A \

v,
N D00

http://pubs.acs.org/journal/acsodf

Green Synthesis of Silver Nanoparticles Using the Lotus lalambensis
Aqueous Leaf Extract and Their Anti-Candidal Activity against Oral
Candidiasis
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ABSTRACT: Oral candidiasis is widely spread in both humans and animals, which is caused N B
mainly by Candida albicans. In this study, we aimed to biosynthesize silver nanoparticles ! L lalambensis o s
(AgNPs) for the first time using the Lotus lalambensis Schweinf leaf extract (L-AgNPs) and AEN* :“3
investigated their anti-candidal potency alone or in combination with the leaf extract of L. g

lalambensis (L-AgNPs/LL) against C. albicans. The biosynthesized L-AgNPs were LAgNP/LL
characterized by imaging (transmission electron microscopy, TEM), UV—vis spectroscopy,
Fourier transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD). The results of =~ B8 @

the disk diffusion method showed the potent synergistic anti-candidal activity of L-AgNPs/ iz g

LL (24 mm inhibition zone). L-AgNPs/LL completely inhibited the morphogenesis of C.

albicans and suppressed the adhesion and the formation of the biofilm of C. albicans by 82.5
and 78.7%, respectively. Further, L-AgNPs/LL inhibited the production of antioxidant
enzymes of C. albicans by 80%. SEM and TEM revealed deteriorations in the cell wall
ultrastructure in L-AgNPs/LL-treated C. albicans. Interestingly, L-AgNPs/LL showed less
than 5% cytotoxicity when examined with either the primary bone marrow derived
mesenchymal stem cell (BMSCs) or MCF-7 cell line at MIC values of L-AgNPs/LL. In conclusion, we identified L-AgNPs/LL as a

potential biosynthesized-based drug for oral candidiasis in humans and animals.
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1. INTRODUCTION Treatments of oral candidiasis usually involve the use of
topical or systemic antifungal drugs and denture cleansers in
the case of denture stomatitis.'"® However, these agents have
several adverse health effects.’’ Compared to antibiotics,
currently available antifungal drugs are limited and their
production without toxicity is very complicated due to the
eukaryotic nature of Candida."> The continuous emergence of
Candida strains resistant to currently available antifungal drugs

The oral cavity is one of the most complex cavities of the
human body, comprising hundreds of different bacterial, viral,
and fungal species.” The most prevalent Candida species
recovered from the human mouth, in both the commensal
state and cases of oral candidiasis, is Candida albicans.”
Additionally, C. albicans infection is widely distributed in

animals, including all domestic animals like cattle, horses, pigs, demands the development of novel alternatives drugs. In this
cats, and dogs as well as birds.” In wild animals, candidiasis context, natural antifungal drugs including plant-derived
affects the mucous membranes and the skin causing ulcers and alcoholic extracts and essential oils were used as antifungal
whitish streaks and plaques on the tongue, oral cavity, and agents against C. albicans.””"° In addition, AégNPs were
esophagus.5 For example, in camels, candidiasis affects the efficiently used for the treatment of candidiasis.'®™"? AgNPs
mucous membranes and the skin,® and in dogs, candidiasis is were found to exert a high capacity to anchor to cell wall of C.
clinically demonstrated as seborrheic dermatitis, alopecia, albicans, then penetrating it, resulting in structural alterations
patchy erythema, and superficial erosions.” Several predispos- in the integrity of the plasma membrane.”’ Plant-mediated
ing factors were found to cause oral candidiasis including synthesis of AgNPs has acquired great attention due to its

chemotherapy, immunosuppressive conditions, mucosal in- lower toxicity, cost efficiency, eco-friendliness, and low time of

juries, and deceased salivary flow.® Virulence attributes

controlling the infection capacity of C. albicans include the Received: December 10, 2020
dimorphic morphogenesis between yeast and filamentous Accepted: March 8, 2021
forms (morphogenesis). The formation of biofilms also acts Published: March 15, 2021

as a key factor in infection as cells in the biofilm show greater
resistance to antimicrobial agents due to the inadequate
penetration of antifungals.”
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Figure 1. Biosynthesis of L-AgNPs using the L. lalambensis Schweinf leaf extract. The leaf extract of L. lalambensis was used to function as the
biocatalyst for the reduction of silver ions to silver, as shown by the change in color from light yellow to dark brown. L-AgNPs were synthesized by
treating the leaf extract with 1 mM AgNOj; solution at 27 °C under dark conditions. TEM shows the size and morphology of monodisperse L-
AgNPs ranging from 6 to 26 nm.
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Figure 2. Confirmation of biosynthesized L-AgNPs. (A) UV—vis spectrum of L-AgNPs. The values of peaks for the UV—vis were plotted between
AgNPs/absorbance ratios. The maximum absorbance peak was at around 450 nm, consistent with the surface plasmon resonance of AgNPs. (B)
XRD for L-AgNPs displayed three different diffraction bands at 38.18, 44.35, and 64.4° indexed 26 (degree) values of the (111), (200), and (220)
crystalline planes of cubic Ag. (C) FTIR of L-AgNPs showing amide I (—C=0) and amide II (—NH) bands.

consumption.”’ Additionally, plants are good and easily the reduction of silver ions to AgNPs, resulting in the
available sources for biologically active secondary metabolites, production of nanoparticles with lesser toxicity over chemical
which can act as reducing, stabilizing, and capping agents in and physical synthesis methods.””*> Chemical synthesis
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methods resulted in the production of toxic compounds, which
can limit the use of AgNPs in medical applications, while
physical synthesis methods are time-consuming processes that
produce nonuniform nanoparticles.”* In this context, we have
recently demonstrated the effective inhibition of candidiasis
using A%NPS biosynthesized from the Calotropis gigantea leaf
extract.'

