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Abstract

Cell-responsive hydrogels hold tremendous potential as cell delivery devices in regenerative 

medicine. In this study, we developed a hydrogel-based cell delivery vehicle, in which the 

encapsulated cell cargo control its own release from the vehicle in a protease-independent manner. 

Specifically, we have synthesized a modified poly(ethylene glycol) (PEG) hydrogel that 

undergoes degradation responding to cell-secreted molecules by incorporating disulfide moieties 

onto the backbone of the hydrogel precursor. Our results show the disulfide-modified PEG 

hydrogels disintegrate seamlessly into solution in presence of cells without any external stimuli. 

The rate of hydrogel degradation, which ranges from hours to months, is found to be dependent 

upon the type of encapsulated cells, cell number, and fraction of disulfide moieties present in the 

hydrogel backbone. The differentiation potential of human mesenchymal stem cells released from 

the hydrogels is maintained in vitro. The in vivo analysis of these cell-laden hydrogels, through a 

dorsal window chamber and intramuscular implantation, demonstrated autonomous release of cells 

to the host environment. The hydrogel-mediated implantation of cells resulted in higher cell 

retention within the host tissue when compared to that without a biomaterial support. Biomaterials 

that function as a shield to protect cell cargos and assist their delivery in response to signals from 

the encapsulated cells could have a wide utility in cell transplantation and could improve the 

therapeutic outcomes of cell-based therapies.
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1. Introduction

Harnessing the ability of stem cells to promote regeneration of compromised tissues could 

be of great potential to wound healing, tissue repair, and reinstating the functionality of 

dysfunctional tissues/organs. There is a surge of interest in cell-based therapies to treat 

various debilitating diseases [1–6]. According to the clinical trial database, as of December 

2014, over 4,000 registered clinical trials involving stem cells are underway [7]. Stem cell 

transplantation can contribute to tissue regeneration and repair either by differentiating into 

tissue specific cells or by the secretion of trophic factors to rejuvenate the host tissue 

environment [8–11]. Despite the enormous potential, cell transplantation procedures are still 

in its infancy, in part due to poor to moderate donor cell retention and survival following 

transplantation [6]. The hostile environment presented by the local tissue has been 

considered an important contributor towards the poor outcome of cell-transplantation 

therapies.

Different approaches, such as cell surface modifications and biomaterial-supported 

deliveries, have been explored to improve the likely outcome of cell transplantation [1, 12–

16]. One such biomaterial-assisted cell delivery approach utilizes degradable hydrogels [17, 

18]. Hydrogels are ideal candidates for cell delivery owing to their many soft tissue-like 

properties [19–21]. Hydrogels containing photolabile groups have been used to deliver cells 

in a controlled manner [22]. However, the materials undergoing photodegradation largely 

rely on UV light [22, 23]. Studies have also utilized hydrogels containing MMP-sensitive 

groups to achieve delivery of cells [13]. MMP-sensitive hydrogels are attractive as they rely 

on cell secreted MMPs to degrade the matrix [24–27]. However, they may not be ideal when 

fast degradation (~ hours) of the cell carriers is needed to deliver the cargo [13]. 

Furthermore, MMP-mediated degradation of hydrogels is dependent upon the level of 

MMPs and could vary significantly from tissue to tissue and their health states [28].

In this study, we investigated whether the incorporation of disulfide moieties onto the 

backbone of hydrogels could impart them with degradation properties that can be controlled 

by the encapsulated cells themselves to assist their delivery. Disulfide functional groups, 

two covalently bonded sulfur atoms, with a bond energy of ~ 60 kcal mol−1 are labile to 

thiol groups and reducing agents, such as glutathione, a cell metabolite [29, 30]. Thiol-

disulfide shuffling is a key reaction in living systems [31, 32] with disulfide bonds playing 

an important role in protein folding and function [32–35]. Given their importance in 

biological systems and their unique functions, macromolecules containing disulfide moieties 

have been extensively studied for their chemistry [30, 36], kinetics [37], and 

thermodynamics [38]. Biomaterials containing disulfide groups have also been studied for 

drug [39, 40] and gene delivery [41, 42] as well as scaffolds for tissue engineering [43, 44]. 

In this study, we have synthesized disulfide modified PEG diacrylates to form cell-

responsive hydrogels. Our results show that the PEG hydrogels containing disulfide moieties 

on their backbone form stable hydrogels and support stem cell encapsulation. The hydrogels 

were found to degrade in response to cell-secreted molecules in vitro and in vivo. The 

degradation kinetic of the hydrogels can be tuned by varying the fraction of disulfide 

moieties.
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2. Materials and methods

2.1. Materials

Poly(ethylene glycol) (PEG; Mn 2000 Da and 3350 Da), acryloyl chloride, cystamine 

dihydrochloride, L-cysteine (Cys), reduced glutathione (GSH), calcium hydride, 

dexamethasone, β-glycerophosphate, ascorbic acid, indomethacin, isobutyl methylxanthine, 

insulin, pyridine, activated charcoal, and Sephadex G-25 were purchased from Sigma-

Aldrich (USA). The disuccinimidyl carbonate was obtained from Acros Organics (USA). 

Dulbecco’s modified eagle medium (DMEM; high glucose) was purchased from Hyclone. 

Fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Gibco. 

Anhydrous Dichloromethane (DCM), acetonitrile, anhydrous diethyl ether, dithiothreitol 

(DTT), tris (2-carboxyethyl) phosphine (TCEP), potassium bicarbonate (K2CO3), potassium 

iodide (KI), hydrochloric acid (HCl), anhydrous sodium sulphate, sodium chloride (NaCl) 

and Celite 545 were purchased from Fisher Scientific. DCM and acetonitrile were dried 

using calcium hydride. Irgacure (D2959) was procured from Ciba, Switzerland. CellTracker 

Red (CMTPX) and Live/Dead assay kit were obtained from Life Technologies.

2.2 Synthesis of macromolecules

We have synthesized disulfide-modified poly(ethyle glycol) diacrylate (dPEGDA) (Fig. 1A), 

poly(ethylene glycol) diaminoethanol diacrylate (PEGDEDA) (Fig. 1B), and poly(ethylene 

glycol) diacrylate (PEGDA) (Fig. 1C). These macromolecules were utilized to create 

chemically crosslinked hydrogels.

