. A 20 mm 1° steel cone-plate 

geometry was used for both the temperature- and the time-sweep rheological 

experiments. A frequency of 1Hz and a strain of 1% was used in all experiments. The 

temperature-sweep ranged from 5°C till 45°C with a heating or cooling rate of 1 ºC/min 

and the time-sweeps were performed during 4 hours. The time-sweep measurements 

were performed at 37°C during 4 hours. For both time- and temperature-sweep 
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experiments a solvent trap was used to prevent evaporation. 

 

5.2.9. Swelling and degration studies 

 

 0.9 ml of PBS buffer at pH 7.4 containing 0.02% NaN3 was added on top of empty 

gels (W0), prepared according to the described procedure and incubated at 37 °C for 1 h 

before starting the swelling experiments At regular intervals the weight of the gel upon 

removal of excess of buffer was measured (Wt) upon removal of the excess of buffer to 

calculate the swelling ratio (SR=Wt/W0) as the ratio between the weight of the gel at 

different time points and the initial gel weight (W0). After each measurement 0.9 ml of 

fresh buffer was added and the vials stored again in the water bath at 37 °C. 

 

5.2.10. (Meth)acrylate conversion measurements  

 

The gels, prepared as described above, were incubated at 37ºC for 0.5, 1, 4, 24 and 

50h and subsequently degraded in 4 ml of NaOH 0.02 M at 37 °C for 30 min. Upon 

complete degradation of the gel, the solution was neutralized by adding 0.5 ml of acetic 

acid 2 M. Degraded pNHPt(m)a was used as control. For quantification and detection of 

methacrylic acid a Waters Acquity UPLC trade system was used with a BEH C18 1.7 μm, 

2.1×50 mm column, equipped with a UV detector operating at 210 nm. The eluent used 

was 95/5/0.1% H2O/acetonitrile/trifluoro acetic acid (TFAA).(5, 9) Acrylic acid was 

quantified using the above mentioned UPLC system equipped with a HSS T3 1.8 μm, 

2.1×50 mm column. The UV detection was done at 210 nm and H2O acidified with 0.1% 

TFAA was used as eluent. For both acrylic and methacrylic acid a flow rate of 0.5 ml/min 

and a column temperature of 50 °C were used. 

 

5.2.11. Bradykinin release studies 

 

 In vitro peptide release from Michael type cross-linked gels was studied using 

Bradykinin (Mw = 1.1 kDa) as a model peptide. Gels were prepared according to the 

described procedure and incubated at 37 °C for 1 h before starting the release 

experiments. Next, 0.9 ml of PBS buffer pH 7.4 was applied on top of the gels and the 

vials were incubated in a shaking water bath at 37 °C. Samples of 0.15 ml were taken in 

time and replaced by an equal volume of fresh buffer. The concentration of Bradykinin in 

the different samples was determined by using an Acquity UPLC trade; with a BEH C18 

1.7 μm, 2.1×50 mm column. An eluent gradient, from 30 to 70% of eluent A was used, 

where eluent A was 95/5/0.1% H2O/acetonitrile/TFAA and eluent B was 100/0.1% 

acetonitrile/TFAA. The injection volumes of the samples were 5 μl, the flow rate 0.25 

ml/min and detection was performed at 280 nm. 
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The release mechanism was studied by fitting the experimental release data to the 

Ritger–Peppas equation: (44-45) 

 

Mt/M∞ = ktn 

 

Where Mt/M∞ represents the fractional release of the loaded peptide, k is a kinetic 

constant, t is the release time and n is the diffusional exponent that can be related to the 

release mechanism of the entrapped molecules. If n=0.5, the release is governed by 

Fickian diffusion. If n=1, the molecules are released by surface erosion, while both 

mechanisms play a role in the release if n has a value between 0.5 and 1. 

The peptide diffusion coefficients were calculated by the early-time approximation 

equation of Fick's second law: (44) 

 

Mt/M∞ = 4 (Dt /πδ2)1/2 

 

where Mt/M∞ represents the fractional release of the entrapped peptide, D is the 

diffusion coefficient, t is the release time and δ is the diffusional distance, equal to the 

thickness of the gel. 
 

5.3. Results and Discussion 

 

5.3.1.  Gelation kinetics and rheological properties  

 

pNHPt(m)a triblock copolymers showed a degree of (meth)acrylation (DM or DA), 

defined as the percentage of OH-groups that were derivatized in the polymer, of 28% and 

32%, respectively, as determined by 1H-NMR. The (meth)acrylation rendered the 

polymers more hydrophobic and the cloud point dropped from 23ºC before 

(meth)acrylation to 19 and 16ºC for methacrylated and acrylated polymers, respectively.  

HA-SH had a degree of thiolation of 52%, defined as percentage of disaccharide 

units of HA derivatized with free thiol groups, as determined by 1H-NMR. 

The hydrogels were prepared by mixing a pNHPTma or pNHPTa solution in PBS 

buffer pH 7.4 with a HA-SH solution in the same buffer at 37°C. The concentration was 20 

wt% and 5.4 wt% for pNHPt(m)a and HA-SH, respectively corresponding to a molar ratio 

thiol/(meth)acrylate groups of 1/1.  

Figure 1 shows photographs of pNHPtma (1) and pNHPta (2) mixed with HA-SH 

incubated at 37ºC at different time points. The progressive conversion of (meth)acrylate 

and thiol groups into chemical cross-links by Michael addition reaction resulted in a 

notable increase in viscosity. After 0.5 h (1a, 2a) white opalescent viscous solutions were 

obtained; after 1 h (1b, 2b) a further increase in viscosity was observed and within 4 h 
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(1c, 2c) stable hydrogels were formed. As expected, acrylated gels (2a-c) showed slightly 

faster gelation kinetics than the methacrylated systems (1a-c). 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 1. Pictures of polymer solutions/gels (polymer concentration: 20 wt% pNHPt(m)a, 5.4 
wt% HA-SH; ratio thiol/(meth)acrylate groups = 1/1) during Michael addition reaction at 37°C 
for 0.5 h (a), 1 h (b) and 4 h (c) for HA-SH and pNHPtma (1) and pNHPta (2), respectively. 
 

Rheological characterization of the mixed system was performed at 37 ºC as shown in 

Figure 2. Already at time = 0 the formation of a physical network was observed in both 

the acrylate and methacrylate modified polymer formulations. This behavior is ascribed to 

the thermosensitive properties of pNHPt(m)a polymers, that self-assemble at body 

temperature by hydrophobic interaction of the  pNIPAm/pHPMAmlac2 chains.  
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 2: Storage (G’) and loss (G”) moduli at 37 ºC as a function of time directly after 
mixing of HA-SH with pNHPtma and pNHPta, respectively. Polymer concentration: 20 wt% 
pNHPtma or pNHPta + 5.4 wt% HA-SH.
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The formation of self-essembled hydrogel upon injection is particularly beneficial for its 

intended biomedical application, as it would allow in situ stability of the network upon 

administration, before the chemical cross-linking occurs. In time, a gradual increase of 

storage and loss moduli (G’ and G”, respectively) was observed, confirming that the 

structure of the gels was progressively stabilized by the formation of chemical cross-links. 

The acrylated system displayed higher values of G’ and G” as compared to the 

methacrylated one, indicating the formation of a gel of higher cross-link density after 4 

hours. This observation is likely due to the faster reaction kinetics of acrylate groups with 

thiol groups, as compared to the methacrylate modified polymers.  

Temperature sweep analysis of HA-SH + pNHPtma gels during the Michael addition 

curing were performed. Figure 3a shows that upon mixing of HA-SH with pNHPtma and 

increase of the temperature from 4 to 45ºC, a slight and reversible increase of G’ was 

observed. When the temperature is higher than the cloud point of the polymer, the 

thermosensitive chains self-assemble, leading to the formation of hydrophobic 

domains.(46)At increasing incubation time at 37ºC, higher values of G’ were reached, as 

the Michael addition reaction occurred between methacrylate and thiol groups within the 

hydrophobic domains, resulting in a more stable and irreversible network.  

The G’ values during the cooling cycles at different time points demonstrated the 

formation of the covalent cross-links, as at temperatures below the cloud point 

viscoelastic networks were still present and increasing values of G’ at 5°C were observed 

at increasing curing time. It was further shown that thermal and chemical gelation 

mechanisms act synergistically to enhance the mechanical properties of the gels. After 50 

hours the hydrogels displayed remarkable values of G’ (3.6 kPa) and tan(δ) values below 

0.2 at 37°C, as shown in figure 3b, and no further increase of the storage modulus in 

time was observed, indicating that full conversion of methacrylate and thiol groups was 

achieved. 

The hydrogel methacrylate conversion was further investigated by the indirect 

method of the quantification of the unreacted methacrylate groups and compared to the 

acrylate conversion in order to gain insight into the gelation kinetics. Figure 4 shows that 

the (meth)acrylate groups were converted in time, until reaching quantitative conversion 

after 50 hours incubation.  This observation implies that the Michael addition reaction was 

the only cross-linking pathway involved in the gelation process, as the ratio between 

thiols and (meth)acrylates is 1:1, and the formation of disulfide bonds due to auto-

oxidation of thiols was negligible. The Michael addition was confirmed to be the only 

cross-linking pathway by rheological time-sweep experiments of HA-SH solutions 5.4 wt% 

at 37 °C, that showed no increase in G’ values in time, indicating negligible disulfide bond 

formation (Appendix C, Figure 1SI). The acrylate groups showed higher conversion into 

chemical cross-links by Michael addition as compared to the methacrylates at 

corresponding time-points. For instance, a conversion of approximately 60 and 20% after 
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0.5h was shown by acrylated and methacrylated polymers, respectively. 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 3: (a) Storage modulus(G’) of HA-SH + pNHPtma gels during heating cycles (heating 
rate 1 ºC/min) directly after mixing of HA-SH with pNHPtma and during cooling cycles after 
Michael addition reaction for 0, 1, 4, 17 and 24h. (b) Tan δ, storage (G’) and loss (G”) moduli 
of HA-SH + pNHPtma gels during a cooling cycle upon quantitative conversion of methacrylate 
groups. (Polymer concentration: 20 wt% pNHPtma + 5.4 wt% HA-SH). 

 
 (Meth)acrylate conversion experiments further showed that the Michael addition 

followed relatively slow kinetics, in particular in case of methacrylate derivatized 

hydrogels. The slow kinetics are most likely caused by the limited accessibility of the 

(meth)acrylate moieties for Michael addition reaction with thiol derivatized hydrophilic 

hyaluronic acid, as the methacrylate groups are situated in phase-separated hydrophobic 

domains of thermosensitive blocks at 37ºC.(47) At 37 °C, indeed, the thermosensitive 

pNIPAAm/pHPMAmlac2 chains are in a dynamic equilibrium between the relaxed and the
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 self-assembled state.  The difference in cross-linking rate between acrylates and 

methacrylates can be attributed to the higher reactivity of acrylate groups toward Michael 

addition reaction with thiols due to less steric hindrance as compared to methacrylates as 

well as to the less hydrophobic character of acrylate groups that makes the accessibility 

of HA-SH easier. 
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Figure 4: (Meth)acrylate conversion in time (polymer concentration: 20 wt% pNHPt(m)a + 
5.4 wt% HA-SH; ratio thiol/(meth)acrylate groups = 1/1). Data are shown as mean ± 
standard deviation (n=3). 

 

5.3.2. Swelling and degradation of hydrogels 

 

 The swelling and degradation kinetics of hydrogels at 37ºC (Figure 5) show that 

during incubation with PBS buffer pH 7.4 the pNHPtma/HA-SH and pNHPta/HA-SH gels 

absorbed water, resulting in swelling ratio (SR) values up to 2.5 in approximately 6 and 

15 days and subsequently the gels degraded completely in 84 and 118 days, respectively. 

When the lactate groups are cleaved, the polymer becomes more hydrophilic and 

consequently will absorb more water, resulting in an increased swelling ratio during the 

first days.  

The degradation of the hydrogels is caused by the hydrolysis of the esters between 

PEG and thermo blocks as well as between lactate and methacrylate groups. (39, 42, 

46)Rheological data (Figure 2), showing that the acrylate gels had higher cross-link 

density than the methacrylate gels, explain the slower degradation of the former gels. 

The high reactivity of the acrylate groups towards thiol groups might represent a 

drawback with respect to the biomedical applications these hydrogels are designed for. In 

the presence of cells or proteins, acrylate moieties might be more reactive towards thiols 

or amines present in cysteine or lysine residues of proteins, peptides encapsulated in the 

hydrogels network or present on the cell membranes, leading to cytotoxicity and/or 
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chemical immobilization of the active in the gel. Further, acrylic monomers have been 

reported to be more toxic than their methacrylic analogues. (48),(49) It has also been 

shown that binding of proteins, such as BSA, to hydrogel precursors through Michael 

addition reaction might occur.(50) Therefore, further characterization studies were 

focused on methacrylated gels, which are envisioned to show a better cytocompatibility 

and to be more protein and peptide friendly.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Swelling ratio (=gel weight at time t (Wt)/ initial gel weight (W0)) of polymer gels 
(polymer concentration: 20 wt% pNHPt(m)a + 5.4 wt% HA-SH; ratio thiol/(meth)acrylate 
groups = 1/1) for HA-SH and pNHPt(m)a, respectively. Data are shown as as mean ± 
standard deviation (n=2).  
 
5.3.3.   Peptide release behavior of hydrogels 

 

 The suitability of the HA-SH/pNHPtma gels for the delivery of peptides was studied. To 

this end, Bradykinin (BK) was selected as a model peptide since its molecular weight (1.1 

kDa) is representative for a wide range of therapeutic peptides. A continuous release of 

the peptide from gels of 9 and 20 wt% pNHPtma was observed (Figure 6a). BK was 

quantitatively released from hydrogels of 9 wt% polymer concentration in 120 hours, 

while the hydrogel of higher polymer content showed slower release kinetics with a 

cumulative release of approximately 77% in 220 hours.  The incomplete recovery of 

bradykinin from the hydrogel of higher polymer concentration can be explained by the 

higher density of hydrophobic domains formed by self-assembled pNIPAm/pHPMAmlac2 at 

20 wt% initial solid content. When the density of the hydrophobic domains is high, the 

peptide will partition both into hydrophobic and hydrophilic domains.47 The release of the 

peptide from the hydrophobic compartments probably requires significant degradation of 

the network, that occurs on a longer time-scale (see swelling/degradation studies) than 

the one considered in the release experiments. Due to the progressive dilution of the 

release medium during the experiment, quantification of the peptide was impossible after
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 500 hours because its concentration reached the detection limit of the analytical 

technique used.  

From the release profiles, it can be concluded that the polymer concentration tailors not 

only the cross-linking density and pore size of the network but consequently also the 

release kinetics of the peptide. 

Figure 6b shows that the cumulative release scaled linearly with the square root of 

time, up to a cumulative release of 83 and 75%, for pNHPtma and pNHPta, respectively. 

This first order kinetics means that the release is diffusion governed and implies that the 

pores in the hydrogel network are bigger than the hydrodynamic diameter of the peptide. 

(9, 44-45)  

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 6: Bradykinin cumulative release from pNHPtma/HA-SH gels of 20 and 9 wt% 
pNHPtma after Michael addition reaction for 1h. Release kinetics are shown as a function 
of time (a) and as a function of the square root of time (b). Data are shown as mean ± 
standard deviation (n=3).  

 

BK diffusion coefficients, calculated by the early-time approximation equation of Fick’s 

second law, were 22.7±1.5 and 11.2±1.9 μm2/s for gels of 9 and 20 wt% pNHPtma
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 content, respectively. These values correspond to a 8 to 16 fold decrease in peptide 

mobility when compared to the diffusion coefficient of BK in water at 37°C, as 

extrapolated from diffusion coefficients in water of other proteins(51-52) and 

demonstrated the suitability of the studied hydrogel as diffusion controlled delivery 

system. 
 

5.4. Conclusions 

  

In conclusion, we have shown that the combination of thermosensitive gelling and 

Michael addition cross-linking is an attractive approach for the preparation of injectable, 

mechanically stable and biodegradable hydrogels with favorable properties for the 

delivery of peptides. 

Acrylated thermosensitive polymers showed higher reactivity towards thiol groups, 

yielding gels with faster gel formation kinetics and higher mechanical strength. The 

degradability of the system is ensured by the presence of hydrolitically sensitive ester 

bonds within the thermosensitive polymer and enzymatically degradable bonds of the 

hyaluronic acid. The suitability of the methacrylated gels as diffusion controlled delivery 

system for peptides was demonstrated and the tailorability of the release kinetics by the 

gel characteristics was assessed. 

 

Acknowledgements 

 

This research was supported by the Dutch Program for Tissue Engineering (DPTE) (project 

number 6731). 



Tandem Thermo-gelling and Michael Addition 

 143 

References 
 

1. Hoffman AS (2002) Hydrogels for biomedical applications. Advanced Drug Delivery Reviews 
54(1):3-12. 

2. Van Tomme SR, Storm G, & Hennink WE (2008) In situ gelling hydrogels for pharmaceutical and 
biomedical applications. International Journal of Pharmaceutics 355(1-2):1-18. 

3. Klouda L & Mikos AG (2008) Thermoresponsive hydrogels in biomedical applications. European 
Journal of Pharmaceutics and Biopharmaceutics 68(1):34-45. 

4. Jeong B, Kim SW, & Bae YH (2002) Thermosensitive sol-gel reversible hydrogels. Advanced Drug 
Delivery Reviews 54(1):37-51. 

5. Vermonden T, Fedorovich NE, van Geemen D, Alblas J, van Nostrum CF, Dhert WJA, & Hennink 
WE (2008) Photopolymerized Thermosensitive Hydrogels: Synthesis, Degradation, and 
Cytocompatibility. Biomacromolecules 9(3):919-926. 

6. Jeong KJ & Panitch A (2009) Interplay between Covalent and Physical Interactions within 
Environment Sensitive Hydrogels. Biomacromolecules 10(5):1090-1099. 

7. Burdick JA, Chung C, Jia X, Randolph MA, & Langer R (2004) Controlled Degradation and 
Mechanical Behavior of Photopolymerized Hyaluronic Acid Networks. Biomacromolecules 
6(1):386-391. 

8. Tai H, Wang W, Vermonden T, Heath F, Hennink WE, Alexander C, Shakesheff KM, & Howdle SM 
(2009) Thermoresponsive and Photocrosslinkable PEGMEMA-PPGMA-EGDMA Copolymers from a 
One-Step ATRP Synthesis. Biomacromolecules 10(4):822-828. 

9. Censi R, Vermonden T, van Steenbergen MJ, Deschout H, Braeckmans K, De Smedt SC, van 
Nostrum CF, di Martino P, & Hennink WE (2009) Photopolymerized thermosensitive hydrogels for 
tailorable diffusion-controlled protein delivery. Journal of Controlled Release 140(3):230-236. 

10. Malkoch M, Vestberg R, Gupta N, Mespouille L, Dubois P, Mason AF, Hedrick JL, Liao Q, Frank 
CW, Kingsbury K, & Hawker CJ (2006) Synthesis of well-defined hydrogel networks using Click 
chemistry. Chemical Communications (26):2774-2776. 

11. Crescenzi V, Cornelio L, Di Meo C, Nardecchia S, & Lamanna R (2007) Novel Hydrogels via Click 
Chemistry: Synthesis and Potential Biomedical Applications. Biomacromolecules 8(6):1844-1850. 

12. DeForest CA, Polizzotti BD, & Anseth KS (2009) Sequential click reactions for synthesizing and 
patterning three-dimensional cell microenvironments. Nature Materials 8(8):659-664. 

13. van Dijk M, Rijkers DTS, Liskamp RMJ, van Nostrum CF, & Hennink WE (2009) Synthesis and 
Applications of Biomedical and Pharmaceutical Polymers via Click Chemistry Methodologies. 
Bioconjugate Chemistry 20(11):2001-2016. 

14. Robb SA, Lee BH, McLemore R, & Vernon BL (2007) Simultaneously Physically and Chemically 
Gelling Polymer System Utilizing a Poly(NIPAAm-co-cysteamine)-Based Copolymer. 
Biomacromolecules 8(7):2294-2300. 

15. Niu G, Zhang H, Song L, Cui X, Cao H, Zheng Y, Zhu S, Yang Z, & Yang H (2008) Thiol/Acrylate-
Modified PEO-PPO-PEO Triblocks Used as Reactive and Thermosensitive Copolymers. 
Biomacromolecules 9(10):2621-2628. 

16. Peattie RA, Rieke ER, Hewett EM, Fisher RJ, Shu XZ, & Prestwich GD (2006) Dual growth factor-
induced angiogenesis in vivo using hyaluronan hydrogel implants. Biomaterials 27(9):1868-1875. 

17. Cellesi F, Weber W, Fussenegger M, Hubbell JA, & Tirelli N (2004) Towards a fully synthetic 
substitute of alginate: Optimization of a thermal gelation/chemical cross-linking scheme 
(ldquotandemrdquo gelation) for the production of beads and liquid-core capsules. Biotechnology 
and Bioengineering 88(6):740-749. 

18. Hiemstra C, van der Aa LJ, Zhong Z, Dijkstra PJ, & Feijen J (2007) Rapidly in Situ-Forming 
Degradable Hydrogels from Dextran Thiols through Michael Addition. Biomacromolecules 
8(5):1548-1556. 

19. Elbert DL, Pratt AB, Lutolf MP, Halstenberg S, & Hubbell JA (2001) Protein delivery from materials 
formed by self-selective conjugate addition reactions. Journal of Controlled Release 76(1-2):11-
25. 

20. Ferruti P, Bianchi S, Ranucci E, Chiellini F, & Caruso V (2005) Novel poly(amido-amine)-based 
hydrogels as scaffolds for tissue engineering. Macromolecular Biosciences 5(7):613-622.



Chapter 5 

 144 

21. Ferruti P, Bianchi S, Ranucci E, Chiellini F, & Piras AM (2005) Novel Agmatine-Containing 
Poly(amidoamine) Hydrogels as Scaffolds for Tissue Engineering. Biomacromolecules 6(4):2229-
2235. 

22. Lutolf MP & Hubbell JA (2003) Synthesis and Physicochemical Characterization of End-Linked 
Poly(ethylene glycol)-co-peptide Hydrogels Formed by Michael-Type Addition. Biomacromolecules 
4(3):713-722. 

