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The impact of end functional groups of poly(ethylene glycol) macromers on the 

physical properties of photo-polymerized hydrogels and the local inflammatory 

response in the host. 

James R. Day*, Anu David*, Jiwon Kim, Evan A. Farkash, Marilia Cascalho, Nikola 

Milašinović, Ariella Shikanov 

 

Abstract 

Poly(ethylene glycol) (PEG) can be functionalized and modified with various moieties allowing 

for a multitude of cross-linking chemistries. Here, we investigate how vinyl sulfone, acrylate, and 

maleimide functional end groups affect hydrogel formation, physical properties, viability of 

encapsulated cells, post-polymerization modification, and inflammatory response of the host. 

We have shown that PEG-VS hydrogels, in the presence of a co-monomer, N-vinyl-2-pyrrolidone 

(NVP), form more efficiently than PEG-Ac and PEG-Mal hydrogels, resulting in superior physical 

properties after 6 minutes of ultraviolet light exposure. PEG-VS hydrogels exhibited hydrolytic 

stability and non-fouling characteristics, as well as the ability to be modified with biological 

motifs, such as RGD, after polymerization. Additionally, unmodified PEG-VS hydrogels resulted in 

lesser inflammatory response, cellular infiltration, and macrophage recruitment after 

implantation for 28 days in mice. These findings show that altering the end group chemistry of 

PEG macromer impacts characteristics of the photo-polymerized network. We have developed a 

tunable non-degradable PEG system that is conducive for cell or tissue encapsulation and 

evokes a minimal inflammatory response, which could be utilized for future immunoisolation 

applications.   

 

Key Words: poly(ethylene glycol), photo-polymerization, functional groups, RGD modification, 

inflammatory response 
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1. Introduction 

The use of synthetic hydrogels presents a unique opportunity for tissue engineering 

applications, because the polymer network can be tuned to mimic the microenvironment of the 

native tissue to achieve desired function [1-3]. Poly(ethylene glycol) (PEG) is one of the most 

studied and widely utilized biomaterial for synthetic hydrogels. Due to its high-water content 

and non-fouling properties, PEG based hydrogels are highly biocompatible and tunable [2,4]. 

Additionally, the viscoelastic properties of PEG hydrogels allow for expansion and growth of 

encapsulated tissue, which is vital for engineering a hydrogel based immunoisolating construct 

[5,6].  

An immunoisolating construct or device creates a physical barrier around the implanted 

cells or tissues, precludes contact with immune cells from the host and prevents sensitization. 

For the immunoisolation of implanted allogeneic tissue, it is important for the network to be 

non-degradable yet porous enough to allow effective diffusion of nutrients and metabolites and, 

on the other hand, block transport of allo-antigens and cells out of the device and into the 

surrounding tissues of the recipient. An important design criteria when engineering an 

immunoisolating construct is to create an interface with the host tissues that elicits a minimal 

inflammatory response. Evoking a strong inflammatory response would result in a thick fibrotic 

capsule in addition to immune cell recruitment around the construct, thereby hindering function 

[7]. Due to its non-fouling properties, PEG coating and encapsulation has been shown to be a 

successful strategy to reduce acute inflammatory responses [8,9]. Additionally, PEG chain 

density, length, and conformation contribute to the ability to resist protein absorption [10-12]. 

Functionalization of the end hydroxyl groups of the otherwise inert PEG macromer with 

reactive end groups allows for a variety of crosslinking chemistries [13-17]. Multiple chemistries 

have been developed to functionalize PEG, such as vinyl sulfone, acrylate, amine, or maleimide 

end groups [18-22]. Presence of acrylate groups promotes the formation of a crosslinked 

network via photo-polymerization in the presence of a photo-initiator [13,23,24], while vinyl 

sulfone and maleimide end groups are used for Michael-type addition chemistry with cysteine 

containing enzyme sensitive peptides to create a proteolytically degradable network [16-18]. 

Additionally, PEG macromers can be modified with biological motifs such as integrin binding 

peptides to create a microenvironment conducive for cell attachment [25].  

 Crosslinking of hydrogels using photo-polymerization is expedient, results in hydrogels 

with superior physical properties for in situ encapsulation, and creates networks that are 

resistant to proteolytic degradation [23]. Furthermore, several groups have shown photo-

polymerized systems are cytocompatible and useful for a multitude of engineering applications 

[26-34]. During the photo-polymerization process, light exposure creates free radicals in the 

presence of photo-initiators, which react as electron donors with the terminal double bonds and 

form crosslinked networks. Free radical mediated crosslinking is dependent on the reactivity of 

the free radical and the electrophilic nature of the available double bonds. Since this reaction is 

dependent on the presence of double bonds, we hypothesize that the chemistry of the 

functional end groups of a multi-arm PEG macromolecule will alter the susceptibility of double 

bonds to react with free radicals, therefore, affecting the integrity of the crosslinking network 
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and physical properties of the hydrogel. To test this hypothesis, we prepared photo-polymerized 

vinyl sulfone (PEG-VS), acrylate (PEG-Ac), and maleimide (PEG-Mal) hydrogels (Figure 1) and 

assessed how changing chemistry of the functional end group of the multi-arm PEG backbone 

impacted the crosslinking efficiency, bulk properties, stability, cell compatibility, modification 

efficiency, and the degree of inflammatory response. Our end objective was to develop a 

tunable non-degradable PEG system that is conducive for cell or tissue encapsulation and 

evokes a minimal inflammatory response, which could be utilized for immunoisolation 

applications.   

 

2. Materials and Methods 

2.1 Hydrogel Preparation 

To form the hydrogel network, 2, 4, or 8-arm PEG-VS, PEG-Ac and PEG-Mal (JenKem 

Technology, Beijing, China) macromer powder was dissolved in sterile Dulbecco’s Phosphate 

Buffered Saline(DPBS) (pH 7.4, Gibco, USA) solution and 0.4 mg/100µL of photo-initiator 

Irgacure 2959 (Ciba, Basel, Switzerland, MW=224.3) to create a solid concentration of 5% w/v. 

