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Design of Apoptotic Cell-Mimetic Wound Dressing using 
Phosphoserine-Chitosan Hydrogels 

Gyeongwoo Lee a, b, Ahmed Nabil a, c, Oh Hyeong Kwon d, and Mitsuhiro Ebara*a, b, e 

Inflammatory M1 macrophages, creating a hostile environment that impedes wound healing. Phosphoserine (PS) is a 

naturally occurring immunosuppressive molecule capable of polarizing macrophages from an inflammatory phenotype (M1) 

to an anti-inflammatory phenotype (M2). In this study, we designed, fabricated, and characterized PS-immobilized chitosan 

hydrogels as potential wound dressing materials. A PS group precursor was synthesized via a phosphoramidite reaction and 

subsequently immobilized onto the chitosan chain through an EDC/N-hydroxysuccinimide reaction using a crosslink moiety 

HPA. The PS/HPA-conjugated chitosan (CS-PS) was successfully synthesized by deprotecting the PS group in HCl. In addition, 

the hydrogels were prepared by the HRP/H2O2 enzyme catalyst reaction with different PS group contents (0, 7.27, 44.28 and 

56.88 μmol/g). The immobilization of the PS group improved the hydrophilicity of the hydrogels. Interestingly, CS-PS 

hydrogel treatment upregulated both pro-inflammatory and anti-inflammatory cytokines. This treatment also resulted in 

alterations in macrophage cell morphology from the M1 to M2 phenotype. CS-PS hydrogel significantly accelerated diabetic 

wound healing. Overall, this study provides insights into the potential of PS-immobilized hydrogel materials for improved 

inflammatory disease therapy.

Introduction 

Inflammation control is essential in the wound-healing process. As 

innate immune cells, macrophages play pivotal roles in inflammation 

and tissue repairing 1. They are classified into classically stimulated 

macrophage (M1) and alternatively stimulated macrophage (M2) 2. 

M1 macrophages mediate inflammatory responses, such as reactive 

oxygen species (ROS) generation, inflammatory cell recruitment, and 

phagocytosis 3. Eliminating pathogens and damage-associated 

molecular patterns stimulates the polarization of M1 macrophages 

into M2 macrophages, which mediate inflammation resolution, 

clearance of dead tissues, and tissue repair 4. Therefore, it is reported 

that the suppression of inflammation can accelerate the wound healing 
5. 

 Therefore, inflammation control is necessary to realize effective 

wound healing. Despite the development of numerous anti-

inflammatory drugs (e.g., nonsteroidal candidates) and molecular 

targeted therapies, their therapeutic efficacies remain limited, and they 

often have drawbacks such as cytotoxicity leading to renal 

impairment. Common side effects such as stomach ache, nausea, and 

vomiting, as well as poor bioavailability, further compound their 

limitations 6,7. Therefore, new candidates that can effectively control 

inflammation while minimizing cytotoxicity for improved wound 

healing are urgently needed. In response to this need, many 

researchers have recently directed their attention toward oxidative 

stress suppression as an alternative promising approach to anti-

inflammatory therapy. Recently, our research group achieved success 

in designing and fabricating a hydrogel wound dressing that 

incorporates catechin, an ROS scavenger. This innovative dressing 

demonstrated enhanced collagen regeneration while simultaneously 

inhibiting inflammatory cell recruitment 8. This result indicates the 

importance of immune suppression for effective wound healing. 

Other trials have focused on direct modulation of the immune 

microenvironment based on treatment with growth factors and 

cytokines to improve wound healing. For instance, diabetic mice 

treated with an optimal concentration of granulocyte-macrophage 

colony-stimulating factor (GM-CSF) exhibited accelerated wound 

healing 9. Other reports have demonstrated that treatments involving 

platelet-derived growth factor (PDGF) and transforming growth 

factor beta 1 (TGF-β1) can effectively dampen inflammation and 

accelerate the wound healing process 10,11. Interleukin 22 (IL-22) 

treatment can accelerate wound healing and angiogenesis 12. This 

accumulating evidence indicates that modulating immune 

microenvironments using specific factors, as mentioned above, can be 

a potent therapeutic approach to achieve improved wound healing. 

However, due to the complexity of the immune microenvironment in 

the wounds, except for GM-CSF and PDGF, other cytokine treatments 

have remained FDA-unapproved 13,14. Therefore, developing a new 

therapeutic approach capable of effectively modulating immune 
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microenvironments for enhanced wound healing is of utmost 

importance. 

 Phosphoserine (PS) is a naturally occurring immunosuppressive 

biomolecule that serves as the lipid head of phospholipids found in 

the inner cell layer. Interestingly, the PS groups are usually exposed 

on the cellular surface during apoptosis 15. Through the uptake of 

apoptotic cells by various immune cells, exposed PS groups can 

interact with receptors on these immune cells, resulting in the 

suppression of immune responses. Exposure to apoptotic cells can 

trigger macrophage polarization from the M1 to M2 phenotypes 16 and 

can induce dendritic cell maturation and CD4+ lymphocyte 

suppression 17,18. In the previous study, we focused on harnessing the 

PS immunosuppressive potential by introducing PS groups into a 

methacrylate polymer chain to fabricate anti-inflammatory 

nanoparticles. Interestingly, both PS-conjugated synthetic polymer 

and PS polymer nanoparticles induced significant anti-inflammatory 

effects. These designed polymers showed diminished pro-

inflammatory cytokine secretion while enhancing macrophage 

polarization from the M1 to M2 phenotypes 19,20. 

