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Abstract 

The resistance of fungal pathogens to traditional antifungal medications presents a significant 
public health concern, particularly for immunocompromised patients, leading to elevated rates of 
illness and death. This study aimed to explore the antifungal properties of zinc oxide nanoparticles 
(ZnO NPs) produced using a natural approach involving the aqueous seed extract of Trigonella foenum-
gracium (Fenugreek). Additionally, the study assessed the combined effectiveness of these biologically 
synthesized ZnO NPs with fluconazole against fungal pathogens. The biologically synthesized ZnO NPs 
were observed to have a hexagonal shape with an average diameter of 27 nm and a surface charge of 
-18.3 mV. Notably, these nanoparticles exhibited the most potent antifungal activity against Candida 
tropicalis, with a relative inhibition zone diameter of 18.67±0.56 mm. The minimum inhibitory 
concentration against C. tropicalis was determined to be 100 µg/mL, while the minimum fungicidal 
concentration was found to be 200 µg/mL. The greatest synergistic effect between the biologically 
synthesized ZnO NPs and fluconazole was observed against Candida glabrata, followed by Candida 
parapsilosis. In summary, the study underscores the potential of combining biologically synthesized 
ZnO NPs with fluconazole to formulate an effective antifungal treatment against drug-resistant fungal 
pathogens, thereby enhancing the therapeutic efficacy of conventional antifungal drugs.
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Introduction

Invasive fungal infections mostly affect hospitalized 
and immunocompromised individuals [1]. These 
infections have a notable mortality rate and are 
predominantly opportunistic in origin [2]. Treating 
these infections may be difficult because of the limited 
selection of antifungal medications and the emergence of 
resistant strains, which narrow down treatment choices 
[3]. Furthermore, there are few new antifungal drugs 
discovered, and there is a lack of research on alternative 
therapies for human fungal diseases [4]. The commonly 
used antifungal medications for treating Candida 
infections are nystatin, ketoconazole, clotrimazole, 
fluconazole, itraconazole, and amphotericin B [3]. 
The prevalence of infections is increasing due to the 
overuse of conventional antifungal medications, leading 
to the development of resistance in opportunistic 
fungi [5]. In this context, the Candida glabrata strain 
showed a high level of antifungal resistance to azole 
antifungal agents such as fluconazole, itraconazole, 
and clotrimazole antifungal agents, as reported 
previously [6-8]. Additionally, the antifungal drugs 
routinely used elicit several adverse effects, such as 
allergic reactions, immune system suppression, and 
hypersensitivity [9]. Therefore, it is essential to find 
novel antimicrobial formulations in order to combat the 
problem of candidal resistance to antifungal treatments 
and enhance the efficacy of traditional antifungal 
therapies [10]. Nanoparticles (NPs) are characterized by 
their one-dimensional nanosize (1–100 nm) and large 
surface area [11]. Over the last 10 years, researchers 
have discovered that metal oxide nanoparticles possess 
significant promise in the field of nanotechnology due 
to their notable benefits, including their bigger surface 
area and smaller size. These characteristics enable them 
to function more effectively as active components [12]. 
Zinc oxide nanoparticles (ZnO NPs), a prevalent kind of 
metal oxide, have found extensive applications in several 
fields, such as medicine, cosmetics, food packaging, and 
photocatalysis [13]. Multiple techniques may be used 
to synthesize ZnO NPs, including sol-gel processing, 
microemulsion, and homogeneous precipitation [14].

Nevertheless, these approaches are plagued by many 
drawbacks, including the need for costly procedures, 
the requirement of chemical capping agents, the 
use of hazardous chemicals, and significant energy 
usage [15]. Currently, there is significant interest in 
using environmentally friendly methods to produce 
nanoparticles (NPs). These methods not only eliminate 
the need for high-energy and harmful chemicals, but 
also provide simplicity and cost-effectiveness [16]. Plants 
contain a wide range of complex and varied bioactive 
macromolecules, including saponins, polyphenols, 
and terpenoids. Plant extracts may be used as both 
stabilizers and reducing agents during the production of 
nanomaterials [17].

Furthermore, the use of plant extracts in the 
production of green synthesized ZnO NPs offers 

