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Microbial infections and tissue damage by dressing removal are common problems in wound healing. In
this study, gelatine/fucoidan nanogel coated with silver nanoparticles (Ag@Gel/Fu) by simple polymer-
ization technique to assess the antibacterial potential Against human infectious pathogens and wound
healing activity Against L929 fibroblast cells. The incorporation of silver nanoparticles in Ag@Gel/Fu
nanogel was confirmed by UV—vis, XRD, and SEM analysis techniques. The results of the antibacterial
assay revealed that the Ag@Gel/Fu nanogel showed excellent bacterial growth reduction and zone of

ﬁi{mﬁ;ial inhibition against Escherichia coli and Staphylococcus aureus, depending upon the concentrations. In vitro
Biopolymer wound healing results exhibit rapid regeneration of L929 cells in a short duration. It has more advan-
Gelatine tages, such as Ag@Gel/Fu, to prevent damage to outer skin tissue by infections. It is the more significant
Fucoidan bacterial and biofilm infection control of the wound sites. The overall results confirmed that coating of

biopolymer and marine polysaccharide fucoidan enhances the biological property of Ag@Gel/Fu nanogel
and wound healing potential. Ag@Gel/Fu nanogel co-culture with fibroblast cells showed no cytotoxic
effect after 48 h. Finally, Ag@Gel/Fu nanogel is an effective material for infected wound healing nursing

care applications.
© 2025 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice
nses/by-nc-nd/4.0/).

Silver nanoparticles
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1. Introduction

Polymicrobial colonization is the most frequent pathogenic in
wounds, leading to a severe infection risk. In the period of microbial
infection, the wound-healing process is very complicated and de-
velops chronicity [ 1—4]. The patients suffer from trauma, high costs
of treatment, and failure of wound management practices. The
challenges of the wound healing process, like expensive drugs and
repair materials, can cause an economic and public health burden.
The self-healing methods of skin tissues can be disrupted, and
wound healing is hindered by toxic substances generated by skin
microbes and external factors [5—8]. The therapeutic value and
utilization of topical antibiotics and antiseptics in managing non-
healing, noninfected wounds are highly contentious. The

* Corresponding authors. No. 99 Longcheng Street, Taiyuan 030032, Shanxi
Province, China.
E-mail address: 15234177060@163.com (Y. Du).
Peer review under responsibility of the Japanese Society for Regenerative
Medicine.

https://doi.org/10.1016/j.reth.2025.03.001

appropriate systemic antibiotics have been suggested to be essen-
tial in managing nonhealing, chronically infected wounds [9—11].
A wound dressing is to meet multiple demands to promote
successful recovery. It must be both non-toxic and effective in op-
position to microbes, preserve moist wounds, provide mechanical
defense, permit gas exchange, and accelerate the process of wound
healing [12—16]. The most important among these is the antibac-
terial operation, which keeps wounds free from bacteria and pro-
motes a rapid healing process. Infections with bacteria remain
possible even if a dressing covers a wound due to the moist at-
mosphere, which allows bacteria to grow and nurture themselves
[17—20]. Utilizing nanoparticles to control wound infections is the
most advanced and efficient strategy. Silver is unique, unlike other
nanoparticles, due to its size and positive surface charge, which is
easily attracted by the negatively charged bacterial cell membrane.
They can adhere to bacterial cell walls, and dysfunctions in the
respiratory mechanism can cause bacterial cell death [21—-26].
Recently, surface coating and covalent crosslinking of bio-
polymers with silver nanoparticles is a new strategy to improve the
bioactivity of Ag nanoparticles against human diseases [27—29].
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Polysaccharides extracted from marine resources are promising
matrix materials utilized in therapeutics. These polysaccharides
show various pharmacological effects, such as anticancer, wound
healing, antibacterial, antioxidant properties, and biocompatibility
[30—33]. Fucoidan (Fu), a sulfated polysaccharide derived from
marine microalgae, primarily consists of sulfated r-fucose, with
varying proportions of p-glucuronic acid, arabinose, glucose, p-
galactose, L.-rhamnose, p-xylose, and p-mannose, contingent upon
the specific species of brown seaweed [34]. The natural, non-toxic,
and biodegradable biopolymer Fu demonstrates diverse bioactive
capabilities, including anti-inflammatory, bone regeneration,
wound healing, antioxidant, and antitumorigenic effects [35]. Fu
suppresses proinflammatory cytokines and positively enhances the
production of anti-inflammatory cytokines to expedite the wound
healing process. Furthermore, metallic nanoparticles have garnered
considerable attention in bioenergy, environmental, and biomed-
ical research [36]. Notably, green-synthesized silver nanoparticles
facilitate wound healing by preventing bacterial infections, while
the capping agents function as anti-inflammatory agents [37].