Despite their immunomodulatory effects, the therapeutic potential 

of PS remains unclear. Here, we hypothesize that PS stimulates the 

polarization of macrophage phenotypes, thereby favorably altering 

the overall immune microenvironment that improves wound healing. 

To validate our hypothesis, we designed, characterized, and fabricated 

a PS-immobilized In-situ hydrogel material as a potential 

immunomodulatory wound dressing (Scheme. 2). Given that 58% of 

diabetic wounds manifest infections, chitosan was selected for 

polymer matrix considering inherent anti-microbial activity21. The PS 

groups and crosslink moieties were immobilized onto chitosan 

polymer while adjusting the degree of PS substitution under varying 

concentrations. Hydrogels were prepared using the HRP/H2O2 

enzyme catalyst reaction and evaluated for their gelation time, storage 

modulus, swelling ratio, biodegradation behavior, and 

biocompatibility, followed by their anti-inflammatory potential 

evaluation.  

Results and Discussion 

Synthesis of PS/HPA-conjugated chitosan 

Chitosan was acetylated to improve water solubility and 

immobilize the PS group. Boc-PS was synthesized using the 

phosphoramadite reaction, followed by immobilization of Boc-PS and 

HPA onto the chitosan chain via the EDC/N-hydroxysuccinimide 

(NHS) reaction. Subsequently, the Boc group was deprotected in HCl 

to obtain PS/HPA-conjugated chitosan (Scheme 1). To fabricate 

different PS group contents containing hydrogel, different feed ratios 

of Boc-PS (0, 5, 50 and 100 w/w%) were used with chitosan (Table 

S1). 

The conjugation of Boc-PS and HPA and the deprotection of the 

Boc group were characterized using 1H NMR (Fig. 1 a–c). In the 

acetylated chitosan spectra, only the characteristic peaks of D-

glucosamine and N-acetyl glucosamine were observed, except for the 

solvent peak at 4.9 ppm of water and 2.0 ppm of acetic acid 22. After 

conjugation, while the characteristic peaks of the phenol group in 

HPA were observed at 6.6 and 6.9 ppm, respectively, that of the Boc 

group was observed at 1.1 ppm. This means that HPA and Boc-PS 

were simultaneously introduced by the EDC/NHS reaction. After 

deprotection, while the characteristic peak of the Boc group at 1.1 

ppm completely disappeared, those of the phenol group remained. 

Notably, 4 M HCl seemed to be sufficient to deprotect the Boc group 

without amide bond cleavage. 

Scheme. 1 Schematic representation of PS/HPA-conjugated chitosan hydrogel and macrophage polarization in the wound. 
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To quantify the PS group, the phosphorous content was quantified 

by ICP-OES spectroscopy (Fig. 1d). As the PS group contains only 

one phosphorous molecule, the phosphorous content is equivalent to 

the PS group content. The phosphorus content of each sample was 

1.32, 7.27, 44.28 and 56.88 μmol/g, respectively. The phosphorous 

content was named to each sample. Neat chitosan was named to CS, 

and PS incorporated CS was named to the CS-PS 7, CS-PS 44, CS-PS 

56 with 5, 50, and 100 w/w% of feed ratio, respectively. Phosphorous 

content increased with an increase in the feed ratio of Boc-PS, 

although not a linear increase.  

To quantify the HPA group, the phenol group in HPA was 

quantified by UV–vis spectroscopy. The phenol group contents in 

each sample were calculated to be 10.4, 9.47, 8.00 and 5.1 μmol/g, 

respectively. These contents decreased as the Boc-PS feed ratio 

increased because HPA and Boc-PS competitively reacted to 

conjugate with the amine group during the EDC/NHS reaction.  

Optimization of gelation behavior 

The CS and CS-PS was fabricated to hydrogel using the HRP/H2O2 

enzyme/catalyst reaction (Fig. S1). In this system, HRP acts as a 

catalyst, and H2O2 act as a crosslinking agent. The catalytic cycle of 

HRP oxidizes the phenol group to phenoxy radicals by converting 

H2O2 to H2O, after which the oxidized phenoxy radicals can be 

crosslinked with each other by extinguishing radicals 23.  

Scheme 2. Synthesis of Boc-PS and conjugation of Boc-PS and HPA to chitosan, and deprotection of the Boc group. 

Fig. 1 1H NMR spectra of the (a) acetylated chitosan, (b) Boc-PS/HPA conjugated chitosan, and (c) after the deprotection. The calculated contents of (d) phosphorous and) phenol 

in each chitosan derivatives which are measured by ICP-OES and UV-vis spectrometer. 
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We measured the storage modulus to optimize the mechanical 

property and gelation behavior of the hydrogel. The storage modulus 

and gelation time were measured under different conditions of HRP 

and H2O2 concentrations and Boc-PS feed ratios (Fig. 2). The storage 

modulus of chitosan hydrogels was not significantly affected by HRP 

concentrations, but the gelation time was highly decreased from 50 to 

14 s following the HRP concentration (Fig. 2a and b). The storage 

modulus increased from 27 to 185 Pa with the H2O2 concentration, 

but the gelation time was not significantly affected (Fig. 2c and d). 

These findings corroborated a previous result that showed that 

excessive H2O2 concentrations diminished HRP activity, with 

decreased a storage modulus 24. Notably, a decrease in storage 

modulus was not observed in all H2O2 concentrations in this study. 