exceptional biocompatibility, making them very 
suitable for many applications [18]. A previous 
study demonstrated the green synthesis of ZnO 
nanoparticles utilizing a leaf extract from Lycopersicon 
esculentum and reported the antifungal efficacy of 
these nanoparticles against Candida albicans, a very 
common fungal pathogen, at a dosage of 100 μg/ml [19].  
In a different study, eco-friendly ZnO nanoparticles 
were synthesized from Costus pictus leaf extract. These 
nanoparticles showed promising antifungal effects 
against Aspergillus niger and C. albicans strains [20]. 
In a comparable study conducted by Irshad et al., ZnO 
nanoparticles were produced using green tea leaves, and 
their biocidal ability against A. niger was confirmed 
using the well diffusion technique. Both investigations 
demonstrated that the negatively charged cell membrane 
and positively charged nanoparticles are attracted to 
each other by electrostatic forces. As a consequence, 
the nanoparticles get attached to the cell membrane, 
leading to the rupture of the membrane and eventually 
causing cell death [21]. Fenugreek, scientifically known 
as Trigonella foenum-gracium L., is a plant belonging 
to the Leguminosae family [22]. The seeds and leaves 
of Fenugreek plants have hypoglycemic properties as 
well as antibacterial, anthelmintic, antipyretic, and anti-
inflammatory activities [23]. The previous studies have 
mostly concentrated on the eco-friendly production 
of biogenic ZnO nanoparticles and examining their 
antifungal activity. However, there is a scarcity of 
research on the combined antimicrobial activity of ZnO 
NPs with antifungal agents. Consequently, the present 
study focused on the green phytosynthesis of ZnO NPs 
using an aqueous extract from T. foenum-graecum 
seeds. The study investigated the antifungal properties 
and synergistic effects of biogenic ZnO NPs against four 
candidal pathogens: Candida albicans, C. parapsilosis, 
C. glabrata, and C. tropicalis. The cytotoxic impact of 
biogenic ZnO NPs on normal lung fibroblast cells was 
examined to assure their biosafety for application.

Materials and Methods 

Preparation of Water Extracts of Fenugreek Seeds

The T. foenum-gracium seeds were procured from  
a local market in Riyadh, Saudi Arabia, and were initially 
identified and deposited by the Herbarium of the Botany 
and Microbiology Department, assigned the voucher 
number KSU-202456. To prepare them, the Fenugreek 
seeds underwent two rounds of washing with tap 
water, followed by two rounds of rinsing with distilled 
H2O, and were then thoroughly dried in a shaded area.  
The dried seeds were crushed into a consistent powder 
using a mechanical mortar. Subsequently, 50 grams of 
the powdered plant material were added to 500 mL flasks 
containing 200 mL of deionized water. The mixture was 
heated on a hot plate at 50ºC for 30 minutes. Placed on 
a magnetic stirrer, the flasks were incubated at 25ºC  
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for 24 hours. Afterward, the extracts were filtered using 
Whatman filter paper (grade 1) and then sterilized 
through filtration using a 0.22 µm Millipore membrane 
filter. The resulting aqueous solution from Fenugreek 
seeds was preserved at 4ºC for future utilization [24, 
25].

Biogenic Synthesis of ZnO NPs 

A total of 5 mL of fenugreek seed extract was 
gradually added to a solution containing 95 mL of zinc 
nitrate hexahydrate (0.01 M). The Zn2+ and seed extract 
were vigorously mixed together and stirred continuously 
at room temperature for 1 hour. This was done to 
facilitate the electrostatic interaction between the Zn2+ 
ions and the biomolecules present in the seed extract. 
The pH of the mixture was later adjusted to 12 by 
adding NaOH (0.02 M) and stirring continuously using 
a magnetic stirrer for 2 hours at 60ºC. The result was  
a solution with a yellowish-white color. A centrifugation 
process was used to separate a white ZnO powder at 
10000 rpm for 20 min. The powder was subjected to 
two washes using distilled H2O, followed by three rinses 
with 100% ethanol to eliminate contaminants. Finally, 
it was dried overnight at 60ºC in an oven. Afterward, 
the dried zinc oxide nanoparticles were subjected to 
calcination in a muffle furnace at a temperature of 
400ºC for a duration of 2 hours [26].

Characterization of the Biogenic ZnO NPs

The optical features of ZnO NPs were assessed 
using an Ultraviolet-Visible Spectrometer within  
a wavelength range of 200 nm - 800 nm. The 
morphology and average nanosize of ZnO NPs were 
determined through transmission electron microscopy. 
Elemental composition and mapping were examined 
using an energy-dispersive X-ray (EDX) analyzer, while 
Fourier transform infrared spectroscopy was employed 
to identify the main functional groups of ZnO NPs.  
The crystalline characteristics and size were analyzed 
using a Shimadzu XRD model 6000 diffractometer 
with Cu K-alpha radiation (wavelength: 1.5402 Å). The 
average diameter in colloidal solutions and surface 
charge were detected using Zeta sizer equipment.

Screening of the Antifungal Effectiveness 
of Biogenic ZnO NPs

Adisc diffusion assay was used to evaluate the 
antifungal activity of the biogenic ZnO NPs against 
four candidal strains, namely Candida albicans (ATCC 
90028), C. parapsilosis (ATCC 22019), C. glabrata 
(ATCC 90876), and C. tropicalis (ATCC 13803). 
The isolates were cultured on Sabouraud dextrose 
agar medium (SDA) at 28ºC overnight to obtain fresh 
inoculums. A 100-μL candidal suspension of each 
strain was transferred onto freshly prepared SDA 
plates and spread homogenously using sterile swabs. 

