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A B S T R A C T   

Wound infection is considered a significant challenge in skin injuries. Sprayable antibacterial wound dressings 
are interesting alternatives to their traditional counterparts because of their facile preparation, ease-of-use, and 
the possibility of topical delivery of antibacterial materials. Herein, novel sprayable antibacterial dressings are 
formulated and reported. The dressings were developed by in-situ formation of Ag-nanoparticles (Ag-NPs) using 
Persian gum (PG) as a carbohydrate polymer. Several tests were conducted to investigate the effect of polymer 
concentration on the sprayablity, biocompatibility, and antibacterial activity of the dressings (PG/Ag-NPs). 
Results showed that formulations up to 2 wt.% PG/Ag-NPs could be sprayed properly and form intact films. 
Antibacterial evaluations also showed biocidal activity of 1% PG/Ag-NPs against Pseudomonas aeruginosa and 
Staphylococcus aureus. Cytotoxicity and in vivo full-thickness wound healing evaluation confirmed that 1% PG/ 
Ag-NPs spray was safe and improved wound healing process. All the results confirmed the high potential of 
formulated sprayable dressings for wound repair.   

1. Introduction 

Skin, the outermost organ of the human body, makes a strong 
defensive line against exogenous hazards [1]. Any damage to this 
multifunctional organ makes the human body vulnerable to microbial 
invasion [2]. As a result, wound infection is one of the most prevalent 
and challenging problems in different skin disorders, such as diabetic 
ulcers and burn injuries [3–5]. Wound infection can severely jeopardize 
human health by arising acute inflammatory response that leads to 
delayed wound healing [6]. Systemic antibiotic administration is a 
traditional method to prevent wound infection; however, the growing 

number of antibiotic-resistant bacteria and low efficiency of antibiotic 
delivery to the wound site highlight the need for new antibacterial 
materials as well as new methods for their topical delivery [7–9]. To 
tackle these problems, wound dressings containing essential oils, poly-
mers with intrinsic antibacterial properties, and nanoparticles as alter-
native antibacterial agents have been developed [10–13]. Different 
forms of these wound dressings, such as nanofibers, films, sponges, 
foams, and hydrogels are currently available in the market [14,15]. 
However, these conventionally available wound dressings are mostly 
incapable of covering large and asymmetrical wounds. Besides, wound 
dressings need to be replaced regularly, and because they are inclined to 
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adhere to the wound area, they are liable to cause secondary damage 
[16]. Consequently, engineering a wound dressing that is not only 
well-matched to each patient but also can be easily removed and 
replaced is of great interest. Recently, sprayable and injectable hydro-
gels and film-forming dressings have been investigated as promising 
alternatives to conventional dressings [17–19]. These alternatives have 
many advantages, including closer contact with tissue, compatibility to 
any asymmetrical and large wound, ease of use, and topical delivery of 
antibacterial agents that made them great candidates for wound healing 
[20–22]. 

Persian gum (PG) (also known as Farsi gum, Shirazi gum, Zedo gum, 
and Angum gum) is a carbohydrate polymer derived from the natural 
exudate of almond trees scattered through Zagros mountains, Iran [23]. 
PG has gained many applications in food industries due to its stabilizing, 
emulsifying, film-forming, and high water absorption properties 
[24–27]. However, to the best of our knowledge, its potential biomed-
ical applications have not been reported yet. 

Researches have shown that metal and metal oxide nanoparticles 
provide broad antimicrobial activities [28,29]. Silver nanoparticles 
(Ag-NPs) are among the most effective and investigated nanoparticles 
that have been shown to be effective against multidrug-resistant bac-
teria [30–33]. It has been reported that Ag-NPsʼ antibacterial activities 
are mostly derived from silver ions interaction with bacteria enzymes 
and proteins and/or destruction of bacteria’s membrane [34,35]. 
However, researches have demonstrated that a high concentration of 
Ag-NPs could be cytotoxic to human cells due to the uptake of Ag-NPs by 
cells and/or reactive oxygen species (ROS) related oxidative stress [1, 
36,37]. 

