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Keywords:
 The present study demonstrates lignin (L), fragments of lignin (FL), and oxidized fragmented lignin (OFL) as templates
for the synthesis of zinc oxide nanoparticles (ZnO NPs) viz., lignin-ZnO (L-ZnO), hierarchical FL-ZnO, and OFL-ZnO
NPs. The X-ray diffraction patterns confirmed the formation of phase pure ZnO NPs with a hexagonal wurtzite struc-
ture. Electron microscopy confirmed the hierarchical structures with one-dimensional arrays of ZnO NPs with an av-
erage particle diameter of 40 nm. The as-synthesized L-ZnO, FL-ZnO, and OFL-ZnO NPs were tested in-vitro for
growth and virulence inhibition (morphogenesis and biofilm) in Candida albicans. L-ZnO, FL-ZnO, and OFL-ZnO NPs
all inhibited growth and virulence. Growth and virulence inhibitions were highest (more than 90%, respectively at
125, 31.2, and 62.5 μg/mL) in presence of FL-ZnO NPs, indicating that the hierarchical FL-ZnO NPs were potent
growth and virulence inhibiting agent than non-hierarchical ZnO NPs. Furthermore, the real-time polymerase chain
(RT-PCR) was used to study the virulence inhibition molecular mechanisms of L-ZnO, FL-ZnO, and OFL-ZnO NPs.
RT-PCR results showed that the downregulation of phr1, phr2, efg1, hwp1, ras1, als3 and als4, and the upregulation
of bcy1, nrg1, and tup1 genes inhibited the virulence in C. albicans. Lastly, we also performed in-vitro test cell cytotox-
icity on the cell line, mouse embryo 3T3L1, and in-vivo toxicity on Rats, which showed that FL-ZnONPs were biocom-
patible and nontoxic.
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1. Introduction

Candida albicans is a harmless commensal organism asymptomatically
colonizing several niches in the body, including but not limited to the gas-
trointestinal (GI) tract, female reproductive tract, oral cavity, and skin
[1–3]. However, under an altered immune system, or variation in the
local environment such as pH, and antibiotics abuse or alteration in the nu-
tritional status, C. albicans turns into an opportunistic pathogen, causing lo-
calized or systemic infections [4]. C. albicans shows physical plasticity
called morphogenesis, in which the morphology of C. albicans switches
from yeast form to hyphal form. As a result of morphogenesis, C. albicans
Singh), rpatil@unipune.ac.in
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can more easily penetrate mucous membranes, invade tissues, and enter
the bloodstream, which increases the risk of tissue damage [5]. Morpho-
genesis also helps C. albicans to escape the phagocytosis of macrophages
[6,7]. C. albicans also exhibit virulence through their ability to form
biofilms on abiotic or biotic surfaces. Biofilms are communities of yeast,
pseudohyphal and hyphal cells enclosed in a polymeric extracellular matrix
(EPM) [8–10]. C. albicans are highly resistant to antimicrobial agents and
host immune factors due to the complex architectures of biofilms
[11–14]. The EPM in the biofilm provides structural integrity and protects
cells from the surrounding environment. Thus, targeting the virulence sys-
tems -morphogenesis and biofilm - has become a promising strategy to stop
the progression of C. albicans.

In the past, there have been attempts to design anti-virulencemolecules,
such as small molecules from microorganisms and plants [15,16], and
nanozymes [17–19], to target the virulence system of C. albicans.
Nanozymes such as citrate-coated Fe3O4 NPs were efficiently demonstrated
to possess antibacterial activity over a wide range of pH by utilizing
ember 2021
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adenosine triphosphate disodium salt (ATP) as a synergistic agent to accel-
erate the hydroxyl (*OH) radical production [19]. Some of the NPs men-
tioned above had limited success, while others have not been tested to
determine whether they inhibit biofilm formation by C. albicans. Several
studies have shown that nanomaterials (nanosized particles with altered
physical and chemical properties) inhibit microbial growth in solution
and surfaces [20–23]. Nanomaterials such as silver (Ag), zinc oxide
(ZnO), magnesium oxide (MgO), iron oxide (Fe3O4), and copper (CuO
and Cu2O) have been used successfully to inhibit or kill C. albicans [20].
Nevertheless, only Ag, ZnO, NPs, MgO, Fe3O4, CuO, and selenium (Se)
NPs have been reported to inhibit the virulence system of C. albicans [24-
35]. In C. albicans, Ag NPs showed antibiofilm activity by inhibiting the
key genes mediating yeast to hyphal transition (ece1, tec, tup1, and rfg1
genes), disrupting β-glucan synthase and membrane architecture (pit and
holes formation on cells), altering the membrane fluidity (altering cellular
ergosterol and oleic acid compositions) and by inhibiting the production
of extracellular enzymes (proteinase, phospholipase, hemolysin, and lipase)
[20]. The Se NPs, which are less toxic to mammalian cells than Ag NPs, at-
tach to the cell wall, penetrate through it, and replace sulfur with Se in im-
portant biochemical processes [36]. ZnO-NPs inhibit hyphal formation by
producing ROS [23], and CuO and Cu2O, respectively, elicit ROS andmem-
brane damage to constrain the yeast for hyphal formation [37]. Fe3O4 NPs
showed anti-biofilm activity by directly affecting cell viability and meta-
bolic processes of cells [38].While all the above nanomaterials have gained
significant importance in the field of antimicrobial applications, ZnO NPs
have gained particular importance due to their broad direct bandgap
(3.37 eV) that is essential for providing NPs with photocatalytic properties.
Additionally, ZnO NPs were found to be non-toxic and biocompatible, have
been used as drug carriers, cosmetic ingredients, and filling materials in
medical applications.