(a) Synthesis of disulfide-modified poly(ethylene glycol) diacrylate (dPEGDA)
—The synthesis of dPEGDA involves multiple reaction steps (Fig. 1A). The product 

dPEGDA (O) and the intermediate products, monoacrylate poly(ethylene glycol) (M) and 

monoacrylate-PEG-disuccinimidyl carbonate (N) are shown in the scheme. The details of 

each reaction step are provided below.

(a.1) Synthesis of monoacrylate poly(ethylene glycol) (M): Monoacrylate poly(ethylene 

glycol) (monoacrylate PEG) was prepared by adapting a previously reported method [45]. 

Briefly, 10 g of PEG (Mn 2000 Da), 1.737 g (7.5 mmol, 1.5 eq) of Ag2O, 0.445 mL (0.497 

g, 5.5 mmol, 1.1 eq) of acryloyl chloride, and 0.249 g (1.5 mmol, 0.3 eq) of KI were added 

into 100 mL of anhydrous DCM and stirred overnight at 4°C. The resulting solution was 

filtered, dried using a rotovap, and dissolved in deionized (DI) H2O. The pH was adjusted to 

pH 3 by using 4 N HCl and stirred for 1 hour at 37°C. Activated charcoal was added to the 

mixture and stirred for 20 minutes. The solution was subsequently filtered and excess 

sodium chloride was added into the filtrate. The product was extracted using DCM followed 

by washing with 2 M K2CO3 and dried over anhydrous sodium sulfate. The product was 

precipitated in diethyl ether, dried under vacuum at room temperature, and stored at −20°C. 

The presence of peaks between 5.93 to 6.14 ppm in the 1H-NMR spectra of the 

monoacrylated poly(ethylene glycol) (Fig. 2A) confirms the grafting of acrylate moiety onto 

the PEG molecule. The integration of the methylene protons at 3.63 ppm and the acrylate 

protons between 5.93 to 6.14 ppm suggests around 96% grafting efficiency.

Kar et al. Page 3

Biomaterials. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1H-NMR (300 MHz, CDCl3, δ): 6.41–6.38 ppm (d, 1H), 6.19–6.13 ppm (dd, 1H), 5.95–5.93 

(d, 1H), 4.3–4.28 ppm (t, 2H) and 3.77–3.5 ppm (broad) (Fig. 2A).

(a.2) Synthesis of monoacrylate-PEG-succinimidyl carbonate (N): One gram of 

monoacrylate poly(ethylene glycol) (M) was added to 0.512 g (2 mmol, 4 eq) of 

disuccinimidyl carbonate and 44 μL (0.55 mmol, 1.1 eq) of pyridine in 10 mL anhydrous 

acetonitrile under argon and stirred overnight at room temperature (Fig. 1A). The reaction 

mixture was dried using a rotovap and re-dissolved in anhydrous DCM. Monoacrylate-PEG-

succinimidyl carbonate was isolated via phase separation in acetate buffer (0.1 M, pH 4.5, 

15% sodium chloride) followed by washing with ice cold brine and finally dried over 

anhydrous sodium sulphate, filtered, and precipitated in diethyl ether. The product, 

monoacryloylate-PEG-succinimidyl carbonate, was filtered, washed with diethyl ether, dried 

under vacuum, and directly used for the next step reaction.

(a.3) Synthesis of disulfide-modified poly(ethylene glycol) diacrylate (dPEGDA) (O): 
One equivalent of monoacrylate-PEG-succinimydyl carbonate (N) was added into 0.3 

equivalent of cystamine dihydrochloride (10 mg/mL) solution in 50 mM carbonate buffer 

(pH 8.5) (Fig. 1A). The reaction mixture was stirred for 4 hours at room temperature. The 

reaction mixture was purified using a Sephadex G–z25 column and lyophilized. The 

lyophilized product, dPEGDA, was stored at −20°C. The successful synthesis of dPEGDA 

was confirmed by FT-IR (Fig. S1) and 1H-NMR (Fig. 2B).

1H-NMR (300 MHz, CDCl3, δ): 6.40–6.37 ppm (d, 1H), 6.18–6.12 ppm (dd, 1H), 5.94–5.92 

ppm (d, 1H), 4.28–4.27 ppm (d, 4H), 4.14–4.13 ppm (d, 4H), 3.76–3.47 ppm (broad), 3.39 

ppm (s, 4H) and 2.78 ppm (s, 4H) (Fig. 2B).

(b) Synthesis of poly(ethylene glycol) diaminoethanol diacrylate (PEGDEDA)
—The product poly(ethylene glycol) diaminoethanol diacrylate (R) and the intermediate 

products, PEG-di-p-nitrophenyl carbonate (P) and diamino ethanol-modified poly(ethylene 

glycol) (Q), are shown in Fig. 1B. The details of each reaction step are provided below.

(b.1) Synthesis of PEG-di-p-nitrophenyl carbonate (P): Polyethyene glycol (PEG, Mn 

3350 Da) was modified with p-nitrophenyl carbonate as previously reported [46]. Briefly, 5 

g (1.49 mmol) of PEG and 0.630 mL (4.47 mmol, 3 eq) of triethylamine was added into 25 

mL anhydrous acetonitrile. The reaction mixture was stirred for 15 minutes followed by 

addition of 0.884 g (4.47 mmol, 3 eq) of p-nitrophenyl chloroformate. After stirring for 24 

hours at room temperature, the precipitated triethylammonium chloride was filtered, excess 

ethyl ether was added and the solution was left to crystallize at 4°C. The product was 

filtered, washed with diethyl ether, and recrystallized using acetonitrile-ether.

1H-NMR (300 MHz, CDCl3, δ): 8.29–8.27 ppm (d, 4H), 7.42–7.40 ppm (d, 4H), 4.41 ppm 

(s, 4H) and 3.79–3.47 ppm (broad) (Fig. S2A).

(b.2) Synthesis of diaminoethanol-modified poly(ethylene glycol) (Q): Two grams of 

PEG di-p-nitrophenyl carbonate (P) was added to 10 mL of 0.1 M borate buffer (pH 9.3) 

containing 0.21 mL of aminoethanol (12.69 mmol, 6 eq). The reaction mixture was 
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vigorously stirred for 4 hours at room temperature. The product was purified using a 

Sephadex G–25 column and lyophilized.

