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The silver nanoparticles—sodium alginate—chitosan (AgNPs—Alg—Chi) nanocomposite film is a compelling
material with demonstrated antibacterial efficacy against various pure bacterial strains. However, its
potential cytotoxicity at elevated Ag doses warrants investigation. There is a notable dearth of studies
assessing its antibacterial effectiveness against clinically relevant bacterial strains, notably Cutibacterium
acnes. This study aims to assess the antibacterial efficacy of the low-dose AgNPs—Alg—Chi
nanocomposite films on both pure bacterial strains and strains isolated from clinical samples obtained
from 65 acne patients. The films were synthesized using green methods, incorporating kumquat (Citrus
Jjaponica) extract as a silver ion-reducing agent. The material characterization methods include UV-Vis
and FTIR spectroscopies, SEM-EDS, XPS, cell culture, and MTT assay. We successfully fabricated the
AgNPs—Alg—Chi nanocomposite films with a low-loading dose of Ag NPs (=11 pg mL™, and 37.8 +
11.5 nm in size). The AgNPs—Alg—Chi nanocomposite film demonstrated comparable antibacterial
efficacy to the AgNPs—Chi solution, with MIC values ranging from 3.67 to 5.50 ug mL™* (p > 0.05) across
all strains. Importantly, the AgNPs—-Alg—Chi films demonstrated excellent biocompatibility with human
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1 Introduction

According to the Institute for Health Metrics and Evaluation
(IHME) in America, acne vulgaris accounted for 231 million cases
globally in 2019, resulting in 4.96 million disability-adjusted life
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maintaining cell viability above 70%. The present AgNPs—Alg—Chi
nanocomposite films synthesized by a green approach demonstrated potent antibacterial activity,
making them promising for further development into suitable products for human use.

years." Acne significantly impacts aesthetics and social interac-
tions, indirectly affecting patients’ quality of life.”> Cutibacterium
acnes (C. acnes) is a primary cause of acne vulgaris.>” Acne
treatment options encompass antibiotics, retinoids, and
adjunctive substances like benzoyl peroxide, salicylic acid,
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azelaic acid, and alpha-hydroxy.® Yet, long-term use may induce
dermatitis, desquamation, and hyperpigmentation.” The rising
interest in plant-based acne remedies poses questions regarding
their mechanisms, adverse effects, and toxicity, warranting
further investigation globally and in Vietnam.

Noble metal-, carbon-based-, metal oxide-, and polymeric
nanomaterials have been developed for antibacterial applica-
tions.®® Silver nanoparticles (AgNPs) are among the most
extensively studied metal nanoparticles because of their supe-
rior conductivity, excellent light absorption, high sensitivity and
resolution, strong antibacterial activity, and remarkable chem-
ical stability.****

Due to the tendency of AgNPs to agglomerate, which affects
dispersion stability, they should be engineered to crosslink with
the polymeric matrix.”® The natural polysaccharide of chitosan
and alginate enhances the material's antibacterial activity and
anti-inflammatory effects.'*'* Silver nanoparticles-sodium
alginate—chitosan (AgNPs-Alg-Chi) nanocomposite films are
particularly appealing for biomedical applications such as drug
delivery, wound dressing, tissue engineering, and antibacterial
treatments.*>'*** This is attributed to their biocompatibility,
high loading capacity, favorable swelling behavior, antimicro-
bial activity, and cost-effectiveness.

Studies on humans have demonstrated that the utilization of
AgNPs as a topical antibacterial agent was safe, and films con-
taining AgNPs were deemed to be excellent wound dress-
ings.**'71%22 Moreover, research on AgNPs' antibacterial
applications has yielded promising results, particularly within
the concentration range of 50 to 100 pg mL™'.>*** Numerous
investigations have demonstrated AgNPs' and AgNPs-based
composite films'" potent antibacterial properties against
various pure bacterial strains.”*?*° Meanwhile, the -clinical
bacterial strains have many mutations due to the natural
selection process to adapt the abilities to exist harmful in the
human body.* However, the antibacterial activity of the mate-
rials on clinical bacterial strains is limited, raising the question
of whether is there any difference in the antibacterial activity of
a material against pure and clinical bacterial strains. In addi-
tion, these studies did not assess the minimum inhibitory
concentration (MIC) value and clinical strain of bacteria for
application in the clinical practice of the material. Furthermore,
scant attention has been paid to microbial strains implicated in
acne, notably C. acnes.

It is noteworthy that alongside its bactericidal efficacy,
AgNPs may induce cytotoxic effects, with doses =44 pg mL ™",
resulting in cell necrosis, and causing progressive membrane
shrinkage after 4 to 6 hours of exposure with doses exceeding 11
ug mL "% Yet, there remains a gap in understanding the
bactericidal potential of AgNPs-based film at low concentra-
tions, which circumvents cytotoxicity concerns. In addition,
industrial chemicals synthesized still have limitations such as
toxic chemicals, high operational costs, and energy needs.'®
Therefore, it calls for a comparative study with (1) optimized
design of green synthesis method for the process of AgNPs-Alg-
Chi nanocomposite film (2) the antibacterial activity of a nano-
composite (i.e., AgNPs-Alg-Chi film); against pure and the iso-
lated bacterial strains, notably C. acnes; (3) assessed the

33268 | RSC Adv, 2024, 14, 33267-33280

View Article Online

Paper

antibacterial activity and minimum inhibitory concentrations
(MIC) of the materials for human safety and applications in
clinical practice. Consequently, our study aims to address these
gaps by assessing the antibacterial efficacy of AgNP-, Ag-Chi-
solutions, and AgNPs-Alg-Chi-nanocomposite films synthe-
sized through a green method at minimal Ag doses (=11 pg
mL ™). Specifically, we seek to evaluate the antibacterial activity
of AgNPs-Alg-Chi nanocomposite films at low Ag-loading doses
against pure and isolated bacterial strains derived from the
clinical acne samples.