The desiccated ZnO nanoparticles were dissolved 
in methanol and subjected to sonication to ensure 
thorough uniformity of the sample. Discs of filter paper 
measuring 8 mm in diameter were impregnated with 
100 and 200 µg of ZnO NPs. Discs of filter paper soaked 
just in methanol solvent were used as negative controls. 
The positive control discs consisted of fluconazole at a 
concentration of 25 µg, which were then put on top of 
the seeded SDA medium. Afterwards, the plates were 
placed in an incubator set at a temperature of 35ºC  
for a duration of 48 hours. Following this, the diameters 
of the inhibitory zones were measured using a Vernier 
caliper. The biogenic ZnO NPs were evaluated for their 
minimum inhibitory concentration (MIC) against C. 
tropicalis, which exhibited the greatest susceptibility 
to the ZnO-NPs. The broth microdilution experiment 
was conducted in 96-well microtiter plates, following 
the methodology published in a previous study [27]. 
In addition, the minimum fungicidal concentration 
(MFC) was determined by streaking the concentration 
that inhibits the growth of fungi (MIC) and the two 
following concentrations on freshly produced SDA 
plates. The plates were thereafter placed in an incubator 
set at a temperature of 35ºC for a period of 24 hours. 
The MFC concentration is the minimum concentration 
at which no fungal growth was detected.

Synergistic Antifungal Activity  
of Biogenic ZnO NPs with Fluconazole

The biogenic ZnO NPs at a concentration of  
200 µg/disk showed antifungal proficiency against 
the concerned strains. Therefore, the effectiveness of 
the biogenic ZnO NPs (200 µg) in combination with 
fluconazole (25 µg) against the tested strains was 
evaluated using a disc diffusion experiment to determine 
their synergistic antifungal properties. Positive 
controls were created using filter paper discs that were 
impregnated with fluconazole (25 µg), whereas negative 
controls were made by filling the discs with methanol 
solvent. In addition, an additional set of filter paper 
discs was loaded with a combination of fluconazole and 
ZnO nanoparticles to investigate their combined effect. 
Ultimately, paper discs that were treated with 200 µg 
of biogenic ZnO NPs were compared to discs treated 
with fluconazole and ZnO NPs. The loaded discs were 
positioned on the SDA plates previously inoculated and 
prepared as described earlier, followed by an incubation 
period of 48 hours at 35ºC. The inhibitory zones were 
gauged using a Vernier caliper, and the increase in the 
fold of inhibition area (IFA) was quantified based on the 
provided Equation (1).

	 IFA = (B2 − A2)/A2	 (1)

where B and A represent the inhibition zone diameters 
for the combination of fluconazole + ZnO-NPs and 
fluconazole antifungal alone, respectively. 
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Investigation of Fungal Cell 
Deformations Using SEM Analysis 

The SEM analysis was employed to assess the 
morphological alterations in fungal cells treated 
with biogenic ZnO NPs. The agar sections from the 
inhibition zones were extracted and immersed in  
a solution with 3% (v/v) glutaraldehyde, buffered with 
0.1 M sodium phosphate at a pH of 7.2, for 60 minutes 
at 25ºC. Following this, the agar pieces underwent four 
rinses in a buffer solution and were then post-fixed  
in a 1% (w/v) osmium tetroxide (OsO4) solution for  
1 hour. The samples underwent alcoholic dehydration, 
being immersed in ethanol solutions ranging from 
30% to 100% for 15 minutes. After complete drying, 
the specimens were affixed to stubs using double-
sided carbon tape. A thin layer of gold coating was 
applied using a Polaron SC 502 sputter coater, and 
the morphological alterations were observed using  
a scanning electron microscope (JEOL JSM-6380 LA).

Cytotoxicity Assay

The toxicity of ZnO NPs, synthesized with T. 
foenum-gracium seed extract, against the WI-38 cell 
line (normal lung fibroblast cells), was assessed through 
the methylthiazolyl diphenyl-tetrazolium bromide 
(MTT) test. Various concentrations of ZnO NPs (25, 
50, 100, 200, 400, 800, and 1600 µg/mL) were tested. 
Each well of a 96-well tissue culture plate received  
a cell concentration of 1 x 105 cells/mL in a volume  
of 100 µL. The plate was then incubated at 37ºC for  
24 hours, and after removing the growth media, 
biogenic ZnO NPs were cultured in RPMI media with 
2% serum, undergoing serial dilutions. Each well was 
treated with 0.1 mL of each dilution, with three control 
wells receiving only serum. Following a 48 hour 
incubation at 37ºC, a 5 mg/mL MTT solution in PBS 
was prepared. Each well was treated with 8-20 μL of the 
MTT solution, agitated for 5 minutes, and maintained at 
37ºC with 5% CO2 for 4 hours until formazan formation 
occurred. The formazan was then dissolved in 200 μL 
of dimethyl sulfoxide (DMSO) with gentle agitation for 
5 minutes. Absorbance was measured at 560 nm, and 
the IC50 value was determined using linear regression 
analysis to identify the concentration of biogenic ZnO 
NPs resulting in a 50% reduction in cell viability.

