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Abstract: Wounds serve as an appropriate medium for the growth of pathogenic bacteria, and bacterial
resistance to already available antibiotics demands new and safe approaches in the field of medicine. Silver
nanoparticles (AgNPs) exhibited a wide range of applications in biomedicine and emerged as promising
nano-antibiotics. The biological preparation of AgNPs by utilizing aqueous plant extract has become an
encouraging alternative to traditional chemical methodologies, owing to a viable eco-friendly approach. In
the present study, Lepidium didymum leaves extract was used for the biosynthesis of AgNPs-LD. The
nanoparticles were characterized through UV-Vis spectroscopy, Fourier transforms infrared spectrometry
(FTIR), Scanning electron microscopy (SEM), and X-ray diffraction (XRD). The antibacterial activity of
AgNPs-LD was evaluated against Staphylococcus aureus, Escherichia coli, Klebsiella pneumonia, and
Pseudomonas aeruginosa. Further, AgNPs-LD nanoparticles were incorporated into topical gels to evaluate
their effectiveness for wound healing in the rat model. UV-visible spectra showed a surface resonance peak
around 400 nm correlated with the synthesis of AgNPs; FTIR spectra verified the participation of
phytochemicals present in L. didymum leaves extract in AgGNPs-LD synthesis; and SEM revealed dispersed
spherical nanoparticles as well as aggregated clusters. XRD analysis confirmed the crystalline nature, face-
centered cubic lattice, and average crystallite size of 21.42 nm. The AgNPs-LD showed promising
antibacterial activity against tested strains with a maximum zone of inhibition against P. aeruginosa and
showed accelerated wound healing capacity comparable to control and standard treatments over the time
course of wound healing. The current study concluded that biosynthesized AgNPs-LD nanoparticles are
effective as antibacterial agents and are promising novel wound healing products for clinical applications.
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1 Introduction

Wounds are tissue injuries resulting in an opening or
breaking of the skin caused by physical, chemical, or me-
chanical damage. They are prone to subsequent bacterial
infections inducing inflammation and tissue damage that
hinders the healing process eventually presenting signifi-
cant health problems to patients” Y Wound healing is a
crucial medical issue and a complex process involving re-
generation and replacement stages that occur in a chain of
events comprised of inflammation, proliferation, and migra-

tion of different cell typesS>. Several factors such as infec-
tion, contamination, stress, etc. can affect this process,
therefore proper wound healing is critical to restoring the
disrupted anatomical stability, shortening healing time,
minimizing infection risk, and reviving the functional con-
dition of the skin*®. Various commonly used drugs such as
silver sulfadiazine, betaine, and psoralen exhibit toxic
effect (side effects)to some extent, which necessitates the
search for better ways to promote the wound healing
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process® .
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In recent years, nanoparticles have been investigated for
their potential as antimicrobial agents and their role in
wound healing® . Nanoparticles can be defined as materi-
als having one dimension in the nanometer range (1-100
nm)'”. Among the various metal nanoparticles, AgNPs
have been extensively studied for biological applications.
Silver metal has inherent antibacterial properties and has
been used to treat several diseases such as pleurodesis and
skin cauterization'”. AgNPs have advantages over bulk
silver owing to their unusual physicochemical characteris-
tics including nano-scale size, large surface-to-volume
ratio, high reactivity, and dramatic increase in the release
of silver ions'?.

Several techniques are used for the synthesis of AgNPs.
Green synthesis using plant extracts emerged as a simple,
cost-effective, safe, reliable, eco-friendly, and sustainable
approachw), Plant extracts are rich in phytochemicals that
work as reducing and capping agents and enable the quick
formation of NPs'. Although plant extract-mediated syn-
thesis of AgNPs has been explored Widelym, the use of
Lepidium didymum (L. didymum)leaves extract for the
synthesis of AgNPs has not been reported previously to the
best of the author's knowledge. The L. didymum, known
as lesser swine cress belongs to the Brassicaceae family
used as a home remedy to treat wounds and allergies. The
current work is designed to biosynthesize AgNPs using an
aqueous leaves extract of L. didymum, to characterize
AgNPs-LD nanoparticles, to evaluate their antibacterial ac-
tivity against S. aureus, K. pneumonia, P. aeruginosa,
and £. coli and to formulate AgNPs-LD topical gel for the
investigation of wound healing properties in the rat model.