2 Materials and methods

2.1. Study design, sample size, and clinical sample
collecting methods

We conducted a cross-sectional descriptive study on 65 acne
outpatients examined at Can Tho Dermatology Hospital from
June 2022 to September 2023. Patients meeting the specified
sampling and exclusion criteria were eligible for enrollment.
The diagnosis of acne was made in accordance with the Viet-
nam Ministry of Health guidelines (2016), which are based on
clinical symptoms, including the type of lesions (whiteheads,
blackheads, papules, pustules, cysts) and their location,
primarily in areas with high sebum secretion such as the face,
back, and chest, with rare extension to the waist.** Exclusion
criteria included patients currently using systemic corticoste-
roids, those with diabetes, liver failure, or renal failure, indi-
viduals who had taken antibiotics within the past 2 weeks, and
those who declined participation in the study.

The sample size was determined using the one-proportion
estimation formula.**

"= Zf, %p(ld;p)

Referring to the 2019 Institute for Health Metrics and Eval-
uation (IHME) report, which indicated a global acne prevalence
of 3.07%," we calculated a minimum required sample size of n
= 46 (with p = 0.0307, « = 5%, and d = 0.05). To account for
potential sample loss and mitigate biases, we enrolled 65 acne
patients.

Enrolled patients underwent a clinical examination to assess
signs and symptoms, and acne comedones were collected for
analysis. The collection process involved several steps: (1) dis-
infecting the sampled acne area with 70% alcohol and allowing
it to evaporate within 30 seconds, (2) using a lancet needle to
puncture the acne comedo, (3) extracting the comedo and col-
lecting it with a sterile cotton swab, (4) immediately placing the
collected sample into a sterile tube containing 20 mL of Brain
Heart Infusion (BHI) transport medium, (5) transporting the
samples to the microbiology laboratory within 4 hours for
culture.

2.2. Bacterial strains and growth conditions

We utilized pure bacterial strains for the study: S. aureus (ATCC
25923) cultured aerobically at 37 °C for 18-24 hours on Blood

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Agar (BA) (Merck KGaA, Germany); E. coli (ATCC 259212)
cultured aerobically at 37 °C for 18-24 hours on MacConkey
Agar (MC) (Merck KGaA, Germany); and C. acnes (ATCC 6919)
cultured anaerobically at 37 °C for up to 72 hours on Tryptone
Soya Agar (TSA) (Merck KGaA, Germany).

Acne samples underwent culture on aerobic BA and MC at
37 °C for 18-24 hours and anaerobic TSA at 37 °C for 72 hours.
Colonies grown on agar plates were individually subjected to
gram staining and microbiological testing to identify bacterial
strains (Graph S1t). The used identification agar media
included (1) Mannitol Salt Agar (MSA) (Merck KGaA, Germany)
for S. aureus identification, (2) Kligler Iron Agar (KIA) and (3)
Sulfur Indole Motility Media (SIM) for E. coli and C. acnes
identification (Graph S17).

2.3. Green synthesis and characterization of silver
nanoparticles solution, silver nanoparticles—chitosan
nanocomposite solution, and silver nanoparticles-sodium
alginate-chitosan nanocomposite films

To prepare the chitosan solution, dissolve chitosan in a 2%
acetic acid solvent (Xilong, China) at 50 °C under vigorous
magnetic stirring for 30 min. On the other hand, to obtain the
Ag' green reducing agent to Ag, a kumquat (Citrus japonica)
extract was squeezed from the fresh fruit through a filter
membrane and centrifuged at 6000 rpm for 10 min to separate
the residue. Next, silver nitrate (0.1 mM, 520 pL, Xilong, China)
and the kumquat extract were added to the as-prepared chito-
san solution and heated at 90 °C for 60 minutes to synthesize
silver nanoparticles—chitosan (AgNPs-Chi) solution (Fig. 1).
Subsequently, an AgNPs-Alg-Chi solution was prepared by
combining sodium alginate (concentration of 5% w/v, Shanghai
Zhanyun Chemical, China) with the above AgNPs-Chi solution
at a volume ratio 1:1 under vigorous magnetic stirring for
90 min. Next, the resulting solution (20 mL) was poured into
a Petri disc (diameter of 9 cm), and then the disc was annealed
at 70 °C for 90 minutes in an oven to obtain an AgNPs-Alg-Chi
nanocomposite film (Fig. 1). The 11 ug mL " AgNPs-loaded film
(20 mL) was prepared from 130 pL of 0.1 mM AgNO;. For lower
concentration films, such as 5.5 ug mL ™", 2.75 pg mL ™, 1.375
ng mL ™', and 0.6875 pug mL ™', the corresponding volumes were
halved: 65 pL, 32.5 uL, 16.25 pL, and 8.125 pL of 0.1 mM AgNO;,
respectively. Finally, we use sterile tools to precisely cut the
nanocomposite film into a 6 mm-diameter circular disc,

| 50°C hoating | 80°C hoating |
o = 5

Centrifuge Stining |

= Stining E | Stirring
= 30 minutes - =7 60 minutes
Acetic acid 2% AgND, +
+Chitosan Kumquat extract

30 minutes |

AQNPs - Chi Stiring Sodium alginate 5% wiv
90 minutes

70°C drying

80 minites
AGNPs - Alg - Chi fim

Ghitosan AgNPs - Chi AgNPs - Alg - Ghi

Fig. 1 The synthesis procedure for silver nanoparticles—sodium algi-
nate—chitosan nanocomposite film. Alg: sodium alginate; AgNPs:
silver nanoparticles; Chi: chitosan.
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adhering to the standard size for antibiotic film in the agar
diffusion method (ADM).*

All synthetic Ag NPs-contained solutions were quality
controlled using an ultraviolet-visible (UV-Vis) spectroscopy
(Hitachi U-2900, Japan) by monitoring the appearance of Ag NPs
plasmonic absorption peak in a range of 400-450 nm for this
study, the solutions do not present the peak will be excluded
from the study.

