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Abstract

Biogenic silver nanoparticles (AgNPs) synthesized using aqueous extracts of Pyracantha koidzumii (AgNPs-P) and Schinus
molle (AgNPs-S) were evaluated for antifungal activity against two clinical isolates (HCI-I and HCI-II) and an ATCC strain
of Candida albicans. Synthesis was confirmed by UV-Vis, Fourier transform infrared spectrophotometry (FTIR), dynamic
light scattering (DLS), electrophoretic light scattering (ELS), nanoparticle tracking analysis (NTA), and transmission electron
microscopy (TEM) revealing stable, quasi-spherical particles averaging 15.13 nm (AgNPs-P) and 10.81 nm (AgNPs-S). Both
types of AgNPs exhibited a minimum inhibitory concentration (MIC) of 1.56 ug/mL across all strains. However, AgNPs-P
demonstrated superior efficacy against HCI-I, with the lowest minimum fungistatic (6.25 pg/mL) and fungicidal concentra-
tions (12.5 ug/mL). Notably, AgNPs-P eliminated fungal cells at a lower particle concentration (1.76 x 10! NPs/mL) yielding
a lower particle efficiency index (2.8 x 10* NPs/CFU), underscoring their enhanced antifungal efficacy. Mechanistically, the
AgNPs compromised cell wall integrity, inhibited hyphal growth, and reduced proteolytic activity. These results highlight
the need to evaluate antifungal performance beyond MIC values and suggest AgNPs-P as a promising therapeutic candidate.

Keywords C. albicans - Silver nanoparticles - Green synthesis - Antifungal susceptibility test - Minimum fungicidal
concentration - Minimum fungistatic concentration

1 Introduction

Fungal infections caused by Candida albicans represent a
critical global health challenge, specifically for immuno-
compromised individuals. In Mexico, candidiasis continues
to be a significant concern, with C. albicans identified as one
of the primary causes of nosocomial infections [1]. Recent
epidemiological studies indicate that invasive candidiasis is
among the top ten bloodstream infections in Mexican health-
care facilities, with mortality rates exceeding 40% [2]. The
ever-growing resistance of C. albicans strains to conventional
antifungal treatments, particularly azoles and echinocandins
[3-6], alongside the increasing global incidence of infec-
tions caused by these types of resistant strains, highlights
the urgent need for other alternative antifungal agents [7].

<1 Abraham Méndez-Albores
albores @unam.mx

! Unidad de Investigacién Multidisciplinaria (UIM) L14-A1
Ciencia y Tecnologia de Materiales, Facultad de Estudios
Superiores Cuautitlan (FES-C), Universidad Nacional
Auténoma de México (UNAM), 54714 Cuautitlan Izcalli,
Mexico

UIM, Laboratorio “A” Patologia Molecular Veterinaria,
FES-C, UNAM, 54714 Cuautitlan Izcalli, Mexico

3 UIML17 Microbiologia y Micologia, FES-C, UNAM,
54714 Cuautitlan Izcalli, Mexico

Departamento de Medicina Genémica y Toxicologia
Ambiental, Instituto de Investigaciones Biomédicas, UNAM,

Ciudad Universitaria, 05410 Mexico City, Mexico

Applied Physics and Materials Science Department

and Center for Materials Interfaces in Research

and Applications (jMIRA!), Northern Arizona University,
Flagstaff, AZ, USA

In recent years, silver nanoparticles (AgNPs) have garnered
significant attention due to their potent antifungal properties,
particularly against multidrug-resistant fungal pathogens such
as C. albicans [8]. One of the most commonly used approaches
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for synthesizing this type of nanoparticle is green chemistry,
which relies on eco-friendly methods such as plant-derived
extracts or microorganism-mediated processes involving bac-
teria, fungi, yeasts, microalgae, and bacteriophages [9]. Thus,
it is possible not only to reduce the need for toxic chemicals
but also to leverage the natural reducing and stabilizing prop-
erties of phytochemicals, protein, or peptides. This approach
also minimizes the environmental impact while enhancing the
biological activity of the nanoparticles, making them highly
effective against microbial pathogens [10]. In this context,
plants such as Schinus molle L. (pink pepper) and other related
Pyracantha species [distinct from Pyracantha koidzumii (Hay-
ata) Rehder] have previously been utilized for the synthesis of
AgNPs [11-14]; however, their antimicrobial activity against
human fungal pathogens remains largely overlooked. P. koid-
zumii and S. molle are widely distributed in Mexico and other
regions of the world and are commonly used for ornamental
purposes and providing shade in arid areas. Their abundance
makes them a sustainable and locally accessible resource for
nanoparticle synthesis. Despite the growing interest in plant-
mediated synthesis of AgNPs, there remains a limited under-
standing of the antifungal potential of AgNPs synthesized
using underexplored plant species. Pyracantha koidzumii and
S. molle are two such species with documented phytochemi-
cal profiles but little to no prior application in nanomaterial
synthesis. This study addresses this gap by demonstrating, for
the first time, the successful green synthesis of AgNPs and
evaluating their antifungal activity.