In this study, the application of PG to synthesize and stabilize Ag-NPs 
were investigated for the first time. A thorough characterization of the 
synthesized Ag-NPs embedded PG (PG/Ag-NPs) was performed. 
Furthermore, the potential application of PG/Ag-NPs as a sprayable 
antibacterial dressing for wound healing was evaluated. This research is 
of importance as it demonstrates the application of PG as a novel 
biomaterial for biomedical applications. 

2. Experimental section 

2.1. Materials 

The natural exudate of the almond tree was obtained from the local 
market to be used for PG extraction. Silver nitrate (AgNO3) was pur-
chased from Sigma, USA. Commercially available spray bottles were 
bought from the market and used for sprayability experiments. Deion-
ized water (DI) was used for all experiments. 

2.2. Persian gum extraction 

To reach water-soluble PG, almond tree exudate was dissolved in DI 
(5 wt.%) at 60 ◦C for 1 h. The resultant solution was then centrifuged at 
2000 rpm for 5 min, and its supernatant was kept. Afterward, the su-
pernatant was precipitated using 2-fold ethanol 96 % to reach the PG. 
PG was again dissolved in water and freeze-dried for further use. 

2.3. Synthesis of silver nanoparticles embedded in Persian gum 

PG was dissolved in deionized water (1.0 g to 100 mL) and heated to 
60 ◦C. Subsequently, silver precursor, AgNO3 (0.118 mmol), was added 
to the solution and vigorously stirred for 24 h. Then, the solution was 
dialyzed through SnakeSkin™ 3500 Da dialysis tubing (Thermo Scien-
tific, USA) for two days to remove the unreacted components. The so-
lution was further lyophilized and kept at -20 ◦C until use. 

2.4. Characterization of PG and PG/Ag-NPs 

The chemical composition of the extracted PG was initially 

investigated using 1H nuclear magnetic resonance (1H NMR). 1H NMR 
spectra were recorded by 300 MHz Ascend™ (Bruker, Germany) using 
deuterium oxide (D2O) as the solvent. Moreover, Fourier-transform 
infrared spectroscopy (FTIR) was used to investigate the chemical 
composition of extracted PG and synthesized PG/Ag-NPs using Spec-
trum65 (Perkin Elmer, USA). The FTIR spectra were recorded by a total 
number of 64 scans in the range of 400− 4000 cm− 1 and resolution of 2 
cm− 1. Furthermore, Ultraviolet-visible (UV–vis) spectra were recorded 
using a spectrophotometer (UV-1280, Shimadzu, Japan) in the range of 
200− 800 nm to investigate the presence of Ag-NPs in the synthesized 
PG/Ag-NPs (0.1 % in ultra-pure water). Zeta potential analysis was also 
conducted using a dynamic light scattering device (SZ-100, Horiba, 
Japan) to investigate PG/Ag-NPs (0.1 % in ultra-pure water) surface 
potential value. In addition, elemental composition and elemental dis-
tribution map were taken using energy dispersive X-ray (EDX) analysis 
equipped in a scanning electron microscopy (SEM) device (Vega 3, 
TESCAN, Czech Republic). Besides, transmission electron microscopy 
(TEM) photographs were taken (CM120, Philips, Netherlands) to detect 
the Ag-NPs embedded in the PG network. Subsequently, the mean par-
ticle size and particle size distribution pattern were also calculated from 
TEM images by counting 50 individual nanoparticles using Digimizer 
software. To investigate the thermal properties, differential scanning 
calorimetry (DSC) and thermogravimetric analysis (TGA) analysis were 
performed using a thermogravimetric analyzer (TGA/DSC1, METTLER- 
Toledo, Switzerland). DSC and TGA analysis were performed with a 10 
◦C/min heating ratio and in the temperature ranges of -100 to 250 ◦C 
and 25–800 ◦C, respectively. 