The genus Lotus, belonging to the family Fabaceae, contains
more than 100 species distributed all over the world,
particularly around the Mediterranean region. In traditional
medicine, plants of the genus Lotus are used as antimicrobials,
contraceptives, and prophylactics and for treatment of sexually
transmitted diseases.”*”° L. lalambensis Schweinf is one species
of the genus Lotus that is enriched with several biological active
secondary metabolites.”” We have recently extracted and
purified S'-hydroxy auraptene (S'-HA) from L. lalambensis,
with potent antifungal and anti-mycotoxigenic potentials
against Aspergillus flavus.”® In addition, we identified 5'-HA
as a plausible drug for osteoporosis that acts to promote
osteogenesis and inhibit osteoclastogenesis.zg’30 Thus, we
aimed to use L. lalambensis for the biosynthesis of AgNPs
(L-AgNPs). Our results demonstrated the synergism of the
antifungal effect of L-AgNPs in combination with the leaf
extract of L. lalambensis (L-AgNPs/LL) against oral
candidiasis. This effect was shown to be through the inhibition
of growth, dimorphic transition, and formation of the biofilm
without signs of cytotoxicity in animal cells.

2. RESULTS

2.1. Biosynthesis and Characterization of F-AgNPs. L-
AgNPs were biosynthesized from an aqueous leaf extract of L.
lalambenesis. The capability of the biologically active
constituents of the extract to act as biocatalysts for the
reduction of silver ions to silver was assessed. The color change
of the extract of L. lalambenesis after addition of AgNOj; from
colorless to brown was detected (Figure 1). This brown color
indicated the AgNP formation. The synthesis of L-AgNPs was
confirmed by TEM, which shows that the morphology of the
L-AgNPs is nearly spherical. The particle size ranges from 6 to
26 nm having a size of about 16.7 nm (Figure 1).

UV-—visible spectrophotometry was carried out, and the
spectrum displays surface plasmon resonance at the 422 nm
absorption band (Figure 2A). The color of the solution was
characteristic to the absorption wavelength in the visible
region. The XRD displayed a diffraction line at low angles
(30—80°). The Bragg reflections at angles 26 of 38.18, 44.35,
64.4, and 77.3° matched with the 111, 200, 220, and 311
bands, respectively (Figure 2B). This configuration confirmed
the structure of L-AgNPs as a cubic structure. XRD confirmed
the crystalline structure of the silver in the L. lalambenesis leaf
extract. The FTIR spectrum of L-AgNPs showed 11 peaks:
538, 679, 768, 847, 1070, 1340, 1432, 1516, 1630, 2943, and
3411 cm™ in the region of 500—400 cm™ (Figure 2C). The
band at 1630 cm™" corresponds to the stretching vibration of
—C=0 (carbonyl), which is identified as the amide I band,
while the bands at 3411 and 1516 cm™ characterize the
stretching and bending vibrations of —NH, respectively. Last,
TEM gave further evidence about the shape, size, and
distribution profile of the biosynthesized L-AgNPs.

2.2. Synergistic Anti-Candidal Action of L-AgNPs/LL.
We investigated the anti-candidal potential of the plant extract,
L-AgNPs and L-AgNPs/LL using a disk diffusion method. The
L-AgNPs displayed a higher anti-candidal action where the
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diameter of the inhibition zone (IZD) was 19 mm, although
the extract showed moderate anti-candidal potential with an
IZD of 15 mm (Table 1 and Figure 3A). The MIC values of L-

Table 1. Anti-Candidal Action of L-AgNPs and L.
lalambenesis Extract against C. albicans®

antifungal agent

DMSO plant extract L-AgNPs

concentration (pg/mL) IZD (mm)

0 0%+ 0.0 0" £ 0.0 00+ 0.0

625 0"+ 0.0 2% + 0.7 ,10° + 0.7

125 L0+ 00 A +05 A3+ 058

25 0°+ 00 TP £05 al6° + 0.8

50 L0+ 00 10° + 0.5 J19°+ 08

100 0' £ 00 As® + 05 no growth

200 0%+ 0.0 no growth

400 L0+ 00

“I1ZD = inhibition zone diameter (mm). Data are presented as the
mean of the zone of inhibition in mm followed by SD. The values
with different subscript letters in the same column and those with
different subscript letters in the same row are significantly different
according to ANOVA and Duncan’s multiple range tests.

AgNPs and plant extract were 50 and 100 pg/mL, respectively
(Table 1). L-AgNPs/LL displayed synergistic anti-candidal
potential against C. albicans, with a zone of inhibition of 24
mm (Figure 3A). Additionally, the time-kill curves showed the
fungistatic action of both L-AgNPs and plant extract at 50 and
100 pg/mL, respectively, on the growth of Candida cells
(Figure 3B). After 4 h of incubation, L-AgNPs/LL completely
repressed the growth of C. albicans (Figure 3B). Thus, L-
AgNPs/LL exhibited a greater anti-candidal action than either
the L-AgNPs or the plant extract.