23. Lutolf MP, Tirelli N, Cerritelli S, Cavalli L, & Hubbell JA (2001) Systematic Modulation of Michael-
Type Reactivity of Thiols through the Use of Charged Amino Acids. Bioconjugate Chemistry 
12(6):1051-1056. 

24. Rizzi SC & Hubbell JA (2005) Recombinant Protein-co-PEG Networks as Cell-Adhesive and 
Proteolytically Degradable Hydrogel Matrixes. Part I:� Development and Physicochemical 
Characteristics. Biomacromolecules 6(3):1226-1238. 

25. Vernon B, Tirelli N, Bächi T, Haldimann D, & Hubbell JA (2003) Water-borne, in situ crosslinked 
biomaterials from phase-segregated precursors. Journal of Biomedical Materials Research 
64A(3):447-456. 

26. Mather BD, Viswanathan K, Miller KM, & Long TE (2006) Michael addition reactions in 
macromolecular design for emerging technologies. Progress in Polymer Science 31(5):487-531. 

27. Morra M, Cassinelli C, Cascardo G, Nagel M-D, Della Volpe C, Siboni S, Maniglio D, Brugnara M, 
Ceccone G, Schols HA, & Ulvskov P (2004) Effects on Interfacial Properties and Cell Adhesion of 
Surface Modification by Pectic Hairy Regions. Biomacromolecules 5(6):2094-2104. 

28. Shu XZ, Liu Y, Luo Y, Roberts MC, & Prestwich GD (2002) Disulfide Cross-Linked Hyaluronan 
Hydrogels. Biomacromolecules 3(6):1304-1311. 

29. Butterworth PHW, Baum H, & Porter JW (1967) A modification of the Ellman procedure for the 
estimation of protein sulfhydryl groups. Archives of Biochemistry and Biophysics 118(3):716-723. 

30. Jin R, Moreira Teixeira LS, Krouwels A, Dijkstra PJ, van Blitterswijk CA, Karperien M, & Feijen J 
(2010) Synthesis and characterization of hyaluronic acid-poly(ethylene glycol) hydrogels via 
Michael addition: An injectable biomaterial for cartilage repair. Acta Biomaterialia 6(6):1968-77. 

31. Lee Y, Chung HJ, Yeo S, Ahn C-H, Lee H, Messersmith PB, & Park TG (2010) Thermo-sensitive, 
injectable, and tissue adhesive sol-gel transition hyaluronic acid/pluronic composite hydrogels 
prepared from bio-inspired catechol-thiol reaction. Soft Matter 6(5):977-983. 

32. Hahn SK, Oh EJ, Miyamoto H, & Shimobouji T (2006) Sustained release formulation of 
erythropoietin using hyaluronic acid hydrogels crosslinked by Michael addition. International 
Journal of Pharmaceutics 322(1-2):44-51. 

33. Hahn SK, Park JK, Tomimatsu T, & Shimoboji T (2007) Synthesis and degradation test of 
hyaluronic acid hydrogels. International Journal of Biological Macromolecules 40(4):374-380. 

34. Lee BH, West B, McLemore R, Pauken C, & Vernon BL (2006) In-Situ Injectable Physically and 
Chemically Gelling NIPAAm-Based Copolymer System for Embolization. Biomacromolecules 
7(6):2059-2064. 

35. Cheng V, Lee BH, Pauken C, & Vernon BL (2007) Poly(N-isopropylacrylamide-co-poly(ethylene 
glycol))-acrylate simultaneously physically and chemically gelling polymer systems. Journal of 
Applied Polymer Science 106(2):1201-1207. 

36. Wang Z-C, Xu X-D, Chen C-S, Yun L, Song J-C, Zhang X-Z, & Zhuo R-X (2010) In Situ Formation 
of Thermosensitive PNIPAAm-Based Hydrogels by Michael-Type Addition Reaction. ACS Applied 
Material Interfaces. 

37. Heskins M & Guillet JE (1968) Solution Properties of Poly(N-isopropylacrylamide). Journal of 
Macromolecular Sciences, Part A: Pure Applied Chemistry 2(8):1441 - 1455. 

38. Schild HG (1992) Poly(N-isopropylacrylamide): experiment, theory and application. Progress in 
Polymer Science 17(2):163-249. 

39. Rijcken CJ, Snel CJ, Schiffelers RM, van Nostrum CF, & Hennink WE (2007) Hydrolysable core-
crosslinked thermosensitive polymeric micelles: Synthesis, characterisation and in vivo studies. 
Biomaterials 28(36):5581-5593. 

40. Soga O, van Nostrum CF, Ramzi A, Visser T, Soulimani F, Frederik PM, Bomans PHH, & Hennink 
WE (2004) Physicochemical Characterization of Degradable Thermosensitive Polymeric Micelles. 
Langmuir 20(21):9388-9395. 

 



Tandem Thermo-gelling and Michael Addition 

 145 

41. Fang J, Sawa T, Akaike T, & Maeda H (2002) Tumor-targeted Delivery of Polyethylene Glycol-
conjugated D-Amino Acid Oxidase for Antitumor Therapy via Enzymatic Generation of Hydrogen 
Peroxide. Cancer Research 62(11):3138-3143. 

42. Neradovic D, van Steenbergen MJ, Vansteelant L, Meijer YJ, van Nostrum CF, & Hennink WE 
(2003) Degradation Mechanism and Kinetics of Thermosensitive Polyacrylamides Containing 
Lactic Acid Side Chains. Macromolecules 36(20):7491-7498. 

43. Vercruysse KP, Marecak DM, Marecek JF, & Prestwich GD (1997) Synthesis and in Vitro 
Degradation of New Polyvalent Hydrazide Cross-Linked Hydrogels of Hyaluronic Acid. 
Bioconjugate Chemistry 8(5):686-694. 

44. Ritger PL & Peppas NA (1987) A simple equation for description of solute release II. Fickian and 
anomalous release from swellable devices. Journal of  Controled Release 5(1):37-42. 

45. Serra L, Doménech J, & Peppas NA (2006) Drug transport mechanisms and release kinetics from 
molecularly designed poly(acrylic acid-g-ethylene glycol) hydrogels. Biomaterials 27(31):5440-
5451. 

46. Vermonden T, Besseling NAM, van Steenbergen MJ, & Hennink WE (2006) Rheological Studies of 
Thermosensitive Triblock Copolymer Hydrogels. Langmuir 22(24):10180-10184. 

47. Vermonden T, Jena SS, Barriet D, Censi R, van der Gucht J, Hennink WE, & Siegel RA (2009) 
Macromolecular Diffusion in Self-Assembling Biodegradable Thermosensitive Hydrogels. 
Macromolecules 43(2):782-789. 

48. Yoshii E (1997) Cytotoxic effects of acrylates and methacrylates: Relationships of monomer 
structures and cytotoxicity. Journal of Biomedical Materials Research 37(4):517-524. 

49. Chan K & O'Brien PJ (2008) Structure-activity relationships for hepatocyte toxicity and 
electrophilic reactivity of α,β-unsaturated esters, acrylates and methacrylates. Journal of Applied 
Toxicology 28(8):1004-1015. 

50. Hiemstra C, Zhong Z, van Steenbergen MJ, Hennink WE, & Feijen J (2007) Release of model 
proteins and basic fibroblast growth factor from in situ forming degradable dextran hydrogels. 
Journal of Controlled Release 122(1):71-78. 

51. Merrill EW, Dennison KA, & Sung C (1993) Partitioning and diffusion of solutes in hydrogels of 
poly(ethylene oxide). Biomaterials 14(15):1117-1126. 

52. Burczak K, Fujisato T, Hatada M, & Ikada Y (1994) Protein permeation through poly(vinyl alcohol) 
hydrogel membranes. Biomaterials 15(3):231-238. 



 

 146 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 147 

 

 

CChhaapptteerr 66 
 

Printable Photopolymerizable 
Thermosensitive p(HPMA-lactate)-PEG 

Hydrogel as Scaffold for Tissue Engineering 
  

Roberta Censi,a,b Wouter Schuurman,c,d Jos Malda,c Giorgio di Dato,a 
Petra E. Burgisser,c  Wouter J. A. Dhert,c,d Cornelus F. van Nostrum,a 

Piera di Martino,b Tina Vermondena and Wim E. Henninka 

 

 

  
 

a Department of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences (UIPS), Utrecht 
University, P.O. Box 80082, 3508 TB Utrecht, The Netherlands  

 
b Department of Chemical Sciences, Camerino University, via S, Agostino 1, 62032, Camerino 
(MC), Italy 
 
c Department of Orthopaedics, University Medical Center Utrecht P.O. Box 85500, 3508 GA 
Utrecht, The Netherlands 
 
d Department of Equine Sciences, Faculty of Veterinary Medicine, Utrecht University, P.O. Box 
80163, 3508 TD Utrecht, The Netherlands 
 
 

  
  

SSuubbmmiitttteedd  ffoorr  ppuubblliiccaattiioonn



Chapter 6 

 148 

 
 
 
 
 
 
 
 
 
 
 
 
 

Abstract 

 

Bioprinting is a new technology that holds potential to have significant impact in 

regenerative medicine as it allows engineering tissues with biomimetic organization and 

decreased diffusion distances for nutrients and metabolites. This technique requires hydrogels 

with adequate mechanical properties for the preparation of structurally stable and well-defined 

three-dimensional (3D) constructs and that ensure viability and differentiation of encapsulated 

cells. The aim of this study is to evaluate the suitability of a biodegradable, 

photopolymerizable and thermosensitive A-B-A triblock copolymer hydrogel as a synthetic 

extracellular matrix for engineering tissues by means of 3D fiber deposition (3DF). The 

polymer is composed of poly(N-(2-hydroxypropyl)methacrylamide lactate) A-blocks, partly 

derivatized with methacrylate groups and hydrophilic poly(ethylene glycol) B-blocks of a 

molecular weight of 10 kDa. The temperature triggered formation of a dimensionally stable 

gel in buffer is assessed. It is shown that the presence of additional chemical cross-links by 

photopolymerization enhances the gel stability, leading to constructs with an elastic modulus 

of 119 kPa (25 wt% polymer content) and a degradation time of approximately 190 days. A 

power law dependence of the storage plateau modulus of photopolymerized hydrogels on 

polymer concentration is observed for both physically and chemically cross-linked hydrogels, 

demonstrating similar mechanical characteristics to natural semi-flexible polymers, including 

collagen. Moreover, the hydrogel shows suitable mechanical properties for bioprinting, 

allowing subsequent layer-by-layer deposition of gel fibers to form stable constructs up to at 

least 0.6 cm (37 layers) with different patterns and strand spacing. The resulting scaffolds 

have reproducible vertical porosity and the ability to maintain separate localization of 

encapsulated fluorescent microspheres. Furthermore, high viability is observed for 

encapsulated chondrocytes after 1 and 3 days of culture. In summary, based on the gel 

characteristics and behavior of the embedded cells we conclude that the evaluated hydrogel is 

an interesting candidate for bioprinting of constructs that recapitulate the intricate 3D 

structure of cells and matrix in natural tissues. 
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6.1. Introduction 

Bioprinting is a novel approach in tissue engineering for scaffold preparation based on 

computer aided layer-by-layer or dropwise deposition of cell-laden hydrogels.(1-4) This rapid 

prototyping-derived technique allows the preparation of complex three dimensional (3D) cell 

laden scaffolds, conferring reproducible control over cell placement, with respect to 

anatomical geometry, and providing a highly porous microenvironment, amenable to nutrients 

and oxygen diffusion.(5-9)  

The development of novel tissue engineering strategies, using a manifold of 3D patterning 

techniques, such as fiber templating(10), litography(11) or 3D fiber deposition(1, 12-13) 

whereby cells are combined with a matrix and printed to yield a 3D construct that 

subsequently can be transplanted in vivo, offers a novel and potential route towards tissue 

regeneration.(14-16) 

The possibility to incorporate different types of living cells and to deposit different 

materials within a scaffold by using 3DF,  allows the creation of grafts that  closely resemble 

the hierarchy of cells and matrix in natural tissues.(17) The success of this approach highly 

depends upon the biomaterial, promoting tissue formation by the incorporated cells, being 

biocompatible, processable into a suitable 3D structure and eventually biodegradable without 

harmful effects.(18-22) Furthermore, the biomaterial should have sufficient porosity to 

facilitate nutrients and oxygen supply and tissue ingrowth and it should be able to support cell 

proliferation, differentiation and function.  

Hydrogels are 3D networks of cross-linked hydrophilic polymers that fulfill some of these 

requirements, and are therefore extensively used as supportive matrices for tissue 

engineering. So far, both natural (alginate, chitosan, hyaluronic acid, collagen, fibrin, 

etc.)(23-26) and synthetic (poly(ethylene glycol) (PEG), poly(N-isopropylacrylamide), 

Pluronic, etc.)(27-30) hydrogels have been used in vitro as scaffolding material for tissue 

engineering, but each suffers from different drawbacks. Natural polymers possess an inherent 

biocompatibility and often positive cell interaction and modulation,(31) but also large lot-to-lot 

variation, poor mechanical properties and lack of tailorability. On the other hand, synthetic 

polymers have well-defined structures with possibilities to fine-tune their properties, but 

biodegradability and biocompatibility often represent an issue. 

Therefore, in the present study, a biodegradable, synthetic, photopolymerizable and 

thermosensitive hydrogel, that exhibits an advantageous combination of properties, is used 

for the development of 3D printed scaffolds. The polymer has an A-B-A architecture 

consisting of thermosensitive poly(N-(2-hydroxypropyl)methacrylamide lactate)(32) 

(p(HPMAm-lac) A-blocks that are partly modified with methacrylate moieties, to allow 

chemical cross-linking using photopolymerization, and a B-block of poly(ethylene glycol) 

(PEG).(33-35) The p(HPMAm-lac) A-blocks exhibit thermosensitive behavior,(21, 36-37) 

having a cloud point (CP) that can be tuned by the average length of the lactate side 

chains.(32)
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Bioprinted hydrogel based scaffolds can be used for the regeneration of a number of 

tissues such as bone, skin, liver, cartilage, replicating the hierarchical structures of natural 

tissues at an unprecedented level. In this paper, the potential of the studied hydrogel for 

engineering zonal cartilage is addressed. The use of hydrogels for cartilage repair is 

particularly attractive as they reflect several characteristics of native cartilage, being able to 

homogeneously encapsulate chondrocytes in a highly hydrated, structurally stable and highly 

diffusive 3D network. Articular cartilage is an avascular supporting connective tissue, 

exhibiting a low metabolic rate and a low regenerative potential. It has a hydrogel-like 

structure consisting of 70% water, 20% collagen, responsible for the tensile properties, and 

10% proteoglycans, providing compression resistance.(38) The ability of articular cartilage to 

function as a low-friction and wear-resistant load bearing tissue depends upon its zonal 

structural organization and biochemical composition. The superficial zone (10–20% thickness) 

is composed of a collagen network aligned parallel to the surface and low content of 

proteoglycans. In the middle zone (30–50% thickness), the collagen network is randomly 

oriented and in the deep zone (30–50% thickness) the collagen network is oriented 

perpendicularly to the bone and the proteoglycan content is high.(38-40) Because of lack of 

healing capacity of the tissue, due to poor blood supply, local cartilage damage eventually 

leads to generalized cartilage degeneration and permanent loss of organization and 

functionality. 

The treatment of choice for generalized cartilage damage is prosthetic joint 

replacement,(41) whereas for focal lesions, either microfracture or cell-based therapy can be 

used.(42-43) However, although clinical outcomes are satisfactory for these methods, they 

have drawbacks: prostheses have a limited life span, whereas microfracture and chondrocyte 

implantation do not fully restore the organization and consequently the functionality of native 

cartilage. By using 3D printing techniques, ideally, patient-derived cells can be mixed with the 

hydrogel matrix and printed at defined locations within a single scaffold, mimicking the 

natural cell distribution and potentially enhancing clinical outcomes.(2, 44-45)  

The goal of this study was to evaluate the suitability of methacrylate bearing HPMAm-lac-

PEG based hydrogels for organ printing. Upon printing, the scaffold is photopolymerized to 

provide the cells with long-term mechanical support and, in time, is expected to gradually 

degrade into biocompatible products. The printability, mechanical properties, degradation 

behavior and chondrocyte compatibility was evaluated for this hydrogel. 

 

6.2. Experimental Section 

6.2.1. Materials 

All chemicals were obtained from Sigma-Aldrich and used as received, unless stated 

otherwise. All solvents were purchased from Biosolve. Tetrahydrofuran (THF) was distilled 
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from sodium/benzophenone and stored over 3 Å molecular sieves. Phosphate buffered saline 

(PBS) (8.2 g l-1 NaCl; 3.1 g l-1 NaH2PO412H2O; 0.3 g l-1 NaH2PO4) used to prepare the 

hydrogels for mechanical characterization and degradation studies was obtained from Braun 

(The Netherlands). HPMAm (hydroxypropylmethacryliamide) was obtained from Zentiva a.s. 

(Praha, Czech Republic), L-lactide from Purac Biochem BV (Gorinchem, The Netherlands) and 

2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959) from Ciba 

Specialty Chemicals Inc (Basel, Switzerland). DMAP (dimethylaminopyridine) and 4,4´-

Azobis(4-cyanopentanoic acid) (ABCPA) were purchased from Fluka Chemie AG (Buchs, 

Switzerland). HPMAm-monolactate and HPMAm-dilactate were synthesized according to a 

previously reported method.(32) The synthesis of triblock copolymers with PEG as middle 

block and polyHPMAm-lactate as outer blocks was described previously (33-35) and applied in 

this study for the preparation of a triblock copolymer having p(HPMAm-lac) A-blocks of 23.5 

kDa, derivatized with 30% of methacrylate groups and PEG B-blocks of 10 kDa molecular 

weight. Dye-Trak "F" fluorescent microspheres (fluorescent lemon and fluorescent orange) 

were purchased from Triton technology (San Diego, CA). Type II collagenase was obtained 

from Worthington Biochemical Corp (Lakewood, NJ). DMEM [Dulbecco’s Modified Eagle 

Medium] insulin-transferrin-selenium mixture (ITS-X), penicillin and streptomycin were 

obtained from Invitrogen (Carlsbad, CA). Fetal bovine serum was obtained from Biowhittaker 

(Walkersville, MD) and FGF-2 and TGF-b2 from R&D Systems (Minneapolis, MN). Human 

serum albumin from Cealb (Sanquin, Utrecht, The Netherlands) was used.  

6.2.2. Synthesis of (PEG-ABCPA)n Macroinitiator  

 

(PEG-ABCPA)n was synthesized slightly modifying the procedure described by Neradovic 

et al(46) and Vermonden et al.(33) In detail, 10 g (1 mmol) of PEG (number-average molar 

mass Mn = 10000 g mol-1), 280 mg (1 mmol) of ABCPA, 91.6 mg (0.3 mmol) of 4-

(dimethylamino)pyridinium-4-toluenesulfonate (DPTS) and 618 mg (3 mmol) of N,N‘-

dicyclohexylcarbodiimide (DCC) were dissolved in 60 ml of a 1:1 mixture of dichloromethane 

and dry THF. The mixture was stirred at room temperature at 0°C for 1 hour and 

subsequently at room temperature for 24 h under nitrogen atmosphere. The formed 

dicyclourea (DCU) was filtered off, and the organic solvents were removed by rotary 

evaporation. The product was suspended in water, filtrated over hyflo and dialyzed for 48 

hours at 4°C against water using a dialysis membrane with a cut-off of 12-14 kDa. The 

macroinitiator was obtained in a high yield (  80%) after freeze-drying and characterized by 
1H NMR in CDCl3 and gel permeation chromatography (GPC). 

 

6.2.3.   Synthesis of Methacrylated Triblock Copolymers 

A thermosensitive triblock copolymer consisting of PEG 10 kDa as hydrophilic block and 

pHPMAmlac as thermosensitive outer blocks with a HPMAm-monolactate/HPMAm-dilactate 
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ratio of 50/50 was synthesized by free radical polymerization using (PEG-ABCPA)n 

macroinitiator according to a method described earlier.(33) The OH side groups of 

p(HPMAm-lac) were partially methacrylated using the following procedure. The triblock 

copolymer (7 g, 21 mmol) was dissolved in dry THF under a N2 atmosphere, DMAP (21 

mg, 174 mmol) and triethylamine (TEA) (601 µl, 4.35 mmol) were added at 0ºC. Finally, 

methacrylic anhydride (MA) (648 µl, 4.35 mmol) at 1:1 molar ratio with TEA was added. 

The reaction mixture was subsequently stirred for 24 hours at room temperature, 

followed by the addition of approximately 20 ml water. Next the reaction mixture was 

dialyzed (membrane with a cut-off of 12-14 kDa) against water for two days at 4˚C and 

isolated by freeze-drying. The synthesized polymers were characterized by 1H NMR 

(300 MHz, DMSO-d6, δ): 7.35 (b,1H, NH), 6.15 & 5.80 (d, 2H, C=CH2), 5.4 (d, 1H, CH-

OH), 4.95 (d, CO-CH(CH3)-O), 4.1 (d, 1H, CO-CH(CH3)-OH), 3.60 (s, 904H, OCH2CH2 

(PEG-protons)), 3.4 (s, 2H, NHCH2), 2.2-0.6 (main chain protons and CH3 of lactate 

groups). The degree of methacrylation (DM), defined as the percentage of OH groups 

derivatized with methacrylate moieties was calculated from the ratio of the average 

intensity of the peaks at 6.15 and 5.80 and intensity of the peak at 5.4 ppm as 

follow:(34) 

((I6.15+I5.8)/2) / ((I6.15+I5.8)/2 +I5.4) × 100%    (2)  

6.2.4. 1H NMR Spectroscopy 

 

 1H NMR (300 MHz) spectra were recorded on a Gemini 300 MHz spectrometer (Varian 

Associates Inc., NMR Instruments, Palo Alto, CA) using DMSO-d6 and CDCl3 as solvents. 

Chemical shifts were referred to the solvent peak (δ = 2.49 ppm and δ = 7.24 ppm, for 

DMSO-d6  and CDCl3, respectively). 

