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ARTICLE INFO ABSTRACT
Keywords: Ulvan is a polysaccharide from green algae that shows good hydrogel film dressing characteris-
Ulvan tics. Silver nanoparticles (AgNP) can be incorporated into the hydrogel film to improve anti-
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Hydrogel film
Antimicrobial

Burn healing

bacterial properties and provide a potential burn treatment. In this study, we developed a novel
hydrogel film wound dressing composed of ulvan and silver nanoparticles. Two concentrations
(0.5 mM and 1 mM) of silver nitrate were used to produce ulvan-silver nanoparticles hydrogel
film (UHF-AgNPO0.5 and UHF-AgNP1), respectively. The physicochemical characteristics of the
hydrogel films were evaluated, including particle size, zeta potential, Fourier transform infrared
(FTIR), X-ray diffractometry (XRD), scanning electron microscope and energy-dispersive X-ray
(SEM-EDX). Furthermore, the in vitro antimicrobial activity, and second-degree burn wound
healing test were evaluated. The UHF-AgNP0.5 showed the highest antimicrobial activity
compared to UHF-AgNP1 and UHF film. Meanwhile, an in vivo study using Wistar rats induced
second-degree burns showed that UHF-AgNPO.5 significantly accelerated the healing process by
regulating the inflammatory process, increasing re-epithelialization, and improving the vascu-
larization process. Ulvan-silver nanoparticle hydrogel films have the ability to accelerate the
healing of second-degree burns and are potential candidates for wound dressings.

1. Introduction

Burns is a significant health problem that causes about 180.000 deaths every year, especially in poor and developing countries [1].
The high cost of treatment in handling cases of burns is also an essential part of the urgency to find a cost-effective treatment method.
For instance, the total cost of treating burn patients in low to middle-income countries is 5.196 USD and 88.218 USD in high-income
countries. This figure is higher than trauma and surgery patients [2]. Meanwhile, the biggest cost in treating burns is the use of an-
tibiotics [3]. Various technologies are applied in wound treatment efforts to produce more precise, effective, and efficient treatment
management. Research has shown that treating wounds conditioned in a closed and moist condition results in faster
re-epithelialization and increased cell migration, leading to accelerated healing, compared to damages in open and dry conditions [4,
5]. Optimal burn treatment could be achieved by utilizing biologically active materials that have a significant role in wound healing,
such as antimicrobial agents.
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Our previous research showed that ulvan hydrogel films have moderate activity against bacteria Staphylococcus aureus, Staphylo-
coccus epidermidis, Escherichia coli, and Pseudomonas aeruginosa [6]. Ibrahim et al. [7] reported the antimicrobial activity of ulvan
against gram-positive pathogenic microbial strains, Bacillus subtilis, and Staphylococcus epidermidis, and gram-negative strains are
Aeromonas hydrophila, Pseudomonas fluorescens, Pseudomonas aeruginosa, Escherichia coli, and Klebsiella pneumoniae, as well as fungal
strain is Candida albicans. Ulvan is a water-soluble sulfate polysaccharide from green algae (Chlorophyta). The main constituent of Its
structure is sulfated rhamnose bound to uronic acid via 1,4-glycosidic bonds [8]. Silver nanoparticles (AgNPs) are one of the most
fascinating metallic nanomaterials, having multiple applications in the biomedical field. Silver products have been explored for
centuries to prevent and treat various diseases, especially infections, due to their potent inhibition against microbes such as Escherichia
coli, Staphylococcus aureus, and anti-fungal activity against Trichosporon beigelii and Candida albicans [9]. The antimicrobial properties
of silver depend on the amount of silver in the formula and the release of silver. Silver ions are highly reactive, attach to tissue proteins,
cause structural changes in the bacterial cell wall and nuclear membrane, and ultimately cause cell deformation and death. The
physicochemical characteristics, particle size, morphology, and stability of nanoparticles are essential in this application. The size and
shape of the nanoparticles can be controlled by optimizing the reaction parameters such as pH, temperature, metal solution con-
centration, and reducing agent concentration [10].

