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Abstract

Wound healing is usually facilitated by the use of a wound dressing that can be easily applied to 

cover the wound bed, maintain moisture, and avoid bacterial infection. In order to meet all of these 

requirements, we developed an in situ forming biodegradable hydrogel (iFBH) system composed 

of a newly developed combination of biodegradable poly (ethylene glycol) maleate citrate 

(PEGMC) and poly (ethylene glycol) diacrylate (PEGDA). The in situ forming hydrogel systems 

are able to conform to the wound shape in order to cover the wound completely and prevent 

bacterial invasion. A 2k factorial analysis was performed to examine the effects of polymer 

composition on specific properties, including the curing time, Young’s modulus, swelling ratio 

and degradation rate. An optimized iFBH formulation was achieved from the systematic factorial 

analysis. Further, in vitro biocompatibility studies using adult human dermal fibroblasts (HDFs) 

confirmed that the hydrogels and degradation products are not cytotoxic. The iFBH wound 

dressing was conjugated and functionalized with antimicrobial peptides as well. Evaluation 

against bacteria both in vitro and in vivo in rats demonstrated that the peptide-incorporated iFBH 

wound dressing offered excellent bacteria inhibition and promoted wound healing. These studies 

indicated that our in situ forming antimicrobial biodegradable hydrogel system is a promising 

candidate for wound treatment.
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INTRODUCTION

Wound healing is a dynamic, complex process consisting of many cellular and molecular 

events that can be categorized as the inflammatory, proliferative, and remodeling 

(maturation) phases. Usually, normal wounds can heal in a definite time period; however, 

certain conditions, such as bacterial infection, renal disease, ischemia, diabetics and local 

hypoxia, can hinder the wound healing process, which result in the development of a 

complex wound. These complex wounds lengthen the healing time, and, in some instances, 

can result in life-threatening situations1–3. In order to manage these complex wounds, many 

tissue engineered grafts, such as Apligraf® and Dermagraft®, have been previously 

developed4. However, the lack of antimicrobial properties and expensive nature of these 

grafts illustrates the need for alternatives in the field of wound dressing.

Among all wound dressing materials, hydrogels possess a wide range of capabilities, such as 

swelling, in situ gelling capacity, drug/growth factor delivery, and hydrophilicity, that makes 

them an attractive alternative to traditional treatment approaches. Swelling avoids the 

formation of fluid filled pockets, which minimizes the risk of bacterial infection. A 

crosslinked network provides a good platform for the controlled delivery of drugs and/or 

growth factors, while in situ gelling provides ease of applicability, ensuring the complete 

closure of wound. Moreover, hydrophilicity maintains moisture at the wound site to possibly 

enhance epithelial cell migration and support necrotic tissue debridement1,3,5,6. Therefore, 

hydrogels have been extensively studied, particularly poly(ethylene glycol) (PEG)-based 

hydrogels. PEG-based hydrogels are biologically inert with resistance to protein adsorption. 

Poly(ethylene glycol) diacrylate (PEGDA) hydrogels, a class of PEG-based hydrogels, can 

present tunable physical/mechanical properties, such as stiffness and swelling ratio for 

various drug delivery systems7,8. Although promising, PEGDA hydrogel alone fails to meet 

the ideal regenerative medicine requirements, as hydrogels should present a favorable 

temporary substrate chemical and physical environment for tissue growth and regeneration9. 

Our lab recently developed a novel citric acid derived biodegradable hydrogel, 

poly(ethylene glycol) maleate citrate (PEGMC)10. PEGMC is cytocompatible, 

biodegradable, and in situ crosslinkable with tunable degradability and mechanical 

properties11. Additionally, pendent carboxyl groups provided by citric acid can be utilized 

for conjugation with peptides, antibodies, and other biomolecules to provide additional 

functionality.

Herein, we develop an in situ forming biodegradable hydrogel (iFBH) system using a 

copolymer network of PEGMC and PEGDA as a biodegradable dressing for the treatment of 

skin wounds. A factorial analysis on the effects of PEGMC concentration, concentration of a 

short chain PEGDA, molecular weights of a long chain PEGDA, and the amount of 

initiators was conducted. These factors were systematically studied to optimize the 

hydrogels’ properties, such as swelling, degradation, curing time, and mechanical stiffness. 

Antimicrobial properties are also desirable for the ideal wound dressing12. Thus, 

antimicrobial agents, including antibiotics, silver nanoparticles, and antimicrobial peptides, 

have been widely incorporated into wound dressings. Compared to traditional antibiotics, 

antimicrobial peptides have broader inhibition activity against most bacteria. Antimicrobial 

peptides kill bacteria more rapidly and can target multiple bacteria cellular processes13–15. 
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They can also be easily conjugated onto hydrogels. Therefore, antimicrobial peptides, 

including CHRG01, ABU-CHRG01 (ABU), Temporin-A (TEMP-A), and Ala5-Tritrp7 

(ALA5), were conjugated onto the PEGMC/PEGDA hydrogels to provide anti-infection 

functions. Preliminary in vivo studies were also performed in this study using the in situ 

forming antimicrobial biodegradable hydrogel (iFABH) on a rat skin wound model in order 

to demonstrate its potential as a biodegradable wound dressing.

