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Abstract

Hydrogels with controlled degradation and sustained bactericidal activities are promising 

biomaterial substrates to repair or regenerate the injured tissue. In this work, we present a unique 

pair of lysozyme and chitosan as a hydrogel that can promote cell growth and proliferation while 

concomitantly preventing infection during the gradual process of hydrogel degradation and tissue 

ingrowth. Lysozyme and chitosan containing cell adhesion motifs are chemically modified with 

photoreactive methacrylate moieties to obtain a crosslinked hydrogel network by visible light 

irradiation. The resulting lysozyme-chitosan conjugate successfully modulates the degradation rate 

of hydrogels while promoting cell adhesion, proliferation, and matrix formation with no 

cytotoxicity. The hydrogel also exerts an intrinsic antibacterial effect by combining antimicrobial 

features of chitosan and lysozyme. This work demonstrates an advanced hydrogel platform with 

dual function of tunable degradation and infection control for tissue engineering and wound 

healing applications.
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1. Introduction

Hydrogel plays a key role in tissue engineering and regenerative medicine with a proper 

delivery ability of cells and drugs1. It also presents a three-dimensional organization 

mimicking native extracellular matrix (ECM) that can support the growth and differentiation 

of encapsulated cells2. Hydrogel provides a suitable environment to cells, and cells 

preferably infiltrate and migrate into a degradable matrix3. The spatiotemporally dynamic 

nature derived by degradable matrix increases the porosity of hydrogel which provides 

sufficient room for cell movement and ECM depositions4,5.

Another need for hydrogel-based tissue regeneration is preventing from bacterial infection. 

It may lead to serious complications with inflammatory reactions, thereby resulting in 

unsuccessful wound repair6, 7. Injectable hydrogel can easily fill in the irregular shape of a 

wound and stick to the defect site to protect pathogenic infection from the outside 

environment8. However, bacterial colonization can also be easily bound in hydrogel due to 

its moist nature9, 10.

Chitosan, a deacetylated derivative of chitin11, is a biocompatible polysaccharide with 

plentiful amines which make it easy to modify with functional groups such as crosslinkable 

moieties12 and/or cell adhesion motifs13. It also has a broad antimicrobial activity due to its 

positively charged backbone14. Chitosan undergoes enzymatic degradation to nontoxic 

glucosamine in vivo by chitosanase and lysozyme15. Chitosan has been widely used as 

tissue-engineered scaffold in wound8, bone16, or cartilage17, 18 regeneration.

Lysozyme, a glycoside hydrolase, presents naturally in diverse human tissues and secretions 

as part of an innate protection system19, 20. It has distinctive antiviral, antiseptic, and anti-

inflammatory roles to be utilized in pharmaceutical sciences21 or food preservatives22. It 

attacks the linkage between N-acetylmuramic acid and N-acetylglucosamine, which exists in 

chitosan23 or peptidoglycan wall of gram-positive bacteria. Lysozyme treated with other 

additives such as a chelating agent, like ethylene diamine tetraacetic acid (EDTA)24, 25 or 

cationic biopolymer, like chitosan21, 26, could improve antibacterial ability toward gram-

negative bacteria. Lysozyme has high enzymatic specificity to hydrolyze glycosidic bonds of 

chitosan, and these byproducts are broken into glucosamine which is nontoxic to cells15, 27. 

Herein, our hydrogel design, with chitosan and lysozyme, offers a versatile platform that not 

simply exerts antimicrobial property, but also allows a bulk hydrogel with modular 

degradability to control cellular behavior and extracellular matrix formation for use in tissue 

engineering.

In our previous work, a visible light-induced hydrogel platform was developed using a 

photocrosslinkable methacrylated glycol chitosan (MeGC) and riboflavin photoinitiator for 

applications in tissue engineering28. MeGC hydrogels could be readily functionalized with a 

cell-adhesive motif, Arginine–Glycine–Aspartate (RGD-MeGC) or tissue-specific ECM 
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components to promote cell-matrix interaction13, 17, 18, 29. Lysozyme incorporation has been 

shown to modulate the degradation kinetics of MeGC hydrogels and enhance ECM 

depositions from the encapsulated cells30. Recently, MeGC could be nanoengineered with 

two-dimensional nanosilicate montmorillonite to form an interconnected microporous 

network31.