1H-NMR (300 MHz, CDCl3, δ): 4.14 ppm (d, 4H), 3.77–3.48 ppm (broad), and 3.19 ppm (t, 

4H) (Fig. S2B).

(b.3) Synthesis of poly(ethylene glycol) diaminoethanol diacrylate (PEGDEDA) (R): 
Two grams of dried diaminoethanol-modified PEG (Q) was dissolved in 20 mL of 

anhydrous DCM followed by addition of 0.239 mL (1.71 mmol, 3 eq) of triethylamine. The 

reaction mixture was stirred for 15 minutes followed by dropwise addition of 0.138 mL 

(1.71 mmol, 3 eq) of acryloyl chloride with vigorous stirring. The reaction mixture was 

stirred for additional 24 hours at room temperature. Upon completion of the reaction, excess 

diethyl ether was added and kept at 4°C for a few hours to precipitate the product. The 

product, PEGDEDA, was filtered and recrystallized thrice from DCM–ethyl ether mixture. 

The product was further purified using a Sephadex G-25 column and lyophilized.

1H-NMR (300 MHz, CDCl3): 6.44–6.38 ppm (d, 2H), 6.19–6.14 ppm (dd, 2H), 5.97–5.95 

ppm (d, 2H), 4.22–4.17 (dd, 8H), 3.79–3.52 ppm (broad), and 3.42 ppm (d, 4H) (Fig. S2C).

(c) Synthesis of poly(ethylene glycol) diacrylate (PEGDA) (S)—Poly(ethylene 

glycol)-diacrylate (PEGDA) was prepared as previously described (Fig. 1C) [47]. Briefly, 

10 g of PEG (Mn 3350 Da, 2.98 mmol) was dissolved in 250 mL of toluene at 127°C, 

followed by refluxing for 4 hours with vigorous stirring. Azeotropic distillation was used to 

remove the traces of water from the reaction mixture. On cooling this solution to room 

temperature (~25°C), 1 mL (7.46 mmol, 2.5 eq) of triethylamine was added with vigorous 

stirring. The reaction mixture was transferred to an ice bath at 4°C. To this reaction mixture, 

0.6 mL (7.46 mmol, 2.5 eq) of acryloyl chloride in 15 mL of anhydrous DCM was added in 

dropwise manner for 30 minutes. The reaction mixture was raised to 45°C and stirred 

overnight. The reaction mixture was filtered through diatomaceous earth (Celite 545) to 

remove quaternary ammonium salt. The filtrate was concentrated using a rotovap and 

precipitated in excess diethyl ether. Precipitated product was redissolved in DCM and 

reprecipitated in diethyl ether. The resultant PEGDA was filtered and dried under vacuum at 

room temperature for 24 hours. The PEGDA was further purified using a Sephadex G-25 

column and lyophilized.

1H-NMR (300 MHz, CDCl3, δ): 6.39–6.36 ppm (d, 2H), 6.17–6.11 ppm (dd, 2H), 5.93–5.91 

ppm (d, 2H), 4.28–4.26 (t, 4H), 3.75–3.74 ppm (m, 8H), 3.62 ppm (broad), and 3.48–3.47 

ppm (t, 4H). (Fig. S3)

2.3 1H-NMR and FT-IR

The successful syntheses of various products were confirmed through Fourier transform 

infrared (FT-IR) spectra and 1H-Nuclear magnetic resonance (NMR). The Fourier transform 

infrared (FT-IR) spectra were recorded on Nicolet 6700 with Smart-iTR, equipped with 

liquid nitrogen-cooled MCT-A detector and diamond ATR crystal. 1H-NMR experiments 

were carried out using Jeol ECA 500 MHz spectrometer.
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2.4. Hydrogel preparation

The macromolecules were dissolved in DI water to yield final concentrations of 10, 15, or 

20-wt% followed by mixing with Irgacure at a final concentration of 0.05% (wt/vol). 

Around 60 μL of the homogeneous solution was poured into a cylindrical mold (5 mm 

diameter) and exposed to UV irradiation (365 nm light at 4.5 mW/cm2) for 5 minutes. The 

hydrogels were removed from the mold and washed thoroughly with DI water for 24 hours 

to eliminate unreacted reactants. The equilibrium-swollen hydrogels were dried at 60°C 

under vacuum until a constant weight was achieved. Dried hydrogels were used to study the 

swelling ratio in PBS and degradation kinetics in the presence of various degrading agents.

2.5. Swelling ratio measurements

The swelling ratios of the dPEGDA hydrogels were measured using a gravimetric method 

[48]. Each sample was immersed in PBS at 37°C and the swollen weights of the hydrogels 

were measured every hour after removal of excess water from the surface using a tissue 

paper. The swelling ratios of the samples were determined as a ratio of weights of swollen 

hydrogel (Wt) to dried hydrogel (W0).

2.6. Small molecule-mediated degradation of dPEGDA hydrogels

Degradation of dPEGDA hydrogels containing different precursor concentrations (10 and 

15-wt %) were examined in the presence of various disulfide reducing agents such as L-

cysteine (Cys), reduced glutathione (GSH), dithiothreitol (DTT), and Tris (2-

carboxyethyl)phosphine hydrochloride (TCEP). The dried hydrogels were incubated at 37°C 

in 2 mL of 10 mM phosphate buffered saline (PBS) containing various concentrations (0.5 

and 1 mM) of the above listed molecules. The degradation of the hydrogels was evaluated 

by measuring swelling ratio variations as a function of time in the presence of different 

degrading agents. Hydrogels incubated in PBS were used as control. Degradation time was 

defined as the time taken by the hydrogels to be completely disintegrated.

2.7. pH-sensitive degradation

To determine the effect of pH on dPEGDA degradation, the hydrogels were incubated in 

buffers containing varying pHs; pH 5 (acetate buffer 50 mM), pH 7.4 (PBS 50 mM), and pH 

9 (carbonate buffer 50 mM). Dried hydrogels were incubated at 37°C in 2 mL buffer 

solution. The degradation of hydrogels was evaluated by measuring swelling ratio variations 

as a function of time.