EXPERIMENTAL SECTION

Materials

Poly(ethylene glycol) (PEG200, PEG4600 and PEG8000 with molecular weights MW=200, 

4600, and 8000Da, respectively), citric acid, maleic acid, poly(ethylene glycol) diacrylate 

(PEGDA700, MW=700 Da), and all other chemicals were purchased from Sigma Aldrich or 

Alfa Aesar. All of the antimicrobial peptides, CHRG01, ABU-CHRG01 (ABU), Temporin-

A (TEMP-A), and Ala5-Tritrp7 (ALA5), were custom-made by Anaspec Inc. with N-

terminals available for conjugation to PEGMC. Peptide sequences are: CHRG01, 

KSSTRGRKSSRRKK-NH2; ABU, Aminobutyric acid-KSSTRGRKSSRRKK-NH2; TEMP-

A, FLPLIGRVLSGIL-NH2; and ALA5, VRRFAWWWPFLRR-NH2.

Synthesis of PEGMC

PEGMC was synthesized by a polycondensation reaction as described previously10. Briefly, 

a mixture of PEG200:maleic acid:citric acid with a molar ratio of 1:0.6:0.4 was melted at 

160°C in a 100 ml flask under a nitrogen atmosphere. The temperature was then reduced to 

140°C and the reaction proceeded under 50 mTorr pressure for 6 hours. The resulting pre-

polymer was dissolved in deionized water. The polymer solution was filtered and dialyzed 

against 500Da molecular-weight-cut-off dialysis membranes for purification. The purified 

polymer solution was then lyophilized and stored in a refrigerator at 4°C before use.

Synthesis of PEGDA4600 and PEGDA8000

The long chain PEGDA was synthesized according to the protocol described by Durst et al7. 

Briefly, 2 mmol of PEG (4600 or 8000Da) was dissolved in dichloromethane and 1.3 ml 

triethyl amine was added to the solution. Later, 7.5 mmol acryloyl chloride was dissolved in 

dichloromethane and added to the reaction drop-wise. This reaction was then kept for 

continuous stirring in a dark and inert environment for 2 days. After 2 days, the solution was 

washed with K2CO3 (2M) to remove the hydrochloride acid and then dehydrated using 2 g 

of anhydrous MgSO4. The synthesized polymers are named PEGDA4600 and PEGDA8000.

Preparation of in situ forming biodegradable hydrogel (iFBH)

iFBHs with different formulations, as listed in Table 1, were prepared by free radical 

polymerization. First, the PEGMC solution was neutralized to pH 7.0, followed by the 

addition of two different PEGDA polymers. The short chain PEGDA acts as a crosslinker 

since it has a smaller MW (700Da) and provides most of the double bonds for crosslinking. 

The long chain PEGDA acts as a structural mediator with a higher MW (~4600 or 8000Da), 

since it has a significant impact on the structures of hydrogels and their physical properties, 

including swelling and mechanical properties. The mixture was then purged with N2 for 20 
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minutes. Afterwards, ammonium persulfate (APS) and tetramethylethylenediamine 

(TEMED) were added to form a gel. These hydrogels were then cut and lyophilized for 24 

hours for further studies.

Characterization of iFBHs

All pre-polymers were characterized by Fourier transform infrared spectroscopy (FTIR) to 

confirm the chemical structures. The curing time of the iFBHs was examined by keen visual 

observation. Briefly, a magnetic stir bar was placed in the pre-hydrogel solution prepared 

and the solution was kept on a magnetic stir plate at ~ 120 rpm. Upon addition of TEMED 

and APS, the time to solidification was recorded as the curing time (n=4).

Next, the swelling behavior of the iFBHs was studied. The dry weights (WD) of all the 

hydrogels (n=4) were obtained and the samples were then immersed in 5 ml of 10mM PBS 

(pH 7.4) for 24 hours. Samples were then taken out of PBS and any extra liquid on the 

surface of the samples was removed using filter papers. The swollen weight (WS) of the 

samples was measured. The swelling ratio was then calculated using Equation (1)

(1)

In vitro degradation of the hybrid iFBH system was studied over a period of 28 days with 

incubation at 37°C in 10mM PBS. The PBS solutions were changed every day. The dry 

weights of the hydrogel samples before (W0) and after (Wt) incubation were measured. 

Degradation was calculated in terms of percentage weight loss using Equation (2)

(2)

Cross-sectional morphology of iFBH samples was observed using scanning electron 

microscopy (SEM) to visualize the surface morphology changes before and after 

degradation in PBS. Briefly, lyophilized hydrogel samples were sputter-coated with silver 

and then examined under a Hitachi S-30000N VP SEM.