Gelatin is a by-product of fish skin collagen, denatured only in
acidic and heating conditions. It is a promising polymer in
biomedicine because of its stability, biocompatibility, and biode-
gradability [38—41]. In addition, fucoidan is a sulfated poly-
saccharide derived from marine seaweeds that exhibits antitumor,
immunomodulatory, antimicrobial, and antioxidant efficacies
owing to its sulfate groups [42—44]. In this study, we fabricated
gelatin and fucoidan dual bio polysaccharides incorporated silver
nanoparticles for microbial infection control and wound healing
nursing care applications. In the future, it might be a suitable
bioactive material for treating infected wounds.

2. Material and methods
2.1. Materials

Glacial acetic acid, silver nitrate (NOs), methanol, Gelatin
(porcine skin, type A), crystal violet, and tryptic soy broth (TSB)
were purchased from Sigma-Aldrich Co., USA. Mueller-Hinton Agar,
nutrient broth, and sterile disc were obtained from Hi-Media,
China. Pathogens, such as Staphylococcus aureus ATCC 25913 and
Escherichia coli ATCC 9028, were collected from the American Type
Culture Collection.

2.2. Preparation of Ag@Gel/Fu nanogel

The nanogel preparation was carried out using the previous
methodology of Froelich et al, with some modifications [23].
Briefly, gelatin and solution 2 wt % were prepared by dissolving low
molecular weight gelatine power in DD water under magnetic
agitation at 300 rpm at 40 °C for 2 h. Then, 20 mg of fucoidan
powder was added to the gelatine solution, and the stirring
continued for another 1 h. Finally, silver nitrate solution 1 wt % was
slowly added into gelatine, and fucoidan solution was stirred at
500 rpm speed at room temperature for 1 h. The colloids were
washed by centrifugation. The Ag@Gel/Fu nanogel was stored in the
refrigerator for further use.

2.3. FI-IR analysis

The characteristic functional groups of Ag@Gel/Fu nanogel were
identified by FT-IR spectroscopy, PerkinElmer, Llantrisant, UK. The
infrared spectrum was recorded at an average range of 1 cm~! from
400 to 4000 cm~! wavenumber.
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2.4. SEM analysis

The Ag@Gel/Fu nanogel was gold sputter coated and dried for
24 h for observing scanning electron microscopy (SEM- S4800,
Hitachi, Japan.) at 20 kV. The surface morphology of fabricated
Ag@Gel/Fu nanogel was observed under different Ag@Gel/Fu
magnifications, and images were captured.

2.5. Bacterial culture

Wound-infecting bacterial strains Staphylococcus aureus (ATCC
6538) and Escherichia coli (ATCC 25922) were collected from
Shanghai BioRc Co., Ltd. Shanghai, China. Bacteria strains were
cultured at 37 °C an orbital shaker in an LB medium. The total count
of bacterial cells was maintained at 108 CFU/mL. The bacteria-
loaded agar culture plates were incubated at 37 °C under 5 % CO;
flow.