Lignin is a complex macromolecule of pant origin located in the second-
ary cell walls. Lignin is a heteropolymer containing randomly crosslinked
phenylpropanoid units (coumaryl, coniferyl, and sinapyl alcohol).
Phenylpropanoids are connected through several types of linkages, mainly
ether bonds such as alkyl- or phenyl ether and carbon‑carbon bonds such as
biphenyl, diphenyl ethane, and pinoresinol. Recent studies have indicated
that lignin is a valuable NPs synthesis material because it can avoid the
drawbacks of chemical methods of NPs synthesis such as aggregation, re-
precipitation, bulking, and stability that cause poor NP performance for bio-
medical applications. Lignin is biodegradable and biocompatible, which
makes it an excellent precursor for developing eco-friendly nanoscalemate-
rials. Lignin interacts directly with the surface of synthesized NPs, causing
them to become stable and providing a protective coating to prevent ag-
glomeration and polydispersity of the synthesized NPs [39,40].

The present study explored lignin, FL, and OFL as templates for synthe-
sizing ZnO NPs and studied the potential of as-synthesized L-ZnO, FL-ZnO,
and OFL-ZnONPs to inhibit growth and virulence in C. albicans. The molec-
ularmechanism of action of FL-ZnONPswas further explored by examining
the gene expression profiles involved in virulence. The present study at-
tempts to use agriculture waste, lignin, as a bio template to synthesize
anti-Candida and anti-virulence NPs against C. albicans.
2. Experimental sections

2.1. Chemicals used in the study

For the present study, all chemicals were purchased from Loba
Chemicals, Mumbai, culture media from Hi-Media, Mumbai, RNA extrac-
tion kit from Qiagen, USA, cDNA synthesis kit, and RT-PCR master mix
from Applied Biosystems, USA. Sugarcane bagasse was obtained from a
local mill and washed twice with 0.1 N hydrogen chloride (HCl) and dis-
tilled water to remove dust particles and acid-soluble cellulose. The mate-
rial was dried in the air and crashed into 100 mesh particles. The ATCC
227 strain of Candida albicans was a kind gift from Dr. Zore, SRTMU,
Nanded.
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2.2. Microwave-assisted extraction of lignin from bagasse

A Samsung microwave oven (700 W, India) was used to isolate lignin
from bagasse. Twenty grams of bagasse particles were soaked in 200 mL
of 0.1 N HCl for 24 h and filtered. The retentates were washed several
times with water and then treated with 100 mL of hydrogen peroxide
(H2O2) containing 3 g of sodiumhydroxide (NaOH). Afterward, themixture
wasmicrowaved for 30min at 400W and filtered. The filtratewas acidified
with sulfuric acid to a pH of 2 to 3 and then precipitated with ethanol and
ether [41].

2.3. Fragmentation of lignin

An air-dried, purified 5 g of lignin was dissolved in 50 mL of 0.1 M
NaOH solution at pH 12 and stirred for 30 min at 40–50 °C. After that,
100 mL of 30% (%) H2O2 solution was added dropwise to the solution for
1 h. The resultant solution was cooled and acidified with H2SO4 (pH 4 to
5), resulting in the formation of the ivory-colored precipitate. Further puri-
fication occurred using column chromatography (15-cm column height,
stationary phase silica gel 60–120 mesh, mobile phase 30% ethyl acetate,
and 70% n-hexane) [41].

2.4. Oxidation of fragmented lignin (FL)

A0.5 g FLwas added into 100mL of 0.1 NNaOH solution and stirred for
30 min, and then 0.5 g of potassium permanganate was added slowly, and
themixture stirred at 40 °C for 3 h, and later kept at 27 °C for 15 to 20 h. The
product was filtered off and precipitated by using dilute HCl solution. The
product was recrystallised in hot water by washing with cold water [41].

2.5. Synthesis of zinc oxide nanoparticles (ZnO NPs)

The direct co-precipitation method was used for the synthesis of ZnO
NPs. About 0.1 g of each lignin, FL, and OFL were added separately in
0.1 M 100 mL solution of NaOH and then sonicated for 1 h to get the ho-
mogenous solution. After sonication, 2 g of zinc acetate was added, heated
at 90 °C, and stirred for 1 h to get precipitation. The precipitate was a wash
with distilled water and alcohol, followed by drying at 90 °C [47].