This research demonstrates that a novel lysozyme-chitosan conjugate has dual functions of 

tunable degradation and antibacterial activity. Lysozyme was modified with a methacrylate 

group to build a secure network with RGD-MeGC under visible light irradiation. The 

degradation of MeGC hydrogels mediated by lysozyme was characterized by mass change, 

swelling behavior, and compressive modulus. The effects of lysozyme on cell morphological 

change, proliferation, migration, and ECM depositions were studied after encapsulation or 

seeding of mouse fibroblasts (NIH/3T3s) on the MeGC hydrogel with or without RGD 

immobilization. Finally, the antibacterial properties of the hydrogels were tested against 

clinically applicable gram-positive and -negative model bacteria. This new lysozyme-

chitosan pair with dual functions provides great potential in tissue engineering applications.

2. Materials and Methods

2.1. Materials

Glycol chitosan (~100 kDa) was obtained from Wako Chemicals USA, Inc. (Richmond, 

VA). Glycidyl methacrylate, lysozyme from chicken egg white, and riboflavin were supplied 

by Sigma-Aldrich (St. Louis, MO). The mouse embryonic fibroblast (NIH/3T3, ATCC® 

CRL-1658™) was acquired from American Type Culture Collection (ATCC, Manassas, VA). 

High glucose Dulbecco’s Modified Eagle’s Medium (DMEM), Antibiotic-Antimycotic (AA, 

100X), Fetal Bovine Serum (FBS), trypsin, Luria-Bertani (LB) powder, LB-agar, calcein-

AM, ethidium homodimer-1, TRIzol, cDNA transcription kit, Succinimidyl-4-(N-

Maleimido-methyl)Cyclohexane-1-Carboxylate (SMCC), and Pierce BCA protein assay kit 

was purchased from Thermo Scientific (Rockford, IL, USA). RNeasy mini kit was supplied 

by Qiagen (Valencia, CA, USA). The GCGYGRGDSPG peptide (RGD peptide) was 

obtained from Anaspec, Inc. (Fremont, CA). All the products were used as received.

2.2. Preparation of Chitosan Hydrogels

RGD peptide conjugated chitosan hydrogel13 and methacrylated lysozyme (Lyz)30 were 

prepared by the previously published method. Briefly, 2% glycol chitosan solution and 10% 

lysozyme solution in distilled water were reacted with glycidyl methacrylate at 1 to 1 molar 

ratio. The methacrylated glycol chitosan (MeGC) was further modified with 7.4 mg mL−1 

SMCC solution for 16 h, purified, conjugated with 1 mg mL−1 RGD peptide for 16h, and 

purified. All hydrogels solutions were dissolved in 1x PBS or distilled water at 2%.

2.3. Characterization of Hydrogels

The 300 uL hydrogel was fabricated with two Lyz concentration (0 and 1 mg mL−1) in 48-

well plate as a mold. Then, hydrogels were cultured in PBS for 14 days and macroscopic 

images were obtained at day 0, 7, and 14.
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The 100 uL hydrogel solution with various Lyz concentrations (0, 0.1, and 1 mg mL−1) were 

mixed with 0.0125% riboflavin 0.5 uL and irradiated under visible blue light (VBL, 400–

500 nm, 300 mW cm−2, Bisco Inc., Schaumburg, IL) for 80 s for hydrogel fabrication.

Quantification of lysozyme tethered in hydrogel was measured by BCA protein assay after 3 

h washing in PBS. Then, hydrogels were fixed, sectioned to 5 μm, and immunostained with 

Alexa 488 secondary antibody to see lysozyme distribution.

The degradation of hydrogel with various Lyz concentration (0, 0.1, and 1 mg mL−1) was 

computed by the equation 1 measuring the dry weight change for two weeks after incubation 

in distilled water.

Hydrogel degradation ( % ) = W i − W t
W t

× 100 (1)

where Wi and Wt indicate the dry weight at initial and each respective time points.

The swelling ratio of hydrogel was quantified by the following equation 2.

Swelling ratio ( % ) = W s
W d

× 100 (2)

where Ws and Wd indicate the swollen and dry weight at each time points.

The compressive modulus of hydrogels was evaluated by the indentation test with a 1.6 mm 

diameter indenter using Instron electromechanical testing machine (Instron, Model 5564, 

Norwood, MA)12, 28.