The minimum inhibitory concentration (MIC) is a crucial
parameter in antimicrobial assays for nanoparticles, as it defines
the lowest concentration required to inhibit visible microbial
growth. In nanoparticle research, MIC determination is essen-
tial for evaluating antimicrobial potency, optimizing dosage for
therapeutic use, understanding mechanisms of action, assess-
ing resistance potential, and standardizing antimicrobial testing
[15]. While the MIC is widely used as a standard endpoint in
antifungal evaluations, it does not always reflect the full bio-
logical activity or functional performance of nanomaterials.
Consequently, this research explores additional parameters
including the minimum fungistatic concentration (MFuC), the
minimum fungicidal concentration (MFC), the nanoparticle
concentration, the particle efficiency index (PEI), and the mode
of action of nanoparticles on fungal cells to comprehensively
elucidate the antifungal activity of biogenically synthesized
AgNPs against human clinical isolates of C. albicans.

2 Materials and Methods
2.1 Chemical Reagents

Silver nitrate (AgNOs;), bovine serum albumin, Roswell Park
Memorial Institute Medium 1640 (RPMI-1640), dipotassium

@ Springer

phosphate (K,HPO,), ammonium hydroxide (NH,OH, 29%),
magnesium sulfate heptahydrate (MgSO,e7H,0), sodium
chloride (NaCl), calcofluor white, and propidium iodide
were purchased from Merck KGaA, Darmstadt, Germany.
Yeast extract, glucose, bacteriological agar, and Sabouraud
Dextrose Agar (SDA) were sourced from BD Bioxon, Mex-
ico. Sterile 96-well plates (3599) were obtained from Corn-
ing Inc. Life Sciences. The C. albicans strain (ATCC-10231)
was purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA).

2.2 Plant Specimens and Aqueous Extract
Preparation

The plants used in this study were authenticated by the
Biologist Alejandro Torres-Montufar, responsible for
the management of the Herbarium of the Biological Sci-
ences Department (NYBG Steere Herbarium code: FESC).
The accession numbers for the specimens were 9888 [P.
koidzumii (Hayata) Rehder] and 5726 (Schinus molle L.)
(Fig. S1). Leaves (without any visual physical damage) were
washed with distilled water, oven-dried (40 °C for 48 h), and
ground with an electric plate-style mill type C-11-1 (Glen
Mills Inc. Clifton, NJ, USA). Finally, the finely ground
material was screened through a 60-mesh US sieve (parti-
cle size of <250 pm). To prepare the aqueous extracts, 2.5
g of powdered leaves (P. koidzumii and S. molle) were added
to amber flasks containing 50 mL of deionized water. The
mixtures were boiled for 10 min. After boiling, the solutions
were left to cool to room temperature and then centrifuged
(274 x g, 7 min). The resulting supernatants were filtered
using a PTFE membrane syringe filter with a 0.22-pm pore
size.

2.3 Synthesis of AgNPs

For the synthesis, 500 uL of AgNOj; solution (0.1 M) was
added to two separate amber flasks. Afterward, 640 pL
and 1000 pL of P. koidzumii and S. molle aqueous extracts
were introduced into each respective flask (these volumes
were selected based on preliminary assessments aimed at
maximizing the surface plasmon resonance (SPR) inten-
sity near 429 nm in the UV—Vis spectrum). This approach
ensured that any observed differences in antifungal effi-
cacy could be attributed to the specific phytochemical
composition of each plant extract, rather than disparities in
nanoparticle yield. Subsequently, to each mixture, 4.2 uL
of NH,OH was added. The total reaction volume in each
flask was then adjusted to 5 mL using deionized water.
The reaction mixture was kept under constant stirring for
another 10 min at room temperature (25 +2 °C).
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2.4 Characterization
2.4.1 UV-Vis Spectroscopy

UV-Vis absorption spectroscopy was employed to inves-
tigate the optical characteristics of the AgNPs. Absorption
spectra were recorded in the range of 300-900 nm utilizing
a Cary 8454 UV-Vis diode array spectrophotometer (Agi-
lent Technologies, Santa Clara, CA, USA). All measure-
ments were performed in triplicate at room temperature in
quartz cuvettes featuring a path length of 1 cm.

2.4.2 Fourier Transform Infrared Spectrophotometry (FTIR)

A Frontier SP8000 FTIR spectrometer (Perkin Elmer,
Waltham, MA, USA) equipped with an attenuated total
reflection (ATR) accessory was utilized to identify the func-
tional groups on the surface of the as-prepared NPs. The
FTIR spectra were recorded from 4000 to 400 cm™' at a
resolution of 4 cm™!. The FTIR spectrometer was calibrated
using a mid-infrared (MIR) polystyrene traceable reference
material (L1365334, Perkin Elmer, Waltham, MA, USA),
and a background spectrum was recorded to eliminate atmos-
pheric interferences. The characteristic absorption bands
were identified and analyzed using the Spectrum 10.4.2
software. All measurements were performed in triplicate.

2.4.3 Dynamic Light Scattering (DLS) and Electrophoretic
Light Scattering (ELS) Measurements

Particle size, polydispersity index (PDI), and {-potential
measurements were carried out using a particle size ana-
lyzer (ZetaSizer Pro, Malvern Instruments, Worcester-
shire, UK). All samples were analyzed in a disposable
capillary cell DTS1070 with an equilibration period of 120
s. The suitable parameters chosen were for material (col-
loidal silver): refractive index 0.135 and absorption 3.99;
for dispersant (water): refractive index 1.33 and viscos-
ity 0.8872 mPa/s at 25 °C. Quintuplicates of each sample
were measured, and each measurement comprised 20 runs.
Results were analyzed using the ZS Xplorer software.