2.3. L-AgNPs/LL Inhibits the Virulence Factors of C.
albicans. The untreated control (DMSO) of C. albicans
exhibited excessive hyphal growth after 6 h, whereas the
morphological transition of C. albicans was inhibited by L-
AgNPs at concentrations lower than the MIC (25 pg/mL).
Hyphal growth was completely blocked in the presence of L-
AgNPs/LL (50/100 ﬂg/mL), as evaluated by phase contrast
microscopic observations (Figure 4A and Table 2). Addition-
ally, we studied the anti-adhesive and anti-biofilm effectiveness
of the L-AgNPs. L-AgNPs (50 yig/mL) repressed the adhesion
and the growth of the biofilm of C. albicans by 74.2 and 64.6%,
respectively, while L-AgNPs/LL repressed the adhesion and
biofilm formation of C. albicans by 89.7 and 79.1%, respectively
(Figure 4B,C).

2.4. L-AgNPs/LL Suppresses the Production of
Oxidative Enzymes by C. albicans. Since very limited
data are available about the suppression of the production of
antioxidant enzymes by nanoparticles, we assessed the effect of
L-AgNPs/LL on the production of oxidative enzymes by C.
albicans. Remarkably, L-AgNPs/LL suppresses the following
antioxidant-related enzymes GST, CAT, SOD, G6-P, GSR, and
GPX by 88.13, 76.15, 95.46, 87.69, 85.7, and 85.52%,
respectively, in C. albicans (Table 3).

2.5. L-AgNPs/LL Increases the Intracellular Glucose
and Trehalose Release. C. albicans were cultured in the
presence of the plant extract, L -AgNPs, and L-AgNPs/LL, and
the amounts of released glucose and trehalose were measured.
Cells treated with either the plant extract or L-AgNPs

https://dx.doi.org/10.1021/acsomega.0c06009
ACS Omega 2021, 6, 8151-8162
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Figure 3. Antimicrobial potential of L-AgNPs and L-AgNPs/LL (A) Disk diffusion method displaying the anti-candidal action of (1) DMSO, (2)
plant extract (100 pg/mL), (3) L-AgNPs (50 pg/mL), and (4) L-AgNPs/LL (50/100 pg/mL). (B) Time-kill assay of the effect of the plant extract
(100 pug/mL), L-AgNPs (50 pug/mL), and L-AgNPs/LL (50/100 pg/mL) on Candida cells. Candida cells treated with DMSO were used as a

control.
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Figure 4. Effect of L-AgNPs and L-AgNPs/LL on virulence factors of C. albicans. (A) Dimorphic transition; (B) adhesion after (2 h). (C) Biofilm
formation (after 24 h); complete repression of the morphological transition, biofilm, and adhesion of C. albicans was observed when L-AgNPs and
L. lalambenesis extract were mixed, not like when the two were used separately. Values are mean + SD of three independent experiments (**p <

0.005(.

accumulated more intracellular glucose and trehalose than
DMSO-treated cells (control). Additionally, these cells also
have increased more extracellular glucose and trehalose than
DMSO-treated cells (Figure SA,B). Interestingly, the highest
induction of extracellular glucose and trehalose was brought by
L-AgNPs/LL, which was measured to be 452 pug per fungal
dry weight of 1 mg (Figure SB). This rate was significantly
higher than those induced in either the plant extract or L-
AgNPs (31.9 and 27.5 pug/mg, respectively).

2.6. Ultrastructural Examination of the Interaction
between AgNPs and C. albicans Cells Using SEM and
TEM. To examine the effect of the plant extract, L-AgNPs, and
L-AgNPs/LL on the morphology and ultrastructure of C.
albicans, scanning and transmission electron microscopy

8154

techniques were used. Our results showed that C. albicans
treated with L-AgNPs/LL underwent noticeable morpholog-
ical changes. In cells treated with L-AgNPs or plant extract,
yeast agglutination was observed, while in cells treated with L-
AgNPs/LL, a material deposited on the cell walls of C. albicans
was detected (Figure 6A). The results of TEM showed that
DMSO-treated C. albicans cells (control) displayed a normal
intramorphological structure with several organelles of Candida
cells surrounded by the cytoplasm. The plasma membrane and
cell wall have a uniform thickness. Nevertheless, plant-extract-
treated cells showed that there were alterations in the
morphological structures of the cells, which cause lysis. Some
organelles such as the nucleus and vacuole disappeared. The
plant extract has changed the cytoplasm of C. albicans cells

https://dx.doi.org/10.1021/acsomega.0c06009
ACS Omega 2021, 6, 8151-8162
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Table 2. Effect of L-AgNPs, Plant Extract, and L-AgNPs/LL
on the Dimorphic Transition of C. albicans®

antifungal YF count FF count % of
agent (cell/mL) (cell/mL) dimorphism
DMSO 66" + 4.0 1820% + 4.0 96.37 + 1.5
plant extract 510¢ + 6.0 920° + 2.0 44.56 + 1.1
L-AgNPs 266° + 5.0 383° + 1.5 3045 + 0.9
L-AgNPs/LL 10 + 2.5 12* + 0.76 16.66 + 0.8

“Results are presented as the mean of the inhibition zone (mm)
followed by SD. The values with different subscript letters in the same
column and those with different subscript letters in the same row are
significantly different according to ANOVA and Duncan’s multiple
range tests. YF: yeast form. FF: filamentous form. % of dimorphism =
FF — YF/FF X 100.