Statistical Analysis 

The analysis of the data was conducted utilizing 
GraphPad Prism version 8.0 (GraphPad Software, Inc., 
La Jolla, CA, USA), employing the Tukey test within 
a one-way ANOVA at a significance level of 0.05.  
The experimental methods were performed in triplicate, 
and the results were given as the mean value±standard 
error. OriginPro 2018 was used to draw the particle size 
distribution histogram and XRD patterns.

Results and Discussion 

Green Biofabrication of ZnO NPs

Phytochemicals, such as polyphenols, sugars, 
proteins, alkaloids, phenolic acids, carboxylic acids, 
saponins, carbohydrates, and terpenoids, are crucial 
in the process of reducing and stabilizing metal 
nanoparticles because of their ability to cap them [28]. 
The stabilizers or agents that stabilize the seed extract 
of T. foenum-graecum interact with the bio-reduced 
zinc atoms in order to enhance the stability of the 
nanoparticles and prevent their further agglomeration 
[29]. The process by which ZnO NPs are formed in 
this context is depicted in Fig. 1a), wherein the active 
phytochemicals function as reducing agents to transform 
zinc ions into elemental zinc, which subsequently reacts 
with oxygen to form ZnO NPs. Additionally, they act 
as capping agents, which enhance the stability of the 
biogenic ZnO NPs and prevent particle aggregation. 
Fig. 1b) shows the formation of biogenic ZnO NPs  
as a yellowish-white solution after the addition of the 
plant extract to a colorless zinc nitrate hexahydrate 
solution and adjusting the pH of the solution to 12.

Characterization of the Biogenic ZnO NPs

UV Spectral Analysis of ZnO NPs 

The optical characteristics of ZnO NPs were 
examined using UV analysis. The UV spectra of both 
ZnO NPs and Fenugreek seed extract exhibited a UV 
peak at 250 nm, indicating that the phytochemicals 
in the extract serve as reducing and capping agents 
for ZnO NPs (Fig. 2a). The extract’s spectra showed 
a broad absorption range spanning from 365 nm to 
800 nm, with a maximum of 517 nm. Conversely, the 
spectra of ZnO NPs exhibited a displacement towards 
a longer wavelength, with a maximum of 554 nm. The 
shift may be ascribed to the surface plasmon resonance 
(SPR) of ZnO NPs. The band gap energy of ZnO NPs 
was appraised using the Tauc plot approach and detected 
to be 3.15 eV, as seen in Fig. 2b). The findings of our 
investigation were in alignment with a prior publication 
that displayed the environmentally friendly synthesis of 
ZnO NPs utilizing Eucalyptus leaves. The nanoparticles 
were found to have a band gap energy of 3.15 eV [30]. 
The findings were further confirmed by previous work 
that demonstrated the eco-friendly production of ZnO 
NPs using sawdust. This process yielded biogenic 
nanoparticles with a band gap energy of 3.15 eV [31].

Morphology and Particle Size Distribution 
of Bioinspired ZnO NPs 

An investigation using a transmission electron 
microscope (TEM) was performed to identify the 
shape and size distribution of ZnO NPs. TEM 
analysis demonstrated that ZnO NPs had a hexagonal 
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zinc and oxygen with mass percentages of 51.42% and 
48.58%, respectively (Table 1). Fig. 4 demonstrated 
the existence of an oxygen peak at 0.525 keV, whereas 
the presence of zinc was indicated by the prominent 
peaks seen at 1.1, 8.6, and 9.5 keV, corresponding to 
Zn Lα, Zn Kα, and Zn Kβ, respectively. The results 
of our investigation align with previous research that 
demonstrated the environmentally friendly production 
of ZnO NPs using Borassus flabellifer fruit extract. 
Our analysis also confirmed the existence of prominent 
peaks at energy levels of 0.5 keV, 1.1 keV, 8.6 keV, and 
9.5 keV, which correspond to O K, Zn L, Zn K, and Zn 
Kβ, respectively [34].

FTIR Analysis of the Greenly Synthesized ZnO NPs 

Fourier transform infrared spectroscopy (FTIR) 
analysis of T. foenum-graecum extract showed the 
presence of 7 bands at wavelengths of 3431.76, 2079.17, 
1637.38, 1387.18, 1310.82, 1111.54, and 668.75 cm–1 
(Table 2). Furthermore, the FTIR spectra of ZnO NPs 

morphology, as seen in Fig. 3a). The mean particle 
diameter, as derived from the particle size distribution 
histogram shown in Fig. 3b), was 27.92 nm. A prior 
investigation documented the eco-friendly production 
of ZnO NPs through the utilization of Brassica oleracea 
var. italica extract. The average size of the particles, 
as determined by TEM examination, was found to 
be 47 nm [32]. The ZnONPs, synthesized using a leaf 
extract derived from Ipomoea aquatica, exhibited 
an average particle size of 67.70 nm, as reported in a 
prior investigation [33]. The phytosynthesized ZnO 
NPs obtained in this work were smaller compared to 
previous research, which confirms the success of the 
adopted green synthesis method.

