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ARTICLE INFO ABSTRACT

Keywords: Wound infections are a significant issue that can hinder the wound healing process. One way to
Antibacterial polyurethanes address this problem is by enhancing the antibacterial activity of wound dressings. Accordingly,
Nanocomposite

this work focuses on developing a castor-oil-based antibacterial polyurethane nanocomposite film
Silver nanoparticles impregnated with silver nanoparticles (AgNPs) decorated on the surface of reduced graphene
Reduced graphene oxide oxide (rGO) nanostructures (Ag@rGO). To this aim, rGOs act as a platform to stabilize AgNPs and
wound dressing improve their bioavailability and dispersion quality within the PU film. The microwave-assisted
synthesis of Ag@rGO nanohybrids was proved by FTIR, XRD, TGA, FE-SEM, EDS, and TEM an-
alyses. Compared to PU/GO, the effect of Ag@rGO nanohybrids on thermo-mechanical features,
morphology, antibacterial activity, cytocompatibility, and in vivo wound healing was assessed.
SEM photomicrographs revealed the enhanced dispersion of Ag@rGO nanohybrids compared to
GO nanosheets. Besides, according to XRD results, PU/Ag@rGO nanocomposite film demon-
strated higher microphase mixing, which could be due to the finely dispersed Ag@rGO nano-
structures interrupting the hydrogen bonding interactions in the hard segments. Moreover, PU/
Ag@rGO nanocomposite showed excellent antibacterial behavior with completely killing E. coli
and S. aureus bacteria. In vitro and in vivo wound healing studies displayed PU/Ag@rGO film
effectively stimulated fibroblast cells proliferation, migration and re-epithelialization. However,
the prepared antibacterial PU/Ag@rGO nanocomposite film has the potential to be used as a
biomaterial for dermal wound healing applications.
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1. Introduction

The skin as biggest organ covers the human body and made up of the epidermis, dermis, and hypodermis [1]. As a vital barrier, the
skin can play a big part in protecting the human body against environmental agents [2]. However, if this defensive barrier is defected
through wound formation, the skin’s function and normal anatomical structure can be disrupted. This disruption can lead to the easy
penetration of microorganisms like bacteria and fungi, causing the formation of infection in the wound environment [3,4]. In the case
of serious wounds, due to the infection, the skin cannot take part in the self-healing process. This problem can complicate the situation,
delaying the wound-healing process or leading to the patient’s death [4,5]. As a result, it is essential to protect the damaged skin of a
wound from infection and provide support to heal the wound properly and quickly by fabricating modern wound dressings. These
novel biomaterials can not only cover the wound bed but also prevent the invasion of pathogens and infection [6,7]. Recently, the
utilization of renewable materials with potential biomedical properties is considered as a novel strategy to fabricate wound dressings.
This aims to accelerate wound healing with minimal side effects, including scar tissue formation and cell toxicity [8-10]. These
renewable materials have been commonly investigated to form scaffolds, films, and hydrogels as bioactive wound covers [11].
However, the latest advances in designing skin replacements show that researchers focus on using renewable components for designing
and developing biomedical-grade polymers.

Polyurethanes (PUs) have been considered an excellent candidate for preparing modern dressings. This is due to their great di-
versity of construction units, including diisocyanates, polyols and chain extenders. These environmentally-friendly PUs have widely
favorable chemical and physical properties such as good oxygen and water vapor permeability and barrier properties, variable me-
chanical properties, and nontoxicity [12-14].

A tremendous effort has been made to use vegetable oils to synthesize non-toxic and biocompatible, environmentally friendly and
cheaper PUs [15,16]. Among vegetable oils, castor oil (CO) can be used as green polyol to manufacture bio-based PUs [17]. In addition,
CO has demonstrated potent curative effects on the treatment of wounds due to its excellent anti-inflammatory properties [18].
Moreover, CO base polyurethanes can be a desired polymeric matrix to produce highly efficient wound dressings by incorporating
different nanoparticles, drugs and biological compounds.

