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A B S T R A C T   

Recently, insufficient angiogenesis and prolonged inflammation are crucial challenges of chronic skin wound 
healing. The sustained release of L-Arginine (L-Arg) and nitric oxide (NO) production can control immune re
sponses, improve angiogenesis, enhance re-epithelialization, and accelerate wound healing. Here, we aim to 
improve wound healing via the controlled release of NO and L-Arg from poly (β-amino ester) (PβAE). In this 
regard, PβAE is functionalized with methacrylate poly-L-Arg (PAMA), and the role of PAMA content (50, 66, and 
75 wt%) on the adhesive properties, L-Arg, and NO release, as well as collagen deposition, inflammatory re
sponses, and angiogenesis, is investigated in vitro and in vivo. Results show that the PAMA/ PβAE could provide 
suitable adhesive strength (~25 kPa) for wound healing application. In addition, increasing the PAMA content 
from 50 to 75 wt% results in an increased release of L-Arg (approximately 1.4–1.7 times) and enhanced NO 
production (approximately 2 times), promoting skin cell proliferation and migration. The in vitro studies also 
show that compared to PβAE hydrogel, incorporation of 66 wt% PAMA (PAMA 66 sample) reveals superior 
collagen I synthesis (~ 3–4 times) of fibroblasts, controlled pro-inflammatory and improved anti-inflammatory 
cytokines secretion of macrophages, and accelerated angiogenesis (~1.5–2 times). In vivo studies in a rat model 
with a full-thickness skin defect also demonstrate the PAMA66 sample could accelerate wound healing (~98 %) 
and angiogenesis, compared to control (untreated wound) and Tegaderm™ commercial wound dressing. In 
summary, the engineered multifunctional PAMA functionalized PβAE hydrogel with desired NO and L-Arg 
release, and adhesive properties can potentially reprogram macrophages and accelerate skin healing for chronic 
wound healing.   

1. Introduction 

In chronic wounds, insufficient angiogenesis, decreasing collagen 
deposition, prolonged immune response, and other dysregulation can 
lead to “hard-to-heal” damages or nonfunctional scars [1,2]. Conse
quently, it is necessary to use bioactive dressings with clinical inter
vention to accelerate wound healing for chronic skin injuries [3,4]. 
Recently, immunomodulatory dressings have been introduced to 

simultaneously reduce inflammation response and enhance angiogen
esis and collagen deposition, resulting in the expedited recovery of the 
wound [5,6]. These dressings are often based on bioactive polymers and 
hydrogels incorporated with various anti-inflammatory parameters such 
as natural polymer (e.g., chitosan) [7], growth factors [8], peptide agent 
(e.g., SILY, collagen I binding peptide) [9], anti-inflammation drugs (e.g., 
Curcumin) [10], or radical nitric oxide (NO) donors, including L-argi
nine (L-Arg) [11,12]. L-Arg has been recently introduced as an 
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immunomodulatory agent to regulate NO production, accelerate 
collagen synthesis, and enhance anti-inflammatory (M2) cytokine 
expression [12,13]. At the wound site, L-Arg is metabolized into NO by 
macrophages and endothelial cells using nitric oxide synthase (NOS) 
which accelerates angiogenesis and collagen synthesis and controls 
immune responses [14,15]. However, the free form of L-Arg cannot be 
utilized efficiently due to its easy dissolution into the surrounding 
plasma rather than being concentrated at the wound site, which de
creases its efficacy [16]. Conversely, uncontrolled NO production may 
have cytotoxic properties at high dosages [12]. In addition, continuous 
or burst releases of L-Arg may lead to fibrosis and unfunctional scarring 
[17,18]. Encapsulation [19], polymerization [20], and conjugation of L- 
Arg with other polymers or scaffolds [21] are the alternative strategies 
to control L-Arg release and NO production at wound sites. Ling et al. 
[14] synthesized polydopamine-functionalized chitosan hydrogels 
conjugating with L-Arg to control NO production, enhance blood vessel 
formation and, promote antibacterial activity for chronic wound heal
ing. Zhang et al. [12] also reported that in vivo collagen I and III 
expression and scar formation in a rat model could be optimized by 
conjugating L-Arg to chitosan-based wound dressings. Despite signifi
cant advances in L-Arg and poly-L-Arg for wound healing application, 
some issues still inevitably remain. For example, it is necessary for 
wound dressing to have ideal mechanical properties against physiolog
ical or external forces in daily activities [22]. Poly (β-amino ester) 
(PβAE) with good biocompatibility, controllable biodegradability, me
chanical performances, and bio functionality is widely used as a cationic 
and pH-sensitive polymer for tissue repair applications and gene de
livery [23,24]. Recently, we synthesized PβAE with four different PβAE 
monomer ratios (diacrylate: diamine = 1.1:1, 1.5:1, 2:1, and 3:1) and 
then functionalized it with poly-L-Arg methacrylate (PAMA). We 
demonstrated that PβAE at the optimized diacrylate: diamine ratio 
(1.5:1) provided an appropriate range of mechanical, degradation rate, 
and swelling ratio, which could be a perfect composition for the soft 
tissue engineering application [25]. However, the role of PAMA content 
on the L-Arg and NO release, adhesive properties, and wound healing 
ability has not been studied. 