EDX Analysis of the Bioinspired ZnO NPs 

The elemental composition of the bioinspired ZnO 
NPs was investigated using EDX analysis. The EDX 
spectrum confirmed the presence of ZnO NPs based on 
the elemental mapping, which revealed the existence of 

Fig. 1. a) Mechanistic formation of ZnO NPs with the water seed extract of T. foenum-graecum, b) Reduction of the colorless 
Zn(NO3)2·6H2O solution with T. foenum-graecum extract.
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exposed the existence of eleven absorption bands at 
3414.20, 2929.26, 2376.10, 2077.71, 1628.53, 1491.58, 
1394.99, 1037.16, 904.91, 645.61, and 550.22 cm–1 
(Fig. 5). The absorption bands detected at 3431.76 and 
3414.20 cm–1 detected at the spectra of T. foenum-
graecum extract and ZnO NPs, respectively, could be 
allocated to the O-H stretching of phenolic compounds 
[35, 36]. In this context, the data confirmed the role of 
the phenolic constituents of the water seed extract as 
reducing and capping agents for ZnO NPs. Moreover, 
the absorption band at 2079.17 cm–1 in the spectra of 
the aqueous extract of T. foenum-graecum was shifted  
to a lower wavelength in the spectra of ZnO NPs 
at 2077.71 cm–1, indicating N=C=S stretching of 
isothiocyanate functional groups [37]. The two 
absorption bands found in ZnO NPs spectra at  
2929.26 and 2376.10 cm–1 could be allotted to C-H and 
N–H stretching of alkanes and amines, respectively. In 
this setting, the extracted biomolecules, such as amines 
and alkanes, are capped over the surface of ZnO NPs, 
contributing to their stability and preventing their 
agglomeration. In addition, the band seen in the spectra 
of the plant extract at 1637.38 cm–1 was shifted to a lower 
wavelength at 1628.53 cm–1 in the IR spectra of ZnO NPs. 
This shift indicates that the C=C stretching of alkenes 
and the capping of alkenes over ZnO NPs surface [38]. 
Nevertheless, the band observed at 1387.18 cm–1 in the 
FTIR spectra of the seed extract of T. foenum-graecum 

was shifted to a higher wavelength at 1394.99 cm–1 in 
the spectra of bioinspired ZnO NPs. This shift indicates 
the O-H bending of alcoholic compounds and suggests 
that these biomolecules play a role in capping these ZnO 
NPs [39]. Furthermore, the amine functional group was 
observed in the spectra of the biogenic ZnO NPs at a 
wavelength of 1037.16 cm–1 due to C-N stretching [40]. 
The new band formed in the spectra of the biogenic ZnO 
NPs at 550.22 cm–1 was assigned to metal oxide bonds, 
affirming the formation of ZnO NPs [41].  

XRD Analysis of the Bioinspired ZnO NPs

Eleven diffraction peaks were detected in the XRD 
spectrum of ZnO NPs at two theta angles: 32.01º, 34.56º, 
36.45º, 47.73º, 56.63º, 62.89º, 66.58º, 68.08º, 69.31º, 
72.64º, and 77.09º. The specific diffraction lattice planes 

Fig. 2. a) UV analysis of T. foenum-graecum extract and the 
biogenic ZnO NPs, b) Band gap energy of ZnO NPs.   

Fig. 3. a) TEM graph of the bioinspired ZnO NPs, b) Particle size 
distribution histogram of ZnO NPs. 

Table 1. Elemental composition of the biogenic ZnONPs. 

Elements (keV) Mass% Atomic %

O K 0.525 48.58 79.42

Zn K 8.630 51.42 20.58
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denoted by these peaks were as follows: (100), (002), 
(101), (102), (110), (103), (200), (112), (201), (004), and 
(202), respectively, (Fig. 6). The crystalline nanosize of 
ZnO NPs was detected using Scherrer’s Equation (2).

	 D = (kλ/β cos θ) 	 (2)

Where λ denotes the X-ray wavelength (1.54178 Å), 
k signifies Scherrer’s constant (k = 0.94), θ signifies the 

diffraction angle (36.35º), and β signifies the full width at 
half maximum (FWHM) of the most intense diffraction 
peak (0.6791). The crystalline nanosize of ZnO NPs was 
detected to be 12.87 nm. Our outcomes were in line with 
those of a prior study that proved the phytosynthesis of 
ZnO NPs using the leaf extract of Callicarpa tomentosa 
with XRD spectra of diffraction peaks at 2 theta angles 
of 32.71, 35.91, 38.15, 47.98, 57.05, 63.22, 66.71, 67.86, 
69.27, 73.52, and 77.84, corresponding to the Bragg 

Fig. 4. Elemental map of ZnO NPs. 