2.5. Preparation of spray solutions 

Four different concentrations of spray solutions (0.5, 1, 1.5, and 2 w/ 
v%) of PG/Ag-NPs were prepared for our investigations. For this pur-
pose, pre-weighed amounts of PG/Ag-NPs were added to deionized 
water, and the mixtures were stirred at 60◦ overnight until PG/Ag-NPs 
were fully dissolved. 

2.6. Rheological properties and sprayability 

Rheological characteristics of the prepared solutions were investi-
gated at room temperature (25 ◦C) using a rheometer apparatus (MCR- 
302, Anton Paar, Austria). Hysteresis analysis was performed at cyclic 
shear rates from 0.1 to 103 s− 1 to evaluate the viscoelastic properties of 
the samples. 

Sprayability of the prepared solutions were evaluated using con-
ventional spray bottles (filled with 5 mL of samples). The samples were 
sprayed into a beaker and weighted. Each sample was sprayed for 13 
times. To minimize any errors, the sprayability of each sample was 
repeated three times using three different spray bottles. 

2.7. Film-forming properties 

To evaluate PG/Ag-NPs film-forming property, the solutions were 
sprayed on a slide glass and dried at room temperature. The dried 
samples were coated with gold using a Sputtering coating device 
(Q150R-ES, Quorum Technologies, England), and then SEM images 
(Vega 3, TESCAN, Czech Republic) were taken from their surface. 

2.8. Stability evaluation 

The stability of spray solutions was evaluated by measuring the 
UV–vis spectra and pH recording over a 6-month period. For this means, 
solutions of all four spray concentrations (0.5, 1, 1.5, and 2% PG/Ag- 
NPs) were prepared, and their pH values were measured using a digi-
tal pH meter device (744, Metrohm AG, Switzerland). The prepared 
solutions were kept in a dark place and at room temperature, and after 3 
and 6 months, the pH measurement was repeated. Moreover, the UV–vis 
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spectra were also recorded at these time points to compare with the 
previously recorded data. 

2.9. Antibacterial activity 

Antibacterial activity of PG/Ag-NPs against gram-positive Staphylo-
coccus aureus (S. aureus) (ATCC 6538) and gram-negative Pseudomonas 
aeruginosa (P. aeruginosa) (ATCC 27853) were evaluated. Each bacte-
rium was added into a flask filled with Mueller-Hinton broth (MHB) 
(Merck, Germany) and incubated at 37 ◦C for 24 h. After that, the bac-
terial suspensions were diluted to 106 CFU/mL. 

A serial dilution assay was performed to measure the minimum 
inhibitory concentration (MIC). For this purpose, solutions containing 5 
mg/mL PG/Ag-NPs, 0.05 mg/mL Chloramphenicol (as positive control) 
were prepared and added into 96-well plates. MHB solution was used for 
2-fold serial dilution. Subsequently, the bacteria were added to wells 
and incubated at 37 ◦C. After 24 h, the plates were removed, and their 
OD at 600 nm was read using an Elisa reader (Epoch, BioTeck, USA). 

Furthermore, the kinetic assay was performed to investigate the 
antibacterial efficiency of fabricated PG/Ag-NPs over different time in-
tervals. A solution of 1% PG/Ag-NPs containing 106 CFU/mL bacteria 
was prepared and incubated in a shaker incubator at 37 ◦C and 200 rpm. 
After 1, 2, 3, 4, 6, and 8 h, 100 μL of each sample was taken, and their 
ODs at 600 nm were read. Moreover, 100 μL of each sample was taken to 
inoculate Muller-Hinton agar plates at each time intervals. The plates 
were incubated at 37 ◦C for 24 h, and then images were taken. All 
samples were prepared in MHB solution. For the control group, 10-fold 
dilution was performed before inoculation in agar plates. 