2.4.4 Nanoparticle Tracking Analysis (NTA)

A NanoSight NS300 (Malvern Instruments, Worcestershire,
UK) equipped with a 532-nm green laser module was uti-
lized. Data was recorded using a 20 X objective and a 60-s
video clip. Three 60-s video measurements were recorded
to provide the average mean and mode values as well as the
concentration of AgNPs. Briefly, samples of AgNPs (4.8
pM) were prepared in Milli-Q water. Thereafter, an aliquot

was taken with a sterile syringe and injected into the equip-
ment’s chamber, preventing the formation of air bubbles.
The capture setting parameters used were camera type:
super-high-sensitivity complementary metal oxide semicon-
ductor camera (sCMOS), camera level: 13, slider shutter:
1232, slider gain: 219, number of frames: 1498, temperature:
23 °C, and viscosity: (water) 0.9 cP. The software used to
capture and analyze data was nanoparticle NTA 3.2 Dev
Build 3.2.16. Each measurement was repeated three times
under identical conditions to confirm reproducibility.

2.4.5 Transmission Electron Microscopy (TEM)

Particle size and morphology were determined using a JEM-
1010 transmission electron microscope (JEOL, Peabody,
MA, USA) operated at an accelerating voltage of 80 kV
with a nominal resolution of 0.25 nm. TEM grids were pre-
pared by placing one 10 pL drop of a 3-mM AgNPs solution
on carbon-coated copper grids, which were dried at room
temperature. The Image] 1.52 version software (US National
Institutes of Health, Bethesda, MD, USA) was used to deter-
mine the average diameter of NPs in the TEM images. A
minimum of 200 particles were considered for analysis.

2.5 Antifungal Assay
2.5.1 Fungal Growth and Inoculum Preparation

Two clinical isolates of C. albicans from recurrent vulvo-
vaginal candidiasis (denoted as HCI-I and HCI-II) and one
reference strain (ATCC-10231) were used. The HCIs were
kindly provided by the Social Security Institute of the State
of Mexico and Municipalities ISSEMYM, Ecatepec, State
of Mexico, Mexico). Initial characterization was performed
using CHROMagar™ Candida, which allows for both selec-
tive growth of Candida species and easy, rapid identifica-
tion through the color changes in colonies based on species-
specific enzymatic activity [16]. Thereafter, the strain and
isolates were cultured on SDA plates at 37 °C for 24 h. The
inoculum was prepared in RPMI—-1640 medium by adjusting
the cell concentration to 0.5 McFarland standard.

2.5.2 Antifungal Susceptibility Test

The antifungal activity of the AgNPs was assessed following
the Clinical and Laboratory Standards Institute (CLSI) guide-
lines M27-S3 and M27-S4 for yeast species [17, 18] with
minor adequations concerning the incubation temperature
and the time of reading. Sterile 96-well plates were employed
using the serial dilution technique. For AgNPs-P, AgNPs-
S, and nystatin, the concentration ranged from 0.097 to 200
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and 0.24 to 500 pg/mL, respectively. Plates were incubated
at 37 °C for 24 h; then, the minimum inhibitory concentra-
tion (MIC) was determined visually as the lowest concentra-
tion that inhibited the fungus growth, based on the contrast
between wells with and without visible growth, facilitated
by the color change of the RPMI medium. Furthermore, the
minimum fungistatic concentration (MFuC) and the mini-
mum fungicidal concentration (MFC) were determined by
inoculating an aliquot of all treatment-wells onto SDA plates.
For this purpose, plates were divided into 12 sections. In each
section, a drop (10 uL) of sample (C. albicans treated with
nystatin or AgNPs) was deposited in duplicate. Subsequently,
the plates were incubated at 37 °C for 24 h, and fungal
growth’s absence was evaluated. The MFuC was identified
as the lowest concentration of the antifungal agent at which
visible fungal growth remained. In contrast, the MFC was
considered as the concentration at which no fungal growth
was observed upon subculture onto SDA plates [19]. Samples
were tested in triplicate for each independent experiment.

2.6 The Relationship Between the Concentration
of AgNPs and the Colony Forming Units (CFU)

To determine the relationship between the concentration of
AgNPs and the CFU in the wells, the following methodol-
ogy was used: In the SDA plates (described in the previous
section), the CFU near to the MFC were counted using the
ImagelJ software. The CFU/mL average value was estimated
using the dilution factor of 100. Finally, the nanoparticle
concentration (NPs/mL) obtained via the NTA technique
was estimated and correlated.