This study aims to engineer immunomodulatory wound dressing 
based on PβAE incorporated with PAMA for wound healing application. 
In this regard, PAMA content was changed from 50 to 75 wt% to adjust 
NO and L-Arg release, adhesive properties, and wound healing rate. The 
engineered hydrogels are also examined in contact with various cell 
types, including L929 fibroblasts, RAW-264.7 macrophage, and human 
umbilical vein endothelial cells (HUVECs). The immunomodulatory 
properties of this hydrogel on immune cells are also investigated ac
cording to anti-inflammatory and pro-inflammatory cytokine levels. 
Consequently, the in vivo wound healing process is evaluated when 
PAMA/PβAE hydrogel is implanted into a skin defect in a rat model. 
PAMA/ PβAE hydrogel with desired properties is expected to be a suit
able candidate to accelerate the regeneration and repair of chronic 
wounds. 

2. Materials and methods 

2.1. Materials and reagents 

1-ethyl-3-(3-(dimethylamine) propyl) carbodiimide hydrochloride 
(EDC), N-hydroxysuccinimide (NHS), 2,2-dimethoxy-2-phenyl-aceto
phenone (DMPA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte
trazolium bromide (MTT), paraformaldehyde (PFA), Triton X100, 
phalloidin-FITC, 4′,6-diamidino-2-phenylindole (DAPI), bovine serum 
albumin (BSA), lipopolysaccharide (LPS), Matrigel, Hematoxylin and 
eosin (H&E) stain, and dialysis tube (10 K MWCO) were purchased from 
Sigma-Aldrich (USA). Dichloromethane (DCM) diethyl ether, and 
dimethyl sulfoxide (DMSO) were obtained by Merck (Germany). Addi
tionally, Dulbecco's Modified Eagle Medium (DMEM-high), fetal bovine 
serum (FBS), streptomycin, and penicillin were supplied by Bioidea 

(Iran). For the experimental procedures, RNA extraction, cDNA syn
thesis, and SYBR Green PCR kits were obtained from Biofact (Korea). 
Also, the Bradford protein assay kit was purchased from Partocib (Iran), 
and the Griess reagent kit was obtained from Natrix (Iran). Tumor ne
crosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin-10 (IL-10), and 
tissue growth factor-β (TGF-β) Elisa kits were purchased from KPG 
(Iran). Distilled water (DDW, Bioidea) was used in all experiments. 

2.2. Synthesis of PAMA/ PβAE polymers 

Methacrylate poly-L-Arg (PAMA) and PβAE were synthesized, ac
cording to our previous study [25]. In order to investigate the role of 
PAMA content on the properties of polymers, PAMA/ PβAE polymers 
with various PAMA: PβAE weight ratios of 1:1, 2:1, and 3:1 were made 
by mixing 1 wt%, 2 wt%, and 3 wt% aqueous PAMA solutions with 1 wt 
% PβAE solutions. Subsequently, the polymer solution was mixed with 
EDC and NHS, stirring at 4 ◦C for 4 h. The mass ratio of EDC: NHS to the 
polymer blend (PβAE + PAMA) was maintained at 1:1:12. Then, the 
solutions were subjected to dialysis against deionized water (DDW) 
using a cellulose dialysis membrane with a cutoff of 10 kDa. This process 
aimed to remove any remaining traces of EDC and NHS. According to the 
PAMA: PβAE weight ratios (0:1, 1:1, 2:1, and 3:1), the samples were 
named PAMA 0, PAMA 50, PAMA 66, and PAMA 75, respectively. 

PAMA/PβAE hydrogels were synthesized through a straightforward 
UV-initiated polymerization method. 10 wt% solutions of PAMA/PβAE 
in 1 mL of DCM were prepared and combined with a 1 wt% UV-initiator, 
DMPA. After vortexing for 60 s, the mixture was exposed to UV-A irra
diation at a power density of 1.69 mW/cm2 for 10 min. Once cross
linking occurred, the hydrogel was washed with 50 % ethanol for 15 min 
to eliminate any residual, unreacted initiator. 

2.3. Material characterization 

2.3.1. The physicochemical properties analysis 
To study the chemical groups of PAMA/ PβAE, compared to PβAE, 

Fourier transform infrared spectra (FTIR, Tensor, Germany) were 
recorded using an FTIR spectrometer at 4000 and 400 cm− 1. The water 
vapor transmission rate (WVTR) was estimated based on the European 
Pharmacopoeia (EP) standard [26]. The samples with a diameter of 35 
mm were positioned on the top of a bottle comprising 15 mL DDW. 
Subsequently, the bottles were incubated at 37 ◦C and a relative hu
midity of 35 %. Following a 24 h incubation period, the bottles were 
taken out and weighed again. The WVTR was determined using the Eq. 
(1) [27]: 

WVTR
( g

m2

)
=

Wi − Wf

A
(1)  

where Wi and Wf are the primary and ultimate weights of bottles, 
respectively, and A is the permeation surface of samples. 

2.3.2. Adhesive strength evaluation 
A shear assay was performed using cow's skin, by ASTM F2458–05 

standards, to measure the adhesive properties of the PAMA/PβAE [28]. 
Briefly, cow skin was cut into small squares with a surface area of 1 cm2. 
Two pieces of sheet metal were glued to the outer surfaces of the hair- 
removed skin. On the interior surfaces of both skin pieces, 100 μL of 
PAMA/PβAE solution containing 1 wt% DMPA was applied and exposed 
to UV radiation for 10 min. Finally, the samples were elongated at 1 
mm/min until the separation. Stress-strain curves were used to establish 
the adhesive strength of PAMA/PβAE hydrogels. 