Mechanical properties of different hydrogels were tested using a MTS® Insight™ II 

mechanical tester equipped with a 10 N load cell (Eden Praire, MN). Briefly, hydrogels were 

cut into strips (n=4) with sizes of 3 mm (thickness) × 5 mm (width) × 12 mm (length). The 

testing gauge was 15 mm. The tensile tests were performed at 100 mm/min and Young’s 

Modulus was calculated at the initial elastic region (<10% elongation).

Factorial analysis of formulation factors

A systematic two level (2k) factorial analysis was performed using Design-Ease 8® (Stat-

Ease, Inc.), which is a design of experiments (DOE) software, as described previously16. 

The software provided outputs in the forms of half-normal probability plots, surface 

diagrams, and mathematical equations. These outputs were analyzed to optimize the 

properties of the iFBH system. For the factorial analysis, the formulation factors 
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(independent variables) were the concentration of PEGMC, the concentration of the short 

chain PEGDA700, the molecular weight of the long chain PEGDA (PEGDA4600 and 

PEGDA8000), and the concentration of the initiator APS. For each formulation factor, 

realistic high-level and low-level values were input into Design Ease, as displayed in Table 

1. Design Ease then output in random order the formulations that were to be tested. The 

response factors (dependent variables) chosen were curing time, swelling ration, degradation 

rate, and Young’s Modulus.

In vitro cytocompatibility of the iFBH compounds and degradation products

PEGMC, APS, and degradation products of the hybrid hydrogel system were tested for 

cytocompatibility on human dermal fibroblasts cells (HDFs). HDFs were cultured in 

Dulbeco’s Modified Eagle Medium (DMEM) media with 10% Fetal Bovine Serum (FBS) 

and 1% Penicillin and streptomycin (Pen Strip) at 37°C and 5% CO2. PEGMC was UV 

sterilized before being added to complete media. Serial solutions of PEGMC in DMEM 

were prepared, ranging from 0–10 mg/ml. HDFs were then treated with these solutions in 96 

well tissue culture plates for 24 hours. After incubation, CellTiter 96® Aqueous One 

Solution Cell Proliferation (MTS) assays were performed as per the manufacturer’s 

instruction to determine cell viability. Similarly, HFDs were treated with APS at 

concentrations of 0, 5, 10, 50, 100, and 200 μg/ml for 24 hours and their viabilities were 

measured by MTS assays. To evaluate the cytotoxicity of degradation products, hydrogels 

that were made of 200 mg PEGMC, 64 mg of PEGDA700, 50 mg of PEGDA8000, and 16 

mg of APS were degraded in PBS for 24 hours. Effluents were then collected and freeze-

dried in order to obtain degradation products. After UV sterilization, they were added to 

HDFs with concentrations of 0.25, 0.74, 2.22, 6.67, and 20 mg/ml. Finally, the samples were 

analyzed by MTS assays after 24 hours of incubation.

Formation and characterization of in situ forming antimicrobial biodegradable hydrogel 
system(iFABH)

Antimicrobial biodegradable hydrogel systems were prepared using antimicrobial peptide 

conjugated PEGMC as the imperative component. The synthesis route and final composition 

are demonstrated in Scheme 1. First, PEGMC was conjugated with different cytocompatible 

antimicrobial peptides, including CHRG01, ABU, TEMP-A and ALA5, via the 

carbodiimide coupling technique as previously described16. Briefly, 1 wt% PEGMC 

dissolved in 1M MES buffer was treated with 10mM of 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC) and 10mM N-hydroxysuccinimide (NHS). After 30 minutes of 

activation, 1 mg of peptide was added to the PEGMC solution. This solution was then kept 

overnight with gentle agitation. Later, the resulting solution was dialyzed and lyophilized to 

obtain peptide conjugated PEGMC. The conjugation was confirmed by FTIR. The 

antimicrobial hydrogel was then formulated with PEGMC-peptide using a combination 

determined by the factorial analysis, in which 200 mg/ml peptide conjugated PEGMC, 64 

mg PEGDA700, 50 mg PEGDA8000, and 16 mg APS were added to 1 ml DI water to form 

a hydrogel.

For antimicrobial studies, Gram-positive Staphylococcus aureus (S. aureus, ATCC strain 

25923), which has been shown to cause wound infection12,17, were used. Prior to each 
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experiment, bacteria were cultured in Trypticase Soy Broth for 18 hours at 37°C. Eluted 

media of PEGMC with peptides and without peptides (negative control) were incubated with 

bacteria (1 × 106 CFU/ml) for 24 hours. At a predetermined time, the effectiveness of the 

antimicrobial peptides in killing bacteria was determined by measuring the optical density 

(OD, λ=650 nm, n=4) via a pour plating technique as described earlier18. 25 μg/ml of 

ampicillin solution, which is typically used in cell culture medium, served as the positive 

control. Inhibition zone study was also performed to assess the antimicrobial behavior. The 

different hydrogels, including an ampicillin encapsulated hydrogel as the positive control, 

were placed on agar plates containing freshly cultured S. aureus and incubated at 37°C for 

16–18 hours. After incubation, the area of the zone of inhibition around the samples was 

imaged and measured.