2.8. Cell culture

Human mesenchymal stem cells (hMSCs) (Institute for Regenerative Medicine, Texas A&M 

University) were cultured in growth medium (high glucose supplemented with 10% (vol/

vol) FBS, 100 units/mL of penicillin, and 100 μg/mL of streptomycin). The hMSCs were 

trypsinized upon reaching 70% confluence and passage 5 cells were used for the 

experiments. Human induced pluripotent stem cells (hiPSCs) were expanded on mitomycin 

C-treated mouse embryonic fibroblast (MEF) feeder cells with Knockout DMEM (Life 

Technologies) containing 10% knockout serum replacement (Life Technologies), 1% NEAA 

nonessential amino acids (Life Technologies), 10% human plasmanate (Talecris 
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Biotherapeutics), 1% Gluta-MAX (Life Technologies), 55 mM 2-mercaptoethanol (Life 

Technologies), and 1% penicillin/streptomycin (Life Technologies). 30 ng/mL of bFGF 

(basic fibroblast growth factor, Life Technologies) was added daily into the growth medium 

and cells were passaged using Accutase (Millipore) at 80% confluency [49].

2.9. Cell encapsulation

hMSCs and hiPSCs were encapsulated in hydrogels with various polymer precursors, such 

as dPEGDA, PEGDA, and PEGDEDA. To create the cell-laden hydrogels, the required 

amount of precursor was dissolved in PBS. Irgacure was added to the precursor solutions 

and mixed thoroughly to achieve a final 0.05% (wt/vol) concentration. The cells were 

dispersed within 60 μL of the precursor solution and photopolymerized by exposing them to 

a wavelength of 365 nm light at 4.5 mW/cm2. The cell-laden hydrogels with dimensions of 

5 mm (d) × 3 mm (h) were transferred into dishes and cultured in their respective growth 

medium.

For dPEGDA-PEGDA copolymer hydrogels, the precursors were first individually dissolved 

in PBS at 10-wt%, then mixed at a ratio of 3:1, 1:1, and 1:3 (dPEGDA:PEGDA) prior to 

gelation.

2.10. Cell viability test

The viability of encapsulated cells was determined by the Live/Dead Viability/Cytotoxicty 

kit (Life Technologies), which contains calcein-AM and ethidium homodimer–1. A working 

dye solution was made by mixing 0.5 μL of calcein-AM dye with 2 μL of ethidium 

homodimer-1 dye in 1 mL DMEM. Cell-laden hydrogels were washed with PBS and cut 

into thin slices. The slices were incubated in the working solution for 30 min. Images were 

collected using a fluorescent microscope.

2.11. Cell-mediated degradation of dPEGDA hydrogels

Cell-laden hydrogels were incubated in growth medium at 37°C and 5% CO2. The cell-laden 

hydrogels were collected at pre-determined time points and lyophilized to get the final 

weight (Wf). The percentage of degradation of the hydrogels was calculated following the 

formula (Wi-Wf)/Wi × 100. To determine the initial weight (Wi), the cell-laden hydrogels 

were lyophilized immediately after encapsulation. The number of cells released from the 

hydrogels was determined by counting the cells using a hemocytometer. Acellular hydrogels 

were used as a control.

2.12. In vitro differentiation of hMSCs released from the dPEGDA hydrogels

To determine the effect of cell encapsulation and subsequent release on the function of cells, 

we have examined osteogenic and adipogenic differentiation of released hMSCs. The 

hMSCs released from the dPEGDA hydrogels were cultured in either osteogenic medium 

(high glucose DMEM supplemented with 10% FBS, 10 nM dexamethasone, 10 mM β-

glycerophosphate, and 0.2 mM ascorbic acid) or adipogenic medium (high glucose DMEM 

supplemented with 10% FBS, 100 nM dexamethasone, 200 μM indomethacin, 0.5 mM 

isobutyl methylxanthine, and 10 μg/mL insulin) [50]. The cells were cultured for 14 days 
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with media change every other day. The differentiation pattern was compared against 

hMSCs not subjected to encapsulation.

2.13. Characterization of differentiated hMSCs

Alkaline phosphatase staining for osteogenic differentiation—The cells were 

fixed with 4% formaldehyde for 20 min., stained with nitro-blue tetrazolium and 5-bromo-4-

chloro-3′-indolyphosphate BCIP/NBT (Sigma-Aldrich) for 15 min, rinsed with DI water and 

imaged immediately [50].

Oil red O staining for adipogenic differentiation—An Oil red O stock solution was 

prepared by dissolving 30 mg Oil red O (Fluka) with 10 ml isopropanol (99%). A working 

solution was prepared immediately before staining by mixing 3 parts of Oil red O stock 

solution with 2 parts of DI water, incubating for 10 min. Prior to use, the working solution 

was filtered using a filter paper. For staining, cells were fixed with 4% formaldehyde for 20 

min., stained with Oil red O working solution for 10 min., rinsed with DI water, and imaged 

immediately under a microscope [50].

2.14. Preparation of mouse dorsal skinfold window chamber

NIH Guide for laboratory animals was followed for the care and handling of the laboratory 

animals. The experimental protocols were approved by the Institutional Animal Care and 

Use Committee (IACUC) of the University of California, San Diego. The dorsal window 

chamber was mounted onto a 2 month-old immune deficient NOD.CB17-Prkdcscid/J (NOD/

SCID) mice (body weight of 25–30 g, Jackson labs). The mice window chamber model is 

widely used for microvascular studies in the unanaesthetized state, and the complete surgical 

technique is described in detail elsewhere [51]. Briefly, the animal was prepared for 

chamber implantation with an intraperitoneal injection of ketamine (100 mg/kg) and 

xylazine (10 mg/kg). After hair removal, sutures were used to lift the dorsal skin away from 

the animal, and one frame of the chamber was positioned on the animal’s back. A chamber 

consisted of two identical titanium frames with a 10-mm circular window was used. With 

the aid of backlighting and a stereomicroscope, one side of the skin fold was removed 

following the outline of the window until only a thin layer of retractor muscle and the intact 

subcutaneous skin of the opposing side remained. Inclusion criteria: Mice were suitable for 

the experiments if microscopic examination of the tissue in the chamber observed under 

650X magnification did not reveal signs of edema or bleeding. The cell-laden hydrogels of 

roughly 2 mm (d) × 0.2 mm (h) with 6 × 103 hMSCs were transplanted between the exposed 

tissue and the observation window, and the chamber was sealed by placing the other 

titanium frame. For the window chamber experiment, hMSCs were labeled with CellTracker 

Red according to manufacturer protocol. Briefly, cells were washed with PBS and stained 

with 10 μM CellTracker incubated in serum-free DMEM for 30 minutes in an incubator with 

5% CO2 at 37°C.