Table 2. Functional groups of the biogenic ZnONPs and the water extract of Trigonella foenum-graecum.

T. foenum-graecum extract

No. Absorption Peak (cm−1) Appearance Functional Groups Molecular Motion

1 3431.76 Strong, broad Alcohols and phenols O-H stretching

2 2079.17 Medium Isothiocyanate N=C=S stretching

3 1637.38 Strong Alkenes C=C stretching

4 1387.18 Medium Alcohols O-H bending

5 1310.82 Weak Phenols O-H bending

6 1111.54 Medium Secondary alcohol C-O stretching

7 668.75 Strong Alkenes C=C bending

Biogenic ZnONPs

1 3414.20 Strong, broad Alcohols and phenols O-H stretching

2 2929.26 Medium Alkanes C-H stretching

3 2376.10 Weak Amines C=O or N–H stretching  

4 2077.71 Weak Isothiocyanate N=C=S stretching

5 1628.53 Medium Conjugated alkene C=C stretching

6 1491.58 Medium Aromatic compounds C=C stretching 

7 1394.99 Medium Alcohols O-H bending

8 1037.16 Medium Amines C-N stretching

9 904.91 Medium Alkenes C=C bending

10 645.61 Weak Alkyl halides C-Cl stretching

11 550.22 Medium Metal oxide bonds Zn-O stretching
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reflection peaks of (100), (002), (101), (102), (110), 
(103), (200), (112), (201), (004), and (202), respectively 
[42]. XRD analysis confirmed that the ZnO NPs had 
a hexagonal wurtzite crystal structure, according to 
JCPDS file no. 89-7102 [42].

Zeta Potential Analysis of the Biogenic ZnO NPs

The bioinspired ZnO NPs have an average 
hydrodynamic diameter of 169.6 nm, as shown in 
Fig. 7a). This measurement is larger than what was 
detected through XRD and TEM analysis because the 
nanoparticles in the solution tend to agglomerate due 
to the presence of plant biomolecules. Additionally, the 

dynamic light scattering technique measures not only 
the diameter of the bioinspired ZnO NPs but also the 
additional hydrate layer surrounding them [43]. Besides, 
ZnO NPs were determined to have a surface charge of 
–18.3 mV (Fig. 7b). This suggests that the surfaces of 
the nanoparticles are capped with molecules that consist 
mostly of negatively charged groups. These charged 
groups contribute to the stability of the nanoparticles 
[44]. The results of our study align with a recent 
publication that demonstrated the environmentally 
friendly production of ZnO NPs using an extract derived 
from Sesamum indicum L. seeds. The zeta potential 
value of ZnO NPs was evaluated to be -18.3 mV [45]. 
The presence of a negative charge on the surface of ZnO 
NPs leads to repulsion between the bioinspired ZnO 
nanoparticles. This repulsion contributes to the stability 
of nanoparticles in colloidal solutions [46].

Assessment of the Antifungal 
Proficiency of ZnO NPs

The antifungal effectiveness of ZnO NPs was 
evaluated against candidal infections. Within this 
particular framework, the findings indicated that C. 
tropicalis exhibited the highest level of susceptibility 
to phytosynthesized ZnO NPs. The inhibitory zone 
diameter was measured to be 18.67±0.56 mm when the 
concentration of ZnO NPs was 200 µg/disk (Table 3).  
In addition, the biogenic ZnO NPs exhibited anticandidal 
effects on the tested pathogens at a concentration of 
100µg, except for the C. glabrata strain. However, at 
a concentration of 200 µg/disk, the biogenic ZnO NPs 
demonstrated antifungal activity against C. glabrata, 
resulting in an inhibitory zone diameter of 10.61±0.47 mm. 

Fig. 5. FTIR spectrum of both of the water seed extract of T. foenum-graecum and the biogenic ZnO NPs.

Fig. 6. XRD pattern of ZnO NPs.
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Consequently, the combined effectiveness of the 
naturally occurring ZnO NPs at a concentration  
of 200 µg/disk was evaluated in combination with 
fluconazole (25 µg/disk) against the examined candidal 
pathogens. The antifungal mechanism was elucidated 
based on the capacity of ZnO NPs to penetrate the 
fungal membrane by diffusion and endocytosis. Zinc 

oxide nanoparticles disrupt mitochondrial activity inside 
the cytoplasm, leading to the generation of reactive 
oxygen species (ROS) and the release of zinc ions 
(Zn2+). The excessive generation of ROS and zinc ions 
(Zn2+) led to permanent DNA damage and the demise 
of cells [47]. The enhanced fungicidal efficacy of ZnO 
NPs in the current investigation might be ascribed 

Fig. 7. a) Hydrodynamic diameter of ZnO NPs in aqueous solution, b) Zeta potential value of ZnO NPs.

Table 3. Screening of antimicrobial activity of the bioinspired ZnONPs against candidal pathogens. 