2.6. Antibacterial activity by well diffusion assay

The antibacterial potential of Ag@Gel/Fu nanogel was examined
using the Agar diffusion method against skin infectious pathogens
S. aureus and E. coli. Approximately 50 pL of the bacteria was
swabbed on the surface of the Agar plates. The wells were created
by using 1 mL micro tips. Then, the different concentration
(25—100 pg/mL) of Ag@Gel/Fu nanogel was loaded into wells. The
nanogel-treated agar petri dishes were incubated at 37 °C for 12 h.
After the treatment, the zone of inhibition was calculated using an
antimicrobial scale of millimeters.

2.7. Plate count assay

The micro-dilution method examined the antibacterial efficacy
of Ag@Gel/Fu nanogel against Escherichia coli and Staphylococcus
aureus. About 100 pL of Ag@Gel/Fu nanogel was uniformly mixed
with 900 pL of bacterial culture. The culture medium was main-
tained in an orbital shaker at 120 rpm speed under 37 °C for 12 h.
Further, PBS (pH~7.4) was utilized to dilute the microbial solutions
to make 105 CFU/mL~! concentration. Approximately 30 pL of
bacterial culture was added in the center place of agar plates and
uniformly swabbed by an L-rod glass. The Ag@Gel/Fu nanogel-
loaded agar plates were incubated for another 24 h at 37 °C.
Finally, the Ag@Gel/Fu nano gel-treated plate was observed, and the
Nikon camera was used to take photographs. The bacterial colonies
were counted using Image ] software.

2.8. Anti-biofilm activity

The biofilm inhibitory efficacy of Ag@Gel/Fu nanogel was
assessed against wound-infecting bacterium MRSA and E. coli
based on the protocol of Prabhu et al. [45]. The bacterial strains
were dispersed 108 CFU/mL in TSB medium with 0.5 % glucose in
the presence of Ag@Gel/FUu nanogel (25—100 pg/mL) and incu-
bated under 37 °C for 48 h. Then, treatment the contents of the
wells were discarded and washed many times with PBS solution.
Biofilm-formed bacteria were fixed with 2 % sodium acetate.
Bacteria-coated microscopic slides were stained with 1 mL of 0.5 %
crystal violet solution. The unwanted stain was removed by
washing DD water. Stained biofilms were fated by 10 % glacial acetic
acid treatment for 10 min. The absorbance of the biofilm was
quantified using an ELISA plate reader at 570 nm.
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2.9. Biocompatibility of Ag@Gel/Fu nanogel

Skin fibroblast cells (L929) were used to examine the biocom-
patibility of nanogel. The MTT cell viability assay was utilized to
investigate the cytotoxic effect of Ag@Gel/Fu nanogel. The
1929 cells are sub-cultured in 96-well plates with DMEM con-
taining 10 % of FBS and treated with Ag@Gel/Fu nanogel with
various concentrations (10—100 pg/mL) after the uniform cell
proliferation. The wells with PBS solution were considered the
control. The nano gel-treated cells were incubated for 24 h at 37 °C,
with an underflow of 5 % CO,. Then, 20 uL of MTT solution was
added into each well and incubated again for 4 h. After the
attachment of the MTT stain, the excess medium was removed by
100 pL DMSO solution using microcentrifugation. The total amount
of cell viability was calculated from the optical density (OD) of the
medium at the wavelength of 595 nm. This formula quantified the
percentage of cell viability.

OD value of treatment

OD value of control X100

% of cell viability =

The morphological changes and cytotoxicity of Ag@Gel/Fu
nanogel-treated 1929 cells were examined by fluorescence micro-
scopic imaging. Cells were treated with the IC5y concentration of
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Ag@Gel/Fu, fucoidan, and Gel/Fucoidan and incubated for 24 h at
37 °C under CO; flow. Then, an AO/EB dual stain solution of 100 puL
was added and maintained at optimum conditions. The deformities
and dead cells were visualized under fluorescence microscopy at
various time intervals (1, 3, and 5 days), and images were captured
on alternative days.