2 Materials and Methods
2.1 Materials

Silver nitrate (AgNO,) was purchased from Carlo Erba re-
agents. L. didymum leaves were freshly collected from
the botanical garden of Bahauddin Zakariya University
Multan, Punjab. Carbopol 934° was procured from Avon-
chem. All the chemicals and reagents used were of analyti-
cal grade.

2.2 Biosynthesis of silver nanoparticles using L. didymum
leaves

L. didymum leaves (5 g)were washed thrice with
running tap water and then with distilled water. The
washed leaves were boiled in 300 ml of distilled water until
the volume was reduced to 100 ml and filtered. The extract
was further diluted (Table 1)and used as a reducing and
stabilizing agent for nanoparticles synthesis. Different
batches of AgNPs-LD nanoparticles were prepared follow-
ing the composition presented in Table 2. Briefly, silver
nitrate solution (1 mM)was added drop wise into L.
didymum leaves extract in a 100 ml flask and pH was ad-
justed to 9 by using 1 M NaOH solution. The reaction
mixture was continuously stirred and heated (45T )in the
water bath. After a few hours the solution turned from
yellow to brownish indicating the formation of AgNPs'”. In
the end, the suspension was centrifuged at 8000 rpm for 20
min. The supernatant was discarded and the pellets were
re-dispersed in distilled water. The centrifugation proce-
dure was repeated thrice to remove any phytocompounds
or any unbound material from the surface of nanoparticles.

2.3 Characterization of AQNPs-LD
2.3.1 UV-Visible spectroscopy
The optical property of the biologically synthesized Ag-

Table 1 Dilutions of Lepidium didymum leaves extract.

Volume of stock

Volume of final Concentration of

solution of plant Volume of distilled solution of extract final solution of
extract (ml) water (ml) (ml) extract (g/100 ml)
10 0 10 5
8 2 10 4
6 4 10 3
4 6 10 2
2 8 10 1

Table 2  Silver nanoparticles with varying concentrations of leaf extract.

AgNPs-LD formulation codes AglDl1 AglD2 AgLD3 AglD4 AgLD5
Volume of 1 mM Silver nitrate solution (mL) 50 50 50 50
Volume of extract (ml) 10 10 10 10
Concentration of extract (g/100 mL) 4 3 2 1
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NPs-LD nanoparticles was examined by UV-Visible spectro-
photometer (PerkinElmer, Japan)over 300 to 700 nm
Wavelengthm .

2.3.2 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of L. didymum leaves extracts and syn-
thesized AgNPs-LD nanoparticles were recorded by
ATR-FTIR (Bruker IR, Japan)in a transmission range of
4000 em ™ to 400 cm M
2.3.3 Scanning electron microscopy (SEM)

SEM images of the AgNPs-LD were obtained by scanning
electron microscope (Philip model CM 200).

2.3.4 X-ray diffractometry (XRD)

The X-ray diffraction patterns of the AgNPs-LD were re-
corded using an X-ray diffractometer (JDX 3532; JEOL,
Japan)in continuous scan mode over 20 of 10-80°. The

particle size was estimated by using Scherrer's equationm,

2.4 Antibacterial activity

For the investigation of the antibacterial activity of the
AgNPs-LD against S. aureus, E. coli, K. prneumonia, and
P. aeruginosa, well-diffusion method was applied"”.
Briefly, the stock cultures of the selected bacterial strains
were cultured in nutrient broth then the bacterial culture
(adjusted to 0.5 McFarland standards)was uniformly
spread on Mueller Hinton agar (MHA) plates and 8 mm di-
ameter wells were constructed. Wells were loaded with Ag-
NPs-LD nanoparticles, distilled water (negative control),
and the standard disc of tetracycline (positive control). In
a separate set of MHA, plates inoculated with the selected
bacterial strains antibacterial activity of L. didymum
leaves extract and standard discs of commonly used antibi-
otics (imipenem, amikacin, and ciprofloxacin) were evaluat-
ed. The MHA plates were incubated at 37C for 18 hours

and the zone of inhibition was recorded in millimeters™ .