Therefore, H2O2 did not affect HRP activity during chitosan hydrogel 

formation, indicating that both the concentration ranges of HRP and 

H2O2 are optimal for stable gelation. 

Fig. 2 (a) Storage modulus and (b) gelation time of CS hydrogels upon different HRP concentrations with fixed H2O2 concentration at 0.2 mM. (c) Storage modulus and (d) gelation 

time of CS hydrogels upon different H2O2 concentrations with fixed HRP concentration at 0.07 unit/ml. (e) Storage modulus and (f) gelation time of CS and CS-PS hydrogels with 

fixed HRP and H2O2 concentration at 0.07 unit/ml and 0.2 mM, respectively. (Mean ± SD, n = 5). 

Fig. 3 a) Biodegradation behavior of hydrogels over 7 days in 400 unit/ml of lysozyme containing PBS and b) cell viability of RAW blueTM cell line after coverage with the hydrogel, 

measured by Alarma blue assay. (Mean ± SD, n = 8). 
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The gelation time and storage modulus for the PS group content 

were tested in the intermediate HRP (0.07 unit) and H2O2 (0.2 mM) 

concentrations (Fig. 2e, f). Regarding the storage modulus, none of 

the hydrogels showed significant differences between the PS group 

content. However, the gelation time increased up to 10 s at the highest 

PS group content. The high feed ratio of the PS group seemed to 

hinder the substitution of HPA, with low HPA substitution resulting 

in a delayed gelation time. This data agrees with that of other 

enzyme/catalyst crosslink hydrogels 25. An optimal gelation time is 

important for the usability of an in situ gel because crosslinking the 

gel quickly can trigger nozzle clogging, while prolonged time can 

result in the hydrogel flowing away from the wound site. The current 

gelation time range is deemed optimal for convenient applications. 

The realized storage modulus is considered an optimal range since the 

human skin has 400 to 1000 Pa of storage modulus 26. Therefore, this 

finding suggests that the developed hydrogels do not hinder wound 

contraction. Notably, we used the current concentrations of HRP and 

H2O2 for continued experiments, as they showed optimized storage 

modulus and gelation time. 

In vitro biodegradation and cell viability using the developed 

hydrogel. 

To test biodegradability, hydrogels were immersed in lysozyme 

containing PBS with same concentration of wound exudate, and 

degradation behavior was investigated (Fig. 3a). All hydrogels 

gradually degraded over 7 days. As the PS group content increased, 

biodegradability improved. The CS hydrogel showed the slowest 

biodegradation, while the CS-PS 7 hydrogel showed better 

biodegradation. The CS-PS 56 hydrogel showed the fastest 

biodegradation. This result deviates from the relationship with the 

storage modulus. Biodegradation behavior typically follows 

mechanical properties because similar mechanical properties mean 

similar crosslink density 24. However, despite their similar storage 

moduli, the hydrogels showed different biodegradation behaviors 

based on PS group content. Because immobilization of the PS group 

can yield improved hydrophilicity, thereby accelerating 

biodegradation, we evaluated hydrophilicity by measuring the 

equilibrium swelling ratio (Fig. S2). The equilibrium swelling ratio 

also increased as the PS group content increased. These findings agree 

with previous reports, which revealed that the immobilization of 

phosphocholine can improve the hydrophilicity of hyaluronic acid 

while enhancing material hydration 27. Also it is reported that 

enhanced wettability accelerate wound healing by absorption of 

exudates 28.  Therefore, our data indicates that PS group 

immobilization improve the hydrophilicity the one of properties for 

effective wound care.  

We evaluated the cell viability of macrophages using the Alamar 

blue assay after covering them with hydrogels (Fig. 3b). All hydrogel 

formulations resulted in cell viability exceeding 100%. This means 

that the chitosan hydrogel itself is nontoxic and that the immobilized 

PS group can induce biological activity without any cytotoxicity. We 

also tested the cell viability of fibroblasts (Fig. S3) and found no 

cytotoxicity, indicating that the non-cytotoxic effect of the fabricated 

hydrogels is not cell-type specific. 

Cytokine secretion and cell morphology 

 To verify the secretion of cytokines under hydrogel stimulation, cell 

supernatants were tested by enzyme-linked immunosorbent assay 

(ELISA) (Fig. 4). Concerning pro-inflammatory cytokines (e.g., TNF-

α and IL-6), CS and CS-PS hydrogels induced higher secretion than 

the control group (Fig. 4a, b), but CS-PS showed higher secretion than 

CS hydrogel in IL-6 secretion. Despite the increased secretion of pro-

inflammatory cytokines, the CS-PS hydrogels also showed improved 

secretion of TGF-β1 and IL-10 in the case of anti-inflammatory 

cytokines, which was comparable to that of pro-inflammatory 

cytokines (Fig. 4c, S4). However, the CS hydrogel did not show 

significant TGF-β1 secretion but showed similar secretion to the CS-

PS hydrogel regarding IL-10. Notably, the effect of the PS group was 

not concentration dependent.  

 We believe that this study is the first to immobilize PS groups onto 

hydrogels in order to evaluate their anti-inflammatory effects. Our 

findings revealed that the CS-PS hydrogels stimulated macrophages 

to secrete both IL-10 and TGF-β1 with pro-inflammatory cytokines, 

while the CS hydrogels showed secretion of only IL-10 and high pro-

inflammatory cytokine. Building upon our previous research findings, 

we discovered that PS-immobilized polymer nanoparticles reduced 

pro-inflammatory cytokine secretion 19, suggesting chitosan 

involvement in modulating this secretion.  