2.10. In vitro wound scratch assay

The wound healing efficacy of Ag@Gel/Fu nanogel was evaluated
by in vitro wound scratch assay against L929 cells. The cells
(5 x 10°) were pre-seeded and cultured overnight at 37 °C under
CO,, flow. After the sub-culture, cells were rinsed with PBS solution.
A sterile microtip (200 pL) was utilized to create a wound scratch
among the cells in each well. The unwanted media and cell debris
were discarded by washing with PBS solution. Then, the cells were
treated with 30 pg/mL of Ag@Gel/Fu nanogel and incubated at
37 °C. The cytological changes, cell proliferation, and migration
were observed, and an inverted phase contrast microscope
captured images. The percentage of the wound closer was analyzed
by Adobe Photoshop software and recorded at ultimate time in-
tervals. The fluorescent microscopic images were taken after DAPI
staining.
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Fig. 1. (A) XRD spectra of Gelatin/Fucoidan gel and Ag@Gel/Fu, (B) UV—vis spectra of Gelatin/Fucoidan gel and Ag@Gel/Fu, (C) FTIR spectra of gelatin (black), Fucoidan, Gelatin/
Fucoidan gel, and Ag@Gel/Fu. (D) DLS analysis of Ag/Gel/Fu nanogel. Data were stated as means + SEM (n = 3).
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Fig. 2. (A) High-resolution scanning electron microscopy (HR-SEM) and (B) High-resolution Transmission electron microscopic (HR-TEM) images of Ag@Gel/Fu nanogel. (C and D)

The stability test of Gelatin/Fucoidan, and Ag@Gel/Fu for 7 days of incubation time.

2.11. Statistical analysis

Students' t-tests were applied to evaluate the significance levels.
n.s. denoted not significance; *p < 0.05 represented statistical
significance; **p < 0.01 signified moderate statistical significance
and ***p < 0.001 represented highly statistical significance.

3. Result and discussion
3.1. XRD analysis of Ag@Gel/Fu nanogel

Ag@Gel/Fu nanogel powder of XRD diffraction patterns has been
shown in Fig. 1A. It exhibits a prominent diffraction peak around
23°, Different intensity peaks were established at position
2e = 38.26 in the diffraction X-ray spectrum of Ag@Gel/Fu nanogel,
which concurred with the scattering of the silver metallic face-
cantered cubic structure (111). The height and purity of the
diffraction peak enhanced, increasing the Ag nanoparticle con-
centration. Additionally, it demonstrates that gelatine can convert
Ag + to Ag nanoparticles through XRD investigation.

3.2. UV—vis spectroscopy analysis

Gelatine was utilized as a gelling and stabilizing agent
throughout the reduction of Ag@Gel/Fu to increase the
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homogeneity and stabilization of the silver solution. The solution
transformed coloration to a bright yellow after the interaction of
silver ions. As Ag@Gel/Fu concentrations increased, the solution's
dark color widened, indicating that gelatine effectively reduced
Ag@Gel/Fu. In addition, the intensity of the peak in the UV spec-
troscopy visible range of the nanosilver increased with the rise in
Ag@Gel/Fu content. The optical spectrum of Ag@Gel/Fu, as depicted
in Fig. 1B, showed a peak at 434, the positive correlation between
Ag nanoparticles and gelatin, and the peak intensity indicated
Ag@Gel/Fu formation.

3.3. FTIR analysis

The result of FTRI analysis confirmed the successful incorpora-
tion of fucoidan within the gelatine biopolymer. The material's
extensive nanogel structure resulted from both the chemical
crosslinking and the mechanical combining of fucoidan and gela-
tine. As is observed in Fig. 1C, the amides |, II, and IIl were identified
as the origins for the peaks in the gelatine curve that occurred at
1638 cm !, 1440 cm™ !, and 1239 cm~'. An O—H vibration that
stretched at 3478 cm™! additionally culminated in an absorption
peak. A substantial amount of deacetylation in fucoidan is indicated
through the C—CHj3 deformed vibration peak of absorption at
1407 cm~! and the emergence of amide II at 1560 cm™~ for fucoi-
dan. Ag@Gel/Fu nanogel's distinctive peak completely disappeared,
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Fig. 3. (A) Bacterial growth inhibition of Ag@Gel/Fu against E. coli and S. aureus. (B) Ag@Gel/Fu induced zone of inhibition against E. coli and S. aureus. (C) Antibacterial activity of
Ag@Gel/Fu against E. coli and S. aureus using agar broth dilution assay. Data were stated as means + SEM (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, compared with control group

(#).