Table 3. Specific Activities of Antioxidant Enzymes

specific activity (U/mg protein)

enzyme substrate control L-AgNPs/LL

glutathione-S CDNB 0.633 + 0.11 0.0751 + 0.002
transferase

catalase H,0, 3.9 + 033 0.93 + 0.11

superoxide epinephrine 0.708 + 0.06 0.0321 + 0.012
dismutase

glucose 6 NADP 635.24 + S.11 78.14 + 1.3
phosphate
dehydrogenase

glutathione NADPH 7522 + 2.13 9.33 = 0.37
reductase

glutathione NADPH 0.00076 + 0.0001 0.00011 + 0.0
peroxidase

when compared to the control cells. L-AgNPs-treated C.
albicans cells exhibited great modification of the organelles.
Impartiality of the cell membrane from the cell wall and
formation of pores were observed, which resulted in the
leakage of cell contents. Additionally, the disorganization of the
cell wall and disruption of the cell membrane were noticed.
Importantly, L-AgNPS/LL-treated cells showed perturbation
of the cell wall, disruption of the cell membrane, and formation
of pores with a complete collapse of the cells. The shrinkage of
the cytoplasm from the cell wall was observed. The leakage of
the intracellular contents from the cells was more pronounced,
which finally led to cell death (Figure 6B).

2.7. L-AgNPs/LL Does Not Show any Cytotoxicity
with Animal Cell Lines. As a prerequisite step for the
preclinical study of L-AgNPs/LL in the oral candidiasis animal
model, we examined the cytotoxicity of the plant extract, L-
AgNPs, and L-AgNPs/LL on both primary mouse BMSCs and
MCEF-7 cell line using the cell viability MTT assay. As shown in
Figure 7A,B, plant extracts were not toxic to mBMSCs and
MCSE-7 up to a concentration of 200 ptg/mL. The cytotoxicity
of L-AgNPs alone revealed significant reduction in cell viability
at a concentration above 50 pug/mL (Figure 7A,B).
Accordingly, L-AgNPs/LL showed cytotoxicity at a concen-
tration above 50/100 ug/mL of L-AgNPs/LL (Figure 7A,B).
These preliminary data demonstrated that the concentration of
L-AgNPs/LL (50/100 pug/mL) is safe to use in vivo as a
promising anti-candidiasis drug.

3. DISCUSSION

The development of reliable, eco-friendly approaches for the
production of nanoparticles is a key aspect of nanotechnology
nowadays. In this study, we were the first to use L. lalambensis
in the biosynthesis of AgNPs.

In our study, the formation of a brown color in a solution
containing the aqueous leaf extract is evidence for the synthesis
of L-AgNPs in the reaction mixture and is a main cause of the
excitation of surface plasmon vibrations in the nano-
particles.”*> UV analysis demonstrated the SPR absorption
of our L-AgNPs at 422 nm as described previously for
AgNPs.*>** The particle sizes of our L-AgNPs ranged from 6
to 26 nm. FTIR was performed to recognize the biomolecules
accountable for the capping and effective stabilization of the
metal nanoparticles and to realize the protein—metal nano-
particle interaction. Our FTIR spectrum demonstrated the
presence of amide I and amide II bands obtained due to the
carbonyl stretch and —N—H stretch vibrations in the amide
linkage of the protein, suggesting that the protein molecules
can also act as stabilizing agents by binding the AgNPs through
free amino groups as described previously.”

Our results identified the MIC for L-AgNPs to be 50 pg/mL
with a high anti-candidal activity. This might be attributed to
the presence of tannins, coumarins, and flavonoids in the
whole extract.’® In this context, synthesized AgNPs using the
extract of Lycopersicon esculentum displayed inhibitory action

(A)
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25 "
20 4
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10 A

Amounts of glucose and trehalose
(ng/mg)

(B)

30 4

20 4

(ug/mg)

10 A
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Figure S. Effect of L-AgNPs and L-AgNPs/LL on the intracellular glucose and trehalose release. (A) The concentrations of intracellular and (B)
extracellular trehalose and glucose from C. albicans by the plant extract (100 ,ug/rnL), L-AgNPs (50 ,ug/mL), and L-AgNPs/LL (50/100 ﬂg/mL).
C. albicans was mixed with 0.05 units of trehalase and 16% DNS reagent. The enzymatic reaction was carried out for 1 h at 37 °C. Color formations
were measured at 525 nm. Values are mean + SD of three independent experiments (**p < 0.005(.
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Figure 6. Electron microscopy photographs of C. albicans. (A) TEM photographs of C. albicans treated with the plant extract (100 pug/mL), L-
AgNPs (50 pug/mL), and L-AgNPs/LL (50/100 pg/mL). Bar = 2 mm. (B) SEM of a C. albicans treated with the plant extract, L-AgNPs, and L-
AgNPs/LL. 6300X magnification was used for all images. Bar = 1 gm. CM: cell membrane; CMD: cell membrane disruption; CW: cell wall; CWP:

Cell wall perturbation; L: leakage; LG: lipid granule; N: nucleus; NC: nanocapsule; PF: pore formation; V: vacuole.
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Figure 7. Cytotoxicity of the plant extract, L-AgNPs, and L-AgNPs/LL on the animal cell culture. (A) MTT assay was performed for primary
isolated mBMSCs and (B) MCF-7 cell line treated with different concentrations of the plant extract, L-AgNPs, and L-AgNPs/LL after 48 h of

treatment. Values are mean + SD of three independent experiments (*p < 0.0S, **p < 0.00S compared to control).

