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Abstract: Silver nanoparticles (AgNps) have attracted maximal attention among all metal 

nanoparticles, and the study of their biological properties has gained impetus for further medical 

adoption. This study evaluated the cellular and molecular mechanisms associated with the 

action of AgNps against an opportunistic pathogen, Candida albicans. Spherical, stable AgNp 

(average size 21.6 nm) prepared by a chemical reduction method showed minimum inhibitory 

concentration (required to inhibit the growth of 90% of organisms) at 40 µg/mL. AgNps have 

been reported to induce oxidative stress-mediated programmed cell death through the accumu-

lation of intracellular reactive oxygen species (ROS). However, this study demonstrated that 

intracellular levels of AgNp-induced ROS could be reversed by using antioxidant ascorbic 

acid, but the sensitivity of AgNp-treated Candida cells could not be completely reversed. 

Moreover, in addition to the generation of ROS, the AgNps were found to affect other cellular 

targets resulting in altered membrane fluidity, membrane microenvironment, ergosterol content, 

cellular morphology, and ultrastructure. Thus, the generation of ROS does not seem to be the 

sole major cause of AgNp-mediated cell toxicity in Candida. Rather, the multitargeted action 

of AgNps, generation of ROS, alterations in ergosterol content, and membrane fluidity together 

seem to have potentiated anti-Candida action. Thus, this “nano-based drug therapy” is likely 

to favor broad-spectrum activity, multiple cellular targets, and minimum host toxicity. AgNps, 

therefore, appear to have the potential to address the challenges in multidrug resistance and 

fungal therapeutics.
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Introduction
Bacterial drug resistance has been the primary cause of concern, but a rise in antifungal 

resistance has now begun to pose a challenge to therapeutics.1 Life-threatening systemic 

and superficial mycoses caused by opportunistic fungal pathogens account for ~40% 

mortality.1,2 Among these, dimorphic and otherwise commensal Candida spp. form part 

of human microbial flora and are fourth most common cause of nosocomial infections, 

especially among immunocompromised individuals.1,2 High toxicity, low host toler-

ance, narrow spectrum of antifungal drugs, and increasing incidence of azole resistance 

further complicate the treatment of invasive Candida albicans infections.2

With global emergence of antimicrobial resistance as an increasing threat to public 

health arises the need to develop new and safe agents with broad-spectrum activity and 

minimal host side effects.1 The potential of metal nanoparticles in medicine has been 

exploited for early detection, diagnosis, and disease treatment, but their biological 

properties still remain unexplored. Among all nanoparticles, silver nanoparticles 
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(AgNps) have attracted maximum attention.3 Silver is 

known for its use as disinfectants and antimicrobials and 

has been reported to exhibit higher microbial toxicity than 

other heavy metals.3 For safer medical use of AgNps, more 

clinical trials and research at the level of molecular biology 

are needed to delineate intracellular pathways involved and 

evaluate potential host toxicity. This study is an effort to 

elucidate the cellular and molecular mechanisms associated 

with AgNp activity against opportunistic fungal pathogen, 

C. albicans.

Materials and methods
Analytical grade chemicals and high-performance liquid 

chromatography grade solvents were obtained from HI-

Media (Mumbai, Maharashtra, India) and Fisher Scientific 

(Mumbai, Maharashtra, India). Fluconazole, dichlorofluo-

rescein diacetate (DCFDA), ascorbic acid (AA), lyticase,  

1, 6-diphenyl-1, 3, 5-hexatriene (DPH), and tetrahydrofuran 

were procured from Sigma Aldrich (St Louis, MO, USA).

Chemical synthesis and characterization 
of AgNp
AgNp was synthesized by the chemical reduction of silver 

nitrate by sodium borohydrate and characterized using zeta 

potential, transmission electron microscope (TEM), scanning 

electron microscope (SEM) equipped with energy dispersive 

spectroscopy (EDS), ultraviolet spectrophotometer, and 

X-ray diffraction (XRD) powder.4

evaluation of antifungal activity
The antifungal activity of AgNps was assessed using 

minimum inhibitory concentration (MIC) and spot assays 

as described elsewhere.5,6 MIC was determined by the broth 

microdilution method in accordance with the recommenda-

tions of the Clinical and Laboratory Standard Institute.6,7 

Briefly, cells were grown for 14–16 hours on agar plates 

(exponentially growing log phase cells) and resuspended in 

0.9% saline to give an optical density of 0.1 at 600 nm (OD
600

), 

which corresponded to cell number 0.5–1×106 cells/mL. Fur-

thermore, the cells were diluted 100-fold in the yeast extract 

peptone dextrose (YEPD) medium to make the final concen-

tration of cells 0.5–1×104 cells/mL. The cells were allowed 

to grow at different concentrations of AgNps at 30°C with 

continuous shaking. Readings were recorded at 600 nm at 

every 4-hour interval and compared with growth control (no 

AgNps). For the spot assay, the cells were taken from the 

overnight grown YEPD agar plate and resuspended in 0.9% 

saline. The OD at 600 nm of cell suspension was adjusted 

to 0.1 and serially diluted five times. Then, 5 µL of each 

serial dilution of yeast culture was spotted onto the YEPD 

plates in the presence of various concentrations of AgNps 

only and both AgNps and antioxidant AA (5 mM/mL). Two 

growth controls were maintained separately – one without 

AgNps and antioxidant and the second without AgNps but 

with antioxidant. Growth differences were recorded after 

incubation of the plates at 30°C for 48 hours.8

Assessing intracellular reactive oxygen 
species (rOS) in the AgNp-treated cells 
and reversal of endogenous rOS to basal 
levels using antioxidant AA
Endogenous ROS levels of C. albicans were detected by 