2.6. Characterization of ZnO NPs

The fragmentation pattern of lignin was studied using nuclear magnetic
resonance spectroscopy (NMR, Bruker Avancell 500 MHz Spectrometer)
and high-resolution mass spectrometer (HRMS, Impact-II UHR-TOF Mass
Spectrometer System, 100 to 3500 m/z). The synthesis of ZnO NPs was
followed by UV–visible spectroscopy (UV–Vis, Shimadzu-DRS-2600) and
X-ray diffraction (XRD, Advance Bruker D8). The morphology of ZnO NPs
was observed by using field emission scanning electronic microscopy
(FESEM, Hitachi S-4800 Tokyo, Japan) and transmission electron micros-
copy (TEM, Jeol, Jem-2200FS). The surface area of NPs was determined
using Brunauer–Emmett–Teller (BET) on Micromeritics 2720 (Chemisoft
TPX).

2.7. Effect of L-ZnO, FL-ZnO and OFL-ZnO NPs on the planktonic growth of
C. albicans

Standard broth microdilution method based on the guidelines of Clini-
cal Laboratory Standards Institute [42] was used to study the effect of lig-
nin, FL, and OFL and L-ZnO, FL-ZnO, and OFL-ZnO NPs on the planktonic
growth of C. albicans. 100 μL solution containing various concentrations
of above samples ranging from concentration of 3.9 to 500 μg/mLwere pre-
pared in Roswell Park Memorial Institute (RPMI)-1640 medium, and cells
of C. albicans (1 × 103 cells/mL) were added into 96 well plates (Costar,
Corning Inc. USA). The plates were incubated at 37 °C for 24 h, and growth
wasmeasured by recording the optical absorbance at 620 nmusing amicro-
plate reader (Hidex, Germany). The minimum concentrations of L-ZnO, FL-
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ZnO, and OFL-ZnO NPs that reduce the growth of a planktonic form of
C. albicans by more than 90% were considered as the minimum inhibitory
concentrations (MIC). Similarly, the concentration of compounds that
caused a 50% reduction in the growth was considered MIC50. Control sam-
ples have proceeded in similar conditions without lignin, FL, OFL and L-
ZnO, FL-ZnO, and OFL-ZnO NPs. Experiments were done in triplicates
(n = 3). Data are reported as mean ± standard deviation.
2.8. Determination of reactive oxygen species (ROS)

The ROS generations in C. albicans cells (1 × 106 cells/mL) were mea-
sured by subjecting cells to FL-ZnONPs (31.25 μg/mL) for 30min. After the
treatment, cells were resuspended in 1 mL phosphate-buffered saline (PBS)
containing 5 μL of 2′,7′-Dichlorofluorescin diacetate (10 μM) and incubated
at 37 °C for 15 to 30 min. After incubation, cells were washed, centrifuged
at 1400 g, and resuspended in 500 μL PBS by gently flicking the tubes. The
fluorescent cells were analyzed with Attune NxT Glow Flowcytometer
(Thermo Fisher Scientific, USA). Gate was on the cells, excluding debris.
Cells treated H2O2 (10 μg/mL) were used as a positive control.
2.9. Morphogenesis inhibition assay

Morphogenesis inhibition was studied in a 20% bovine serum medium
(BSA) [43]. In this test, various concentrations (ranging from 3.9 to 500
μg/mL) of lignin, FL, and OFL and L-ZnO, FL-ZnO, and OFL-ZnO NPs
were each subjected separately to 1× 106 cells/mL in 20 mL BSA medium
and incubated at 37 °C for 90min. After incubation, morphogenesis (induc-
tion of germ tube) was observed microscopically (Leica, Japan) using fluo-
rescent dye Con-A Alexa 488 (excitation and emission wavelength,
respectively, 480 and 520 nm). Control samples have proceeded in similar
conditions without lignin, FL, OFL and L-ZnO, FL-ZnO, and OFL-ZnO NPs.
Experiments were done in triplicates (n = 3).
Table 1
Genes used to study morphogenesis and biofilm inhibition in C. albicans.