The surface morphologies of AgNP solution, Ag-Chi- and
AgNPs-Alg-Chi-films were examined by scanning electron
microscope (SEM, JEOL JSM-IT700HR, Japan). The size distri-
bution of Ag nanoparticles was determined from SEM images
using the freeware Image]. The chemical composition was
analyzed by X-ray energy dispersive spectroscopy (EDS, Oxford
probe) integrated with the SEM instrumentation. By combining
SEM, EDS mapping, and UV-Vis spectroscopy, we conducted
a comprehensive assessment of the dispersion and distribution
of AgNPs within the nanocomposite films, ensuring the mate-
rials exhibited the desired properties and performance charac-
teristics. To analyse the functional groups in AgNPs-Chi- and
AgNPs-Alg-Chi-films with an AgNP dose of 11 pg mL™", FTIR-
ATR spectra of the materials were recorded using a Perki-
nElmer FT-IR/NIR spectrometer (Spectrum Two™, PerkinElmer
Inc., Waltham, MA, USA), fitted with a Universal ATR (attenu-
ated total reflectance) sampling accessory utilizing a diamond/
ZnSe crystal. The surface chemistry of an AgNPs-Chi sample
was analyzed using X-ray photoelectron spectroscopy (XPS,
ThermoVG 350) with an Mg Ko X-ray source (power of 300 W,
photon energy of 1253.6 eV). Curve fitting analysis was con-
ducted using the XPSPEAK 4.1 software, assuming a Gaussian—
Lorentzian peak shape, and employing Shirley background
subtraction.

2.4. Antibacterial activity test

The antibacterial activity of the AgNPs-Alg-Chi nanocomposite
films was assessed through three phases. First, the antibacterial
activities of the synthesis solutions and the nanocomposite film
were quantified by the Kirby-Bauer ADM method,* performed
on pure bacterial strains at a concentration of 100 pg mL ™’
(Fig. S1t). Second, the antibacterial activity of AgNPs-Chi
solution samples was quantified using the 96-well serial dilu-
tion method to determine the MIC, which is the lowest
concentration of the material that inhibited bacterial growth
(Fig. S21). Third, the antibacterial activity of the AgNPs-Alg-Chi
nanocomposite films with an Ag concentration adjusted to
a human cell harmless concentration (<11 pg mL™')** was
quantified. The negative control was a dimethyl sulfoxide
(DMSO) solution, while the positive control was antibiotics
(Vancomycin for Gram-positive bacteria and Colistin for Gram-
negative bacteria). This was done to determine the MIC of the
nanocomposite film with the low Ag dosage, demonstrating the
material's potential for human application. All antibacterial
activity tests were conducted on Mueller Hinton Agar (MHA)
(Merck KGaA, Germany).

The antibacterial activity of the AgNPs-Chi solutions
(concentrations of 11.0, 5.50, 2.75, 1.375, 0.688, 0.380, 0.190 ug

RSC Adv, 2024, 14, 33267-33280 | 33269
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mL ') was evaluated by determining MIC for each bacterial
strain and comparing it with the MIC of the AgNPs solution. The
antibacterial effectiveness of the AgNPs-Alg-Chi nano-
composite films (concentrations of 11.0, 5.50, 2.75, 1.375, 0.688
g mL~") was assessed by measuring the zone of inhibition and
MIC during the quantification phase. To demonstrate the
antibacterial activity of the synthetic nanocomposite film, the
MIC of the AgNPs—-Chi solution was compared with the MIC of
the nanocomposite films, analyzing their equivalence.

2.5. Cell culture and imaging

Human keratinocytes (HaCaT cells, ATCC 12191) were cultured
in Dulbecco's Modified Eagle Medium (DMEM; Gibco, New
York, USA) supplemented with 100 U mL ™" penicillin and 100
ug mL ™' streptomycin. The culture medium was further
enriched with 10% decomplemented fetal bovine serum (FBS;
Avantor® Seradigm, Pennsylvania, USA). The cells were main-
tained at 37 °C in a humidified atmosphere with 5% CO,. After
48 hours of culturing on the films, cell images were captured
using a LEICA DM IL LED inverted microscope equipped with
a Canon EOS 650D camera.

2.6. Cell proliferation assay

The MTT assay [3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide; Sigma-Aldrich] was employed to
assess the effect of AgNPs-Chi film and AgNPs-Alg-Chi films
(size 5 x 5 mm?, AgNP dose of 11 ug mL™ ") on cell viability.
The films were placed in a 12-well plate at a cell density of 2 x
10* cells per well and incubated with HaCaT cells for 48 hours.
The control samples consist of the four wells where no films were
placed. Following incubation, MTT reagent was added to the
cells and incubated at 37 °C for 3 hours. To dissolve the for-
mazan crystals formed by metabolically active cells, dimethyl
sulfoxide (DMSO) was added to each well. Cell proliferation was
then quantified by measuring the absorbance at 570 nm, corre-
sponding to the reduction of MTT to formazan. The results are
expressed as the mean of four independent experiments.

2.7. Data bias control methods and data analysis

Data were entered and analyzed simultaneously by two
researchers using SPSS 20.0 software to minimize bias. Quan-
titative variables with a normal distribution were described by
mean + standard deviation (SD), while those with a non-normal
distribution were described using the median and interquartile
range (IQR). Qualitative variables were presented as frequencies
and ratios. Differences between two normally distributed
quantitative variables were assessed using the independent 7-
test, and differences between non-normally distributed quan-
titative variables were evaluated using the Mann-Whitney test.
Comparisons between two qualitative variables were made
using the Chi-square test.

2.8. Ethical approval

This study was approved by the Institutional Review Board of
Can Tho University of Medicine and Pharmacy (approval
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number: 22.013.SV/PCT-HDDD). All participating patients were
asked to fill out a consent form to participate in the study. The
identities of all patients were kept confidential.