2.15 Transplantation of hMSCs into skeletal muscle

Prior to transplantation, three-month-old NOD/SCID mice were administered with ketamine 

(100 mg/kg) and xylazine (10 mg/kg). A 5 mm incision was made to the muscle and an 

approximate size of 1 mm3 10-wt% dPEGDA hydrogel containing a cell density of 1 × 105 
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hMSCs in 60 μL was implanted into each quadricep or tibialis anterior muscle and sutured to 

immobilize them in place. The same number of hMSCs suspended in 15 μL of growth 

medium was injected into the skeletal muscle and used as controls. After 5 days of 

transplantation, muscles were harvested and embedded in Optimal Cutting Temperature 

compound (OCT) and cryosectioned at 20 μm thickness with a cryostat (Leika CM 3050) 

across the longitudinal plane.

2.16 Immunofluorescence staining and image analyses

The excised muscles were characterized to evaluate the retention of donor cells in the host 

tissues. For immunofluorescence staining, samples were fixed in 4% PFA for 15 min at 

room temperature, blocked with a blocking buffer containing 0.3% Triton X-100 and 3% 

bovine serum albumin in PBS for 1 hr at room temperature. Samples were stained with 

primary antibodies for human lamin A/C (1:100; Vector Laboratories) and laminin (1:200; 

Abcam) overnight at 4°C. Sections were incubated with goat anti-mouse Alexa 488 (1:250; 

Life Technologies), goat anti-rabbit Alexa 546 (1:250; Life Technologies) secondary 

antibodies, and Hoechst 33342 (2 mg/mL; Life Technologies) for 1 hr at room temperature. 

Imaging was performed using a fluorescence microscope (Carl Zeiss; Axio Observer A1). 

The number of transplanted human lamin A/C-positive cells in the host tissue from each 

image was quantified using NIH ImageJ software. Three muscle samples were used and 

images of six serial sections were analyzed per muscle sample to quantify the number of 

donor cells in the host tissue.

2.17. Fluorescence intravital microscopy

Fluorescence and bright-field intravital microscopy were used to examine the release of cells 

from the implanted cell-laden hydrogels in vivo. The animals were restrained in a tube and 

the protruding window chamber was fixed to the microscopic stage for imaging. 

Measurements were carried out using a 40X (LUMPFL-WIR, numerical aperture 0.8, 

Olympus) water immersion objective. Animals were given 10 min to adjust to the tube 

environment before any measurement. Detailed mappings of the chamber vasculature were 

made such that the same baseline could be maintained throughout the experiment. Sites of 

observation were chosen based on cell implantation location and distinctive anatomic 

landmark to easily and quickly reestablish the same fields at each observation time point. 

Eight to ten sites were selected for each preparation.

2.18. Statistical analysis

GraphPad Prism 5 was used to perform statistical analyses. Two groups were compared 

using two-tailed Student’s t-test. p-values measuring less than 0.05 were considered to be 

statistically significant.

3. Results

3.1 Synthesis and characterization of macromolecules

We have synthesized a series of macromolecules for hydrogel fabrication and to examine the 

potential of incorporating disulfide moieties onto the backbone of hydrogel network to 

achieve cell-mediated hydrogel degradation. Disulfide-modified poly(ethylene glycol) 
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diacrylate (dPEGDA) was synthesized by following an earlier reported method with slight 

modification [45]. The intermediate and final products were characterized by 1H-NMR and 

FT-IR.

For the synthesis of dPEGDA, we have conjugated mPEG onto the end primary amines of a 

cystamine molecule. The presence of methylene protons of cystamine at 2.78 and 3.39 ppm 

in dPEGDA, 1H-NMR spectra, which is absent in monoacrylated PEG, suggests successful 

grafting of monoacrylated PEGs onto cystamine. The integrated intensity of the NMR signal 

corresponding to the methylene proton of PEG at 3.63 ppm is double in dPEGDA when 

compared with monoacrylated PEG, suggesting that both the end amines of cystamine were 

conjugated with mono-acrylated PEG molecules (Fig. 2). The grafting efficiency was 

calculated to be 96%. The peaks at 1652 cm−1 and 1530 cm−1 in the FT-IR spectrum of 

dPEGDA (Fig. S1) indicate the presence of an amide-ester bond (-NH-CO-O-), which is 

absent in mPEG. Similar to dPEGDA, successful synthesis of PEGDEDA and PEGDA was 

confirmed by 1H-NMR spectroscopy (Fig. S2 and S3).

3.2 Degradation kinetics of dPEGDA hydrogels in presence of small molecules

The chemical structure of the dPEGDA hydrogel and the potential break down of the 

network responding to the degrading agents is schematically shown in Fig. 3A. Prior to 

degradation studies, we examined the swelling behavior of dPEGDA hydrogels in PBS. 

Swelling behavior as a function of time indicated that the hydrogels reached equilibrium 

swelling of dPEGDA hydrogels within a few hours in PBS (Fig. 3B). As expected the 

equilibrium swelling decreased with increasing precursor concentration (10–20% wt/vol). 

Varying precursor concentration is used as a way to alter the crosslink density of hydrogels, 

where increasing precursor concentration increases crosslink density [52–55].

The swelling ratio curve of dPEGDA hydrogels incubated in the presence of various 

degrading agents showed two distinct phases — an initial rising phase and then a descending 

phase (Fig. 3C and D). The initial increase in swelling is due to the imbibing of the solvent 

by the hydrogel, which is subsequently outweighed by the degradation of the hydrogel. The 

equilibrium swelling value finally approaches zero due to complete disintegration of the 

hydrogel network. Both the chemical nature and concentration of the degrading agents had a 

significant effect on the degradation kinetics of the hydrogels. The time taken for 10- and 

15-wt% dPEGDA hydrogel to degrade decreased as the concentration of the degrading agent 

in the medium increased (Fig. 3C and D and Fig. S4A and B). Furthermore, as the 

concentration of the dPEGDA precursors increased (10–15-wt%), which in turn increased 

the crosslink density, the time taken for the hydrogels to degrade increased (Fig. S4C and 

D).