against C. albicans, C. parapsilosis, and C. glabrata with an MIC
of 8 ug/mL,”” while biosynthesized AgNPs using Artemisia
annua showed MIC against C. albicans, C. tropicalis, and C.
glabrata that ranged between 80 and 120 pg/mL. Furthermore,
we have recently reported the anti-candidal action of AgNPs
biosynthesized by the Calotropis gigantea leaf extract against C.
albicans with an MIC of 50 pg/mL."> Thus, AgNPs produced
by different approaches and species were reported to show
antifungal activity at different MIC levels depending on their
size, shape, and surface modification.**™*°
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Numerous mechanisms described the anti-candidal potential
of AgNPs. These comprise the ability of AgNPs to destroy the
membrane permeability and to damage the membrane lipid
bilayers, leading to the leakage of ions, accompanied by
formation of pores and dispersion of the membrane potential.
Additionally, AgNPs were reported to block the cell cycle at
the G2/M phase in C. albicans,*" which, in turn, increases the
production of reactive oxygen species (ROS), and decreases
the metal-based antioxidant enzymes.*”
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In this report, we investigated the efficacy of the antifungal
potential of the combination therapy of L-AgNPs with the
plant extract to provide a different approach for the effective
control of C. albicans. Previously, the anti-candidal potential of
AgNPs against Candida species was found to be enhanced
using a combination with commercially available antifungal
drugs such as fluconazole or amphotericin B."”>** Our data
demonstrated that the antifungal action of AgNPs could be
improved through the combination therapy of L-AgNPs with
L. lalambensis extracts to deliver an innovative approach for the
effective control of C. albicans. Thus, our results identified the
L. lalambensis leaf extract as an alternative source of bioactive
compounds that could contribute to the biosynthesis of AgNPs
and has a powerful antifungal activity. Screening analysis of L.
lalambensis extracts revealed the presence of several important
secondary metabolites that could be responsible for the
reduction and capping of AgNPs, such as lupeol, f-sitosterol,
oleanolic acid, f-sitosterol glucoside, kaempferol, kaempferol-
3-0-a-1-thamnoside, and ethyl-O-f-p-glucopyranoside.”” In
addition, several phytochemicals with known antifungal
activities were identified in L. lalambensis extracts’* including
flavonoids kaempferol,” rhamnosyl derivatives,"”** B-sitoster-
ol,* and stigmasterol.so In this context, we have recently
extracted and purified the phytochemical 5'-hydroxy auraptene
(5'-HA) from L. lalambensis and demonstrated its antifungal
activity.28

Our results showed the inhibitory effect of L-AgNPs/LL on
the dimorphic transitions between yeast and filamentous
forms. The dimorphic transitions between yeast and
filamentous forms were identified as among the most
important virulent attributes in C. albicans.”’ The formation
of hyphae is a remarkable property of C. albicans that plays a
key role in adherence and biofilm formation, which is definitely
essential for colonization and pathogenesis of C. albicans.”*>’
Thus, the blocking of phenotypic switching from yeast to a
hyphal form would mean controlling the infection. In this
context, the biofabricated AgNPs using the aqueous leaf extract
of Polyalthia longifolia were shown to target the Ras-mediated
signal transduction pathways in C. albicans via downregulating
the gene expression of the yeast-to-hyphal transition including
the cell elongation gene (Ecel), hyphal inducer gene (Tec),
and yeast-to-hyphal transition genes (Tupl and Rfgl).>*

Several studies confirmed the inhibitory effect of biosynthe-
sized AgNPs alone on C. albicans biofilm formation.””**>® Our
data displayed the efficiency of L-AgNPs/LL to inhibit the
adhesion and biofilm formation of C. albicans. Consistently,
AgNPs biosynthesized using Dodonaea viscosa and Hyptis
suaveolens leaf extracts strongly inhibited more than 80% of
biofilm formed by Candida spp.*® Similarly, the biosynthesized
AgNPs using the aqueous extract of Malva sylvestris leaves
showed significant anti-biofilm activity against Candida
species.”” The mechanism underlying the inhibition of biofilm
formation using biosynthesized AgNPs includes the anti-
adhesive potential of AgNPs, which regulates the growth of
living microbial cells and the suppression of microbial adhesion
gene expression.”” Additionally, AgNPs inhibit blastospores
and disrupt the cell walls of both the yeast and the hyphal
forms in order to cause the suppression of biofilm formation in
Candida.>>*° In contrast to the plant extract alone, L-AgNPs/
LL established an improved ability to disrupt fungal viability
within mature biofilms. These can be attributed to enhanced
permeation through the extracellular polymeric matrix released
by biofilms.*’

8157

C. albicans established enzymatic antioxidant defense
mechanisms in order to decrease the damaging actions of
reactive oxygen species formed by phagocytes in the course of
the infection process. Our results confirmed the inhibitory
action of L-AgNPs/LL on the production of antioxidant
enzymes by C. albicans. Phytochemicals from the Lotus genus
were found to exert an antioxidant potential.”’ AgNPs were
also described to exhibit antioxidant potential through the
stimulation of C. albicans to express genes encoding for
antioxidant enzymes, such as catalase, superoxide dismutase
glutathione/glutaredoxin, glutathione peroxidase, and compo-
nents of the thioredoxin systems.*”*” The stimulatory action of
AgNPs on oxidative stress as a mechanism of toxicity in C.
albicans caused the shifting of the total redox balance to
oxidation, therefore resulting in the functional destruction of
cells. 7%