Candidal strains ZnONPs
(100 μg/disk)

ZnONPs
(200 μg/disk)

Fluconazole
(25 μg/disk) Negative control

C. albicans 10.14±0.54 a 12.78±0.28 a 18.53±0.42 a 0.00±0.00

C. glabrata 00.00±0.00 b 10.61±0.47 b 0.00±0.00 b 0.00±0.00

C. parapsilosis 10.94±0.63 a 11.64±0.59 c 12.17±0.43 c 0.00±0.00

C. tropicalis 16.24±0.47 c 18.67±0.56 d 20.24±0.56 d 0.00±0.00

MIC MFC

C. tropicalis 100 µg/ml 200 µg/ml

Different superscript letters indicated that values were significantly different at p≤0.05.
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to the diminutive size of the synthesized ZnO NPs.  
A prior report further affirmed that the antifungal 
activity of ZnO NPs is influenced by their size [48]. 
Other researchers have also observed a correlation 
between the size of particles and antimicrobial action 
[49]. The antifungal effects of ZnO nanoparticles may 
be attributed to their ability to generate reactive oxygen 
species, leading to a modification in the permeability 
of the cell membrane. This modification results in the 
release of lipids and proteins from the membrane, 
ultimately leading to the demise of microbial cells [50]. 
In a previous investigation, researchers explored how 
the size of ZnO nanoparticles influenced the survival of  
C. albicans. Their findings revealed that smaller 
particles demonstrated greater effectiveness in inhibiting 
fungal growth compared to larger particles [51]. The 
antifungal efficacy of biogenic ZnO NPs is associated 
with the internal production of diverse free radicals, 
including singlet oxygen, hydroxyl radicals, superoxide 
radicals, and nitric oxide radicals. These radicals have 
the ability to enter the nuclear membrane, resulting 
in DNA damage and possibly causing permanent 
chromosomal damage or cell death [52]. The suggested 
mode of action indicates that the fungicidal effect is 
accomplished by deactivating sulfhydryl groups in the 
fungal cell wall, leading to the generation of insoluble 
substances. This process finally culminates in the 
degradation of membrane-bound enzymes and lipids, 
leading to the demise of the cell [53]. The bioproduced 
ZnO nanoparticles, synthesized utilizing the Prosopis 

farcta plant, were reported to have antifungal properties 
against the C. albicans strain. The lowest inhibitory 
concentration was determined to be 128 µg/mL, while 
the fungicidal concentration was found to be 256 µg/
mL [54]. Remarkably, the biogenic ZnO nanoparticles 
exhibited a greater level of antifungal activity against 
the C. tropicalis strain compared to what was reported 
before. This was shown by a relative MIC value of 
100µg/ml, while the relative MFC was 200 µg/mL. The 
reason for this discrepancy might be attributed to the 
smaller particle size of ZnO NPs in the present study, 
which measured 27.92 nm. In contrast, the prior study 
reported that the biogenic ZnO NPs were hexagonal in 
shape and varied in size from 50 to 80 nm [55]. Previous 
research has found a link between the antimicrobial 
effect and the size of biogenic ZnO NPs. This association 
may be ascribed to the fact that smaller particles are 
more capable of penetrating microbial cells, hence 
exerting their fungicidal action against microbes [56]. 
The antifungal action of the environmentally friendly 
synthesized ZnO nanoparticles may be related to the 
presence of phytochemicals, such as alcohols, amines, 
alkenes, alkanes, and phenols, which are capped over 
the ZnO nanoparticles, as proven by FTIR analysis. 

Synergistic Antifungal Action of Biogenic 
ZnO NPs with Fluconazole  

The study examined the combined effectiveness  
of ZnO NPs and fluconazole antifungal drugs against  

Fig. 8. Synergistic antifungal action of ZnO NPs with fluconazole against fungal pathogens.
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the pathogenic fungal strains. The disc diffusion 
technique was used for this investigation (see Fig. 8). 
In this particular situation, ZnO NPs had the most 
significant combined impact with fluconazole in 
inhibiting the growth of the C. glabrata strain. The 
inhibitory zone diameter, compared to other treatments, 
was measured at 16.14±0.61 mm. However, it is worth 
noting that this strain has shown resistance to fluconazole. 
In addition, the bioinspired ZnO NPs exhibited a 
higher synergistic effect with fluconazole against the C. 
parapsilosis strain, as indicated by a relative IFA value 
of 1.58. However, moderate synergistic effects were 
observed against C. albicans and C. tropicalis strains, 
with relative IFA values of 0.85 and 0.62, respectively 
(Table 4). The synergistic antifungal activity might be 
attributed to the fact that both fluconazole and biogenic 
ZnO NPs target distinct cellular components. In this 
respect, fluconazole belongs to the azole antifungal 
group, which has its fungicidal mechanism of action via 
the inhibition of the 14α-lanosterol demethylase enzymes, 
creating a disruption in ergosterol production, a crucial 
cell membrane component. Consequently, the fungal 
cells undergo a reduction in ergosterol and an increase in 
harmful 14-methylated sterols, resulting in the breakdown 
and demise of the cells [57]. The fluconazole-induced 
disruption of the cell membrane allowed the biogenic 
ZnO NPs to enter the fungal cells. These nanoparticles 
then exerted their fungicidal effect by generating reactive 
oxygen species, which resulted in the disruption of fungal 

DNA, enzymes, and proteins. Ultimately, this led to cell 
death and the release of vital intracellular components 
[58]. The combined antifungal effect of biogenic ZnO 
nanoparticles and fluconazole has the potential to be 
used in the development of novel antifungal medications. 
This might help decrease the occurrence of drug-
resistant candidal strains and enhance the effectiveness of 
conventional antifungal agents. 