We also investigated the stability of dPEGDA hydrogels in varying pHs (pH 5, 7.4, and 9) 

by incubating the hydrogels in different buffers. At a basic environment of pH 9, 10-wt% 

dPEGDA hydrogels were degraded completely within 39 hours whereas no such degradation 

was observed at pH 7.4 or pH 5 during the same experimental time (Fig. 3E). A prolonged 

30-day exposure of the hydrogel at pH 7.4 and 5 showed ~5% and 14% degradation, 

respectively (Fig. S5).
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3.3 Cell-mediated degradation of dPEGDA hydrogels: In vitro analyses

To determine cell-mediated degradation, we used both human mesenchymal stem cells 

(hMSCs) and human induced pluripotent stem cells (hiPSCs). The cells were encapsulated 

within the dPEGDA hydrogel using UV photo-polymerization and cultured in corresponding 

growth medium. Acellular hydrogels in growth medium were used as a control. Live/dead 

fluorescent staining indicated majority of the encapsulated cells to be viable, with a uniform 

distribution of the cells in the hydrogels (Fig. S6). This is consistent with previous reports, 

which have shown that both PEG-based hydrogels and photo-polymerization are efficient 

strategies to encase cells within a three-dimensional structure with minimal toxicity [56].

As hypothesized, the dPEGDA hydrogels exhibited degradation in the presence of cells 

without the need of any external stimuli (Fig. 4). Cell-mediated hydrogel degradation is 

expressed as percent degradation. For a 10-wt% dPEGDA hydrogel of 5 mm (diameter) × 3 

mm (height) containing ~2 × 105 hMSCs, the network was completely disintegrated by 48 

hours (Fig. 4A and B). Since the dPEGDA hydrogel exhibits cell-responsive degradation, it 

is conceivable that the number of cells within the hydrogel will be a key parameter in 

regulating the degradation kinetics of dPEGDA hydrogels. To this end, cell-laden dPEGDA 

hydrogels with varying numbers of hMSCs (5 × 104, 1 × 105, 2 × 105, 4 × 105) were created. 

The time required to undergo complete hydrogel disintegration increased as the number of 

cells decreased from 4 × 105 to 5 × 104 (Fig. 4B and Fig. S7). While 10-wt% dPEGDA 

hydrogels containing 4 × 105 underwent complete disintegration within 24 hours, hydrogels 

containing only 5 × 104 cells took ~ 72 hours to disintegrate into solution. The release 

profile of the encapsulated cells from the dPEGDA hydrogels at various time points is given 

in Fig. 4C. The corresponding acellular hydrogels showed minimal degradation during the 

course of the studies (Fig 4B).

The cell-mediated degradation of dPEGDA hydrogel was further verified using hiPSC-

encapsulation. Similar to hMSCs, dPEGDA hydrogels exhibited a cell-density dependent 

degradation in presence of hiPSCs (Fig. S8A and B). Amongst hMSCs and hiPSCs, the 

dPEGDA hydrogels showed faster degradation in presence of hiPSCs. The 10-wt% 

dPEGDA hydrogels containing 2×105 hiPSCs underwent complete disintegration within 24 

hrs whereas 10-wt% hydrogels containing similar number of hMSCs took 48 hrs to 

disintegrate into solution (Fig. S8C). Unlike in PBS and Dulbecco’s Modified Eagle 

Medium (DMEM), prolonged incubation of the acellular dPEGDA hydrogels in growth 

media for 7 days resulted in a degradation of 26% for 10-wt% dPEGDA hydrogels (Fig. S9).

We also determined cell-mediated degradation of PEGDEDA hydrogels. The PEGDEDA 

precursors were designed to contain amide-ester units (-NH-CO-O-) and ester units (-O-

CO-) similar to dPEGDA hydrogels but no disulfide groups in the backbone. The cell-

mediated degradation of the PEGDEDA hydrogel was examined by encapsulating 2×105 

hMSCs within 10-wt% hydrogels. Unlike dPEGDA, the PEGDEDA hydrogel did not 

exhibit any degradation over a period of 7 days (Fig. S10).
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3.5 Tuning of cell-mediated degradation kinetics

We investigated the effect of disulfide concentration (varied through dPEGDA precursor 

concentration) on cell-mediated degradation of dPEGDA hydrogels. Our results showed that 

15-wt% dPEGDA hydrogels containing 2 × 105 hMSCs took around 120 hours (~5 days) to 

completely degrade compared to 48 hours (~2 days) for 10-wt% dPEGDA hydrogels (Fig. 

4D). In addition to varying the precursor concentration of dPEGDA, we also used 

copolymerization as a strategy to tailor the degradation of dPEGDA hydrogels. The 

dPEGDA macromolecules were copolymerized with non-degradable poly(ethylene glycol) 

diacrylate (PEGDA; Mn 3400 Da) macromolecules at varying weight ratios 

(dPEGDA:PEGDA of 1:0, 3:1, 1:1, 1:3, and 0:1). Figure 4E shows the degradation profile of 

dPEGDA-PEGDA copolymer hydrogels containing varying amounts of degradable disulfide 

units. For a given number of encapsulated hMSCs (2 × 105) and hydrogel precursor 

concentration, increasing the ratio of PEGDA to dPEGDA increases the degradation time. 

Results showed that 10-wt% hydrogels of 100% dPEGDA underwent complete degradation 

in 2 days whereas dPEGDA:PEGDA hydrogels with 3:1 and 1:1 ratio took 6 and 80 days, 

respectively, to undergo complete degradation. The dPEGDA:PEGDA hydrogels of 1:3 ratio 

exhibited only ~20% degradation by 90 days. No degradation of PEGDA hydrogels (10-wt

%) was observed during the experimental time of 90 days (Fig. 4E).

3.6 In vitro differentiation of encapsulated cells

The differentiation function of cells that were encapsulated and released from the dPEGDA 

hydrogels was investigated. Specifically, we examined the osteogenic and adipogenic 

differentiation of hMSCs released from 10-wt% dPEGDA hydrogels and compared to that 

of unencapsulated cells (Fig. 5). Similar to unencapsulated cells (Fig. 5A and B), the 

released cells from hydrogels cultured in osteogenic medium for 14 days underwent 

osteogenic differentiation as evident from positive alkaline phosphatase staining (Fig. 5C). 