2.10. Antioxidant and cytotoxicity properties 

The antioxidant activity of PG, PG/Ag-NPs, and ascorbic acid (as 
standard) was investigated by the 2,2-diphenyl-1-picrylhydrazyl 
(DPPH•), radical scavenging assay. Therefore, 50 μL of each sample 
was inserted into a 96-well plate and mixed with 100 μL of DPPH so-
lution (100 μM, dissolved in 96 % ethanol). The plate was kept in the 
dark place at room temperature for 40 min, and then the absorbance at 
525 nm was read [38]. The radical scavenging ability (%) for all 
methods was quantified by using the given equation: 

Radical scavenging ability (%) =
[
1 − (Ai − Aj)

/
A0
]
× 100  

Here Ai is the absorbance of the samples, Aj is the background absor-
bance of the samples without free radicals, and A0 is the absorbance of 

the control. 
To investigate the cytotoxicity of PG and synthesized PG/Ag-NPs, 

MTT assay was implemented. Initially, 1.5 × 104 fibroblast cells (Pas-
teur Institute of Iran, Iran) plus 100 μL extra culture media (DMEM-F12 
supplemented with 10 % FBS and 1% pen/strep) were seeded on each 
well of 96-well plates. To ensure that all cells were well-attached on the 
culture plates, plates were incubated for 24 h at 37 ◦C, 90 % humidity, 
and 5% CO2. After that, culture mediums were gently removed, and 400 
μL UV-sterilized PG/Ag-NPs (5, 10, 15, and 20 mg/mL) solutions in 
culture medium were added to wells. Subsequently, the culture plates 
were returned into the incubator. After 24, 48, and 72 h, the culture 
plates were taken out from the incubator, the medium was gently 
removed, and 100 μL MTT solution (0.5 % MTT in cell culture medium) 
was added to each well. The plates were placed back into the incubator 
for another 4 h until formazan crystals formed. Then, the mediums were 
replaced with 100 μL dimethyl sulfoxide (DMSO) to dissolve the for-
mazan crystals. Finally, the plates were put into an Elisa plate reader 
(Epoch, BioTeck, USA), and the OD was read at 570 and 630 nm. The cell 
viability was calculated compared to the control group (cell culture 
plate). 

2.11. In vivo study 

The in vivo wound healing test was performed under the approval of 
the Institutional Animal Care and Use Committee of the Shiraz Univer-
sity of Medical Science. For this means, twelve healthy Sprague-Dawley 
rats (male, 200− 250 g) were first anesthetized with the combination of 
ketamine (100 mg/Kg) and xylazine (5 mg/Kg). Their dorsal hair was 
shaved, and then, two round shaped full-thickness wounds (10 mm 
each) were created on the back of each rat. Subsequently, one wound 
was treated with 1% PG/Ag-NPs solution, and the other one was left 
untreated (as the control group). Both wounds were then covered with 
petroleum gauze. After 3, 7, 10, and 14 days, the rats were anesthetized, 
and the image of each wound was taken for macroscopic evaluations. 
Moreover, three rats were sacrificed at each time interval, and the skins 
of wound sites were removed and fixed in 10 % formalin solution. 

For the histological assay, the fixed samples were dehydrated using 
serially diluted alcohol solutions and put into paraffin blocks. These 
paraffin blocks were then sectioned and stained with hematoxylin and 
eosin (H&E) and Masson’s trichrome. Photographs of the sections were 
taken by a light microscope (Olympus BX41, Japan) to evaluate the 
wound healing process. 

Fig. 1. (a) Schematic overview of PG/Ag-NPs synthesis, (b.i) TEM photograph of the synthesized PG/Ag-NPs and (b.ii) its derived particles mean diameter and 
diameter distribution pattern, (c) illustrates samples UV absorbance, and (d) showed samples zeta potential. 
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2.12. Statistical analysis 

Statistical analysis was performed by one-way ANOVA test using 
GraphPad Prism 8.0 software. In this study, error bars represent mean ±
standard deviation (SD) of triplicate experiments and p values lower 
than 0.05 considered as statistically significant with four stages (*p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). 