Interestingly, silver can be synthesized biologically, known through green synthesis technology, using plants and bacteria. This
technology utilizes material or plant content as a reducing agent (bioreactor). Several bioreactors have been investigated, including
antioxidant compounds, chitosan, alginate, and others have been explored. Massironi et al. [11] have carried out a green synthesis of
AgNP using ulvan as a reducing agent with increased stability.

Several previous researchers have investigated the production of wound dressings with polymers and AgNPs. Diniz et al. [12]
prepared a hydrogel dressing from sodium alginate and gelatin. Meanwhile, the fabrication of burn dressings from carra-
geenan/alginate/AgNPs was carried out by Zia et al. [13]. The cellulose nanocrystals from Dendrocalamus hamiltonii and Bambusa
bambos leaves were successfully used to develop biomaterial nanocomposite dressing that significantly enhances skin tissue repair and
accelerates wound healing [14]. A composite of Konjac glucomannan and AgNPs was also successfully prepared with antimicrobial
capacity and showed accelerated wound healing time [15]. Likewise, the chitosan could stabilize AgNPs in film dressing and showed
good antimicrobial activity, making it a good candidate for wound dressing [16]. Thus, in this study we developed AgNPs on Ulvan
film dressings and evaluated the antimicrobial and wound dressing properties. As well as their in vivo wound healing activity using
Wistar rats. The AgNPs are synthesized by in situ method, which ulvan at the same time was used as the reducing agent.

2. Material and methods
2.1. Materials

Ulvan was extracted from green algae Ulva Lactuca Linn., ethanol, boric acid, glycerol, deionized water, phosphate-buffered saline
(PBS) media, silver nitrate, anhydrous calcium chloride, silver nitrate (AgNOs3), Mueller Hinton Agar (MHA) were purchased from
Sigma-Aldrich. Star® Ag gel, Escherichia coli (E. coli, ATCC® 35281), Staphylococcus aureus (S. aureus, ATCC® 25923), and Pseudo-
monas aeruginosa (P. aeruginosa, ATCC® 9027), Staphylococcus epidermidis (S. epidermidis, ATCC® 12228) were purchased from
Microbiologics.

2.2. Preparation of UHF-AgNP

The ulvan hydrogel was prepared according to the procedure in the previous study [5], while the AgNPs formation was performed
by in situ method which is no external reducing and stabilizing agent were added [17]. AgNO3 concentration of 0.5 mM and 1 mM was
prepared in deionized water. Then, each AgNOs solution was added to the hydrogel at room temperature, stirred at 300 rpm for 40
min, and sonicated for 20 min. The formation of Ag nanoparticles is characterized by a change in the color of the solution mixture from
yellowish green to brownish orange [18]. The hydrogel was dried at 45 °C for 48 h to obtain UHF-AgNPO0.5 and UHF-AgNP1. In this
study, the Ulvan hydrogel film (UHF) was also produced [6] as a control test (antimicrobial and in vivo analysis).

2.3. Evaluation of UHF-AgNP

2.3.1. Physical characteristics

The pH was determined by a pH meter. One percent of each sample was diluted with distilled water (20.0 mL) in a glass beaker
(25.0 mL). The pH should be in the range of 4.5-6.5. The viscosity of samples was determined by a viscometer (Brookfield). The sample
weights were measured using an analytical balance, and the thicknesses were measured using Vernier calipers. Meanwhile, the
swelling degree test analysis was performed by immersing the sample (1.5 x 1.5 cm) in phosphate buffer saline solution (25 mL) at pH
7.4 (room temperature). After 1, 4, and 6 h, the sample was slowly removed from the buffer solution, and the excess buffer on the
surface of the sample was dried with filter paper, and then the sample was reweighed. The measurement was repeated at five different
film positions with 0.001 mm accuracy. The following equation was used to calculate the swelling degree:

% Swelling degree = (Ws — Wd)/Wd x 100 (@9)]

where Ws is the weight of swollen film at a certain time, and Wd is the weight of the first film (dried film).
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For the water vapor transmission rate (WVTR) test, a five g anhydrous calcium chloride was placed into a weighted bottle. The
sample was fixed and laid on the top of the bottle and tied with thread; then, the vial was placed into a desiccator (75% RH at room
temperature). The sample WVTR is calculated according to the following equation:

WVTR=W/S )
where W represents the weight of the film at 24 h, and S represents the area of the film (m?).