Primers (genes) Sequence (5′ → 3′)

ACTIN R ACCTCTTTTGGATTGGGCTTCA
ACTIN F ATG GACGGTGAAGAAGTTGC
PHR1 R AAGCTGTTAGTGGAGCTGCA
PHR1 F GGTGCTGCTGCTTGATGAT
PHR2 R TCTGCTGGCTCTTCAGGATT
PHR2 F CCACTTGAACCAGATGACGA
EFG1 R TTGTTGTCCTGCTGTCTGTC
EFG1 F TATGCCCCAGCAAACAACTG
RAS1 R GTCTTTCCATTTCTAAATCAC
RAS1 F GGCCATGAGAGAACAATATA
NRG1 R GCCCTGGAGATGGTCTGA
NRG1 F CACCTCACTTGCAACCCC
TUP1 R GGCGACGCGTCGTTTTTTGGTCCATTTCCAAATTCTG
TUP1 F GAGGATCCCATGTATCCCCAACGCACCCAG
HWP1 R CAATAATAGCAGCACCGAAG
HWP1 F TGGTGCTATTACTATTCCGG
BCY1 R GGGCTGCAGTTAATGACCAGCAGTTGGGT
BCY1 F CCCAAGCTTATGTCTAATCCTCAACAGCA
ALS3 R CAGCAGTAGTAGTAACAGTAGTAGTTTCATC
ALS3 F CCACTTCACAATCCCCATC
ALS4 R GTAAATGAGTCATCAACAGAAGCC
ALS4 F CCCAGTCTTTCACAAGCAGTAAAT
2.10. Biofilm inhibition assay

Biofilm inhibition assay was performed in 96-well polystyrene tissue
culture-treated plates [44]. 100 μL volume of cell suspensions (1 × 107

cells/mL) were seeded in each well and allowed to adhere to the surface
of polystyrene tissue culture at 37 °C for 90 min. After adhesion, cells
were repeatedly washed with phosphate-buffered saline (PBS), pH 7 and
0.1 M various concentrations of lignin, FL, and OFL and L-ZnO, FL-ZnO,
and OFL-ZnO NPs ranging from 3.9 to 500 μg/mL were prepared in
RPMI-1640medium. 200 μL of these concentrations were added to the pre-
viously seeded 96well plates and incubated for 24 h at 37 °C. After 24 h, the
non-adhered cells were removed and aseptically washed biofilm to remove
unadhered cells and subjected to 50 μL of 2 mg/mL solution of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole (MTT)
for 3 h under dark conditions. After 3 h, 100 μL of dimethyl sulfoxide was
added to each well, and optical absorption was read at 580 nm using a mi-
croplate reader (Hidex, Germany). All experiments were done in triplicates.
The minimum concentrations of L-ZnO, FL-ZnO, and OFL-ZnO NPs that
inhibited the biofilm of C. albicans by more than 90% were considered as
the minimum inhibitory concentrations (MIC). Similarly, the concentration
of compounds that caused a 50% biofilm inhibition was considered as
MIC50. The morphological features of biofilm at MIC50 value in the pres-
ence of L-ZnO, FL-ZnO, and OFL-ZnO NPs were observed by fluorescent
staining. After biofilm was washed with PBS, 25 μL of 1 μg/mL of Con-A
Alexa was added to each well, and incubated for 30 min, washed repeat-
edly, and observed under a confocal microscope (NIKON A1 R)with excita-
tion and emission wavelength, respectively at 480 and 520 nm. Control
samples have proceeded in similar conditions but without lignin, FL, OFL.
Experiments were done in triplicates (n = 3). Data are reported as mean
± standard deviation.
3

2.11. Gene expression analysis

The gene expression analysis during morphogenesis in the presence of
L-ZnO, FL-ZnO, and OFL-ZnO NPs was measured using real-time polymer-
ase chain reaction (RT-PCR) [44]. In short, 1 × 106 cells/mL were inocu-
lated separately into 20% BSA medium, each containing MIC50

concentrations of L-ZnO, FL-ZnO, and OFL-ZnO NPs, and incubated for
90 min at 37 °C at 150rpm. Cells were lysed with lyticase enzyme, and
the RNA was isolated using RNeasy®Mini Kit (QIAGEN, USA) as per man-
ufacture protocol. Further, the total RNA was converted to cDNA using
SuperScript®III (Invitrogen, Life Technologies, USA) as per manufacture
instructions. The RT-PCR was performed on (CFX 96 Real-time System,
Bio-Rad, USA) by using KAPA SYBR® Fast qPCR Kit Master mix (2×)
(BIOSYSTEMS, South Africa). The primers used in the study were men-
tioned in Table 1. The gene expression levels were calculated using the for-
mula 2.–ΔΔC. All the experiments were done in triplicates (n= 3). Data are
reported as mean ± standard deviation.

2.12. In-vitro cell cytotoxicity study

Toxicity study of FL-ZnO NPs was performed on a 3T3L1 (fibroblast)
cell line from the mouse embryo. The cell line was a kind gift from our col-
league in the Department. 3T3L1 cells in Dulbecco's Modified Eagle's Me-
dium (DMEM) containing 10% Fetal Calf Serum (FCS), 4 mm Glutamine,
and 1% antibiotic/antimycotic, in a 5% CO2 incubator at 37 °C. Briefly,
100 μL of 3T3-L1 cells were seeded into 96-well plates (1 × 103 cells/
well) and treated with various concentrations of Fl-ZnO NPs for 24 h.
After incubation, 20 μL/well of MTT solution (50 μg/mL) was added and
further incubated for 3 h at 37 °C in a humidified 5% CO2 atmosphere.
After incubation, the plate was spin at 2000 g for 5 min, and 100 μL was re-
placed with 100 μL DMSO, and optical density was recorded at 570 nm
using a microplate reader (Hidex, Germany).