3. Results and discussion 

3.1. Characterization of PG and PG/Ag-NPs 

In this study, PG was first extracted from almond trees exudes and 
refined to reach its soluble part. This polysaccharide not only was able to 
reduce Ag+ to Ag0 and form Ag-NPs without the use of any other 
reducing materials but also stabilized the fabricated Ag-NPs (Fig. 1a). 

TEM photograph confirmed the formation of Ag nanoparticles 
(Fig. 1b.i) with the mean particle diameter of 5.6 ± 1.0 nm with narrow 
size distribution (Fig. 1b.ii). The UV–vis spectra of PG and PG/Ag-NPs 

were recorded in the range of 200− 800 nm (Fig. 1c). For PG, no peak 
was observed in this range. However, for PG/Ag-NPs a peak at 425 nm 
appeared, which is attributed to the Ag-NPs [39,40]. Zeta potential 
values for PG and PG/Ag-NPs were obtained as -65.7 ± 1.5 mV and -61.8 
± 1.8 mV, respectively (Fig. 1d). Moreover, the slight shift toward more 
positive values in PG/Ag-NPs compared to pure PG could attribute to the 
electrostatic interactions between Ag-NPs and some PG negative groups 
[41]. Zeta potential result demonstrated that the synthesized Ag-NPs 
were encompassed by PG that leads to a highly stable PG/Ag-NPs sus-
pension [42]. EDX analysis revealed that about 2% of total PG/Ag-NPs 
was consisted of Ag-NPs (Fig. 2c). Moreover, elemental mapping for 
Ag illustrated that nanoparticles were distributed uniformly through the 
material and did not form evident agglomerates (Fig. 2d). 

1H NMR spectrum of extracted PG and FTIR spectrum of extracted PG 
and synthesized PG/Ag-NPs were performed to evaluate their chemical 
composition. 1H NMR spectrum of PG exhibits several peaks in the range 
of δ = 3.2–4.3 ppm, which are attributed to protons available on hy-
drocarbon rings as well as a chemical shift in the range of δ = 1–1.1 
corresponding to methyl group protons of rhamnose. Besides, two picks 

Fig. 2. SEM photograph of PG/Ag-NPs film at (a) 2.13 kX and (b) 3.37 kX; (c) EDX analysis, and (d) elemental mapping for Ag.  
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were observed at 4.3 and 4.9 ppm related to the glucose and galactose 
monosaccharides, respectively. All the aforementioned picks were in 
agreement with previous works (Fig. 3a) [43]. 

In the FTIR spectrum of PG, the absorbance bands observed at 3274 
cm− 1, 1599 cm− 1, 1417 cm− 1, and 1017 cm− 1 are related to hydroxyl, 
carboxyl, carboxylate of uronic acid residues, and C–O or C–C func-
tional groups, respectively (Fig. 3b). After reaction and Ag immobili-
zation, all of these characteristic peaks were recorded. However, the OH 
stretching vibration band was intensified and shifted to 3317 cm− 1. 
Besides, the peak at 1017 cm− 1 was shifted to 1034 cm− 1. These ob-
servations could be attributed to the incorporation of Ag nanoparticles 
in the polymer matrix [44]. 

The DSC thermogram of PG showed two endothermic peaks at 
107.33 ◦C and 161.36 ◦C, which are related to the melting of PG crys-
talline structures (Tm) (Fig. 3c). For the PG/Ag-NPs, observed Tm was 
slightly shifted to a lower temperature (103.07 and 161.99 ◦C). More 

interestingly, the melting enthalpy (ΔHm) of crystalline structures for 
PG/Ag-NPs was 313.35 J/g, which is lower than pure PG (352.30 J/g). 
Besides, the melting peak was broadened for PG/AG-NPs that is an in-
dicator of a change in crystals orders [45]. Nanoparticles are capable of 
interacting with the polymer chain through hydrogen bonding and van 
der Waals forces [46]. Thus, in the presence of Ag nanoparticles, the 
initial crystalline structure of PG is disrupted and Ag nanoparticles 
hindered PG for the creation of larger crystals with higher thermal 
stability. 