Furthermore, a co-monomer, N-vinyl-2-pyrrolidone (NVP) (Sigma-Aldrich, USA), was added in 

some compositions at a final concentration of 0.1%, as NVP has been shown to enhance the 

gelation mechanism without impacting the cell compatibility [35]. To form the gels, the 

precursor solution (PEG, Irgacure 2959 and NVP (in some compositions)) was exposed to UV 

light at a constant intensity (1090 µW/cm2 at a distance of 4 cm) for a designated duration. 

 

2.2 Gel Fractions of PEG- Hydrogels 

5% w/v 2, 4, and 8-arm PEG-VS, PEG-Ac, and PEG-Mal hydrogels were tested with no 

NVP and no RGD (NVP(-), RGD(-)), with 0.1% v/v NVP and no RGD (NVP(+), RGD(-)), and with 

0.1% v/v NVP and modified with 0.5 mM RGD (NVP(+), RGD(+)). PEG precursor solution of 

constructs containing 0.5 mM RGD was incubated with 0.5 mM RGD for 15 minutes in isotonic 

HEPES buffer prior to UV exposure. All precursor solutions were exposed to UV light (365 nm, 

1090 µW/cm2 at a constant height of 4 cm) for 6 minutes and precursor solution containing NVP 

and no RGD were exposed for 6, 15, and 30 minutes. Gels were swelled overnight at room 

temperature to remove soluble monomers and lyophilized to remove water content. Dry mass 

was obtained and divided by theoretical solid content to quantify gel fraction (n=5 for all 

compositions). 

 

2.3 NMR Analysis to Characterize RGD Conjugation 

We evaluated the effect of the end-group chemistries on the efficiency of Michael-type 

addition of RGD to 8-arm 5% PEG-VS, PEG-Ac, and PEG-Mal. 5% w/v PEG precursor solution was 

incubated with 5 mM RGD for 15 minutes in HEPES buffer. A 5% w/v 8-arm PEG solution 

contains 10 mM reactive arms; so theoretically, half of the arms should be reacted when 5 mM 

RGD is added. After incubation, 1 mL of the respective precursor solutions were transferred to a 

dialysis tubing (3.5-5 kDa MWCO, Spectrum Laboratories, California, USA). Dialysis against Milli-

Q water was performed overnight to remove unreacted RGD molecules. The solutions were 
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then lyophilized and the solid content was dissolved in 600 µL of deuterium oxide and 

transferred to a respective NMR tube. The NMR data was acquired on a 500 MHz Varian VNMR 

spectrometer equipped with two high band and one low band radio frequency channels. All 

spectra were acquired at 25 °C.  

 

2.4 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

Samples of pure chemicals and powdered dry hydrogels (xerogels) were submitted to 

FTIR analysis and the spectra were obtained using a Bomem MB 100 FTIR Spectrophotometer 

applying the Potassium Bromide (KBr) disc method. 1.5 mg of the powdered dry hydrogels were 

mixed and grinded (sample/KBr ratio was kept at 1/50 constant) and then compressed into a 

pellet at a pressure of 11 t for about a minute, using the Graseby Specac Model: 15.011. Spectra 

were obtained in the 4000–400 cm-1 wave number range at 25 °C and at 4 cm-1 spectral 

resolution. 

 

2.5 Swelling Ratio 

The swelling ratios of PEG hydrogels with varying compositions were determined. The 

hydrogels were formed as described above and submerged in DPBS for 24 hours. After 24 hours, 

excess DPBS was removed and the swollen mass of the hydrogels was obtained. These hydrogels 

were then air dried at room temperature and lyophilized to remove any moisture. Larger 

volumes (100 µL) of hydrogels were used to minimize error from weighing. The mass swelling 

ratio (Qm) was determined by dividing the mass of the swollen gels (Ms) by the mass of the dry 

gels (Md). Results shown are mean ± SD. 

 

2.6 Rheology 

The storage moduli of PEG hydrogels with varying compositions were investigated. After 

formation, the hydrogels were swollen in DPBS overnight. A TA HR-2 rheometer (TA 

Instruments) equipped with a 20 mm parallel plates and a Peltier stage was used for this study. 

To ensure the hydrogel was the same size as the geometry, 1 mm thick hydrogel slabs were 

made and a 20 mm diameter disc was punched out (n=3). A constant strain rate of 5% was 

maintained for all tested hydrogels and the storage modulus was obtained by performing an 

angular frequency sweep from 0.1 to 10 rad/s. Results shown are mean ± SD. 

 

2.7 In Vitro Hydrolytic Degradation of PEG-VS, PEG-Ac and PEG-Mal Hydrogels 

The sensitivity of PEG hydrogels with varying end groups to hydrolytic degradation was 

investigated by incubating the gels in DPBS (pH: 7.4) at 37 °C for a period of 60 days (n=5 for 

PEG-VS and PEG-Ac, n=4 for PEG-Mal). Fresh DPBS was added every other day. Degradation was 

measured by determining the swelling ratio which was calculated every fifth day relative to the 

average initial dry (polymer) mass. All swelling ratio measurements were normalized to the 

initial swelling ratio (Day 1) [36]. Results shown are mean ± SD. 

 

2.8 Differential Scanning Calorimetry (DSC) Analysis 
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The DSC experiments were performed using a DSC 1 instrument (Mettler–Toledo, 

Switzerland). Dried hydrogel samples were crimped in standard 40 µl aluminum pans and 

tracings were performed between 0.0 and 350.0 °C, at a heating rate of 10 °C/min under 

constant nitrogen purge of 50 cm3/min. 

 

2.9 Assessment of the Protective Effect of NVP during Photo-polymerization on Cell Viability 

Mouse embryonic fibroblasts (MEFs) were encapsulated in 5% w/v 8-arm PEG-VS, PEG-

Ac and PEG-Mal with, NVP(+), and without, NVP(-), 0.1% v/v NVP. Cells were encapsulated at a 

density of 250,000 cells/mL in a 10 µl gel. All cell containing precursor solutions were exposed to 

UV light for 6 minutes (n=3 for each condition). To assess cell viability, a Live/Dead assay 

(Thermofischer Scientific, Waltham, MA), based on membrane integrity was utilized. Briefly, 20 

µl of 2 mM ethidium homodimer-1 and 5 µl of 4 mM calcein-AM were added to 10 mL of sterile 

PBS to make the stock solution. After 24 hours of culture, media was removed and 500 µl of 

Live/Dead stock solution was added to each sample and allowed to incubate for 30 minutes at 

37 °C before imaging. Cell viability was quantified via Image J software. 