Researchers have been focusing on developing effective antimicrobial PU wound dressings using various inorganic antibacterial
materials such as metal cations (e.g., zinc, copper, and silver) or their complexes [19], nanoparticles (e.g., Ag, Au, ZnO, and TiO3)
[20-22]. These antibacterial active substances may face practical limitations such as poor solubility, low dispersion quality, low
stability, undesired bioavailability and no long-term antibacterial effect. Additionally, rapid release and toxicity towards cells can also
be of concern [23-25]. It’s important to consider these limitations when developing polyurethane wound dressings based on inorganic
antibacterial agents. These shortcomings may be overcome by hybridization strategies which can stabilize them and improve their
dispersion quality. It’s also promising that this approach has led to prolonged antibacterial efficacy and improved cell compatibility
with lower concentrations of inorganic antibacterial materials [26,27].

Among antibacterial nanoparticles, AgNPs have been proposed as a promising agent against Gram-positive and Gram-negative
bacteria, which have been shown to be less prone to antibiotic resistance compared to traditional antibiotics [28,29]. It is thought
that the potential antibacterial behavior of AgNPs is related to the interaction of released Ag" ions from NPs with the cell wall, en-
zymes, proteins and nucleic acid of bacteria [30-34]. Unfortunately, the antibacterial applications of AgNPs can be affected by two
main limitations, including a strong tendency to aggregate and also cell toxicity [35,36]. There are various methods used to produce
silver nanoparticles (AgNPs), including chemical, biological, and physical methods. One common method involves reducing silver ions
(Ag*) from a silver salt solution using reducing agents [37].

Various reducing agents have been used in the synthesis of silver nanoparticles (AgNPs), including hydrazine [38], sodium
borohydride (NaBH4) [39], polyethylene glycol (PEG) [40]. The reducing agent type has a drastic effect on various factors such as size
and shape of the nanoparticles. The use of environmentally friendly reducing agents such as chitosan [41] and glucose [42] is
becoming increasingly popular due to their biocompatibility and low toxicity. Some eco-friendly reductants like sodium citrate are
milder and slower in reducing silver ions compared to conventional reducing agents like hydrazine or sodium borohydride. This can
result in a longer reduction process, requiring more time for the synthesis of silver nanoparticles [43,44]. Various strategies, including
adjusting the reaction conditions such as temperature and pH, increasing the concentration of the reducing agent and adding catalysts
or additives can be used to increase the reduction rate of silver ions [45,46]. Moreover, microwave-assisted synthesis is a
high-performance tool for the uniform, high yield and fast preparation of silver nanoparticles. This is because microwave irradiation
can provide localized heating, leading to enhanced electron transfer from the reducing agent to the silver ions, thereby promoting
faster and more efficient reduction rates [47,48].

Stabilizing agents play a crucial role in the preparation of AgNPs. These agents are used to prevent agglomeration of the nano-
particles and to control their nanostructure [49]. Graphene oxide (GO) nanosheets have been studied as a support for stabilizing,
preventing agglomeration and uniform dispersing silver nanoparticles (AgNPs) in polymeric matrices. The use of GO as a support offers
several advantages, including high surface area, good biocompatibility, and the ability to functionalize the surface with various
chemical groups. This can also improve the stabilization and bioavailability of AgNPs and thereby enhance their antibacterial
properties. The presence of oxygen-containing functional groups, such as hydroxyl, epoxy and carboxyl groups on the surface and
edges of graphene oxide (GO) nanosheets provides anchoring sites for the attachment of silver nanoparticles (AgNPs). In fact, these
functional groups can serve as binding sites for metal ions, facilitating the reduction and deposition of AgNPs onto the GO surface [50,
51].