The thermal stability of the materials was also characterized using 
TGA (Fig. 3d). Both PG and PG/Ag-NPs had similar trends with one mass 
loss in the range of 35–135 ◦C as a result of water evaporation. The 
second mass loss was sharper and started near 225 ◦C for both samples, 
which is attributed to the thermal decomposition of materials. At the 
highest temperature (800 ◦C), the remaining weights for PG and PG/Ag- 
NPs were 19.50 % and 22.02 %, respectively. This weight difference 

Fig. 3. (a) NMR spectra of PG, (b) PG and PG/Ag-NPs FTIR spectra, (c) DSC, (d) TGA, and (e) DTG analysis.  
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between PG and PG/Ag-NPs (2.52 %) is due to the incorporation of 
silver in the structure and approximately shows the total embedded Ag- 
NPs in the structure, which is consistent with EDX results. Analysis of 
DTG, however, revealed that for PG/Ag-NPs the intensity of the primary 
decomposition rate peak is reduced, and a more significant shoulder is 
appeared, which reconfirms that Ag-NPs could alter the crystalline 
structure of PG (Fig. 3e) [47]. 

3.2. Rheological properties and sprayability 

Rheological characterization of spray solutions was investigated by 
the hysteresis test. As demonstrated in Fig. 4a, the spray solutions shear 
stress was increased by increasing in shear rate. After that, by decreasing 
the shear rate, this process was reversed, and the shear stress was 
decreased. However, an obvious gap between the increasing and 
decreasing curves were recorded, which is the typical behavior for 
thixotropic materials [48]. Thixotropic behavior is highly favorable 
because it results in a decrease in viscosity upon applying force (shear 
thinning behavior), which enhances the sprayability. On the other hand, 
after spraying, the viscosity increases, and gel relaxes, allowing it to 
better attach to the skin surface [48]. 

Furthermore, the sprayability of the PG/Ag-NPs solutions was 
investigated to evaluate their potential application as sprayable dress-
ings (Fig. 4b–f). The obtained results revealed that the sprayed amounts 
after equilibrium state for PG/Ag-NPs solutions were approximately 

equal to pure water (~ 0.14 g). This could be the result of their thixo-
tropic behavior, as described in the previous section. However, there is a 
slight difference in the equilibrium state in which pure water reaches the 
equilibrium after the fourth spray, and the PG/Ag-NPs reach equilibrium 
after the fifth or sixth spray, which could attribute to the difference in 
their viscosity. 

3.3. Film-forming properties 

The film-forming capacity is a desirable characteristic because it 
shows that antibacterial sprayable dressing has the ability to cover the 
skin surface and prevent bacterial invasion into the wound area. Inap-
propriate film-forming capacity would result in cracks and open gaps on 
the surface in which let the bacteria to penetrate into the wound site and 
cause infection. The SEM photographs from the surface of the sprayed 
PG/Ag-NPs were recorded to investigate the formation of any undesired 
micro-sized fractures. As depicted in Fig. 2a and b, the sprayed dressings 
formed a uniform and defect-less film with no obvious cracks (hundred 
nanometers or micrometers size). 

3.4. Stability evaluation 

The result of UV–vis spectra 3 and 6 months after the initially 
recorded data did not exhibit a significant change in the characteristic 
peak wavelength or intensity (Fig. 1c). Similarly, the obtained results of 

Fig. 4. (a) Rheological properties of different concentration of PG/Ag-NPs solutions, and (b-f) sprayability of pure water and different concentration of PG/Ag- 
NPs solutions. 

Table 1 
The MIC results for PG/Ag-NPs and chloramphenicol against S. aureus and P. aeruginosa.  