 

2.10 Post-polymerization RGD Modification 

We investigated whether photo-polymerized PEG hydrogels contained unreacted end 

group that allow post-polymerization modification with the RGD peptide. 100 μL precursor 

solution of 5% w/v 8-arm PEG-VS, PEG-Ac, and PEG-Mal with 0.1% v/v NVP was laid on the 

bottom of a 96 well plate and exposed to UV light for 6 minutes. Gels receiving post-

polymerization RGD modification (RGD(+)) were incubated in a 5 mM RGD solution for 15 

minutes. All gels were washed with sterile PBS and allowed to swell overnight. Mouse 

embryonic fibroblasts were then seeded onto the PEG layers at a density of 25,000 cells/mL and 

cultured for a period of 6 days to evaluate cell spreading. As previously described, cells were 

stained with a Live/Dead cytocompatibility kit to assess viability at day 6 of culture.  Viability was 

quantified via Image J software. 

 

2.11 Inflammatory Response to Implanted PEG- Hydrogels 

To investigate the inflammatory response, we subcutaneously implanted PEG hydrogels 

with varying end-group chemistries with and without RGD modification. The Institutional Animal 

Care and Use Committee (IACUC) guidelines for survival surgery in rodents and Policy on 

Analgesic Use in Animals Undergoing Surgery were followed for all the procedures. Animal 

experiments for this work were performed in accordance with the protocol approved by the 

IACUC at the University of Michigan (PRO00005750). A small incision was made on the dorsal 

side of the anesthetized adult female B6CBAF1 mice and the PEG (-VS, -Ac and -Mal) hydrogels 

were implanted subcutaneously in the first group (n=3 mice/group). The second group of mice 

were implanted with PEG hydrogels modified with 0.5 mM RGD (n=3 mice/group). The skin was 

then closed using 5/0 absorbable sutures. The mice were placed in a clean warmed cage for 

recovery and monitored post-operatively for 10 days. The mice received Carprofen (RIMADYL, 

Zoetis, USA) (5 mg/kg body weight) for analgesia before the incision was made. The mice were 
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euthanized after a period of 28 days following implantation and the PEG hydrogels were 

retrieved. 

 

2.12 Histological Analysis 

Retrieved PEG-VS, PEG-Ac and PEG-Mal hydrogels were fixed in Bouin’s fixative solution 

(Sigma-Aldrich) at 4 °C overnight and then transferred to 70% ethanol at 4°C until processing. 

After fixation, the samples were processed at the Histology Core in Microscopy & Image 

Analysis Laboratory at the University of Michigan. Samples were embedded in paraffin and 

serially sectioned at 5 μm thickness and were stained with hematoxylin and eosin. Stained 

sections were then examined for the presence of cells and host immune response under the 

light microscope.  

 

 

2.13 Immunohistochemistry for Macrophages  

To analyze the macrophage infiltration following implantation with PEG hydrogels, 

paraffin-sectioned slides were stained for mouse CD-68 and CD-163. First, sections were 

deparaffinized with Xylene and rehydrated. Slides were incubated in peroxide blocking 

reagent (BUF017B, BioRad, USA) for 30 min at room temperature to block any endogenous 

peroxidase activity. The slides were then incubated in antigen retrieval buffer, pH8.0 

(BUF025A, BioRad) for 20 min at 96 °C and additional 20 min at room temperature for 

antigen retrieval. Following which the slides were incubated with normal goat serum 

(ab156046, abcam, USA) to block non-specific binding sites for 30 minutes at room 

temperature. The sections were incubated overnight at 4 °C with primary antibodies: rat anti-

mouse CD-68 antibody (1:100 dilution, MCA1957; BioRad), rabbit anti-mouse CD-163 

antibody (1:100 dilution, ab182422, abcam). The slides were subsequently incubated for 60 

minutes at room temperature with secondary antibodies: goat anti-rat (1:100 dilution, 

STAR72, BioRad) for CD-68 and goat anti-rabbit (1:500 dilution, ab97051, abcam) for CD-163. 

Diaminobenzidine (ab94665, abcam) was used as a chromogen and hematoxylin as a 

counterstain. For negative-controls, paraffin sections were incubated without the primary 

antibody. 

 

3. Statistical Methods 

Statistical analysis was performed using R software. A Welch two-sample T-test was 

used to a evaluate differences in swelling ratio, storage modulus, and cell viability. The 

results were considered statistically significant when p<0.05. 

 

4. Results 

4.1 The end group chemistry in PEG hydrogels impacts gelation efficiency and physical properties 

We hypothesized that altering the functional end group attached to a multi-arm PEG 

backbone would alter the gelation efficiency and physical properties of the resultant photo-
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polymerized hydrogel due to a change in the reaction environment and reactivity of the 

respective group. To determine the effect of functional end groups on efficiency of gelation, we 

exposed the respective precursor solutions to 6, 15, and 30 minutes of UV light and measured 

gel fraction. When comparing across the three functional groups, PEG-VS hydrogels formed 

most efficiently, as demonstrated by the largest gel fraction at all exposure times and 

compositions (Figure 2A, Table 1). After 6 minutes exposure to UV light (1090 µW/cm2), 8-arm 

PEG-VS, PEG-Ac, and PEG-Mal (NVP(+), RGD(-)) hydrogels formed with 99%, 89%, and 63% 

efficiency, respectively. All tested multi-arm PEG-VS hydrogels that included NVP formed 

completely by 6 minutes of exposure, while PEG-Ac and PEG-Mal hydrogels did not form 

completely up to 30 minutes of UV light exposure (Figure 2). All multi-armed PEG-VS hydrogels 

incorporated 99% of solid content by 6 minutes, while PEG-Ac and PEG-Mal hydrogels 

incorporated up to 89% and 70% solid content by 30 minutes, respectively (Figure 2).  