 

6.2.5. Gel Permeation Chromatograph 

 

The molecular weights of the polymers were determined by GPC using a Plgel 5 µm MIXED-D 

column (Polymer Laboratories) with a column temperature of 40 ºC. DMF containing 10 mM 

LiCl was used as eluent with an elution rate of 0.7 ml min-1, and the sample concentration 

was 5 mg ml-1 in the same eluent. Poly(ethylene glycols) with defined molecular weights were 

used as calibration standards.(32) 

Determination of the Cloud Point: The cloud point (CP) of the polymers was measured 

with static light scattering using a Horiba Fluorolog fluorometer (650 nm, 90º angle). The 

polymers were dissolved at a concentration of 3 mg ml-1 in ammonium acetate buffer (pH 

5.0, 120 mM). The heating rate was approximately 1 ºC min-1 and every 0.2 ºC the scattering 

intensity was measured at 90º angle. The CP is defined as the onset of increasing scattering 

intensity.(47)
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6.2.6. Rheological Characterization 

 

The rheological analysis of the (non)-photopolymerized hydrogels was performed on an 

AR-G2 rheometer (TA-Instruments). Triblock copolymer solutions at a concentration of 20, 25, 

30 and 35 wt % were prepared in PBS pH 7.4 supplemented with 0.2 wt% NaN3 at 4°C and 

Irgacure 2959 (0.05 wt %) was added. The physical gels were prepared heating the polymer 

solutions from 5 to 45 °C at a rate of 1 °C min-1. Non-photopolymerized gels were studied 

using a cone-plate geometry (steel, 20 mm diameter with an angle of 1º). A solvent trap was 

used to prevent evaporation of the solvent and 1% strain was applied.(33) 

To analyze the photopolymerized hydrogels the AR G-2 rheometer was equipped with a 

UV lightguide connected to a BluePoint lamp 4 (350-450 nm, Honle UV technology, light 

intensity of 50 mW/cm2). Gels were studied at 37 °C using a plate–plate geometry at 0.1% 

strain and 1 Hz frequency. The diameter of the geometry was 20 mm and the gap between 

the plates 300 μm.(35) Strain sweep experiments were performed at 37°C using a plate–plate 

geometry at 0.2 Hz frequency and a strain range between 0.001 and 10. The polymer 

solutions were measured as such or upon 5 min UV irradiation. 

 

6.2.7. 3D printing of methacrylated HPMAm-lac-PEG triblock copolymer scaffolds  

 

A BioScaffolder dispensing system (Sys Eng, Salzgitter-Bad, Germany) was used for 3D 

printing of hydrogel scaffolds. The pneumatic syringe dispenser was loaded with the triblock 

copolymer solution (25 wt%), containing 0.05 wt% Irgacure 2959. The dispenser at room 

temperature extruded the hydrogel on a stationary platform preheated at 40°C according to a 

CAD/CAM aided pattern in a layer-by-layer deposition mode. Rectangular 3D scaffolds of 37 

(0.6 cm) and 12 layers (0.19 cm), for DMA and degradation studies, respectively, were 

printed with 0/90° configuration, strand spacing of 1.5 mm and 25 µm of fiber thickness. A 

Nikon D40 camera equipped with AF-S NIKKOR 18-55mm 1:3.5-5.6 GII ED objective was 

used to take pictures of the scaffolds. After deposition, the scaffolds were photopolymerized 

using a Superlite S-UV 2001AV lamp (Lumatec, Munchen, Germany), which emits UVA and 

blue light (320–500 nm, intensity of 6 mW cm-2 at 365 nm). 

In a separate experiment, two polymer solutions were loaded with two different Dye-Trak 

"F" fluorescent microspheres (fluorescent lemon and fluorescent orange) of 15 μm diameter at 

a concentration of 1*106 spheres per ml. The two microsphere containing polymer/Irgacure 

2959 solutions were loaded into two separate extruding syringes and 2 or 3 layer scaffolds 

were printed using the settings described above resulting in alternating layers of different 

hydrogels and several patterns and strand spacing. Subsequently, the scaffolds were 

photopolymerized for 10 minutes using a Superlite S-UV 2001AV lamp (Lumatec, Munchen, 

Germany, blue light 320–500 nm, intensity of 6 mW cm-2 at 365 nm) and imaged using an 
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Olympus BX51 microscope (Olympus DP70 camera (Hamburg, Germany) equipped with an 

epifluorescence set-up.  

6.2.8. Conversion of methacrylate groups after photopolymerization  

To evaluate the conversion of methacrylate groups after photopolymerization, the 

resulting porous scaffolds were incubated in 5 ml of 0.2 M NaOH for 3 hours at 37 ºC. The 

gels completely degraded during this incubation. Next, the solution was neutralized by 

addition of 2 ml of 2M acetic acid, prior to analysis of methacrylic acid. The methacrylate 

conversion was calculated by comparing the unreacted methacrylic acid of the degraded gels 

to the initial amount of methacrylic acid prior to photo-cross-linking. Methacrylic acid was 

detected by Acquity UPLCTM, equipped with a BEH C18 1.7 �m, 2.1 x 50 mm column. The 

eluent used was 95/5/0.1% H2O/acetonitrile/trifluoroacetic acid. A calibration curve was 

obtained by injecting different volumes (from 0.1 to 7.5 µl) of a 0.1 mM methacrylic acid 

solution.(34-35) 

 

6.2.9. DMA Measurements 

 

The elastic moduli (E) of the 3D printed and solid cylindrical scaffolds (both composed of 

25 wt% polymer) were determined by dynamic mechanical analysis (DMA), performed with a 

DMA 2980 Dynamic Mechanical Analyzer (TA Instruments, New Castle, England) in the 

controlled force mode. Photopolymerized 3D printed constructs were cut in cylinders of 

approximately 5 × 6 mm (diameter × height) while the solid scaffolds were molded and 

photo-cross-linked in cylinders of 4.5 × 4 mm (diameter × height). These constructs were 

placed between the parallel plates (upper plate 6 mm, lower plate 45 mm) and a force ramp 

from 0.001 to 1.0 N at a rate of 0.1 N min-1 was applied at 25 ºC. The elastic modulus (E) was 

the slope of the linear range of the curve stress vs α, where α was calculated as follows:  

 

α = (h / Δh) + 1       (3)  

 

h represents the initial height and Δh is the dimensional change of the measured scaffold 

during compression. 

 

6.2.10.   Swelling and Degradation Studies 

 

 The degradation behavior of 3D scaffolds was studied in PBS pH 7.4, supplemented with 0.2 

wt% NaN3, at 37°C. Scaffolds consisting of 12 layers were prepared according to the above 

described procedure and placed in a 15 ml glass vial with screw cap. The initial weight of the 

scaffolds was measured (W0) and upon addition of 5 ml PBS the vials were incubated at 37°C. 
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At regular intervals, the incubation buffer was removed and the weight of the scaffolds was 

measured (Wt) to calculate the swelling ratio:  

SR = Wt/W0        (4) 

Next, 5 ml PBS was added and the samples were further incubated at 37 ºC.(35) 

6.2.11. Cell Encapsulation and Viability analysis 

 

 Full-thickness healthy articular cartilage was obtained from the femoral condyles and 

femoropatellar groove of fresh equine cadavers (n = 2; age, 2-10 years) under aseptic 

conditions. After overnight digestion using 0.15% type II collagenase at 37°C, the cell 

suspension was filtered (100-µm cell strainer) and washed 3 times with phosphate-buffered 

saline. Cells were then resuspended in expansion medium (DMEM supplemented with 10% 

fetal bovine serum, 100 units ml-1 penicillin and 100 µg ml-1 streptomycin and 10 ng ml-1 FGF-

2) and counted using a hemacytometer. Chondrocytes were expanded in monolayer cultures 

(5000 cells cm-2) in expansion medium until 90% confluency. After expansion, cells were 

mixed in 25 wt% pHPMAm-lac-PEG triblock copolymer solution at 4°C containing 0.05 wt% 

Irgacure 2959. Cells were encapsulated at a density of 5.0*106 cells ml-1 for LIVE/DEAD 

assays. Constructs of 100 µl were fabricated using two sterilized glass slides and two PVC 

spacers of 2 mm height. The hydrogel-cell solution at room temperature was put on a glass, 

the spacers were placed, and the second glass was put on top of the gel, yielding a cylindrical 

shaped construct. The previously mentioned Superlite S-UV 2001AV lamp (Lumatec, Munchen, 

Germany) was used to cross-link the cell-laden hydrogel constructs. 

Constructs were cultured in differentiation medium (DMEM supplemented with 0.2 mM 

ascorbic acid 2-phosphate, 0.5% human serum albumin, 1x ITS-X, 100 units/mL penicillin and 

100 unit/mL streptomycin, and 5 ng/mL TGF-b2). Samples for LIVE/DEAD assays were taken 

after 1 and 3 days.  

To visualize cell viability, LIVE/DEAD Viability Assay (Molecular Probes MP03224, Eugene, 

USA) was performed according to the manufacturer’s recommendations. The samples were 

examined using a light microscope (Olympus, BX51, United States) and photomicrographs 

taken with an Olympus DP70 camera (United States). The excitation/emission filters were set 

at 488/530 nm to observe living (green) cells and at 530/580 nm to detect dead (red) cells. 

Live and dead cells were counted for 4 samples per time point, at four locations within each 

construct. 
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6.3.       Results and Discussion 

6.3.1. Polymer Synthesis and Characterization 

(PEG-ABCPA)n macroinitiator was synthesized by DCC coupling reaction of PEG 

(molecular weight (MW) of 10 kDa) and ABCPA with a yield of 79% and characterized by GPC 

and 1H-NMR. GPC analysis showed that ~6 molecules of PEG 10 kDa were coupled, (number 

average molecular weight was 58 kDa with a polydispersity index (PDI) of 2.3). A small peak 

of unreacted free PEG was visible in the GPC chromatogram (Appendix D, Figure 1SI), an 

observation also confirmed by 1H-NMR (a ratio PEG/ABCPA of 1.2 was calculated by 

comparing PEG protons to those of ABCPA) (Apendix D, Figure 2SI).(46) Removal of 

unreacted ABCPA, achieved by the purification method used, prevented the formation of 

polymers of HPMAm-lactate without PEG chain during the subsequent radical 

copolymerization (Appendix D, Figure 3SI). 

A thermosensitive A-B-A triblock copolymer consisting of pHPMAm-lac A-blocks of 

approximately 23.5 kDa, as determined by 1H-NMR and PEG B-block of a MW of 10 kDa was 

synthesized by free radical copolymerization using a (PEG-ABCPA)n macroinitiator and HPMAm 

mono and dilactate in a molar ratio of 1/1 with a yield of 73 %. The pendant OH groups on 

the lactate side chains of the polymer were then partly methacrylated in order to allow the 

formation of chemical cross-links by photopolymerization. The structure of the final polymer 

is depicted in Scheme 1.  

 

 
Scheme 1. Chemical structure of A-B-A triblock copolymer composed of methacrylated 
p(HPMAm-lac) A-blocks and PEG B-block.  

 
The synthesized products are abbreviated as MI, M0P10 and M30P10, for macro-initiator, 

non-methacrylated and methacrylated triblock copolymers, respectively, and their 

characteristics are listed in Table 1.  
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Table 1. Characteristics of PEG-ABCPA macroinitiator and A-B-A triblock copolymers 
composed of (methacrylated) p(HPMAm-lac) A-blocks and PEG B-block. 
 

Name 
MW 
(kDa) 

Mn 
(kDa) 

PDI DM (%) CP (°C) 

MI 136b 58b 2.3b N.A.  N.A.  

M0P10 48b 
57a 

32b 
1.5b N.A. 29c 

M30P10 48b 
57a 

32b 
1.5b 30a 11c 

[a] Determined by 1H-NMR [b] Determined by GPC [c] Determined by SLS 
  

The triblock copolymer M0P10 was obtained with a yield of approximately 74% and a 

HPMAm-monodilactate/HPMAm-dilactate ratio of 1, corresponding to the feed ratio and 

resulting in a CP of the polymer of 29 °C. Based on 1H NMR, a Mn of 57 kDa was calculated. It 

appears that the Mn based on 1H-NMR analysis exceeds that measured by GPC analysis (Mn 32 

kDa). It was shown earlier that this discrepancy can be ascribed to the use of PEG 

homopolymers as GPC standards that display larger hydrodynamic volumes than the triblock 

copolymers in the used eluent.(33, 35) 

As expected, upon methacrylation, the M30P10 polymer displayed the same molecular 

weight as the non-methacrylated M0P10 polymer. The yield was 88% and the polymer had a 

methacrylation degree of 30%, (calculated based on 1H-NMR). Similarly to previously 

reported data, the introduction of methacrylate groups on the lactate side chains of the 

polymer led to an increase of hydrophobicity and consequently to a decrease in CP to 11 

°C.(34-35) 

6.3.2. Hydrogel Mechanical Properties  

In order to be used in organ printing, the hydrogels must possess adequate mechanical 

properties, allow easy extrusion through the pneumatic dispensing system described earlier 

and maintain dimensional stability upon computer aided layer-by-layer fiber deposition. 

Besides processability requirements, the hydrogel must provide for encapsulated cells with 

long-term mechanical support and eventually degrade into biocompatible products when new 

tissue is formed.(20) All the abovementioned requirements for organ printing were addressed 

in this study, starting with the characterization of the gelation kinetics of M30P10 triblock 

copolymer hydrogel. 

A hydrogel composed of 25 wt% M30P10 triblock copolymer was prepared and 

characterized by rheological analysis. Figure 1 shows the effect of temperature on the visco-
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elastic properties of the hydrogel and demonstrates that at low temperatures (5 °C), M30P10 

has a liquid-like behavior in aqueous solution with a storage modulus (G’) close to zero and 

dominated by the loss modulus (G”).(33) This behavior is particularly beneficial for the 

encapsulation of cells that can be easily and homogeneously mixed at high concentration with 

the cold polymer solution. The temperature controlled dispensing system can be then loaded 

with the polymer solution, in which the cells are mixed, and the adequate viscosity can be 

tuned by adjusting the dispenser temperature. As can be seen in Figure 1, indeed, a range of 

G’ between 0 and 350 Pa was obtained when increasing the temperature between 5 and 45 

°C, with 21 °C often referred to as the gelation temperature (Tgel) where G’ starts to dominate 

G”.  

Upon extrusion, the cell-laden hydrogel fibers are deposited layer-by-layer on a fixed 

collector, pre-heated at 40 °C, according to a computer-aided pattern. As a visco-elastic 

material, displaying a G’ of 350 Pa and a tan (δ) of 0.3, is formed at 40 °C (Figure 1), it can 

be concluded that the thermosensitive character of the studied hydrogel is particularly 

beneficial for organ printing application as it ensures that the hydrogel keeps its dimensional 

stability upon extrusion.  

 

 

 

 

 

 

 

 

Figure 1. Effect of temperature on storage modulus (G′), loss modulus (G″) and tan (δ) of a 
hydrogel of 25 wt% polymer concentration in PBS. 
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However, the mechanical properties of the physically cross-linked hydrogel does not 

provide long-term stability, as the thermo-gel undergoes relatively rapid dissolution in 

culture, releasing the cells prematurely.(34) Therefore, a chemical cross-linking strategy was 

employed to stabilize the hydrogel structure.(34) Upon printing, the 3D scaffold was exposed 

to UV light for 300 seconds and the formation of chemical cross-links within the hydrophobic 

domains is induced, when the biocompatible photoinitiator (Irgacure 2959, 0.05 wt%)(48) 

was dissolved in the polymer solution. 

Figure 2 shows the effect of the photopolymerization on the rheological properties of the 

hydrogels. As can be seen in Figure 2 and as demonstrated earlier,(35)  the storage modulus 

of the hydrogel remarkably increased upon UV exposure, due to the stabilization of the 

hydrophobic domains via chemical cross-links. For example, G’ increased approximately by a 

factor 100 for the 25 wt% M30P10 hydrogel during photopolymerization (from 0.35 to 36 

kPa).Figure 2 further shows that G’ increased with increasing polymer concentration, 

demonstrating the possibility to tailor the stiffness of the hydrogel by changing the solid 

content. For all the tested polymer concentrations, the photopolymerized hydrogels exhibited 

tan (δ) values of 0.1, meaning that almost fully elastic matrices were formed.  

 

 

 

 

 

 
 
 
 
Figure 2.  Effect of photopolymerization on mechanical properties of 20, 25, 30 and 35 wt% 
polymer hydrogels at 37°C. The storage modulus (G’) is shown as a function of time. UV 
irradiation was applied after 300 sec.  
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equation (1). Similarly, chemically cross-linked hydrogels (squares in Figure 3), prepared by 

photopolymerization for 5 minutes at 37 °C, displayed the same power law scaling between 

storage modulus at plateau level (G’∞) and C: 

G’(∞) (Pa) = A * C (wt %) K       (1) 

where A is equal to 0.71 ± 0.19 and 5.3 ± 0.60 * 10-3 and very similar K values of 3.37 ±  

0.08 and 3.40 ± 0.32 were found for photo-polymerized and physical hydrogels, respectively.  

This non-linear rheological behavior is typically found for semi-flexible polymers and can 

be ascribed to differences in hydrogel inner structure, at increasing polymer concentration, 

due to different self-assembly of the thermosensitive chains. At temperatures higher than the 

polymer cloud point, the thermosensitive chains arrange into hydrophobic domains, that 

increase in size as well as density at increasing polymer concentration, resulting in power law 

dependence between G’∞ and C. The formation of larger polymer-rich clusters at increasing 

concentration, indeed, greatly contributes to the hydrogel strength even at low polymer 

volume increase. The non-linear mechanical properties in thermally assembled p(HPMAm-lac-

PEG-p(HPMAm-lac) based hydrogels was also observed earlier by Vermonden et al.(33) 
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Figure 3. Power law dependence of the storage plateau modulus (G’∞) of photopolymerized 
(blue squares) and physical hydrogels (red triangles) at 37 °C on polymer concentration (C). 
The solid lines represent the fit, calculated by power law. Data are shown as mean ± 
standard deviation, n = 3.  
 

Many biopolymers, such as DNA, collagen, actin dislay semi-flexible behavior,(49-52) 

unlike ordinary flexible polymers, such as polystyrene, poly(methyl methacrylate) or 

polylactide-PEG-polylactide block copolymers, that show a linear dependence of G’∞ on 

~ 3.4 
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concentration.(53) Semi-flexible polymers based networks are of great technological interest 

because they exhibit a high modulus at relatively low polymer volume fraction(52) and, 

despite their abundance among natural biomaterials, only a few semi-flexible synthetic 

polymers are described in literature.(54-55)  
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Figure 4. Strain-softening behavior of thermally and chemically assembled 25 wt% polymer 
hydrogels (A) and of UV polymerized hydrogels of 25 and 35 wt% (B). Hydrogels were 
measured at 37 °C and at a frequency of 0.2 Hz.  
 

As compared to networks of natural biopolymers described in literature, a higher value of 

K was found for photopolymerized and physical hydrogels. Rammensee et al reported a G’∞ ~ 

C2 dependence of both cross-linked and non-cross-linked spider silk hydrogels. Similarly, 

MacKintosh et al showed that for entangled solutions of actin, the plateau modulus scaled 
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with concentration as G’∞ ~ C11/5 and predicted a stronger (G’∞ ~ C5/2) dependence for densely 

cross-linked hydrogels.(52) In M10P30 based hydrogel, a higher value of K (3.4) was found, 

demonstrating the possibility to increase the elastic modulus of the photo-crosslinked 

hydrogel to an even higher extent at low polymer volume fractions. The value of 3.4 is similar 

to the one reported by Vader et al. for collagen type I networks, showing G’∞ ~ C3 

dependence.(56) As collagen is one of the most abundant components of natural tissues, the 

described hydrogels appear to be a promising candidate for tissue regeneration purposes.  

It is believed that the rheological behavior and the dependence of storage modulus on 

polymer concentration can be tuned by the preparation procedure of the hydrogel. As we 

demonstrated previously, the heating rate remarkably affects the hydrogel self-assembly.(57) 

When the hydrogel self-assembles by heat shock (immediate temperature change from 4 to 

37 °C), its inner structure shows a homogeneous distribution of nano/micro phase separated 

polymer assemblies. In contrast, at slower heating rate, a larger extent of phase-separation 

and the formation of larger polymer-rich domains were demonstrated. Initial investigations 

showed indeed that the concentration dependent mechanical properties can be fine-tuned by 

changes in the heating rate.  

Non-linear mechanical behavior was also observed in (non)photo-polymerized hydrogels 

at 37 °C with increasing shear strain from 0.001 to 10 (Figure 4). In contrast to many 

biopolymers, exhibiting strain-stiffening, M10P30 hydrogels, both when thermally and 

chemically cross-linked (Figure 4A) and for different polymer concentrations (Figure 4B), 

showed strain-softening behavior, with substantial decrease of G’ and predominance of loss 

modulus for strain values higher than 0.1. This behavior is often found in (permanently) 

cross-linked elastic networks and is attributed to the redistribution of internal stresses upon 

progressive slip of the cross-links with increasing shear strain and to the eventual breakage 

of the reversible cross-links or of the photopolymerized network at high strains.(54, 58) As 

expected, the physical hydrogels are disrupted at lower strain values as compared to 

chemical networks (Figure 4A), as their cross-links can be more easily destabilized by internal 

stresses. Interestingly, comparing photopolymerized hydrogels of different polymer 

concentration (Figure 4B), it can be noted that the networks of higher polymer concentration 

start to soften and break at lower strain as compared to their analogues of lower solid 

content. Matrices of higher polymer concentration, indeed, have a higher cross-link density 

that make then more rigid and brittle, therefore they tend to break at lower shear strains as 

compared to more flexible networks of lower polymer content.  