2.7 Cellwall Integrity

The potential damage to the cell wall of the C. albicans was
evaluated following the methodology reported by Rivera-
Yaiiez et al. [20]. Briefly, 50 uL of sample treated with 1.56
pg of AgNPs/mL (the concentration that corresponds to the
MIC) were taken and placed on a glass microscope slide
(Waldemar Knittel Glass GmbH, Braunschweig, Germany).
Subsequently, 20 pL of calcofluor white plus 10 pL of pro-
pidium iodide (2.4 mM) were added. The mixture was thor-
oughly mixed and allowed to react for 5 min under a 24 x50
mm cover slip (Waldemar Kanittel Glass GmbH). Control
samples (without AgNPs treatment) were also considered.
Subsequently, 10 zones were randomly selected per slide and
analyzed with an Axio Imager Al fluorescent microscope
equipped with an AxioCam MRc (Carl Zeiss Microscopy
GmbH, Germany), using the ZENcore 2.0 software. The
total number of cells (cells in blue) and the cells with wall
damage (cells in red) were counted using the ImagelJ soft-
ware. Three independent experiments were performed.

@ Springer

2.8 Protease Activity Assay

Proteolytic activity was studied using the plate method
reported elsewhere [21, 22]. For this purpose, the agar was
prepared by dissolving 0.5 g K,HPO,, 0.04 g MgSO,e7H,0,
1 g NaCl, 0.2 g yeast extract, 4 g glucose, and 4 g agar in
150 mL of deionized water. The pH was adjusted to 6.5. The
solution was steam sterilized (121 °C, 15 psi, 15 min); sub-
sequently, 0.5 g bovine serum albumin—as the sole nitrogen
source—was dissolved in 50 mL of deionized water; the
solution was filtered using a PTFE membrane syringe filter
with a 0.22-pm pore size and then added to the previously
described sterilized agar. Thereafter, aliquots (20 pL) of the
well corresponding to the MFuC and the positive control
were transferred to separate sterile Eppendorf tubes, and
180 pL of sterile deionized water was added. Tubes were
vortexed thoroughly, and 10 pL of each tube was taken and
dropped onto the agar plates. The plates were incubated at
37 °C for 5 days. Then, the plates were stained with 0.6%
amido black and subsequently decolorized with a 20% acetic
acid solution. The diameter of the CFU and the generated
halo were measured in triplicate. The enzymatic activity
index (Pz) was calculated using the following equation:

Pz=+ 1)
where a= CFU diameter (mm) and b= CFU diameter plus
the generated halo (mm). Pz= 1 corresponds to non-enzy-
matic activity, values from 0.9 to 0.99 reflect very weak
activity, 0.8-0.89 indicate weak activity, 0.70-0.79 represent
moderate activity, and Pz < 0.69 signifies high enzymatic
activity.

2.9 Experimental Design and Statistical Analysis

The experiment was conducted using a completely rand-
omized design. Since the data did not meet the assumptions
of normality and homogeneity of variances required for
parametric tests, the nonparametric Kruskal-Wallis test was
applied. All statistical analyses were performed using the
GraphPad Prism software Version 10.2.3 (GraphPad Soft-
ware, San Diego, CA, USA). A significance level of @ = 0.05
was used to determine statistical significances.

3 Results and Discussion

3.1 Characterization

The representative UV—Vis absorption spectra of the engi-
neered AgNPs-P and AgNPs-S are shown in Fig. la. In

general, there was a prominent absorption band due to
the excitation of the SPR. As seen, the band was centered
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Fig. 1 Representative UV—Vis absorption spectra of the synthesized AgNPs (a), and comparative FTIR spectra of the extracts and the engi-

neered AgNPs using the P. koidzumii (b) and S. molle (¢) aqueous extracts

around 429 nm for both systems. A previous study involv-
ing the synthesis of AgNPs with S. molle reported a simi-
lar SPR maximum [13]. The synthesis of AgNPs involving
the aqueous extract of P. koidzumii has not been reported,
but the absorption band of AgNPs synthesized using the
aqueous extract of P. crenulata (455 nm) corresponds
to the typical value for biogenically synthesized AgNPs
[14]). Furthermore, no additional absorbance maximums
associated with silver oxide (Ag,0) were observed, indi-
cating that NPs are in a reduced metallic state without sig-
nificant oxidation. This observation is critical, as AgNPs
exhibit optimal antimicrobial properties in their metallic
form, while oxidation may affect their stability and func-
tionality for biological applications [23].

The FTIR spectra showed shifts in some characteris-
tic vibrations, revealing interactions between the func-
tional groups in the extract and the NPs surface (Fig. 1 b
and c). For instance, the broad band observed at around
3255-3265 cm™! attributed to O—H groups such as alco-
hols and phenols, shifted slightly. The band near 1635
cm™!, which corresponds to C= O stretching or N-H
bending from carbonyl or amide groups, also showed a
minor shift, indicating its involvement in the stabilization
process [23]. The bands at 1076 and 1053 cm™! are found
in both extracts, and the bands at 1070 and 1065 cm™" for
AgNPs are associated with C-O, C-O-C, and C-N vibra-
tions caused by polyphenols, proteins, organic acids, gly-
cosides, alcohols, terpenoids, polysaccharides, and polyols
[24]. The bands observed in the 610-575 cm™! region can
be attributed to C—H out-of-plane bending vibrations in
aromatic compounds, reflecting the presence of substituted
benzene rings. These changes in the FTIR spectra con-
firmed the role of certain phytochemicals present in the
aqueous extract during NP stabilization. The participation
of hydroxyl, carbonyl, and aromatic groups aligns with

previous studies, emphasizing the critical role of phenolic
compounds, flavonoids, and carboxylic acids in the green
synthesis of AgNPs [25].