PG/Ag-NPs (mg/mL) S. aureus P. aeruginosa Chloramphenicol (μg/mL) S. aureus P. aeruginosa 

4.5 _ _ 45 _ _ 
2.25 _ _ 22.5 _ _ 
1.125 _ þ 11.25 _ þ

0.562 þ þ 5.625 _ þ

0.281 þ þ 2.812 _ þ

0.141 þ þ 1.410 _ þ

0.070 þ þ 0.700 þ þ

0.035 þ þ 0.352 þ þ

"+" bacterial growth > 10 %, "–" bacterial growth <.10 %. 

A. Amirsadeghi et al.                                                                                                                                                                                                                           



Materials Today Communications 27 (2021) 102225

7

pH value measurement did not show any significant change at the same 
time points (Supplementary File; Fig. S1). Moreover, there was no sign 
of precipitation in the stored spray solutions that was expected as zeta 
potential results demonstrated well stability for PG/Ag-NPs suspension 
(Supplementary File; Fig. S2). All of these findings accentuated suitable 
physical and chemical stability of the fabricated sprayable dressings 
over the experimented period. 

3.5. Antibacterial properties 

Previous reports have demonstrated that Ag-NPs possess biocidal 
properties through disrupting bacteria’s metabolism and destroying 
their membrane [39]. In this study, the MIC assay was implemented to 
investigate the biocidal properties of synthesized PG/Ag-NPs and its 
minimum effective concentration. The MIC value of chloramphenicol 
was also investigated for comparison. The results demonstrated that 
solutions contained 1.125 and 2.25 mg/mL of PG/Ag-NPs were capable 
of killing more than 90 % of S. aureus and P. aeruginosa, respectively 
(Table 1). 

Furthermore, a time-dependent response of both bacteria in contact 
with 1% PG-Ag/NPs was recorded. As represented in Fig. 5a, the frac-
tional survival of both bacteria was significantly decreased (<10 %) only 
after one hour of incubation. For P. aeruginosa bacteria, survival reached 
zero after 3 h, while for S. aureus bacteria, survival reached zero after 8 h 
(Supplementary File; Fig. S3). 

Previous works have also shown the antibacterial performance of Ag 
nanoparticles [49]. For instance, Xie et al. developed chitosan-Ag 
nanoparticle hydrogels for wound healing. They showed that incorpo-
ration of Ag nanoparticles increased the antibacterial activity of the 
chitosan hydrogels to reach inhibition rates of > 99 % for E. Coli and 
S. aureus after 24 h. However, they used significantly higher concen-
trations of Ag compared to this work. 

3.6. Antioxidant and cytotoxicity properties 

As shown in Fig. 5b, extracted PG demonstrated good radical scav-
enging ability while its ability improves by increasing concentration. 
Moreover, the radical scavenging was significantly improved (*p <
0.05) in PG/Ag-NPs compared to PG. That could be the result of the 
radical scavenging capacity of the synthesized Ag-NPs, which is in 
agreement with previous studies [50]. 

Furthermore, in vitro cytotoxicity assay demonstrated that PG/Ag- 
NPs, at concentrations less than 1%, not only did not cause any cyto-
toxicity but also slightly improved the proliferation of fibroblast cells 
(Fig. 5c). However, cell viability was significantly decreased at 1.5 and 2 
% PG/Ag-NPs. By increasing the solutions’ viscosity, cells did not 
receive their primary nutrition due to the reduction in nutrient transfer 
rate [51]. Besides, the cytotoxicity effect of Ag-NPs at higher concen-
trations could be another reason for this observation [1]. 