Formation of PEG-VS photo-crosslinked hydrogels is the result of the reaction between 

the electron deficient activated vinyl group and free radicals, similar to the nucleophile-

catalyzed thiol Michael-type addition reaction of PEG hydrogels. The stronger reactivity of the 

vinyl sulfone group is due to the vinyl moiety being more electron deficient than that of the 

acrylate or maleimide[24], which was confirmed by the downfield shifting of the VS protons in 

the PEG-VS 1H NMR spectrum (Supplemental Figure 1A). The sulfone group of the PEG-VS is a 

stronger electron withdrawing group compared to the neighboring carbonyl group of acrylate 

and amide, attracting more electrons away from the neighboring double bond, causing electron 

deficiency. Thus, the double bond in vinyl sulfone is more susceptible to reacting with free 

radicals and the rate of propagation is increased. During propagation, the electron withdrawing 

force of the sulfone moiety further destabilizes the secondary free radical resulting in an 

increase in reactivity [37]. Interestingly, PEG-Mal did not crosslink as quickly or efficiently as 

PEG-VS or PEG-Ac, across all compositions. One of the proposed explanations could be that the 

reaction of free radicals with the double bond resulted in bond dimerization, thereby, stabilizing 

the resultant free radical via resonance [38]. To further investigate the impact the functional 

end groups had on the network, swelling ratio (Figure 3) and storage modulus (Figure 4A) of 

PEG-VS, PEG-Ac, and PEG-Mal hydrogels were investigated. Altering the functional end group in 

a multi-arm PEG macromer impacted the crosslinking network as shown by the significant 

difference between swelling ratio (Figure 3B) and storage moduli (Figure 4A) of 5% w/v 8-arm 

PEG-VS, PEG-Ac, and PEG-Mal (NVP(+), RGD(-)) hydrogels. Photo-crosslinked PEG-Mal exhibited 

the highest swelling ratio (Qm=22) which corroborated that the PEG-Mal network was less dense 

compared to that of PEG-VS (Qm=19) and PEG-Ac (Qm=15) (Figure 3B). PEG-VS and PEG-Ac 

hydrogels exhibited a storage modulus of 4500-5000 Pa, while PEG-Mal hydrogels had a storage 

modulus of 2400 Pa, indicating a less mechanically strong network (Figure 4A). 

  In addition to the functional end group, the number of reactive ends in the multi-arm 

PEG macromer affected the properties of the photo-crosslinked hydrogels. Decreasing the 

number of arms around a PEG macromer from 8 to 4 to 2 arms decreased the efficiency of the 

photo-initiated reaction, similar to what we observed when the hydrogels were formed using 

Michael-type crosslinking chemistry [39]. The most dramatic effect of decreasing number of 

arms was observed in PEG-Mal hydrogels with NVP, because 2 and 4-arm PEG-Mal did not form 
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after 6 minutes of UV light exposure (Figure 2C, Table 1, Figure 3B); this finding further 

confirmed that maleimide end functional group does in fact stabilize the double bond and 

sterically hinder free radical attack more than vinyl sulfone or acrylate groups. To further 

investigate why the 8-arm PEG-Mal network was not fully formed after 6 minutes of exposure 

and whether the irradiation time was the limiting factor, we increased the UV exposure time to 

30 minutes. The storage moduli of 8-arm PEG-Mal hydrogel after 30 minutes of exposure 

reached on average 9470 Pa (n=3). The volume of the crosslinked hydrogel remained unchanged 

and we concluded that the 3.5-fold increase in the storage modulus compared to shorter 

irradiation times was due to improved network formation and not due to the evaporation of 

solvent. These results indicated incomplete network formation after 6 minutes of UV exposure, 

as corroborated by the gel fraction (Figure 2C). When considering 8-arm and 4-arm PEG-VS and 

acrylate gels, with the increase in functionality (number of arms) of the macromer, the fraction 

of arms that must become crosslinked in order to produce a gel decreases, allowing macromer 

structure to set the fractional conversion of end groups that must be achieved to reach the gel 

point [40]. 

To validate network formation, FTIR analysis was performed (Supplemental Figure 2). 

The observed peak at 1420 cm-1 represents C‒H of C=C, which is related to formation of free 

radicals after decomposition of the photo-initiator (Supplemental Figure 2A-C) [41,42]. All FTIR 

spectra showed a broad absorption band around 3430 cm-1 due to the –OH stretching 

frequencies [42]. Peaks around 2920 and 2864 cm-1 are related to asymmetric and symmetric 

behavior (stretching) of methyl group (namely =C‒H vibrations) (Supplemental Figure 2A-C) 

[43], as complemented by the NMR spectra (Supplemental Figure 1). The spectrum of 8-arm 

PEG-Ac (NVP(+)) gels suggests network formation due to the formation of C‒C bonds between 

PEG polymer backbone chains in the hydrogel (Supplemental Figure 2B) that affects the 

mobility of the PEG backbone [44], as observed by the spectrum peak broadening. This 

observation was supported by the finding that PEG-Ac hydrogels have a swelling ratio of 

approximately 15 independent of the number of arms around the macromer (Figure 3B). A peak 

around 1720 cm-1 in the spectra of hydrogels indicates double bond conversion (Supplemental 

Figure 2B, C) [45]. The FTIR spectra of 8-arm PEG-Ac and 8-arm PEG-Mal hydrogel had a stronger 

peak compared to the spectrum of 8-arm PEG-VS gel (Supplemental Figure 2A), suggesting that 

a greater portion of double bonds stay intact, which presents an option of post crosslinking 

modification of the unreacted double bonds.  