Furthermore, released cells from hydrogels exposed to adipogenic medium showed positive 

oil red O staining, a marker for adipocytes (Fig. 5D). No significant differences in the 

differentiation pattern were observed between encapsulated and unencapsulated cells.

3.7 hMSCs implanted with dPEGDA hydrogel: An in vivo analysis

Although cell-mediated degradation can be verified and studied in a defined manner by in 

vitro assays, discrete in vivo characterization is more challenging. In order to understand the 

cell-release profiles of cell-laden dPEGDA hydrogel within an in vivo host environment, we 

utilized a dorsal window chamber implanted in immune incompetent NOD/SCID mouse. 

The use of such a minimally invasive, in vivo platform would allow real time monitoring of 

cell release form the implant. The dPEGDA hydrogels (10-wt%) containing hMSCs were 

implanted within the window chamber and their degradation was monitored as a function of 

time. Prior to cell encapsulation, the hMSCs were labeled with CellTracker Red dye to 

observe the release of encapsulated cells from the hydrogels to the surrounding host tissue. 

The window chamber was implanted on the back of an animal (Fig. 6A). The hydrogel was 

visually apparent in the dorsal window chamber immediately after implantation (white 

arrow, Fig. 6B) but was not evident after 4 days when the hydrogel was completely 

degraded (Fig. 6C). Figure 6D shows the bright-field microscopic image of the implanted 
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hydrogel along with the host vasculature. Figures 6E–G show the images of the cell-laden 

dPEGDA implant as a function of time. Similar to in vitro findings, the encapsulated cells 

were released into the surrounding host tissue and were evident at 48 (Fig. 6F) and 72 hours 

(Fig. 6G) post-implantation. Furthermore, the cells released from the hydrogels were found 

to attach and reach to the surrounding host tissue (Fig. 6H).

To further determine the effect of dPEGDA hydrogel-mediated implantation of cells on their 

in vivo survival upon transplantation, we transplanted hMSC-laden dPEGDA hydrogels into 

skeletal muscle. The hydrogel-assisted survival of donor cells 5 days post-transplantation 

was compared against the same cell population injected in suspension without the aid of any 

biomaterials. The muscle sections were stained for human-specific lamin A/C, laminin, and 

nuclei (Fig. 6I). Our analyses showed hMSCs that were transplanted with dPEGDA 

hydrogels were more abundant in the host tissue compared to cells that were administered 

without the use of hydrogel. Quantification of lamin A/C positive cells, which indicates the 

presence of transplanted hMSCs, showed a significantly higher number of cells within the 

host tissue when implanted using dPEGDA hydrogels compared to the control group (Fig. 

6J).

4. Discussion

This work describes the development of a synthetic hydrogel that can undergo degradation 

by responding to cell-secreted molecules. The cell-mediated degradation described in this 

study is different from that of matrix metalloproteinase (MMP)-sensitive hydrogels. To 

impart cell-mediated degradation, we have incorporated di-sulfide moieties, known to 

respond to various cell-secreted molecules such as glutathione, onto the backbone of PEG 

hydrogel, which we termed as dPEGDA. We used PEG hydrogel as a model system because 

PEG is a widely used biomaterial for cell encapsulation [55, 57]. Although the results 

described in this study focuses on PEG system, incorporation of di-sulfide moieties onto the 

polymer backbone can be adapted to render other biomaterials also cell responsive.

Our results show that the in vitro degradation rate of the dPEGDA hydrogels can be varied 

from hours to months and is found to be dependent upon the type of encapsulated cells, cell 

number, and fraction of disulfide moieties present in the hydrogel backbone. The faster 

degradation rate observed in this study is contrary to most of the previous studies reporting 

slower degradation kinetics for biomaterials containing disulfide units [58]. The faster 

degradation observed in our study could be attributed to the chemical environment of the 

polymer chain surrounding the disulfide moieties. Previous studies have shown that the 

chemical environment of the disulfide units play a key role in determining their degradation 

kinetics [59]. The presence of electronegative functional groups adjacent to the disulfide 

bonds in dPEGDA could make them more susceptible to cleavage and hence rendering the 

molecules with faster degradation kinetics.

The modified PEG containing disulfide moieties supported cell encapsulation and viability 

of the encapsulated cells. As hypothesized, the cell-laden dPEGDA hydrogels underwent 

degradation responding to cell-secreted molecules and released cells. This is consistent with 

our knowledge that the disulfide bonds can be cleaved by agents like reduced glutathione 
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and molecules containing thiol groups. Glutathione is a biosynthetic product of cells. In 

addition to the cell-secreted molecules, many cell surface molecules containing thiol groups 

could also aid the cleavage of the disulfide bonds. Our in vitro characterization suggests that 

the cell-mediated degradation of dPEGDA hydrogels is dependent upon the cell number and 

type of cells. This could be attributed to the differences in the amount of cell-secreted 

molecules or the presence of thiol groups. Our results show that the dPEGDA hydrogels, in 

the absence of any cells, are stable at physiological pH with minimal to no degradation 

during the experimental time. However, significantly higher degradation was observed at 

lower (pH 5) and higher pH (pH 9). The higher degradation at basic pH (pH 9) could be due 

to the hydroxyl groups reacting with the disulfide moieties leading to the generation of 

thiolate anions, resulting in the cleavage of disulfide bonds. On the other hand, the higher 

degradation at acidic pH 5 compared to pH 7.4 could be due to the presence of acid-sensitive 

amide-ester bonds (-NH-CO-O-) in the hydrogel backbone [60]. The acellular dPEGDA 

hydrogels that exhibited minimal to no degradation in PBS and DMEM showed a small 

extent of degradation in cell culture medium. This relatively higher degradation of acellular 

hydrogels in culture medium compared to DMEM could be attributed to the presence of 

fetal bovine serum, which contains various proteins and amino acids with thiol groups.