Table 1

Zone of inhibition of human infectious bacterial strains after treatment of AA@ZIF-8
nanocomposite in well diffusion assay.

Microorganism

Zone of inhibition (mm) by the Ag@Gel/Fu nanogel in
well diffusion method

25 pg/mL 50 pg/mL 75 pg/mL 100 pg/mL

Staphylococcus aureus 6 12 14 16
Escherichia coli 7 9 12 15
100 E. coli
(A) :
*k
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e 80 *
SN
<
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=
E=
el _ *k
= 40 i
£
=
je)
m

0 01 02 03 04 05 06 07
Concentration (ng/ml)

but amide III shifted to a wider band, indicating that chemical in-
teractions had bound gelatine and fucoidan. The gelatine hydroxyl
group (O—H) is compared with Gelatine/fucoidan, which is present
at around 3450 cm™ L

3.4. Morphology and particle size analysis

The morphology and size of Ag@Gel/Fu exhibit an array of
physicochemical characteristics. The images of HR-SEM show that
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Fig. 4. (A&B) Biofilm growth inhibition of E. coli and MRSA after Ag@Gel/Fu nanogel treatment. Data were stated as means + SEM (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001,
compared with control group (#).
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Fig. 5. — Inverted phase contrast microscopic images of E. coli and MRSA biofilm after treatment of Ag@Gel/Fu in crystal violet assay. The scale bar indicates the 100 um.

Ag/Gel/Fu nanogel is a sphere-like structure with slight agglomer-
ation (Fig. 2A). TEM images of Ag@Gel/Fu are shown in Fig. 2B.
These sample projected images indicate the shape and distribution
of their sizes of particles. The constant form of Ag@Gel/Fu and its
predominantly 2—10 nm diameter of particles appear in Fig. 2B. In
Ag@Gel/Fu nanogel, 77.23 % of the atoms had dimensions between
3 and 6 nm. The polydispersity of 0.155 + 0.004 and a zeta potential
of —28.45 + 2.78 mV. Ag@Gel/Fu satisfies the necessary dimensions
and form factors for effective antimicrobial activity. Ag@Gel/Fu was
spread somewhat uniformly. In addition, based on previous studies,
the atoms in all three of these samples exhibited a spacing in the
lattice of 0.23 nm. DLS analysis (Fig. 1D) indicated that the particle
size of the nanogel is 10 nm. Additionally, the nanogel offers
promising advantages for effective cellular intake. Due to their
ultra-fine particle size and the capability to encapsulate fucoidan,
these nanogel are expected to exhibit promising biological func-
tionalities and the ability to cross-control wound pathogens.
Further, the storage stability of Gel/Fu and Ag@Gel/Fu nanogels was
examined over 7 days at 37 °C, as illustrated in Fig. 2C and D. At
37 °C, the Gel/Fu and Ag@Gel/Fu nanogels exhibited significant
stability, with the most intense peak recorded at 434 nm. At 37 °C,
the Ag@Gel/Fu nanogel demonstrates its remarkable stability.
Conversely, Ag@Gel/Fu nanogel frequently experiences stability
challenges stemming from aggregation, oxidation, and the

employment of toxic and flammable reducing and stabilizing
chemicals, which may compromise nanoparticle stability [46].

3.5. Antibacterial potential of Ag@Gel/Fu nanogel

Bacterial wound infections are the utmost cause of chronicity in
humans. The inability of antibiotic drugs to control infections is the
main cause of trauma. Bacterial co-infections with influenza virus
are the leading cause of human deaths. Staphylococcus aureus and
Escherichia coli infections occur regularly in wounds. The antibac-
terial activity of Ag@Gel/Fu nanogel against S. aureus and E. coli is
significantly improved in the well diffusion assay. In all concen-
trations, Ag@Gel/Fu nanogel exhibits the highest zone of in-
hibitions in both bacterial strains (Fig. 3A&B). The antibacterial
activity increased as Ag@Gel/Fu nanoparticle concentration
increased (Table 1).