In vivo wound healing assessment

Preliminary in vivo wound healing studies of iFABHs were conducted using a normal rat 

skin wound model as previously described19,20. All Sprague-Dawley rats were treated and 

used in accordance with the protocol approved by the University of Texas at Arlington 

Animal Care and Use Committee (IACUC). Briefly, all rats (female, 2 months old, weighing 

around 240 g) were anesthetized by injection of ketamine (40 mg/kg) and xylazine (5 mg/

kg). The skin of each rat was shaved and disinfected using 70% ethanol. Five wounds were 

created along the dorsal side of the skin on each rat using a 5 mm diameter biopsy puncher. 

Three of the wounds were control groups (PEGMC, PEGMC-AMP, Hydrofera Blue) and 

two were experimental groups, which were ABU and TEMP-A conjugated iFABH systems. 

Once the wounds were created, the wound area was cleaned and filled with hydrogel 

solution. Specifically, 200 mg peptide conjugated PEGMC, 64 mg PEGDA700, and 50 mg 

PEGDA8000 were dissolved in 1 ml nitrogen purged PBS as part A, and 16 mg APS were 

dissolved in 1 ml nitrogen purged PBS as part B. Parts A and B were mixed and injected 

together onto the wound bed through catheters. The in situ gelling property of the hydrogel 

enabled the formation of a gel shortly after it was applied on the wound. Further, after 24 

hours, S. aureus bacterial suspension with seeding density of 2.8×106 CFUs/250 μl/cm2 was 

applied to each of the gels21. The behavior of the animals and the wound areas were closely 

observed for 2 weeks. After 14 days of observation, they were sacrificed and the tissue 

surrounding the wound area was removed and fixed by 10% neutral buffed formalin. Tissue 

samples were embedded in paraffin before sectioning. Histological studies by hematoxylin 

and eosin (H&E) staining and Masson’s Trichrome staining were performed.

2.10 Statistical Analysis

All experiments were conducted with n=4 and statistical analysis was performed for 

determination of significance with a 95% confidence interval (p<0.05) using one-way 

ANOVA.

RESULTS AND DISCUSSION

Characterization of hydrogel structure

Our previously developed PEGMCs are biodegradable; in situ crosslinkable polymers have 

been shown to be suitable for drug/growth factor/cell delivery, and tissue engineering10,11. 
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First, PEGMC was synthesized via a simple polycondensation reaction of citric acid, maleic 

acid, and PEG. FTIR spectra (Figure S1 Supporting Information) confirmed the presence of 

characteristic peaks for functional groups from the degradable ester bond of citric acid and 

maleic acid (−C=O at 1690–1750 cm−1), the hydroxyl group (−OH at 3570 cm−1), and the 

double bond from maleic acid (−C=C at 1645 cm−1)10.

Hydrogels with various compound combinations as listed in Table 1 were prepared. The 

formation and degradation of the hydrogel system were observed using SEM. As seen in 

Figure S2A (Supporting Information), wrinkled sheet structure of iFBH is reflected on day 

1, which is followed by a flat surface over a period of 28 days (Figure S2B, C, and D) due to 

erosion.

Factorial analysis of iFBH formations

Existing studies have shown that the composition and preparation method might have an 

effect on the morphology, swelling behavior, and protein release of hydrogels22,23. For use 

in wound healing, the applicability, mechanical integrity, biocompatibility, and swelling 

capacity of the hydrogels are important factors that need to be optimized23,24. Thus, in this 

study, curing time, Young’s modulus, degradation (percent weight loss), and swelling ratio 

were taken as response factors (dependent variables) as they relate to applicability, stiffness 

and durability, long-term biocompatibility and comfort, and swelling capacity, respectively. 

The formulation factors (independent variables) used were PEGMC concentration, long 

chain PEGDA MW, APS concentration, and PEGDA700 concentration.