2.3.2. UV-VIS spectrophotometer analysis
UV-VIS absorption spectra were analyzed using a UV-Vis spectrophotometer (Cecil®) in the scanning range of 300-700 nm. All
samples were run at room temperature.

2.3.3. Particle size and zeta potential analysis

The zeta potential of AgNPs was measured by dynamic light scattering (Malvern Zetasizer Instrument). This analysis can measure
the zeta potential in diluted aqueous samples of UHF-AgNPs hydrogel film. TEM (JEM-1400) was used to investigate the particle size of
AgNPs. The instrument was operated at 120 kV to capture the image of the sample. Then, the particle size of the AgNPs was measured
using ImageJ® software.

2.3.4. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of UHF and UHF-AgNPs samples were recorded by IR Prestige-21 (Shimadzu®, Japan). All the samples were ground
with potassium bromide in the ratio of 1:100 and made into a pellet. Analysis was performed at a range of frequencies from 4000 to
400 cm ! with a resolution of 4.0 cm ™"

2.3.5. Scanning electron microscope and energy-dispersive X-ray spectroscopy (SEM-EDX)
SEM-EDX instrument by a Phenom Desktop ProXL was used to investigate the morphologies of AgNPs at an accelerating voltage
was 15.00 kV. The SEM instrument is equipped with EDX to analyze the elemental composition.

2.3.6. XRD analysis
The XRD pattern of the AgNPs was investigated using a Bruker D2 Phaser instrument with Cu xa 1.54 A radiation. The XRD spectra
were recorded in the range 26 from 10.0 to 70.0 with a stepwise increment of 0.02° and a count time of 5 s.

2.3.7. Antibacterial activity studies

The antibacterial capabilities of the AgNPs were determined using the agar well diffusion method against the positive strain
bacterial S. epidermidis, and S. aureus. Also, the negative strain bacterial E. coli and P. aeruginosa. Mueller Hinton Agar (MHA) was
heated at 121 °C for 15 min and then 20 mL of media was poured into sterile Petri dishes. The bacteria were added to the media and
then allowed to solidify. After solidification, the puncture apparatus (inner diameter: 8 mm, outer diameter: 10 mm) was used to create
the well. Then, 50 pL of the sample (UHF, UHF-AgNPO0.5, and UHF-AgNP1) was poured into the well for the test. The Petri dish was
then incubated at 37 °C for 24 h. Finally, the inhibition zone was measured using a sliding caliper in four directions and the average
was determined. Three parallel samples were used in each experiment.

2.3.8. Wound healing studies

The experimental procedures were conducted as approved by the Ethical Committee of the Medical Faculty of Universitas Pad-
jadjaran (Document approval number: 864/UN6.KEP/EC/2021). Experimental animals (male Wistar rats, weight (250-300 g)
received intramuscular (i.m.) injections of ketamine (90 mg/kg BW). After the rats were properly anesthetized, trichotomy of the back.
Second-degree thermal burns were made on the rat’s skin with an area of 2 cm? at 170 °C for 15 s using a metal plate integrated with an
automatic thermometer [19]. For every treatment, the plate is controlled so that the temperature remains the same. The wound was
then cleaned with a sterile saline solution. Afterward, the rats were given paracetamol injection (0.5 mL) i.m. for three days to reduce
pain. The rats were divided into four groups (negative control, positive control, UHF, UHF-AgNP), with each group consisting of six
rats (n = 6, a total of 24 animals). The wound was covered with the dressing while the wound in the control group was left untreated.
After receiving the treatment, each animal was housed and given ad libitum food. The dressing (2.5 cm?) was changed once every two
days in the wound area for 21 days. Each animal’s wounds were observed and documented on days 0, 5, 7, 14, and 21 days after
treatment. The following equation was used to calculate the percentage of wound closure rate:

% Wound closure rate : Sn / So x 100 3

where So is the initial wound area, and Sn is the wound area at a certain measurement time.