Fig. 4 Cytokine secretion of the pro-inflammatory and anti-inflammatory cytokines: a) IL-6, b) TNF-α, c), and TGF-β1. (Mean ± SD, n = 8, ***: p < 0.001). 
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To provide more insight, we reproduced the particle in our previous 

research, and IL-6 secretion was tested (Fig. S5). The PS group-

immobilized nanoparticles showed decreased IL-6 secretion unlike 

chitosan hydrogels. This data corroborated that of a previous report 29, 

which revealed that high molecular weight chitosan suppress 

inflammation, but low molecular weight chitosan promote 

inflammation. Considering the developed chitosan hydrogels, it is 

considered that some of low molecular weight chitosan chain was not 

completely crosslinked and be leaked from hydrogel, and pro-

inflammatory secretion was stimulated. Also, this data supports the 

reason that the effect of PS group doesn’t follow concentration 

dependent manner. In this research, total PS group concentration of 

particle is 9.3 μM and CS-PS 7 is 35 μM, respectively. It indicates that 

all PS group concentrations in CS-PS hydrogels are higher than 

minimum effective dosage.  

Macrophages exhibit different cellular shapes depending on their 

phenotypes. Before LPS stimulation, macrophage (M0) has a circular 

shape. However, while classically LPS-stimulated macrophage (M1) 

has a flat and dendrimer-like shape, alternatively polarized 

macrophage (M2) has a linearly expanded shape 30. Before and after 

the sample treatment, the cellular shape of macrophages was observed 

under an optical microscope (Fig. 5). While M0 macrophage showed 

a circular shape, macrophages in the control group (LPS and PBS-

treated) showed an expanded dendrimer-like shape. The CS hydrogel-

treated macrophages also showed an expanded shape compared to 

M0. Nevertheless, the CS-PS hydrogel-treated macrophages exhibited 

a linearly extended shape. The PS group in the CS-PS-stimulated 

macrophage induced macrophagic polarization to an M2 anti-

inflammatory phenotype, and these morphological observations 

corroborated our previous reports 19,20. Macrophages can be polarized 

into distinct phenotypes: pro-inflammatory phenotype M1 and anti-

inflammatory phenotype M2. However, within the M2 phenotype, 

specific subsets have been identified, including M2a, M2b, M2c, and 

M2d. Among these subsets, M2a and M2c macrophages are 

associated with wound healing and tissue remodeling, while M2b 

macrophages serve as an immunomodulator between pro-

inflammation and anti-inflammation responses. Notably, 

macrophagic polarization from the M1 to the M2b subset is 

irreversible. While M2a or M2c macrophages can upregulate the anti-

inflammatory cytokines (TGF-β1 and IL-10) and downregulate the 

pro-inflammatory cytokines (TNF-α and IL-6), M2b macrophages can 

upregulate both anti-inflammatory and pro-inflammatory cytokines, 

including IL-10, TNF-α, and IL-6 31. The fact that treatment with the 

CS hydrogel resulted in upregulated levels of IL-6, TNF-α, and IL-10 

suggests that this hydrogel polarized macrophages to the M2b subset 

(Scheme. 2). Because the CS-PS hydrogel upregulated TGF-β1 in 

addition to the aforementioned, the CS-PS hydrogel-treated 

Scheme. 3 Representation of hypothesis to macrophage polarization by chitosan hydrogels treatment. 

Fig. 5 Optical microscopic image of macrophage (a) before the stimulation and after 

24 h of treatment with LPS and (b) PBS, c) CS hydrogel, d) CS-PS hydrogel. (Scale size 

= 50 μm). 
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macrophages are thought to be polarized to all subsets (e.g., M2a, 

M2b, and M2c). The fact that M2b macrophages were irreversibly 

polarized to M1 macrophages suggests that constant stimulation under 

the CS hydrogel can accelerate wound healing by anti-inflammatory 

macrophages, although it temporarily increases inflammatory 

cytokines. The CS-PS hydrogel treatment resulted in upregulated 

levels of TGF-β1, indicating its improved wound healing compared to 

the CS hydrogel. Especially, it is considered that the chitosan 

hydrogels will show effective therapeutic effect for diabetic wound. 

In the case of diabetic wound, constant inflammation environment 

hinder the wound healing because of the deficiency of immune cells 
5,9. It is reported that GM-CSF treatment increased initial pro-

inflammatory cytokine, and immune cell recruited by cytokines. It 

was led to the improvement of wound healing 9. In the case of CS-PS 

hydrogel, it showed increased pro-inflammatory cytokine like GM-

CSF. Therefore, it is expected that diabetic wound healing is 

effectively improved by CS-PS. 

Full-thickness diabetic wound healing evaluation 

Full-thickness diabetic wound-healing animal model was conducted 

followed by wound healing ability of CS and CS-PS hydrogels 

evaluation. Since all CS-PS hydrogel showed similar anti-

inflammatory effect, CS-PS 56 was selected for this animal 

experiment considering hydrophilicity. Type 2 diabetes was 

successfully conducted in Sprague Dawley rats by Streptozotocin 

administration as the establishment of this diabetic model was 

confirmed by measuring blood glucose level (Fig. S6). Wound closure 

profile was measured at 5, 10, and 15 days after diabetic wound 

treatment by CS and CS-PS 56 hydrogels, and polyurethane (PU) film 

dressing was applied on both diabetic and non-diabetic control wound 

as a negative control and positive control, respectively (Fig. 6). The 

PU film treated diabetic wound showed retarded wound closure. On 

the other hand, CS and CS-PS 56 hydrogels showed significantly 

improved wound closure. Especially, CS-PS 56 hydrogel showed 

almost equivalent wound closure to the non-diabetic wound.  