In this work, a potent antibacterial wound dressing film was developed based on castor oil-based polyurethane nanocomposite
containing Ag@rGO hybrid nanostructure. To this aim, firstly, Ag@rGO nanostructure was prepared via microwave-assisted method
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using sodium citrate as a cost-effective and environmentally friendly reducing agent for both GO nanosheets and silver ions. It is worth
noting that graphene oxide, as a stabilizing agent through its anchoring sites, helps to prevent the agglomeration of AgNPs, while also
promoting uniform dispersion and high bioavailability of AgNPs in the PU matrix. To the best of our knowledge, a PU/Ag@rGO
nanocomposite film with such high bactericidal activity against both gram-negative E. coli and gram-positive S. aureus bacteria, along
with potent dermal wound healing efficacy, has not been fabricated thus far.

2. Experimental
2.1. Materials

To synthesize treated and untreated GO nanostructures, the main ingredients: graphite flakes (95 %) were purchased from DaeJung
Chemicals&Metals, South Korea; potassium permanganate (KMnOj), Sulfuric acid (H2S04,98 wt%), hydrogen peroxide (H202,30 wt
%), orthophosphoric acid (85 wt%), silver nitrate (AgNO3,99 %) and sodium citrate were obtained from Merck, Germany. To fabricate
PU films, isophorone diisocyanate (IPDI, Merck), diethylene glycol (DEG, Aldrich) and castor oil (CO, Aldrich) were all analytical
agents grades without any further purification.

2.2. Synthesis of GO and Ag@rGO nanostructures

GO was prepared based on our previous work [3]. Then, AgNPs were decorated onto GO nanosheets in a typical in-situ reduction
procedure using a reducing reagent under microwave irradiation. First, the synthesized GO flakes (0.5 g) were dissolved in distilled
water (100 mL), stirred for 30 min and then ultrasonically dispersed for 1 h at ambient temperature. After that, the prepared dispersion
was mixed with AgNOs3 (0.25 g) and sodium citrate (1.0 g) as eco-friendly reducing agent while stirring for 30 min. Then the mixture
was sonicated for 1 h. The reduction process was completed under microwave irradiation (LG, NeoChef MC65BR, Frequency:2.45 GHz,
Power input:200 W) for 30 min. Finally, the formed Ag@rGO hybrid nanostructures were separated by a high-speed centrifugation and
washed with distilled water and methanol three times and then dried at vacuum oven. The in-situ synthesis scheme of Ag@rGO
nanohybrids is shown in Fig. 1A.

2.3. Synthesis of blank PU, PU/GO and PU/Ag@rGO nanocomposite films

PU films were made using the pre-polymerization process with the formula presented in Table 1. For the synthesis of PU/GO and
PU/Ag@rGO samples, the required amount of GO and Ag@rGO nanostructures were separately mixed with CO (5.0 ) in a four-necked
reactor under gentle stirring for 24 h at room temperature. Next, NCO-terminated PU prepolymers were prepared by adding IPDI (3.36
g) under mechanical stirring for 3 h at 80 °C. Then, DEG (0.76 g) was charged as a chain extender, and the mixture was stirred for 5
min. A Blank PU sample containing no nanoparticles was synthesized similarly as above. Finally, the resulting mixture was poured into
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Fig. 1. The schematic synthesis of Ag@rGO nanohybrids (A) and PU/Ag@rGO nanocomposite film (B).
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Table 1

The codes and formulations of Blank PU and PU nanocomposite films.
Sample Block ratio (CO:IPDI:DEG) Nanosheets type Content (wt %)
Blank PU 1:2.1:1 - -
PU/GO 1:2.1:1 GO 1.0
PU/Ag@rGO 1:2.1:1 Ag@rGO 1.0

a preheated Teflon mold and cured at 80 °C for 24 h. The scheme of the preparation of PU films is presented in Fig. 1B.