2.4. In Vitro Cell Proliferation and Morphological Observation of the Encapsulated Cells

The hydrogels encapsulated with cells were cultured for two weeks and the alamarBlue 

assay was performed at the predetermined time points. The relative cell growth was 

computed by the equation 3.

Cell growtℎ ( % ) = Fe − Fb
Fc − Fb

× 100 (3)

where Fe, Fc, and Fb indicate the fluorescence value at 585 nm after excitation at 570 nm of 

experimental, control, and blank groups.

NIH/3T3 fibroblasts, a well-established cell line for wound healing studies, were cultured in 

culture media (DMEM, 10% FBS, and 1% AA) at 37 °C with 5% CO2 humidified 

environment. The cells were encapsulated in hydrogels at 2 × 106 cells mL−1 concentration 

and incubated in media for two weeks at 37 °C. The incubated hydrogels were collected at 

day 1, 7, and 14 to stain with calcein-AM to visualize the morphology of the encapsulated 

cells by a confocal multiphoton STED microscope (Leica TCS-SP5 AOBS, Buffalo, IL). All 

images were analyzed by ImageJ Analyze Particles tool (NIH, Bethesda, Maryland) to 

quantify the circularity and the aspect ratio of the cells.
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2.5. Extracellular Matrix Deposition in Hydrogels

Hydrogels after two weeks of culture were transferred in 10% formalin for 16 h to fix and 

total collagen accumulation in hydrogels was indicated by Picrosirius red (Polysciences, 

Inc.) staining. The quantification of total collagen in hydrogel was carried out by collagen 

assay kit (Sircol™).

The particular gene expressions during cell proliferation were studied by quantitative real-

time polymerase chain reaction (qRT-PCR). The total RNA from the collected hydrogels at 

day 4 and 14 were extracted by TRIzol and RNeasy mini kit. The reverse transcription of the 

total RNA was executed by cDNA transcription kit. Then, qRT-PCR was performed in a 

LightCycler 480 PCR (Indianapolis, IN) with SYBR Green under 45 cycles of amplification, 

and GAPDH expression was used for normalization. The primer sequences were given as 

following. GAPDH: AGGTCGGTGTGAACGGATTTG (forward) and 

TGTAGACCATGTAGTTGAGGTCA (reverse); FGF2: GCGACCCACACGTCAAACTA 

(forward) and TCCCTTGATAGACACAACTCCTC (reverse); COL1A1: 

AACCCGAGGTATGCTTGATCT (forward), CCAGTTCTTC ATTGCATTGC (reverse); 

COL3A1: CTGTAACATGGAAACTGGGGAAA (forward) and 

CCATAGCTGAACTGAAAACCACC (reverse). All experimental runs were triplicated.

2.6. In Vitro Cell Migration

The hydrogels were fabricated in 48-well plate as 300 μL, and 2 x 104 number of NIH/3T3s 

were seeded on the surface of each hydrogels. For two weeks, hydrogels were stained with 

calcein-AM and cell migration through Z-direction was observed by a confocal STED 

microscope (Leica Confocal SP5 MP AFM). Histological evaluation was performed by 

H&E staining of 5 μm hydrogel section at day 14.

2.7. Bacteria Culture

Fresh culture of gram-positive bacteria, vancomycin-resistant Staphylococcus aureus Mu50 

(S. aureus), and gram-negative bacteria, Escherichia coli K-12 (E. coli) were cultured by 

suspending a colony from LB-agar culture in 5 mL of sterile LB medium. The bacterial 

counts were measured by the optical density at 600 nm (OD600) by UV/Vis 

spectrophotometer (Beckman Coulter). Based on the OD600 value, bacterial colony-forming 

units (CFU) mL−1 was calculated.

2.8. Antibacterial Characterization of Hydrogels

The bacteria suspension was diluted to 5 × 107 CFU mL−1 in sterile LB. Lysozyme 

suspension was prepared in sterile LB (0, 0.01, 0.1, 0.5, 1, and 5 mg mL−1). The bacteria 

solution (500 μL) was mixed to lysozyme suspension (500 μL) and cultured for 5 h at 37 °C. 

The OD600 of bacteria and lysozyme mixture was measured at 0, 0.5, 1, 3 and 5 h. The 

bacterial survival rate was calculated by the equation 4.