In addition to disulfide units, dPEGDA hydrogels also possess other functional groups like 

amide-ester units (-NH-CO-O-) and ester units (-O-CO-) that could contribute to their 

observed degradation. However, findings that the cell-mediated degradation was observed 

only with dPEGDA hydrogels and not with PEGDEDA hydrogels containing similar 

number of ester and amide-ester units, but no disulfide moieties suggest that the cell-

mediated degradation was indeed due to the presence of disulfide units in the hydrogel 

network.

Similar to in vitro findings, the cell-laden dPEGDA hydrogels underwent degradation in 

vivo to release the cells to the host tissue environment. These hydrogels could potentially 

exhibit a faster degradation in vivo due to the presence of host cells and body fluid enriched 

with molecules capable of cleaving the disulfide units. However, the tunability of the 

dPEGDA hydrogel degradation through the fraction of disulfide moieties in the backbone 

can be used to design the cell delivery vehicle with the desired degradation profile. 

Hydrogel-assisted implantation of cells results in more cell survival within the transplanted 

tissue [61–64]. Consistent with previous studies, transplantation of the cells with dPEGDA 

hydrogels showed significantly higher donor cell retention within the host skeletal muscle 

tissue compared to injection of cells to the host tissue. This grants an advantage of a 

degradable delivery vehicle in which the degradation can be autonomously and partially 

controlled by the cell cargo once implanted in vivo and to retain cells in the desired location 

in situ.

5. Conclusion

In summary, this study describes the development of disulfide-containing PEG hydrogels 

with tunable degradation kinetics ranging from hours to months. The dPEGDA hydrogels 

are designed to undergo degradation responding to cell-secreted molecules, wherein the 

matrix degradation can be fine-tuned through cell density, crosslink density, and 
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copolymerization (or fraction of GSH-sensitive disulfide units). Such hydrogels whose 

degradation can be autonomously controlled by the cells to assist the release of the 

encapsulated cells to the host tissue could yield applications in cell transplantation and tissue 

engineering.
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Figure 1. 
Reaction scheme for the synthesis of (A) disulfide-modified poly(ethylene glycol) diacrylate 

(dPEGDA), (B) poly(ethylene glycol) diaminoethanol diacrylate (PEGDEDA), and (C) 

poly(ethylene glycol) diacrylate (PEGDA). Refer to Materials and methods section for 

individual molecules.
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Figure 2. 
1H-NMR spectra of (A) monoacrylate PEG and (B) dPEGDA molecules.
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Figure 3. 
Degradation of disulfide PEG diacrylate (dPEGDA) hydrogels. (A) Schematic 

representation of the molecular structure of disulfide PEG diacrylate (dPEGDA) oligomers 

and the hydrogel network before and after their degradation. The green triangles represent 

the disulfide units and the blue triangles represent the acrylate moieties. The degradation of 

the hydrogel scaffold occurs at the disulfide cleavage site (green) by either thiol-disulfide 

interchange or reduction of disulfide in the presence of various reducing agents. (B) 

Swelling ratio of dPEGDA hydrogels synthesized from precursor concentrations of 10–20-

wt %. (C) Degradation of 10-wt% dPEGDA hydrogels in presence of 0.5 mM and 1 mM 

concentrations of cysteine (Cys) and reduced glutathione (GSH). (D) Degradation of 10-wt

% dPEGDA hydrogels in 0.5 mM and 1 mM of dithiothreitol (DTT) and tris-(2-

carboxyethyl)phosphine, hydrochloride (TCEP). (E) Degradation of 10-wt% dPEGDA 

hydrogels in pH 5, 7.4, and 9 buffers.
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Figure 4. 
Cell-mediated degradation of dPEGDA hydrogels. (A) Bright-field images of the release of 

hMSCs from a 10-wt% cell-laden dPEGDA hydrogel, containing 2 × 105 hMSCs, as a 

function of time (0 – 48 hours). The inset shows the gross image of the corresponding cell-

laden hydrogel. Scale bar: 200 μm. (B) Degradation profile of 10-wt% dPEGDA hydrogels 

containing different numbers (0 – 4 × 105) of hMSCs. (C) Number of hMSCs released from 

dPEGDA hydrogels containing varying numbers of encapsulated hMSCs. (D) Degradation 

profile of 10 and 15-wt% dPEGDA hydrogels encapsulating 2 × 105 hMSCs. (E) 

Degradation profile of 10-wt% copolymer hydrogels, encapsulated with 2 × 105 hMSCs, 

containing varying ratios of dPEGDA and PEGDA.

Kar et al. Page 22

Biomaterials. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Differentiation of hMSCs released from dPEGDA hydrogels. (A) Alkaline phosphatase 

staining and (B) oil red O staining of control (unencapsulated hMSCs) after 14 days of 

osteogenic and adipogenic differentiation, respectively. hMSCs that were encapsulated and 

released from hydrogels were stained for (C) alkaline phosphatase and (D) oil red O after 14 

days of osteogenic and adipogenic differentiation, respectively. Scale bar: 200 μm. GM: 

growth medium. OM: osteogenic medium. AM: adipogenic medium.
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Figure 6. 
In vivo analysis of cell release from cell-laden dPEGDA hydrogels. (A) Animal implanted 

with the dorsal window chamber. B) White arrows depict the circular hMSC-laden 10-wt% 

dPEGDA within the window chamber. (C) Same view of Fig. 5B depicting visual absence 

of hMSC-laden hydrogel after 4 days of implantation. Scale bar: 5 mm. (D–G) Intravital 

microscopic images of the same tissue site through the observation window. D) Brightfield 

image of subcutaneous tissue and vasculature. Imaging of the cell-laden hydrogel after (E) 

24 hours, (F) 48 hours, and (G) 72 hours showing the release of the cells from the dPEGDA 

hydrogels. The cells are labeled with CellTracker Red. White line depicts the initial 

hydrogel boundary. Scale bar: 400 μm. (H) Released hMSCs that attached and spread on the 

subcutaneous tissue after 72 hours. Scale bar: 50 μm. (I) Immunofluorescent staining and (J) 

quantification of transplanted cells (human lamin A/C) in skeletal muscle of NOD/SCID 
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mice 5 days post implantation. Scale bar: 200 μm. Data are presented as the mean ± SEM (n 

= 3). Two groups were compared by two-tailed Student’s t-test. Asterisks were assigned to 

p-values with statistical significance (***, p < 0.001).

Kar et al. Page 25

Biomaterials. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