 

6.3.3. 3D Printed Scaffolds 

 

Figure 5 shows that computer controlled deposition of 25 wt% M30P10 hydrogels resulted 

in the formation of 3D porous hydrogels with a thickness up to a total height of approximately 

0.6 cm (37 layers) and regular squared vertical pores of 1.2 × 1.2 × 6 mm (length × width × 
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height) throughout the printed matrix. Clearly, that the combination of thermosensitivity and 

photopolymerization has beneficial effects on 3D printing, as it allows the preparation of 

matrices with remarkable thickness, precise and reproducible internal design and porosity and 

good dimensional stability. The weight of subsequent hydrogel layers caused the fusion of 

transversal pores during stacking of layers, as pointed by the white arrow in Figure 5c. The 

fusion of transversal pores, commonly found in 3DF of soft materials like hydrogels,(3) could 

represent a potential limitation of the current printing technology, however, despite the 

presence of pores only vertically, the high diffusivity of the studied hydrogel matrix,(57, 59) 

can be sufficient to provide rapid diffusion of hydrophilic nutrients and metabolites of 

incorporated cells.(3) Furthermore, the possibility to overcome this limitation is envisioned by 

photo-polymerizing the extruded hydrogel fibers during deposition, in order to increase the gel 

structural stability and prevent its fusion with the underlying fiber.  

      

Figure 5. Photographs of 3D printed 25 wt% M30P10 hydrogels (dimensions: 1 × 1.5 × 0.59 
cm, strand spacing: 1.5 mm, 37 layers). a) Top vision, b) Lateral vision, c) Detail of vertical 
pores with fused transversal pores (white arrow).  

 
Figure 6 shows microscopy pictures of layered and adjacent 25 wt% M30P10 hydrogel 

fibers loaded with Dye-Trak "F" fluorescent microspheres (fluorescent lemon and fluorescent 

orange). The microspheres are easy to handle and to detect by microscopy, they are of similar 

size as cells and are used here as a model for different cells types. Several patterns were 

generated (straight layered fibers in Figure 6a, 6b and 6e and adjacent circular/squared fibers 

in Figure 6c and 6d).  

These pictures illustrate the printability of the studied hydrogel with highly defined 

patterning and limited flattening or fiber fusion was observed. By comparing Figures 6a and 

6e, it can be observed that the same layered design can be realized at different strand 

spacing (1.5 mm and 0.8 mm, for Figure 6a and 6e, respectively) and pore shape is 

maintained, demonstrating that a good resolution can be achieved during 3D printing of the 

studied thermosensitive material. 

a b c 
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Both the layered and the adjacent fluorescent microsphere loaded hydrogels (Figure 6) 

displayed excellent maintenance of distinct localization of the cell mimicking microspheres, 

leading to the conclusion that the hydrogel can potentially be used for the engineering 

organized tissue structures, such as cartilage constructs with biomimetic zones, as long as the 

hydrogel maintains integrity,  supports survival of cells during the printing process and allows 

subsequent cell differentiation and tissue formation. 
 

                               

  

                                

Figure 6. Microscopy pictures of subsequently printed layers of 25 wt% M30P10 hydrogels 
loaded with Dye-Trak "F" fluorescent microspheres, fluorescent lemon and fluorescent orange 
at the concentration of 1*106 spheres per ml. a) 2 and b) 3 layers angled scaffold (1.5 mm 
strand spacing) with distinct localization of fluorescent microspheres. c) and d) printing of 
adjacent fibers with circular patterns with maintenance of distinct dye localization. e) 2 layers 
scaffold with 0.8 mm strand spacing.  
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6.3.4. Mechanical characterization and degradation behavior of 3D scaffolds  

 

Porous scaffolds consisting of 37 layers (0.25 µm thickness each layer) of 25 wt% M30P10 

hydrogel and having dimensions of 1 × 1.5 × 0.6 cm and strands spacing of 1.5 mm were 

printed and subsequently photopolymerized during 10 minutes in the presence of Irgacure 

2959 as photoinitiator. The efficiency of the photopolymerization was assessed and 88 ± 7 of 

the available methacrylate groups had reacted (UPLC analysis), which is in line with previous 

data on the photopolymerization of solid scaffolds, where a methacrylate conversion of 90 ± 2 

was found.(34-35) It is clear that regardless of the shape, porosity and hydrogel volume, the 

photopolymerization process is very efficient for hydrogels of 25 wt% M30P10 polymer 

concentration.The stabilization of the hydrophobic domains by chemical cross-links influenced 

the mechanical and degradation behavior of the (porous 3D printed) hydrogels. An elastic 

modulus (E) of 119 ± 4 kPa was obtained for 3D printed scaffolds of 37 layers. This value is 

comparable with that of a solid scaffold of equal polymer composition, which had elastic 

modulus of 108 ± 7 kPa. This observation can be explained by the lack of transversal pores in 

the 3D constructs that made the compression resistance of the printed scaffolds similar to 

that of solid cylinders. Also, the scaffolds might suffer from a larger extent of water 

evaporation during the printing process, resulting in slightly higher polymer concentrations 

and stronger gels as compared to the solid scaffolds. We reported earlier E values of 40 to 70 

kPa for solid scaffolds of 25 wt % p(HPMAm-lac)-PEG triblock copolymer with methacrylation 

degrees ranging from 4 to 9%,(34) demonstrating the possibility to tailor the elastic modulus 

of the matrices by the methacrylation extent.  
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Figure 7. a) Degradation profile of 12 layered 3D scaffolds of 25 wt% M30P10 hydrogel 
(dimensions: 1 × 1.5 × 0.6 cm, strand spacing: 1.5 mm) at 37 °C and pH 7.4. Data are 
shown as mean ± SD, n = 3. b) Degradation times of 20 and 35 wt% M30P10 solid cylindrically 
shaped photopolymerized hydrogels (100 mg) and 12 layered 3D scaffolds of 25 wt% M30P10 
hydrogel (dimensions: 1 × 1.5 × 0.6 cm; strand spacing: 1.5 mm; 250 mg) at 37 °C and pH 
7.4. 

a b 
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Other photopolymerized PEG based solid hydrogels studied for cartilage engineering 

showed values of E from 60 to 500 kPa, a range that includes the elastic modulus found in the 

present study for 3D printed scaffolds.(60) The degradation rate of porous scaffolds composed 

of 12 layers of 25 wt% M30P10 hydrogels was studied by incubating them at pH 7.4 and 37 °C. 

Figure 7a shows that the scaffolds degraded completely in approximately 190 days upon a 

swelling phase of about 130 days, where the scaffolds doubled their weight (swelling ratio of 

2), due to uptake of water. The degradation time of the scaffolds relates very well to the 

degradation time of cylindrical gels of 100 mg weight based on 20 and 35 wt % M30P10 (Figure 

7a).(59) Regardless of the weight of the (porous) matrix (100 and 750 mg for cylindrical gels 

and porous scaffolds, respectively), indeed, the degradation time scales linearly with polymer 

concentration (Figure 7b). With increasing polymer concentration the concentration of 

hydrolytically sensitive ester bonds increases. The gels dissolve when most of the ester bonds 

are hydrolyzed and consequently the degradation time increases with polymer concentration 

in the gel, in line with previous studies.(47, 61)  

The observed degradation time-scale of the scaffolds is suitable for cartilage regeneration 

purposes, as long-term mechanical support is provided and complete degradation of the 

material is ensured when the extracellular matrix of the chondrocytes is expected to be 

formed. 

 

6.3.5. Viability of Equine Articular Chondrocytes in Photopolymerized Hydrogels 

 

To assess to which extent photopolymerized hydrogels affect the viability of encapsulated 

chondrocytes, their survival was studied in cylindrical solid scaffolds of 100 μl volume after 1 

and 3 days culture.  Upon encapsulation of the chondrocytes in the 25 wt% hydrogel and 

subsequent photo-polymerization, a homogeneous distribution of cells throughout the 

hydrogel was observed (data not shown). Excellent viability (94 ± 3 %) was observed after 1 

day of culture and no significant decrease in cell survival was found after 3 days (viability of 

85 ± 7 %). As shown earlier for human Mesenchymal Stromal Cells (hMSCs),(34) the 

investigated material also supports viability of chondrocytes, which establishes the basis for 

further implementation of these materials in the field of cartilage engineering. 

 

6.4. Conclusions  

 

In this paper, we reported on the use of a photopolymerizable thermosensitive and 

biodegradable hydrogel based on PEG and HPMA-lactate for 3D printing aimed at application 

for cartilage engineering. We demonstrated that the hydrogel mechanical properties well 

adapt to the process of 3D printing, as structurally stable 3D scaffolds with well defined 

vertical porosity and enhanced stability by photopolymerization were successfully printed by 

subsequent deposition of gel fibers up to at least 37 layers. Scaffold pattern and strand 
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spacing could easily be tuned and the potential ability of the constructs to provide precise 

tissue mimicking cell organization was shown. The semi-flexible character of the studied 

polymer, demonstrated by the power law scaling of the hydrogel storage moduli with the 

polymer concentration, establishes similarities with many natural polymers, including 

collagen. This analogy is promising for biomedical applications, in particular, the correlation 

with collagen makes this biomaterial potentially suitable as synthetic extra-cellular matrix for 

engineering cartilage. The good mechanical resistance and tunable degradation rate of the 

hydrogels offer potential long-term support to the encapsulated cells until the new tissue is 

formed. Importantly, the high chondrocyte viability was observed after 1 and 3 days, further 

emphasized the suitability of the studied hydrogel as a promising candidate for bioprinting 

applications. 

Future studies will be addressed towards the design of complex 3D constructs with 

appropriate properties for engineering articular cartilage with biomimetic zones and long-term 

tissue formation both in vitro and in vivo will be investigated. The high tailorability of the 

hydrogels, in terms of mechanical properties, degradation behavior and diffusivity(35, 59, 62-

63), as well as the possibility to regulate cell behavior by incorporating and releasing growth 

factors in a diffusion controlled and tailorable fashion(35, 62) and the functionalization of 

polymer hydroxyl groups with adhesive peptides(64) hold great potential for a successful 

further development. 
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Abstract 

 

Hydrogels are three-dimensional networks of cross-linked hydrophilic polymers widely 

used for protein delivery and tissue engineering. In order to be eligible for in vivo applications, 

the hydrogels must be biocompatible. In this study the host angiogenic and inflammatory 

responses in vivo after implantation of photopolymerized thermosensitive poly(hydroxypropyl 

methacrylamide)-poly(ethylene glycol)-poly(hydroxypropyl methacrylamide) triblock 

copolymer hydrogels are investigated. Hydrogels consisting of polymers with different cross-

link densities were subcutaneously implanted in Balb/c mice and the histological evaluation of 

the tissue response was performed. The different implants showed an acute and localized 

inflammatory reaction upon implantation mainly characterized by infiltration of neutrophils, 

whose levels remarkably decreased in time. The acute inflammatory reaction was followed by 

a milder chronic inflammation mediated by macrophages infiltration. The number of 

macrophages was associated with the biodegradation and resorption of the biomaterial and 

increased in time as their degradation progressed. This mild inflammatory reaction stimulated 

tissue ingrowth and angiogenesis, leading to good engraftment of the hydrogels to the host 

tissue, which was stronger for hydrogels of lower cross-link density. Apoptotic cells, muscle 

damage or adverse systemic response were not observed, confirming that the investigated 

hydrogels possess good biocompatibility. Finally, good agreements between in vitro and in 

vivo degradation was found, meaning that hydrolysis is the main mechanism governing the 

degradation. 
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7.1. Introduction 

 

Hydrogels are cross-linked networks of hydrophilic polymers, capable to retain large 

amounts of water yet remaining insoluble and maintaining their three-dimensional structure. 

In order to be eligible for biomedical applications, hydrogels must fulfill requirements of 

biocompatibility and non-toxicity. Biocompatibility has been defined previously as "the ability 

of a material to perform, with an appropriate host response in a specific application".(1) 

Generally speaking, hydrogels have a good biocompatibilty,(2) therefore they are  used and 

under  investigation for a variety of biomedical and pharmaceutical applications, such as 

contact lenses,(3) drug delivery systems,(4-5) scaffolds for tissue engineering,(6) soft tissue 

replacement,(7) vascular prostheses,(8) and coatings for stents and catheters.(9) Their 

inherent biocompatibility originates from their soft and rubbery nature that minimizes 

irritation of surrounding tissues and their low free energy at the interface with body tissues, 

which results in low adherence of cells and proteins to gel surfaces.(2)  

Among the developed hydrogel systems, in situ gel-forming thermosensitive polymers 

have emerged as promising candidates for biomedical applications, as they allow minimally 

invasive administration by simple injection.(10-11) In an effort to develop suitable materials 

for in situ gelling systems, a number of biodegradable synthetic polymers has been reported. 

A class of biomaterials of particular interest in the field of injectable hydrogels are 

thermosensitive poly(ethylenglycol) (PEG) based block copolymers. Examples of these 

compounds are copolymers of PEG with biodegradable aliphatic polyesters, such as polylactide 

(PLA),(12) poly(D,L-lactide-co-glycolide) (PLGA), poly(-caprolactone) (PCL)(13), and 

polyphosphazenes(14). PEG has been often used because it is a functional hydrophilic and 

non-toxic polymer that renders surfaces of materials protein-resistant.(15-18) This polymer 

was also used  for conjugation to pharmaceutical proteins in order increase their circulation 

times.(19) Further, it has been shown that PEG  promotes long-term stabilization and 

bioactivity of immobilized enzymes.(20) It is well known that polymers resistant to protein 

adsorption are attractive materials for in vivo application as they prevent tissue adherence 

and inflammation.(21-22) However, despite the attractive properties of PEG-based hydrogel 

and soft materials in general, implantation of hydrogels is often associated with transient 

inflammatory phenomena,(23-24) whose duration and intensity is dependent on the surface 

area/volume and type of biomaterial. It is has been shown in many studies that injected 

polymeric implants induce an acute inflammation response, mainly characterized by the 

presence of neutrophils, followed by a more chronic inflammation. This chronic inflammation 

is generally caused by infiltration of polymorphonuclear leucocytes (PMNs), macrophages, 

fibroblasts, and lymphocytes, and generally evolves in the so called foreign body reaction, 

where monocytes, macrophages, foreign body giant cells, neovascularization and the 

formation of a fibrous capsule are observed.(25) 
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 To date, only a few of the aforementioned thermosensitive PEG-based polymers have 

been characterized for their in vivo biocompatibility. For example, PEG-PLGA-PEG has 

demonstrated hemocompatible by Duan et al,(26) while Kim et al showed biocompatibility of 

subcutaneously injected thermosensitive PEG-PCL diblock copolymer gels.(27)  A pH- and 

thermo-sensitive block copolymer hydrogel, based on poly(ε-caprolactone-co-lactide)–

poly(ethylene glycol)–poly(ε-caprolactone-co-lactide) (PCLA–PEG–PCLA) block copolymer end 

capped with sulfamethazine oligomers (SMOs) also demonstrated biocompatible after an initial 

acute inflammatory response during two weeks.(28) Further, polyethylene glycol (PEG)-based 

hydrogels were implanted by Mahoney et al. into the striatum and cerebral cortex of non-

human primates and good biocompatibility was observed, demonstrating the potential of 

these gels for local drug delivery or neural tissue regeneration.(29)  

The aim of this study was to evaluate the in vivo biocompatibility of photopolymerized 

thermosensitive PEG-p(HPMAm-lac) triblock copolymer hydrogels. The effect of the network 

characteristics, with respect to cross-link density, varied by extent of methacrylation, on 

tissue response was studied after subcutaneous (dorsolateral) implantation of the 

photopolymerized gels in Balb/c mice. Moreover, an evaluation of the degradation in vivo of 

the implanted hydrogels was provided and correlated to in vitro behavior. 

 

7.2. Materials and Methods 

 

7.2.1. Materials 

 

All chemicals were obtained from Sigma-Aldrich and used as received, unless stated 

otherwise. All solvents were purchased from Biosolve. Tetrahydrofuran (THF) was distilled 

from sodium/benzophenone and stored over 3 Å molecular sieves. HPMAm (hydroxypropyl-

methacrylamide) was obtained from Zentiva a.s. (Praha, Czech Republic), L-lactide from Purac 

Biochem BV (Gorinchem, The Netherlands), 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-

methyl-1-propanone (Irgacure 2959) from Ciba Specialty Chemicals Inc (Basel, Switzerland). 

DMAP (dimethylaminopyridine) and 4,4´-Azobis(4-cyanopentanoic acid) (ABCPA) were 

purchased from Fluka Chemie AG (Buchs, Switzerland). Methacrylated rhodamine (RhodMA) 

was obtained from PolySciences Europe (Eppelheim, Germany). HPMAm-monolactate and 

HPMAm-dilactate were synthesized according to a previously reported method.(30)  

 

 

7.2.2 Synthesis of Methacrylated Triblock Copolymers 

 

Thermosensitive triblock copolymers consisting of PEG 10 kDa as hydrophilic block 

and pHPMAmlac as thermosensitive outer blocks with a HPMAm-monolactate/HPMAm-

dilactate ratio of 50/50 were synthesized by free radical polymerization using (PEG-
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ABCPA)n macroinitiator according to a method described earlier.(31) Derivatization with 

methacrylate groups of 8, 20 and 25% of the OH side groups of p(HPMAm-lac) was 

carried out using the following procedure. The triblock copolymer (1.7 g (5.5 mmol)) was 

dissolved in dry THF under a N2 atmosphere, DMAP (3.3 mg (27.2 μmol), 6.6 mg (54.3 

μmol) and 9.9 mg (80.9 μmol), for 8, 20 and 25% derivatization, respectively) and 

triethylamine (TEA) (95 µl (684 μmol), 189 μl (1.37 mmol) and 282 μl (2.0 mmol), for 8, 

20 and 25% derivatization, respectively) were added at 0 ºC. Finally, methacrylic 

anhydride (MA) (102 µl (684  μmol), 204 μl (1.37 mmol) and 303 μl (2.0 mmol), for 10, 

20 and 30% derivatization, respectively) at 1:1 molar ratio with TEA was added. The 

reaction mixture was subsequently stirred for 24 hours at room temperature, followed by 

the addition of approximately 20 ml water. Next, the reaction mixture was dialyzed 

(membrane with a cut-off of 12-14 kDa) against sterile water for two days at 4˚C and 

isolated by freeze-drying. The synthesized polymers were characterized by 1H NMR 

(300 MHz, DMSO-d6, δ): 7.35 (b,1H, NH), 6.15 & 5.80 (d, 2H, C=CH2), 5.4 (d, 1H, CH-

OH), 4.95 (d, CO-CH(CH3)-O), 4.1 (d, 1H, CO-CH(CH3)-OH), 3.60 (s, 904H, OCH2CH2 

(PEG-protons)), 3.4 (s, 2H, NHCH2), 2.2-0.6 (main chain protons and CH3 of lactate 

groups). The polymers had a degree of methacrylation of 8, 20 and 25%, as determined 

by 1H-NMR. The degree of methacrylation (DM), defined as the percentage of OH groups 

derivatized with methacrylate moieties was calculated from the ratio of the average 

intensity of the peaks at 6.15 and 5.80 and intensity of the peak at 5.4 ppm as 

follow:(32) 

 

((I6.15+I5.8)/2) / ((I6.15+I5.8)/2 +I5.4) × 100%  (1)  

 

The polymers were synthesized using sterile glassware washed with ehanol and 

stored overnight at 180 °C and sterile water for dialysis. The polymers were tested for 

endotoxin contamination using the LAL-assay. The endotoxin levels of all of the polymers 

were below the treshold recommended by the FDA (i.e. below 0.5 EU/ml). 

 

7.2.3. 1H NMR Spectroscopy 

 
1H NMR (300 MHz) spectra were recorded on a Gemini 300 MHz spectrometer (Varian 

Associates Inc., NMR Instruments, Palo Alto, CA) using DMSO-d6 and CDCl3 as solvents. 

Chemical shifts were referred to the solvent peak (δ = 2.49 ppm and δ = 7.24 ppm, for 

DMSO-d6  and CDCl3, respectively). 
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7.2.4. Gel Permeation Chromatography 

 

The molecular weights of the polymers were determined by GPC using a Plgel 5 µm 

MIXED-D column (Polymer Laboratories) with a column temperature of 40 ºC. DMF containing 

10 mM LiCl was used as eluent with an elution rate of 0.7 ml min-1, and the sample 

concentration was 5 mg ml-1 in the same eluent. Poly(ethylene glycols) with defined 

molecular weights were used as calibration standards.(30) 

 

7.2.5. Determination of the Cloud Point 

 

The cloud point (CP) of the polymers was measured with static light scattering using a 

Horiba Fluorolog fluorometer (650 nm, 90º angle). The polymers were dissolved at a 

concentration of 3 mg/ml in ammonium acetate buffer (pH 5.0, 120 mM). The heating rate 

was approximately 1 ºC min-1 and every 0.2 ºC the scattering intensity was measured at 90º 

angle. The CP is defined as the onset of increasing scattering intensity.(33) 

 

7.2.6.   Preparation of Hydrogels 

 

Cylindrically shaped hydrogels of 125 mg (diameter of 4.5 mm and height of 8 mm) and 

25 wt% polymer concentration were prepared in 1 ml sterile syringes as follows. Methacrylate 

bearing triblock copolymers were dissolved in sterile NaCl 0.9 % aqueous solution and 

dissolved for 2 hours at 4 °C. Next, an Irgacure 2959 solution (2.5 mg/ml) in NaCl 0.9% was 

added. Typically, for 100 mg hydrogel, 25 mg of polymer was dissolved in 55 μl NaCl 0.9% 

solution and subsequently 20 μl of Irgacure solution 2.5 mg/ml was added. The final polymer 

concentrations was 25 wt%, while the Irgacure concentration was 0.05 wt%. The samples 

were then incubated at 37 ºC for 10 minutes before photopolymerization. A BluePoint lamp 4 

(350-450 nm, Honle UV technology, light intensity of 450 mW/cm2) was used during 5 

minutes for photopolymerization of the hydrogels. A glass filter between the sample and the 

light source was used to decrease intensity and heat production, thereby to prevent sample 

evaporation. 

 

7.2.7.   Animals and Surgical Procedure 

 

All animal experiments were approved by the local Animal Care and Use Committee of the 

University of Groningen and performed according to governmental and international guidelines 

on animal experiments. The gels were implanted in 12 week old male Balb/c mice (Harlan, 

Horst, The Netherlands) in dorsolateral subcutaneous pockets. The animals were 

anaesthetized with 4% isoflurane (induction) followed by 2% isoflurane (maintenance) 

inhalation in combination with a 2:1 mixture of O2/N2O. The back was shaved and disinfected 
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and subcutaneous pockets were made to the left and right through incisions. The gels (n=3 

per gel per time point) were implanted subcutaneously at 1 cm from the site of incision. After 

5, 10, 21 or 42 days, the gels plus surrounding tissue were dissected from the subcutaneous 

pocket. Next, the discs were divided in two groups: the first group was snap frozen for 

immunohistochemical analysis, and the second group was fixed with 2% (v/v) glutaraldehyde 

in 0.1 M phosphate buffer (pH 7.4) for histological analysis. Thereafter, the animals were 

sacrificed by cervical dislocation. 