3 Results and discussion

3.1. Clinical characteristics microbiological culture results
of the study population

Our study involved 65 acne patients with an average age of 19.28
+ 4.05 years. Among them, 55.4% were women, and 26.15% had
isolated C. acnes (Table S17t). The average duration of acne was
approximately 12 months. The most common clinical symp-
toms were itching (58.5%) and pain (49.2%) (Table S1f).
According to Karen McCoy's classification,® the highest
proportion of patients had mild acne (58.5%), and 98.5% of the
patients had facial acne (Table S1+).

Of the 65 acne samples collected from the clinic, 5 samples
did not yield any bacterial growth, 49 exhibited fungal growth,
and 15 showed cross-contamination between agar plates and
were excluded from the study (Fig. 2). Among the isolated
bacteria, Gram-positive cocci were the most prevalent (93.8%),
S. aureus accounted for 32.3%, and C. acnes was present in
26.1% of the samples (Table 1)

Our study population primarily consisted of females aged 13
to 24 with mild to moderate acne severity (Table S1}). The
clinical characteristics of the study group, detailed in ESI-4,} are
consistent with the findings of Giavina-Bianchi et al. (2022)*
and Skroza et al. (2018).3® The prevalence of C. acnes in our study
was 26.1% (Table 1), which is in line with the 27.3% prevalence
reported by Miyazaki et al. (2023)* and the 38.9% reported by
Tran et al. (2019).* Therefore, our sample population is repre-
sentative of the general acne population.

3.2. Characterization of silver nanoparticles, silver
nanoparticles—chitosan solution, and silver nanoparticles-
sodium alginate-chitosan nanocomposite films

As shown in the inset of Fig. 3(a), after mixing Kumquat extract
with the AgNO;-Chitosan solution for 60 minutes, the solution's
color changed from colorless to yellowish-brown, indicating the
formation of AgNPs. A typical UV-vis absorption spectrum of
AgNPs and AgNPs-Chi solutions is presented in Fig. 3(a),
exhibiting peaks at 423 nm and 438 nm, which corresponds to
the surface plasmon resonance of AgNPs. Fig. 3(b) displays the
AgNPs and their size distribution, ranging from 10 to 70 nm with
a mean size of 37.8 & 11.5 nm. The observed absorption peak of
the AgNPs is similar to the peaks at 420 nm for AgNP sizes of 25-
27 nm (ref. 41) and below 25 nm,** and absorption peaks at 443-
456 nm for AgNP sizes of 27-31 nm."® The size of the AgNPs in
this study is consistent with the reported sizes of 27.7-46.7 nm
for AgNPs synthesized using tannic acid,* and 10-60 nm for
AgNPs synthesized using kumquat juice as a reducing agent.**
However, it is larger than the mean size of 14 £ 3 nm for AgNPs
synthesized using AgNO; and alginate as a natural biopolymer
reducing agent at a heating temperature of 90 °C.** The varia-
tions in Ag NP size were attributed to differences in the synthesis
methods and conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Flowchart of the experiments with clinical sample collecting phase,

nanocomposite film design phase, and antibacterial testing phase. Alg:

sodium alginate; AgNPs: silver nanoparticles; BHI: brain heart infusion; BA: blood agar; Chi: chitosan; C. acnes: Cutibacterium acnes; E. coli:
Escherichia coli; MC: Mac-Conkey agar; MIC: minimum inhibit concentration; S. aureus: Staphylococus aureus; TSA: triptic soyal agar.

Table 1 Culturing outcome of the clinical acne samples”

Number of isolated

Proportion per isolated Proportion per

Bacteria strains bacteria bacteria number (%) patient (%)
S. aureus 21 23.6 32.3
C. acnes 17 19.1 26.1
E. coli 3 3.7 4.6
Gram-positive cocci 40 49.4 61.5
Gram-positive bacillus 6 6.7 9.2
Gram-negative bacillus 2 2.2 3.0
Total 89 100.0 136.7

% C. acnes: Cutibacterium acnes; E. coli: Escherichia coli; S. aureus: Staphylococcus aureus.

The green synthesis of Ag nanoparticles-chitosan nano-
composite films was conducted by adding kumquat extract to
aqueous solutions of silver nitrate and chitosan (Fig. 1), facili-
tating the reduction of Ag” ions to Ag®. The biosynthesis of
AgNPs was monitored using UV-Vis spectroscopy, revealing
absorption peaks at 423 nm for AgNPs and in a range of 430-
440 nm for AgNPs-Chi solution (<11 ug mL™"). This absorption
peak range is consistent with the known absorption peak of the
Ag NPs,** while chitosan solution did not show any peak in
a range of 423-440 nm. This evidence collectively verifies the
formation of an AgNPs-loaded Chitosan matrix.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 4(a) and (b) present a photograph and a low magnifica-
tion SEM image of the Ag-Chi film, revealing a yellow, rough
surface and a free-standing capability. Higher magnification
SEM images of the AgNPs-Chi solution in Fig. 4(c) and (d)
demonstrate that low dosage of AgNPs are well-dispersed and
uniformly embedded on/within the chitosan polymer. Fig. 4(e)
and (f) display a photograph and an SEM image of the AgNPs-
Alg-Chi film, which possesses good softness, and rougher
surfaces but still retained tensile strength. In this film, the AgNPs
were mostly hidden when AgNPs were primarily embedded
within two polymeric alginate and chitosan materials.
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(a) is an Ag NPs—Chitosan solution. (b) SEM image of AgNPs solution,
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_
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Fig. 4 (a and b) A photograph and a low-magnification SEM of
a typical Ag—Chi nanocomposite film. (c and d) SEM images of AgNPs—
Chi solution prepared by dropping the solution onto a Si substrate. (e
and f) Photograph and SEM image of AgNPs—Alg—Chi nanocomposite
film.