First, the curing time of the system was studied in order to quantify the in situ gelling 

capacity of the hydrogel. For each formulation listed in Table 1, the curing time was 

recorded in Design-Ease 8®. A half-normal probability was obtained, as shown in Figure 

1A. The magnitude of the effect a formulation factor had on the curing time increases the 

further distance it is to the right of the line. Negative (inversely related) effects are shown in 

blue and positive (directly related) effects are shown in orange. From Figure 1A, it can be 

determined that PEGDA MW, PEGDA700 concentration, and APS concentration have 

increasingly negative effects on the curing time. The surface diagram, Figure 1B, also 

displays the same trends, as the shortest curing time corresponds to the lowest PEGDA MW 

and highest APS concentration. It is also apparent from the surface diagram that APS 

concentration has a more prominent effect on curing time than PEGDA MW does, as the 

slope of the edge of the plot corresponding to APS concentration is steeper than that of 

PEGDA MW. In addition, the half-normal probability plot, Figure 1A, also shows that 

PEGMC does not have much of an effect on curing time. These results are consistent with 

the fact that more double bonds in the hydrogel system facilitate faster crosslinking. Design 

Ease 8® outputs Equation 3 here, which gives a prediction of the curing time based on the 

values of the formulation factors:

(3)

where A is the PEGMC concentration (mg/ml), B is the long chain PEGDA molecular 

weight (Da), C is the APS concentration (mg/ml), and D is the PEGDA700 concentration 

(mg/ml).
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Second, Young’s modulus was studied in order to evaluate the stiffness and durability of the 

hydrogel. From Figures 1C–D, it can be determined that PEGDA700 concentration has the 

largest effect on Young’s modulus and it is a positive effect. Also, the PEGMC 

concentration and PEGDA MW have increasingly negative effects on Young’s modulus. 

However, APS concentration does not have a significant effect. Similar results, in regards to 

the negative effect of the molecular weight of long chain PEGDA on the stiffness of 

hydrogels, were obtained by Temenoff et al25 for oligo(poly(ethylene glycol) fumarate 

hydrogels. Equation 4 gives a prediction of Young’s Modulus based on the values of the 

formulation factors.

(4)

where A, B, C, and D are same as in Equation 3.

Third, the effects the formulation factors had on the swelling ratios were evaluated. Based 

on Figures 1E–F, APS concentration, PEGMC concentration, and PEGDA700 concentration 

have increasingly negative effects on the swelling ratio. This is because they are all prone to 

increasing the crosslinking rate. However, the MW of the long chain PEGDA has a positive 

effect on the swelling ratio, which is similar to what was observed by Sabnis et al in a 

PEGDA only system23. Further, we also found that the crosslinker PEGDA700 

concentration has the greatest effect on swelling ratio. Equation 5 gives a prediction for the 

swelling ratio based on the values of the formulation factors.

(5)

where A, B, C, and D are same as in Equation 3.

Fourth, the weight loss of the hydrogel was examined at three different time points to 

evaluate the degradation process. At Day 1 (Figure 2A–B), APS concentration and PEGMC 

concentration had negative effects on percent weight loss, while PEGDA MW had a positive 

effect. At Day 14 (Figure 2C-D), PEGDA700 concentration and APS concentration had 

negative effects on percent weight loss, while PEGDA MW again had a positive effect. At 

Day 28 (Figure 2E–F), the weight losses were in the range of 44.4% to 83.8% for different 

formulations. In addition, APS concentration and PEGDA700 concentration had negative 

effects on percent weight loss, while PEGMC concentration and PEGDA MW both had 

positive effects. However, the magnitudes of all of the effects were much smaller at Day 28 

than at Days 1 and 14. The mixed effects of different formulation factors are probably due to 

that the degradation is driven by PEGMC; however, the influences of swelling and 

hydrophilicity are also significant. Equation 6 was obtained to predict the percent weight 

loss at 28 days based on the values of the formulation factors.

(6)

where A, B, C, and D are same as in Equation 3.
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Table 2 summarizes these results. For each response factor, the formulation factors that 

affect it are listed in order of the magnitude of their effect, with the formulation factor that 

has the greatest effect listed first. Based on the numeric response of our 2k factorial analysis, 

an iFBH formulation that consists of 200 mg PEGMC, 64 mg PEGDA700, 50 mg 

PEGDA8000, 16 mg APS was found to be the optimum formulation for ideal wound 

dressing applications. This formulation was also selected for antimicrobial hydrogel 

fabrication and further in vitro and in vivo studies.

Cytocompatibility of the iFBH components and degradation products

Biocompatibility studies were conducted on human dermal fibroblasts (HDFs), as fibroblasts 

play a vital role in wound healing and skin regeneration26,27. PEGDA hydrogels have been 

previously found to be cytocompatible28. PEGMC, APS, and degradation products were 

tested to validate their compatibility. PEGMC showed cytocompatibility with more than 

90% cell viability up to a 5 mg/ml concentration and reduced cell viability to 75% for the 10 

mg/ml concentration when compared with the tissue culture plate control (Figure 3A). 

According to the results, APS proved to be cytocompatible up to 50 μg/ml and significant 

cell death was observed at concentrations higher than 100 μg/ml (Figure 3B). This is 

consistent with a previous study of APS cytotoxicity29. Additionally, hydrogel effluents that 

were released after the hydrolysis of iFBH were analyzed. From 0 to 2.22 mg/ml of effluent 

concentrations, there was no significant decrease observed in cell viability, but at 6.67 

mg/ml and 20 mg/ml there was significant reduction in cell viability (Figure 3C). Thus, the 

cytocompatibility studies indicate that the materials used in the hydrogel formation are 

cytocompatible with a wide range of concentrations.