Hematoxylin & Eosin (H&E) and Masson’s trichrome histological 

staining was considered to evaluate wound healing (Fig. 7a and Fig. 

S7). Fully covered epidermal layer and repaired dermal layer with 

skin appendages is observed in non-diabetic wound, while epidermal 

layer was not fully covered, and granulation tissue was observed in 

diabetic wound treated by PU film dressing only. Fully covered 

epidermal layer was observed in CS treated diabetic wound, however 

skin appendages were not observed. On the other hand, CS-PS 56 

treated diabetic wound showed partially repaired skin appendages and 

improved collagen density than CS treated diabetic wound. The area 

of granulation tissue was analyzed (Fig. 7b). Granulation in tissues 

was completely resubstituted to dermal tissue in non-diabetic wound, 

on the other hand approximately 25, 21.5, and 9.5 mm2 of granulation 

tissue was observed in the diabetic wound treated by film, CS, and 

CS-PS 56, respectively. Total wound healing score was calculated 

considering wound closure profile and histological analysis (Fig. 7c). 

In PU film treatment, wound healing scores were 20 in non-diabetic 

wound and decreased to 7.5 in diabetic wound. CS and CS-PS treated 

diabetic wound showed score of 13 and 17, respectively. 

These results are totally agrees with our hypothesis. Diabetic wound 

is characterized by deficient macrophage due to hyperglycemia, that 

leads to impaired wound healing32. Therefore, pro-inflammatory 

cytokine GM-CSF treatment was applied to allow diabetic wound 

treatment to improve the macrophage recruitment in some reports9. In 

our study, CS treatment improved diabetic wound closure by 

approximately 200% compared to PU film dressing. According to our 

in-vitro result, CS stimulate pro-inflammatory cytokines and IL-10 

secretion (Fig. 4 and Fig. S4). It is considered that macrophages were 

stimulated to be recruited to the wound lesion by pro-inflammatory 

cytokines. Afterward, secreted IL-10 inhibited the impaired cytokine 

secretion of macrophage. In the case of CS-PS 56, TGF-β1 was 

additionally secreted in the-vitro study. TGF-β1 is cytokine related to 

the tissue epithelialization and regeneration in wound healing11. 

Secreted TGF-β1 is believed to play an important role in accelerated 

tissue regeneration, and highly decreased granulation tissue areas, and 

this also was completely clear in our histological investigations. 

Fig. 6. a) Representative photograph and b) closure profile of full-thickness wound treated by PU film, CS, and CS-PS in diabetic rat animal model.  As a negative control, PU film 

was treated to non-diabetic rat. (Mean ± SD, n=7, **: P<0.01, ***: P<0.001 
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Cells in wound tissue were stained by IL-6, IL-10, and TGF-β1, and 

cell populations were investigated to analyze the cytokine secretion 

profile (Fig. S8). Interestingly, regardless of the type of cytokines, 

positive cell populations dominantly followed wound healing profile. 

It is considered that inflammatory cells were decreased, and dermal 

cells were increased as wound healing. Nonetheless, the anti-

inflammatory effect of PS group was observed by population ratio. 

Comparing PU film and CS, 18% of IL-6 population was decreased 

while 25% of IL-10 population was decreased. On the other hand, 

40% of IL-6 population was decreased while 23% of IL-10 was 

decreased between CS and CS-PS 56. These results indicate the anti-

inflammatory effect of PS 56 group. 

It is well known that Chitosan suppresses bacterial growth and 

improves sensitivity upon antibiotics33. Bacteria were collected from 

each diabetic wound treated with PU film, CS, and CS-PS 56 and 

incubated on nutrient agar and cystine-lactose-electrolyte-deficient 

agar (Fig. S9). At days 5 and day 10, bacterial growth was not 

suppressed by CS and CS-PS 56. On the other hand, bacterial growth 

was not observed in CS-PS 56 at day 15. It is considered that anti-

bacterial effect of chitosan hydrogel is not sufficient, but successful 

wound healing led to the suppression of bacterial growth. Antibiotics 

sensitivity against bacterial growth were evaluated bacteria (Table. 

S3). Some antibiotics showed improved sensitivity upon wounds 

treated by CS and CS-PS 56 including Cefaclor, Cefatriaxone, 

Cefamandole, Levofloxacin, Cephalexin, and Vancomycin. This 

finding is parallel to previous reports34,35. Chitosan suppresses 

bacterial growth through agitation of membrane and suppression of 

DNA translocation and mitochondrial activity35,36. Although a 

specific mechanism of action is not revealed in this study, it is clear 

that CS and CS-PS treatment improve the sensitivity of antibiotics. 

Therefore, incorporating antibiotics in CS and CS-PS hydrogels can 

improve the effect of anti-biotics and facilitate a topical treatment. 

Although CS-PS hydrogel showed excellent cell viability and wound 

healing ability, it needed to be approved by food and drug 

administration (FDA) to be commercially available. According to the 

manual of FDA, medical device is classified into class I, II, and III. 