2.3.3. L-Arginine release assay 
The L-Arg concentration of PAMA/PβAE copolymers and L-Arg 

release from PAMA/PβAE hydrogels were investigated using the Brad
ford protein assay kit (Partocib, Iran). To evaluate L-Arg concentration, 
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the hydrogels were first cut into 1 × 1 cm2, placed into 10 mL of PBS, 
and shaken at 150 rpm at 37 ◦C. Moreover, to measure L-Arg release, the 
different hydrogels were incubated in 10 mL of PBS solution at pH 5.6 
and 7.4 (n = 3) for 14 days at 37 ◦C. At the specific times, 10 μL of PBS 
was transferred to a well and diluted with 80 μL of water. Next, 20 μL of 
reagent A, comprising Coomassie brilliant blue G-250 dye, was intro
duced into the wells and incubated for 5 min, facilitating the reaction 
with the L-Arg peptide. Lastly, the absorbance of the solutions was 
assessed at 595 nm using the microplate reader [29,30]. To determine 
the L-Arg content, a standard curve of BSA was prepared according to 
the manufacturer's protocol. 

2.4. In vitro biological assay 

2.4.1. Cell viability and morphology 
Three types of cell lines, namely L929 fibroblasts, RAW-264.7 mac

rophages, and human umbilical vein endothelial cells (HUVECs), were 
acquired from the Iran National Cell Bank to examine the influence of 
PAMA on cellular interactions. Disc-shaped samples with a diameter of 
10 mm (n = 3) were subjected to a 30-min immersion in 75 % ethanol 
and subsequently sterilized under UV light for 1 h. Next, cells at a 
density of 104 cells/well were seeded onto the samples, with a tissue 
culture plate (TCP) serving as the control group. The seeded cells were 
incubated in DMEM supplemented with 10 % FBS and 1 % strepto
mycin/penicillin for 5 days at 37 ◦C and 5 % CO2. Following the incu
bation period, the cell viability and morphology were examined. 

The cell viability was assessed using the MTT assay, according to the 
manufacturer's protocol (Sigma). At the end of 1, 3, and 5 days, the 
medium was removed, and 100 μL of MTT solution (5 mg/mL) was 
added to both the cell-seeded samples and the control group. The sam
ples were then incubated for 4 h. Following the dissolution of the for
mazan crystals in DMSO, the optical density (OD) was measured using a 
microplate reader from BioRad (USA) at a wavelength of 490 nm, with 
DMSO as the reference. The relative cell survival was determined using 
Eq. (2) [31]: 

Relative cell survival (%control) =
XS − Xd

Xt − Xd
× 100 (2)  

where XS, Xd, and Xt are OD values of the sample, DMSO (blank), and 
TCP (control), respectively. 

The attachment and morphology of L929 cells were studied using 
Phalloidin/ DAPI staining. After 1, 3, and 5 days of culture, each cell- 
seeded sample was rinsed with PBS, fixed with 150 μL of 3.7 % PFA 
for 30 min, permeabilized with 0.1 % Triton X100 in PBS, and stained 
with Phalloidin and 1 % BSA and DAPI, respectively. The fluorescent 
microscopic images of samples were taken using a Nikon (Eclipse Ti, 
Japan) fluorescence microscope. Moreover, the cell density (cells/mm2) 
of each sample was evaluated by ImageJ Software (2019). 

2.4.2. Cell migration (scratch assay) 
L929 fibroblast cells (3 × 104 cells/well) were seeded into 24 well 

plates as a model system and incubated for 24 h to provide a cell 
monolayer. According to previous studies [32], an in vitro wound heal
ing assay was done using a 100 μL sterile pipette tip on the middle of the 
confluent surface and the hydrogels with a diameter of 10 mm, placed on 
both sides of the scratch and confluence cells surface. In vitro wound 
closure was imaged by an inverted microscope (Olympus, Japan) during 
0, 12, and 24 h. Also, the cell-seeded TCP was used as the control. After 
24 h, the wound closure was evaluated by ImageJ Software (2019, MRI 
wound healing tool). 

2.4.3. Collagen deposition 
To assess the expression level of the collagen I gene, L929 fibroblast 

cells at a density of 105 cells/mL were seeded on hydrogels in a 12-well 
plate and cultured for 24 and 48 h. At each time point, total RNA was 

extracted using an RNA extraction kit for subsequent real-time poly
merase chain reaction (PCR) analysis. The concentration and purity of 
the extracted RNA were measured using a spectrophotometer (Nano
drop 100; Thermo Fisher Scientific, MA). Subsequently, cDNA synthesis 
was performed using a cDNA Synthesis Kit, starting with 1 mg of RNA. 
Real-time PCR was conducted using a SYBR Green PCR kit and 
controlled on a Bio-Rad real-time PCR system (Hercules, CA). Beta 2 
Microglobulin (B2M) was used as the reference gene to normalize the 
expression levels of RNA. The primer sequences used are presented in 
Table 1. The DNA amplification process followed these conditions: 3 min 
at 95 ± 3 ◦C, 40 cycles of 10 s at 95 ± 3 ◦C and 30 s at 60 ± 2 ◦C, 1 min at 
95 ± 3 ◦C, 1 min at 55 ± 2 ◦C, and 81 cycles of 10 s at 55 ± 2 ◦C. The 
amplification efficiency of the collagen I gene was determined relative to 
B2M (ΔCt = Ct gene – Ct B2M). The mRNA levels in each sample were 
calculated using the comparative (ΔΔCt = ΔCt gene – ΔCt control) method, 
and the relative expression of collagen I was determined using the for
mula 2 - ΔΔCt [33]. 