2.13. In-vivo animal study

Toxicity testing of FL-ZnONPswas performed on rats at the Department
of Veterinary Pathology, Krantisinh Nana Patil College of Veterinary Sci-
ence (KNPCVS), Shirval, Dist. Satara. The animal experiments were per-
formed per India's Committee for the Control and Supervision on Animals
(CPCSEA) guidelines. Prior approval was sought from the Institutional An-
imal Care and Use Committee of the KNPCVS. The rats were fed with
100 mg of FL-ZnO NPs for 28 days and monitored daily for weight. Rats
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were sacrificed with cervical dislocation, and organs were observed for his-
topathological studies. The respective organ specimens were fixed in phos-
phate buffer (pH 7.4) containing 4% formalin for histopathological studies.
The tissue sections of the liver, kidney, and heart, after fixation, were proc-
essed on an automated tissue processor for the histopathological protocol
using ascending grades of alcohol and cleared in xylene. The tissue was em-
bedded in paraffin blocks for micro-sectioning on the automated tissue mi-
crotome (Leica, Germany). The tissue sections of 5 μm were taken on glass
slides. The tissue sections were stained by routine hematoxylin and eosin
protocol and were observed under a binocular microscope with a micro-
photography unit. (Nikon, Japan). The histopathological examination was
performed for cellular pathological changes.

2.14. Statistics

In the present study, cell viability data were presented as mean (±)
standard deviations (SD), which were obtained from three independent ex-
perimental repeats. One-way ANOVA followed by Dunnett's post hoc test
with GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA,
USA) for the statistical analysis. P < 0.05 was considered to indicate a sta-
tistically significant difference.

3. Results

3.1. Characterization of lignin, FL, and OFL

The UV–Vis spectra of extracted lignin, FL, and OFL are shown in Fig. 1
(A). Extracted lignin showed an absorption maximum at 287 nm, and the
OFL showed two peaks, one at 280 nm and the other at 317 nm. The FL
showed an entirely different spectrum. The FL showed an absorption max-
imum at 424 nm. To further support the UV–Vis spectroscopy study, we
have performed FTIR [Fig. 1(B)]. The FTIR of FL showed two broad
peaks, one at 1500–1627 cm−1 and the other at 800 cm−1 to 4000,−1 a sig-
nificant peak at 3458 cm,−1 and other small peaks at 1726 cm,−1

1627 cm,−1 3372 cm,−1 1712 cm,−1 1050 cm,−1 and 1158 cm.−1 The
FTIR spectrum of OFL showed significant peaks in the region between
Fig. 1. (A) UV–Visible spectrum of extracted lignin, fragmented lignin, and oxidized fra
lignin matches each other (λmax is around 300 nm). However, λmax of fragmented lig
lignin, and oxidized fragmented lignin (OFL). The characteristic functional group in eac

4

500 cm−1 to 3000 cm,-1, and an intense peak at 1726 cm−1. To identify
the FL, we performed HRMS. HRMS analysis showed five fragments. The
first fragment at 276m/z, the second fragment at 290 m/z, the fourth frag-
ment at 405 m/z, and the fifth fragment at 534 m/z [Fig. 2 (A) and (B)].
Furthermore, we also performed NMR to ascertain fragmentation of lignin
and oxidation of fragmented lignin. In NMR, FL showed peaks at 0.9–1.5δ,
3.5–4.2δ, 4.8–5.8δ, and 6.8–7.4δ, OFL showed a peak at 9.8δ.

3.2. Characterization of L-ZnO, FL-ZnO and OFL-ZnO NPs

The synthesis of ZnO NPs was followed by UV–Vis spectroscopy [Fig. 3
(A)] and XRD [Fig. 3 (B)]. In UV–Vis spectroscopy, the sharp absorption
peaks for L-ZnO, FL-ZnO and OFL-ZnO NPs were observed at 368, 360,
and 370 nm, respectively. There was a significant blue shift in the exciton
absorption for FL-ZnO NPs, indicating the quantum confinement property
of FL-ZnO NPs. A tau plot calculated bandgap values for L-ZnO, FL-ZnO
and OFL-ZnO NPs, respectively, were 3.04, 3.16 and 3.18 eV. In XRD, the
structure and phase of L-ZnO, FL-ZnO, and OFL-ZnO NPs were studied.
Scherrer equation was used to calculate the crystallite size kλ