2.4. Measurements

FTIR and FTIR-ATR spectra were collected using a JACSO-6300 spectrophotometer. XRD analysis was performed on a Bruker D8
Advance diffractometer equipped with Cu-Ka radiation source. TGA measurements were carried out by a TGA 8000 instrument
(PerkinElmer). Dynamic mechanical thermal analysis (DMTA) was provided by a DMTA-TRITON analyzer (Model Tritic 2000 DMA) to
evaluate the viscoelastic properties of the prepared films in tension mode at a heating rate of 5 °C/min and frequency of 1 Hz over
temperatures ranging from —50 to 100 °C. The microscopic morphology and Energy Dispersive X-ray (EDS) patterns of nanoparticles
were characterized by a Dual Beam FIB/SEM microscope Helios Nano-Lab 600i (ThermoFisher Scientific, Hillsboro, OR, USA). SEM,
SEM-mapping images and EDS patterns of the prepared films were provided by a scanning electron microscope (TESCAN, MIRA III,
Czech Republic). Transmission electron microscopy (TEM) characterization was performed with a Zeiss Libra 120 Plus microscope
operating at 120 keV, equipped with a bottom mounted 12 bit 2k x 2k CCD (TRS), and a Bruker XFlash 6T-60 SDD detector for EDS
analysis.

The antibacterial performance of the obtained films towards both Gram-positive Staphylococcus aureus bacteria (ATCC 33591) and
Gram-negative Escherichia coli bacteria (ATCC 35218) were investigated by a dynamic shaking flask test (according to ASTM E2149-
13a standard). Briefly, bacterial suspensions from E. coli and S. aureus at concentration of 1 x 10° colony (CFU/mL) in BHI broth were
prepared. Then, the films (1 cm diameter) and 250 pL of cell suspended bacteria were incubated in a Falcon tube at 37 °C for 24 h while
shaking at 100 rpm. After incubation, the tube suspensions were diluted serially in BHI broth. 1 mL of the obtained bacterial sus-
pensions (1 x 10° CFU/mL) was spread onto agar plates separately and incubated under the same condition. Finally, viable bacteria
colonies were counted. Each test was repeated in triplicate.

The in vitro wound-scratch assay was performed to test cell proliferation, migration and wound closure. To achieve this aim, L929
cells were cultured with a cell density of about 5 x 10* cells/mL in 6-well plates to have a confluent cell monolayer. Then, a linear
scratch “wound” was made in the middle of the cultured cell monolayer by a sterile pipette tip (1000-pL). Following this, the plates
were rinsed twice with PBS to eliminate cellular debris. After adding fresh media, the prepared films (1 x 1 cm) were put on the created
gaps. One well containing the cell suspension only without any film was served as a control. Cell proliferation and migration were
monitored, and their images were taken using a Nikon Inverted Fluorescent Microscope at each incubated time-point: 0, 24, and 48 h.
The images of cell-free area were used to calculate the wound area using the image J public domain software. Alternatively, the cell
migration rate can also be assessed as the percent reduction of the wound closure over time:

Wound Closure % = (AU; At) x 100 @™
0

Ay = the wound area calculated immediately after creating the scratch.

A = the wound area calculated 48 h after creating the scratch.

Normally, the wound closure percentage will rise as the migration rate of cells into the linearly scratch area at the mentioned time
intervals.

Cell morphology on the films’ surface was also observed by the SEM images taken using a LEO 1455VP scanning electron mi-
croscope (Zeiss, Germany) after 4-day incubation. Prior to gold coating for SEM, the cells on the films were fixed with 2.5 %
glutaraldehyde in PBS at 4 °C for 4 h. Consequently, the cells-film were dehydrated in a graded ethanol/water series (50, 70, 80, 90,
100 % v/v) for 10 min each step and then dried at 25 °C overnight.