The release of glucose and trehalose is a consequence of the
disruption of the cell membrane by L-AgNPs/LL. Our data
showed that L-AgNPs- or plant-extract-treated cells accumu-
lated more intracellular glucose and trehalose than the
untreated cells. In this context, Kim et al. reported that
extracellular glucose and trehalose of C. albicans induced by
AgNPs were 30.3 pug per fungal dry weight of 1 mg, which is
significantly higher than those of untreated cells."' Trehalose
functions to interact with the phospholipids and other
macromolecules on the cell membrane and thus protects
pathogenic fungi against various stress conditions, such as
desiccation, dehydration, heat, cold, oxidation, and toxic
agents.””®” Trehalose can also shield the fungal cell membrane
against dehydrated conditions via creating a §lass state when
there is no water retention or crystallization.®

Our results demonstrated that the treatment of C. albicans
cells with L-AgNPs/LL resulted in significant modifications in
the cell wall and membrane as examined by SEM and TEM.
Consistently, major alterations in the surface appearance of C.
albicans cells were reported for biosynthesized AgNP treat-
ment.”** These changes in the cell wall of treated C. albicans
include a rough wrinkled outer cell wall, ruptured cell
membrane, and dense cytoplasm without distinguished
features. Such modifications could be triggered by the
interference of AgNPs. Therefore, the mechanism of AgNPs
on C. albicans may be attributed to the disruption of the cell
wall and cell membrane, which displayed severe modifications
to the cell wall causing blebs on the surface and cell collapse.
Furthermore, AgNPs destroy the membrane permeability
barrier via disturbing the membrane lipid bilayers leading to
the leakage of ions and other materials along with formation of
pores and dissipation of the electrical potential of the
membrane.*’

Our data demonstrated high cell survival (more than 95%)
of both primary BMSCs and MCF?7 cell line upon treatment
with either L-AgNPs alone or in combination with the plant
extract (L-AgNPs/LL) at MIC values. In support of this
finding, biosynthesis of AgNPs using different plant extracts
did not show cytotoxicity in human cells at MIC values.'””’
The toxicity of AgNPs to human and animal cells was found to
be related to the type of reducing agent used in the
biosynthesis,”’ where surface chemistries of synthesized
AgNPs using different reducing agents showed different
cellular responses.72 In this context, several studies demon-
strated the non-cytotoxic effects of biosynthesized AgNPs on
animal cells. For example, biosynthesized AgNPs using an
ethanolic extract of fenugreek leaves showed low toxicity to the
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human skin cell line (HaCaT),”* AgNPs synthesized by a cell-
free culture filtrate of Fusarium chlamydosporum and Penicillium
chrysogenum were nontoxic to human normal melanocytes
(HFB 4),”* and biosynthesized AgNPs using a leaf extract of
Calotropis gigantea were nontoxic to BMSCs."” Additionally,
the antioxidant and the anti-inflammatory activities of Lotus
extracts might contribute toward reducing the cytotoxicity of
AgNPs.***" It is also possible that the plant extracts will act as
a stabilizing agent to stabilize AgNPs against dissolution,
consequently decreasing their toxicity. Thus, our study
provides a combination of biosynthesized AgNPs and plant
extract as a new safe model of formulation that can potentially
be used in future drug development for oral candidiasis.

4. CONCLUSIONS

In this study, we biosynthesized AgNPs using the leaf extract of
L. lalambensis. Our results demonstrated the effective anti-
candidal potential of a combination of biosynthesized AgNPs
and leaf extract of L. lalambensis (L-AgNPs/LL). L-AgNPs/LL
significantly suppressed the growth, phenotypic switching,
adhesion, biofilm formation, and the production of antioxidant
defense enzymes by C. albicans. Additionally, L-AgNPs/LL
displayed no sign of cytotoxicity at levels of MIC
concentrations. Thus, L-AgNPs/LL provides a new approach
for controlling the pathogenesis of C. albicans by inhibiting the
main virulence attributes and development of biofilms. Further
preclinical studies are required to assess the therapeutic
potential of L-AgNPs/LL in the treatment of oral candidiasis in
vivo.

5. EXPERIMENTAL SECTION

5.1. Collection of the Plant Material and Preparation
of the Extract. L. lalambensis Schweinf was previously
collected by our group,” from Eastern province, Al-Hassa,
Saudi Arabia. The sample was identified taxonomically and
authenticated by Dr. Monier Abd El-Ghani, Plant Taxonomy
and Flora, the Herbarium, Department of Botany and
Microbiology, Faculty of Science, Cairo University where a
voucher specimen was deposited. The leaves were washed and
allowed to dry at room temperature. The dried leaves were
then crushed into fine powder. 50 g of leaf powder was added
to 500 mL of distilled water, and the mixture was heated at 80
°C for 4 h with stirring. The resulting extract was filtered
through Whatman filter paper no. 1 and stored at 4 °C for
further use.

5.2. Biosynthesis of L-AgNPs. For each 50 mL of plant
extract, a 10 mL solution of 1.699 mg/mL AgNO; was added
to be transformed to AgNPs at 30 °C, and the mixture was
heated at 80 °C for 3 h with stirring. The complete reduction
was verified by a change in color from colorless to brown. The
green biosynthesized AgNPs were separated by centrifugation
at 15,000g for 30 min. The final green-synthesized AgNPs were
denoted as L-AgNPs, freeze-dried, and stored at 4 °C for
further experiments. UV—visible spectrophotometry (Santa
Clara, CA, USA)”® was used to verify the formation of L-
AgNPs that presented surface plasmon resonance at 420 nm.

