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ABSTRACT

Introduction: Mentha aquatica L. var. aquatica is a commonly used herb with medicinal prop-
erties. Phytochemicals in the leaf extract act as reducing and stabilizing agents during the bio-
synthesis of silver nanoparticles (SNPs). The bactericidal and wound healing properties of SNPs
biosynthesized from M. aquatica L. var. aquatica leaf extract remain largely unexplored. This study
therefore aimed to optimize SNP biosynthesis from M. aquatica L. var. aquatica leaf extract and
investigate its antimicrobial properties against S. aureus (gram positive) and P aeruginosa (gram
negative) and potential applications in wound care.

Methods: SNPs were synthesized using M. aquatica L. var. aquatica leaf extract; AQNOs concen-
tration, amount of initial leaf extract, and reaction time were analyzed to evaluate the efficiency of
biosynthesis. SNPs were characterized through UV-Vis absorption, dynamic light scattering, scan-
ning electron microscopy, and transmission electron microscopy. The functional groups of the leaf
extract and SNPs were investigated using Fourier transform infrared spectros-copy (FTIR). Further
analyses using the well diffusion method and burn wound contraction were performed to investi-
gate the antibacterial activity and wound healing properties of SNPs in mice.

Results: Optimum SNP synthesis was attained with 5 mM AgNOs, 40 mg/ml leaf extract, and a
reaction time of 1 h. FTIR analysis confirmed the involvement of phytochemicals in SNP syn-thesis.
SNPs had an average size of 67.05 nm with an irregular spherical shape. SNPs inhibited P aeruginosa
(ATCC 15442) and S. aureus (ATCC 6538); the bactericidal effects were greater on P. aeruginosa than
S. aureus. SNP dressings accelerated the wound healing process without causing weight gain in
mice.

Conclusions: SNPs biosynthesized from M. aquatica L. var. aquatica leaf extract inhibited P aerugi-
nosa and S. aureus. Dressings containing 10% SNPs accelerated wound healing in mice. SNPs could

potentially be used as an antibacterial agent to promote wound healing.
Key words: Bactericidal activity, well diffusion assay, P. aeruginosa ATCC 15442, S. aureus ATCC

6538, SNPs

INTRODUCTION

Nanotechnology has revolutionized industries such
as food packaging, animal husbandry, electronics,
agriculture, medicine, and healthcare!. Nanomateri-
als are characterized by their unique properties, with
sizes ranging from 1-100 nm. The large surface area
to surface volume ratio and optical, magnetic, chem-
ical, and mechanical properties associated with their
size have made nanomaterials candidates for novel ap-
plications in the biomedical field as antibiotics, an-
tioxidants, and anticancer agents?. Cancer therapy,
bioimaging, and designing are well-known applica-
tions. Expectedly, biotechnology and nanotechnol-
ogy have been increasingly integrated to generate eco-
friendly biosynthesized nanomaterials>.

There are various physical, chemical, biological, and
hybrid methods through which nanoparticles are syn-