2.3.9. Histological analysis

This test was conducted to observe the compatibility of the wound dressing against the tissue. On days 1 and 21, rats for each
treatment were sacrificed, and the wound area and surrounding tissue (0.5 cm) were carefully cut, washed in PBS solution, and then
treated with 4% paraformaldehyde (PFA). The sample was dehydrated in stages with ethanol (70-100%), immersed in paraffin, and
sliced 5 pm thick using a microtome (sections). Sections were stained with hematoxylin and eosin (H&E). The structures were observed



E. Sulastri et al. Heliyon 9 (2023) e18044

under a light microscope for histopathological changes.
2.4. Statistical analysis

The data were presented as a mean of +SD for each experiment. The statistical analysis of the data was performed using the one-
way analysis of variance (ANOVA) and comparisons between groups means through Tukey’s test. The statistical significance was
considered for a p < 0.05.

3. Results
3.1. Physical characteristics

Both UHF and UHF-AgNPs were brownish in color. While the pH of the two preparations was 7.09-7.43 with viscosity values of 367
and 356.9 cps. Thickness was 0.73 and 0.78, with 1.15 g and 1.27 g of weight for the UHF-AgNP0.5 and UHF-AgNP1 formulas,
respectively (Table 1). This value is not too different from the previous study of ulvan hydrogel films [6]. Likewise, the value of the
swelling degree and WVTR, which can be seen in Table 2, did not differ significantly from the results of UHF in previous studies, which
could mean that the addition of AgNP to the UHF did not affect these characteristics.

3.2. Ultraviolet-visible study

In this study, the addition of AgNO3 precursor in hydrogel Ulvan produce a change in the color from yellowish green to brownish
caused by reduction of pure Ag(I) ions to Ag (0). Fig. 1 shows, the absorbance of AgNPs was read at the maximum wavelength of 400.4
nm and 411.86 nm (for UHF-AgNPO0.5 and UHF-AgNP1).

3.3. Particle size and zeta potential

The result of the size and zeta potential of the UHF-AgNP film displayed in Fig. 2 and Table 3. The results showed particle sizes of
~13.87-21.55 nm and ~22.44-34.77 nm for UHF-AgNP0.5 and UHF-AgNP1, respectively. Meanwhile, the morphology of AgNPs is
mostly spherical by the TEM instrument. The zeta potential index values (—24.5 + 1.47 and —22.43 + 2.5) of the two formulas were in
a good range to maintain the stability of the preparation during storage even though a higher value is still expected to maintain the
stability of the hydrogel film preparation for a more extended period of time.

3.4. FTIR spectroscopy

The FTIR spectra of UHF-AgNPO0.5 and UHF-AgNP1 are displayed in Fig. 3a. The ulvan peaks at UHF-AgNPO0.5 and UHF-AgNP1
are characteristic of the carboxyl groups of uronic acid [20,21] and exhibit two characteristic signals of C=O0: one for a symmetrical
stretch at 1631 cm ! in both formulas for and an asymmetrical stretch at 1431 em ! (UHF-AgNPO0.5) and 1433 em ! (UHF-AgNP1).
Moreover, the peak at 848 cm™! is for C-O-S, a characteristic glycoside bond in the Ulvan structure, indicating the presence of
polysaccharides. The peaks at 1253 cm™! and 1255 em™! (in UHF-AgNP0.5 and UHF-AgNP1, respectively) correspond to the
stretching of the S=O sulfate group. These functional groups are generally abundant in the ulvan structure [22,23].

3.5. XRD analysis

As shown in Fig. 3b, Ulvan diffraction patterns were seen in both UHF-AgNPs at peaks 31.308 and 31.300 for UHFAgNPO.5 and
UHF-AgNP1 respectively. This result resembles the ulvan diffraction pattern in the previous study [6]. A diffraction peak at 26 with
values of 45,047; 56,076 and 65,933 for UHF-AgNP0.5. Meanwhile, diffraction peak at 20 = 44,998; 56,096 and 65,864 for
UHF-AgNP1. These peaks correspond to the Miller plane (h k 1) (111), (200), (220) which indicates that the resulting particles are
silver nano-particles with FCC/face center cubic symmetry of Ag ions in ulvan hydrogel networks.