According to the DLS measurements, the average size
of the NPs was 48.9 +2.7 and 59.5 +3.4 nm for AgNPs-P
(PDI =0.35) and AgNPs-S (PDI =0.29), respectively. Thus,
AgNPs-S exhibited a more uniform size distribution due to
their lower PDI, which may reduce the risk of agglomeration
and improve colloidal stability. These slight variations in
hydrodynamic diameter could be attributed to the differences
in the phytochemical composition of the aqueous extracts.
Regarding the {-potential, AgNPs-P and AgNPs-S yielded
—38.25+1.9 mV and —36.8 + 1.7 mV, respectively. Both
values fall within the range commonly reported for plant-
mediated synthesized AgNPs, typically between — 20 and
—40 mV, due to the capping and stabilization effects pro-
vided by bioactive compounds present in the aqueous extract
[26, 27]. Moreover, the particle concentration obtained via
the NTA technique were 2.82 X 10'? and 2.47 x 10'? parti-
cles/mL for AgNPs-P and AgNPs-S, respectively (Fig. 2).
The mode values for AgNPs-P and AgNPs-S were 65 and
86.4 nm, respectively.

Other studies on AgNPs synthesis have reported different
nanoparticle concentrations. For instance, Rheder et al. [28]
using 0.02 M of the metallic salt reported a concentration
of 7.2 x 10'° NPs/mL during the synthesis of AgNPs using
the extract of the plant Althaea officinalis. Moreover, Pérez-
de Leén et al. [29] synthesized AgNPs through chemical
reduction of 0.01 M AgNOj; the authors reported a slight
value in the particle concentration (2.3 X 10"> NPs/mL). In
this research, the use of P. koidzumii and S. molle aqueous
extracts yielded a slightly higher nanoparticle concentration
(2.82 x 10'? and 2.47 x 10'? particles/mL), possibly due to
its high phytochemical content. It is well known that a high
particle concentration may enhance antifungal activity due
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Fig. 2 Particle size distribution (2)
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to several key factors: higher particle concentration can pro-
vide a greater number of NPs available to interact with the
fungal cells, leading to membrane disruption and intracel-
lular penetration [30]. This also leads to an enhanced ion
release, which stimulates the production of reactive oxy-
gen species (ROS), causing oxidative stress and damage to
certain cellular components like lipids, proteins, and DNA
[31]. Additionally, a higher particle concentration can ensure
greater surface coverage and cumulative interactions with
the fungal cells, amplifying the antifungal effect of the NPs
[32].

Moreover, Fig. 3 (profiles a and b) shows representa-
tive TEM micrographs for the synthesized AgNPs. Images
showed predominantly quasi-spherical morphologies, with
average sizes of 15.13 +6.6 and 10.80 +2.2 nm for AgNPs-
P and AgNPs-S, respectively (Fig. 3c and d). In general,
the synthesized AgNPs-P showed a broader size distribu-
tion. The small differences in size can be attributed to the
distinctive phytochemical composition of the plant extracts
used during the synthesis, which influences their nucleation
and stabilization.

3.2 Antifungal Assay

MIC is defined as the lowest concentration of an antimi-
crobial agent that visibly inhibits the growth of the micro-
organism after a specified incubation period [33]. For tests
that involve metallic NPs in suspensions, determining the
MIC visually can be a challenging task due to the inher-
ent coloration of the systems, which may interfere with
optical clarity and make it difficult to assess the endpoint.
This phenomenon is particularly noted in the AgNP-based
antifungal studies, where the characteristic yellow—brown
coloration complicates the determination of the MIC value
using the standard visual inspection methodology (Fig. S2).
Despite these challenges, visual assessment remains a com-
monly used method for determining the MIC of AgNPs in
the antifungal studies. Although color interference poses a
limitation, this approach continues to be one of the most
accessible and widely adopted techniques in the field [34]. In
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our study, for the C. albicans tested (Fig. S2), visual exami-
nation determined the MIC at 1.56 pg/mL and 1.95 pg/mL
for AgNPs and nystatin, respectively.

3.3 Determination of the Fungistatic and Fungicidal
Concentrations

Figure 4 shows the results of the fungistatic and fungicidal
concentration for the ATCC strain and the two clinical
isolates. According to Fig. 4, the MFuC for the HCI-I iso-
late was found in wells 6 and 4 for AgNPs-P and AgNPs-
S, respectively. For the clinical isolate HCI-II, the MFuC
were in wells 5 and 4 for AgNPs-P and AgNPs-S, respec-
tively. However, the MFC for HCI-I and HCI-II isolates
treated with AgNPs-P was found in wells 5 and 4; while for
AgNPs-S, the MFC was in well 3 (both isolates). Moreover,
the ATCC strain showed the MFuC in wells 7 and 6, and
the MFC was observed in wells 6 and 5 for AgNPs-P and
AgNPs-S, respectively. Based on these results, the ATCC
strain was more susceptible to the treatment with AgNPs.