2.4.4. NO production 
To evaluate the production of nitric oxide (NO), mouse RAW-264.7 

macrophages at a density of 105 cells/mL were cultured on hydrogels 
in a 48-well plate, with TCP serving as the control group. Following 24 
and 48 h of incubation, NO production was determined using the Griess 
reagent system. In this regard, 50 μL of the supernatant from each 
sample was added to 50 μL of 0.1 % N-1-naphthylethylenediamine 
dihydrochloride (NED) solution and 50 μL of sulfanilamide solution (1 % 
sulfanilamide in 5 % phosphoric acid). After 10-min incubation at room 
temperature, the absorbance of the solution at 540 nm was determined 
using the microplate reader. The amount of NO production was assessed 
by referring to a nitrite standard reference curve [14]. 

2.4.5. Inflammatory responses 
To evaluate the inflammation factor, the disc-shaped hydrogels with 

10 mm diameter (n = 3) were prepared, and the RAW-264.7 macro
phages (106 cells/well) were seeded on samples for 24 h, followed by 
stimulation with 100 ng/mL LPS from Escherichia coli for 24 h [34]. The 
control 1 group (without LPS stimulation) and control 2 (with LPS 
stimulation) were similarly provided. Finally, an ELISA assay was per
formed to determine the cytokine level in the collected medium. ELISA 
kits were used to determine TNF-α, IL-6, IL-10, and TGF-β levels [35]. 

2.4.6. In vitro angiogenesis 
A Matrigel-based model was used to evaluate the angiogenesis of 

HUVECs in contact with samples. In this regard, trypsinized HUVECs 
(105 cells/well) at passage 5 were seeded onto Matrigel, and 200 mL of 
each hydrogel extract was added. Following 24 h incubation, the tube 
formation was detected using an inverted microscope (Olympus, Japan). 
The tube length was considered using Image J software (Fiji vessel 
analysis tool) [36]. 

2.5. In vivo animal study 

2.5.1. Surgical procedure 
The animal experiments conducted in this study followed the stan

dards accepted by the Animal Use and Care Administrative Advisory 
Committee of Isfahan University of Medical Sciences (ethical code # IR. 
MUI.AEC.1402.004). For wound closure evaluation, Sprague-Dawley 
(SD) rats (male, 16 weeks old, 250 g) were randomly divided into con
trol (untreated wound), Commercial (Tegaderm™, M Health Care) and 

Table 1 
Specific Primers for Real-time PCR.  

Gene Primer sequence (forward) Primer sequence (reverse) 

Col I AATTAATCTCAACAAACC ATTTTTTGTGGTTGGGGAG 
B2M CCACTGAAAAAGATGAGTATGCCT CCAATCCAAATGCGGCATCTTCA  
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optimized PAMA/PβAE hydrogel, according to in vitro experiments. 
First, disc-shaped samples with a diameter of 10 mm were sterilized 
under UV light for 1 h. Then, rats were anesthetized, shaved, and dis
infected with iodine. A full-thickness square wound (diameter: 1 cm) 
was formed on the back of rats, followed by covering the defect sites 
with corresponding hydrogel. Next, the wounds were evaluated, ac
cording to the following experiments. 

2.5.2. Wound healing evaluation 
The wound was photographed at special time points (0, 7, and 14 

days), and the surface area (A0 and At) was estimated using Image J 
software. Based on the Eq. (3), the wound healing rate was calculated 
[37]: 

Wound healing rate (%) =
A0 − At

A0
× 100 (3) 

After 14 days, the dorsal tissue was apart from the wound recovery 
area. Following fixation in 4 % PFA, it was embedded in paraffin and 
sectioned into 5-μm sections. Haemotoxylin and Eosin (H&E) staining 
was performed following the manufacturer's instructions (Sigma- 
Aldrich, USA) to study angiogenesis, granulation tissue formation, and 
epithelialization. 

2.6. Statistical analysis 

Statistical analysis of the data was done by the ANOVA test. To 
determine the significant difference between groups, the Tukey-Kramer 
post hoc test was applied using GraphPad Prism Software (Version 9). A 
p-value <0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Physiochemical characterization of PAMA/PβAE 

This study introduces a novel immunomodulatory wound dressing 
adhesive based on PAMA/PβAE for chronic wound healing. As shown in 
Fig. 1A, PAMA/PβAE hydrogels with various PAMA/PβAE weight ratios 
were prepared via a three-step process for chronic wound healing 
application by releasing nitric oxide (NO) and L-Arg at the wound site. 
Fig. 1B shows the L-Arg concentration in PAMA/PβAE copolymers. It 
was found that L-Arg loading efficiency was in the range of 55–79 %, 
depending on the copolymer composition. PAMA 50 wt% had signifi
cantly higher L-Arg loading efficiency between various samples, which 
could be related to the chemical interaction between PAMA and PβAE. 
The FTIR spectra of PAMA/PβAE copolymers, compared to PβAE, are 
presented in Fig. S1, supporting information. The spectrum of PβAE 
consisted of the prominent characteristic peaks at 1191 cm− 1 (C–O), 
1722 cm− 1(C––O stretching), 2962 cm− 1 (methyl), 3421 cm− 1 (N–H 
bonds), respectively, confirming PβAE was successfully synthesized 
[38]. Compared to PβAE, the spectra of the copolymers were noticeably 
different. In this spectrum, new peaks at 2700 cm− 1 (CH), 1188 cm− 1 

(C–O), and 3390 cm− 1 (N–H) were detected due to copolymerization 
of polymers by using EDC/NHS [39]. The water vapor permeability rate 
of skin wound dressing is one of the principal properties of wound 
dressings [40]. For ideal wound dressing, the WVTR should be 2000- 
2500 g/m2 to prevent dryness and loss of water and exudate formation 
in the wound bed [41]. As shown in Fig. 1C, the WVTR of PAMA/PβAE 
hydrogels was 1760–2080 g/m2. In addition, water vapor permeability 
was enhanced with increasing PAMA content. Similarly, Zhang et al. 
[42] found that increasing L-Arg content in the dopamine-hyaluronic 
acid hydrogels resulted in the formation of porous structures and 
enhanced water vapor permeability rate. Accordingly, our results 
demonstrated that PAMA 66 and PAMA 75 could have the potential for 
wound dressings. 