β cos θ, where D

is the mean grain size, k is the dimensional less shape constant (0.9), λ is
the wavelength of the X-ray, β is the broadening at half full width half max-
imum, and θ is Bragg angle respectively. The major XRD peaks for L-ZnO,
FL-ZnO, OFL-ZnO NPs are shown in Fig. 3 (B). The observed peak at
2θ = 31.61°, 34.32°, 36.14°, 47.37°, 6.48°, 62.71°and 68.28° correspond
to (100), (002), (101), (110), (103), (201), (112) planes. In XRD, the intensity
of the (101) plane was higher than the (100) plane. The average crystalline
size for L-ZnO, FL-ZnO, OFL-ZnO NPs was 40–44 nm. The morphology of L-
ZnO, FL-ZnO and OFL-ZnO NPs were studied by SEM [Fig. 3(C)]. The L-
ZnO NPs were spherical and agglomerated. The detailed morphological
analysis of FL-ZnONPswas performed by TEM[Fig. 3 (C)]. In TEM, nanorods
with an average diameter of 30 nm were observed with interplanar spacings
of 0.2798 nm [Fig. 3 (C)], corresponding to the (100) plane of ZnO. Interest-
ingly, pores with an average diameter of 2 nmwere also observed on the sur-
faces of FL-ZnO NPs. BET measurements further confirmed the porous
structure of FL-ZnO NPs. In BET, the specific surface measurement for FL-
ZnO NPs was 132 m2/g instead of 115 m2/g for pristine ZnO NPs.
gmented lignin. The UV–Vis spectrum of extracted lignin and oxidized fragmented
nin showed an additional peak at 415 nm. (B) FTIR analysis of lignin, fragmented
h is visible.

Image of Fig. 1


Fig. 2. (A) Fragmentation pattern of lignin and (B) oxidation pattern of fragmented lignin (OFL).
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3.3. Effect of L-ZnO, FL-ZnO and OFL-ZnO NPs on the planktonic growth of
C. albicans

The abilities of L-ZnO, FL-ZnO and OFL-ZnO NPs to inhibit the growth
of C. albicans was assayed by determining MIC [Fig. 4(A)]. As shown in
Fig. 4(A), when the cells of C. albicans were subjected to L-ZnO, FL-the
ZnO and OFL-ZnO NPs, it was observed that the % cell viability reduced,
the highest reduction observed in the presence of FL-ZnO NPs followed
by OFL-ZnO NPs, and lowest reduction in the % cell viability was observed
in the presence of L-ZnO NPs. A 100% reduction in cell viability was ob-
served in the presence of FL-ZnO NPs. The MIC50 concentrations of L-
ZnO, FL-ZnO and OFL-ZnO NPs against C. albicans were, respectively,
465.8, 7.31 and 31.25 μg/mL. The% cell viability reduction in the presence
of lignin, FL, and OFL was between 5 and 7%. Next, we studied if ROS has
some role in inhibiting the growth of C. albicans. A flow cytometerwas used
to quantify the levels of ROS in cells. As shown in Fig. 5 (B), the level of ROS
generated in control cells (without treatment) was 0.650%, and levels of
ROS generated in FL-ZnO were 4.87%. The level of ROS in the presence
of H2O2 was 26.93%.
3.4. Morphogenesis inhibition

The abilities of L-ZnO, FL-ZnO and OFL-ZnO NPs to inhibit the morpho-
genesis in C. albicans was studied by observing the distinct morphological
cells (oval Vs hyphal) under a fluorescent microscope. Under a fluorescent
microscope [Fig. 4 (C)], the presence of L-ZnO, FL-ZnO, and OFL-ZnO NPs
inhibited the morphogenesis (oval-shaped cells observed). The MIC of L-
ZnO, FL-ZnO and OFL-ZnO NPs that inhibited morphogenesis respectively
were 500, 31.2 and 62.5 μg/mL. It appeared that morphogenesis was
5

inhibited strongly in the presence of FL-ZnO NPs. Lignin, FL and OFL
have not inhibited morphogenesis. The control cells (without being sub-
jected to NPs) showed hyphal induction.

3.5. Biofilm inhibition

As shown from Fig. 4 (B), L-ZnO, FL-ZnO, and OFL-ZnO NPs inhibited
biofilm to varying degrees. As expected, the % biofilm inhibition was
highest in the presence of FL-ZnO NPs. More than 80% of the biofilm was
inhibited in the presence of FL-ZnO NPs at 31.25 μg/mL; however, at the
same concentration, L-ZnO and OFL-ZnO NPs inhibited biofilm to a lesser
extent. The biofilm inhibition was slightest in the presence of L-ZnO NPs.
A 50% biofilm inhibition was observed at approximately 262, 3.25, and
29.48 μg/mL, respectively, in the presence of L-ZnO, FL-ZnO, and OFL-
ZnO NPs. As expected, lignin, FL and OFL did not inhibit the biofilm. Con-
focal microscopic observation of biofilm also has shown that biofilm inhibi-
tion was more significant in the presence of FL-ZnO NPs [Fig. 4 (B)]. In the
control (at 0 μg/mL), there was a confluent biofilm. However, at 31.25
μg/mL, the confluence of biofilm decreased in the presence of L-ZnO, FL-
ZnO and OFL-ZnO NPs. Moreover, the confluent growth is reduced by 30
and 50%, respectively, when L-ZnO or OFL-ZnO NPs were present, while
more than 80% is reduced when FL-ZnO NPs were present.