Generally, high-class medical device is regarded as hazardous and 

requires strict screening. General wound dressings without drugs are 

classified as a class I, and functional wound dressing is classified as a 

class II or III37. According to the decision from FDA in 2016, drug-

loaded wound dressing is classified as a class II medical device38. 

Therefore, CS-PS hydrogel is expected to be classified as a class II 

medical device. For the FDA approval, evidence is important in terms 

of both safety and therapeutic effect. In this research, the safety of CS-

PS hydrogel was proved via ISO-10993 cytotoxicity test and animal 

experiment. Also, chitosan and PS have been approved by FDA as 

generally recognized as safe (GRAS) material 39,40. Therefore, the 

safety issue is expected to be easily overcame. Since CS-PS showed 

excellent wound healing ability in animal model, CS-PS hydrogel is 

expected to be approved by FDA after the therapeutic effect is proved 

in clinical trials. 

 

Experimental 

Materials 

Fig. 7. a) H&E histological photomicgraphs, b) wound granulation tissue area, and c) evaluated wound healing score of wound lesion harvested after 15 days of treatment with 

PU film, CS, and CS-PS. (A, B: non-diabetic rat treated by PU film; C, D: diabetic rat treated by PU film; E, F: diabetic rat treated by CS; G, H: diabetic rat treated by CS-PS.) (Mean 

± SD, n=7, ***: P<0.001) 
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For the synthesis part, dimethyl acetamide (anhydrous grade, 99.8%) 

was purchased from Sigma–Aldrich (USA) and used without any 

purification. Sigma–Aldrich (USA) also supplied chitosan (low 

molecular weight, Mw = 50000–190000), acetic anhydride, diphenyl 

phosphite, pyridine, 2-(N-morpholino)ethanesulfonic acid (MES), 3-

(4-hydroxyphenyl)propionic acid (HPA), NHS, horseradish 

peroxidase (HRP, Type II, 251 unit/mg), lysozyme (recombinant, 

100,000 units/mg), and fluorescamine. The Tokyo Chemical Industry 

(Japan) supplied N-(tert-butoxycarbonyl)-L-serine (Boc-L-serine) 

and ethyl (dimethylaminopropyl)carbodii*96mide. For macrophage 

stimulation, lipopolysaccharide (LPS, from E. coli K12) was 

purchased from InvivoGen (France), and recombinant mouse 

interleukin 4 (IL-4) was purchased from BioLegend (USA). For anti-

inflammatory investigations, AlamarblueTM and interleukin 6 (IL-6), 

tumor necrosis factor α, interleukin 10 (IL-10), and transforming 

growth factor β1 ELISA, uncoated) kit, IL-10 monoclonal antibody 

(cat: 11-7101-41) were purchased from Thermo Fisher (USA). IL-6 

monoclonal antibody was purchased from Biotechne (USA, cat: 

AF506). TGF- β1 monoclonal antibody was purchased from Abclonal 

(USA, cat: A0291). 

 

Synthesis of PS/HPA-conjugated chitosan 

 Before PS and HPA conjugation to chitosan, we modified chitosan to 

increase its water solubility using a previously reported method 41. 

Briefly, 0.6 g of chitosan was dissolved in 100 ml of 10% acetic acid, 

and then 2.675 ml of acetic anhydride was added. After 5-h stirring, 

the solution was neutralized with 5 M NaOH aqueous to pH 7. The 

neutralized solution was then dialyzed in distilled water for 72 h, with 

the dialysate being replaced every 24 h. The dialyzed solution was 

concentrated by rotary evaporator at 40°C. The concentration of the 

solution was reversely calculated by considering the dried part weight 

over the solution.  

We synthesized Di-boc-L-serine H-phosphonate, the Boc group-

deprotected PS (Boc-PS), using a previously reported method 42. 

Briefly, 50 mmol of Boc-L-serine was dissolved in 150 ml of DMAc, 

and 3.75 ml of diphenyl phosphite and 20 ml of pyridine were added. 

After 24-h stirring under a nitrogen atmosphere, DMAc and pyridine 

were removed using a rotary evaporator at 50°C. After synthesis, Boc-

PS was immobilized with HPA simultaneously using the EDC/NHS 

reaction. Briefly, a water-solubilized chitosan solution was prepared, 

and the pH was adjusted to 6. EDC, NHS, and HPA were dissolved in 

the chitosan solution at 10, 2.5, and 0.5 mg/ml, respectively. 

Afterward, Boc-PS was added at various concentrations of 0, 0.5, 5, 

and 10 mg/ml, respectively. After 12-h stirring, the solution was 

dialyzed in 100 mM NaCl aqueous and deionized water for 48 h, 

respectively. The dialysate was then replaced every 24 h. After 

dialysis, the solution was concentrated by rotary evaporator at 40°C.  

Finally, to deprotect the Boc group (tert-butoxycarbonyl group) in 

immobilized Boc-PS, 35% HCl was added to the concentrated 

solution to reach a chitosan final concentration of 0.5 w/w% and 4 N 

of HCl. After 2-h stirring, the solution was neutralized to pH 7, 

followed by 72-h dialysis, with the dialysate being replaced every 24 

h. The dialyzed solution was concentrated by rotary evaporator at 

40°C. A small portion of the solution was dried over, and the 

concentration of solution was calculated. 