Formation of antimicrobial biodegradable hydrogel system

In order to prevent the infection of wound sites, we designed iFABH systems consisting of 

different antimicrobial peptides30. By taking advantage of free carboxyl groups on PEGMC, 

we conjugated four antimicrobial peptides (CHRG01, ABU, TEMP-A, and ALA5) onto our 

polymers. The formation of the antimicrobial PEGMC was confirmed by FTIR (Figure S1). 

FTIR for peptide conjugated PEGMC shows an additional characteristic peak of -CONH 

around 1560 cm−1. Furthermore, the peptide conjugated PEGMC was used to fabricate 

antimicrobial hybrid hydrogels with the optimized formulation from the previous factorial 

analysis to form iFABH, which consists of 200 mg PEGMC, 64 mg PEGDA700, 50 mg 

PEGDA8000, 16 mg APS.

In vitro antimicrobial property assessment

The wound healing dressings that were developed consist of antimicrobial peptides that aid 

in controlling the bacterial growth without using any antibiotics, thus avoiding the toxicity 

and antibiotic resistance that could develop with constant antibiotic use31–33. As an 

alternative to antibiotics, nano-silver is also being used, but its excessive use can be highly 

toxic, causing damage to DNA by direct interactions34. Antimicrobial peptides, however, 

have been investigated as an ideal entity for combating infection because they are a part of 

the innate epithelial chemical shield35,36.
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Four different antimicrobial peptides (CHRG01, ABU, TEMP-A and ALA5) conjugated 

iFABHs were tested with S. aureus. As seen in Figure 4, ABU, TEMP-A conjugated 

hydrogels, and the positive control PEGMC-AMP showed significantly less bacterial growth 

in comparison to negative controls for a period of 24 hours, with 61.2±17.0%, 70.5±15.8%, 

and 57.7±13.3% bacteria survival rates, respectively. ChRG01 and ALA5 conjugated 

iFABHs did not exhibit antibacterial activities. Also, PEGMC itself had moderate bacterial 

inhibition with 79.8±14.7% survival; however, the commercial antimicrobial wound 

dressing, Hydrofera Blue, did not show significant inhibition of bacteria growth. Results 

from inhibition zone study showed that PEGMC with either of the antimicrobial peptides or 

ampicillin showed significantly higher antimicrobial activity compared to the negative 

control (PLGA scaffolds) (Figure S3). ABU and TEMP-A containing hydrogels (2.47±0.08 

and 2.95±0.08 cm2 zones of inhibition, respectively) were tested here and in later in vivo 

studies since they showed better bacteria killing behavior in a previous OD study. 

Interestingly, PEGMC by itself again demonstrated antimicrobial activities with a 1.71±0.17 

cm2 zone of inhibition. As shown in Figure S3, the hydrogels containing the ABU and 

TEMP-A peptides showed significant improvement of bacteria inhibition and comparable 

results with gels containing ampicillin (2.82±0.06 cm2 zone of inhibition). Thus, ABU and 

TEMP-A incorporated iFABHs were used for further in vivo studies.

In vivo wound healing evaluation

To evaluate the in vivo wound healing performance of our antimicrobial hydrogels, a rat 

model with full thickness wounds created on the back was used, as shown in Figure S4. 

PEGMC/PEGDA solution as the first component and APS as the second component were 

mixed and filled into the wound bed; then iFABHs were formed quickly and stabilized in a 

few minutes (Figure S4). Pristine PEGMC, ampicillin incorporated PEGMC, and 

commercially available Hydrofera Blue served as controls. However, Hydrofera Blue was 

difficult to fix on the wound sites unless fibrin glue was applied (Figure S4). Our in situ 

forming hybrid hydrogels was much easier to apply onto the wound area compared to 

Hydrogera Blue. After 24 hours of implantation, S. aureus bacterial suspension was applied 

on top of each sample. All hydrogel samples kept the wound bed hydrated until the wound 

completely closed. No infection or scab formation was observed for the antimicrobial 

composite hydrogels. After 14 days of implantation, full epidermis regeneration was 

noticeable for all samples (Figure S4). Hydrogel residues were rarely observed at the wound 

site, suggesting that they degraded during the healing process. The surrounding tissue was 

excised, sectioned and histologically stained by H&E and Masson’s Trichrome staining.