3.6. Gene expression analysis

To understand the molecular mechanisms behind morphogenesis, we
performed an RT-PCR study. We have selected a few essential genes
(Table 1) which have been shown to play prominent roles in the morpho-
genesis and biofilm of C. albicans. In the present study, the negative regula-
tors of morphogenesis and biofilm, such as bcy1, nrg1, and tup1 were

Image of Fig. 2


Fig. 3. (A) UV–Visible spectrum of L-ZnO FL-ZnO, FLO-ZnO NPs. Inset: The Tauc plot of the calculated band gap of L-ZnO, FL-ZnO and OFL-ZnO NPs, (B) XRD of ZnO NPs
prepared by using lignin, fragmented lignin and oxidized fragmented lignin, (C) Morphological analysis of ZnO NPs: (Upper) - In SEM, L-ZnO and OFL-ZnO NPs were
aggregated mass of spherical NPs, however, FL-ZnO NPs were hierarchical flower-like structures; (Lower) - In TEM, the hierarchical unit of FL-ZnO NPs is seen as rod
shaped structures with pores on it.
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upregulated in a range of 2.3 to 13.3 folds. In contrast, the positive regula-
tors of morphogenesis and biofilm such as phr1, efg1, hwp1, ras1, als3 and
als4 were downregulated in a range of 0.004 to 0.433 folds [Fig. 5 (A)].

3.7. Biocompatibility study of FL-ZnO NPs

Biocompatibility studies of FL-ZnO NPs were performed by in-vitro cell
cytotoxicity studies on 3T3-L1 cells and in-vivo toxicity studies on Rats. As
shown from Fig. 6 (A), the % viability (growth) of 3T3-L1 cells at 12 μg/mL
was more than 85%, indicating the non-cytotoxic nature of FL-ZnO. In-vivo
animal studies [Fig. 6 (B)] showed that when the Rats (average weight 250
g) were fed with a daily dose of 100 mg of FL-ZnO NPs and observed for
health parameters for 28 days, it was observed that the average weight of
Rats remained constant till 12 days, and after that increased gradually till
28 days. However, the weight of control Rats remained relatively constant,
around 260 g. The reason for the increased weight of Rats when fed with
FL-ZnO NPs is, at present is not clear to us.

Furthermore, histological tissue sections of the kidney, heart, and liver
of FL-ZnO NPs treated Rats had no abnormalities in any tissue sections
treatedwith [Fig. 6 (C]. Histopathological study of liver tissues showed nor-
mal histomorphology of the hepatocytes and the vascular network. The he-
patic parenchyma showed classic hepatic lobules with hepatic cords and
central veins with their central axis. The portal triad showed normal
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histomorphology of bile ducts, hepatic artery and portal vein. The hepato-
cytes were round and polygonal in shape-containing round vesicular nuclei.
The hepatic sinusoids appeared normal with the occasional presence of
Kupffer cells. There was an absence of any pathological or metabolic
changes in the liver tissue sections examined. The histological examination
of kidney tissue sections showed normal cellular details of glomeruli and
renal tubules with normal vascular tissue. The cortex region showed the
presence of normal histomorphology of glomeruli with Bowman's capsule
and a tuft of capillaries. The proximal and distal convoluted renal tubules
were intact and uniform with tubular epithelium and lumen. There was
an absence of any pathological or metabolic changes in the kidney tissue
sections examined. The histological examination of heart tissue sections
showed normal and intact cardiac myofibers arranged in uniform length
with the focal presence of vascular tissue in the pericardium layer. The
cardiac muscle fibres were compact and straight with the presence of
spindle-shaped nuclei. The histological tissue sections of the kidney,
heart, and liver of Rats treated with FL-ZnO NPs were similar to control
samples [Fig. 6 (C)].

4. Discussion

The present study explores the applications of lignin (extracted from
plant) and its fragments, FL and its oxidized fragments, OFL, as a template