The in vivo wound healing efficiency of highly cytocompatible and antibacterial PU/Ag@rGO film in comparison to Blank PU, PU/
GO films, and cotton gauze as a negative control was evaluated using a male rat. Ethical approval (ethics code NO: IR.AJUMS.ABHC.
REC.1400.077) was taken from the Research Ethics Committee of Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran.
Male Sprague-Dawley rats, weighing 200-250 g, provided from Ahvaz Jundishapur University’s Animal House were assigned to four
groups and each group consists of three animals. Group 1: control, group 2: Blank PU, group 3: PU/GO and group 4: PU/Ag@rGO.
Before wounding, the hair on the dorsal interscapular region of the animals was shaved and cleaned with ethanol (70 %). Afterward,
the rats were anesthetized by intraperitoneal injection of ketamine (40 mg/kg) and xylazine (5 mg/kg). Circular full-thickness wounds
(1 cm in diameter) were made on the upper back of each animal (scapular site (C3-Ts) area), using a surgical blade. The wounds were
covered with wound dressings and gauze and fixed by surgical sutures or an elastic adhesive bandage. Animals were sacrificed by CO4
inhalation after the 7th and 12th days of the healing process. At each time-point, the pictures of the wound areas were taken and the
percentage of wound healing was measured using Image J public domain software by determining the wound surface compared to the
wound without dressing. In addition, histopathological tissue assessment of biopsy samples from the wound sites on days 7 and 14 was
done. Excised healed skins were fixed in formalin, dehydrated, embedded in paraffin wax, and stained with hematoxylin-eosin (H&E)
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to evaluate collagen fiber density and re-epithelization. The images of paraffin-embedded tissue slices were taken by a light microscope
(Olympus BX 51) equipped with an Olympus DP72 camera.

3. Results and discussion
3.1. Characterization of nanostructures
The decoration of AgNPs on GO nanosheets was examined by FTIR, XRD, TGA, FE-SEM, EDS and TEM analyses.

3.1.1. FTIR analysis

The FTIR spectra of GO and Ag@rGO nanostructures are shown in Fig. 2A. The FTIR spectrum of GO nanosheets displays that the
band at 3403 cm ™! is related to the stretching vibrations ~OH groups. The absorption band at 1720 cm™! is attributed to the C=0
carbonyl stretching of -COOH groups on the edge of nanosheets. The skeletal ring structure of GO (C—C) show a peak at 1623 cm ™
[25,52]. Also, there are peaks at 1286, 1176 and 1069 cm ! assigning to G-OH bending vibrations, C-O-C, and epoxy groups
stretching vibrations, respectively [53]. Regarding the Ag@rGO nanohybrids, as seen from the spectrum, due to the reduction process
done by sodium citrate under microwave treatment, the absorption bands intensity corresponding to the oxygen containing functional
groups were considerably decreased or disappeared [52,53].

3.1.2. XRD analysis

The XRD analysis (Fig. 2B) was used to confirm decoration of AgNPs onto the GO nanosheets. The interlayer distances of treated
and untreated of GO were calculated by using the Bragg’s law (nh = 2d sin 0; A = 1.5406 A). Regarding GO pattern, there is a
characteristic peak at 20 = 11.55° corresponding to (001) plane with an interlayer space of 7.65 A. The XRD pattern of Ag@rGO
nanostructures can confirm the structural changes compared to GO after reduction process. Compared to GO, the X-ray pattern of
Ag@rGO has low-intense peaks at 20 = 11.55° due to depletion of some oxygen-functional groups [54]. Moreover, the XRD pattern of
Ag@rGO nanohybrids showed four sharp peaks at 38.2°, 44.5°, 64.6° and 77.6° attributed to (111), (200), (220) and (311) planes
(JCPDS No. 04-0783), respectively. These major diffraction peaks belong to the cubic-crystal structure of AgNPs [55]. Therefore, it can
be concluded that during the reduction process in the presence of sodium citrate and microwave condition, AgNPs were formed
successfully.
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Fig. 2. FTIR spectra (A), XRD diffractograms (B) and TGA thermograms (C) of the prepared nanoparticles.
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3.1.3. TGA analysis