2.5 AgNPs-LD loaded topical gel preparation

For the preparation of AgNPs-LD loaded carbopol topical
gel AgLD1 nanoparticles (1% and 1.5%)were dispersed in
20 ml distilled water. 0.5% (w/w) Carbopol” 934 was added
slowly into AgNPs-LD suspension with continuous stirring
for an hour. Once carbopol was completely hydrated, 2-3
drops of triethanolamine were added to neutralize the dis-
persion, resulting in the formation of the gel. In the end,
glycerol (2% w/w)was added to the gel preparation as hu-
mectants?.

2.6 Characterization of AgNPs-LD topical gel

The AgNPs-LD topical gel was evaluated for physico-
chemical properties including color, odor, consistency, ho-
mogeneity, and pH. The pH of the aqueous solution of gels
(1% ) was recorded by using pH meter™ .

2.7 Skin irritation-test
The AgNPs-LD topical gel was applied on the back side

of shaved healthy rats (n=6)and signs of erythema/edema
were recorded at 6, 12, 24, and 48 hours™ .

2.8 In vivo wound healing studies

Adult male Wistar rats weighing 145 grams each were
acquired from the animal house of the faculty of Pharmacy,
Bahauddin Zakariya University (BZU), Multan, Pakistan.
The study protocol was reviewed and approved by the
Pharmacy ethical committee, faculty of Pharmacy, BZU,
Multan (193/PEC/2021) . During and before one week of ex-
periments, animals were housed under controlled tempera-
ture (25 = 1C ) with a light/dark cycle (12/12 hr), and free
access to the standard diet and water.

The animals were divided into four groups (n=6). Ligno-
caine gel was used to anesthetize the rats. The dorsal side
of the rats was shaved and cleaned with 70% ethanol and
wounds of 1 cm were produced with the help of a razor.
Group A rats were kept untreated as a control. Animals in
group B were treated with Quench cream (1% silver sulfa-
diazine) as standard. Group C rats were dressed with gel
formulation of AgNPs-LD 1% and group D rats were
dressed with AgNPs-LD 1.5% gel. Formulations were daily
applied to the wound. The wound area was photographed
and measured on days 0, 3, 7, and 9. The percentage of
wound contraction was calculated as follows;

w0 —-Wwd

% wound contraction = W X100

Where, WO is the diameter of the wound on day 0 and
Wd is the diameter of the wound on the day of measure-
ment i.e., days 3, 7, and 9.

2.9 Statistical analysis

The diameter of the wound and % wound healing were
recorded as mean values * standard deviation (SD). Data of
percent wound healing were statistically compared by
one-way ANOVA followed by the least significant difference
(LSD)test applied to identify the intergroup comparisons
using the SPSS software program (SPSS Inc. Chicago, IL
USA)and p-value<0.05 attributed as statistically signifi-

cant™ .

3 Results and Discussion
3.1 Visual analysis

Aqueous extracts of different medicinal plants have been
reported for the biogenic synthesis of AgNPs®™ *’. In the
current study, an aqueous extract of L. didymum leaves
was employed to biosynthesize AgNPs-LD. The synthesis
was initiated with the addition of 1 mM AgNO; solution to
the aqueous extracts of L. didymum leaves, the color of
the extract gradually modified from yellow to brownish,
which indicated the formation of silver nanoparticles. The
transformation of color in the course of Ag nanoparticle
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synthesis is related to the excitation effect of surface
plasmon resonance (SPR) %" .