 

4.2 Inclusion of NVP alters hydrogel physical properties and has a protective effect on cell 

viability during encapsulation 

It has been demonstrated NVP accelerates gelation due to the increase in vinyl group 

concentration and diffusion of free radicals [35]. To investigate this effect on gelation and 

network formation after 6 minutes of UV light exposure, gel fraction and swelling ratio with and 

without NVP was acquired (Table 1, Figure 3A,B). The presence of NVP in the precursor solution 

is essential for formation of 2-arm PEG-VS gels in 6 minutes, but had a less pronounced effect on 

gelation of 4- and 8-arm PEG-VS networks (Table 1). Inclusion of NVP impacted the physical 

properties of the network as indicated by the significant decrease in swelling ratio (Figure 3A, 
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B). NVP demonstrated no impact on PEG-Ac network formation and a minimal impact on the 

physical properties. For all PEG-Mal networks, the inclusion of NVP is essential for gelation 

(Table 1, Figure 3A). Furthermore, steric hindrance of the free radicals on the macromer ends 

would explain the improved gelation in the presence of NVP [46]. In radical polymerization, the 

reactivity of a free radical depends upon the electrons’ delocalization, polarity and volume 

nature of the side groups linked to the radical carbon [47]. The effect was more pronounced for 

vinyl sulfone, meaning that the radicals at the end of the chain in PEG-VS are more sterically 

hindered than those of acrylates. We hypothesize the electron deficiency of the vinyl moiety 

and destabilization of the radical in PEG-VS is able to overcome steric hindrance to efficiently 

form hydrogels via free radical reaction (Figure 3A, Table 1). In this reaction, NVP acts as a 

facilitator and creates more free radicals that are accessible by larger sterically hindered VS and 

Mal groups. We demonstrated that the degree to which NVP facilitates the reaction was 

dependent on the chemistry and structure around the vinyl groups in a multi-arm PEG 

macromer.  

Additionally, for any cell/tissue encapsulation, the ability for the cells to survive the 

encapsulation process is vital. To investigate whether cells or tissue can survive the 

encapsulation process, we encapsulated mouse embryonic fibroblasts (MEFs) in PEG-VS, PEG-

Ac, and PEG-Mal hydrogels with and without NVP and assessed survival after one day in culture. 

Similar to Hao et al. [35], we observed that after the addition of NVP to the precursor solution 

the encapsulated cells exhibited greater viability (Figure 5A).  Cells encapsulated in PEG-VS, PEG-

Ac, and PEG-Mal  hydrogels with NVP exhibited a viability of 87%, 89%, and 68%,respectively, 

which decreased significantly to 60% and 40%, when NVP was not included in PEG-VS and PEG-

Ac hydrogels(Figure 5A(F)). PEG-Mal hydrogels did not form when NVP was not included. It was 

hypothesized that the protective effect of NVP was due to improved formation kinetics of the 

network, decreasing the time and absolute exposure of the cells to free radicals. Overall, we 

showed that NVP can be added in the precursor solution to increase the kinetics of the reaction, 

the physical properties of the network, and does not negatively impact cell viability upon 

encapsulation. When comparing cellular response to encapsulation between the end functional 

groups of PEG macromers, cells encapsulated in PEG-VS and PEG-Ac exhibited a significantly 

higher viability (87% and 89%, respectively) than cells encapsulated in PEG-Mal hydrogels  (68% 

viability) (Figure 5A(F)). We hypothesize that this is due to the kinetics of the reaction and cells 

being exposed to more absolute free radicals during the PEG-Mal encapsulation, as well as 

toxicity from residual maleimide groups.  

 

4.3 The functional end group of a PEG macromer impacts the efficiency of RGD modification  

We determined the efficiency of RGD conjugation to PEG-VS and PEG-Ac by analyzing 

NMR spectra of the macromers before and after the conjugation reaction. By reacting 5% 8-arm 

PEG monomers, which have 10 mM reaction arms with 5 mM RGD we expected to see a 50% 

depletion of vinyls. Using NMR and assigning a vinyl peak an integration value of 1.0, the ratio 

between the protons in the double bond and in the PEG backbone can be calculated and 

compared between unmodified and RGD modified PEG macromers (Supplemental Figure 1). For 

PEG-VS, there was a 53.5% reduction in vinyl protons when comparing modified to unmodified, 
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indicating 100% binding efficiency. For 8-arm PEG-Ac, there was a 24.5% reduction of vinyls 

from unmodified to modified. The double bonds in PEG-Mal undergone hydrolysis during 

dialysis and the ratio between the modified and unmodified macromers could not be 

determined (Supplemental Figure 1). Based on these results, we concluded that RGD binds with 

100% efficiency to vinyl sulfone moieties because of the vinyls’ electron deficiency and 

susceptibility to thiol-mediated reactions.  

RGD modification of multi-armed PEG impacted gelation and the physical properties of 

the resultant hydrogel. When 0.5mM RGD was added to PEG-VS, PEG-Ac, and PEG-Mal 

hydrogels, solid content incorporation decreased after 6 minutes of gelation (Table 1) and 

swelling ratio increased compared to unmodified hydrogels (Figure 3B,C), indicating a less dense 

network. The most drastic impact was seen in PEG-VS hydrogels as 2- and 4-arm PEG-VS 

hydrogels modified with .5mM RGD did not form after 6 minutes of gelation (Table 1). 

 

4.4 Inclusion of NVP alters has a protective effect on cell viability during encapsulation 

Additionally, for any cell/tissue encapsulation, the ability for the cells to survive the 

encapsulation process is vital. To investigate whether cells or tissue can survive the 

encapsulation process, we encapsulated mouse embryonic fibroblasts (MEFs) in PEG-VS, PEG-

Ac, and PEG-Mal hydrogels with and without NVP and assessed survival after one day in culture. 