Bacterial survival rate ( % ) = 1 − CFUexp
CFUcont

× 100 (4)
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where CFUexp and CFUcont indicate CFU mL−1 of an experimental and control group, 

respectively.

The measurements of inhibition zones of hydrogels were employed by the disc diffusion. 

The 100 μL of bacteria suspension of 106 CFU mL−1 was spread on LB-agar plate, 100 μL 

of hydrogels were placed on, and incubated at 37 °C for 16 h.

The morphological changes of E. coli and S. aureus after contact with hydrogel was 

observed using Scanning Electron Microscopy (SEM, FEI Nova NanoSEM 230, Hillsboro, 

OR). The bacteria sample was prepared by encapsulation in 2% hydrogel at 108 CFU mL−1 

concentration and incubated for 24 h at 37 °C. After incubation, hydrogels were fixed with 

2.5% glutaraldehyde for 2 h, dehydrated sequentially with 30, 50, 75, and 90% ethanol for 

10 min respectively, and air-dried for 30 min32, 33. All samples were gold-coated with a 

sputter coater at 20 mA under 70 mTorr for 1 min and imaged with SEM at an accelerating 

voltage of 8 kV with Everhart-Thornley Detector.

In vitro antimicrobial activity test was performed by microplate proliferation assay34. 

Hydrogels were incubated with 107 CFU bacterial solution of 200 mL in LB at 37 °C for 1 h 

and after incubation, hydrogels were washed with PBS to get rid of unattached bacterial 

cells. Then, the solution was incubated in 200 mL PBS with 1% LB for 16 h at 37 °C. After 

overnight incubation, 100 mL of LB was added in 100 mL of bacterial solution to culture in 

96-well plate for 24 h at 37 °C to monitor bacterial proliferation at 600 nm.

2.9. Statistical Analysis

Data is shown as mean ± standard deviation. Statistical analysis was carried out by multiple 

comparisons using one-way or two-way analysis of variance (ANOVA). The analysis was 

further tested by Bonferroni post-tests and p < 0.05 was regarded as statistically significant 

in this work.

3. Results

3.1. Characterization of Lysozyme-Chitosan Hydrogels

The fabrication of lysozyme-chitosan conjugated hydrogels with various concentrations of 

lysozyme (0, 0.1, and 1 mg mL−1) is illustrated in Figure 1. Methacrylation of lysozyme 

supported a stable conjugation in hydrogel as well as a homogenous distribution (Figure 1). 

Methacrylated lysozyme and its incorporation into hydrogels were also confirmed by FTIR 

spectra analysis (Figure S1). The macroscopic observation of hydrogel with lysozyme 

modification induced the bulk degradation for 14 days (Figure 2a). The incorporation of 

lysozyme significantly accelerated the degradation rate regardless of RGD modification 

(Figure 2b). Without the lysozyme modification, hydrogels maintained its weight around 

85% up to day 14. However, as lysozyme concentration increased from 0.1 to 1 mg mL−1, 

the remaining gel weight at day 14 decreased to 50%. In addition, the swelling ratio of 

hydrogels also enhanced in a lysozyme dose dependent manner over time (Figure 2c). It is 

potentially correlated with increased hydrogel network mesh size after degradation. The 

swelling ratio of ML1 increased from 40.6 ± 3.3 at day 0 to 260.2 ± 43.8 at day 7, and 477.9 

± 50.7 at day 14. The swelling ratio of RL1 increased from 43.0 ± 2.1 at day 0 to 291.5 ± 3.4 
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at day 7, and 512.3 ± 28.2 at day 14. Degradation increased the swelling ratio of hydrogel 

with higher lysozyme concentration. The compressive modulus also decreased over time 

with higher lysozyme concentration (Figure 2d). The compressive modulus of ML1 

decreased from 7.1 ± 1.2 at day 0 to 3.3 ± 0.4 at day 7, and 1.4 ± 0.6 kPa at day 14. The 

compressive modulus of RL1 decreased from 7.3 ± 0.3 at day 0 to 3.5 ± 1.2 at day 7, and 1.4 

± 0.5 kPa at day 14. These results indicate that physical characteristics of hydrogels are 

mainly governed by lysozyme incorporation, not RGD modification.