TGA analysis was carried out to test the thermal stability and degradation behavior of GO and Ag@rGO nanostructures. TGA
measurements were done under a nitrogen atmosphere in the temperature range of 50-600 °C (Fig. 2C). TGA thermogram of GO
nanosheets shows three stages of thermal decomposition. Firstly, a weight loss of around 16.0 % within 50-115 °C occurred as a result
of evaporation of absorbed water from GO. The second mass reduction (~36.1 %) takes place rapidly by rising temperature up to
250 °C due to the pyrolysis of unstable oxygen containing functional groups like -OH and -COOH [56,57]. In the last stage, GO lost its
weight on a gentle slope from 250 to 600 °C because of the decomposition of carbon skeleton [56,58]. The thermal stability of Ag@rGO
hybrids was significantly improved in comparison to the GO sample. The Ag@rGO sample showed a weight loss of only 24.9 % up to
600 °C. The reduction of GO to rGO nanosheets leads to a decrease in thermal defects at high temperatures, likely due to the reduction
in the concentration of oxygen groups present in the rGO sample [57].

3.1.4. FE-SEM analysis

FE-SEM was used to observe the morphological structure of GO and Ag@rGO samples (Fig. 3). It was observed that both samples
exhibit a layer-by-layer and wrinkled structure, which is consistent with the literature [59]. Based on the FE-SEM image, it can be
concluded that the Ag@rGO nanocomposite was successfully formed, with AgNPs of a mean size of 24.1 nm being deposited onto the
surface of rGO nanosheets. It can be noted that, the hydroxyl, carbonyl, and epoxy groups present on GO can potentially serve as
coordination sites that can interact with Ag™ ions during the reduction process, resulting in the formation of well-dispersed and less
agglomerated Ag NPs on rGO layers [50,51].

3.1.5. TEM and EDS analysis

TEM micrographs were used to examine the microstructures of the GO and Ag@rGO samples, which are shown in Fig. 4A. The GO
image displayed ultra-thin flakes with wrinkles, while the Ag@rGO sample image showed uniform dispersion of AgNPs throughout the
rGO surfaces, with particle sizes lower than 50 nm. These findings are consistent with the results obtained from FE-SEM analysis.
Furthermore, the EDS spectrum of the Ag@rGO sample exhibited signals relating to C, O, and Ag atoms, which confirms the successful
formation of this nanostructure [60].

3.2. Characterization of blank and PU nanocomposite films

3.2.1. ATR-FTIR analysis
Fig. 5A shows the ATR-FTIR spectra of Blank PU, PU/GO, and PU/Ag@rGO samples. It is evident that all the samples exhibit the
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Fig. 3. FE-SEM images (A) and size distribution histogram of AgNPs formed on the rGO surface(B).
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Fig. 5. ATR-FTIR spectra (A) and XRD diffractograms (B) of the fabricated PU films.

same absorption bands, confirming the formation of the PU structure without any residual isocyanate groups. The Blank PU showed an
absorption peak at 3333 em ™! (N-H stretching), two peaks at 2923 and 2854 cm ™! (C-H stretching), stretching vibration of carbonyl
groups of castor oil at 1740 cm ™!, band at 1699 cm ™! (urethane carbonyl group stretching), the band at 1524 cm ™! (urethane N-H
bending), and bands at 1140 and 1027 em™! (symmetric and asymmetric C-O stretching, respectively) [9,61,62]. For PU/GO and
PU/Ag@rGO film, no significant changes were observed compared to that of Blank PU due to low introduction of GO and rGO
nanostructures. Moreover, the complete disappearance of the free isocyanate peak at 2270 cm ™! indicates that the prepared films are
non-toxic and have potential for use in biomedical applications.