3.2. Ex vivo adhesive properties of PAMA/PβAE 

To assess the suitability of PAMA/PβAE as a wound dressing, the 
adhesive strength of the hydrogels was measured using cow skin 
(Fig. 2A). Fig. 2B shows the adhesive strength of PAMA/PβAE hydrogels, 
compared with Evicel and Coseal commercial wound dressings [43]. 
Results revealed that the adhesive strength of PAMA/ PβAE hydrogels in 
the range of 25–43 kPa was significantly higher than both commercial 
wound dressings. The adhesion strength is a combination of adhesive 
and cohesive strengths, and a balance between them is critical to provide 
an appropriate adhesion [44]. The suitable adhesive strength charac
teristics of the PAMA/ PβAE hydrogels could be related to hydrogel- 
tissue interlocking [45], hydrogen bonding between free hydroxyl and 
amine groups [46], and chemical bonding with radicals created during 
the crosslinking process [47]. 

3.3. The release of L-arginine from PAMA/PβAE 

According to our knowledge, L-Arg has a double-edged sword role in 
the wound-healing process [48]. Hence, L-Arg content should be 
controlled via polymerization PAMA and copolymerization with PβAE to 
facilitate healing and reduce nonfunctional scarring. Therefore, we 
examined L-Arg release from PAMA/PβAE hydrogels in phosphate 
buffer at pH 5.6 and pH 7.4 for 14 days. As shown in Fig. 2C and D, L-Arg 
were released from hydrogels at various rates, depending on the pH 
value of the environment. Interestingly, the L-Arg release rate of 
hydrogels increased (between 35 and 57 %) at pH 5.6 compared to pH 
7.4 (between 20 and 34 %) during 5 days, according to the pH sensitivity 
of PAMA/PβAE hydrogels. As shown in Fig. 2C, D, owing to various 
PAMA concentrations, the L-Arg release was different among the 
hydrogels over 14 days. Particularly, during the first 7 days, the released 
L-Arg from PAMA 66 wt% and 75 wt% were higher than that of PAMA 
50 wt%, confirming a superior local concentration of L-Arg at the wound 
area. Similarly, Ling et al. [12] evaluated the release of L-Arg from 
bioactive chitosan/L-Arg hydrogels. Their study demonstrated that a 
high concentration of L-Arg promoted skin repair with minus scar for
mation by faster L-Arg release kinetics during the first 9 days. The L-Arg 
release process from PAMA/PβAE hydrogels was started with hydrolysis 
leading to amide bond cleavage between L-Arg and PβAE. This unique L- 
Arg release profile, initiated with accumulative release followed by 
sustained release kinetic, could be suitable for wound healing, resulting 
in suitable wound repair with sufficient collagen deposition and a 
controlled immunomodulatory response [12,49]. 

3.4. Fibroblast responses mediated by PAMA/PβAE hydrogels 

To investigate the potential of PAMA/PβAE hydrogels for wound 
healing, the interaction of various cell lines such as fibroblasts (L-929), 
endothelial (HUVEC), and macrophage (RAW-264.7) cells, with 
hydrogels was examined. First, a straightforward approach was taken to 
determine the potential toxicity of hydrogels by MTT assay. As shown in 
Fig. 3A, L929 cells maintained a rapid growth rate with increasing 
culture time in contact with all samples without obvious cytotoxicity. 
The viability of L929 cells enhanced with increasing PAMA content at 
the PAMA 66. It might be due to more L-Arg resulting in higher cell 
viability during 5 days. Moreover, the morphology of L929 cells stained 
with DAPI/Phalloidin was investigated after 1, 3, and 5 days of culture 
(Fig. 3B). Results showed that L929 cells adhered and grew well on the 
surface of all hydrogels. After the first day of culture, the cells started 
elongating and spreading, depending on the sample types. Noticeably, as 
shown in Fig. 3C, cell spreading on PAMA 66 and PAMA 75 (280 cells/ 
mm2) was significantly higher than the two other samples (PAMA 0 and 
PAMA 50), indicating the effective role of PAMA in improving cell 
attachment and spreading. It could be due to the increasing amount of L- 
Arg and NO release by increasing PAMA content, accelerating cell pro
liferation and enhancing attachment. 
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A scratch wound-healing assay was performed to examine the po
tential of PAMA/PβAE hydrogels to stimulate cell migration. As shown 
in Fig. 4A, B, PAMA/PβAE considerably diminished the wound gap in a 
time-dependent manner. The PAMA 66 and PAMA 75 treatments 
resulted in 50 % increased cell migration during 12 h and 24 h compared 
to the control group. Moreover, collagen type I gene expression (Fig. 4C) 
measured in L929s also demonstrated that all PAMA-content samples 
revealed a higher expression of collagen type I than the control group. 
Between them, PAMA 66 showed the most increased collagen I expres
sion, possibly due to the higher cumulative L-Arg release stimulating the 
proliferation and migration of skin cells. Similarly, Hussein et al. [50] 
revealed improved fibroblast migration in contact with PVA/hyaluronic 
acid/L-Arg nanofibrous scaffolds due to the release of L-Arg. Improved 
formation and maturation of granulation tissue at the wound site could 
lead to the development of an ECM for re-epithelialization and blood 
vessel sprouting. It could benefit the early stages of wound healing [51]. 
By increasing PAMA in hydrogel structure, more L-Arg was released 
early, promoting collagen production. It has been noted that fibroblasts 
derived from wounds have the ability to increase the expression of 
arginase. This enzyme facilitates the conversion of L-Arginine into 
ornithine, which serves as a precursor for proline production. Proline, in 
turn, acts as a crucial substrate material for the collagen synthesis [52]. 
Similarly, Ling et al. [12] evaluated the role of chitosan/L-Arg hydrogels 
in collagen I and III depositions. It showed that controlling L-Arg release 
could promote collagen synthesis in the early wound healing process 
with less scar formation in a rat model. In summary, it could be found 
that PAMA/PβAE hydrogels could facilitate collagen type I synthesis, 
which may enhance immunomodulatory parameters during wound 
healing. 