5.3. Characterization of AgNPs. 5.3.1. Transmission
Electron Microscopy (TEM). TEM was made following the
method of Jalal et al.”® on a Leo 912 AB instrument (Aalen,
Germany). Concisely, a drop of the sample of L-AgNPs was
decanted onto carbon-coated copper grids and left to stand for
2 min prior to imaging.
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5.3.2. X-ray Diffraction Analysis (XRD). The lyophilized L-
AgNPs coated on an XRD grid were exposed for XRD analysis.
The measurement was made in an X-ray diffractometer
supplied with an operating voltage of 45 kV, and the current
was adjusted to 0.8 mA (Unisantis XMD-300, Geneva,
Switzerland). The diffraction patterns were determined by
Cu Ka radiation of wavelength 1.54 A in the region of 26 from
30 to 80°.”

5.3.3. Fourier Transform Infrared Spectroscopy (FTIR).
The L-AgNPs were exposed for FTIR analysis (Thermo
Nicolet AVATAR 370, Waltham, MA, USA) to study their
spectra. The examination was performed by means of KBr
pellets in the range of 500—4000 cm™".”

5.4. Anti-Candidal Activity of AgNPs. An oral species of
C. albicans was kindly provided by the Micro-Analytical
Center, Microbiology Laboratory, Faculty of Science, Cairo
University and kept on Sabouraud dextrose agar (SDA) slopes
at 4 °C. Inoculates were prepared from cultures on SDA slopes
incubated at 37 °C for 16—18 h. The yeast cells were washed
with sterile water, centrifuged, and suspended in water (under
aseptic conditions). The anti-candidal activities of L- AgNPs
and plant extract were measured as described previously.”” The
solution of L-AgNPs was prepared by dissolving L-AgNPs in
10% dimethyl sulfoxide (DMSO, 1000 pug/mL). The sample
was sonicated for 20 min, and sterile filter paper disks
containing 50 pg of L-AgNPs/disk were used. 10% DMSO was
used as a negative control. The culture of C. albicans was
diluted to 1 X 10° CFU, and the anti-candidal potential of the
L-AgNPs and plant extract was determined by measuring their
inhibition zone diameters after 48 h of incubation at 28 °C.
The minimum inhibitory concentration (MIC) was deter-
mined by the bifold serial dilution method.”* Different
concentrations of L-AgNPs and plant extract (6.25—200 ug/
mL) were used for the MIC assay. MIC values were expressed
as ug/mL.

5.5. Synergistic Anti-Candidal Action of L-AgNPs/LL.
The synergistic anti-candidal effects of L-AgNPs and plant
extract mixture solution were determined against C. albicans as
described previously.'” For the preparation of L-AgNPs/LL, L-
AgNPs (50 pg/mL) and plant extract (100 pg/mL) were
mixed and sonicated for 15 min at room temperature. Paper
disks were prepared by adding SO uL of the L-AgNPs/LL
mixture solution to 6 mm filter paper disks. MIC was evaluated
by measuring the inhibition zone diameters.

5.6. Time-Kill Test. C. albicans was grown in RPMI-1640
with a starting inoculum of 10° CFU/mL. L-AgNPs, plant
extract, and L-AgNPs/LL were added. At predetermined time
points (0, 4, 8, 12, 16, 24, 36, and 48 h) after incubation with
agitation at 30 °C, a 100 uL aliquot was removed from every
solution and spread on a PDA plate. Colony counts were
determined after incubation at 30 °C for 48 h.

5.7. Assay of C. albicans Hyphal Development in
Liquid Media. C. albicans was grown in RPMI-1640 with a
starting inoculum of 10° CFU/mL amended with L-AgNPs,
plant extract, or L-AgNPs/LL at 37 °C for 24 h in a shaking
incubator. A medium with 10% DMSO was used as a negative
control. Aliquots of fungal cells were harvested after 24 h and
observed in bright field with a Digital Cell Imaging System
(Logos Bio Systems, Heidelberg, Germany).”

5.8. Adhesion and Biofilm Formation Assays. RPMI-
1640 was inoculated with C. albicans (1 X 10° cells/mL) and
then added to 96-well microtiter plates (Nunc, Roskilde,
Denmark). DMSO, L-AgNPs, plant extract, and L-AgNPs/LL
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were added to C. albicans and incubated for 2 h for
determination of adhesion and 24 h for determination of
formation of the biofilm at 37 °C. Biofilm growth was
determined by the MTT metabolic assay.”® Wells without any
antifungal agent were used as controls, while wells without
biofilms were the blanks.

5.9. Determination of Antioxidant Enzymes. C.
albicans was grown at 37 °C with L-AgNPs/LL. Cells were
harvested and homogenized in homogenizing buffer (pH 7.5).
The homogenate was centrifuged at 20,217g for 1 h at 4 °C.
The supernatant was examined for protein concentration by
the Lowry method,*® and antioxidant enzyme activities were
measured as follows.