Fig. 5 presents the EDS mapping results and EDS spectra of
AgNPs-Chi and AgNPs-Alg-Chi solutions prepared by dropping
the solutions onto Si substrates, which were then coated with Pt
for SEM imaging. In Fig. 5(a), the mapping was conducted on
a representative segment of AgNPs-Alg-Chi solution. The EDS
mapping spectrum confirms the presence of C, O, N, Na, Cl, Si,
Pt, and Ag, with their distributions depicted in the images. As
expected, the chitosan displayed elements of C, O, and N
(with N originating from the amine functional group). Addi-
tionally, Ag from the AgNPs was relatively evenly distributed
across the chitosan-alginate and its surrounding area
(Fig. 5(a)). Moreover, the EDS mapping result for AgNPs—-Chi
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confirms the decoration of Ag NPs on chitosan with an
elemental composition containing C, O, N. These EDS results
reflect the overall elemental composition of the AgNPs-Chi,
while the XPS results presented in the following section will
reveal the surface composition of this nanomaterial.

Fig. 6 presents the FTIR spectra of Chi, AgNPs-Chi, Alg-Chi,
and AgNPs-Alg-Chi films. In the case of chitosan, the broad
band between 2360 and 3500 cm ' is attributed to the
stretching vibrations of ~OH and -NH (3200-3500 cm '), with
a central peak at 2886 cm™" corresponding to the asymmetric
stretching of -CH; (2926 cm™') and -CH, (2856 cm ')
(Fig. 6(a)).*>** Additionally, the absorption band at 1571 cm ™" is
associated with N-H bending and C-N stretching of the Amide
II region,”” while the peak at 1378 cm ™" can be attributed to the
symmetric stretching vibration of -C=0 in carboxyl groups
(Fig. 6(a)).* The peaks observed between 1065 and 1017 cm ™"
are ascribed to C-O stretching vibrations.*®

For AgNPs—Chi films, although exhibiting stronger absorp-
tion and more intense spectra, they displayed similar absorp-
tion bands to those of chitosan. However, compared to
chitosan, the FTIR absorption peaks of AgNPs-Chi showed
slight shifts to lower wavenumbers, particularly in the -OH, N-
H, C=0, and C-N regions (Fig. 6(a)). These shifts suggest strong
interactions between AgNPs and the functional groups of chi-
tosan, providing evidence of chemical bonding and coordina-
tion within the AgNPs-Chi nanocomposite. Notably, the
absorption band at 550-650 cm ™' in both chitosan and algi-
nate—chitosan films is likely due to skeletal vibrations, partic-
ularly C-H out-of-plane bending or ring deformations within
the polymer backbones of both chitosan and alginate. Although
this band has been observed in some studies,*** it has yet to be
definitively assigned. In AgNPs-Chi, this band is further
intensified due to the contribution of Ag-O bonds, which fall
within the same absorption range.

As shown in Fig. 6(b), the Alg-Chi and AgNPs-Alg-Chi films
exhibited broad peaks at 3390 cm ™ and 3373 cm ™', respec-
tively, corresponding to the O-H and N-H stretching vibra-
tions,'*" indicating the presence of hydroxyl groups in alginate
and amine groups in chitosan. The peak at 1631 cm ' is
assigned to the amide I band (C=0 stretching), which primarily
arises from the interaction between AgNPs and the carbonyl
groups in both alginate and chitosan. The absorption band at
1410 cm ' is attributed to the N-H stretching of the amide III
band. Peaks at 1149 cm ™', 1074 cm ™', and 1030 cm™" corre-
spond to C-O-C stretching vibrations (Fig. 6(b)), originating
mainly from alginate and chitosan. The peaks observed
between 553 and 641 cm ' are attributed to Ag-O bonds
(Fig. 6(b)), confirming the successful incorporation of AgNPs
into the Alg-Chi matrix.

The XPS analysis reveals the elemental composition and
chemical states of the elements in the AgNPs-Chi nano-
composite film. The XPS survey spectrum in Fig. 7(a) shows the
presence of carbon, nitrogen, oxygen, and a small peak of silver.
These elemental peaks were fitted using a mixed Lorentzian—
Gaussian line shape, as shown in Fig. 7(b)-(e). The C1s spec-
trum can be deconvoluted into C-C/C-H (284.1 eV), C-NH/C-
NH, (285.7 €V), and C-O-C=O/C-OH (287.5 eV).* The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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characteristic Ag 3d peak, including Ag 3d5/2 (~366.4 eV) and
Ag 3d3/2 (~375.3 eV),* confirms the presence of a small amount
of Ag NPs in the AgNPs-Chi nanocomposite film.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 7(f) shows the EDS spectrum, which detects C, O, Pt, and
Ag elements, with the Ag atomic percentage determined to be
0.47 at%. Notably, Pt peaks appear in the EDS spectrum due to
Pt coating for SEM imaging. Fig. 7(d) reveals the deconvoluted N
1s spectrum, with peaks at 399.0 eV and 401.0 eV attributed to
C-NH, and C-N bonds, respectively.*® The XPS spectrum of O1s
[Fig. 7(e)] exhibits a peak at 530.5 eV corresponding to C=0
bonds and a peak at 532.1 eV corresponding to C-O/O-H
bonds.* The XPS and EDS results verify the formation of the Ag—
Chi composite in the nanocomposite film.