 

Synthetic material characterization 

We verified Boc-PS synthesis, PS–HPA immobilization, and Boc 

group deprotection using proton nuclear magnetic resonance (1H 

NMR, Bruker Biospin Advance III, Germany). All samples were 

dissolved in 1 w/v% acetic acid-d6 (in deuterium oxide) at a 

concentration of 1 mg/ml for 1H NMR measurements. To calculate the 

synthesis rate of Boc-PS, the integrated intensities of characteristic 

peaks of proton in the diphenyl phosphite (7.12–7.2 ppm) and phenol 

groups (7.2–7.3 ppm) were compared. The immobilization of HPA 

was confirmed by observing the characteristic peak of the phenol 

group (7.0–7.4 ppm). The immobilization and deprotection of Boc-PS 

were confirmed by observing the characteristic peak of the Boc group 

(1.1 ppm). 

We quantified the phosphorous content in the modified chitosan 

using inductively coupled plasma optical emission spectroscopy (ICP-

OES, ES-720, Varian, USA). The modified chitosan was dissolved in 

water, after which the samples were diluted and measured. The 

phosphorous characteristic peak at 178.284 nm was observed, and its 

concentration was calculated by comparing it with the phosphorous 

standard curve.  

The phenol group content in the modified chitosan was quantified 

using UV–visible spectroscopy (UV–vis; V-650 spectrophotometer, 

Jasco, Japan). The modified chitosan was dissolved in water at a 

concentration of 250 µg/ml and measured. The characteristic peak of 

the phenol group was observed at 274 nm, and its concentration was 

calculated by comparing the HPA standard curve. 

Fabrication and evaluation of PS/HPA-conjugated chitosan 

hydrogel 

We fabricated the hydrogel using the enzyme/catalyst reaction 25. 

Briefly, the condensed chitosan solution, 10X PBS, HRP, and distilled 

water were added to a tube and vortexed. After that, H2O2 was added 

to the tube and vortexed. The final concentrations of the polymer, 

PBS, HRP, and H2O2 were 0.5 w/w%, 1X, 0.07 unit/ml, and 0.2 mM, 

respectively. After gelation, the hydrogels were incubated in a humid 

chamber at 37°C for 15 min to be fully crosslinked. 

The storage modulus and gelation time were measured to determine 

the optimal composition of the hydrogel. The storage modulus (G`) 

was measured between the parallel plate (20 mm) of a rotational 

rheometer (ARES, TA instrument, USA) with a gap of 1.5 mm for the 

frequency sweep test. Its values between 0.1 and 12 Hz were 

measured at 25°C. Through the vial tilting method, the gelation time 

was measured. Briefly, 0.5 g of pre-gel solution was prepared in a 1.5-

mL centrifuge tube. After 2-s vortexing, the tube was tilted every 

second. As the pre-gel solution stopped flowing, time was recorded. 

To evaluate their biodegradation properties, the hydrogels were 

fabricated in a cylindrical shape measuring 20 mm in diameter and 1.5 

mm in height. We immersed the fabricated hydrogel in 5 ml of 

lysozyme containing PBS at 400 unit/ml. To quantify hydrogel 

degradation, the amine group content in the hydrogel supernatant was 

analyzed by fluorescamine assay. Supernatants were collected at 1, 2, 

3, 5, and 7 days, after which the biodegradation rate was calculated 

through amine group quantification. 

Macrophage cell culture and stimulation conditions 
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The mouse macrophage cell line Raw blueTM (Invitrogen, USA) 

was cultured in Dulbecco’s modified Eagle medium (DMEM; 

Nacalai, USA) supplemented with 10% fetal bovine serum (Sigma–

Aldrich, USA) and 1% penicillin-streptomycin (Sigma–Aldrich, 

USA) under 5% CO2 at 37°C. To test the cell viability and anti-

inflammatory properties of the hydrogel, the cells were seeded at a 

density of 105 cells/well and incubated for 24 h to attach to the plate. 

After 24 h, 4 μg/ml of LPS containing PBS was added as 10 μl to the 

each well. After 30 min, the medium was aspirated, followed by PBS 

washes of the cells, and 30 μl of hydrogels were crosslinked onto the 

cells and incubated for 15 min to ensure complete crosslinking. Next, 

150 μl of medium was added, and the cells were re-incubated for 24 

h. The cellular morphology was observed using a phase-contrast 

microscope (ECLIPSE Ti2; Nikon, Japan). After that, cells and cell 

supernatants were collected for further investigations. 

Cell viability assay and cytokine investigations 

Cell viability was evaluated by the Alamar blue assay. Briefly, the 

Alamar blue stock solution was diluted 11 times with DMEM. After 

the cell stimulation with LPS, 110 μl of Alarma blue working solution 

was added to each well. After 3 h, the absorbance of each well was 

observed using a plate reader (Infinite® 200 PRO, Tecan, 

Switzerland) at 570 nm under 600 nm of reference.  

Cytokine secretions were quantified by ELISA following the 

manufacturer’s instructions. To quantify pro-inflammatory cytokines, 

TNF-α and IL-6 levels were measured. For anti-inflammatory 

cytokine quantification, TGF-β1 and IL-10 levels were measured. The 

cell supernatants were collected after LPS stimulation and analyzed 

using an ELISA kit following the manufacturer’s instructions. 