 

7.2.8.   Histological Techniques 

 

7.2.8a  Light microscopy 

For plastic embedding, the glutaraldehyde fixed materials were dehydrated in graded 

alcohol dilution series and embedded in Technovit 7100 (Heraeus Kulzer, Wehrheim, 

Germany) according to the manufacturer’s protocol. Sections of 2 μm were cut and stained 

with Toluidine Blue (Fluka Chemie, Buchs, Switzerland) and analyzed by light microscopy.  

 

7.2.8b  Immunohistochemistry 

All immunohistochemical stainings were performed on longitudinal sections (5 µm) cut 

from snap frozen explants, which were fixed with acetone. Sections were pre-incubated with 

10% serum from the species that produced the secondary antibody. Subsequently, sections 

were incubated with rat-anti-F4/80 antibody (Dako) to detect macrophages, rat-anti-Ly6G 

antibody (BD Pharmingen) to detect neutrophils(34) and rat-anti-CD31 (BD Pharmingen) to 

detect endothelial cells, as a marker for blood vessels. This was followed by H2O2 treatment to 

inhibit endogenous peroxidase activity. Endogenous avidins and biotins were blocked using a 

Biotin Blocking System (Dako). Bound antibodies were detected with biotin-conjugated rabbit-

anti-rat IgG, followed by a streptavidin-HRP complex (both from Dako). Staining was 

performed with 3-amino-9-ethylcarbazole (AEC, Sigma) and Mayer’s hematoxylin (Fluka 

Chemie).  

 

7.3. Results and Discussion 

 

7.3.1. Polymer Synthesis and Characterization 

 

Thermosensitive A-B-A triblock copolymers consisting of pHPMAm-lac A-blocks with a Mn 

of 22 kDa, as determined by 1H-NMR and PEG B-block of a Mn of 10 kDa were synthesized by 

free radical copolymerization using a (PEG-ABCPA)n macroinitiator and HPMAm mono and 

dilactate in a molar ratio of 1/1. The pendant OH groups of the lactate side chains of the 

polymer were subsequently methacrylated to an extent of 8, 20 and 25% in order to allow 

the formation of chemical cross-links by photopolymerization. 
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The synthesized products are abbreviated as M0, M8, M20 and M25 for non-methacrylated 

and 8, 20 and 25% methacrylate derivatized triblock copolymers, respectively, and their 

characteristics are listed in Table 1.  
 
Table 1. Characteristics of A-B-A triblock copolymers composed of (methacrylated) 
p(HPMAm-lac) A-blocks and PEG B-block. 
 

Name MW (kDa) Mn (kDa) PDI DM (%) CP (°C) 

M0 44b 
54a 

26b 
1.7b N.A. 29c 

M8 44b 
57a 

25b 
1.8b 8a 22c 

M20 45b 
57a 

25b 
1.8b 20a 16c 

M25 46b 
57a 

25.5b 
1.8b 25a 13c 

[a] Determined by 1H-NMR; [b] Determined by GPC;  [c] Determined by SLS 
 

The M0 triblock copolymer was obtained with a yield of approximately 75% and a 

HPMAm-monodilactate/HPMAm-dilactate ratio of 1/1, corresponding to the feed ratio; CP of 

the polymer was 29 °C. Based on 1H NMR, a Mn of 54 kDa was calculated and this value 

exceeded the one estimated by GPC analysis (Mn = 26 kDa) most likely due to the use of PEG 

homopolymers as GPC standards that display larger hydrodynamic volumes than the triblock 

copolymers in the used eluent.(31) The methacylated triblock copolymers (M8, M20 and M25) 

had similar molecular weights as the non-methacrylated M0 polymer (Table 1). The weight 

percent yield after the methacrylation reactions was 90 ± 10%. Similarly to previously 

reported data (31, 35), the introduction of methacrylate groups on the lactate side chains of 

the polymer led to an increase of hydrophobicity and consequently to a decrease in CP from 

29 °C for M0 to 22, 16 and 13 °C for M8, M20 and M25, respectively.  

The conversion of methacrylate groups into chemical cross-links upon photopolymerization is 

between 80 and 90% for hydrogels of 25 wt% polymer concentration, according to previously 

performed studies (35-36) (see chapters 3 and 4).  
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7.3.2. Hydrogel Degradation 

 

In this study, the tissue response to implanted photopolymerized thermosensitive 

hydrogels based on p(HPMAm-lac)-PEG-p(HPMAm-lac) triblock copolymers was studied. All 

implanted hydrogels had the same polymer content (25 wt %), but different extent of 

methacrylation, which is directly correlated to the cross-link density and the degradation rate 

of the hydrogels in vitro. Generally speaking, the degradation rate of hydrogels decreases with 

increasing cross-link density. From previous studies it is estimated that the M8, M20 and 

M25,.hydrogels degrade in vitro (buffer pH 7.4 and at 37 °C)  in 32, 110 and 140 days, 

respectively.(35-36) Figure 1 shows the histological overview of the tissue response upon 

implantation of the photopolymerized hydrogels. In line with expectations, hydrogels of lower 

methacrylation extent (M8) showed signs of biodegradation already a few days after 

implantation,  and at day 10 (Figure 2D), fragmentation of the gel, likely due to the 

mechanical stresses of the tissues on the soft degrading material, was observed. At day 42, 

no hydrogel (fragments) were present at the site of implantation, demonstrating that the M8 

was degraded in line with in vitro data. This observation establishes a good correlation 

between the in vitro and in vivo degradation, indicating that the in vivo degradation is due to 

the chemical hydrolysis of the cross-links and that enzymes do not play a significant role in 

the degradation process. M20 hydrogels showed higher resistance to degradation in vivo 

(Figure 2B, 2E, 2H, 2K). Despite some initial fragmentation, most likely due to the surgical 

implantation procedure, M20 gel showed slower degradation as compared to M8 hydrogels. This 

trend was confirmed with the most stable M25 hydrogels, showing some fragmentation visible 

only 42 days after implantation. 

 

7.3.3. The Foreign Body Reaction to Hydrogels with Different Degrees of 

Methacrylation 

 

The tissue response to the M8, M20 and M25 gels was studied after subcutaneous 

dorsolateral implantation in Balb/c mice. Specifically, the cellular fluxes of neutrophils and 

macrophages as well as the development of vasculature were studied.  

The presence of neutrophils at the site of implantation was examined histologically 

(Figure 1), and confirmed using immunohistochemistry investigations using antibodies 

detecting Ly6G (Figure 2).  

The implantation of M8, M20 and M25 photopolymerized hydrogels activated the infiltration 

of neutrophils, typically observed in acute inflammatory reactions. The number of infiltrating 

neutrophils appeared to be dependent on the degree of methacrylation, as at day 5 higher 

numbers of these cells were observed in hydrogels of lower methacrylation extent, as 

compared to highly cross-linked hydrogels (M8>M20>M25). Moreover, the extent of infiltration 

within the hydrogel was also influenced by the methacrylation extent. At early time-points, 
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indeed, the neutrophils were located mainly in the vicinity of the interface between the 

implants and the surrounding tissues for M20 and M25 gels, whereas these cells also invaded 

the bulk of M8 hydrogel. A decrease in number of infiltrating neutrophils in M8 and M20 

implants in time was observed. Particularly, M8 hydrogels, despite showing massive infiltration 

at day 5 (Figure 2A), exhibited limited positive staining for neutrophils at day 21 (Figure 2J).  

 

 
Figure 1. Histological overview of the tissue response to M8 (A,D,G,J), M20 (B,E,H,K) and M25 
(C,F,I,L) at day 5 (A-C), 10 (D-F), 21 (G-I) and 42 (J-L). The dotted line indicates the border 
between ingrowth (left side of the line) and surrounding tissue (right side of the line). Original 
magnifications 200x. Pictures are representative of 3 samples.  
 

Interestingly, immunochemistry evaluation of the implants of M20 revealed no presence of 

neutrophils at day 21, with a slight increase again at day 42. In contrast, M25 gels, maintained



In Vivo Biocompatibility 

 183 

 the same low levels of inflammatory cells at day 5 and 10 post implantation and showed a 

slight increase at day 21. However, at day 42 in all the formulations only a few neutrophils 

were present. Similarly to neutrophils concentrations, the number of infiltrating macrophages, 

analyzed by immunohistochemistry with antibodies detecting F4/80, depended on the 

methacrylation degree, as the highest number of macrophages was observed for M8 hydrogels 

(Figure 3).However, in contrast to neutrophils, the infiltrated macrophages showed rather 

low levels at early time-points and a slight increase in time until day 10 for M20 and until day 

21 for M8 and M25 hydrogels. Interestingly, it was shown that large areas of the matrix of the 

relatively fast degrading M8 hydrogel were invaded by macrophages already at early time-

points, whereas for the slowly degrading implants, the macrophages were mainly localized at 

the border between the gel and the surrounding tissue at day 5 and 10 and infiltration 

towards inner areas of the gel from day 21. It appears that, the macrophages infiltration is 

correlated to biodegradation and bioresorption of the implant.  

This observation is in line with other studies carried out on biodegradable hydrogels; for 

example Cadée et al. performed a comparative biocompatibility study, where hydrogels based 

on biodegradable dextran-lactate-hydroxyethyl methacrylate (dex-lac-HEMA) or non 

biodegradable dextran-mathacrylate (dex-MA) were implanted subcutaneously in rats.(37) It 

turned out that dex-MA implants were surrounded by tissue in which low numbers of 

macrophages were present and in time the formation of a fibrous capsule around the gel was 

observed. In contrast, degradable dex-lac-HEMA matrices showed increasing infiltration of 

macrophages with progressing hydrogel degradation and the formation of a fibrous capsule 

was not observed. Importantly, they demonstrated that some of these macrophages 

contained vacuoles with hydrogel particles, confirming the role of these cells in phagocytoting 

the degrading hydrogel. In another study, it was shown that the extent of the observed 

inflammatory response after implantation of degradable dextran hydrogels highly depended 

on the animal model used. De Jong et al. demonstrated that mice are a particularly sensitive 

to develop an inflammatory response towards implanted biomaterials, as compared to 

rats.(38)Macrophages are antigen presenting cells and therefore their potential activation of 

lymphocytes must be investigated in order to assess whether the studied hydrogels elicit an 

immune response. This aspect will be the topic of further studies. 

Angiogenesis in the tissue where the gels were implanted was examined histologically 

(Figure 1), and confirmed using immunohistochemistry with antibodies detecting CD31 

(Figure 4). In M25 implants at day 5, angiogenesis was not observed within the biomaterial 

likely as a consequence of its slow degradation and lack of macrophages infiltration (Figure 

4C). Only within the border zones of the material, first signs of angiogenesis were observed in 

these samples (Figure 4C). As the degradation of M25 hydrogels progressed, some 

angiogenesis in the bulk of the gel was observed (Figures 4C, 4F, 4I, 4L). In contrast, the 

initial macrophages infiltration, observed in faster degrading hydrogels (M20 and M8), was 

related to blood vessel formation within the implant already at early time-points (Figures 4A, 
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4B). In line with M25 gels, the angiogenesis of M8 and M20 matrices progressed until day 42, 

with M8 implants showing the highest extent of vascularization.  

 

Fi
gure 2. Immunohistochemical detection of neutrophils (Ly-6G) within the gels M8 (A,D,G,J), 
M20 (B,E,H,K) and M25 (C,F,I,L) and in the tissue surrounding the gels at day 5 (A-C), 10 (D-
F), 21 (G-I) and 42 (J-L). The dotted line indicates the border between ingrowth (left side of 
the line) and surrounding tissue (right side of the line). Original magnifications 200x. Pictures 
are representative of 3 samples.
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Figure 3. Immunohistochemical detection of macrophages (F4/80) within the gels M8 

(A,D,G,J), M20 (B,E,H,K) and M25 (C,F,I,L) and in the tissue surrounding the gels at day 5 (A-
C), 10 (D-F), 21 (G-I) and 42 (J-L). The dotted line indicates the border between ingrowth 
(left side of the line) and surrounding tissue (right side of the line). Original magnifications 
200x. Pictures are representative of 3 samples. 
 

Table 2 summarizes the major results on tissue response to the implantation of M8, M20 

and M25 photopolymerized hydrogels. Taken together, the histological data lead to the 

following considerations. The implantation of the hydrogels was associated with an acute 

inflammatory response, as expected from previous observations (4, 37, 39), which was more 

intense for fast degrading implants.  This acute phase was associated with initial high 
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numbers of infiltrating neutrophils and resolved in time, as demonstrated by the progressive 

attenuation of neutrophils infiltration in all the implants. This initial phase was followed by a

 chronic inflammation, characterized by slightly increasing levels of macrophages, due to the 

bioresorption of the degrading polymer.(40-43) This foreign-body reaction, schematically 

represented in Figure 5, is a common tissue response that has been described in literature 

for a number of degradable biomaterials, like scaffolds consisting of poly(lactic-co-glycolic 

acid) (PLGA),(44) hydrogels based on crosslinked dermal sheep collagen,(45) and tyrosine-

derived polymers.(46) In these studies, the extent and duration of this reaction depended 

upon the degradation rate.  

A prominent vascular host tissue response with formation of a densely vascularized 

granulation tissue was observed towards implanted hydrogels exhibiting remarkable 

macrophages infiltration (i.e. M8). This observation may indicate that the start of degradation 

and resorption of the biomaterial results in infiltration of macrophages, which are responsible 

for phagocytosis of hydrogel fragments, tissue ingrowth and formation of new blood vessels. 

Macrophages are indeed well known to be capable of inducing angiogenesis.(47) On the other 

hand, it has been shown that an overwhelming inflammatory response may act inhibitorily on 

the process of angiogenesis.(48) This phenomenon was not observed in our hydrogel 

implants, thus the observed inflammation can be considered of minor extent. Angiogenesis 

can also be induced by activated leukocytes, which produce several angiogenic factors, in 

particular, vascular endothelial growth factor (VEGF).(49-50)  

It appears that the observed host tissue response, resulting in continuous infiltration of 

inflammatory cells until the hydrogel is completely degraded, resulted in a good engraftment 

of the implants, meaning that the implanted synthetic matrix has the ability to positively 

interact with the host tissue, leading to fusion of the matrix with the natural surrounding 

tissue. This effect is mediated by a mild chronic inflammatory response and is marked in our 

studies for hydrogels of lower extent of methacrylation. Most likely, the engraftment of 

hydrogels of higher methacrylation degree (M20 and M25), which need longer time to show 

significant degradation, would be more extensive on a longer timescale, which was not 

considered in this study.  
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Fig
ure 4. Immunohistochemical detection of blood vessels (CD-31) within the gels M8 (A,D,G,J), 
M20 (B,E,H,K) and M25 (C,F,I,L) and in the tissue surrounding the gels at day 5 (A-C), 10 (D-
F), 21 (G-I) and 42 (J-L). The dotted line indicates the border between ingrowth (left side of 
the line) and surrounding tissue (right side of the line). Original magnifications 200x. Pictures 
are representative of 3 samples. 
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Figure 5. Schematic representation of the relative variation of the number of inflammatory 
cells and extent of vascularization as a function of time after implantation 
 

7.4. Conclusions 

 

In the present study the effect of the network characteristics of p(HPMAm-lac)-PEG-

p(HPMAm-lac) hydrogels, with respect to extent of methacrylation, on the tissue response 

upon subcutaneous implantation in mice was investigated. Initial acute foreign-body reaction, 

elicited by all implants investigated was followed by a milder chronic inflammation, where 

decreasing neutrophils levels and continuous infiltration of macrophages, associated with 

hydrogel degradation, were observed. The number of infiltrated macrophages was directly 

correlated to the degradation kinetics of the material. The relatively fast degrading M8 

hydrogel, (having a methacrylation degree of 8%) showed higher numbers of infiltrating 

inflammatory cells. The observed mild chronic inflammation stimulated tissue ingrowth and 

angiogenesis, leading to good engraftment of the implanted hydrogels in the host tissue. This 

engraftment ability of the studied photopolymerized hydrogels is an extremely appealing 

property for tissue engineering applications, where fusion of the synthetic matrix into the 

natural extracellular matrix of surrounding host cells is highly desirable. In conclusion, this 

study shows that photopolymerized p(HPMAm-lac)-PEG-p(HPMAm-lac) based hydrogels  

demonstated good biocompatibility and are therefore attractive materials for pharmaceutical 

and biomedical applications.   

vascularization 

macrophages 

neutrophils 

Time 
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Table 2. Tissue reaction to photopolymerized p(HPMAm-lac)-PEG-p(HPMAm-lac) triblock copolymer hydrogels of 25 wt% 
polymer concentration and methacrylation extents of 8 (M8), 20 (M20) and 25% (M25). 

 

 
S = in the tissues surrounding the implant; I = infiltrating 
+ to ++++ = sporadic to severe; - = not present 

 
 

Hydrogel 
implant 

Days after 
implantation 

Neutrophils 
S 

Neutrophils 
I 

Macrophages 
S 

Macrophages 
I 

Vascularization 
S 

Vascularization 
I 

5 +++ ++++ ± ++ - ++ 

10 ++ +++ ++ ++ + +++ 
M8 

21 + ++ ++ +++ ++ +++ 

42 - ± - + ± ++ 

5 ++ +++ +++ ++ + + 

10 - + ± +++ ± ++ 

21 - - ± ++ ± ++ 
M20 

42 ± ± - + ± ++ 

5 ± + + ± + - 

10 + + + + ± - 

21 + ++ + +++ + ++ 
M25 

42 ± ± ± + ± + 
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8.1. Summary 

Hydrogels have a long history – ophthalmic devices are the earliest examples, with 

Wichterle et al. creating soft contact lenses from cross-linked 2-hydroxyethyl methacrylate 

(HEMA) networks. Since then, the applications of hydrogels have expanded into new 

directions, including drug delivery and tissue engineering. Hydrogels have shown to be 

suitable materials to interface biological systems, minimize cell and protein adherence and 

foreign body reaction. Considerable efforts are being addressed to specifically engineer 

polymeric materials capable to cross-link in physiological medium, in which proteins can be 

encapsulated and protected against degradation and cells can be accommodated and retain 

their viability and functionality. Hydrogels are aimed to release active protein therapeutics in a 

tailorable and controlled fashion over a prolonged period of time or support cell proliferation 

and tissue/organ formation. Ultimately, upon exerting their function, ideally they degrade into 

excretable and non-harmful products.   

These precise topics – controlled delivery of proteins and regeneration of artificial organs - 

defines the goal of this thesis that is centered on the feasibility, mechanistic insights and 

applications of injectable in situ gelling hydrogels based on newly developed thermosensitive 

triblock copolymers, as described in chapter 1. In this chapter, the general features of 

hydrogels are outlined, with respect to their cross-linking methods and polymer 

characteristics. Particular emphasis is given to cross-linking methods for in situ gelling, like 

photopolymerization, Michael addition reaction and hydrophobic interaction by thermo-gelling. 

The characteristics of natural and synthetic polymers, with special focus on poly(ethylene 

glycol) (PEG) and poly(hydroxypropyl methacrylamide) p(HPMAm) are also briefly overviewed. 

PEG and p(HPMAm) are the main components of the hydrogel studied in this thesis that 

consists of a thermosensitive ABA triblock copolymer, composed of a hydrophilic PEG B-block, 

flanked with thermosensitive poly(N-(2-hydroxypropyl) methacrylamide lactate (p(HPMAm-

lac) A-blocks. These polymers are able to self-assemble in aqueous solution in response to 

increasing temperature, forming visco-elastic networks. When the lactate side chains of the 

p(HPMAm-lac) A-blocks are partly derivatized with (meth)acrylate moieties, the networks can 

be chemically cross-linked. In chapter 1, the use of hydrogels for protein delivery and tissue 

engineering is also shortly discussed. 

Chapter 2 elaborates in more detail on the application of hydrogels as protein delivery 

systems. Hydrogels are excellent candidates to enable clinical and commercial development of 

protein therapeutics with otherwise very unfavorable pharmacokinetics (i.e. very short half-

life), excessive systemic toxicity, and poor chemical, physical and enzymatic stability. These 

delivery systems are potentially able to maintain the protein serum/tissue concentration 

within the therapeutic window for a prolonged period of time, while preserving its stability. 

Recent developments in hydrogel systems designed to serve these functions are reviewed. 

Both chemically as well as physically cross-linked networks for in situ gelling are discussed, 

with particular emphasis on networks assembled by thermo-gelling, photopolymerization and 
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Michael addition, since these are methods investigated in this thesis. Their in vitro and in vivo 

protein release behavior is described, highlighting specific aspects like release mechanisms 

and methods to study them, stability of the therapeutics during formulation and release. Also 

shortcomings of the present generation of hydrogels for protein delivery (burst and 

incomplete release, high diffusivity) are discussed as well as strategies to tailor and improve 

release performance.  

In chapter 3, the release of proteins from thermosensitive p(HPMAm-lac)-PEG-

p(HPMAm-lac) hydrogels was investigated. To this end, a polymer having a middle PEG block 

of 10 kDa and thermosensitive outer blocks of approximately 25 kDa was synthesized and in a 

subsequent reaction 10% of the available hydroxyl groups were derivatized with methacrylate 

groups. When this polymer and a protein were dissolved at room temperature in aqueous 

medium of physiological pH, a clear solution was obtained, which underwent a sol-gel phase 

transition in response to an increase in temperature above 31 °C.   In our approach, a tandem 

cross-linking method by additional photopolymerization, in the presence of a biocompatible 

photoinitiator, Irgacure 2959, was used to provide sufficient mechanical strength and gel 

stability. By varying the polymer concentration, hydrogels with different mechanical properties 

were formed, of which the cross-link density, swelling and degradation behavior could be 

tuned. It was demonstrated that three model proteins (lysozyme, bovine serum albumin 

(BSA) and immunoglobulin G (IgG), ranging in molecular weight (MW) between 14 and 150 

kDa) were quantitatively released in 2 to 17 days, depending on the protein size and polymer 

concentration. The release mechanism was governed by Fickian diffusion, a finding that was 

confirmed by Fluorescence Recovery After Photobleaching (FRAP) experiments. Protein 

diffusion coefficients (from 9 to 16 fold lower in gels than in water) measured by FRAP 

perfectly correlated those calculated from release profiles. Importantly, the secondary 

structure and the enzymatic activity of lysozyme were fully preserved, demonstrating the 

protein friendly nature of the studied delivery system.  