3.2 UV-Vis spectroscopy analysis

UV-visible spectroscopy is a crucial and common tech-
nique used to establish the formation of stable metal
nanoparticles and to confirm the reduction of Ag ions'”.
The SPR phenomenon arises when metal nanoparticles are
irradiated with electromagnetic waves in the visible range.
UV-Visible spectroscopy indicated the SPR band around
400 nm suggesting the formation AgNPs (Fig. 1). Formula-
tions prepared by using a low concentration of plant
extract(e.g., AgLD5)showed a broader SPR band.
However, a sharper and more intense peak was observed in
formulations prepared with a high concentration of extract.
Broader peaks at lower concentrations suggesting large
anisotropic particleszg) might be due to low concentration
of functional groups/ biomolecules (such as phenols, alka-
loids, sugar)available for capping and stabilization of
AgNPs. The increase in the intensity of the peak in AgLLD1
might be attributed to the increased number of nanoparti-
cles formed owing to the availability of more biomolecules

in leaf extract”™ .

3.3 FTIR analysis

FTIR analysis was executed to recognize the major func-
tional groups in the L. didymum leaves extract and their
potential participation in the reduction, capping, and stabi-
lization of AgNPs-LD nanoparticles. The FTIR spectra of
leaves extract and AgNPs-LD are depicted in Fig. 2. The
FTIR spectra of L. didymum leaves extract showed a band
around 3277.6 cm ' indicating O—H stretching vibration of
high concentration of alcoholic phytochemicals, a peak at
1577.36 cm ' suggesting amide group, the peak at 1390.98
cm ' owing to -C-O- group (phenolic groups)and peak at
1076.69 cm ™! suggesting C-O stretch vibrations™ *". The

25 q

Absorbance

200 250 300 350 400

FTIR spectra of AgNPs-LD nanoparticles also showed a
broad band at 3303.25 cm ™" and 3339.33 cm ™! represent-
ing the O-H stretch of alcohols and phenols, respectively.
Peaks observed at 2917.75 cm ' and 2916.063 cm ™' repre-
senting stretching in C-H bonds of aromatic compoundsw.
The bands at 1574.12 cm ' and 1562.23 cm ' indicated
characteristic peaks of amide linkage emerging from car-
bonyl stretch in proteins. The bands at 1101.67 cm ™' and
1108.51 cm " indicated the association of C-N bond in ali-
phatic amines. The peaks around 872 cm ™" are attributed
to C=CH,. The major peaks observed in the spectra of
leaves extract were also present in the spectra of AgNPs-
LD with slight shifts, thus confirming the involvement of
various phytochemicals (proteins, alkaloids, phenols)
present in leaves extract in reduction, capping and stabili-
zation of AgNPs-LD.

3.4 SEM analysis

The surface morphology of the AgNPs-LD was analyzed
using Scanning Electron Microscope. SEM image (Fig. 3)
had shown mostly dispersed spherical AgNPs-LD nanopar-
ticles. Aggregates of nanoparticles with no well-defined
morphology were also observed. The nanoparticles were
held together due to hydrogen bonding and electrostatic
interactions between the bioorganic capping molecules
bound to the AgNPs'"*,

3.5 XRD analysis

The XRD analysis of the synthesized AgNPs-LD showed
high-intensity diffraction peaks at 38.73°, 45.02°, 67.64°
and 76.88° confirming the crystalline nature of the
nanoparticles (Fig. 4). The mentioned peaks correspond to
(hkl)planes(111), (200), (220)and (311)Bragg reflections
indicating face-centered cubic lattice structure'™ . The
Full Width at Half Maximum (FWHM)values were used to
estimate the average crystallite size using Scherrer's equa-

——AgLD1

——Ag D2

450 500 550 600 650 700
Wavelength {nm)

Fig. 1 UV-Vis spectra of AgNPs synthesized by different concentrations of Lepidium didymum leaves extract.
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Fig.2 FTIR spectra of Lipidium didymum leaves extract and AgNPs-LD.

tion™ . The average size of the AgNPs-LD was 21.42 nm.