thesized. Chemical and physical methods are as-
sociated with the use of hazardous chemicals toxic
to humans and ecosystems?. Plant-mediated syn-
thesis of metal nanoparticles is therefore garnering
attention as an alternative method, especially for
healthcare-related applications. Biosynthesis is reli-
able, nontoxic, and eco friendly; photo-mediated syn-
thesis is recognized as a rapid and suitable biosyn-
thetic method for the generation of metal nanopar-
ticles®. Plant extracts from leaves, seeds, barks, [A.
N.6] roots, fruits, and stems have been used to syn-
thesize nanoparticles. Plants are rich in bioactive sec-
ondary metabolites such as polysaccharides, proteins,
polyphenols, flavonoids, terpenoids, tannins, alka-
loids, amines, ketones, and aldehydes which act as
reducing, stabilizing, and capping agents during the
conversion from metal ions to metal nanoparticles®.
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Nanomedicine, with its broad scope, has played an
important role in the global healthcare industry over
the last few decades’. The multifunctional theranos-
tic abilities of nanoparticles of noble metals such as
gold, platinum, silver, copper, zinc, and titanium have
attracted increasing attention for biomedical applica-
tions. Silver nanoparticles (SNPs) have gained signif-
icant attention among metallic nanoparticles due to
their unique properties which include a low toxicity
profile, antimicrobial activity, the promotion of bone
healing, and the enhancement of the immunogenic-
ity of vaccines®°. Antibiotics defend against bacterial
infection; however, long-term use facilitates bacterial
resistance through various mechanisms '°. Antibiotic
resistance has led to the demand for new antimicro-
bial agents which inhibit bacterial adaptations related
to antibiotic evasion. Silver is an inorganic agent able
to kill various bacteria through the “oligodynamic ef-
fect”!! with particles at the nanometer level offering
greater advantages for antibacterial applications.
Many studies have been conducted on the biosynthe-
sis of SNPs from plant extracts 12,13, however, indige-
nous species with potential bactericidal and wound
healing properties have not been extensively explored.
Mentha is a genus of the Lamiaceae family com-
prising several widely used species. Extracts of this
genus with significant amounts of antioxidant phe-
nolic compounds are used as food and traditional
medicine. The plant essential oils have been used
to treat mild fungal and bacterial skin infections,
gastrointestinal tract disorders, inflammation, and
pain'*. Mentha aquatica L. var. aquatica, a species
of Mentha, is cultivated in multiple and diverse envi-
ronments. This work aimed to synthesize SNPs from
M. aquatica L. var. aquatica leaf extract and evaluate
their antimicrobial and excision wound healing prop-
erties.

MATERIALS AND METHODS

Materials

Pseudomonas aeruginosa ATCC 15442 and Staphy-
lococcus aureus ATCC 6538 were obtained from the
biology department of Dalat University. Fresh M.
aquatica L. var. aquatica leaves were collected from
Dalat, Lamdong, Vietnam. The leaves were washed
thoroughly thrice with tap water and twice with ster-
ile water, then dried at room temperature and finely
ground for SNP synthesis. The voucher specimen is
available from the resources unit of the Herbarium of
Dalat University, Lamdong, Vietnam. Reagents were
obtained from Sigma-Aldrich.
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SNP biosynthesis

The prepared M. aquatica L. var. aquatica powder was
added to 200 mL distilled water and heated at 60 °C
with continuous stirring for 15 min. After cooling, the
mixture was filtered with Whatman No. 1 paper and
the filtrate collected 1°.
tions (1, 2.5, 5 mM) were prepared to determine pre-

Various AgNO3 concentra-

cursor influence on SNP formation. The efficiency of
SNP biosynthesis was investigated using various ini-
tial weights of fresh leaves (2.5, 5, 10, 20, 40 mg/ml).
The effect of reaction time on SNP biosynthesis un-
der optimum conditions (including the initial weight
of fresh leaves) was measured at 5 min, 30 min, 1 h,
2h,4h, 8h, 24 h, and 48 h. The reduction of silver
ions to SNPs was observed by a gradual change in the
color of the solution.

Characterization

A UV-Vis spectrophotometer (Specord 200 Plus,
Jena, Germany) was used to investigate the optimum
conditions for SNP synthesis; the absorbance spec-
trum of the sample was obtained in the range of
400-700 nm using aqueous leaf extract as a refer-
ence. Morphology and particle size were determined
by scanning electron microscopy (SEM) on a FE-
SEM $4800 HITACHI and transmission electron mi-
croscopy (TEM) on a JEOL JEM-1010 operating at
100 kV. SNP particle size distribution was determined
by a particle size analyzer using dynamic light scatter-
ing (DLS) (Zetasizer Nano ZS-Zen 3600). The main
functional groups of the M. aquatica L. var. aquat-
ica leaf extract and SNPs were analyzed by Fourier
transform infrared spectroscopy (FTIR) spectra us-
ing an FTIR spectrophotometer (Fourier FT-IR 4600
JASCO).