In a subsequent study, reported in chapter 4, we explored how the molecular design of the 

thermosensitive p(HPMAm-lac)-PEG-p(HPMAm-lac) tailored the mechanical properties, 

degradation and protein release behavior of hydrogels based on this polymer. This work was 

directed to the development of a hydrogel based delivery platform, wherein the flexibility of 

the polymer chemistry offered the opportunity to create a variety of hydrogels with well-

defined physicochemical properties and reproducible and modular release profiles. Achieving 

tailorable hydrogel properties allows ideally fulfilling the therapeutical requirements, making 

the protein drug available at the desired time and the right dose. Polymers of varying PEG’s 

MW and degree of methacrylation (DM) were investigated. It was found that an increasing DM 

and a decreasing PEG MW resulted in increasing gel strength and cross-link density, which 

tailored the degradation profiles from 25 to over 300 days. BSA was released from hydrogels 

from 10 days to more than 2 months and its mechanism was mainly governed by diffusion. 

Some of the studied hydrogel formulations, especially the ones containing higher polymer 
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concentration, showed a biphasic diffusional release: an initial and relatively fast release of 

the protein present in the hydrophilic PEG-rich pores followed by a slower diffusional release 

of the protein residing in the hydrophobic domains composed of the thermosensitive chains. 

While a clear effect of PEG’s MW on BSA release was observed, the DM not always influenced 

the release rate. The DM influenced the cross-link density only within the hydrophobic 

domains of self-assembled thermosensitive chains and the release of the protein fraction 

residing in this compartment could be tailored by the DM. On the other hand, changes in 

PEG’s MW led to changes in protein release from the hydrophilic pores.  Surprisingly, lower 

PEG MW’s resulted in faster release rate. This phenomenon was clarified by confocal 

microscopy studies, which revealed a remarkable phase separation in hydrogels of shorter 

PEG and the formation of larger hydrophilic pores, from which the protein was rapidly 

released.  

Chapter 5 reports on the design of a novel hydrogel system where thermosensitive 

(meth)acrylate bearing ABA-triblock copolymers consisting of a PEG middle block, flanked by 

thermosensitive blocks of random N-isopropylacrylamide (pNIPAm)/(pHPMAm-lac) were 

combined with thiolated hyaluronic acid (HA-SH) in a (meth)acrylate/thiol groups ratio of 1/1. 

The two polymers formed an injectable in situ gelling system by tandem cross-linking, 

comprising temperature induced physical gelation followed by Michael type addition reaction 

between thiol groups on HA-SH and methacrylate moieties on the triblock copolymer. Michael 

addition cross-linking is an advantageous cross-linking method as it occurs at physiological 

conditions without the need for catalysts or external stimuli (i.e. UV light). Moreover, using a 

modified natural polymer (HA-SH) as a Michael addition species affords other benefits.  

Hyaluronic acid (HA) is a polysaccharide known for its favorable physical (e.g. viscosity, 

hydration) and biological (protein and cell interactions) properties. The combination of natural 

and synthetic polymers within a hydrogel matrix is generally acknowledged as an effective 

strategy to enhance biocompatibility and positive interaction of the gel with encapsulated 

proteins and cells.  

The simultaneous physical and chemical gelation was investigated by rheological analysis, 

demonstrating that the physical networks were progressively stabilized as the Michael addition 

reaction between (meth)acrylate and thiol groups proceeded. The acrylated thermosensitive 

polymers had a higher reactivity towards thiol groups, as compared to methacrylate 

analogues, resulting in a faster increase in gel strength. The networks degraded at 

physiological conditions by hydrolysis of the ester bonds in the cross-links, as well as in the 

lactate side chains and between PEG and thermosensitive blocks; more specifically the 

acrylated systems degraded in 120 days while the methacrylated gel degraded in 80 days. 

Methacrylated polymer gels released a model peptide (bradykinin) by diffusion and its release 

was tailored by polymer concentration from 60 to 175 hours. 

Another interesting application of the photopolymerized thermosensitive p(HPMAm-lac)- 
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PEG-p(HPMAm-lac) hydrogels in the field of tissue engineering was explored in chapter 6, 

where a bioprinting technology was used to design three-dimensional (3D) scaffolds aimed at 

the regeneration of cartilage. Bioprinting is a scaffold preparation technique based on 

computer aided layer-by-layer 3D fiber deposition of cell-laden hydrogels that holds potential 

in the regeneration of tissues with a precise hierarchical organization. This technique requires 

hydrogels with adequate requisites, in terms of mechanical strength and ability to be extruded 

in form of fibers. With this respect, thermogelling systems are ideal candidates, as they can 

be extruded as flowable/low viscosity solutions by simply adjusting the temperature of the 

extruder and generate a free-standing 3D scaffold when these fibers are deposited in a layer-

by-layer mode on a collector preheated above the gel temperature of the polymer. It was 

demonstrated that the hydrogel mechanical properties well adapted to the process of 3D 

printing, as structurally stable 3D scaffolds with well defined vertical porosity and enhanced 

stability by photopolymerization were successfully printed by subsequent deposition of gel 

fibers up to at least 37 layers. The scaffolds displayed an elastic modulus of 119 kPa (25 wt% 

polymer content) and a degradation time of approximately 190 days. Scaffold pattern and 

strand spacing could easily be tuned and the potential ability of the constructs to provide 

precise tissue mimicking cell organization was shown. 

 Rheological characterization of the thermally assembled and photopolymerized hydrogels 

showed a semi-flexible character of the studied polymer-gel, demonstrated by power law 

scaling of the hydrogel storage moduli with the polymer concentration. This finding 

established similarities of the studied synthetic polymer with natural extracellular matrix-

forming polymers, including collagen. Furthermore, high viability was observed for 

encapsulated equine chondrocytes after 1 and 3 days of culture.  

Chapter 7 reports on an in vivo biocompatibility study of photopolymerized p(HPMAm-

lac)-PEG-p(HPMAm-lac). As observed for other hydrogel systems, upon implantation, a 

localized inflammatory reaction in the surrounding tissues of the implant was noted, which 

slightly intensified in time, during the entire duration of the studied period (42 days), as 

shown by a persistent number of infiltrating macrophages. This response is associated with 

bioresorption of the implanted material as macrophages are attracted to the implantation site 

to phagocytate the degrading material. However, this inflammatory cell infiltration can be 

considered as a mild reaction, as confirmed by the absence of a systemic effect, and by the 

constantly decreasing number of infiltrating neutrophils observed for all implanted hydrogels. 

The inflammatory reaction is inversely correlated to the degradation time, therefore to the 

methacrylation degree of the hydrogels. Moreover, necrotic tissue was not observed at the 

site of implantation and a remarkable tissue ingrowth and vascularization, activated by 

macrophages, in the implants were observed, indicating adequate engraftment of the studied 

hydrogels within the host tissue. Finally, complete resorption of hydrogels of lower 

methacrylation extent was observed after 42 days, as expected based on in vitro degradation 
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experiments, whereas some non-degraded biomaterial was assessed in case of hydrogels of 

higher cross-link density. Although some strategies can be implemented to reduce excessive 

macrophages infiltration, the considered photopolymerized thermosensitive hydrogels hold 

excellent potential for in vivo applications. 

 

In conclusion, this thesis describes novel injectable thermosensitive hydrogels, exhibiting 

biodegradability, good protein, cell and tissue compatibility and high degree of tailorability, 

with respect to mechanical properties, degradation and release behavior. This tailorability was 

implemented by modulating the polymer design and by using two different in situ chemical 

cross-linking methods. The ability of these hydrogels to serve several biomedical functions, 

from controlled protein release to tissue engineering was demonstrated. The results reported 

in this thesis bring this hydrogel technology one step forward towards clinical application. 
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8.2.  Discussion and Perspectives  

 

8.2.1.  Injectability 

 

The thermosensitive p(HPMAm-lac)-PEG-p(HPMAm-lac) triblock copolymer, which is the 

central theme of this thesis, was designed for the preparation of injectable in situ gelling 

systems for protein delivery and tissue engineering. In situ gelling materials have gained 

increasing interest in the last 10 years as they allow minimally invasive administration by 

simple injection, avoiding implantation by surgical intervention. As a result, patient’s comfort 

and compliance are greatly enhanced. Additionally, self-administration of the dosage form 

might be applied without the need for specialized medical personnel, decreasing the burden of 

costly medical treatments on health care systems. In this thesis, the body temperature 

triggered formation of the gel at the injection site is combined with two chemical cross-linking 

methods: photopolymerization (chapters 3, 4, 6 and 7) and Michael addition reaction (chapter 

5). These two chemical cross-linking methods were applied to increase the stability of the 

hydrogel network preventing premature dissolution of gel and release of encapsulated drug. 

Photopolymerization and Michael addition can be potentially applied in situ. However, several 

aspects need to be evaluated for their successful use in vivo.(1) 

UV and visible light can be applied in vivo by transdermal illumination or minimally 

invasive devices like catheters or laparoscopic equipments. Transdermal illumination was 

demonstrated to be feasible for this purpose by Elisseeff et al., who studied the penetration of 

UV and visible light through the skin and showed the possibility to form fully cross-linked 

networks within 2 minutes at a specific wavelength and intensity.(2) However the depth of 

injection highly influenced the cross-link efficiency, therefore, good training of the medical 

personnel to achieve effective and reproducible gel formation and avoid dosage form failure is 

of crucial importance. On the other hand, laparoscopic devices or catheters are safer in this 

respect, as they expose the hydrogel directly to UV or visible light.  

One important issue to be evaluated in vivo is the effect of photopolymerization on 

biological tissues. It was indeed reported for some hydrogels that UV cross-linking in situ led 

to remarkable adherence of the depot system to surrounding tissues, most likely due to 

coupling reactions of hydrogel precursors to membrane proteins.(3) This effect is material-

dependent and has to be studied for p(HPMAm-lac)-PEG-p(HPMAm-lac) hydrogels before 

proceeding towards clinical application. 

Michael addition occurs in situ without the use of an external stimulus, therefore, the 

triblock copolymer and the cross-linker (thiolated hyaluronic acid) can be injected easily by a 

dual syringe and the cross-linking takes place spontaneously between the complementary 

thiol and (meth)acrylate groups. However, the kinetics of this reaction might be of concern. 

As it was observed in chapter 5, complete conversion of acrylate and methacrylate groups 

occurred in 24 and 50 hours, respectively. Although the progressive formation of cross-links 
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led to free-standing hydrogels after less than 1 hour, it is necessary to establish in vivo 

whether this is sufficient time to prevent burst release of the encapsulated therapeutic. In 

order to accelerate Michael addition kinetics, the triblock copolymer can be derivatized with 

maleimide or vinyl sulfone groups,(4-5) compounds well known for their higher reactivity 

towards thiol groups, as compared to acrylate or methacrylate moieties. 

 

8.2.2.     Protein release 

 

The extensive protein delivery studies performed on p(HPMAm-lac)-PEG-p(HPMAm-lac) 

hydrogels allowed a better understanding of the mechanisms governing the release and 

clarified the effect of cross-link density on release behavior. The release rate of proteins could 

be tailored from 2 days up to 2 months and the mechanism was in all cases mediated by 

Fickian diffusion, meaning that the hydrodynamic radius of the protein is smaller than the 

pores in the hydrogel network. To tailor the release profiles to even longer timescales and 

possibly achieve zero order release kinetics, in turn dependent on swelling/degradation 

kinetics, where the protein is initially immobilized in the network, different polymer 

architectures can be designed. 

To this aim, pHPMAm-lac can be grafted onto multi arm star PEG, as depicted in Figure 

1. As compared to networks formed of linear polymers, the hydrogels obtained from the self-

assembly of star-shaped copolymers are expected to have smaller and denser PEG hydrophilic 

pores (Figure 1), where the mobility of the encapsulated protein is highly restricted. The 

synthesis of the thermosensitive star shaped copolymer was tackled in a pilot study described 

in Appendix E. Currently, the synthesized polymer is being evaluated for its ability to form 

hydrogels in response to a temperature change and the need for chemical cross-linking to 

confer higher mechanical strength and stability needs to be investigated. Optimization of the 

hydrogel network properties will be the topic of future studies and eventually its ability to 

release proteins in a controlled manner will be investigated. 

Besides in vitro characterization of the studied thermosensitive systems, the assessment 

of protein stability is an important issue to be taken into account towards clinical application. 

The formulation and release of therapeutically relevant proteins must be studied and 

characterized by using a number of complementary analytical techniques (i.e. fluorescence, 

CD, etc.) to evaluate the preservation of structural stability. Furthermore, the in vivo efficacy 

of the delivery system to release active proteins must be ensured. According to the amount of 

protein to be delivered and the release time to be achieved, a number of parameters needs to 

be considered, such as surface area of the depot system upon injection, hydrogel volume and 

amount of loaded protein.   

Protein therapeutics with short half-lives that need to be released in a sustained fashion 

are normally administered to patients suffering from chronic diseases. Examples of such
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 proteins are cytokines (i.e. interleukin, interferons), growth factors or hormones (i.e human 

growth hormone) and they are ideal candidates to be tested in new hydrogel formulations.  

 

Figure 1. Schematic representation of thermally assembled hydrogels based on linear and 
star shaped polymers.  

 

8.2.3. Tissue engineering 

 

Because of their soft and rubbery nature, resembling natural tissues, hydrogels have 

been demonstrated excellent materials for tissue engineering. As described in chapter 6, 

photopolymerized thermosensitive p(HPMAm-lac)-PEG-p(HPMAm-lac) hydrogels are suitable 

for bioprinting of three-dimensional (3D) scaffolds aimed at the regeneration of tissues with 

biomimetic organization. In the specific application of cartilage engineering, the ability of the 

hydrogel material to support chondrocyte viability was demonstrated. However, further in 

vitro and in vivo studies have to be carried out to investigate cell differentiation and tissue 

formation. The studied polymer lends itself to several chemical modifications, such as changes 

in molecular weight of the PEG as well as of the thermosensitive blocks, extent of 
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methacrylation and HPMAm mono/dilactate ratio, allowing fine-tuning of polymer cloud point 

and mechanical properties, degradation behavior and diffusivity of the hydrogels.(6-8) This 

tailorability opens the possibility to find ideal conditions for the design of complex 3D 

constructs with appropriate properties for engineering a large number of tissues with 

biomimetic zones. Besides its potential as structural support, the studied hydrogel holds the 

potential to regulate cell behavior by incorporating and releasing growth factors in a controlled 

and tailorable fashion, as demonstrated in chapters 3, 4 and 5 using model proteins and 

peptides.  Moreover, the hydroxyl groups of the polymer can be functionalized with peptides 

containing adhesive domains (such as KLER or RGD) (9) to enhance cell adhesion and 

proliferation. 

Finally, the thermosensitive hydrogel prepared by Michael addition with thiolated 

hyaluronic acid is expected to be a promising candidate for tissue engineering due to the well 

known advantageous biological properties of the hyaluronic acid (10) that as shown in 

literature exhibits positive interaction with encapsulated cells. 

 

8.2.4. Biodegradation 

 

Hydrogels based on thermosensitive p(HPMAm-lac)-PEG-p(HPMAm-lac) have been 

extensively characterized in vitro for their biodegradability. Their degradation mechanism is 

based on physiological pH triggered hydrolysis of the many ester bonds present in the 

polymer. (8, 11) It was shown that the lactate groups attached to the polymerized 

methacrylate groups hydrolyze at a much slower rate than the lactate chains containing a free 

hydroxyl terminus. Therefore, highly cross-linked networks, where a higher amount of 

methacrylate modified lactates are present degrade at a slower rate as compared to networks 

containing more free hydroxyl terminated lactate chains, as shown in chapter 3, 4 and 5. A 

good in vitro-in vivo correlation in hydrogel biodegradability was found, meaning that 

hydrolysis is the main mechanism involved in the hydrogel degradation also in vivo. The 

molecular weight and the fate of the degradation products are important aspects to be 

clarified. In order to be excretable via renal filtration, a polymer needs to be soluble and have 

a molecular weight below the renal excretion cut-off. For example, it was shown that linear 

PEG can be excreted up to a molecular weight of 50 kDa, however the excretion threshold for 

(p(HPMAm-lac)-PEG-p(HPMAm-lac) and its degradation products is not known. Therefore the 

molecular weight of the degrading compounds has to be determined and their ability to be 

excreted needs to be assessed. 

Recently, Paulusse et al. reported on the synthesis of novel cyclic monomers, containing 

degradable functionalities that can be used for the preparation of linear copolymers via RAFT 

polymerization in combination with other classes of monomers containing methacrylate groups 

(i.e. 2-hydroxyethyl methacrylate (HEMA)).(12) Potentially, HPMAm-lac could be likewise 

copolymerized with the monomers described by Paulusse in order to incorporate one or more 
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orthogonally reactive units into the vinyl backbone, leading to tunable and stepwise 

degradation of the thermosensitive polymer into products with controllable molecular weight. 

Of all the monomers synthesized by Paulusse, those containing ester groups are of particular 

interest for our purpose as they can be hydrolyzed at physiological pH. Figure 2 shows the 

chemical structure of copolymers of HPMAm-lac and degradable monomers containing ester 

groups. An additional benefit of this strategy is the introduction of a site suitable for chemical 

cross-linking or functionalization in the backbone of the thermosensitive chains (Figure 2).  

When the hydrogel is cross-linked via photopolymerization, also another polymeric 

degradation product is formed (polymethacrylic acid), whose molecular weight needs to be 

investigated and possibly tuned to the excretable molecular weight by changing the ratio 

between photoinitiator and methacrylate groups. Moreover, another interesting aspect to be 

studied is the degradation of the hydrogels cross-linked by hyaluronic acid in vivo, where the 

presence of hyaluronidases, might accelerate the degradation rate of this hydrogels. 

 

 
 
Figure 2. Chemical structure of copolymer of HPMAm-lac and degradable cyclic monomers 
containing ester groups (blue circles) (potentially hydrolyzable at physiological pH) and groups 
for chemical cross-linking or additional backbone functionalization (arrow). 

8.2.5.   Biocompatibility 

 

Biocompatibility is an essential requirement to accomplish successful clinical application of 

novel biomaterials. Photopolymerized thermosensitive p(HPMAm-lac)-PEG-p(HPMAm-lac) 

hydrogels showed in mice no systemic toxicity, tissue damage or cell apoptosis. The studied 

implant showed only local inflammatory reaction in the tissues surrounding the depot 

systems, which is always associated with the bioresorption of synthetic materials.  The 

hydrogel described in chapter 5, where HA is combined with (HPMAm-lac)-PEG-p(HPMAm-lac) 

is expected to exhibit  good  biocompatibility, enhanced also by the presence of HA, a
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 naturally occurring polymer with appealing biological properties. Experimental proof of this 

expectation has to be provided.  

 

8.2.6. Scale-up stability and sterility       

Other general issues to be tackled for further development of the described 

thermosensitive hydrogel technology into the clinic are upscaling, stability and sterility. Large 

scale preparation of clinical grade polymers (e.g. PLGA, poly-�-caprolactone etc) has been 

shown feasible. The main limiting factor in the scale-up process of the synthesis of the 

polymers described in this thesis resides in the preparation and purification of the monomers 

HPMAm-lac1,2. These compounds are synthesized at low yield (8-10%) and their purification 

from the reaction mixture is generally costly and time-consuming. In chapter 5, the need of 

these (expensive) monomers was reduced by randomly copolymerizing N-isopropylacrylamide 

(NIPAm) and HPMAm-lac2 in a NIPAm/HPMAm-lac2 ratio of 76/24. NIPAm is a commercially 

available monomer and its homopolymer is non-degradable and thermosensitive, with a cloud 

point of 32ºC. (13-14) When the hydrophobic HPMAm-lac2 (24 mol %) is copolymerized with 

NIPAm, the cloud point of the obtained copolymer decreases to 23ºC, being still suitable for 

injection as a liquid when dissolved in aqueous medium. Furthermore, the introduction of 

HPMAm-lac2 makes the polymer biodegradable, because under physiological conditions, the 

lactate side chains will be hydrolyzed in time, yielding a more hydrophilic polymer (random 

pNIPAm and poly(N-(2-hydroxypropyl) methacrylamide monolactate) with a cloud point above 

37°C. (8, 11, 15) However, it is obvious that this approach is still not an ideal solution to 

overcome the limitations associated with HPMAm-lac1,2 production and alternative routes for 

the synthesis of these monomers need to be established. 

The thermosensitive polymer can be easily lyophilized and in this form it shows long-term 

stability. The polymer has to be then mixed with protein therapeutic and reconstituted in 

saline solution before administration. 

Finally, the sterility of the polymer can be ensured in two ways: synthesis in aseptic 

conditions or sterilization after production; both strategies are effective in circumventing 

possible bacterial contamination. The stability of the polymer to the different sterilization 

methods available (autoclave, filtration, etc.) needs to be assessed.   

          

     

In conclusion,  this thesis describes novel biodegradable, injectable and 

thermosensitive hydrogels, as an excellent candidate for controlled protein/peptide delivery 

and tissue engineering. Its potential to enter the clinic and make an impact on patients’ health 

is envisioned. Before achieving this goal, some important issues need to be tackled in 

preclinical and clinical studies. 
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Appendix A: Supporting Information Chapter 2 

 

A1. Rheology of non-photopolymerized gels 

 

A1.1. Methods 

Rheological characteristics of non-photopolymerized gels were studied on an AR G-2 

(TA-Instruments), using a cone-plate geometry (steel, 20 mm diameter with an angle of 1º) 

and using a solvent trap to prevent evaporation of the solvent. A strain of 0.1% and a single 

frequency of 1 Hz were applied.  