3.6 Antibacterial activity of AQNPs-LD

Silver nanoparticles can firmly bind with the negatively
charged bacterial membrane, which leads to a change in
the permeability of the membrane and induces oxidative
stress that eventually kills the bacterial cells™. Our study
showed that AgNPs-LD exhibit significant antibacterial ac-
tivity against all the tested bacterial strains (Fig. 5) with

maximum activity against P aeruginosa and least activity
against K. pnewmonia. The positive control (standard tet-
racycline disc) has shown no activity against P aeruginosa;
19 mm ZOI against E. coli and S. aureus; and 17 mm of
Z0I against K. pneumonia. Distilled water as a negative
control was used to determine the effect of solvent in the
test solution on the growth of tested strains, no ZOI was
observed in all cases indicating that solvent has no role in
the antibacterial activity of Ag nanoparticles. The AgNPs-
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Fig. 3 SEM image of AgNPs-LD nanoparticles.

LD have shown 15 mm to 18 mm ZOI against P aerugino-
sa, 11 mm to 14 mm ZOI against E£. colz, 9 mm to 13 mm of
Z0I against S. aureus and 7 mm to 9 mm of ZOI against K.
pneumonia. The diameter of ZOI seems to be increased
with increasing concentration of L. didymum leaf extract
used for the preparation of AgNPs-LD nanoparticles in
almost all cases might be related to the presence of more
surface-bound biomolecules enhancing the antibacterial
activity of the AgNPs.

The antibacterial activity of plant leaves extracts and
other commonly used antibiotics (imipenem, amikacin, and
ciprofloxacin) were also examined. It can be observed in
Fig. 6 that L. didymum leaves extract has shown the least
activity in the case of all tested strains as compared to the
biogenically synthesized AgNPs-LD indicating that syner-

gistic interaction of silver ions and bio-molecules present
in leaf extract resulted in the formation of stable AgNPs-
LD with better antibacterial activity in comparison to LD-
leaves extract alone. In the case of E. colt leaves extract
has shown no activity however the AgNPs-LD have shown
large ZOI(14 mm) comparable to that of positive control (19
mm) . AgNPs-LD might easily penetrate inside the bacterial
cell wall owing to its small size and large exposed surface
area allowing possible interaction of Ag with cell wall com-
ponents and destruction of the cell’™ .

3.7 Characterization of AQNPs-LD topical gel

The carbopol topical gel base was transparent and color-
less while AgNPs-LD topical gels were brownish-black in
color due to the incorporation of AgNPs-LD. The pH values
of gels were in the range of 6-7 which is suitable for topical
application. The homogeneity of all gel compositions was
excellent with no lumps.

3.8 Skin irritation test

The AgNPs-LD topical gels had not induced any skin irri-
tation as no signs of erythema and/or edema were recorded
in the skin irritation test. Thus, AgNPs-LD topical gels ap-
peared to be biocompatible formulations and can be further
evaluated for in v7vo wound healing studies in animal

models™ .

3.9 In vivo wound healing

Untreated wounds are susceptible to infections caused
by bacteria, particularly S. aureus. The broad spectrum
antimicrobial activity exhibited by AgNPs has encouraged
the development and evaluation of AgNPs-based drug de-
livery systems for wound healing. AgNPs can treat inflam-

3600

1600

l M

| 1

T
10 20 30 40

50 60 70 80

Position [*2Theta]
Fig. 4 XRD pattern of AgNPs-LD nanoparticles.
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Fig.5 Antibacterial activity of AgNPs-LD, positive control and negative control against (a)S. aureus (b)P. aeruginosa(c)E.
coli (d) K. pneumoniae. “2" represent AgLD5, “4” represent AgLD4, “6” represent AgLD3, “8" represent AgLD2
and “10” represent AgLD1.