SNP antibacterial activity
Well diffusion method

Concentrations of 6.25, 12.5, 25, and 50 mg/ml
biosynthesized SNPs were used to evaluate antibac-
terial activity against P. aeruginosa and S. aureus. The
leaf extract and 0.5 mM AgNO3 were used as controls.
Agar wells (6 mm diameter each) were contrived in
all the plates and loaded with 20 u/ SNPs, leaf extract,
and AgNOs. All plates were seeded with pathogens.
The plates were incubated at 37 °C for 24 h and the
zones of inhibition were recorded.

Experimental animals

Healthy 9-week-old adult male albino mice (25 £ 2
g) were divided into eight groups, with six mice per
group. The mice were maintained under a 12 h/12
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h day/night cycle with water and standard chow for
7 days prior to experiments to acclimatize to the ex-
perimental environment. Mice fur was shaved, dis-
infection was performed with 70% ethyl alcohol, and
8-mm (diameter) full thickness excision wounds were
created by grasping the marked skin with toothed for-
ceps and dissecting using a surgical blade and scissors.

Table 1: Experimental groups

Group Treatment Group Treatment

T1 No pathogen,No T3
nano

No pathogen +
10% Nano

T2 Pathogen + No T4 Pathogen + 10%

Nano Nano

T5 No pathogen + T6 Pathogen + 5%
5% Nano Nano

T7 No pathogen + T8 Pathogen + 2.5%
2.5% Nano Nano

P. aeruginosa, S. aureus, and SNPs were smeared onto
the wounds at creation. Wound areas were examined
on Days 2, 7, 14, and 18 following the surgical proce-
dure and body weight was evaluated. The percentage
of wound contraction was determined by the follow-
ing equation:

Percentage of wound contraction =
Initial day wound size— Specific day wound size % 100
Initial day wound size

Statistical analysis

All experiments were conducted in triplicate. Data
are represented as mean =+ standard deviation from
a minimum of three independent replicates. Statis-
tical significance was evaluated by one-way ANOVA
(p <0.05).

RESULTS
SNP synthesis

The bioreduction of silver ions to SNPs was optically
determined by a color change from light yellow to
brown (Figure 1). SNP formation monitored by UV-
Vis spectrophotometry with the wavelength of ab-
sorbance from 400-700 nm indicated that precursor
(AgNO3) concentration, initial weight of fresh leaves
and reaction time significantly influenced nanoparti-
cle formation.

The precursor concentrations (1, 2.5, 5 mM) used to
prepare SNPs were evaluated (Figure 2). SNP forma-
tion was detected in all experiments. No peak was
observed at over 450 nm. The peak positions of the
surface plasmon resonances (SPRs) were 435, 439,
and 445 nm in wavelength; maximum absorbances

A B C D E

Figure 1: Silver nanoparticle color by reaction time:
(A) 0 min; (B) 5 min; (C) 30 min; (D) 1 h; (E) 2 h.

were 1.464, 2.104, and 2.336 for the 1, 2.5, and 5 mM
AgNO3 experiments, respectively. No peak was de-
tected with leaf extract.
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Figure 2: Effect of precursor concentration on silver
nanoparticle synthesis.

Figure 3 depicts the SNP UV-Vis spectra with vari-
ous initial leaf weights; sharp plasmon peaks can be
observed from 434-450 nm, as expected for SNPs.
The characteristic change of the mixture to a brownish
color was observed in all experiments; however, the
UV-Vis spectra indicated that increasing the initial
leaf weight led to greater SNP formation. As the initial
leaf weight increased from 2.5 to 40 mg/ml, the ab-
sorption intensity also increased. The plasmon peaks
at 2.5, 5.0, 10, 20, and 40 mg/ml were 2.022, 2.337,
2.543,2.568, and 2.798, respectively.
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Figure 3: Effect of initial leaf weight on silver
nanoparticle synthesis.

The effect of reaction time on SNP formation is shown
in Figure 4 (precursor concentration and initial leaf
weight at 5 mM and 40 mg/ml, respectively). SNP
biosynthesis using M. aquatica L. var. aquatica leaf
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extract was time dependent. No clear SPR band de-
veloped after 5 min, indicating no significant SNP for-
mation. The band at 438 nm was observed after 30
min. The absorbance increased from 30 min to 4 h.
However, when the reaction time was greater, the ab-
sorbance values were slightly reduced (8, 16, 24, and
48 h).