3.3. Antibacterial activity of silver nanoparticles-sodium
alginate-chitosan nanocomposite films and silver
nanoparticles—chitosan solutions

The MIC of the AgNPs-Chi solution was significantly lower than
that of AgNPs for pure strains of S. aureus [4.58 + 1.58 pg mL™"
vs. 9.17 +3.17 pg mL " (p = 0.038)], E. coli [4.13 + 2.38 pg mL "
vs. 4.58 & 1.59 pg mL ™" (p = 0.096)] and C. acnes [2.29 + 0.79 ug
mL ™" vs. 4.58 & 1.59 ug mL™" (p = 0.038)] (Fig. 8). Additionally,
there was no significant difference in the antibacterial activity of
the Ag NPs and AgNPs-Chi solutions against pure and clinically
isolated strains (Fig. 8). The antibacterial efficacy was assessed
using the 96-well serial dilution method (performance instance
in Fig. S31) to determine the MIC of AgNPs and AgNPs-Chi
solution samples prepared via the green synthesis method. Both
the material solutions achieved high anti-bacterial activity, with
very low MIC values (<10 pg mL ", ranging from 2.29 to 9.17 pg
mL ") for all three types of pure and clinical bacterial strains
(Fig. 8). This antibacterial performance was notably superior,
with MIC values lower than those of AgNPs (MIC = 20 pg mL ™"

RSC Adv, 2024, 14, 33267-33280 | 33273
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Fig. 8 Antibacterial activity results of AgNPs—Chi and AgNPs solutions.
AgNPs: silver nanoparticles; AgNPs—Chi: silver nanoparticles—chito-
san; C. acnes: Cutibacterium acnes; E. coli: Escherichia coli; S. aureus:
Staphylococcus aureus; ®Analyzing between MIC of AgNPs—Chi and
AgNPs using Paired-Samples T-test; °Analyzing between pure and
clinical stain of bacteria using One-Sample T-test; *p < 0.05;**: p <
0.001; #*: p = 0.05.

for E. coli and MIC = 80 pg mL " for S. aureus) in the earlier
study.®* However, the present MIC values were still higher than
those reported for AgNPs-Triazole-Sulfonate copolymer (0.25
ng mL~" for P. aeruginosa and 0.5 pg mL™~" for E. coli),”* which
may be attributed to the use of a water-soluble Triazole-

33274 | RSC Adv, 2024, 14, 33267-33280

Sulfonate copolymer in that study. Additionally, we found that
the AgNPs-Chi solution exhibited higher antibacterial perfor-
mance across all bacterial strains compared to AgNPs alone,
due to the synergistic effects of chitosan's intrinsic antimicro-
bial activity,>** better AgNP dispersion, and greater stability of
the Ag-Chi material system (Table 3). Even at low Ag NP
concentrations, both AgNPs and AgNPs-Chi demonstrated
remarkably high antibacterial activities, indicating their
potential for safe use in humans.

The synthesized AgNPs-Alg-Chi nanocomposite films
exhibited antibacterial activity with MIC values comparable to
those of the AgNPs-Chi solutions for all tested strains (p > 0.05)
(Table 2). For certain bacterial strains, such as clinical S. aureus
and pure E. coli, the MIC values for the nanocomposite films
were lower than those for the solutions. Conversely, for C. acnes
and clinical E. coli, the MIC values for the nanocomposite films
were higher than that for AgNPs-Chi solutions. However, these
differences were not statistically significant (p > 0.05, Paired
Samples T-test) (Table 2). The inhibition zones' diameters
ranged from 12.27 to 13.67 mm across all experiments (Table 2).

The MIC of the AgNPs-Alg-Chi nanocomposite films were
mostly slightly higher than those of the AgNPs-Chi solution.
However, the nanocomposite films demonstrated antibacterial
activity comparable to AgNPs-Chi solutions, with MIC values
ranging from 3.67 to 5.50 ug mL™ ", showing no significant
difference (p > 0.05, Paired Samples T-test) (Table 2).

The MIC of both the Ag-Chi solution and the AgNPs-Alg-Chi
nanocomposite film were significantly lower than those of other
reported AgNP-based nanomaterials. For example, the MIC for
Ag-organic montmorillonite nanocomposite was 313 pug mL ™"
for S. aureus and 2500 pg mL™" for E. coli (Table 3).% Similarly,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Antibacterial activities of the AgNPs—Alg—Chi nanocomposite films and AgNPs—Chi solutions against pure and clinical bacterial strains

of S. aureus, E. coli, and C. aches®

MIC of the AgNPs-Alg-Chi

Bacterial nanocomposite film MIC of the AgNPs-Chi solution Sterile diameter (mm),

strain (ug mL™"), mean + SD (ug mL™"), mean + SD mean + SD i

S. aureus Pure (n = 3) 4.58 £ 1.58 4.58 £+ 1.58 13.67 + 1.52 —
Clinical (n = 19) 4.23 £3.12 4.84 £1.32 12.52 £ 2.14 0.224
p° 0.635 0.389 0.032

E. coli Pure (n = 3) 3.67 + 1.58 4.13 +2.38 13.67 + 1.52 0.859
Clinical (n = 3) 5.50 & 4.76 4.58 £ 1.58 13.33 £ 3.05 0.826
p° 0.574 0.670 0.866

C. acnes Pure (n = 3) 4.56 £+ 1.62 2.29 £ 0.79 12.33 £ 2.51 0.205
Clinical (n = 11) 4.87 + 3.54 2.87 + 0.96 12.27 + 1.73 0.051
P° 0.778 0.072 0.910

% AgNPs-Alg-Chi: silver nanoparticles—sodium alginate-chitosan; AgNPs—-Chi: silver nanoparticles chitosan; SD: standard deviation; C. acnes:
Cutibacterium acnes; E. coli: Escherichia coli; S. aureus: Staphylococcus aureus; p: 2-tailed significance level. * Analyzing between MIC of AgNPs-
Alg-Chi nanocomposite film and AgNPs-Chi solution using Paired-Samples T test. © Analyzing between pure and clinical strains of bacteria

using One-Sample T test; *: p < 0.05.