3.5. Inflammation responses mediated by PAMA/PβAE hydrogels 

Macrophages are responsible for various steps of wound healing, 
such as inflammation and remodeling phases. First, a straightforward 
approach was taken to determine the potential toxicity of hydrogels by 
MTT assay. As shown in Fig. 5A, the PAMA/PβAE hydrogels supported 
RAW macrophage survival and growth, indicating their cytocompati
bility. However, enhanced cell viability was found in each group with 
the prolongation of culture time. Intriguingly, PAMA 50 and PAMA 66 
groups displayed higher cell viability than other hydrogel and control, 
proposing its noble potential in immune cell responses. Intriguingly, 
PAMA 50 and PAMA 66 hydrogels showed better RAW cell viability than 
PAMA 75, implying that they might be helpful for skin tissue 
engineering. 

Various copolymer samples investigated the potential for inducing 
NO production, pro-inflammatory, and anti-inflammatory cytokines in 
RAW-264.7 macrophages. As shown in Fig. 5B, macrophages responded 
immediately to samples, and the generated NO, depending on the PAMA 
content. After 24 h incubation, NO release enhanced from 4.06 ± 0.6 μM 
to 8.21 ± 0.9 μM when the PAMA content changed from 50 wt% to 66 
wt% (Fig. 5B). These values were more significant than the control 
group (0.46 ± 0.1 μM). Our results supported previous evidence of 
enhanced L-Arg release by increasing the PAMA content from 66 wt% to 
75 wt%. It is well-known that macrophages can metabolize L-Arg via two 
mechanisms, comprising NO production and ornithine for collagen 
synthesis [53]. In the early stages of wound healing, the microenvi
ronment induces iNOS expression, attracting activated macrophages 
(M1 macrophages) to the wound site. L-Arg also serves as the sole sub
strate for NO production by iNOS. NO is widely recognized as a potent 

Fig. 1. A) The schematic illustration of the design of a suitable wound dressing such as PAMA/ PβAE hydrogels with desired angiogenesis, anti-inflammatory 
response, collagen deposition, and cell proliferation. B) L-Arg content of different PAMA/ PβAE hydrogels. C) WVTR of PAMA/ PβAE hydrogels with different 
PAMA contents. The results are reported as the means (n = 3) ± standard deviation (*: P < 0.05). 
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immunomodulatory factor produced by macrophages. It plays a crucial 
role in promoting wound healing through diverse mechanisms, such as 
inhibiting infections, increasing angiogenesis, and facilitating re- 
epithelialization [54]. Additionally, PAMA/PβAE hydrogel was charac
terized by the expression of pro-inflammatory (IL-6, and TNF-α) and 
anti-inflammatory (IL-10, and TGF-β) markers. Compared to untreated 
cells, the macrophages treated with PAMA/PβAE and LPS showed higher 
IL-10 and TGF-β and lower levels of IL-6 and TNF-α (Figs. 5 C–F). 
Moreover, between samples, PAMA 66 significantly increased the 
expression of anti-inflammatory markers (Fig. 5E and F) while reducing 
the expression of pro-inflammatory markers (Fig. 5C and E). Similarly, 
He et al. [55] studied the immunomodulation properties of L-Arg-based 
poly(ester amine) copolymer for chronic skin wound healing. Our re
sults confirmed that L-Arg-based PβAE copolymer with higher L-Arg 
content and tunable NO production (~9 μM) resulted in an increased 
TGF-β1 expression and decreased TNF-α, which might modulate the 
phenotypes of various cells and contribute to the transition from the pro- 
inflammatory stage to the anti-inflammatory stage at the site of the 
wound. However, this study showed that the IL-10 and TGF-β markers 

were significantly elevated and the IL-6 and TNF-α opposite tendency 
with remarkably decreased levels using PAMA/PβAE hydrogels (Fig. 5C- 
F). As shown in Fig. 6G, all results demonstrated that PAMA/PβAE 
hydrogels could effectively activate macrophage polarization to M2 
phenotype, control inflammation responses, and promote the vascular
ization and the expression of collagen. 