550
Wavelength (nm)

Figure 4: Effect of reaction time on silver nanopar-
ticle synthesis.

SNP characterization

The particle size distribution of the SNP spectra ob-
tained at different reaction times is shown in Figure 5.
A wide distribution was observed. At 30 min, the
average particle size was 60.88 nm. Average particle
size increased with reaction time: the average particle
sizes were 65.62, 67.82, 73.85, 85.07, 106.1, and 118.5
nmat 1, 2, 4, 8, 16, 24, and 48 h, respectively.

The FTIR spectrum showed some shifting of the peaks
and decreasing peak intensity (Figure 6). Peak change
was associated with SNP synthesis mechanisms in-
cluding reduction, capping, and stabilization. Follow-
ing synthesis, the peaks at 3209, 2937, 1604, and 1306
cm ™! shifted to 3221, 2927, 1607, and 1375 cm ™~ ! and
could be assigned as O-H stretching, N-H and C-H
stretching, C=0, C=C, N-H stretching, and the aro-
matic, respectively.

The morphology of SNPs from M. aquatica L. var.
aquatica leaf extract is shown in Figure 7; the parti-
cles are highly monodispersed. TEM imaging of the
synthesized SNPs revealed their irregular spherical
shape (Figure 7A). SEM imaging showed agglomer-
ated SNPs with a borderline diameter and wider par-
ticle dissemination (Figure 7B).

Antibacterial activity of SNPs

SNP antibacterial activity against P. aeruginosa (gram
negative) and S. aureus (gram positive) was deter-
mined using the well diffusion method (Figure 8).
The aqueous leaf extract and AgNO3 exhibited an-
tibacterial activity. SNP antibacterial activity was
more pronounced than that of the leaf extract and
AgNO3. The inhibition effect was concentration de-
pendent. The maximum zone of inhibition at the
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Figure 5: Particle size distribution of biosynthesized
silver nanoparticles by reaction time: (A) 30 min; (B)
1 h; (C) 2 h; (D) 4 h; (E) 8 h; (F) 16 h; (G) 24 h; (H) 48 h.
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Figure 6: Fourier transform infrared spectra analy-
sis: (A) leaf extract; (B) silver nanoparticles.

Figure 7: Morphology of biosynthesized silver
nanoparticles at the 1-hour reaction time: (A) trans-
mission electron micrograph; (B) scanning electron
micrograph.
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highest concentration of SNPs was 50 mg/ml against
both pathogens. The inhibitive effect on P. aeruginosa
was greater than that of S. aureus in a dose-dependent
manner.

Zone of Inhibition (mm)

Treatments

Figure 8: Silver nanoparticle (SNP) antibacterial ac-
tivity against Staphylococcus aureus ATCC 6538 and
Pseudomonas aeruginosa ATCC 15442.

Wound healing model

Mouse body weight variations within 18 days of dif-
ferent treatments are shown in Figure 9 (A and B).
Body weight decreased slightly in the first 2 days,
with subsequent weight regain for all treatments. The
body weight of pathogen-treated mice not adminis-
tered SNPs was significantly lower than other groups.
The wound contraction rate of different SNP dressings
used against P. aeruginosa and S. aureus was calcu-
lated as the wound size reduction 2, 7, 14, and 18 days
post incision (Figure 10). After 7 days, wound heal-
ing was significantly faster in mice administered SNPs
compared with pathogen-treated mice not adminis-
tered SNPs and mice treated with neither pathogens
nor SNPs. After 14 days, all treatments with SNPs ex-
hibited faster wound contraction than those without
SNPs (excepting treatments with 2.5% SNPs). This
was the case for both P aeruginosa and S. aureus.
However, SNPs stimulated wound healing against S.
aureus more effectively than against P. aeruginosa.
After 14 days, the contraction rate for all treatments
was 100% (excepting treatments with pathogens with-
out SNP administration).