Representative histological staining images are displayed in Figure 5. All wound sites were 

closed, as indicated by the full regeneration of epidermal tongue after 14 days. The 

thicknesses of granulation tissue for ABU, TEMP-A hydrogels, and pristine PEGMC were 

similar with no bacteria applied (Figure 5A–C); however, with the bacteria added, ABU and 

TEMP-A containing hydrogels exhibited much less inflammation and granulation tissue 

formation due to the bacteria-killing behavior (Figure 5K–M). Compared to the Hydrofera 

Blue dressing (Figure 5E, 6O), our antimicrobial peptide conjugated hydrogels also showed 

less granulation formed with and without bacteria added. In addition, the positive control 

PEGMC-AMP promoted wound healing and inhibited inflammation in the most effective 
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manner (Figure 5D, 5I, 5N, and 5S), since more inflammatory cells were replaced by 

fibroblasts and skin tissue remodeling began to appear. Masson’s Trichrome staining after 

14 days of healing also suggested more collagen deposition and a higher amount of 

myofibroblast formation for ABU and TEMP-A hydrogels compared to pristine PEGMC 

and Hydrofera Blue, especially with bacteria applied (Figure 5F–J, 5P–T), indicating a faster 

wound healing process at 14 days19. In particular, ABU-conjugated iFABH demonstrated 

that healing was established at the remodeling phase with normal skin functions starting to 

resume after 14 days.

DISCUSSION

In this study, we intended to develop an optimized PEGMC/PEGDA combined hydrogel 

system with ideal mechanical/physical performance and biodegradability and also to 

subsequently endow the hydrogel antimicrobial properties with biocidal peptides for wound 

healing applications, as illustrated in Scheme 1. The successes of polymer synthesis and 

peptide conjugation were confirmed by FTIR. Traditional PEGDA hydrogels are non-

degradable37, while pure PEGMC hydrogel degrades rapidly in a few days and lacks the 

integrity to support tissue growth10,11. As a combination, iFBHs had controlled degradation 

rates with different compounds. In addition, breakdown of PEGMC chains possibly 

generated some free PEGDA chains that can be dissolved in water and physiological 

solutions. Thus, the PEGMC/PEGDA hydrogel system is a partially biodegradable blend 

that is more suitable for wound healing applications with tunable mechanical properties and 

degradation rates.

To optimize the iFBH formulations, we conducted a 2k factorial analysis. The formulation 

factors, including PEGMC concentration, long chain PEGDA MW, APS concentration, and 

PEGDA700 concentration, were varied to study their effects on the curing time, Young’s 

modulus, swelling ratio, and degradation rates at different time points. For different response 

factors, the influences of each of the formulation factors were summarized in Table 2. Based 

on our factorial analysis results, an iFBH formulation that consists of 200 mg PEGMC, 64 

mg PEGDA700, 50 mg PEGDA8000, and 16 mg APS was determined to be optimal for 

wound healing applications.

Key components including APS and PEGMC of the iFBH formulation were also found to be 

cytocompatible at used concentrations by testing on human dermal fibroblasts. The iFBH 

degradation product was cytocompatible as well at concentrations lower than 2 mg/ml. With 

conjugation of different antimicrobial peptides, iFABHs were formed with different bacteria 

inhibition activities. Interestingly, PEGMC itself showed moderate bacteria inhibition 

capability. This result is in agreement with our previous studies on the evaluation of 

antimicrobial properties of citrate-based polymers, since citric acid itself is a biocidal 

agent38. Additionally, the incorporation of antimicrobial peptides could further improve the 

antimicrobial performance of the hydrogels38. In particular, iFABHs with ABU and TEMP-

A incorporated were most effective at suppressing the S. aureus proliferation. Previous 

studies have shown good stability and maintenance of the bio-functionalities of peptides 

after conjugated onto hydrogels by carbodiimide chemistry39,40. Our study also confirmed 
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that chemically conjugated hydrogels with antimicrobial peptides could be effective 

materials for preventing infection, which is critical for wound healing purposes.

The iFABH can be formed in situ on the wound bed. By using a two-component injection of 

PEGMC/PEGDA solution and APS solution simultaneously, a layer of hydrogel can be 

formed to cover the wound area. The iFABH is much easier to apply compared to 

commercialized Hydrofera Blue. In vivo studies demonstrated that iFABHs with ABU and 

TEMP-A peptides showed less inflammation than Hydrofera Blue with and without the 

challenges of bacteria on a rat skin wound model. Histological analysis proved that our 

antimicrobial hybrid hydrogels are an effective dressing to promote wound healing, 

especially under the circumstances of possible infections. Since PEGMC degrades 

completely in 2–4 weeks10, the degradation window is long enough to maintain 

antimicrobial peptides on the wound bed to prevent infections. Thus, in situ formed iFABH 

are ideal degradable materials for wound treatment by covering the wound bed completely 

and preventing bacterial infections.