3.2.2. XRD analysis

X-ray diffraction (XRD) scans were recorded to make an evaluation of the relationship between GO and Ag@rGO impregnation and
the crystalline behavior of the synthesized PU films, as represented in Fig. 5B. It is accepted that the crystallization behavior of PUs
mainly depends on the micro-phase separation of both hard and soft blocks. On the basis of XRD analysis, the PU sample and its
nanocomposites showed a characteristic peak at 260 = 18.8° related to soft domains, with different intensities [63]. Accordingly, the
peak intensity decreased after incorporating GO and Ag@rGO nanofillers into the matrix, leading to a reduction in the degree of
microphase separation. It is proposed that the GO and Ag@rGO nanostructures with hydrophilic properties disrupt the hydrogen
bonding interactions within the hard domains, resulting in low phase separation and crystallinity [64,65].
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3.2.3. DMTA analysis

Dynamic mechanical thermal analysis (DMTA) is an applicable technique to evaluate thermo-mechanical properties of the PU films
with introduction of GO and Ag@rGO nanostructures. The logarithm of storage modulus (log E) and loss tangent (tan 8) curves and
related data are presented in Fig. 6. Based on the log E' and tan § plots, only one thermal transition was detected for all samples, which
can be attributed to the glass transition temperature of the PU hard segments (Tg ys). It was observed that the log E' value decreased,
especially at room temperature, for the PU/GO and PU/Ag@rGO samples compared to the Blank PU sample. Additionally, the Tg
values of the PU/GO and PU/Ag@rGO samples decreased from 35.1 °C for the Blank PU to 32.5 and 30.9 °C, respectively. These
findings suggest that the increase in chain movements may have arisen from the interaction of the GO and Ag@rGO nanofillers with the
hard segments, which disrupts the hydrogen bonding, as mentioned earlier in the XRD section.

3.2.4. SEM analysis

The cross-sectional SEM photomicrographs of the prepared films are given in Fig. 7. Compared to the PU/GO sample, it appears that
Ag@rGO exhibits improved dispersibility within the PU/Ag@rGO matrix. This is likely due to the lower concentration of polar groups,
such as epoxy rings, hydroxyl, and carboxyl groups, on the surface of rGO nanosheets in Ag@rGO. As a result, Ag@rGO is able to
interact more effectively with the hydrophobic soft segment (castor oil) in the PU matrix. Furthermore, it is apparent that in the PU/
Ag@rGO nanocomposite, the Ag nanoparticles (AgNPs) are successfully attached to the well-exfoliated rGO surface. This leads to a
highly uniform distribution of AgNPs within the PU matrix, which enhances the bactericidal properties of the nanocomposite [66].

3.2.5. Antibacterial assessment

Since bacterial infection is a major threat to wound healing, there is a need to evaluate the antibacterial properties of designed
nanocomposite films before wound healing applications. For this purpose, the shake flask method was used to determine the anti-
bacterial activity of nanocomposites against Gram-negative E. coli and Gram-positive S. aureus after 24 h of incubation. (Fig. 8). The
Blank PU was considered as a negative control. It was observed that the PU/GO nanocomposite exhibited significant antibacterial
properties upon contact with S. aureus bacteria. However, no antibacterial activity against E. coli was detected. The observed anti-
bacterial capability of the PU/GO nanocomposite against S. aureus bacteria can be attributed to the sharp edges and reactive oxygen
groups present in the GO, which are believed to cause damage to the bacterial cell walls. In fact, the sharpened edges of GO act like
blades that can diffuse into and cut the cell membrane, leading to the efflux of phospholipids. Additionally, they can facilitate a finer
charge transfer with the cell walls, ultimately leading to cell death [67].

As a promising and important accomplishment, the PU/Ag@rGO sample exhibited excellent bacteria-killing activity by killing 100
% of bacteria cells against both E. coli and S. aureus. This might be attributed to the synergistic effect of AgNPs and rGO nanosheets.
Besides, rGO nanosheets with high surface areas supported and dispersed the impregnated AgNPs finely and uniformly within the
PUmatrix, which made AgNPs more accessible to bacterial cells. This excellent antimicrobial performance of PU/Ag@rGO nano-
composite film can be considered as a potential wound dressing with powerful bacterial killing activity on the wound bed.