Re-epithelialization of wounds treated with P. aerug-
inosa and S. aureus (Figure 11) was complete for all
dressings with SNPs after 14 days. The healed wounds
of animals treated with pathogens without SNPs had
thicker and darker epithelia than those treated with
SNPs.

DISCUSSION

SNP biosynthesis using M. aquatica L. var. aquatica
leaf extract occurs as a result of the reduction of sil-
ver ions to metallic silver by phytochemicals. SNPs
exhibit a brown color in aqueous solution due to the
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Figure 9: Body weight gain relative to weight on
Day 0 in mice administered different treatments: (A)
Staphylococcus aureus ATCC 6538; (B) Pseudomonas
aeruginosa ATCC 15442.
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Figure 10: Wound healing as assessed by wound
size reduction over time: (A) Staphylococcus au-
reus ATCC 6538; (B) Pseudomonas aeruginosa ATCC
15442.

H

Figure 11: In vivo evaluation of the effect of silver
nanoparticle (SNP) application on wound healing in
mice: (A) 2 days; (B) 7 days; (C) 14 days; and (D) 18
days post incision for treatment with Pseudomonas
aeruginosa ATCC 15442 and 10% SNPs. (E) 2 days;
(F) 7 days; (G) 14 days; and (H) 18 days post incision
for treatment with Staphylococcus aureus ATCC 6538
and 10% SNPs.
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excitation of surface plasmonvibration '°; this is visi-
ble evidence of SNP formation. Further evidence was
obtained using UV-Vis spectrophotometry, with SPR
bands between 400-500 nm. The effects of synthe-
sis conditions including AgNO3 concentration, ini-
tial leaf weight, and reaction time were evaluated to
determine optimum synthesis conditions. Increasing
the precursor concentration led to increased SPR in-
tensity, indicating higher SNP yields. Plasmon peaks
were observed from 435-442 nm, as expected for
SNPs. Additionally, plasmon peak values (435-442
nm) suggested that SNP size did not change with in-
creases in precursor concentration. Therefore, 5 mM
of AgNO3 was used for later experiments. The ef-
fect of varying the initial concentration (2.5, 5, 10, 20,
40 mg/ml) of the reducing agent (M. aquatica L. var.
aquatica leaf extract) was also evaluated. An increase
in the plant phytochemicals which act as reducing and
capping agents, correlated with the use of more leaf
extract, led to greater SNP yield 717,

The effect of reaction time on SNP synthesis was in-
vestigated at 5 min, 30 min, 1 h,2h, 4 h, 8 h, 16 h,
and 24 h (Figure 4). The plasmon peak was slightly
visible at 5 min. SNP formation was detected clearly
at 30 min. Increased SNP formation was observed
when the reaction time increased to 8 h. The ab-
sorbance intensity values slightly decreased from 16
to 24 h. SPR peak positions showed that variation in
particle size at 1 to 4 h was low; however, when re-
action time increased (48 h), the absorbance intensity
values were lower and the plasmon peak wavelength
slightly increased. Peaks with higher wavelengths in-

dicated an increase in particle size2%?!

. Agglomera-
tion facilitated by longer reaction times increased par-
ticle size, leading to lower absorbance intensities and
higher plasmon peak values??. Previous studies have
reported alterations in nano size with prolonged re-
action times?3~2>, The FTIR spectrum corresponded
to the flavonoids, steroids, tannins, alkaloids, pheno-
lics, saccharides, and proteins in the leaf extract which
The peaks indicated the
presence of phytochemicals in the M. aquatica L. var.

facilitate SNP formation.

aquatica leaf extract, including phenolic compounds,
methylene or aliphatic groups, alkenyl or aromatic
compounds, fluoro compounds, and carboxylic com-
pounds?®. The peak shifts confirmed phytochemical
involvement in SNP reduction and stabilization.