Similar to Hao et al. [35], we observed that after the addition of NVP to the precursor solution 

the encapsulated cells exhibited greater viability (Figure 5A).  Cells encapsulated in PEG-VS, PEG-

Ac, and PEG-Mal  hydrogels with NVP exhibited a viability of 87%, 89%, and 68%,respectively, 

which decreased significantly to 60% and 40%, when NVP was not included in PEG-VS and PEG-

Ac hydrogels(Figure 5A(F)). PEG-Mal hydrogels did not form when NVP was not included. It was 

hypothesized that the protective effect of NVP was due to improved formation kinetics of the 

network, decreasing the time and absolute exposure of the cells to free radicals. Overall, we 

showed that NVP can be added in the precursor solution to increase the kinetics of the reaction, 

the physical properties of the network, and does not negatively impact cell viability upon 

encapsulation. When comparing cellular response to encapsulation between the end functional 

groups of PEG macromers, cells encapsulated in PEG-VS and PEG-Ac exhibited a significantly 

higher viability (87% and 89%, respectively) than cells encapsulated in PEG-Mal hydrogels  (68% 

viability) (Figure 5A(F)). We hypothesize that this is due to the kinetics of the reaction and cells 

being exposed to more absolute free radicals during the PEG-Mal encapsulation.  

 

4.5 Available double bonds allow for post-polymerization RGD modification of PEG hydrogel 

networks 

To investigate whether post-polymerization modification of the crosslinked hydrogels 

with RGD was possible we incubated the gels with 5mM RGD solution for 15 min. After a 

thorough washing step, we seeded mouse embryonic fibroblasts (MEFs) on top of the gels. We 

compared cell adhesion to 5% w/v 8-arm PEG-VS, PEG-Ac, and PEG-Mal hydrogels with RGD 

modification (RGD(+)) and without RGD (RGD(-)) added after polymerization (Figure 5B). Cells 

seeded on the hydrogels treated with RGD post-polymerization attached to the gel surface and 

demonstrated a spindle-shaped morphology. Without the RGD modification, cells seeded on the 
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gels formed clusters and did not spread. Post-polymerization modification with RGD also 

improved the viability of the seeded cells for PEG-VS hydrogels, which was 49% without and 95% 

with RGD modification. Larger clusters and 100% viability was observed when cells were seeded 

on unmodified PEG-Ac and PEG-Mal hydrogels (Figure 5B). This can be explained by the fact that 

vinyl sulfone groups are more hydrophilic than acrylate and maleimide groups and hardly 

promote any protein absorption, increasing the non-fouling properties [8]. The possibility of 

modifying a hydrogel with bioactive peptides after polymerization enables the creation of a bio-

responsive surface without drastically impacting the physical properties of the network. 

 

4.6  Hydrolytic stability of photo-crosslinked PEG hydrogels for immunoisolation application 

In immunoisolation applications, proteolytic or hydrolytic degradation of the hydrogel 

leads to exposure of the recipient immune system to the donor tissue and may result in 

sensitization of the host and rejection of the implanted tissue causing premature graft failure. 

For this reason, an immunoisolating hydrogel system must be designed to be non-degradable 

and stable in vivo.  Photo-polymerization of functionalized PEG forms crosslinks between the 

carbon atoms, through the double bonds at the end-groups of the otherwise biologically inert 

macromer. Similar to previous findings demonstrating significant hydrolytic degradation of PEG-

Ac hydrogel [36], we found that in physiological conditions, PEG-VS hydrogels were more stable 

than PEG-Ac hydrogels (Figure 4B). PEG-VS hydrogel swelling ratio changed the smallest 

percentage over a span of 60 days in DPBS. The presence of carbonyls in PEG-Ac and PEG-Mal 

hydrogels make them more susceptible to hydrolytic attack of hydroxyl groups. In addition to 

being hydrolytically stable, differential scanning calorimetry (DSC) demonstrated PEG-VS 

samples show good thermal behavior within the application temperature (Supplemental Figure 

3). Within the application temperature, no significant changes are seen, since the two curves, 

before and after gelation, are similar. The Tm of the polymer has been shifted from 51.3 °C to 

54.6 °C, as a result of UV polymerization. As a consequence of network formation, and hence 

more complex, less flexible structure, the decrease in endothermic peak is evident 

(Supplemental Figure 3). 

 

4.7 Inflammatory response of the surrounding host tissues to the implanted PEG hydrogels  

Attenuated inflammatory response at the interface between the immunoisolating 

device and the host tissues contributes to extended immunoisolation and survival of the graft. 

We investigated the local interactions at the interface between the hydrogel implant and host 

tissues. We implanted subcutaneously for 28 days PEG-VS, PEG-Ac, and PEG-Mal hydrogels, and 

performed macro- and microscopic characterization. Interestingly, hydrogels at the retrieval 

showed blood vessel development around the hydrogels, yet the hydrogels were intact and 

were easily removable. PEG-Mal hydrogels with and without RGD induced a strong response 

from the host, compared to other groups showing dense collagen deposition with stratified 

cells. In addition to the presence of multinucleated giant cells, PEG-Mal based hydrogels with 

and without RGD showed clear infiltration of cells into the hydrogel (Figure 6Q, R, U and V) with 

presence of macrophages M1 and M2, as was confirmed with CD-68 and CD-163 antibody 

staining (Figure 6S, T, W and X), which will hinder the immunoisolating properties of the 



  

15 

 

hydrogel (Figure 6Q, R, U and V). Similarly, PEG-Ac hydrogels became encapsulated in a 

pseudostratified cell lining with giant cells, with some infiltration into the hydrogel (Figure 6I, J, 

M and N). Neovascularization was observed in the surrounding dense collagen with increased 

macrophage infiltration in PEG-Ac gels without RGD compared to those with RGD (Figure 6I, J, K, 

L, M, N, O, P). PEG-VS hydrogels showed the least inflammatory response with an attenuated 

cell lining and a thinner but dense collagen deposition with only occasional giant cells. No 

cellular infiltration in PEG-VS hydrogels occurred after 28 days (Figure 6A, B) compared to PEG-

VS-RGD hydrogels (Figure 6E, F). This observation corroborated with what was seen in Figure 

5B, as unmodified PEG-VS hydrogels elicited minimal cellular attachment and spreading 

compared to PEG-Ac and PEG-Mal hydrogels (Figure 5B), indicating less protein absorption. 

Interestingly, PEG-VS hydrogels with and without RGD showed stronger presence of 

macrophage M2 (Figure 6D, H) and lesser presence of M1 (Figure 6C, G) compared to PEG-Ac 

and PEG-Mal hydrogels, possibly indicating a healing response.  