Usually, in studies evaluating the antifungal potential of
metallic NPs, it is common to report only the MIC value.
However, this research pointed out that MIC does not always
correspond to the MFuC or MFC values. Therefore, report-
ing the MIC solely may not provide a comprehensive thor-
ough understanding of the antifungal efficacy of metallic
NPs. In this research, the antifungal evaluation demonstrated
significant differences in the MIC, MFuC, and MFC values
among treatments across both the reference strain and the
clinical isolates. For comparison purposes, Table 1 shows
the MIC, MFuC, and MFC values. The particle concentra-
tion (NPs/mL) determined via NTA is also provided.

As can be seen, for the ATCC-10231 strain, the visual
determined MIC value for nystatin (1.95 pg/mL) was statis-
tically different from those of AgNPs-P and AgNPs-S (1.56
pg/mL). However, to reach the MFuC, 3.12 and 6.25 pg/
mL were required for AgNPs-P and AgNPs-S, respectively.
These values are significantly lower than the MFuC value
(7.81 pg/mL) for nystatin. For the clinical isolates HCI-I and
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Fig.3 Representative TEM images of AgNPs-P and AgNPs-S (a and b) and their respective particle size histogram (c and d)

HCI-II, the resistance patterns were more notorious, as indi-
cated by higher MFuC and MFC values. For the HCI-I iso-
late, the MFuC and MFC values were 6.25 and 12.5 pg/mL
for AgNPs-P and 25 and 50 pg/mL for AgNPs-S (Table 1).
These results pointed out that the clinical isolate HCI-I is
less susceptible to AgNPs synthetized with the aqueous
extract of S. molle. On the other hand, HCI-II was the most
resistant since the MFuC was 12.5 and 25 for AgNPs-P and
AgNPs-S, respectively. In this context, similar MIC/MFC
values have been reported by different researchers [35-37].
In general, AgNPs-P were more effective because a low con-
centration was always required to produce the fungistatic/
fungicidal effect. These results suggest that the phytochemi-
cal composition of P. koidzumii may enhance the antifungal
activity of the as-prepared AgNPs-P, as reflected in the con-
sistency of lower MFuC and MFC values attained (Table 1).
It has been reported that the Pyracantha genus contains
compounds such as quercetin, rutin, apigenin, and hypero-
side, which exhibit significant antimicrobial activity [38].

Moreover, nanoparticle concentration provides a more
detailed understanding of the relationship between NPs
dosage and antifungal efficacy. For the ATCC-10231 strain,
AgNPs-P required a notably lower particle concentration
to achieve the MFC and MFuC compared to AgNPs-S
(Table 1). For instance, AgNPs-S required 3.09 x 10'* par-
ticles/mL to achieve the MFC, and AgNPs-P required only
1.76 x 10'° particles/mL (1.75-fold decrease). Furthermore,
for the clinical isolates HCI-I and HCI-II, the differences in
NPs concentration were even more pronounced. Thus, for
the HCI-I isolate, the MFC value found when using AgNPs-
P (3.52 x 10'° particles/mL) was significantly lower than
that for AgNPs-S (1.24 x 10'! particles/mL), a 3.5-fold
decrease. Similarly, for the HCI-II isolate, the MFC value
attained when using AgNPs-P was 7.04 x 10! particles/mL,
while AgNPs-S required nearly a double concentration (1.24
x 10! particles/mL). These results indicate that AgNPs-
P achieved similar or superior antifungal effects at lower
nanoparticle concentrations. These findings underscore the
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Fig.4 Illustrative SDA plates
showing the different C.
albicans treated with AgNPs-P
and AgNPs-S. An aliquot of
each well was dropped fol-
lowing a clockwise direction.
HCI =human clinical isolate.
AgNPs-P and AgNPs-S =silver
nanoparticles synthesized using
P. koidzumii and S. molle aque-
ous extracts, respectively

AgNPs-P AgNPs-S

ATCC-10231

importance of reporting this parameter in addition to the = provided a more comprehensive understanding of nanopar-
MIC, MFuC, and MFC values. Therefore, this parameter ticle efficacy and could help establish optimal dosages for

Table 1 Comparison of the
MIC, MFuC, and MFC values
of the AgNPs against the tested
C. albicans

@ Springer

MIC MFuC MFC

Treatment (pg/mL) (particles/mL) (pg/mL) (particles/mL) (pg/mL) (particles/mL)

ATCC-10231 Nystatin ~ 1.95a - 78lc - 15.62¢ -
AgNPs-P 1.56b 4.4 x10° 3.12¢  8.80x10° 6.25¢  1.76 x10'°
AgNPs-S  1.56b  3.86 x10° 6.25d  1.54x10° 1254  3.09 x10%°
HCI-1 Nystatin ~ 1.95a - 7.81c - 15.62¢ -
AgNPs-P  1.56b 4.4 x10° 6254 176 x10"° 1254 3.52x10%°
AgNPs-S  1.56b  3.86 x10° 25a 6.18x10'°  50a 1.24 x 10"
HCI-II Nystatin ~ 1.95a - 7.81c - 15.62¢ -
AgNPs-P 1.56b 4.4 x10° 12.5b 3.52x10°  25b 7.04 x10'°
AgNPs-S  1.56b  3.86 x10° 25a 6.18 <10 50a 1.24 x 10"

Means with different letters in the same column are statistically different (Kruskal-Wallis, p < 0.05)

Abbreviations: MIC minimum inhibitory concentration, MFuC minimum fungistatic concentration, MFC
minimum fungicidal concentration, HCI human clinical isolate
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Fig.5 Nanoparticle concentration vs CFU/mL after the treatment of
the two clinical isolates with (a) AgNPs-P and (b) AgNPs-S. Mean
+ standard error, HCI =human clinical isolate. Means with different

therapeutic applications while minimizing potential toxicity
effects.