3.6. SEM-EDX analysis

SEM is an electron microscope that produces images by scanning the surface with a focused beam of electrons with magnification

Table 1

Weight, thickness, pH, and viscosity of UHF-AgNPs (mean + SD, n = 3).
Hydrogel Film Weight (g) Thickness (mm) pH Viscosity (Cps)
UHF-AgNPO0.5 1.15 + 0.05 0.73 £ 0.03 7.09 £0.14 367 £+ 14.52
UHF-AgNP1 1.27 £ 0.08 0.78 + 0.07 7.43 £ 0.2 356.9 + 34.8

UHF-AgNP0.5 = Ulvan-silver nanoparticles hydrogel film with 0.5 mM silver nitrate, UHF-AgNP1= Ulvan-silver nanoparticles hydrogel film with 1
mM silver nitrate.
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Table 2
Degree of swelling and WVTR value of UHF-AgNPs (mean =+ SD, n = 3).
Hydrogel Film Swelling Degree (%) WVTR (g/m?/day)
1h 4h 6h
UHF-AgNP0.5 91.3 +£9.03 138 +9.85 149 £+ 5.57 1732 £ 23
UHF-AgNP1 89.4 £9.93 127.3 + 6.66 138.5 + 4.22 1809 + 28
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Fig. 1. UV-Vis absorption spectra of UHF, UHF-AgNP0.5, and UHF-AgNP1.
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Fig. 2. TEM image of (a) UHF-AgNPO0.5, and (b) UHF-AgNP1.

Table 3

The Zeta potential of UHF-AgNPs (mean + SD, n = 3).
Hydrogel Film Zeta potential (mV)
UHF-AgNP0.5 —24.5 +£1.47
UHF-AgNP1 —22.43 £ 25

up to a particular scale. The electrons interact with the sample’s atoms, producing various signals that contain information about the
sample’s surface topography. Meanwhile, the combination of this instrument with EDX is intended for the chemical elemental analysis
of samples. This analytical capability is mainly due to the principle that each element has a unique atomic structure that allows for a
unique collection of peaks in its electromagnetic emission spectrum. The sample’s chemical composition percentage was obtained
using the ZAF algorithm, where Z represents the element’s atomic number, A represents the absorbance, and F represents the fluo-
rescence value. Through this algorithm, the atomic percent and weight of the sample are obtained. As shown in Fig. 4a and b, the
AgNPs morphology of some particles appeared quite spherical and tends to be flower-shaped, especially in UHF-AgNP1. The EDX
spectra confirmed Ag presence in both film samples. Meanwhile, the mass percentage of silver was more significant in UHF-AgNP1 by
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Fig. 3. (a) FTIR Spectra, and (b) XRD pattern of UHF-AgNP0.5, and UHF-AgNP1.

5.78% with an atomic percentage of 3.49% compared to UHF-AgNPO0.5 at 3.92% with an atomic percentage of 2.97% (Fig. 4c and d).
This is in line with the higher Ag concentration in UHF-AgNP1.

3.7. Antibacterial activity studies

The antimicrobial properties of the UHF, UHF-AgNP0.5 and UHF-AgNP1 hydrogel film formulas were tested against S. epidermidis,
E. coli, S. aureus, and P. aeruginosa bacteria. The diameter of the inhibition zone of AgNPO0.5 for all bacteria was larger than that of
AgNP1 (Fig. 5a). The largest zone of inhibition was shown in P. aeruginosa bacteria, at 17.39 mm, then S. aureus at 17.35 mm, then
S. epidermidis at 16.75 mm, and the last in E. coli at 13.58 mm for the UHF-AgNPO.5 formula. Meanwhile, UHF-AgNP1 was 13.07 mm,
15.36 mm, 14.89 mm, and 12.55 mm for P. aeruginosa, S. aureus, S. epidermidis, and E. coli bacteria, respectively. As shown in Fig. 5B,
UHF-AgNPO.5 showed significant antibacterial activity than UHF-AgNP1 and therefore, it was chosen for the next in vivo study.

cC ©
Element  Atomic percentage Weight percentage
o} 40.95 32.52
G
C 37.06 22.10
Ag 2.97 3.92
156489 ‘t in 30: nds g it 2 s % ® 2 ®
D
(€]
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6 c 33.35 19.57
Ag 3.49 5.78