Fig. 6 Antibacterial activity of ciprofloxacin (A), imipenem (B), amikacin (C)and L. didymum leaves extract (D)against (a)S.
aureus(b) P aeruginosa (c)E. coli(d) K. pnewmoniae.
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@ AgNPs-1Dgel
Control Group

AgNPs-LDgel

Standard Group (1.5%) group

[1%) group

Percantags Wound Contraction

(8)

Standard
Groups

AgNPs-LD-gel (1%) AgNPsLD-gel (1.5%)

Fig. 7 (A)Photographs of wounds showing average diameter (B)Percent wound contraction on day 3, 7 and 9. Data
expressed as mean * SD. *Group B, C and D vs Group A; # Group 4 vs Group 3 and Group 2. (* and # differences are

statistically significant)

mation by modulating cytokine and decreasing the release
of inflammatory cytokines and growth factors, and inducing
wound healing with decreased scar formation™ 0 There-
fore, our group has incorporated the AgNPs-LD into gel
formulation to evaluate the wound healing potential of the
synthesized AgNPs-LD. The percent wound healing of Ag-
NPs-LD gel was compared with Quench cream, a commer-
cially available cream containing 1% silver sulfadiazine
used for the treatment of wounds and burns.

The wound diameters were measured and photographed
as part of the quantitative examination of wound healing
on the 3", 7" and 9" day (Fig. 7A) of treatment. The rate of
wound contractions in various groups was calculated, re-
corded, statistically analyzed, and represented in Fig. 7B.
It was observed that the percentage of wound healing was
statistically higher in all treatment groups in comparison to
the control group which was left untreated. On day 3 Ag-
NPs-LD 1.5% gel group (Group D) revealed statistically sig-
nificant % wound contraction (36.14% * 1.76) compared to
control(22.94% +4.67), standard (30.66% *2.72)and Ag-
NPs-LD 1% group(29.15% +4.86). The rapid wound
healing in animals treated with AgNPs-LD 1.5% gel might
be due to the high concentration of silver nanoparticles in
the gel. AgNPs-LD 1% gel group (Group C)showed statisti-
cally significant % wound contraction as compared to the
control group but statistically insignificant percent wound
contraction when compared to the standard group. The
wound healing percentage was almost the same for both
the standard group treated with silver sulfadiazine 1% and

8

AgNPs-LD 1% group treated with a gel containing 1%
silver nanoparticles. On day 7, group D revealed a percent
wound contraction of 85.93% = 3.42, while in Group A, B,
and C the percent wound contraction was 67.17% *4.71,
80.88% * 3.2 and 82.99% = 2.45, respectively. It was found
that the wound contraction percent for AgNPs-LD 1.5%
group was statistically significant in comparison to the
control and standard group but insignificant for AgNPs-LD
1% group. On day 9, wounds of AgNPs-LD gel groups were
almost completely healed and percent wound contraction
was up to 94.65% = 2.52 for group C and 96.47% = 1.18 for
group D however there was no statistical difference among
the two groups. While on the other hand wounds of the
control and the standard group had a wound contraction
percent of 85.42% £4.67 and 91.57% * 1.68, respectively.
The results indicated that AgNPs-LD topical gels have
demonstrated enhanced wound healing effects with no
scar. Our results are in good correlation to published
studies41’42), where AgNPs have been incorporated into hy-
drogels resulting in a gradual decrease in wound size over
time. AgNPs are reported to be biocompatible and owing to
their anti-inflammatory properties, the topical application
of AgNPs in the wound area reduces the release of cyto-
kines and lymphocytes, and also reduces mast cell infiltra-
tion, which then promotes wound healing with minimal
scarring™ .
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4 Conclusion

Aqueous extract of fresh leaves of L. didymum can be
used as cost-effective, safer, and eco-friendly reducing and
capping agents to produce silver nanoparticles. AgNPs-LD
showed efficient antibacterial activities against P aerugi-
nosa, E. coli, K. pneumonia, and S. aureus. The wound
healing capacity of AgNPs-LD 1.5% gels showed significant
wound healing activity compared to commercially available
silver sulfadiazine cream, suggesting AgNPs-LD have a
beneficial role in the acceleration of the wound healing
process.
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