3.2. In Vitro Cell Proliferation and Morphological Observation of the Encapsulated Cells

The morphology of encapsulated NIH/3T3s in different hydrogels showed significant change 

over 14 days of culture (Figure 3a). Six different hydrogels were fabricated by mixing two 

base hydrogels (MeGC and RGD-MeGC) with three different concentrations of lysozyme 

(0, 0.1, 1 mg mL−1). Although the cells in MeGC groups (ML0, ML0.1, and ML1) kept 

spherical shape over time, the cells in RGD groups (RL0, RL0.1, and RL1) started to change 

to oval shape individually at day 1 and become more polarized and stretched out at later time 

points. Especially, the effects of lysozyme were clearly observed in RGD groups with the 

broader area of spreading. The circularity of individual cells decreased with RGD 

modification as well as lysozyme incorporation (Figure 3b). A circularity value of 1.0 means 

an ideal round shape, and a value approaching 0.0 means an elongated shape. The aspect 

ratio also increased with RGD modification and lysozyme incorporation (Figure 3b). Even 

though there were no morphological changes of the cells with lysozyme incorporation in 

MeGC groups, the cell growth result showed that the lysozyme enhanced cell proliferation 

about 1.6 times higher at day 14 compared with day 0 (Figure 3c). The enhancement of cell 

proliferation with lysozyme incorporation was also observed in RGD groups. We could 

observe the additive effects of RGD conjugation as well as lysozyme incorporation on cell 

growth.

3.3. Extracellular Matrix Deposition in Hydrogels

Total collagen deposited in hydrogels was characterized by a picrosirius staining and a 

collagen assay. A higher buildup of collagen was observed as seen by the stronger red color 

in Figure 4a. Various gene expression guiding ECM deposition was evaluated by qRT-PCR 

results. The expression of FGF2, fibroblast growth factor 2, at day 4 was upregulated with 

lysozyme incorporation in both MeGC and RGD groups (Figure 4b). In addition, all RGD 

groups had higher expression which also correlated with the cell proliferation result in 

comparison to MeGC groups (Figure 3c). The expression of Col3a, type III collagen, at day 

4 also exhibited similar pattern with FGF2. However, at day 14, Col3a expression was 

downregulated which indicated that both FGF2 and Col3a genes upregulated in early 

proliferative phase (Figure 4c). At day 14, Col1a, type I collagen, expression was 

upregulated, and the ratio of Col1a to Col3a increased with RGD and lysozyme co-

modification (Figure 4d). These results demonstrated the synergistic effect of RGD and 

lysozyme on collagen expression.

3.4. In Vitro Cell Migration

The NIH/3T3s seeded on hydrogels surface were monitored for two weeks in both vertical 

(xz) and horizontal (xy) direction (Figure 5a). At day 1, cells only stayed on the top of 
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hydrogels (xz) and scattered individually (xy). Although cell migration along vertical 

direction was barely noticed at day 7, cells started to spread throughout the surface of 

hydrogels along horizontal direction. In addition, spreading area on hydrogel surface 

increased with lysozyme incorporation. However, cells started to spread throughout the 

hydrogel mass (xz) at day 14, and lysozyme incorporated groups (RL0.1 and RL1) showed 

deeper depth compared with the nonmodified group. H&E staining images at day 14 also 

confirmed the invasion of cells from the surface through hydrogel bulk with lysozyme 

incorporation (Figure 5b). This implied that lysozyme incorporation induced cell migration 

not only on the surface level but also in a deeper level.

3.5. Antibacterial Characterization of Hydrogels

The survival rates of two bacterial strains, S. aureus and E. coli, the most common gram-

positive and negative nosocomial pathogen possibly leading to multiple infectious 

diseases35, were studied by exposing bacterial strains to various concentrations of free 

methacrylated lysozyme, 0, 0.01, 0.1, 0.5, 1, and 5 mg mL−1 (Figure 6a and b). Antibacterial 

properties of lysozyme started to show at 0.1 mg mL−1 for both strains but were more 

effective on S. aureus compared to E. coli. However, 5 mg mL−1 treatment exhibited the 

lowest survival rate which can be considered as the most efficacious concentration for both 

strains.