Fig. 4. Electron microscopy analysis of UHF-AgNP. (a) SEM images of UHF-AgNPO0.5 at 500x magnification. (b) SEM images of UHF-AgNP1 at
500x magnification. (c) EDX of UHF-AgNPO0.5 and (d) EDX of UHF-AgNP1.
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Fig. 5. A. (a). Antibacterial activities of a. UHF-AgNPO.5, (b). UHF-AgNP1, and (c). UHF against S. epidermidis, E. coli, S. aureus, and P. aeruginosa.
B. The bar diagram represents the antibacterial studies of UHF-AgNP0.5, UHF-AgNP1, and UHF. Each value represents the mean + SD of three
experiments. *p < 0.05. UHF-AgNPO0.5 compared to UHF-AgNP1. #p < 0.05, UHF-AgNPO0.5 compared to the UHF.

3.8. Wound healing studies

In this study, UHF-AgNPO0.5 was selected for in vivo activity testing because the evaluation results were more optimum than
UHF-AgNP1. Furthermore, UHF-AgNPO.5 is simply called UHF-AgNP. Wound growth healing was noted on days 5, 7, 14, and 21 after
infection (Fig. 6a and b). Each sample was applied to the wound on the first day after infection and thereafter every two days. On the
fifth day after infection, wounds for UHF, UHF-AgNP, positive control, and negative control closed by 14.19%, 18.91%, 21.15%, and
9.26%, respectively. On the seventh day after infection, wound closure reached 43.89%, 61.39%, 62.26%, and 24.27%. In this phase,
UHF-AgNP and positive control effectively reduced the wound area. On the 14th day after infection, significant wound closure
occurred, namely 82.94%, 93.12%, 90.68%, and 41% for UHF, UHF-AgNP, positive control, and negative control respectively. At this
stage, the percentage of wound healing almost tripled compared to day seven for the UHF-AgNP group and positive control. All
wounds closed on day 21 except for the negative control group with a percentage of wound closure of 75.36%.

3.9. Histological analysis

In Fig. 6¢, on day 1 after the burn induction treatment, the damage of the epidermis and partial loss of dermis in UHF, UHF-AgNP,
positive control, and negative control indicate the occurrence of second-degree burns. Meanwhile, on day 21 of treatment, it was seen
that UHF-AgNPs treated group showed the most significant improvement compared to UHF and negative control. Observations also
showed improvements in positive controls resembling UHF-AgNP.
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Fig. 6. A. Photomicrographs of second-degree wound assay on Wistar rats to evaluate the wound healing efficiency of UHF-AgNP. B. The bar
diagram represents the wound reduction rate of UHF, UHF-AgNP, negative control NC, and PC. Each value represents the mean + SD of three
experiments. *p < 0.05. C. Micrographs image (Photograph with Olympus CX 33 photomicroscope 100x magnification) of H&E-stained tissue from
burn wounds of UHF, UHF-AgNP, NC, and PC. The tissue between the black triangles is the epidermis, while the arrowhead is an un-epithelialized
area, and the arrows are blood vessels that showed the presence of new vascular tissue in the newly regenerated dermis. Scale bar 100 pm.

4. Discussion

Burns are open wounds easily contaminated by bacteria. Thus, antibiotics are often used clinically for treatment. Therefore, the
methods for treating burns topically vary widely, but how to control bacterial infection in wounds effectively is still a hot topic of
discussion today. After a thermal burn, the skin barrier functions are damaged, causing various inflammations, and leading to bacterial
infection. Modern medicine states that insufficient blood supply, edema, and necrosis after a burn event contribute to burn wound
infection [24-26]. Multiple studies have reported the use of AgNPs as a new generation of non-antibiotic class antimicrobials with
stable physical and chemical properties and strong broad-spectrum bactericidal capacity in recent years [27-29]. The strong
permeability of AgNPs allows them to quickly penetrate the skin pores, killing various bacteria and fungi within minutes [27,30-32].
Likewise, the bacteria resistant to silver are rare, causing their wide biological application [30,33].