an oxidant-sensitive fluorescent dye DCFDA as previously 

reported with slight modifications.5 The cells were grown 

till mid-exponential phase in the presence of only AgNps 

(5 and 40 µg/mL), both AgNps and antioxidant AA (5 mM), 

and in the absence of both (growth control). The cells 

were then harvested, followed by washing with phosphate-

buffered saline (PBS) buffer, pH 7.4, twice to remove the 

media. About 107 cells were resuspended in 3 mL of PBS, 

pH 8.4. The fluorescent probe DCFDA (final concentration 

10 µM) was added to each cell suspension and incubated 

at 30°C for 1 hour. Fluorescence intensity was measured 

in a Perkin Elmer L55 spectrofluorimeter at respective 

excitation and emission wavelengths of 488 and 540 nm 

with slit widths of 5 and 10 nm, respectively. The blank 

(absence of fluorescent probe) was maintained separately to 

avoid autofluorescence.

Assessing membrane fluidity, cellular 
microenvironment, and sterol content 
in AgNp-treated cells
Intracellular ROS levels were estimated as described before.5 

The changes in membrane fluidity and cellular microenvi-

ronment were analyzed by steady state and time-resolved 

fluorescence polarization studies using a fluorescent probe, 

DPH.5,6 Membrane ergosterol extracted by heptane was 

quantitated as described earlier.5,6

electron microscopy for the study 
of surface morphology and cellular 
ultrastructure of the treated cells
Alterations in the surface morphology and cellular ultra-

structure of AgNp-treated cells were determined by using 

SEM and TEM.9
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Results and discussion
TEM revealed the formation of well-dispersed AgNp of an 

average size of 21.6 nm (Figure S1). The zeta potential value  

of −34.2 mV indicated the stability of AgNps. SEM micro-

graphs showed well-dispersed AgNps with spherical and 

smooth surface morphology (Figure S2). The presence of 

strong peak was observed in EDS at 3 keV, typical for Ag 

(Figure S3) and did not reveal the presence of any major 

element other than Ag.10 A single peak showing a maximum 

absorbance at 398.87 nm was obtained for AgNps confirming 

their stability and uniformity (Figure S4). The XRD spectrum 

obtained for AgNps at 2θ values ranging between 30° and 80° 

was in agreement with XRD spectra of pure crystalline silver 

structures published by the Joint Committee on Powder Dif-

fraction Standards (JCPDS file no 04-0783). This confirmed the 

presence of nanocrystals of Ag in our experiments, as evident 

from the four intense diffraction peaks at 2θ values of 38.1°, 

44.5°, 64.5°, and 77.5° corresponding to (111), (200), (220), 

and (311) planes, respectively, for silver (Figure S5).11

MIC (required to inhibit the growth of 90% of organisms 

[MIC
90

]) of AgNps for the C. albicans cells was 40 µg/mL−1. 

Anti-C. albicans effects of AgNps were confirmed by 

spot assays.

In accordance with previous reports, we found AgNp 

dose-dependent increase in intracellular ROS levels in 

treated C. albicans cells (Figure 1A).12 Interestingly, even 

reversing cellular ROS levels using AA could not completely 

reverse the AgNp susceptibilities of treated cells (Figure 1B). 

In addition to endogenous ROS generation, AgNp treatment 

also resulted in altered cellular ergosterol content, mem-

brane fluidity, cellular microenvironment, ultrastructure, 

and surface morphology (unpublished data). Therefore, the 

generation of intracellular ROS does not appear to be the 

only major cause of AgNp-mediated C. albicans cell toxic-

ity. Further experimental investigations are underway to 

elucidate the underlying mechanisms.

Conclusion
The antifungal potential of AgNps appears to be in coherence 

with broad-spectrum activity, multiple cellular targets, and 

minimum host toxicity. Thus, this “nano-based drug therapy” 

has the potential to provide a promising approach to combat 

multidrug resistance for better therapeutic management.
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Figure S1 TeM micrograph of chemically synthesized AgNps.
Abbreviations: AgNps, silver nanoparticles; TeM, transmission electron microscope.

Figure S2 SeM micrograph of AgNps.
Abbreviations: AgNps, silver nanoparticles; SeM, scanning electron microscope.

Figure S3 eDS analysis of AgNps.
Abbreviations: AgNps, silver nanoparticles; eDS, energy dispersive spectroscopy.

Supplementary materials

Figure S4 UV–Vis spectra of chemically synthesized AgNps.
Abbreviations: AgNps, Silver nanoparticles; au, arbitrary unit; UV–Vis, ultraviolet–
visible.

Figure S5 X-ray diffraction pattern of AgNps.
Abbreviation: AgNps, silver nanoparticles.
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