Investigation of Fungal Cell 
Deformations Using SEM Analysis 

A scanning electron microscopy examination 
was used to study the morphological deformations 
of C. albicans cells treated with biogenic ZnO NPs. 
SEM images revealed that the outer membranes of 
the treated candidal cells exhibited wrinkles and 
the existence of pores (Fig. 9). These pores in the 
membranes of candidal cells resulted in the release of 
internal components, ultimately leading to the death of 
the fungal cells. Furthermore, treated cells were often 
larger in size, with uneven shapes and damaged cell 
walls. The rupturing and weakening of the cell wall, as 
well as the disintegration of the cytoplasmic membrane 
and its separation from the cell wall, demonstrated 
the anticandidal potential of ZnO nanoparticles [59]. 
Candida albicans control cells, on the other hand, were 
typically oval in shape with an intact cell membrane and 
cell wall [60].

Candidal strains ZnONPs
(200 μg/disk)

Fluconazole
(25 μg/disk)

FLZ (25 μg/disk)
+ ZnONPs (200 μg/disk) Negative control IFA

C. albicans 12.56±0.54a 18.14±0.36a 24.68±0.47a 0.00±0.00 0.85

C. glabrata 10.53±0.21b 00.00±0.00b 16.14±0.61b 0.00±0.00 NA

C. parapsilosis 11.12±0.45c 12.09±0.47c 17.86±0.23c 0.00±0.00 1.58

C. tropicalis 18.19±0.51d 20.52±0.67d 26.12±0.34d 0.00±0.00 0.62

Different superscript letters indicated that values were significantly different at p≤0.05.

Table 4. Synergistic antifungal activity of bioinspired ZnONPs with fluconazole against the tested strains.

Fig. 9. The effect of biogenic ZnO NPs on candidal cells and deformations of C. albicans strain in the treated sample compared to control.
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Cytotoxicity Assay

A cytotoxicity assay was conducted on the WI-
38 cell line (normal lung fibroblast cells) to explore 
the potential cytotoxic effects of varied concentrations 
of biosynthesized ZnO NPs and assess their safety for 
application. The cytotoxicity of these nanoparticles 
demonstrated a concentration-dependent pattern, with 
higher concentrations leading to decreased cell viability. 
Fig. 10 depicts minimal cytotoxicity in WI-38 cells 
exposed to low doses of biogenic ZnO NPs, with relative 
cell viability percentages of 86.39% and 75.64% at 25 
and 50 µg/mL, respectively.

Linear regression analysis was conducted to 
determine the IC50 concentration of ZnO NPs, 
representing the concentration at which cell viability 
is reduced by 50%. The estimated IC50 value against 
normal lung fibroblast cells was 723.86 µg/mL. Notably, 
this concentration was ten times higher than the MIC 
concentration, indicating the safety of biogenic ZnO 
NPs. The results remained within the safe thresholds 
established by the U.S. National Cancer Institute, where 
a drug is considered hazardous if its IC50 value in early 
testing is less than 20 µg/mL [61]. Additionally, the U.S. 
Food and Drug Administration (FDA) has classified 
zinc oxide nanoparticles as safe, specifically placing 
them under the generally recognized as safe (GRAS) 
category [62].

Conclusions

The use of the aqueous seed extract from  
T. foenum-graecum facilitated the creation of biogenic 
ZnO nanoparticles with promising physicochemical 
characteristics. These nanoparticles displayed  
a hexagonal morphology, featuring an average 
diameter of 27.92 nm and a surface charge of -18.3 mV.  
The bioformulated zinc oxide nanoparticles exhibited 
significant antifungal activity against pathogenic 

Candida strains. Moreover, when combined with the 
fluconazole antifungal agent, the biogenic ZnO NPs 
demonstrated a synergistic antifungal effect against the 
tested candidal pathogens. This implies the potential 
for developing novel antifungal combinations to 
augment the efficacy of conventional antifungal agents 
and reduce the toxicity associated with single-drug 
administration. The combination of biogenic ZnO 
nanoparticles with fluconazole demonstrates strong 
synergistic efficacy, indicating their potential use in the 
development of effective antimicrobial pharmaceuticals 
such as ointments, mouthwash, creams, and lotions for 
the effective treatment of candidiasis.
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