the MIC values for AgNPs-chitosan-agarose nanocomposite
films were 31.25 pg mL ™! for S. aureus and E. coli, and 15.6 ng
mL " for P. aeruginosa (Table 3).* AgNPs synthesized from
Ocimum gratissimum exhibited a MIC of 200 pg mL~" and an
inhibition zone of 14-15 mm for Acinetobacter baumannii.>” The
MIC for Silver/Montmorillonite nanocomposite ranged from 15
to 75 pg mL~" for E. coli, Salmonella spp., Pseudomonas aerugi-
nosa, S. aureus, Listeria monocytogenes, and Bacillus cereus (Table
3).”® Table 3 summaries the AgNPs and AgNPs-based nano-
materials in this study and the relevant exciting published
papers from the literature.'®?%°>3-¢1 Regardless using low
AgNPs-loading concentration (<11 pg mL™"), the AgNPs and
AgNPs-Chi solutions and AgNPs-Alg-Chi nanocomposite film
in this study achieved comparable or lower MIC values, but
slightly smaller sterile diameter as compared to those reported
in the literature (Table 3). Notably, this study reported both MIC
and D values, meanwhile, it could lack one of the evaluated
factors in the previous studies. It is worth noting that the
antibacterial activity differences among the nanomaterials are
attributed to many influent factors such as AgNP concentration,
composite compositions, surface functional groups, material
synthesis methods and conditions, antibacterial tests, etc.

The 6 mm-diameter AgNPs-Alg-Chi film were 13.67 =+
1.52 mm for S. aureus, 13.67 + 1.52 mm for E. coli, and 12.33 £+
2.51 mm for C. acnes following the incubation period, indi-
cating substantial antimicrobial activity relative to the film's
original size (Fig. S47). This result was comparable to or slightly
smaller than the sterile ring diameters in previous studies. For
instance, Oe et al. (2023)°* synthesized AgNPs-Alg-Chi nano-
composite films, achieving a sterile ring diameter of 17 & 1 mm
for the film with a 10 mM AgNO; concentration. This sterile ring
diameter is larger than that of our materials, which can be
attributed to the larger film-cutting size, higher silver concen-
tration, and smaller silver nanoparticle size (9 =2 nmvs. 37.8 £
11.5 nm). Sharma et al. (2012)* also synthesized AgNPs-Alg-Chi
nanocomposite films and observed an E. coli sterile diameter of
15 £+ 0.3 mm for 10 mm-diameter films (Table 3). These findings
suggest that the AgNPs-Alg-Chi nanocomposite films

© 2024 The Author(s). Published by the Royal Society of Chemistry

developed in this study hold significant promise for biomedical
applications such as antibacterial treatments,*** wound heal-
ing,'*'"* anti-inflammatory therapies,'>*® and facial masks for
acne treatment in dermatology.

Numerous studies have demonstrated that AgNP-based
materials with antimicrobial properties offer promising alter-
natives for combating microbial resistance in clinical settings
by utilizing multiple mechanisms of action (Fig. 9):

- Surface binding: AgNPs attach to the bacterial cell
membrane, compromising its integrity.”” This results in
increased permeability, cell wall penetration, intracellular infil-
tration, and cytoplasmic leakage, which are the primary mech-
anisms responsible for disrupting Gram-positive bacteria.®”*

- Reactive oxygen species (ROS) formation: AgNPs catalyze the
formation of reactive oxygen species, including hydrogen
peroxide, superoxide anions, and hydroxyl radicals, which serve as
the primary mechanism for disrupting Gram-negative bacteria.®

- Protein and enzyme denaturation: these materials cause
the denaturation of microbial proteins and enzymes and alter
DNA replication, thereby hindering cell division and
reproduction.”

- Respiratory chain and signal transduction alteration:
AgNPs disrupt the cellular respiratory chain and/or signal-
transduction pathways.”

- Synergistic effect with chitosan and alginate: literature
reports indicate a synergistic effect between AgNPs and chito-
san. Chitosan can control the release of Ag" ions, prolonging the
antimicrobial effect over time.”

For the primary acne-causing pathogen, Gram-positive cocci,
the antibacterial activity of AgNPs against Gram-positive
bacteria is influenced by several factors. The thicker peptido-
glycan layer in Gram-positive bacteria provides some protec-
tion, but AgNPs can still penetrate and disrupt the cell wall's
integrity. Additionally, Gram-positive bacteria may be more
susceptible to ROS-mediated damage due to their lower anti-
oxidant defenses. These combined effects significantly enhance
the antibacterial efficacy of AgNPs, making AgNPs-Alg-Chi
composites highly effective against a broad spectrum of

RSC Adv, 2024, 14, 33267-33280 | 33275
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bacteria. This suggests they could be a valuable nonspecific
initial treatment for infected lesions or for preventing
infections.

Optical microscope images confirm that human keratino-
cytes (HaCaT cells) can survive in proximity to and beneath the
AgNPs-Chi and AgNPs-Alg-Chi films without being noticeably
affected or killed (Fig. 10a-c). However, no cell growth was
observed directly on the films, likely due to several factors,
including the surface hydrophobicity of the polymers, the lack
of bioactive cues, and the dissimilar mechanical properties
between the polymer-based films and the cells, all of which are
necessary for proper cell attachment and growth. Fig. 10(d)
shows the MTT assay results, where the AgNPs-Chi film
exhibited high cell viability of 87.1 + 3.1%, while the AgNPs-
Alg-Chi film demonstrated a lower cell viability of 70.8 £ 9.7%.
The exact reason for the reduced HaCaT cell viability on the
AgNPs-Alg-Chi film remains unclear. Since Alg-Chi nano-
particles have only shown mild toxicity to HaCaT cells, even at
high concentrations, the lower cell viability may be attributed
to the slightly higher release rate of AgNPs in the Alg-Chi matrix
compared to the Chi-only matrix. A faster or greater release of
AgNPs could increase the local concentration of silver ions,
potentially enhancing cytotoxic effects and thus lowering cell
viability. Overall, since materials with cell viability =70% are
considered non-toxic and compatible with cell growth,” both
the AgNPs-Chi and AgNPs-Alg-Chi films exhibit good
biocompatibility and are promising candidates for dermato-
logical applications.