Fig. 5. (a) Kinetic assay (b) DDPH radical scavenging assay for PG and PG/Ag-NPs and (c) indirect MTT assay for different concentration of PG/Ag-NPs solutions 
while (*) and (#) refers to the statistical analysis compared to the control group and 1% PG/Ag-NPs respectively. 
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3.7. In vivo study 

The PG/Ag-NPs 1% was selected as an optimum concentration for in 
vivo analysis because, at this concentration, the solution exhibited 
proper rheological and sprayability properties, proper bactericidal 
characteristics, and no cytotoxic effect on fibroblasts cells. Furthermore, 
its in vivo biocompatibility and wound healing properties were investi-
gated by both macroscopic and histological evaluations. The macro-
scopic images of wound healing during a two-week period were shown 
in Fig. 6a. Results showed that PG/Ag-NPs treated groups were 
completely healed after 14 days with no sign of scar formation. More-
over, quantitative calculation of wound contraction revealed that PG/ 
Ag-NPs treated groups slightly improve wound contraction (Fig. 6b). 

The histological results after 3-days post-surgery showed full- 
thickness necrosis with an inflammatory response in all groups 
(Fig. 7a). Moreover, while early granulation tissue was formed in both 
groups, no re-epithelization was observed before the 7th day. After 7- 
days, the inflammatory response was observed to be lower for the 
treated group than the control. Moreover, the formation of the epithe-
lium was evident in the treated group while it was significantly weaker 
in the control group. 10-days post-surgery, the inflammatory cells were 
still more abundant in the control group. At this time-point, re-epithe-
lization in the treated group continued to form an almost complete 
epithelium. However, for the control, re-epithelization was obvious but 
not complete, which could be the result of its more severe inflammatory 
response [52]. After 14-days, re-epithelization was complete in both 
groups; however, the treated group demonstrated a more mature 
re-epithelization comparably. Additionally, in both groups, the 

inflammatory response was decreased over time, and mature granula-
tion tissue was formed. It is known that high collagen deposition by 
myofibroblasts within the wound site results in scar tissue formation [6]. 
Hence, Masson’s trichrome staining was used to investigate collagen 
formation and deposition (Fig. 7b). Based on the results, the treated 
groups did not show any significant increase in collagen formation and 
deposition compared to the control group. This is advantageous since 
formulated sprays do not intend to increase scar formation. These ob-
servations confirmed that formulated sprayable dressings are capable of 
enhancing wound healing by better re-epithelization and normal 
collagen deposition. 

4. Conclusion 

In this work, attempts were made to synthesize and develop new 
formulations for antibacterial wound dressing. On this demand, Persian 
gum (PG) were isolated and used to fabricate Ag-nanoparticles 
embedded PG (PG/Ag-NPs). PG/Ag-NPs were successfully synthesized 
using a facile method with high efficiency. The presence of silver 
nanoparticles was confirmed by UV/Vis spectroscopy, EDX, and TEM 
images, and nanoparticles were found to have a diameter of 5.6 ± 1.0 
nm. Moreover, DSC and TGA analysis showed that Ag immobilization 
altered the crystalline structure of PG and changed the stability of these 
structures. Four different spray solutions were prepared, and the effect 
of PG/Ag-NPs concentration (0.5, 1, 1.5, and 2 wt.%) on spray proper-
ties was investigated. Results showed that all formulations possess a 
thixotropic behavior, sprayed easily and reach a steady spraying 
amount, and form defectless films after solvent evaporation. For the 

Fig. 6. (a) Macroscopic images of wound closure at different time intervals for untreated (control) and PG/Ag-NPs treated groups and (b) wound closure rate for 
untreated and PG/Ag-NPs treated groups. 
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tested period (six months), formulations also showed no signs of pre-
cipitation or change in pH value and UV/vis absorbance peak, con-
firming their long shelf life. In addition, the antibacterial tests revealed 
high bactericidal efficiency of the optimum spray formulation (1%) 
against both gram-positive S. aureus and gram-negative P. aeruginosa 
while the MTT assay revealed that this PG/Ag-NPs concentration could 
accelerate fibroblast proliferation. Finally, while the macroscopic eval-
uation of in vivo full-thickness wound healing exhibited no significant 
difference, the histological investigation demonstrated reduced inflam-
matory response and enhanced re-epithelization in the treated group. 
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