Silver nanoparticles are one of the most widely synthesized nano-metal preparations. Obtaining AgNPs was carried out by reducing
AgNOg salts using inorganic reducing agents such as NaBH4 and organic agents such as hydrazine. These chemicals are dangerous
because of their relatively high toxicity and can be adsorbed on the material’s surface. Green synthesis methods are becoming more
and more popular for AgNP synthesis to overcome this problem [10,32,34]. The green synthesis of silver nanoparticles as antimi-
crobials has become one of the most researched areas of nanotechnology in recent years due to the numerous advantages it possesses,
such as the utilization of natural resources, a relatively fast process, non-pathogenic procedures, low cost, and provides a simple
technique for environmentally friendly biosynthetic processes [35]. Many researchers have reported a broad number of plants that
facilitate the synthesis of silver nanoparticles, such as Azadirachta indica [36], Urtica dioica [37], Calophyllum tomentosum [38], Berberis
vulgaris [10], Gleichenia Pectinata [39], polysaccharide from Sanghuangporus sanghuang [401, Piper ningrum seed [41], Arabinoglucan
from Lallemantia royleana [42], Mimosa tenuiflora [43], Moringa oleifera seed polysaccharide [44], fucose-containing exopolysaccharide
secreted by Enterobacter A47, FucoPol [45] and Abelmoschus esculentus [46].

The use of AgNPs against multidrug-resistant microorganisms resulted in superior antibacterial activity against Gram-negative
multidrug-resistant (MDR) [18]. Another study using drug-resistant P. aeruginosa produced a significant antibacterial effect on
antibiotic-resistant P. aeruginosa in a concentration and time-dependent manner [40]. Meanwhile, in the Naqvi et al. [47] study, it was
reported that the combination of AgNPs with antibiotics produced a synergistic effect and could increase the efficacy of treatment
against microbial pathogens.

In this recent study, the hydrogel film of ulvan optimization with the addition of AgNOgs precursor to produce AgNPs showed the
successful formation of AgNPs, which was characterized by a change in the color of the hydrogel from yellowish green to brownish.
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UHF is used as the base in UHF10 which is the optimal concentration of ulvan in our previous studies based on the optimum char-
acterization that has been carried out [6]. The absorbance of AgNPs was measured by UV-VIS spectrophotometry, and the absorbance
was read at a maximum wavelength of 400.4 nm and 411.86 nm (for UHF-AgNPO0.5 and UHF-AgNP1). It confirmed the silver
nanoparticles formation in the hydrogel solutions is due to excitation of surface plasmon resonance (SPR) band of AgNPs [10,36]. At
previous studies, the SPR peak of AgNPs located within 397-416 nm region [11]. For FTIR spectra, the results show an identical
spectrum to UHF, which implies that the hydrogel film formulation did not break the main chain structure of ulvan. Additionally, the
spectrum featured many peaks specific to this polysaccharide. The effectiveness of the UHF-AgNP formulation was indicated by the
presence of new peaks at 1342 and 1340 cm ™! for UHF-AgNPO.5 and UHF-AgNP1, respectively. This peak was not detected in the UHF
and ulvan from the previous study [6]. These results are in line with the AgNP peak in Massironi et al. report [11].

As previously mentioned, we have selected the hydrogel film as a wound dressing in this study as it is one of the modern types of a
wound dressing with better biocompatibility, biodegradability, and moisture retention characteristics compared to traditional
dressings such as gauze. More specifically, for the treatment of second-degree burns with not much exudate, the results of the physical
evaluation of the preparation showed a suitable character as a good wound dressing, where the swelling degree and WVTR values
indicated that the preparation could adsorb exudate from the wound while maintaining moisture that supports re-epithelialization in
the wound area [48]. Another advantage of the hydrogel film preparation is that the film is biodegradable, so it does not cause pain as
in traditional wound dressings, which is an important issue because acute wound pain has been shown to increase stress in patients and
subsequently negatively affect the quality of life and cause delayed wound healing [48].

Based on particle size and zeta potential results, the hydrogel films showed a good stabilizing effect of ulvan due to the interaction
between AgNPs and functional groups in the ulvan structure, which is related to the function of ulvan as a capping agent. With the
increase in the number of AgNPs, the tendency of the particles to form agglomerates becomes more extensive, and the surface
morphology becomes rougher, indicating more flower-shaped structures as shown in UHF-AgNP1. At lower concentrations of AgNPs,
the particles can act as intermolecular connectors, thereby inhibiting the mobility of the polymer chains and enhancing the surface
morphology to become smoother and more uniform, as shown in UHF-AgNPO.5.