3.4. Strengths, novelty, and limitations of the study

Our study was meticulously designed, with the sample size
calculated using a formula to ensure the representativeness of
the population. The film fabrication process and antibacterial
activity testing were clearly described, making them easily
reproducible. The results demonstrate the potential of AgNPs—
Alg-Chi nanocomposite films for clinical applications, partic-
ularly in antibacterial treatments and wound healing at non-
cytotoxic concentrations. Potential uses include facial masks
or medical gauze for healing after trauma, insect bites, and
post-operative care. Long-term use of antibiotics can lead to
side effects such as dermatitis, desquamation, and hyperpig-
mentation. In contrast, our material, with the gentle properties
of chitosan and alginate, offers a promising foundation for
developing further treatments, particularly for acne. However,
to support broader clinical applications, larger studies with
randomized controlled trial designs are necessary to validate
these findings. Additionally, our results showed no significant
difference in antibacterial activity between clinical bacterial
strains and pure strains. Therefore, this study offers valuable
insights into the antibacterial efficacy of AgNPs-based materials
against both pure and clinical strains, providing a useful
reference for future research while potentially simplifying
research protocols.

Our study has some limitations, including a small sample
size collected from a single hospital in one area. A study with
a larger sample size across multiple regions would provide
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Fig. 9 Schematic illustration of the proposed antibacterial mecha-
nisms for AQNPs, Ag—Chi and Ag—Alg—Chi nanomaterials.

a more comprehensive characterization of the bacteriological
and epidemiological profiles of acne patients. Additionally, we
did not evaluate other properties of the nanocomposite film,
such as hydration capacity. Moreover, the antibacterial effect of
the nanocomposite films may decrease over time, which was not
assessed in our study. Future research should investigate the
time-dependent reduction in antimicrobial activity and estab-
lish proper storage methods for optimal application.

Large-scale production may introduce variations in proper-
ties due to differences in equipment and process parameters,
which our study did not assess under industrial mass produc-
tion conditions. However, the next step includes verifying the
effectiveness, safety, and consistency of large-scale production,
focusing on critical parameters and dosage uniformity. Despite
these limitations, our primary goal of evaluating the antibac-
terial activity and clinical application of the film at non-
cytotoxic concentrations was met. Our findings show that low
doses (<11 pug mL ") of the films exhibit relatively strong anti-
bacterial activity.

3.5. Future outlook

The future of AgNPs-Alg-Chi nanocomposite films in medical
applications is promising, particularly for antimicrobial gauze
and facial masks. As demand for antimicrobial products grows,
scaling up production of these nanocomposites will be essen-
tial, requiring solutions to manufacturing challenges, ensuring
product consistency, and meeting regulatory standards.
Collaboration between researchers, manufacturers, and regu-
latory bodies will be crucial for efficient commercialization.
These materials hold significant potential for wound dressings
by providing enhanced protection against infections,
promoting faster healing, and reducing the need for frequent
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Fig. 10 Optical microscope images of (a) the control sample (cells
cultured without films), (b) AQNPs—Chi, and (c) AgNPs—Alg-Chi films,
along with the surrounding HaCaT cells. (d) HaCaT cell viability
proportion on the two films, evaluated using the MTT assay.

changes. Future research will aim to optimize the balance
between antimicrobial effectiveness and biocompatibility,
ensuring safety for prolonged skin contact.

Environmental considerations, especially regarding the
disposal of AgNP-containing products, will also be critical.
Research into eco-friendly production methods and recycling
protocols will be necessary to minimize environmental impact.
Overall, AgNPs-Alginate-Chitosan nanocomposites have the
potential to revolutionize infection control in healthcare, but
ongoing research and innovation will be key to achieving this
while ensuring safety, scalability, and sustainability.

4 Conclusions

We successfully synthesized AgNPs and AgNPs-Chi solutions,
and AgNPs-Alg-Chi nanocomposite films with an average Ag
nanoparticle size of 37.8 + 11.5 nm via a facile green approach
process. Among bacteria isolated from acne patients, Gram-
positive cocci were the most prevalent (93.8%), with S. aureus
accounting for 32.3% and C. acnes for 26.1%. The MIC values of
AgNPs solution for S. aureus, E. coli, and C. acnes were 9.17 +
3.17, 4.58 &+ 1.59, and 4.58 + 1.59 ug mL™", respectively. MIC
values for AgNPs-Chi solution (AgNPs-Alg-Chi film) were 4.58
+1.58 pg mL " (4.58 + 1.58 ug mL ') for S. aureus, 4.13 + 2.38
pug mL ™" (3.67 + 1.58 pg mL ') for E. coli, and 2.29 & 0.79 pug
mL™" (4.56 + 1.62 ug mL ') for C. acnes. Additionally, the
AgNPs-Alg-Chi film exhibited substantial sterile zones with
diameters ranging from 12.33 to 13.67 mm for S. aureus, E. coli,
and C. acnes, significantly exceeding the original film's 6 mm
diameter. The study also compared bacterial strains isolated
from acne samples with pure bacterial strains and found no
significant differences. This result provides a valuable reference
for future research, indicating that pure bacterial strains can
effectively represent clinical strains in studies. The synthesized
low-dosage AgNPs, AgNPs-Chi solution, and AgNPs-Alg-Chi
nanocomposite film demonstrated strong antibacterial activity
against both pure and clinical strains. Importantly, the AgNPs—

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Chi and AgNPs-Alg-Chi films exhibited good biocompatibility
with human keratinocytes (HaCaT cells, viability >70%). Look-
ing ahead, these materials hold promise for biomedical appli-
cations such as antibacterial treatments, wound healing, anti-
inflammatory therapies, and facial masks for acne treatment
in dermatology.
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