3.4 The Relationship Between the Concentration
of AgNPs and the CFU

Figure 5 illustrates the relationship between the concen-
tration of NPs (particles/mL) and the CFU/mL for the two
clinical isolates (HCI-I and HCI-II).

For the two tested isolates, CFU/mL post-treatment
significantly decreased as the concentration of AgNPs
increased, demonstrating a clear dose-response relationship.
In general, when clinical isolates were treated with AgNPs-P
(Fig. 5a), a significant reduction in CFU count was observed,
particularly at 1.7 X 10'° particles/mL for HCI-I. In contrast,
HCI-II showed a more moderate response, with a higher
CFU/mL value, confirming that HCI-II is more resistant
to AgNPs-P. On the other hand, for AgNPs-S (Fig. 5b), no
significant differences were detected among concentrations
for either isolate, as CFU/mL values remained statistically
similar across all tested doses.

In this context, is it possible to establish a mathematical
association between the nanoparticle concentration corre-
sponding to the MFC (number of particles/mL) and the fun-
gal load (CFU/mL). For this purpose, we assume that 1.25
x 10° CFU/mL remains constant in all wells, the theoretical
average CFU found in each well when using the 0.5 McFar-
land standard [19]. Thus, the following simplified equation
can be proposed to know the particle efficiency index (PEI):

(b)

CFU/mL

010

3500
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® HCI-II
3000

2500
2000
1500
1000

500

ia
a
a
ma

T T T T T T T T T T T
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Particle concentration (nanoparticles/mL)

letters at the same nanoparticle concentration are statistically different
(Kruskal-Wallis, p < 0.05)

Number of particles
CFU

PEI =

@

The PEI is defined as the number of particles required
to eliminate one CFU. Its biological significance lies in
the fact that a lower value indicates greater efficiency of
the nanoparticle system. The results demonstrated that PEI
was significantly lower for AgNPs-P across all C. albicans,
indicating a superior antifungal efficacy compared to the
AgNPs-S (Fig. 6). For the HCI-I isolate, AgNPs-P showed
a PEI of 2.8 x 10* NPs/CFU, 3.5 times lower than that for
AgNPs-S (9.9 x 10* NPs/CFU), implying that fewer NPs are
required to completely eradicate the CFU. The lower PEI
values attained for AgNPs-P suggest that the formulation
enhances their bioavailability and fungicidal activity. This
effect could also be attributed to the P. koidzumii aqueous
extract, which contains a wide variety of phytochemicals
[39], producing with the AgNPs a synergetic effect.

3.5 Cell Wall Integrity

Fluorescence microscopy studies also demonstrated that the
synthetized AgNPs at the MIC value (1.56 pg/mL) induced
notable damage to the cell wall. This observation was evi-
denced by the penetration of the propidium iodide dye and
its subsequent binding to DNA, resulting in red fluorescence
in C. albicans cells, as shown in Fig. 7.

Moreover, the percentage of cells with wall damage was
estimated and the results are presented in Fig. 8.

In general, the ATCC strain exhibited the highest cell wall
damage due to AgNP exposure, with damage levels reaching

@ Springer
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Fig.6 Number of particles 1.20x10°
(AgNPs-P or AgNPs-S) % _
required to eliminate a single V///A AgNPS P
CFU of C. albicans. HCI 10/ /] AgNPs-S
=human clinical isolate. Means a a
with different letter are statisti- 9.60x1 04 — 4 4
cally different (Kruskal-Wallis, 9.9x10 9.9x10
p<0.05) 4
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Fig.7 The effect of AgNPs on the cell wall integrity of C. albicans
measured with calcofluor white and propidium iodide dyes. The
white arrows show cells with wall damage. HCI =human clinical iso-

15.3% for AgNPs-P and 38.2% for AgNPs-S, respectively.
Among the clinical isolates, HCI-I showed the lowest effect,
possible due to mutations that induce adaptations in the cell
wall [40]. In contrast, the HCI-II exhibited cell wall damage
up to 13.9% and 8% when the isolate was exposed to AgNPs-
P and AgNPs-S, demonstrating a differential response

@ Springer

late. AgNPs-P and AgNPs-S =silver nanoparticles synthesized using
P. koidzumii and S. molle aqueous extracts, respectively

between the two clinical isolates tested. Interestingly, the
two HCI exhibited hyphal formation after 24 h of incuba-
tion. However, after the treatment with AgNPs, hyphal struc-
tures were absent (Fig. S3). The morphological transition of
C. albicans from yeast to hyphae is a key virulence factor
that facilitates tissue invasion and biofilm formation [41].