3.6. In vitro angiogenesis 

One of the most abundant cells in the wound tissue is endothelial 
cells (HUVECs), which are responsible for wound healing. First, a 
straightforward approach was taken to determine the potential toxicity 
of hydrogels by MTT assay. As shown in Fig. 6A, HUVECs maintained a 
rapid growth rate with increasing culture time in contact with all sam
ples without obvious cytotoxicity. In addition, the PAMA 75 group 
revealed slightly lower HUVEC viability than other groups after 5 days. 
Therefore, an excessive presence of PAMA within the hydrogels could 
have an adverse effect on the viability of HUVECs. Intriguingly, PAMA 
50 and PAMA 66 hydrogels improved HUVEC viability than PAMA 75, 

Fig. 2. Physiochemical properties of PAMA/ PβAE hydrogels: A) The schematic of the adhesive strength evaluation system and B) the average adhesive strength of 
different PAMA/ PβAE hydrogels. In vitro L-Arg cumulative release of PAMA/ PβAE hydrogels incubated in PBS for 14 days C) at pH 5.6, and D) at pH 7.4. The results 
are reported as the means (n = 3) ± standard deviation (*: P < 0.05). 
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suggesting that they might be helpful for skin tissue engineering. 
The angiogenesis activity of PβAE and PAMA/PβAE hydrogels was 

further studied in vitro using the tube-formation ability of HUVECs. As 
shown in Fig. 6B-E, treatment of HUVECs with PAMA/PβAE extracts 
resulted in the development of a well-defined tubular network, which 
could potentially be attributed to the production of NO induced by L-Arg 
in the endothelial cells. Earlier studies have shown that endothelial cells 
can metabolize L-Arg available in the medium through the action of 
NOS, resulting in the production of NO, which in turn promotes angio
genesis [56]. Furthermore, PAMA/PβAE samples formed comparable 
and even better tubular networks than PβAE, which might be due to the 
effect of PAMA. It was consistent with other studies on the L-Arg effect 
[57]. The quantitative analysis revealed that the average total tube 
length of copolymers was ~84,000 and 87000px, higher than PAMA 
0 (75000px) and the control group (71000px). Similarly, Ling et al. [14] 
evaluated the angiogenesis properties of bioactive chitosan/L-Arg 
hydrogels and demonstrated that this hydrogel could promote angio
genesis through sustained NO production at the wound site and control 
immunomodulatory activity. According to previous studies, L-Arg 
released from PAMA/PβAE could stimulate angiogenesis since L-Arg can 
be converted into NO, which supports endothelial cell proliferation by 
upregulating the expression of vascular endothelial growth factor 
(VEGF) and βFGF and migration [58]. In summary, the PAMA/PβAE 
hydrogels, with varying PAMA content but similar angiogenic proper
ties, have the potential to promote angiogenesis at the wound site, 

ultimately leading to improved wound healing. 

3.7. In vivo wound healing enhanced by PAMA/PβAE 

According to our results, the PAMA 66 with suitable mechanical 
properties, biocompatibility, the best collagen I expression, and ideal 
immunomodulatory responses and angiogenesis were selected for in vivo 
studies. To develop an in vivo wound healing model, a full-thickness 
wound defect (1 × 1 cm2) was created in a rat model (Fig. 7A). At the 
specified intervals of time (0, 7, and 14 days), the wound healing ratio 
after treatment with PAMA 66 hydrogel, commercial wound dressing 
(Tegaderm™), and without any treatment (as a control group) was 
determined. As shown in Fig. 7B, compared to the control (~37 %) and 
commercial dressing (~52 %), the PAMA 66 sample improved wound 
repair by approximately 65 % after 7 days of treatment. Significant 
progress in wound healing was particularly noticeable on the 14th day 
when the PAMA 66 hydrogel exhibited a remarkable wound healing 
ratio of approximately 98 % and demonstrated the swiftest rate of 
wound contraction compared to the control (~62 %) and Tegaderm™ 
(~80 %). The data might be related to the NO production and L-Arg 
sustained release at the wound site. For example, in the study conducted 
by Ling et al. [12], the efficiency of chitosan/L-Arg hydrogel in pro
moting wound healing was assessed. The in vivo findings signified that 
applying L-Arg/chitosan hydrogel on rat models resulted in significant 
improvements, with approximately 98 % of the wounds being closed by 

Fig. 3. Fibroblast cell responses to PAMA/PβAE hydrogels: A) The relative cell viability in contact with PAMA/PβAE hydrogels, evaluated using the MTT assay over 
5 days. The obtained results were normalized against the control group (TCP). B) CLSM images of L929 cells cultured on the PβAE and PAMA/PβAE for 1, 3, and 5 
days. C) The density of L929 cells/ mm2 of hydrogels during the 5 days of culture. The results are reported as the means (n = 3) ± standard deviation (*: P < 0.05). 
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day 14. In comparison, the control group exhibited only around 79 % 
wound closure. Moreover, Zhao et al. [59] evaluated a wound-healing 
process with Arg-modified chitosan-oligosaccharide (COS-Arg)-doped 
hydrogel and demonstrated that by adding Arg to the hydrogel system 

the wound-healing ratio promoted and reduced inflammatory responses. 
The H&E staining assay of wound skin was done to understand the 

underlying mechanism for improved wound healing treated with PAMA 
66 hydrogel. Fig. 7C demonstrated that during 14 days post-treatment, 