The results of the plate count assay exhibit excellent bacterial
growth reduction in a dose-dependent manner. Compared to the
alone Gelatin/fucoidan gel, the bacterial growth inhibition of
Ag@Gel/Fu nanogel treated groups was three-fold higher (Fig. 3C).
The Ag@Gel/Fu nanogel controls bacterial multiplication and en-
hances cell wall conjugation. This might be explained by the S.
aureus cell wall containing more positively charged peptidoglycans.
The Ag@Gel/Fu easily penetrates the cell wall region through the
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Fig. 6. (A) Cytotoxic effect of Ag@Gel/Fu against L929 cells by MTT assay, (B) Cell density of L929 cells after nanogel treatment. Data were stated as means + SEM (n = 5). *P < 0.05,

**P < 0.01, ***P < 0.001, compared with control group (#).
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Ag@Gel/Fu

Fig. 7. Fluorescence microscopic images of L929 cells with AO/EB dual staining in biocompatibility assay at various intervals. The scale bar indicates the 100 pm.

electrostatic attraction of silver ions. The nanogel damaged the cell
wall structure and destroyed the intercellular organelles. Due to the
cell lysis process, the Ag@Gel/Fu nanogel treatment inhibits struc-
tural proteins. Releasing positive charged silver ions from Ag@Gel/
Fu nanogel leads to cell wall breakages.

3.6. Antibiofilm activity of Ag@Gel/Fu nanogel

Escherichia coli and methicillin-resistant Staphylococcus aureus
(MRSA) are dangerous pathogens associated with wounds and
nosocomial infections, leading to life-threatening disorders. These
bacteria significantly contribute to respiratory and wound-related
infections, posing considerable challenges in public health man-
agement. The biofilm-forming potential of E. coli and MRSA, along
with their resistance to antibiotic therapy, has resulted in failures in
wound healing. The antibiofilm properties of Ag@Gel/Fu nanogel
were assessed using the crystal violet staining technique. Results
indicated that the Ag@Gel/Fu nanogel effectively disrupts biofilm
formation by pathogenic bacteria in a concentration-dependent
manner. The nanogel-treated Escherichia coli and Staphylococcus
aureus exhibit 78 % and 81 % biofilm growth inhibition, respectively
(Fig. 4A&B). The incorporation of fucoidan within the gelatin
biopolymer enhances the antibiofilm efficacy of the Ag/Gel
composition by weakening the adhesion of E. coli and MRSA to glass
surfaces, thereby preventing biofilm formation. Microscopic ex-
amination of control slides showed thick biofilm formations for
both strains. In contrast, slides treated with Ag@Gel/Fu nanogel
displayed a significant reduction in bacterial growth and damage to
biofilm architecture in a dose-dependent manner (Fig. 5). The
antibiofilm activity of Ag@Gel/Fu nanogel may be attributed to the
synergistic effect of fucoidan and silver ions released from the
nanogel. The anti-biofilm efficacy of fucoidan destabilizes the bio-
film matrix and causes damage to the bacterial cell wall. Combining
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silver and fucoidan with the gelatin biopolymer reduces biofilm
formation by impairing the quorum-sensing regulatory system.
Additionally, silver ions released from Ag@Gel/Fu nanogel hinder
bacterial mobility and the production mechanisms of exopoly-
saccharides. Overall, calorimetric and microscopic studies suggest
that Ag@Gel/Fu nanogel may be a promising candidate for wound
healing in future public health management.