Antimicrobial activities of lysozyme incorporated hydrogels against gram-positive and 

negative bacterial strains were investigated with various approaches. The control hydrogel 

without lysozyme did not prevent bacterial proliferation, while the hydrogel modified with 

lysozyme showed antibacterial effect for both strains (Figure 7a). Lysozyme incorporation in 

hydrogels delayed the initial bacterial growth and reduced the number at the final phase. Lag 

time of bacterial growth was extended in lysozyme incorporated hydrogels. Antibacterial 

properties were more effective on S. aureus than E. coli due to the longer initial holdup of 

bacterial growth for S. aureus. This holdup time became longer by decreasing the initial 

bacterial inocula from 107 to 106 CFU per hydrogel. The growth of two bacterial strains on 

the agar plates were visualized to show the antibacterial activity of lysozyme incorporated 

hydrogels (Figure 7b). The bacterial strains totally covered the plates with the nonmodified 

hydrogel after 24h incubation. However, inhibition occurred for both strains near the 

lysozyme modified group at the same time point. The bacterial morphology observed by 

SEM also confirmed the antimicrobial effect of lysozyme (Figure 7c). After 24h culture of 

the bacterial seeding, the bacteria clustered together on the surface of the hydrogel. Both 

bacterial strains exposed to the nonmodified hydrogel showed regular and smooth surface, 

while lysozyme exposed groups showed the cell lysis and the membrane disruption.

4. Discussion

The characteristics of lysozyme and chitosan have been well investigated in many fields 

including biomaterials36, food industry20 or microbiology37. Lysozyme found in the human 

body presents as serum, tears, saliva, or urine where bacterial activity is high38. Degrading 

rate of lysozyme decreases with crystallinity and deacetylation degree of chitosan39–41. 
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Lysozyme, particularly degrading chitosan, enables lysozyme-chitosan conjugate to exhibit 

additional functions as a tissue-engineered scaffold.

Lysozyme modification in chitosan hydrogel could specifically modulate its degradation30. 

Covalently conjugated lysozyme greatly increased the degradation rate of chitosan hydrogels 

over time, while the mass loss of hydrogels simply mixed with lysozyme was not 

significantly different compared to control hydrogels not containing lysozyme (Figure S2). 

Thus, we did not test the simple mix group for further cell culture studies. We have shown 

that peptides such as RGD or phosphoserine conjugation of chitosan hydrogel did not alter 

compressive modulus which may affect viability or differentiation of cells13. Overall 

material characterization result showed that RGD conjugation to chitosan hydrogel did not 

significantly change its swelling ratio or its compressive modulus. The successful fine-tuned 

degradation, swelling ratio, and compressive modulus were accomplished by changing 

lysozyme concentrations regardless of RGD modification (Figure 2).

It was demonstrated that RGD modification of hydrogel provides a beneficial surface for 

cellular activity42–44 and that a degradable local environment could induce the spreading of 

the encapsulated cells45, 46. In our recent studies, RGD modification improved the cell 

spreading and attachment on hydrogel surface13 and hydrogel degradation was closely 

associated with the enlargement of pore sizes which induced cell migration in hydrogels. 

Therefore, the significant change of cell morphology due to high spreading and enhanced 

proliferation were observed with the incorporation of RGD and lysozyme (Figure 3). Fast 

degrading hydrogel increased the proliferation rate of encapsulated cells (Figure 3c). 

However, high lysozyme concentration over 10 mg mL−1 negatively affected cell 

proliferation due to rapid loss of mechanical strength of the gel in our previous study30.

The wound healing process follows several critical steps: hemostasis, inflammation, 

proliferation, and remodeling, which are orchestrated by critical molecular, cellular, and 

physiologic incidents47. Multiple growth factors such as fibroblast growth factors (FGFs), 

transforming growth factors (TGFs), and vascular endothelial growth factors (VEGFs) were 

secreted at the proliferative phase, and subsequently induced cell proliferation, migration, 

and ECM formation48. A secretion of type III collagen, a thin fiber, was predominantly 

increased at the early remodeling phase, and replaced by type I collagen, a thick fiber49. 