BioNanoScience (2025) 15:407

Page 110f 14 407

Fig.8 Percentage of cells with N
wall damage in C. albicans after \ m AgNPS-S
treatment with the synthetized L bec % _
AgNPs. HCI =human clinical \ m AgNPS P
isolate. AgNPs-P and AgNPs-S HCI-II
=silver nanoparticles synthe- /
sized using P. koidzumii and S. / b
molle aqueous extracts, respec-
tively. Means with different
letters are statistically different
(Kruskal-Wallis, p < 0.05) \
—C
HCI-I
Vo4—C
N\
ATCC
/ b
lIIIIllIIIllllIlllllIlllllllllllllllllllllll
0 5 10 15 20 25 30 35 40 45
Cell wall damage (%)

Our findings align with previous studies demonstrating that
AgNPs can effectively inhibit hyphal development. In this
regard, Lara et al. [42] observed that AgNPs (0.48 ug/mL)
induced significant structural changes in C. albicans, limit-
ing the apparition of true hyphae, which is in accordance
with our results.

3.6 Protease Activity

Proteases are enzymes that play a crucial role in the vir-
ulence and pathogenicity of various microorganisms by
degrading host proteins and evading immune responses [43].
In C. albicans, secreted aspartic proteases are key virulence
factors that facilitate tissue invasion and immune evasion
[44]. Assessing protease activity before and after treat-
ment with AgNPs is essential to understand their potential

in mitigating fungal infections. The results of the protease
activity assay are shown in Table 2.

According to the results, C. albicans can be classified
with high enzymatic activity prior to the treatment with
AgNPs (Pz= 0.38-0.56). Notably, AgNPs-S was the only
treatment that reduced the Pz value in the HCI-I, from 0.56
to 0.73, changing their enzymatic activity from high to mod-
erate. This phenomenon can be attributed to the fact that
the concentration required to achieve the MFuC in AgNPs-
S was 6.18 x 10'° particles/mL, which is 3.5 times higher
than that for AgNPs-P (1.76 x 10'° particles/mL). This
excess of AgNPs-S could potentially lead to a significant
decrease in enzymatic activity through various pathways,
such as the suppression of genes associated with virulence
and biofilm formation [44]. The observed reduction in the
protease activity of the HCI-I upon treatment with AgNPs-
S suggests a potential interference with the proteolytic

Table 2 Protease activity

. . ATCC HCI-I HCI-1I
index (Pz) of C. albicans after
treatment with the biogenically AgNPs-P AgNPs-S AgNPs-P AgNPs-S AgNPs-P AgNPs-S
synthesized AgNPs
Without treatment 0.42 0.38 0.54 0.56 0.49 0.48
MFuC 0.51 0.48 0.62 0.73 0.52 0.52

Pz =1, non-enzymatic activity; 0.9-0.99, very weak activity; 0.8-0.89, weak activity; 0.70-0.79, moderate

activity, and <0.69, high activity

Abbreviations: HCI human clinical isolate, MFuC minimum fungistatic concentration
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mechanisms. Thus, the inhibition of these enzymes could
potentially attenuate the pathogenicity of the C. albicans
isolate, making it more susceptible to host defenses and
antifungal treatments [45]. While our findings demonstrate
promising in vitro antifungal activity, further in vivo studies
are necessary to confirm the therapeutic potential and safety
of the synthesized AgNPs under physiological conditions.

4 Conclusion

This study describes the biogenic synthesis of AgNPs in
aqueous media through a simple, cost-effective, and eco-
friendly route. The AgNPs were successfully synthesized
using P. koidzumii and S. molle aqueous extracts, which con-
tain various phytochemicals that act as reducing and stabi-
lizing agents. Notably, this study emphasized that the MIC
visually determined is not always equivalent to the MFuC
or MFC. This finding underscores that the determination of
MIC alone may not adequately reflect the antifungal potency
of AgNPs. This discrepancy, although rarely reported in the
literature, pointed out the importance of considering these
additional parameters when evaluating the antifungal effi-
cacy of metallic NPs. In general, AgNPs-P demonstrated
superior performance with lower MFuC and MFC values
compared to AgNPs-S, even when their MIC values were
equivalent. AgNPs-P showed a superior PEI because a lower
particle concentration was needed to achieve the MFC com-
pared with AgNPs-S. This enhanced efficacy could be attrib-
uted to the phytochemical composition of the P. koidzumii
aqueous extract, which promotes the formation of nanopar-
ticles with optimal physicochemical properties and bioactiv-
ity. Fluorescence microscopy analysis revealed that AgNPs
induced cell wall damage and inhibited hyphal formation.
Furthermore, only AgNPs-S reduced the protease activity
in one of the tested clinical isolates (HCI-I), indicating their
potential to attenuate fungal virulence factors. Although this
study provides valuable in vitro evidence, further in vivo
validation and mechanistic studies at the molecular level
will be essential to confirm the therapeutic potential of these
nanoparticles. Additional research is required to assess their
efficacy in clinically relevant settings, including evaluations
of their effects on other key virulence factors such as biofilm
formation, morphological transitions, and enzymatic activ-
ity. Moreover, studies involving a broader range of clinical
C. albicans isolates, as well as cytotoxicity and immuno-
genicity assessments in mammalian systems, are necessary
to fully evaluate their safety and clinical applicability. Ongo-
ing research on these topics is currently being conducted in
our laboratories.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12668-025-02030-1.
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