3.7. Cytotoxicity in vitro

Determining the biocompatibility of materials requires inves-
tigating the in vitro activity of cells. The bactericidal efficacy of the
materials was enhanced as a higher amount of Ag@Gel/Fu nanogel.
The cytotoxic effects of Ag@Gel/Fu nanogel have been studied via
MTT studies. Separately, the nanogel was mixed with L929 cells for
24 h. Fig. 6A displays an explanation of the experimental out-
comes. The cell viability was over 80 % after 24 h, indicating that
the Ag@Gel/Fu nanogel was not hazardous to L[929 cells. It
exhibited promising proliferation of cells, including cell viability of
89.11 + 2 %, after 48 h respectively. However, few apoptotic cells
were observed whether Ag@Gel/Fu in higher concentration. Cell
survival and double staining accurately represent the effect of
Ag@Gel/Fu nanogel on 1929 cells. Following the outcomes of MTT
tests, the nanogel encouraged the growth of L929 cells, as shown
in Fig. 6B, where the counts of treated cells were very similar to
those of the control cells. There was no huge variation in cell death
rates across Ag@Gel/Fu nanogel and the control group. The fluo-
rescence images showed no cellular toxic effect and an excellent
cell proliferation rate after 5 days. The clear green fluorescence
intensity indicates more alive cells after treatment of Ag/Gel/Fu
nanogel (Fig. 7). The AO/EB staining experiment confirmed that
Ag@Gel/Fu nanogel is safe for fibroblast cells. In the 5 days post-
exposure, no notable cell wall damage and shrinkage appear.
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Fig. 8. (A&B) Cell migration area of L929 cells post-exposure of Ag@Gel/Fu in wound scratch assay and inverted phase contrast microscopic images. The scale bar indicates the
100 pm. Data were stated as means + SEM (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, compared with control group (#).
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Fig. 9. Fluorescence microscopic images of L929 cells with DAPI staining in wound scratch assay. The scale bar indicates the 100 pm.
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The overall cytotoxicity assay proved that Ag@Gel/Fu nanogel is
highly suitable for nursing care wound healing nursing care
treatment. Further, several studies have reported on the in vitro
cytotoxicity of AgNPs in non-cancerous and cancerous cells in
1929 cells [47].

3.8. Wound healing study

Many silver dressings are on the market, but the expenses are
high. The dressings without silver possess poor antimicrobial
properties. The wound-healing process of drugs has depended on
collagen deposition and fibroblast formation in a wound site. The
results of the wound scratch assay confirmed that excellent cell
proliferation and migration were observed after 12 h of cell
scratched area. The size of the wound closer was recorded at
different time intervals of 0, 12, 24, and 48 h (Fig. 8A). The simul-
taneous release of the fucoidan and gelatin biomolecules triggered
the protein secretion. The gelatine molecules can stimulate cell
migration and healing (Fig. 8B). The fluorescence microscopic im-
ages of wound scratches show a significant enhancement in cell
regeneration. In this case, the control cells are threefold higher.
Ag@Gel/Fu nanogel exhibits uniform proliferation without micro-
bial inflammation and death cells (Fig. 9). As a result of in vitro
studies, the impact of Ag@Gel/Fu nanogel prominently enhances
the efficacy of antibacterial-mediated wound healing nursing care
in a short period. Ag@Gel/Fu nanogel has shown excellent
biocompatibility in normal skin cells.

4. Conclusion

In summary, gelatin reduces and stabilizes Ag@Gel/Fu nanogel
agents. Fucoidan was added to obtain a novel composition Ag@Gel/
Fu, which enhanced the gelatin crosslinking. The amino and sulfur
group of fucoidan formed a coordination bond with Ag@Gel/Fu,
stabilizing the nanogel uniformity. The results of antibacterial and
antibiofilm activity assays suggested that Ag@Gel/Fu nanogel
effectively eradicates bacterial proliferation and biofilm-forming
ability against wound-infecting pathogens. The better antibacte-
rial effect of nanogel enabled the maintained wound area to remain
clean and without infection. In vitro cytotoxicity studies indicated
that Ag@Gel/Fu nanogel has excellent biocompatibility and can
shorten the wound healing period. These research findings
demonstrate that Ag@Gel/Fu nanogel is an antibacterial wound
material that promotes the wound-healing nursing care process.
Accordingly, it has promising wound-healing properties and should
be considered in future clinical studies.
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