 

5. Discussion 

The design of an immunoisolating hydrogel system has to address cytocompatibility 

upon encapsulation, the physical properties of the network that match the physiological host 

environment, resistance to proteolytic and hydrolytic degradation, and minimal inflammatory 

response. In a previous study, we investigated the ability of TheraCyte and alginate to support 

and protect ovarian tissue in a syngeneic and allogeneic model [48]. We found that alginate was 

not able to withstand the volumetric expansion of ovarian tissue, compromising its 

immunoisolating capability. Immunoisolating non-degradable PEG hydrogels have been used for 

encapsulating pancreatic cells [49-52] using crosslinking chemistries with non-degradable 

peptides[52-54], scramble peptides [55-57], and photo-polymerization [23,35,58]. However, 

non-degradable and scramble peptides can require longer gelation times compared to photo-

polymerization[54], and gelation upon monomer-peptide introduction may limit advanced 

patterning opportunities. During photo-crosslinking, expedient polymerization only upon light 

exposure presents the opportunity for advanced patterning and spatiotemporal control. To our 

knowledge, non-degradable PEG-VS hydrogels have not been developed using solely photo-

polymerization. Photo-polymerized PEG-VS based hydrogels, described here, meet the design 

criteria for an immunoisolating device and are advantageous towards microencapsulation due 

to the high degree of tunability, biocompatibility, and non-fouling surface [2,4]. We 

hypothesized that utilizing PEG-VS as the backbone polymer would create a hydrolytically stable 

hydrogel system in a physiological environment without impacting tissue viability upon 

encapsulation. In this study, we investigated how changing the end functional group around a 

PEG macromer impacts gelation, physical properties, and compatibility, with the objective of 

designing a hydrogel system that could be used towards immunoisolating applications.  

We first compared how vinyl sulfone, acrylate, and maleimide impacted gelation 

efficiency and physical properties of the resultant PEG hydrogels. PEG-VS hydrogels form most 

efficiently across the functional groups given the same exposure time, because double bonds in 

the vinyl sulfone moiety are more electron deficient [24], leading to faster free radical reaction 
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and propagation. The physical properties of PEG-VS hydrogels were also superior to that of PEG-

Ac and PEG-Mal given the same crosslinking time, which would be vital for tissue encapsulation 

and tuning the mesh size for immunoisolation applications. A shorter crosslinking time to 

complete the encapsulation minimizes the impact on cell viability. Additionally, including NVP, a 

co-monomer, at a low concentration demonstrated a protective effect on cell viability upon 

encapsulation. We hypothesized that in the presence of NVP the cells were exposed to a 

decreased absolute number of free radicals for a shorter time due to the improved gelation 

kinetics. Overall, we have demonstrated that addition of NVP improves gelation, physical 

properties, and cell cytocompatibility. 

Unmodified PEG hydrogels are inert to protein absorption and cell interactions. We 

showed the efficiency of RGD binding was impacted by the functional end group that was 

present during the thiol-mediated reaction. In this reaction the thiol present in the side chains of 

RGD reacts with vinyl groups present in the functional group on the PEG arms. PEG-VS 

incorporated RGD most efficiently due to the electron deficiency of the double bond and 

availability to react with thiol groups. We have been able to demonstrate that RGD can be 

incorporated into PEG-VS and PEG-Ac hydrogel networks after photo-polymerization due to the 

presence of unreacted double bonds. Post-crosslinking modification could be important for 

tissue engineering applications as one can create a hydrogel system with the desired physical 

properties and then modify the network with bioactive motifs post-polymerization.  

Resistance to hydrolytic degradation is an important design criterion for an 

immunoisolating device. Photo-polymerization was used as the crosslinking chemistry to 

minimize the extent of proteolytic degradation. However, hydrolytic degradation of ester and 

maleimide bonds may lead to premature graft rejection. PEG-Ac and PEG-Mal hydrogels are 

susceptible to hydrolytic degradation due to the presence of carbonyls and/or ring opening, 

while PEG-VS hydrogels are more stable in physiological conditions. We confirmed that PEG-VS 

was the most hydrolytically stable over a span of 60 days. Additionally, biocompatibility of an 

implanted device with the surrounding tissues of the host and a minimal inflammatory response 

contribute to the graft longevity. Macrophages play a key role in inflammatory response after 

implantation of biomaterials [59]. Upon implantation, PEG-VS hydrogels had the least amount of 

cellular infiltration compared to PEG-Ac and PEG-Mal hydrogels. RGD incorporation in all PEG 

hydrogel types further facilitated cell infiltration. Interestingly, PEG-Ac-RGD hydrogels attracted 

less macrophage reaction when compared to the non-modified PEG-Ac, which corroborates with 

Blakney et al. who used PEG-DA hydrogels [60]. Overall, we demonstrated that PEG-VS 

hydrogels can form efficiently via photo-polymerization, are hydrolytically stable, maintain cell 

viability upon encapsulation, and elicit a lesser inflammatory response compared to PEG-Ac and 

PEG-Mal hydrogels.  

6. Conclusion 

This study has demonstrated that reactive functional end groups of the multi-arm PEG 

macromers impact free radical mediated network formation. The PEG-VS network formed more 

efficiently via photo-polymerization, impacting bulk properties, was most stable in physiological 

conditions, and elicited an attenuated inflammatory response compared to PEG-Ac and PEG-Mal 
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hydrogels. Further, NVP can be added to the precursor solution to expedite the cross-linking 

process without impacting cellular response upon encapsulation. One of the potential 

applications of these hydrogels would be their use for immunoisolation methods. A shorter 

crosslinking time would improve the biocompatibility of a hydrogel when used with live cells or 

in proximity to live tissues and should have the least effect on the viability of cell or tissue 

encapsulated within the photo-polymerized hydrogel. These attributes are crucial for efficient 

encapsulation of tissue or cells, including those of allogeneic origin, for long-term 

immunoisolating applications.  
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Figure Legend: 

Figure 1: Chemical schematic of photo-polymerization of PEG-VS, PEG-Ac, and PEG-Mal in the 

presence of a photoinitiator.  