In-vivo full-thickness diabetic wound healing animal model 

The diabetic Rats were induced by streptozotocin (STZ). Briefly, to 

induce diabetic Mellitus-like symptoms, 28 male Sprague Dawely 

Rats (Weight: 200-250 gm) were purchased from Medical 

Experimental Research Center (MERC), faculty of medicine, 

Mansoura University, Egypt and maintained under standard housing 

conditions (temperature 18–24°C; relative humidity 45–60%; 12: 12 h 

daylight/darkness). Food and water were provided ad libitum. All 

animals were treated according to the Guide for the Care and Use of 

Laboratory Animals published by the US National Institute of Health 

(Publication No. 85–23, revised 1996). Ethical rules relating to 

laboratory animals’ trials and treatment were agreed upon and 

followed under Egyptian Liver Research Institute and Hospital 

(ELRIAH) Experimental Animals Ethical Committee (No. 

AR2023/057). Rats were randomly divided and injected with STZ 

intraperitoneally (50 mg/kg body weight), and wound was introduced 

with 1.5 cm of diameter after 4 days. CS and CS-PS 56 was applied 

on the diabetic wound, and PU film dressing was applied on the non-

diabetic and diabetic wound as a negative control and positive control, 

respectively. Glucose level was measured using Accu-Check 

Performa glucose meters (Roche Diabetes Care Limited, United 

Kingdom), and photograph was recorded at day 0, 5, 10, and 15. 

Wound closure was calculated with following equation. 

Wound closure (%) = [A0 − At]/A0 × 100 

where A0 is the initial wound area and at is the wound area at the same 

time interval of “t” days43. 

 At the end of the experiment, rats from each group were euthanized 

by decapitation under general anesthesia with thiopental, and wound 

tissues were collected. All specimens were formalin-fixed, paraffin-

embedded and cut into 10 µm-thick sections, which were mounted 

onto glass slides. These slides were placed in a metal staining rack and 

immersed in the filtered Harris Hematoxylin for 10 seconds and in 

EOSIN stain for ~30 seconds44,45. For the Masson’s trichrome 

staining, H&E stained slides were immersed in Biebrich Scarlet-Acid 

Fuchsin solution for 5 minutes, 1% Phosphomolybdic acid solution 

for 2 minutes, Aniline Blue solution for 5 minutes and Acetic acid 

solution for 30 seconds 46. Then, the slides were dehydrated in 

ascending alcohol solutions and cleared with xylene. Coverslips were 

mounted onto the sections on the slides with Permount and observed 

with optical miscroscope. The mean wound granulation tissue area 

measured in 3 non-overlapping fields measured using was measured 

according to Gal. et al47. According to Sultana et al48 utilized scoring 

of 6 histological parameters to give a healing score that is amount of 

granulation tissue (profound-1, moderate-2, scanty-3, absent-4), 

inflammatory infiltrate (plenty 1, moderate 2, a few 3) collagen fiber 

orientation (vertical 1, mixed 2, horizontal 3) pattern of collagen 

(reticular-1, mixed-2, fascicle-3) amount of early collagen (profound-

1, moderate-2, minimal-3, absent-4) amount of mature collagen 

(profound-1, moderate-2, minimal-3) The total healing score in each 

case was calculated by adding the scores of individual criteria, with 

lower scores indicating poorer wound healing. Healing status was 

graded as good (16-19), fair (12-15) and poor (8-11).  

For the flow cytometry evaluation, the skin tissues were rinsed with 

PBS. Then, the tissues were minced with a blade, and an enzymatic 

dissociation was carried out by introducing a digestion cocktail to 

minced tissues and incubated at 37°c. Following enzymatic 

dissociation, the suspension was filtered in order to exclude any 

undigested tissue pieces from the newly prepared single cell 

suspension49. 50 µl of cell suspension was added to a reagent tube, 

then 10 µl of conjugated IL-6, IL-10, and TGF-β1 monoclonal 

antibody was added. The tube was vortexed and incubated for 15 min 

at room temperature in the dark. The cell suspension was centrifuged 

for 2 minutes at 828g and the supernatant was removed and dispensed 

in 200 µl of PBS. Then, the cell suspension was analyzed by flow 

cytometry50–52. 

A wound swaps were used to transport microorganisms. A squiggly 

line was drawn lightly on the agar, and petri dish was incubator at 37 

°C for 24 hours. Next, disks of filter paper, each impregnated with a 

standard concentration of an antibiotic, were applied to the plate 

surface. Antibiotic susceptibility was evaluated via bacterial growth 

area and inhibition zone was evaluated. 

 

Statistical analysis 

Data were expressed as means ± standard deviation, unless 

otherwise stated. Statistical comparison was performed by one-way 

ANOVA with Tukey’s multiple comparison test using Sigma plot 13 

software (Systat software, USA). A p-value of less than 0.05 was 

considered statistically significant. 

Conclusion 

We successfully introduced the PS group and HPA to the chitosan 

chain using the EDC/NHS reaction, as confirmed by NMR and ICP-

OES analyses. The resulting CS and CS-PS hydrogels exhibited 

desirable storage modulus and gelation behavior. The incorporation 
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of the PS group improved hydrogel hydrophilicity without causing 

adverse effects or cellular cytotoxicity. Treatment with the CS-PS 

hydrogel stimulated macrophages to secrete anti-inflammatory 

cytokines and promoted their polarization to the M2 anti-

inflammatory phenotype, and it led to the improvement of therapeutic 

effect. Overall, the modification with the PS groups not only improved 

the hydrophilicity but also enhanced immunosuppressive properties 

of our material, suggesting its potential for various biomedical 

applications. 
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