A1.2. Results  

Figure 1SI shows the G’ and G’’ of a 35% aqueous solution of triblock copolymer in the 

temperature range from 5 to 45 °C.  
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Figure 1SI. Storage modulus (G’), loss modulus (G’’) and tan δ (G’’/G’) of an aqueous 
system of p(HPMAm-lac)-PEG-p(HPMAm-lac) triblock copolymer (35% w/w) as a function of 
temperature.  
 

In agreement with previous observations (1), the storage modulus increases with 

increasing temperature. At 31 °C, when the loss modulus equals the storage modulus, the gel 

point was reached (2-3). Above 31°C the non-polymerized gels showed typical viscoelastic 

behavior with tan δ (=G”/G’) varying between 0.5 and 1. The polymer solutions at lower 

concentrations (20 and 25%) did not show gelation up to 45 ºC. This confirms that the 

gelation point is dependent on the polymer concentration (1) and the critical gel concentration 

is between 25 and 35% w/w for temperatures below 45 °C. 
 
A2.        Lysozyme structure and activity  
 
A2.1. Methods  

The enzymatic activity of lysozyme was determined using the decrease in optical 

dispersion at 450 nm of a M. luteus suspension, essentially as described previously (4-5). The 

enzymatic activity of lysozyme in the release samples was related to that of native lysozyme
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The secondary structure of released lysozyme (in PBS solution pH 7.4, at the concentration of 

0.1 mg/ml) was studied by circular dichroism (CD) measurements, from 200 nm to 260 nm 

and using a cuvette with a path length of 0.5 cm. The spectra of the released lysozyme were 

compared to that of native lysozyme dissolved in PBS at pH 7.4 at the same concentration as 

the released lysozyme. 

 

A2.2. Results  

CD measurements revealed that there were no changes in the spectra of the lysozyme 

released after 168 hours when compared to native lysozyme (Figure 2SI), indicating that the 

secondary structure of the protein was preserved.  
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Figu
re 2SI. Far UV circular dichroism spectra of lysozyme released from photopolymerized 
hydrogels (20, 25, 35% w/w polymer concentration) compared to the spectrum of reference 
native lysozyme.  
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Figure 3SI. Residual enzymatic activity of lysozyme released from photopolymerized 

hydrogels compared to activity of reference native lysozyme.  
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The bioactivity assay showed that the specific activity of released lysozyme after 18, 72 and 

168 hours was unaltered (Figure 3SI), when compared with that of the native protein. 
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Appendix B: Supporting Information Chapter 4 

 

B1. Materials and methods 

 

The mobility of FITC-labeled BSA (obtained from Sigma Aldrich) in 20 and 35 wt%  

hydrogels having different methacrylation extent or PEG B-block length was studied by FRAP 

analysis. FITC-BSA loaded gels were prepared as described in the Material and Methods 

section of the main text. Prior to photopolymerization, a spatula tip of the mentioned 

hydrogels was placed between two objective glasses, separated by a 0.5 mm thick adhesive 

spacer (Secure-Seal Spacer, Molecular Probes, Leiden, The Netherlands). Next, the gel was 

photopolymerized during 5 minutes. Measurements were performed using a previously 

published FRAP method.1 FRAP experiments were carried out at a temperature of 37°C on a 

confocal scanner laser microscope (MRC1024 UV, Bio-Rad, Hemel Hempstead, UK) modified 

for bleaching arbitrary regions. A 488-nm line of a 4W Ar-ion laser (Stabilite 2017; Spectra 

Physics, Darmstadt, Germany) was used for photobleaching and imaging. Uniform disks of 40 

μm diameter were bleached at high laser intensity (between 2 and 5 mW at the sample) of 

the scanning laser beam and the recovery of fluorescence in that area was monitored during 

1 min by using a strongly attenuated laser beam (between 10 and 50 µW). The microscope 

was equipped with a 10× objective lens (CFI Plan Apochromat; Nikon, Badhoevedorp, The 

Netherlands). The local diffusion coefficient and immobile fraction were calculated from the 

experimental recovery curve by fitting the appropriate FRAP model.(1) 

 

B2. Results and Discussion 

 

Figure 1SIA shows that 20 wt% polymer hydrogels of varying methacrylation degree do 

not show statistically significant differences in diffusion coefficients of FITC-BSA because at 

this concentration the protein, mainly located in the hydrophilic pores of the network, is not 

hindered in its mobility by the chemical cross-links that stabilize the hydrophobic domains. On 

the contrary, at higher polymer concentration (35 wt%), the protein is also partly located in 

the hydrophobic domains, where a higher cross-link density leads to a decrease in mobility, 

as shown in Figure 1SI A. In Figure 2SI, diffusion coefficients and mobile fractions of 

polymer hydrogels of different PEG blocks is reported. Both diffusion coefficients (Figure 

2SIA) and mobile fractions (Figure 2SI B) decrease with increasing PEG molecular weight. As 

clear from confocal laser scanning microscopy (Chapter 4), the hydrogels undergo a phase-

separation into hydrophilic and hydrophobic domains with bigger hydrophilic pores at lower 

PEG molecular weight. In bigger hydrophilic pores the protein mobility is less restricted.  
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Figure 1SI. A) Diffusion coefficients and B) mobile fractions of polymer hydrogels having 
different methacrylation extent (10, 20 and 30%) calculated for a fluorescence recovery time 
of 1 min. Data are shown for 20 (white bars) and 35 wt% (black bars) polymer concentration 
as mean ± standard deviation; n = 3. 
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Figure 2SI. A) Diffusion coefficients and B) mobile fractions of polymer hydrogels (35 wt% 
polymer concentration) having different PEG length (4, 10 and 20 kDa) calculated for a 
fluorescence recovery time of 1 min. Data are shown as mean ± standard deviation; n = 3. 
 

In order to study the correlation between FRAP and release data, the diffusion coefficients 

of BSA in release experiments (Figures 3SI and 4SI) were calculated by the early-time 

approximation equation of Fick’s second law:(2)  

 

Mt / M∞ = 4 (Dt / πδ2)1/2  

 

Where Mt / M∞ is the BSA fractional release, D the diffusion coefficient, t the release time and 

δ the diffusional distance, equal to the thickness of the gels (4.5 and 4.0 mm for 20 and 35 

wt% polymer concentration, respectively). 

 

A B 

A B 
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The BSA diffusion coefficients were calculated both for the hydrophilic (Figures 3SI A and 

4SI A) and the hydrophobic domains (Figures 3SI B and 4SI B) and compared to those 

experimentally determined by FRAP measurements. For M10,20,30P10 hydrogels, 20 wt% 

polymer concentration, D values ranging from 5.8 to 6.8 and from 7.8 to 10.9 μm2/sec were 

observed in FRAP and release measurements, respectively. These data demonstrated within 

the experimental error good correlation between release and FRAP data.(3) The good 

agreement between release and FRAP experiments, showing no influence of the 

methacrylation extent on BSA diffusion coefficients in 20 wt% M10,20,30P10 hydrogels, leads to 

conclude that the protein release was governed exclusively by diffusion and 

swelling/degradation of the matrix does not contribute to the release mechanism. 

At the polymer concentration of 35 wt%, where a biphasic release was observed, FRAP 

showed D values falling between diffusion coefficients calculated according to BSA release 

from the hydrophilic and the hydrophobic domains (black bars in Figure 3SI A-B). Since large 

bleach areas were used for the FRAP experiments, covering both hydrophilic and hydrophobic 

domains, the resulting D values take into consideration both the fast and slow-diffusing BSA 

in the hydrogel network. Mobile fractions determined by FRAP exhibited excellent correlation 

with release data, as the mobile fraction corresponded to the cumulative fractional release for 

both 20 and 35 wt% hydrogels. This observation implies that the protein, residing in the 

hydrophobic domains of increasing methacrylation extent, has highly restricted mobility and 

needs further degradation of the hydrogel matrix to be fully released. 
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Figure 3SI. Diffusion coefficients of BSA in polymer hydrogels having different 
methacrylation extent (10, 20 and 30%) calculated by fitting the release profile from the 
hydrophilic (A) and the hydrophobic domains (B) to Fick’s second law. Data are shown for 20 
(white bars) and 35 wt% (black bars) polymer concentration as mean ± standard deviation; 
n = 3. 

 

Figure 4SI represents the diffusion coefficients of BSA encapsulated in hydrogels of 

different PEG molecular weight, calculated from release profiles. A single diffusion coefficient 

was calculated based upon the monophasic release of 20 wt% M20P4,10,20 and 35 wt% M20P20, 

A B 
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whereas two D’s were calculated for 35 wt% M20P4,10, as a biphasic release was observed. 

FRAP data, shown in Figure 2SI only for 35 wt% M20P4,10,20 hydrogels, indicated intermediate 

diffusion coefficients between those calculated according to release kinetics in hydrophilic and 

hydrophobic domains (Figure 4SI), similarly to 35 wt% M10,20,30P10 hydrogels. 
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Figure 4SI. Diffusion coefficients of BSA in polymer hydrogels having different PEG molecular 
weight (4, 10 and 20 kDa) calculated by fitting the release profile from the hydrophilic (A) 
and the hydrophobic domains (B) to Fick’s second law. Data are shown for 20 (white bars) 
and 35 wt% (black bars) polymer concentration as mean ± standard deviation; n = 3. 
 
References 
 

1. Braeckmans K, Peeters L, Sanders NN, De Smedt SC, & Demeester J (2003) Three-Dimensional 
Fluorescence Recovery after Photobleaching with the Confocal Scanning Laser Microscope. 
Biophysical Journal  85(4):2240-2252. 

2. Ritger PL & Peppas NA (1987) A simple equation for description of solute release II. Fickian and 
anomalous release from swellable devices. Journal of Controlled Release 5(1):37-42. 

3. Brandl F, Kastner F, Gschwind RM, Blunk T, Teßmar J, & Göpferich A (2010) Hydrogel-based drug 
delivery systems: Comparison of drug diffusivity and release kinetics. Journal of Controlled 
Release 142(2):221-228. 

A B 



Supporting Information Chapter 5 

 215 

 

Appendix C: Supporting Information Chapter 5 

 

C1. Time-sweep experiments of HA-SH and pNHPt(m)a solutions 

The same experimental settings as described in Chapter 5 for time-sweep experiments 

were used.  

In principle, the chemical cross-linking process of the hydrogels can follow two different 

pathways, the Michael addition cross-linking between thiols on HA and (meth)acrylates on 

pNHPt(m)a and the disulfide bonding between thiols. In order to investigate the contribution 

of these two pathways to the hydrogel formation, control rheological experiments on HA-SH 

solution 5.4 wt% in PBS pH 7.4 (Figure 1SI) and pNHPtma solution 20 wt% in the same 

buffer (Figure 2SI) at 37 °C were performed during 200 and 150 minutes, respectively.  

Figure 1SI shows that HA-SH solutions 5.4 wt% displayed very low values of G’ (< 2 

Pa), which did not increase significantly in time, meaning that no or negligible disulfide 

bonding occurred at the used experimental conditions. Therefore, it can be concluded that 

Michael addition cross-linking is responsible for the covalent network formation.  
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Figure 1SI. Storage (G’) and loss (G”) moduli of HA-SH solution 5.4 wt% in PBS pH7.4 as a 
function of time at 37 °C. 
 

Figure 2SI shows that at 37 °C pNHPtma solutions 20 wt% behaved as a weak 

viscoelastic material, as the storage modulus dominates the loss modulus. This behavior is 

due to the thermosensitive properties of the polymer. However, at the used concentration, the 

physical networks are very weak, as they have very low values of G’. When combined with 5.4 

wt% of HA-SH, pNHPtma hydrogels increased their strength remarkably in time. After 150 

minutes, G’ of the HA-SH/pNHPtma gel is approximately 25 times higher than G’ of pNHPtma 

gel. It can be concluded that, although the thermal self-assembly of pNHPtma polymer 

contributes to an initial stability of the network, making in situ stability of the gel upon 
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injection possible, Michael addition cross-linking with HA-SH is needed to enhance the 

hydrogel strength and prevent the hydrogel dissolution. 
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Figure 2SI. Storage (G’) and loss (G”) moduli of pNHPtma hydrogel 20 wt% in PBS pH7.4 as 
a function of time at 37 °C. 
 

C2.  Dynamic Mechanical Analysis (DMA) 

A DMA 2980 Dynamic Mechanical Analyzer (TA-Instruments) in the controlled force 

mode was used for elastic modulus measurements. Hydrogels of approximately 5 × 6 mm 

(diameter × height) were placed between the parallel plates and a force ramp from 0.001 

to 1.0 N at a rate of 0.1 N/min was applied at 25 ºC. 

 

 

 

 

 

 
 
Figure 3SI. Elastic moduli of polymer gels (polymer concentration: 20 wt% pNHPt(m)a + 5.4 
wt% HA-SH; molar ratio thiol:(meth)acrylate groups = 1:1) after Michael addition reaction 
for 24h. Data are shown as mean ± standard deviation; n=3. 
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 acrylate modified polymer hydrogels were observed (Figure 3SI). The slightly higher E 

value displayed by acrylated gels as compared to the corrspondent methacrylated 

networks finds explanation in the higher acrylate conversion into chemical cross-links 

exhibited by pNHPta gels after 24 hours, as shown in figure 4 of the main text. DMA 

measurements are in agreement with the mechanical characterization performed on 

pNHPt(m)a hydrogels (Figure 2, chapter 5), where faster gelation kinetics of pNHPta 

hydrogels due to higher reactivity of acrylates toward Michael addition was demonstrated. 

 
C3. Temperature-sweep of pNHPtma and pNHPta + HA-SH polymer gels 

The same experimental settings as described in the main article for temperature sweep 

experiments were used. 

At increasing temperature from 5 to 45ºC, gelation starts at 14 and 21 °C for pNHPta 

and pNHPtma hydrogels, respectively (Figure 4SI). This difference in gel point, defined 

as temperature at which G’ equals G’’, can be attributed to the slightly lower CP of 

pNHPta as compared to pNHPtma polymers (16 and 18.8 °C, respectively), as well as to 

the faster formation of Michael addition cross-links in pNHPta hydrogels.   

 

 

 
 
 
 
 
 
 
 
Figure 4 SI: Storage (G’) and loss (G”) moduli as a function of temperature (heating rate 1 
ºC/min) directly after mixing of HA-SH with pNHPtma and pNHPta, respectively. Polymer 
concentration: 20 wt% pNHPtma or pNHPta + 5.4 wt% HA-SH.  
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Appendix D: Supporting Information Chapter 6 
 

Figure 
1SI. GPC chromatogram of (PEG-ABCPA)n macroinitiator (MI); a trace amount of unreacted 
PEG (< 1 % based on AUC)  

Figure 2SI. 1H-NMR spectrum of (PEG-ABCPA)n macroinitiator (MI) in CDCl3. By comparing 
the integration of PEG protons to those of ABCPA, a ratio PEG/ABCPA of 1.2 was calculated, 
demonstrating the presence of a small amount of unreacted PEG in the MI.

 

MI 

PEG 
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Figure 3SI. Comparison of GPC chromatograms of PEG-pHPMAm-lactate triblock copolymers 
(M30P10) synthesized using dialyzed (a) and non-dialyzed (b) (PEG-ABCPA)n macroinitiator. 
The presence of unreacted ABCPA in the non-dialyzed macroinitiator leads to the formation of 
polymers of HPMAm-lactate without PEG chain during the radical copolymerization of PEG and 
HPMAm-lactate, visible as side peak in chromatogram (b). It appears that dialysis is an 
effective method to purify the unreacted ABCPA from the macroinitiator and prevent the 
formation of polymers of HPMAm-lactate without PEG chain, as shown in chromatogram (a). 

a

b 
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Appendix E 

 

Synthesis of thermosensitive star shape copolymer based on poly(hydroxypropyl 

methacrylamide lactate) and star poly(ethylene glycol) 

 

Thermosensitive star shape copolymer based on poly(hydroxypropyl methacrylamide 

lactate) and star poly(ethylene glycol) (PEG-(p(HPMAm-lac)8)) was synthesized by applying 

the route described in Figure 1. Briefly, mercaptoacetic acid was reacted with triphenyl 

methanol (in a molar ratio of 1) in anhydrous trifluoroacetic acid, while stirring for 2 hours at 

room temperature to protect the thiol group (step 1). The product, precipitated in diethyl 

ether, had a yield of 70%. Subsequently, the trityl-protected mercaptoacetic acid was 

esterified with 8 arm star PEG 10 kDa by DCC coupling reaction, using 4-

(dimethylamino)pyridinium 4-toluene-sulfonate (DPTS) as a catalyst and a ratio between thiol 

and hydroxyl group of 1 (step 2). The reaction was carried out for 16 hours in a 50/50 

mixture of tetrahydrofuran/dichloromethane.  

 

 
Step 1. Protection mercaptoacetic acid by triphenyl methanol 
 

 
 
 
Step 2. DCC coupling reaction between PEG 8 arms and protected mercapto acetic acid. 
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Step 3. Deprotection thiol groups 
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Step 4. Copolymerization thiolated star PEG and HPMAm-lac1-2 

 

 

 
 
Figure 2. Synthetic route of star shaped PEG-(p(HPMAm-lac)8 copolymer consisting of PEG 8 
arms 10 kDa flanked with thermosensitive p(HPMAm-lac) side chains. 
 
 

The product was isolated after precipitation with diethylether and a yield of approximately 

65% was obtained. 1H-NMR analysis in dimethyl sulfoxide (DMSO) showed that 5.5 arms of 

PEG were derivatized with protected mercaptoacetic acid. Next, thiolated PEG was deprotected 

in anhydrous trifluoroacetic acid and purified by precipitation in diethylether (step 4). With a 
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yield of approximately 60%, the product was characterized by 1H-NMR in DMSO to assess the 

absence of protecting group, additionally, the free thiol groups were quantified by Ellmann’s 

reaction, which showed that 85% of the protected groups were deprotected. Finally, a chain 

transfer agent (CTA) polymerization was performed from the thiolated PEG using N-2-

hydroxypropyl methacrylamide mono and dilactate (HPMAm-lac1,2) (ratio HPMAm-

lac1/HPMAm-lac2 = 1) as monomers,  and 2,2 '-Azodiisobutyronitrile (AIBN) as initiator. The 

reaction was carried out in acetonitrile at 70 °C, under nitrogen atmosphere for 48 hours. The 

CTA reaction had a yield of 65% and resulted in a copolymer exhibiting thermosensitive 

behavior (LCST 29 °C) and having a Mn of 27.1 kDa and Mw of 48.6, as determined by GPC. 

Figure 2 shows the shift of the GPC peak of PEG towards shorter retention time upon 

copolymerization with the thermosensitive chains. 
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Figure 2. GPC chromatograms of (a) 8 arms star PEG 10 kDa and (b) (p(HPMAm-lac)8-PEG 
copolymer based on 8 arms star PEG 10 kDa.
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Nederlandse samenvatting 

 

Hydrogelen hebben een lange geschiedenis. De ontwikkeling van hydrogelen voor zachte 

contactlenzen startte al in 1960 en sindsdien is de toepassing van hydrogelen een nieuwe 

richting ingeslagen naar geneesmiddelafgifte en ‘tissue engineering’. Aangezien hydrogelen 

bestaan uit polymeernetwerken die grote hoeveelheden water kunnen bevatten, hebben ze 

veel overeenkomst met natuurlijke weefsels waardoor het aantrekkelijke materialen zijn voor 

biomedische toepassingen.  

Tegenwoordig wordt veel aandacht geschonken aan het ontwikkelen van polymeren die 

geschikt zijn om onder fysiologische omstandigheden netwerken te vormen, waarin eiwitten 

kunnen worden ingesloten en tegelijkertijd worden beschermd tegen degradatie. Het ultieme 

doel is therapeutisch actieve eiwitten over een lange periode op een gereguleerde manier te 

kunnen afgeven aan de patiënt.  

Ook hebben hydrogelen grote potentie binnen het relatief nieuwe veld van ‘tissue 

engineering’. Cellen kunnen worden ingesloten in de polymeermatrix en in deze beschermde 

omgeving kunnen de cellen groeien en differentiëren en uiteindelijk het beschadigd weefsel 

herstellen. Een belangrijke eis aan materialen voor deze toepassingen is dat ze bioafbreekbaar 

zijn in uitscheidbare en onschadelijke producten.  

Deze onderwerpen – gereguleerde afgifte van eiwitten en regeneratie van weefsels – 

vormen het centrale thema van dit proefschrift, waarin de toepasbaarheid van injecteerbare, 

in situ gelerende hydrogelen gebaseerd op temperatuurgevoelige triblokcopolymeren wordt 

beschreven.  

In hoofdstuk 1 worden de algemene eigenschappen van hydrogelen geschetst met 

speciale aandacht voor vernettingsmethoden voor polymeren die geschikt zijn voor in situ 

gelering, zoals fotopolymerisatie, Michael-additiereacties en temperatuurgedreven zelf-

assemblage  

In hoofdstuk 2 wordt een uitgebreid overzicht gegeven van hydrogelen als 

eiwitafgiftesystemen. Het gebruik van hydrogelen als afgiftesysteem kan een oplossing zijn 

voor de snelle eliminatie van therapeutische eiwitten uit de bloedbaan. Een constant 

gereguleerde afgifte zorgt ervoor dat de dosis binnen de therapeutische grenzen blijft en 

voorkomt dat herhaaldelijke injecties nodig zijn. Daarom zijn hydrogelen met name 

interessant voor afgifte van farmaca bij chronische aandoeningen. Dit hoofdstuk beschrijft 

verschillende afgiftemechanismen, zowel in vitro als in vivo en methoden om de 

afgiftesnelheid van eiwitten uit hydrogelen te meten en te moduleren.  