Therefore, the increment of Col1a to Col3a ratio at the late remodeling phase showed the 

substitution of thin collagen to thick one (Figure 4d). In addition, total accumulation of 

collagen at the late remodeling phase also supported the granulation tissue formation50 

appearing at the healed wound (Figure 4a). RGD and lysozyme co-modification 

synergistically upregulated growth factors and extracellular matrix protein expressions 

which assisted better wound healing. Degradation of hydrogel led by lysozyme 

incorporation produced a space for cell migration and ECM accumulation51. The synergistic 

effect of RGD to lysozyme modification allowed increased cell proliferation and elevated 

ECM depositions, triggering cell movement throughout hydrogel bulk (Figure 5).

The major hurdle to construct an antibacterial scaffold is complication of selecting specific 

antibiotics due to their toxicity or multi-drug resistance52. However, general antiseptics such 

as lysozyme are less likely to affect cell growth or induce microbial resistance53, 54 
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Lysozyme is a well-known lytic enzyme with stable three-dimensional structure over a broad 

range of pH and temperatures55, which made it easy to modify with methacrylate group for 

this study. We have performed additional lysozyme bioactivity study in different pH levels 

(Figure S3). The pH value of wounds varies from neutral to light alkaline and reduces to an 

acidic state during progression toward healing56, 57 Methacrylated lysozyme exhibited high 

bioactivity comparable to native lysozyme in various pH ranges (pH 4.5-8.5). Also, 

antimicrobial scope of lysozyme could be enhanced with the combination of other material 

such as hydrogen peroxide and ascorbic acid37 or chitosan14. Chitosan has a cationic nature 

which showed broad antimicrobial features14, 26 including cell membrane damage or 

bacterial cell disintegration conducting cell lysis58, 59. In particular, the limited efficacy to 

gram negative bacteria could be complemented60, which was also verified in our 

antibacterial studies of lysozyme-chitosan conjugate to both S. aureus and E. coli (Figure 7). 

Although lysozyme is acclaimed for its bactericidal effect to gram-positive bacteria through 

peptidoglycan hydrolysis, several studies suggest the effectiveness of lysozyme to gram-

negative bacteria through non-lytic mechanisms involving membrane perturbation based on 

its cationic and hydrophobic properties61, 62. The exact mechanism of the observed 

antibacterial effect of lysozyme-chitosan conjugate is not clear. Previous studies reported 

excellent surfactant activity of lysozyme with improved antibacterial property when 

conjugated with a polysaccharide including dextran and chitosan, in particular against gram-

negative bacteria63–66. Thus, one possible explanation is that the strong surfactant activity of 

the lysozyme-chitosan conjugate may cause the destruction of the outer membrane and 

subsequent lysis of the peptidoglycan layer of gram-negative bacteria. The observed 

inhibition zone (Figure 7a) can be attributed to the released lysozyme and chitosan 

conjugate. Lysozyme may cleave chitosan polymer chains and accelerate hydrogel 

degradation as shown by increased mass of the gel with lysozyme incorporation, resulting in 

destabilization of the gel network and leaching of smaller fragments. The presence of 

lysozyme in the leaching agent was confirmed by SDS-PAGE gel electrophoresis (Figure 

S4). The leaching agent showed broad high molecular weight bands as well as a strong band 

corresponding to lysozyme, indicating the release of lysozyme and chitosan conjugates.

This study intended to clearly define the separate benefits of each component in the 

chitosan-lysozyme conjugate by demonstrating the degradation and antimicrobial properties 

in vitro. However, in complex in vivo environment, infectious organisms would trigger 

body’s immune response and inflammation that may affect host cell infiltration and tissue 

integration. Future study will be performed in animal models to further elucidate the 

advantages of the hydrogel. In vivo setting, it is possible that the hydrogel may leak or loss 

adherence in the defect site due to low initial mechanical strength. If this is the case, we 

would increase hydrogel crosslinking density by modifying initiator concentration or 

irradiation time. Given the relatively low antibacterial activity of lysozyme on gram-negative 

bacteria, the antimicrobial spectrum of lysozyme could be further broadened by various 

chemical modifications63, 67, 68. Previous studies demonstrated that conjugation of fatty 

acids (e.g. palmitic acid) to lysozyme highly increased bactericidal activity of lysozyme 

against gram-negative bacteria with little effect on its lytic activity67. A unique lysozyme-

chitosan conjugate with dual functions has a potential to be applied to different fields. Future 

studies will evaluate the potential of this system as a drug delivery carrier with controlled 

Kim et al. Page 10

ACS Appl Bio Mater. Author manuscript; available in PMC 2021 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



release via tunable degradation in infected areas. Successful completion of this study will 

identify a new strategy to improve clinical efficacy of current tissue-engineered hydrogel 

platform.