5.9.1. Glutathione-S-transferases (GST). GST activity was
determined spectrophotometrically by measuring glutathione
(GSH) and 1-chloro-2,4-dinitrobenzene (CDNB) conjugate at
340 nm following the method of Habig et al.*'

5.9.2. Catalase (CAT). Catalase activity was determined by
measuring the decrease in absorbance of hydrogen peroxide at
240 nm following the method of Teranishi et al.**

5.9.3. Superoxide Dismutase (SOD). Superoxide dismutase
activity was determined using the adrenochrome test that relies
on the ability of SOD to inhibit the autoxidation of
epinephrine in alkaline according to the method of McCord
and Fridovich.*?

5.9.4. Glutathione Reductase (GSR). Glutathione reductase
activity was measured according to the method of Carlberg and
Mannervik®* in which one unit of glutathione reductase
activity is defined as the amount of enzyme catalyzing the
reduction of 1 uM NADPH per minute.

5.9.5. Glucose-6-phosphate Dehydrogenase (G6-P). Glu-
cose-6-phosphate dehydrogenase activity was determined by
measuring the reduction of NADP at 340 nm according to the
method of Zaheer et al.*®

5.10. Determination of Released Glucose and
Trehalose. C. albicans were grown at 28 °C in a PDA
medium. The cells were washed three times with PBS, and
then 1 mL of the C. albicans suspension (1.0 X 10° CFU/mL),
containing DMSO (negative control), L-AgNPs, plant extract,
and L-AgNPs/LL, was incubated for 2 h at 28 °C in PBS. The
fungal cells were precipitated by centrifugation (12,000 rpm for
20 min). Supernatants were mixed with 0.05 units of trehalase.
The enzymatic reaction was carried out for 1 h at 37 °C, and
then the reaction suspension was mixed with water and 16%
DNS reagent (3,5-dinitrosalicylic acid 1%, NaOH 2%, sodium
potassium tartrate 20%). For the reaction of glucose with the
DN reagent, the mixture was boiled for S min and allowed to
cool. Color formations were measured at 525 nm.*'

5.11. Ultrastructural Examination of C. albicans by
SEM. Cells treated with L-AgNPs, plant extract, and L-AgNPs/
LL were washed with PBS and fixed with 4% formaldehyde and
1% glutaraldehyde in PBS at room temperature. The samples
were then rinsed twice with 0.1 M phosphate buffer and placed
in 1% osmium tetroxide for 1 h. The drying of the samples was
carried out in a series of ethanol. The samples were finally
placed on copper grids to be observed by SEM using a Hitachi
S-5500 (Hitachi High-Technologies Europe GmbH, Krefeld,
Germany).56

5.12. Ultrastructural Examination of C. albicans Cells
by TEM. A suspension of C. albicans cells (10° CFU/mL)
prepared from yeast cultures grown for 24 h at 37 °C in PDA
was mixed with L-AgNPs, plant extract, and L-AgNPs/LL. The
samples were then centrifuged for 10 min at 3500 rpm. The
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resulting pellets were suspended in 5 mL of PBS and washed
two times, and then the fungal cells were fixed by suspending
each pellet in 1 mL of 4% formaldehyde and 1% glutaraldehyde
in PBS. After 2 h of incubation at room temperature, the
samples were stored at 4 °C and stained with 1% osmium
tetroxide. The Candida cells were then washed with PBS,
dehydrated with a series of ethanol, fixed in a resin, and
allowed to solidify for 48 h at 60 °C. The resin capsules were
cut using a Porter Blum MT-2 ultra-microtome (Sorval,
Liverpool, NY, USA). Ultrathin sections were obtained and
examined bg TEM using a JEM-ARM200F (JEOL USA Inc,,
MA, USA).*

5.13. Cell Culture and Cytotoxicity Assay. Primary
mouse bone marrow derived mesenchymal stem cells
(BMSCs) were isolated from 8 week old male CS57BL/6]
mice according to our previously described protocols.®” Briefly,
whole bone marrow cells were flushed out from mouse tibia
and femur and centrifuged in 1 mL Eppendorf tubes for 1 min
at 400g. Cells were suspended in PBS, filtered through a 70 ym
filter, and cultured in 60 cm?® Petri dish in an RPMI-1640
medium supplemented with 1% penicillin/streptomycin (P/S)
(Gibco Invitrogen, USA) and 12% FBS (Gibco Invitrogen,
USA). Cells were cultured in a 5% CO, incubator at 37 °C for
24 h, and nonadherent cells were collected by centrifugation
and cultured in a fresh medium. BMSCs were continued to be
subcultured at a split ratio of 1:2. The human breast
adenocarcinoma MCF-7 cell line (ACC 115, Braunschweig,
Germany) was cultured in DMEM supplemented with 10%
FBS, 10 pug/mL insulin (Gibco Invitrogen, USA), and 1%
penicillin/streptomycin (P/S).

For the cytotoxicity assay, cell viability was measured using
the MTT cell proliferation assay kit (Sigma-Aldrich) according
to the manufacturer’s instruction kit. Cells were treated with L-
AgNPs, plant extract, or L-AgNPs/LL at different concen-
trations in 96-well plates for 48 h. Cells were then incubated
with a medium containing 0.5 mg/mL MTT to metabolize to
formazan. Optical density was measured at 550 nm using an
ELISA plate reader.”” The values of cell viability were
presented as percentage of control, DMSO-treated cells.

5.14. Statistical Analysis. All values are expressed as mean
+ SD (standard deviation) of at least three independent
experiments. Power calculation was performed for 2-samples
using unpaired Student’s t test (2-tailed) assuming equal
variation in the two groups. Differences were considered
statistically significant at *P < 0.05 and **P < 0.005.
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