Hoofdstuk 3 rapporteert de afgifte van drie verschillende eiwitten (lysozym, BSA en IgG) 

uit temperatuurgevoelige hydrogelen die opgebouwd zijn uit triblokcopolymeren bestaande uit 

een hydrofiel polyethyleenglycol (PEG) middenblok geflankeerd door twee 

temperatuurgevoelige poly(hydroxypropyl methacrylamide lactaat) (pHPMAlac) blokken. Deze 

polymeren zijn oplosbaar in water bij lage temperatuur en zelfassembleren bij temperaturen 
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hoger dan 31 ºC. Bovendien is 10% van de lactaatgroepen gefunctionaliseerd met 

methacrylaatgroepen die gebruikt worden om na temperatuur-geïnduceerde gelering, de 

gelen te stabiliseren door middel van fotopolymerisatie. De afgifte van bovengenoemde 

eiwitten verliep diffusie-gereguleerd en resulteerde in een snelle afgifte van kleine eiwitten 

(lysozym) en een langzamere afgifte van grotere eiwitten (IgG). Verder kan de afgiftesnelheid 

gevarieerd worden door veranderingen in polymeerconcentratie.  

Hoofdstuk 4 beschrijft het vervolg op deze studie, waarin de precieze moleculaire 

structuur van de polymeren is gevarieerd om hydrogelen te verkrijgen met gewenste 

mechanische eigenschappen, afgifte- en degradatiesnelheid. Opvallend is dat hydrogelen 

gebaseerd op polymeren met een korte hydrofiele PEG-keten een snelle eiwitafgifte 

vertoonden. Dit fenomeen werd verklaard met behulp van confocale microscopie 

experimenten, die een sterke fasescheiding in hydrofiele en hydrofobe gebieden aantoonden 

voor deze gelen.  

Hoofdstuk 5 beschrijft een nieuw hydrogelsysteem dat bestaat uit twee componenten. 

De eerste component is het temperatuurgevoelige polymeer zoals beschreven in hoofdstuk 3 

en 4. De tweede component is hyaluronzuur (HA) gefunctionaliseerd met thiolgroepen (HA-

SH). Deze thiolgroepen kunnen een Michael-additiereactie ondergaan met de methacrylaat- of 

acrylaatgroepen aan het temperatuurgevoelige polymeer onder fysiologische omstandigheden. 

De reactie tussen deze twee polymeren levert dan een chemisch verknoopt netwerk op dat 

gedeeltelijk bestaat uit het natuurlijke HA. Het gebruik van een combinatie van synthetische 

en natuurlijke polymeren in een hydrogelmatrix wordt gezien als een effectieve strategie om 

de biocompatibiliteit te vergroten en tegelijkertijd een betere interactie te verkrijgen tussen 

cellen en gel. De simultane thermische gelering en Michael-additiereactie is bestudeerd met 

reologiemetingen. Een fysisch verknoopt netwerk werd in enkele uren gestabiliseerd door de 

vorming van chemische knooppunten tussen de verschillende polymeerketens. De sterkte en 

degradatiesnelheid van deze gelen bleek afhankelijk van het gebruik van acrylaat- of 

methacrylaatgroepen aan de temperatuurgevoelige polymeren. Deze gelen zijn ook gebruikt 

om de in vitro afgifte van een modelpeptide (bradykinine) te bestuderen. De afgifte van dit 

peptide was diffusie-gereguleerd en de afgiftesnelheid kon gevarieerd worden door 

veranderingen in polymeerconcentratie.     

Een andere interessante toepassing van de gefotopolymeriseerde temperatuurgevoelige 

hydrogelen voor tissue engineering is onderzocht in hoofdstuk 6. De polymeren zijn gebruikt 

voor een 3D-printtechniek waarbij driedimensionale hydrogelscaffolds zijn ontworpen voor 

kraakbeenregeneratie. De polymeeroplossingen zijn bij lage temperatuur geprint op een 

verwarmde ondergrond. Door de thermische gelering ontstaat direct een stabiele gel. 

Verschillende lagen van gelvezels zijn op deze manier geprint en daarna gestabiliseerd door 

UV-belichting. De gelen konden geprint worden tot ten minste 37 lagen en deze scaffolds 

hadden een elastische modulus van 119 kPa. De mogelijkheid om deze materialen te 

gebruiken voor het ontwerp van scaffolds met eigenschappen van georganiseerd weefsel werd 
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aangetoond. Bovendien is in deze hydrogelen een goede overleving van chondrocyten 

aangetoond na 1 en 3 dagen. 

Hoofdstuk 7 rapporteert een biocompatibiliteitsstudie betreffende de 

gefotopolymeriseerde temperatuurgevoelige hydrogelen na implantatie in muizen.  Er treedt 

een lokale ontstekingsreactie op in het aangrenzende weefsel met een groot aantal 

geïnfiltreerde macrofagen gedurende de hele tijdsduur van het experiment (42 dagen). Deze 

ontstekingsreactie is geassocieerd met de bioresorptie van het materiaal en kan gezien 

worden als een milde reactie omdat er geen systemische reactie optrad en een constante 

afname van geïnfiltreerde neutrofielen in de tijd werd waargenomen. De in vitro degradatietijd 

van de gelen komt goed overeen met die gevonden in vivo.  

Concluderend kan vastgesteld worden dat het werk beschreven in dit proefschrift heeft 

laten zien dat de nieuwe injecteerbare temperatuurgevoelige hydrogelen een goede 

biodegradeerbaarheid, goede eiwit-, cel- en weefselcompatibiliteit en veel 

aanpassingsmogelijkheden met betrekking tot mechanische eigenschappen, degradatie en 

afgiftesnelheid bezitten. Daarmee is aangetoond dat het veelbelovende materialen zijn voor 

zowel gereguleerde eiwitafgifte als voor tissue engineering. 
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Riassunto 

 

Un idrogel è un sistema colloidale costituito da reticoli tridimensionali di polimeri naturali 

e/o artificiali, in grado di attrarre considerevoli quantità di acqua ed, allo stesso tempo, di 

rimanere insolubili in questo mezzo grazie alla presenza di legami crociati, fisici e/o chimici, 

che legano le catene polimeriche. Gli idrogeli hanno una lunga storia, che inizia nel 1960, 

quando Wichterle ed i sui colleghi crearono le prime lenti a contatto morbide. Da allora, l’uso 

degli idrogeli si è espanso considerevolmente verso nuove direzioni, che comprendono il 

rilascio controllato dei farmaci e l’ingegneria tissutale. Questo crescente interesse per gli 

idrogeli depende dalla loro dimostrata capacità di interagire positivamente con i sistemi 

biologici, minimizzando l’aderenza di  cellule e proteine e la reazione da corpo estraneo, 

quando impiantati nell’organismo. Innumerevoli sforzi sono attualmente diretti alla 

progettazione di idrogeli capaci di formarsi spontaneamente a condizioni fisiologiche, nei quali 

proteine farmaceutiche possono essere incapsulate e protette dalla degradazione e cellule 

possono essere accomodate, mantenendo la loro vitalità e funzionalità. Lo scopo ultimo degli 

idrogeli è quello di rilasciare le proteine incapsulate in maniera controllata per un periodo di 

tempo prolungato e/o di sostenere la proliferazione delle cellule di cui esso è caricato per la 

rigenerazione di tessuti/organi artificiali. Infine, dopo aver esercitato la funzione per cui sono 

preposti, gli idrogeli devono spontaneamente degradare, trasformandosi in prodotti sicuri per 

la salute umana ed eliminabili dall’organismo tramite vie metaboliche o filtrazione renale. 

E’ proprio intorno ai  temi del rilascio controllato dei farmaci biotecnologici e della 

rigenerazione di tessuti ed organi artificiali che questa tesi si sviluppa ed ha come scopo 

quello di dimostrare la potenzialità in questi campi di un idrogelo iniettabile che gelifica 

spontaneamente a condizioni fisiologiche ed è basato su un copolimero termosensibile a 

triblocchi di nuova concezione. Il capitolo 1 descrive le caratteristiche generali degli idrogeli, 

con particolare attenzione ai metodi di formazione dei legami crociati per idrogeli iniettabili, 

quali l’addizione di Michael e la fotopolimerizzazione, ed alle caratteristiche dei polimeri di cui 

essi sono costituiti, come ad esempio glicole polietilenico (PEG) e polidrossipropil 

metacrilammide (p(HPMAm)).  

Il capitolo 2 approfondisce l’applicazione degli idrogeli come sistemi per il rilascio 

controllato delle proteine. Il capitolo spiega come gli idrogeli siano utili nel superare le 

limitazioni associate alla somministrazione di proteine farmaceutiche, quali l’emivita molto 

breve, la tossicità sistemica, l’instabilità fisica, chimica ed enzimatica. I recenti sviluppi in 

questo campo vengono poi presentati, passando in rassegna i più significativi idrogeli che 

gelificano in seguito alla somministrazione e descrivendo vari aspetti del rilascio delle proteine 

in vitro ed in vivo, come il meccanismo, i metodi innovativi usati per lo studio, la stabilità del 

farmaco, le limitazioni ancora esistenti nel comportamento di rilascio degli idrogeli e le 

strategie per superarle. 
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Nel capitolo 3 si descrive l’uso di un polimero costituito da un blocco centrale di PEG, 

legato a due catene laterali termosensibili di poli(lattato di idrossi propil metacrilammide) 

(p(HPMAm-lac)-PEG-p(HPMAm-lac)) per la preparazione di un idrogel per il rilascio di 

proteine. Tale polimero a triblochi è solubile (dunque iniettabile) in medium acquoso a 

temperatura ambiente e assembla spontaneamente a formare un idrogel a temperatura 

corporea. Per rendere questo idrogel più stabile in condizioni fisiologiche, il polimero è stato 

modificato con gruppi methacrilati al fine di introdurre legami crociati covalenti, tramite breve 

esposizione alla luce UV. Questo capitolo mstra come sia possibile variare le caratteristiche 

meccaniche e la stabilità alla degradazione dell’idrogel al variare della concentrazione del 

polimero, la quale influenza anche le cinetiche di rilascio. Lisozima, albumina da siero bovino 

ed immunoglobulina G monoclonale sono state utilizzate come proteine modello e 

completamente rilasciate dall’idrogel con un meccanismo di diffusione fickiana e con 

preservazione della struttura ed attività biologica. 

In uno studio successivo, riportato nel capitolo 4, abbiamo esplorato come la struttura 

molecolare del polimero influenzi le caratteristiche finali dell’idrogel. Questo lavoro è volto allo 

sviluppo di una piattaforma, in cui la flessibilità della chimica polimerica offre l’opportunità di 

creare una varietà di idrogeli con caratteristiche chimico-fisiche ben definite e profili di rilascio 

riproducibili e modulabili. L’ottenimento di profili di rilascio modulabili permette di rispondere 

ai bisogni terapeutici di ciascun farmaco, che è idealmente reso disponibile al tempo ed alla 

dose desiderata. I profili di degradazione del farmaco sono variati da 25 a 300 giorni, mentre 

quelli di rilascio da 10 giorni a più di mesi, in base al peso molecolare ed al grado di 

metacrilazione del polimero. La struttura interna dell’idrogel al variare della strutura chimica 

del polimero che lo compone è stata studiata tramite microscopia confocale. 

Il capitolo 5 investiga un metodo alternativo di formazione dei legami crociati 

dell’idrogel, che si avvale dell’uso di un agente per l’addizione di Michael. Acido ialuronico, un 

polisaccaride naturale presente in molti tessuti dell’organismo e conosciuto per le sue 

favorevoli proprietà fisiche e biologiche, è stato chimicamente modificato con gruppi tiolici ed 

usato in combinazione con un polimero a triblocchi molto simile a quello descritto 

precedentemente, modificato con gruppi acrilici o metacrilici. I gruppi tiolici sono in grado di 

reagire con quelli acrilici o metacrilici in condizioni fisiologiche senza bisogno di catalizzatori 

(tossici) o di stimoli esterni (es. luce UV) a formare ponti crociati. L’inovativa combinazione di 

questi due polimeri presenta due vantaggi principali: migliorata biocompatibilità, dovuta alla 

presenza di un polimero naturale e le simulatanee gelificazioni fisica e chimica, che assicurano 

la prima un’immediata stabilizzazione dell’idrogel a temperatura corporea e la seconda la 

stabilizzazione a lungo termine, con maggiore resistenza alla degradazione idrolitica 

Le cinetiche di formazione dei legami crociati covalenti, il comportamento alla 

degradazione a pH fisiologico e la capacità di rilasciare peptidi in maniera controllata, sono 

stati investigati. 
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Il capitolo 6 studia l’applicazione dell’idrogel termosensibile e fotopolimerizzabile per  

l’ingegneria della cartilagine, utilizzando una tecnologia emergente chiamata “bioprinting”. Il 

bioprinting è una tecnica di preparazione di strutture tridimensionali basata sulla deposizione 

strato su strato di fibre di idrogel caricato con cellule. Tale tecnica si avvale dell’uso di un 

computer che guida la deposizione delle fibre da una siringa pneumatica al fine di mimare la 

forma della cartilagine da rigenerare e la distribuzione naturale delle sue cellule. I materiali da 

poter essere utilizzati per il bioprinting devono rispondere a precisi requisiti, quali viscosità 

adeguata a poter essere estrusi ed al contempo capacità di mantenere la propria struttura 

tridimensionale in seguito alla deposizione, compatibilità cellulare e abilità di promuovere la 

differenziazione e la formazione del tessuto artificiale. La termosensitività del materiale 

utilizzato in questa tesi si dimostra particolarmente adatto al bioprinting, in quanto il semplice 

cambiamento di temperatura riesce a modulare la viscosità dell’idrogel, in modo tale da 

renderlo estrudibile a tempertura ambiente e da mantenere stabilità strutturale in seguito alla 

deposizione per innalzamento della temperatura a valori corporei. Successivamente, 

l’esposizione alla luce UV conferisce al costrutto stabilità alla degradazione a lungo termine. Il 

capitolo in discussione presenta l’analisi meccanica, reologica e la sopravvivenza di condrociti 

equini in strutture porose tridimensionali di idrogel termosensibile e fotopolimerizzato. 

 Infine, il capitolo 7 tratta il tema della biocompatibilità dell’idrogel in topi Balc/c, in 

seguito a somministrazione sottocutanea. Come osservato con altri materiali sintetici 

bioriassorbibili, una reazione infiammatoria localizzata e di moderata entità, con presenza di 

macrofagi infiltranti, è stata analizzata e correlata alla progressiva degradazione dell’idrogel 

ed alla sua digestione da parte delle citate cellule infiammatorie. Associata all’infiltrazione di 

macrofagi, è stata osservata la formazione di microcapillari all’interno dell’idrogel, che ha 

prodotto un perfetto innesto del biomateriale nel tessuto in cui esso è impiantato. 

Complessivamente, l’idrogel oggetto di questa tesi risulta possedere una buona 

biocompatibilità in topi. 

 

Concludendo, questa tesi descrive un innovativo idrogel termosensibile e 

fotopolimerizzabile, che ha dimostrato buona compatibilità con proteine, cellule e tessuti 

L’efficace applicazione di questo idrogel nei campi del rilascio controllato di farmaci 

biotecnologici e dell’ingegneria tissutale, proiettano questa tecnologia un passo in avanti verso 

la loro applicazione clinica. 
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List of Abbreviations 
 
3DF three dimensional fiber deposition 

4EDMAB 4-N,N-dimethylaminobenzoate 

α/βCD α/β-cyclodextrin 

δ diffusional distance 

ρ polymer concentration [g/m3] 

AA acrylic acid 

ABCPA  4,4’-azobis(cyanopentanoic acid) 

ADA 4,4’-azodibenzoic acid 

ACN acetonitril 

AIBN α,α’-azoisobutyronitrile 

AUC area under the curve 

AZOB azobenzene 

bFGF basic fibroblst growth factor 

BDA butane-1,4-diol diacrylate 

BIS N,N’-methylenebisacrylamide 

BK bradykinin 

BMA butyl methacrylate 

BSA bovine serum albumin 

C polymer concentration (wt%) 

CD circular dichroism 

CDCl3 deuterated chloroform 

CLSM confocal laser scanning microscopy 

CP cloud point 

CQ camphorquinone 

CTA chain transfer agent 

D diffusion coefficient 

DA degree of acrylation 

D2O deuterated water 

DCC N,N-dicyclohexyl carbodiimide 

DCM dichloromethane 

DCU dicyclourea 

Dex-HEMA dextran-hydroxyethyl methacrylate 

Dex-HEMA-DMAE dex-HEMA-dimethylaminoethyl 

dh hydrodynamic diameter 

DM degree of methacrylation 

DMA dynamic mechanical analysis 

DMAEMA N,N-dimethyl aminoethyl methacrylate
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DMAP dimethyl amino pyridine 

DMEM Dulbecco’s modified eagle’s medium 

DMF dimethylformamide 

DMSO-d6 deuterated dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DPTS 4-(dimethylamino)pyridinium-4-toluenesulfonate) 

DS degree of substitution  

DSC differential scanning calorimetry 

DTP dithiobis(propanoic dihydrazide) 

DTT dithiothreitol 

E elastic modulus 

EDC 1-ethyl-3[3-(dimethylamino)propyl]carbodiimide 

EPO erythropoietin 

FDA Food and Drug Administration 

FGF-2 basic fibroblast growth factor 2 

FITC fluorescein isothiocyanate  

FRAP Fluorescence Recovery After Photobleaching 

FTIR fourier transform infrared spectroscopy 

G’ storage modulus 

G’∞ storage plateau modulus 

G” loss modulus 

GI gastro-intestinal 

GLP-1 incretin hormone glucagon-like peptide-1 

GMHA glycidyl methacrylate-hyaluronic acid 

GPC Gel Permeation Chromatography 

GyrB gyrase sub-unit B 

HA Hyaluronic acid 

HA-ADH adipic acid dihydrazide grafted hyaluronic acid 

HA-MA methacrylated hyaluronic acid 

HAse SD hyaluronidase from Streptococcus dysgalactiae 

HA-SH thiolated HA 

hGH human growth hormone  

HMDI hexamethylene diisocyanate 

HPLC High Performance Liquid Chromatography 

HPMAm N-(2-hydroxypropyl)methacrylamide 

HPMAm-lac(1 or 2) HPMAm esterified with (mono or di)lactoyl lactate 

IDA iminodiacetic acid 

IGF-I insulin-like growth factor I
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IgG immunoglobulin G 

IleOEt L-isoleucine ethyl ester 

i.m. intramuscular  

IPN interpenetrating network 

ITS-X insulin-transferrin-selenium mixture 

i.v. intravenous 

k release kinetics constant 

kDa kilo Dalton 

LCST  Lower Critical Solution Temperature 

LeuOEt D,L-leucine ethyl ester 

MA methacrylic anhydride 

MAA methacrylic acid 

Mc molecular weight between cross-links 

ML/DL  ratio HPMAm-lac1/HPMAm-lac2 

MMP matrix metalloprotein 

Mn number average molecular weight 

MPEG mono methoxy PEG 

Mt/M∞ fractional release 

MSC mesenchymal stem cell 

Mw weight average molecular weight 

Mx(Py) p(HPMAM-lac)-PEG-p(HPMAm-lac) triblock copolymer, having DM 

(%) of x (and PEG Mw (kDa) of y) 

n diffusional exponent 

NASI N-acryloxysuccinimide 

NIH National Institute of Health 

NIPAAm N-isopropylacrylamide 

NMR nuclear magnetic resonance spectroscopy 

NR Nile red 

OSM carboxylic acid terminated sulfamethazine oligomers 

PA poly(L/DL alanine) 

p(AA) poly(acrylic acid) 

p(AAm) poly(acrylic amide) 

PAE poly(β-aminoester) 

PAU poly(amino urethane) 

PBS phosphate buffered saline 

PCL poly(ε-caprolactone) 

PCLA poly(ε-caprolactone-co-lactic acid) 

PDGF-BB platelet-derived growth factor-1 

PDI polydispersity
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PDLA      poly(D-lactic acid) 

PEA poly(ethylene adipate) 

PEG poly(ethylene glycol) 

PEGDA poly(ethylene glycol) diacrylate 

PEG-VS poly(ethylene glycol) vinyl sulfone 

PEO poly(ethylene oxide) 

PES poly(ethylene succinate) 

PHA poly(hexamethylene adipate) 

PHB poly((R)-3-hydroxybutyratel) 

P(HEMA) poly(2-hydroxyethyl methacrylate) 

p(HPMAm) poly(N-(2-hydroxypropyl)methacrylamide) 

p(HPMAm-lac(1 or 2)) poly(HPMAm esterified with (mono or di)lactoyl lactate) 

PL poly(d-lysine) 

PLA poly(lactic acid) 

PLHMGA poly(lactic-co-hydroxymethyl glycolic acid) 

PLLA poly(L-lactic acid) 

PLGA poly(lactic-co-glycolic acid) 

PLX poly(propylene glycol)-poly(ethylene glycol)-poly(propylene 

glycol) 

p(MAA) poly(methacrylic acid) 

PMPC poly(2-methacryloyloxyethyl phosphorylcholine) 

pNIPAAm poly(N-isopropylacrylamide) 

pNHPt(m)a (meth)acrylated poly(NIPAAm/HPMAm-lac2-PEG-

poly(NIPAAm/HPMAm-lac2) 

p(NVP-PBA) poly(N-vinyl-2-pyrrolidone-co-phenylboronic acid) 

PPF poly(propylene fumarate) 

PPG poly(propylene glycol) 

PPODA poly(propylene glycol) diacrylate 

PVA poly(vinyl alcohol) 

PVE poly(vinyl ether) 

PVL poly(δ-valerolactone) 

PVP poly(N-vinyl pirrolidone) 

QT pentaerythritol tetrakis 3’-mercaptopropionate 

R molar gas constant 

RAFT reversible addition fragmentation chain tranfer 

rhIL-2 recombinant human interleukin 2 

RI refractive index 

s.c. subcutaneous 

SDF-1 stromal cell-derived factor-1
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SLS        static light scattering 

SR swelling ratio 

STZ streptozotocin 

t time 

T absolute temperature 

TA pentaerythritol triacrylate 

Tan (δ) tangent delta 

TDA triple detector array 

TEA triethanolamine 

TFAA trifluoroacetic acid 

TGF-β1/2 transforming growth factor β1/2 

THF tetrahydrofuran  

TMDP 4,4-trimethylene dipiperidine 

UPLC ultra performance liquid chromatography 

UCST Upper Critical Solution Temperature 

UV ultra violet 

ValOEt L-valine ethyl ester 

VEGF vascular endothelial growth factor 

vis visible 

W0 weight of the gel at time 0 

Wt weight of the gel at time t 

wt% weight percentage 
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