The size, morphology, stability, and physicochemical properties of the nanoparticles play an important role in their application for
wound treatment. A smaller size allows the material to have increased stability and enhanced antimicrobial activity. The smaller the
particle size, the wider the surface area. This large surface area will cause the material to become more reactive. The small size allows
this material to penetrate the intercellular spaces and increases the affinity of the system due to the increased contact surface area. In
this case, AgNPO.5 is easier to penetrate through the bacterial cell wall and then causes damage to its structure than AgNP1. So, the
larger the diameter, the weaker the antimicrobial effect. Several studies have found that AgNPs with a size of 20 nm or more are
difficult to move into bacterial cells compared to those with a size of 1-15 nm [48,49]. Compared to the other strains, P. aeruginosa was
more susceptible to AgNPs. Moreover, P. aeruginosa (gram-negative bacteria) and S. aureus (gram-negative bacteria) are two most
common bacteria pathogens to contaminated the wound [42]. The result proved that the UHF-AgNPs dressing had antimicrobial
activity on both gram classes of bacteria.

The data from in vivo study showed that wounds treated with UHF-AgNP hydrogel film resulted in faster wound healing based on
the percentage of wound closure speed on observation days 5, 7, 14, and 21, namely 19.21%, 35.95%, 91,92%, and 100%. These
results indicate a better speed of wound healing than UHF and negative controls, but are not significantly different from positive
controls. These results indicate that the condition of the wound treated with a hydrogel film that kept the wound moist for 21 days was
better at accelerating healing than the wound with an open condition. Meanwhile, the addition of AgNP to the hydrogel film also
significantly accelerated burn healing compared to the hydrogel film without AgNP, this condition was shown as the result of greater
wound closure in UHF-AgNP than in UHF. In this case, the antimicrobial mechanism function of AgNPs supported the accelerated
healing rate. The mechanism can be explained through the following phenomena: (a) microbial membrane damage, which is caused by
the attachment of AgNPs to the cell surface, and subsequently causes structural and functional changes (such as cleft formation,
membrane destabilization, membrane piercing, and cytoplasmic leakage); and (b) destruction of sub-cellular structures, caused by the
release of Ag ions and subsequent reactive oxygen species (ROS) or inactivation of essential macro-molecules (proteins, enzymes, and
nucleotides). However, the most representative mechanisms of AgNPs are adhesion to microbial cells, generation of ROS and free
radicals, puncture and penetration of microbial walls within cells, and modulation and modification of microbial signal transduction
pathways [27,50,51].

Furthermore, to confirm the healing effect of the second-degree burn AgNP hydrogel film, on the basis of histopathological analysis
results (Fig. 6¢), on day 21, it was seen that the tissue had undergone complete re-epithelialization and the epidermal structure had
intact in UHF, UHF-AgNP, and positive control (triangular sign). However, the microstructure of the regenerated tissue was slightly
different where UHF-AgNP showed a denser composition between the epidermis and dermis compared to other samples. In addition,
the presence of angiogenesis was also detected in all treatments (arrow-signs). However, this should be further confirmed using
immunohistochemical analysis or other relevant methods. Especially in the negative control, it was noticed that there were parts of the
epithelial layer that had not undergone partial epithelialization (arrowhead signs) and the number of inflammatory cells was relatively
more than in the other samples.

5. Conclusion
This study demonstrates that ulvan can be used as a bio-reductant and stabilizer in AgNP synthesis, and successfully used to prepare

novel hydrogel film dressing with good antimicrobial capacity. The hydrogel film of UHF-AgNPs possessed a suitable pH, viscosity,
swelling degree, and water vapor transmission rate (WVTR). Moreover, the particle size was 13.87-34.77 nm with a potential zeta of
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(—24.5 £+ 1.47) - (—22.43 £ 2.5). UHF-AgNP 0.5 was recommended as the optimum formula based on its physicochemical charac-
terization and antimicrobial activity. In vivo studies on rats showed that UHF-AgNPs significantly improved wound healing compared
to negative controls and UHF. This study showed that the application of nanosilver-ulvan for the treatment of second-degree burns was
proved to be simple and effective. The antibacterial properties of a combination of AgNPs and ulvan can provide a higher therapeutic
potential for wound dressing formulation.
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