CONCLUSIONS

A novel citric acid based PEGMC/PEGDA hybrid hydrogel system was successfully 

synthesized. The biodegradable hydrogel system has in situ gelling capabilities. A 

mathematical factorial analysis was performed to determine how formulation factors, such 

as the molecular weight and concentration of PEGDA, concentration of PEGMC, and 

concentration of APS, affect the physical and mechanical properties of the resulting 

hydrogels. To achieve the ideal curing time, Young’s Modulus, swelling ratio, and 

degradation, an optimized formulation was determined based on the mathematical analysis. 

The optimum iFABH was further found to be cytocompatible and biocidal with the 

conjugation of antimicrobial peptides. A preliminary in vivo study illustrated the easy usage 

of PEGMC/PEGDA hydrogels on the rat skin wound model. These antimicrobial hydrogels 

also promoted wound healing and prevented infections. Thus, our biodegradable in situ 

gelling PEGMC/PEGDA hydrogels could be a promising material for wound dressing 

applications.
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PEGDA poly (ethylene glycol) diacrylate

PEGMC poly (ethylene glycol) maleate citrate

APS ammonium persulfate

TEMED tetramethylethylenediamine

HDF human dermal fibroblast

ABU ABU-CHRG01

TEMP-A Temporin-A

ALA5 Ala5-Tritrp7

AMP ampicillin

EDC 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide

NHS N-Hydroxysuccinimide

DOE design of experiments

SEM scanning electron microscopy

FTIR Fourier transform infrared spectroscopy

OD optical density
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Figure 1. 
Half-normal probability plots and three-dimensional (3D) surface diagrams of the iFBH 

system for (A–B) curing time (s), (C–D) Young’s modulus (MPa), and (E–F) swelling ratio 

(%).
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Figure 2. 
Half-normal probability plots and 3D surface diagrams for degradation (%weight loss) of 

the iFBH system after (A–B) Day 1, (C–D) Day 14, and (E–F) Day 28.
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Figure 3. 
HDF cell viability with incubation with the iFBH system and its components. Evaluation of 

in vitro human dermal fibroblast viability for (A) PEGMC, (B) APS, and (C) effluents of the 

iFBH system at different concentrations with 24 hours of incubation. (*, p<0.05, compared 

to controls of concentration=0)
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Figure 4. 
Antimicrobial properties of the iFBH system. S.aureus survival rate as the percentage to the 

negative control (growth medium alone), CHRG01, ABU, TEMP-A, and ALA5-conjugated 

PEGMC, pristine PEGMC, commercial dressing (Hydrofera Blue), and ampicillin (AMP)-

loaded PEGMC (positive control). ABU and TEMP-A-conjugated PEGMC and PEGMC-

AMP showed a significant decrease compared to the negative control (*, p<0.05, compared 

to control).
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Figure 5. 
Representative histological images of skin wound samples treated by different dressings, 

including ABU-conjugated iFABH, TEMP-A-conjugated iFABH, pristine PEGMC, 

ampicillin (AMP)-loaded PEGMC, and a commercial dressing (Hydrofera Blue) for 7 days 

(H&E staining, row 1 and row 3) and 14 days (Masson’s Trichrome staining, row 2 and row 

4) with and without bacterial challenges.
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Scheme 1. 
Synthesis route of PEGMC and a schematic illustration of the in situ forming biodegradable 

antibacterial hydrogel (iFABH). Biodegradable PEGMC provides a degradable backbone 

and carboxyl groups that can be used to conjugate antimicrobial peptides. Short chain 

PEGDA provides the most double bonds for crosslinking.
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Table 1

Formulations of iFBH systems that were used for the factorial analysis.

Formulation Number Formulation Factors

A: PEGMC Concentration 
(mg/ml)

B: PEGDA MW 
(Da)*

C: APS Concentration 
(mg/ml)

D: PEGDA700 
Concentration (mg/ml)

1 200 4600 16 64

2 200 4600 32 32

3 200 8000 16 32

4 200 8000 32 64

5 400 4600 16 64

6 400 4600 32 32

7 400 8000 16 32

8 400 8000 32 64

*
The concentrations of PEGDA4600 and 8000 were 50 mg/ml
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Table 2

Response factors and the effects of formulation factors determined by factorial analysis. ↑ indicates a positive 

effect and ↓ indicate a negative effect.

Response factors Formulation factors (Most dominant factor on the left)

Curling Time APS Concentration↓ PEGDA700 Concentration↓ PEGDA MW↓

Young’s Modulus PEGDA700 Concentration↑ PEGDA MW↓ PEGMC Concentration↓

Swelling Ratio PEGDA700 Concentration↓ PEGDA MW↑ PEGMC Concentration↓ APS Concentration↓

Percent Weight Loss, 
Day 1 PEGMC Concentration↓ APS Concentration↓ PEGDA MW↑

Percent Weight Loss, 
Day 14 APS Concentration↓ PEGDA700 Concentration↓ PEGDA MW↑

Percent Weight Loss, 
Day 28 PEGDA700 Concentration↓ APS Concentration↓ PEGDA MW↑ PEGMC Concentration↑
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