3.2.6. In vitro wound-scratch assay

To examine the biocompatibility and wound-healing capability of the prepared films, the in vitro wound-scratch assay was
employed. To this aim, the migratory and proliferative effects of the impregnated nanoparticles on L929 fibroblast cells and wound
closure were observed. The coverage rate of the scratched area was observed up to 48 h after creating the wound scratch. Fig. 9A
represents the degree of proliferation and migration of fibroblast cells in response to the prepared films. Furthermore, Fig. 9B shows the
quantitative results related to the wound area and wound closure percentage values after 48 h. PU/Ag@rGO film revealed the sig-
nificant cell migration into the wound area and had excellent wound healing properties compared to the Blank PU and PU/GO films.
According to Fig. 9C, after 48 h, the mean percentage of wound closure for the PU/Ag@rGO sample (72.1 %) was significantly higher
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Fig. 6. Logarithm of storage modulus (A) and tan & (B) curves of the prepared PU films.
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PU/Ag@rGO

Fig. 7. SEM images of the prepared PU/GO and PU/Ag@rGO films.

Blank PU PU/GO PU/Ag@rGO

E. coli

S. aureus

Fig. 8. Evaluation of the antibacterial activity of the prepared films through the bacterial colonies formed after 24 h of incubation.

than for the Blank PU (29.8 %) and PU/GO (59.1 %) samples. The high efficiency of the PU nanocomposite samples compared to the
Blank PU can be attributed to the incorporation of GO, rGO, and AgNPs nanostructures, which have a significant positive impact on
stimulating cell proliferation and migration [68,69].

3.2.7. In vivo wound healing assay

An in vivo assessment of wound healing was conducted on a rat model 7 and 12 days after treatment with the prepared samples
(Fig. 10). The treatment of wounds with PU/Ag@rGO demonstrated the best healing efficiency on day 12 due to the stimulating and
accelerating effects of rGO and AgNPs on regenerating skin. Additionally, H&E-stained histological images (Fig. 10B) showed that
wounds treated with the PU/Ag@rGO nanocomposite had a quicker epithelial regeneration rate with numerous hair follicles compared
to the other films. This is due to the synergistic effects of rGO and Ag nanostructures with desired bioavailability, which provide an
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Fig. 9. In vitro scratch wound assay: the optical images of L929 fibroblast cell migration on the films after 24 and 48 h of scratch (A), The remained
wound area at three different time point: 0, 24 and 48 h. (B), The wound closure percentage of the scratched area after 48 h (***P < 0.001) (C).

antibacterial environment that effectively encourages granulation tissue, such as fibroblasts proliferation and neovascularization [68,
69].

4. Conclusion

In this study, a highly efficient castor oil-based polyurethane/Ag@rGO nanocomposite was prepared as a promising antibacterial
wound dressing. The nanocomposite films were synthesized by impregnating Ag@rGO nanostructures, prepared using microwave
assistance, into the castor oil-based PU matrix. SEM analysis showed a high bioavailability of AgNPs and good dispersibility of
Ag@rGO nanostructures in the PU/Ag@rGO sample compared to the PU/GO sample. Furthermore, XRD and DMTA analysis confirmed
that the PU/Ag@rGO nanocomposites had lower crystallinity, storage modulus, and Tg compared to Blank PU. This was attributed to
the interruption of nanostructures in the hydrogen bonding formation of the hard segments. Among the samples, PU/Ag@rGO
exhibited the best antibacterial activity against E. coli and S. aureus bacteria. The wound scratch assay demonstrated that PU/Ag@rGO
significantly increased the viability of L929 fibroblast cells. Moreover, the in vivo treatment of wounds with PU/Ag@rGO was much
faster and more efficient than with the other samples and the control. In conclusion, the obtained results indicated that the PU/
Ag@rGO film is a suitable wound dressing with excellent antibacterial properties.
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