Figure 2: Gel fraction of 2-, 4-, and -8-arm 5% w/v (A) PEG-VS, (B) PEG-Ac, and (C) PEG-Mal 

hydrogels with 0.1% v/v NVP exposed to UV light (1090 µW/cm2) for 6, 15, and 30 minutes (n=5 

for all compositions).  

Figure 3: Swelling ratio of (A) 5% w/v 2-, 4-, and -8-arm 5% w/v PEG-VS, PEG-Ac, and PEG-Mal 

hydrogels without NVP and without RGD modification (n=5 for all compositions), (B) with NVP 

and without RGD modification (n=15 for 8-arm, n=5 for 2- and 4-arm), and (C) with NVP and 

with .5mM RGD (n=5 for all compositions) after 6 minutes exposure to UV light (1090 µW/cm2). 

Numbers (2,4, or 8) within columns indicate arms around PEG macromer. “X” indicates the 

hydrogel composition did not form. Differing letters (a, b, c) and indicate statistical significance 

(p<0.05). Significance was determined by a Welch two-sample t-test. 

Figure 4: (A) Storage modulus of 5% 8-arm w/v PEG-VS (n=3), PEG-Ac (n=3), and PEG-Mal (n=3) 

with NVP and without RGD modification after 6 minutes exposure to UV light and (B) 

Degradation over 60 days in PBS of 8-arm 5% w/v PEG-VS (n=5), PEG-Ac (n=5) , and PEG-Mal 

(n=4) hydrogels  with NVP and without RGD modification after 6 minutes exposure to UV light. 

“*” indicate statistical significance (p<0.05). Significance was determined by a Welch two-

sample t-test. 

Figure 5: (5A)Fluorescent images MEFs encapsulated in 5% 8-arm PEG-VS and PEG-Ac without 

NVP (A,B), respectively and 5% 8-arm PEG-VS, PEG-Ac, and PEG-Mal with .1%  v/v NVP (C,D,E), 

respectively. Cells were stained with calcein AM and ethidium homodimer-1 for 30 minutes. 

Magnification 10X.  (F)Quantification of cell viability in PEG-VS, PEG-Ac, and PEG-Mal hydrogels 

(n=3). “*” indicates statistical significance (p<0.05). “X” indicates the hydrogel did not form. (5B) 

Brightfield and fluorescent images of MEFS seeded on 5% 8-arm PEG-VS,  PEG-Ac, and PEG-Mal 

hydrogels without RGD modification (A,B,E,F,I,J) and 5% 8-arm PEG-VS, PEG-Ac, and PEG-Mal 

hydrogels incubated in a 5mM RGD solution after polymerization (C,D,G,H,K,L). Magnification 

20X, inset magnification 10X. 

 Figure 6: Histological images of 8-arm PEG types after implantation for 28 days. (A, B) PEG-VS, 

(E, F) PEG-VS-RGD, (I, J) PEG-Ac, (M, N) PEG-Ac-RGD, (Q, R) PEG-Mal and (U, V) PEG-Mal-RGD. 

Host response to implanted PEG types as observed: (B) PEG-VS implant with retraction artifact 

and loosely adherent capsule composed of attenuated epithelioid cells (dashed outline). (J) PEG-

Ac implant with multilayered cellular capsule overlying granulation tissue with prominent 

angiogenesis and frequent multinucleate giant cells (dashed outline). (R, V) PEG-Mal implant 

with infiltration into and partial resorption of the hydrogel matrix (dotted outline). (C, G) 

Presence of macrophage M1 (CD-68 staining) were observed in (G, K) PEG-Ac and (S, W) PEG-
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Mal hydrogels. Whereas macrophage M2 (CD-163 staining) observed in weak to strong presence 

between PEG hydrogel types (P, T, X, D, H and L). (*) PEG hydrogel. Magnification 10X (A, E, I, 

M, Q, U) scale bar, 500 μm. Magnification 40X (B, C, D, F, G, H, J, K, L, N, O, P, R, S, T, V, W, X), 

scale bar, 50 μm.  
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Figure 5: 
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Figure 6: 
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Statement of Significance 

The objective of this study was to develop a tunable non-degradable PEG system that is 

conducive for encapsulation and evokes a minimal inflammatory response, which could be 

utilized for immunoisolation applications. This study has demonstrated that reactive functional 

groups of the PEG macromers impact free radical mediated network formation. Here, we show 

PEG-VS hydrogels meet the design criteria for an immunoisolating device as PEG-VS hydrogels 

form efficiently via photo-polymerization, impacting bulk properties, was stable in physiological 

conditions, and elicited a minimal inflammatory response. Further, NVP can be added to the 

precursor solution to expedite the cross-linking process without impacting cellular response 

upon encapsulation.  These findings present an additional approach/chemistry to encapsulate 

cells or tissue for immunoisolation applications. 

 

 
  



  

31 

 

Gel Composition Gel Fraction 
NVP(-), RGD(-) NVP(+), RGD(-) NVP(+), RGD(+) 

8-arm PEG-VS 0.99±0.02 0.99±0.02 0.73±0.05 
8-arm PEG-Ac 0.88±0.01 0.89±0.02 0.71±0.01 
8-arm PEG-Mal - 0.63±0.05 0.52±0.02 
4-arm PEG-VS 1.0±0.01 1.0±0.0 - 
4-arm PEG-Ac 0.88±0.01 0.89±0.01 0.64±0.02 
4-arm PEG-Mal - - - 
2-arm PEG-VS - 1.0±0.01 - 
2-arm PEG-Ac 0.81±0.01 0.88±0.01 0.64±0.01 
2-arm PEG-Mal - - - 

 

Table 1: Gel fraction of -2, -4, and -8-arm 5% w/v PEG-VS, PEG-Ac, and PEG-Mal hydrogels with 

.1% v/v NVP and without RGD modification (n=15 for 8-arm, n=5 for 2- and 4-arm compositions), 

without NVP and without RGD modification (n=5 for all compositions), and with .1% v/v NVP and 

with .5mM RGD (n=5 for all compositions). All gels were exposed to UV light for 6 minutes. “-” 

indicates the hydrogels did not form. 

 

 
 