Fig. 4. Fibroblast cells responses to PAMA/PβAE hydrogels: A) The scratch wound assay images and B) its analysis on L929 treated with PAMA/ PβAE hydrogels for 
12 h and 24 h. C) The real-time PCR analysis of collagen I expression of L929 cells after being treated with PAMA/PβAE hydrogels during 24 h and 48 h. The 
untreated cells were the control group. The results are reported as the means (n = 3) ± standard deviation (*: P < 0.05). 
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more epidermis thickness (~2 times), dermis thickness (~1.6 times), 
vascularization (~3 times), and hair follicles (~2.5 times) were 
observed in PAMA 66 group compared to the control, that should be 
related to the contribution of L-Arg and NO interaction with skin cells 
(Fig. 7 D-G). Also, the damaged skin tissue repair indicators compared to 
Tegaderm™ as a commercial dressing demonstrated that in the PAMA 
66 group epidermis thickness (~1.2 times), dermis thickness (~1.3 
times), and vascularization (~1.5 Times) were improved during 14 
days. Meanwhile, Tegaderm™, as well as PAMA 66 hydrogel, could 
enhance the formation of new hair follicles at repaired skin tissue. 

Blood vascularization, which promotes nutrition, oxygenation, and 
waste transfer, is essential for wound healing [60]. On day 7, the wounds 
treated with PAMA 66 hydrogel showed more fibroblast infiltration and 
more evident neovascularization than the control and commercial 
dressing, crucial for granulation maturity and wound contraction. 
Remarkably, on day 14, the blood vessel numbers increased slowly in 
PAMA 66 hydrogel, similar to other groups. The PAMA 66 groups 
effectively eliminated unmatured blood vessels, creating a favorable 

environment for subsequent phases of matrix remodeling. Furthermore, 
the PAMA 66 group exhibited greater growth in skin layers compared to 
the control and Tegaderm™ group, indicating the enhanced wound- 
healing capabilities of PAMA 66. Similarly, Zou et al. [60] created a 
tissue adhesive using a combination of L-Arg-based degradable poly
urethane and gelatin methacrylate to expedite the process of wound 
healing. The in vivo findings demonstrated that the hydrogel adhesive 
had a notable impact, as it significantly increased the thickness of the 
dermis and improved vascularization by 2.5 times compared to the 
control. 

The overall outcome of our study can be credited to the ability of the 
PAMA 66 wt% hydrogel to release L-Arg and NO, which encourage 
vascular endothelial and skin cell proliferation. This mechanism helps 
regulate immune responses and ultimately speeds up the process of 
tissue repair. It is highlighted that the PAMA 66 hydrogel is a promising 
wound dressing that can promote the chronic wound healing. 

Fig. 5. Macrophage cell responses to PAMA/PβAE hydrogels: A) Relative cell viability in contact with PAMA/PβAE hydrogels estimated using the MTT test. The 
results are normalized against the control (TCP). B) In vitro NO production by RAW-264.7 macrophage during 24 h and 48 h. ELISA analysis of macrophage cytokines 
including C) IL-6, D) TNF-α, E) IL-10, F) TGF-β after 48 h. The untreated cells without LPS and with LPS were used as the control 1 and control 2 groups, respectively. 
The results are reported as the means (n = 3) ± standard deviation (*: P < 0.05). G) The schematic representing macrophage phenotypes in interaction with 
PAMA/PβAE. 
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4. Conclusion 

In conclusion, we have effectively fabricated a novel immunomod
ulatory PAMA/PβAE hydrogel to promote chronic wound healing via NO 
production and sustained L-Arg release. Varying the PAMA content 
resulted in tunable adhesive strength, water vapor permeability, L-Arg 
release profiles, and cell responses. Interestingly, the PAMA 66 hydrogel 
exhibited remarkable functionality by enhancing the adhesion, 

proliferation, migration, and collagen I gene expression of L929 cells. It 
effectively activated macrophages to produce NO molecules and regu
lated the response of pro-inflammatory and anti-inflammatory immune 
cells. The PAMA/PβAE hydrogels also demonstrated their ability to 
promote angiogenesis in HUVECs, which can be related to the unique 
release profile of L-Arg from the hydrogels. Furthermore, in vivo exper
iments confirmed that the PAMA 66 hydrogel promoted angiogenesis 
and accelerated wound healing. Overall, the PAMA/PβAE hydrogel with 

Fig. 6. Endothelial cell responses to PAMA/PβAE hydrogels: A) Relative cell viability in contact with PAMA/PβAE hydrogels determined using the MTT test for 5 
days. The results are normalized against the control (TCP). In vitro angiogenesis assay prompted by PAMA/PβAE hydrogels for 24 h: B) Quantitative evaluation of 
total loops, C) digital images of tube formation by HUVECs, D) quantitative evaluation of total branching point, and E) total tube length. The untreated cells were 
used as the control group. The results are reported as the means (n = 3) ± standard deviation (*: P < 0.05). 
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Fig. 7. In vivo wound healing study: A) Photographs showing PAMA/ PβAE hydrogel-treated wounds, compared to control (untreated wound) and commercial 
wound dressing (Tegaderm™) at 0, 7, and 14 days. B) Quantitative analysis of wound healing ratio (%). C) H&E staining histopathological evaluation of wound 
sections under various conditions. D) The average epidermis thickness, E) the average skin thickness, and F) the average blood vessels at 7- and 14 days post- 
treatment. G) Quantification of regenerated hair follicles following different treatments for 7 and 14 days. The results are reported as the means (n = 3) ± stan
dard deviation (*: P < 0.05). 
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controlled release of L-Arg and NO production has great potential as an 
effective wound dressing for enhancing the healing of chronic skin 
wounds. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bioadv.2024.213762. 
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