5. Conclusions

In this work, a new hydrogel platform was designed to provide the most favorable 

microenvironment for the repair of damaged tissues. A distinctive enzyme-substrate 

conjugate was used as a hydrogel matrix with tunable degradability that presented two 

beneficial roles. We demonstrated that lysozyme-chitosan pair can control matrix 

degradation to direct the behaviors and functions of cells. It also provided an antibacterial 

nature to protect from pathogenic infection. These discoveries propose a promising hydrogel 

system to reduce bacterial infection and promote tissue regeneration.
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Figure 1. 
Scheme of dual-functional lysozyme-chitosan conjugate hydrogel. Chemical structure of 

methacrylated chitosan and methacrylated lysozyme. Hydrogel fabrication under visible 

light curing with a photoinitiator, riboflavin. Quantification of lysozyme tethered in the 

hydrogel. Scale bar is by 100 μm. The hydrogel presenting dual functions to induce 

degradation and prevent bacterial infection.
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Figure 2. 
Characterization of a lysozyme-chitosan conjugate hydrogel. (a) Macroscopic observation of 

hydrogel degradation with lysozyme modification for 14 days. Scale bar is 5mm. (b) 

Degradation profile measured by the dry weight change of hydrogels for two weeks. (c) 

Swelling ratio of hydrogels calculated by the proportion of wet and dry weight of hydrogels 

for two weeks. (d) Compressive modulus of hydrogels with RGD and lysozyme 

modification for two weeks. *p < 0.05, **p < 0.01, ***p < 0.001 compared to ML0. #p < 

0.01 compared to RL0. ¶p < 0.01 compared to ML0.1.
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Figure 3. 
In vitro studies of encapsulated NIH/3T3s in hydrogels with RGD and lysozyme 

modification for two weeks, (a) Representative confocal images to show morphological 

change of the cells (green). Scale bar is 100 μm. (b) Circularity and aspect ratio of cells at 

day 14 quantified by ImageJ. (c) Relative cell growth analyzed by alamarBlue assay. *p < 

0.05, **p < 0.01, ***p < 0.001 compared to ML0.
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Figure 4. 
In vitro extracellular matrix deposition in hydrogels with the encapsulation of NIH/3T3s 

over two weeks. (a) Picrosirius staining images representing total collagen deposition in 

hydrogels and quantified collagen amount at day 14. Gene expression related with 

fibroblasts, (b) FGF at day 4, (c) Col3a at day 4 and 14, and (d) The ratio of Col1a to Col3a 
at day 14. *p < 0.01 compared to ML0. #p < 0.01 compared to other groups (ML0, ML0.1, 

ML1, RL1, and RL0.1).
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Figure 5. 
In vitro monitor of NIH/3T3s migration on hydrogels. (a) Cell migration in both vertical (xz) 

and horizontal (xy) directions for two weeks. Cells seeded on the exterior of hydrogels at 

day 0 and started to spread all over the bulk hydrogel. Scale bar is 300 μm for (xz) images 

and 100 μm for (xy) images. (b) Histological evaluation of migrated cell throughout 

hydrogel bulk at day 14. Scale bar is 50 μm.
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Figure 6. 
In vitro antibacterial effects of free lysozyme with different concentration (0, 0.01, 0.1, 0.5, 

1, and 5 mg mL−1) for five hours. Studies against (a) gram-positive, S. aureus and (b) gram-

negative, E. coli.
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Figure 7. 
In vitro antibacterial characterization of lysozyme incorporated hydrogels, (a) Agar petri 

dish cultured with S. aureus and E. coli with hydrogel samples placed on the center of the 

dish for one day to analyze inhibition zone. Circle areas of inset indicate the inhibition zone, 

(b) SEM micrographs of S. aureus and E. coli in the hydrogels following one day incubation. 

The white arrows indicate the damaged bacterial membranes or intracellular efflux after 

contact with the hydrogel modified with lysozyme. Scale bar is 2 μm. (c) Antibacterial 

activity of the hydrogels with different lysozyme concentrations (RL0, RL1, RL10) to S. 
aureus and E. coli over 24h tested by microplate proliferation assay.
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