SNPs exhibited more pronounced antibacterial activ-
ity against P. aeruginosa and S. aureus in terms of in-
hibition zone than the leaf extract and AgNO3. While
S. aureus is a common skin pathogen, P. aeruginosa is
representative of opportunistic pathogens with high
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intrinsic resistance, making it an excellent test sub-
ject for assessing a product’s broad-spectrum efficacy.
SNP antibacterial activity was dose dependent. These
results agree with previous studies 2’ ~2°. SNPs exhibit
broad-spectrum antibacterial activity even at low con-
centrations not toxic to macrophages®’. The bacte-
ricidal mechanisms of nanoparticles include the pro-
duction of reactive oxygen species (ROS), compro-
mising cell membranes, interrupting energy trans-
31-33 The

maximum zone of inhibition was observed with 50

duction, and inhibiting enzyme activity

mg/ml SNPs for both P. aeruginosa and S. aureus. Af-
ter 24 h of incubation at 37 °C, the inhibition zones
against S. aureus were larger than those against P
aeruginosa. SNP bactericidal properties involve four
mechanisms: (1) adhesion to the cell wall surface and
membrane disruption, (2) penetration and damage to
intracellular structures and biomolecules, (3) gener-
ation of ROS and free radicals, and (4) modulation
of signal transduction pathways. Other studies have
reported that SNP antibacterial activity is more pro-
nounced in gram-negative than gram-positive bacte-
ria®*. Gram-negative bacteria have cell walls com-
prising an outer membrane containing lipopolysac-
charide and a thin peptidoglycan layer; conversely, a
thick layer of peptidoglycan, lipoteichoic acid, and te-
ichoic acid characterize gram-positive bacteria. SNPs
exhibit more pronounced bactericidal activity against
gram-negative bacteria than gram-positive bacteria
due to the relative abundance of negative charges on
gram-negative bacteria3®. These findings align with
other studies on SNP bactericidal activity 343637,
Previous studies have reported the antimicrobial
properties of SNPs synthesized from M. aquatica L.
var. aquatica leaf extract in vitro, but few have
conducted in vivo experiments. While mouse body
weight decreased in the first 2 days post incision, the
weight of mice administered SNPs increased in all
treatments. Body weight altered in a dose-dependent
manner. On Day 7, there were no significant differ-
ences in body weight between mice treated with 10%
SNP dressings and the controls, indicating that SNPs
had no influence on weight gain.

The wounds treated with different SNP dressings used
against S. aureus and P. aeruginosa demonstrated
enhanced contraction compared with the pathogen-
treated wounds without SNP application. SNPs ac-
celerated wound healing, potentially due to pathogen
inhibition and enhancement of the closure rates.
Other studies have reported the ability of SNPs to
strengthen antioxidant activity, promote epithelial-
ization, reduce inflammation, and improve granula-
tion tissue formation3%40. After Day 18, all wounds
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were closed in mice treated with SNPs; no adverse ef-
fects were recorded following SNP application. SNPs
are unable to penetrate the skin barrier and no detri-
mental effects on keratinocytes have been reported af-
ter application“; therefore, SNPs also have potential
utility as a safe preservative in cosmetic.

CONCLUSIONS

This study investigated optimal conditions for SNP
biosynthesis from M. aquatica L. var. aquatica leaf
extract. Wound healing and bactericidal activity
against P. aeruginosa and S. aureus were also evalu-
ated. Nanoparticles were characterized by UV-Vis,
SEM, TEM, DLS, and FTIR. Optimal conditions for
SNP synthesis were 5 mM AgNOs3, 40 mg/ml initial
M. aquatica L. var. aquatica leaf extract, and a reac-
tion time of 1 h. SNPs had an average size of 65.62
nm and an irregular spherical shape. SNPs inhibited
the growth of P. aeruginosa and S. aureus; antibacte-
rial effect was dose dependent. SNPs accelerated the
wound healing process with no effect on weight gain
in mice. These findings support the use of SNPs in the
treatment of burn wounds. Further studies are rec-
ommended to investigate the mechanisms of wound
healing by SNPs biosynthesized from M. aquatica L.
var. aquatica leaf extract.

LIST OF ABBREVIATION

DLS: Dynamic light scattering

FTIR: Fourier transform infrared spectroscopy
SEM: Scanning electron microscopy

SNPs: Silver nanoparticles

SPRs: Surface plasmon resonances

TEM: Transmission electron microscopy
Uv-Vis: Ultraviolet-visible
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