Image of Fig. 3


Fig. 4. (A) Percent growth inhibition: Lignin, FL, OFL have not inhibited growth of C. albicans. L-ZnO, FL-ZnO andOFL-ZnONPs inhibited growth to varying extend. Only FL-
ZnO has inhibited growth (more than 90%) at 250 μg/mL. (B) Percent biofilm inhibition: Lignin, FL, OFL have not inhibited the biofilm; L-ZnO, FL-ZnO and OFL-ZnO NPs
inhibited the biofilm to varying degree. Only FL-ZnO NPs has shown a reduction in biofilm (more than 80%) at 31.25 μg/mL. (C) Morphogenesis: Fluorescence microscopic
images of morphogenesis in C. albicans. Control, Lignin, FL, OFL, L-ZnO and OFL-ZnO NPs showed morphogenesis (hyphal induction) at 31.2 μg/mL concentrations.
However, FL-ZnO NPs inhibited morphogenesis of C. albicans. Biofilm: Confocal microscopic images (600 μm scale bar) of biofilm – At 0 μg/mL (control), there was a
confluent biofilm, however, at 31.25 μg/mL, the biofilm confluence decreased to 20, 80, and 50%, respectively in presence of L-ZnO, FL-ZnO and OFL-ZnO NPs.
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for synthesizing ZnO NPs viz., L-ZnO, FL-ZnO and OFL-ZnO NPs as anti-
virulence agents against C. albicans. First, we extracted lignin from the ba-
gasse by microwave-assisted methods and partially purified lignin by silica
chromatography. Themicrowavemethodwas used to extract lignin as it ex-
tracted a greater quantity of lignin [45]. The partially purified lignin was
subjected to fragmentations to form FL, and later FL was oxidized to form
OFL. The extracted lignin, FL, and OFL were used for the synthesis of ZnO
NPs.

4.1. Characterization of lignin, FL, and OFL

Extracted lignin showed an absorption maximum at 287 nm due to the
extended conjugation system of benzene. The OFL showed two peaks, one
at 280 nm, which can be accounted for by dimethoxy phenyls of coniferyl
alcohol, p-coumaryl alcohol and sinapyl alcohol [46]. Another small peak
at 317 nm can be accounted for by the presence of ester or ether linkages
[47]. The FL showed an entirely different spectrum. The FL showed an ab-
sorption maximum at 424 nm, accounting for n→π* transitions. This tran-
sition may include conjugated chromophores such as ‘O' atom of ester and
ether [48]. Different functional groups in the polymer can account for the
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broad peak at 1500–1627 cm.−1 The prominent peak at 3458 cm−1 can
be accounted for the presence of the hydroxyl group, or it can be accounted
for cellulose impurities [49]. A peak at 1726 cm−1 can be accounted to the
carbonyl group stretching of an aldehydic group. Peaks at 1500 cm−1 and
1627 cm−1 can be accounted for the aromatic ring structure in the lignin
[50]. The presence of an intense peak at 1726 cm−1 can be attributed to
CC stretching and were not destroyed in OFL [50]. To identify the FL, we
have performed HRMS. The observed m/z can be assigned as follows. The
first fragment at 276 m/z may represent 4-(4-(hydroxymethyl)-3-
methoxyphenyl)-2-methoxy phenol [51], a second fragment at 290 m/z
may represent β-ethereal linkage [52], a third fragment at 322 m/z may
represent sinapic acid (3-(4-hydroxy3,5-dimethyl phenyl)prop2-enoic-
acid [53], a fourth fragment at 405 m/z may represent dimeric fragment
[54], and the fifth fragment at 534 m/z may represent β-O-4 dimer with
an attachment of different carbon atom or -CH2 group in the molecule
[55]. Based on HRMS fragmentation data, fragmentation for lignin may
occur, as shown in Fig. 3. Furthermore, we also have performed NMR to
gain details of FL and OFL structures. In 1H NMR, peaks at 0.9–1.5,
3.5–4.2, 4.8–5.8, 6.8–7.4δ value correspond to the methylene, aliphatic hy-
droxyl, and methoxy proton, β-O-4 aryl ether proton, vinylic proton

Image of Fig. 4


Fig. 5. (A) Gene expression duringmorphogenesis and biofilm. The genes such as bcy1, nrg1, and tup1were upregulated and gens such as phr1, phr2, efg1, hwp1, ras1, als3, and
als4were downregulated. The upregulation and downregulation were more prominent in presence of FL-ZnO NPs. (B) ROS determinations: C. albicans treated with FL-ZnO
NPs (31.25 μg/mL) generated 4.8% ROS in 30 min.

K.M. Joshi et al. Biomaterials Advances 134 (2022) 112592
(attached to alkene C), aromatic proton (of p-coumaric acid), respectively.
The aromatic proton (6.8–7.4) corresponds to the G-unit, S-unit andH-units
conjugated with a double bond or ethereal linkage [55]. The weak ethereal
linkage of lignin breaks down into FL, resulting in the peak broadening for
aliphatic hydroxyl proton (3.4–4.2δ) and methoxy proton (5.8δ). New
peaks at 2δ and 2.3δ values were observed for aromatic and aliphatic ace-
tate proton. In OFL, vinylic protons (attached to alkene C) were converted
into aldehydic proton at 9.8δ value, and methylene proton disappeared.

4.2. Synthesis and characterization of L-ZnO, FL-ZnO and OFL-ZnO NPs

After characterization, lignin, FL, andOFLwere used for the synthesis of
ZnO NPs. A blue shift in the exciton absorption for FL-ZnO NPs indicate the
quantum confinement property of FL-ZnO NPs. In the tau plot, an increase
in the bandgap was due to the quantum confinement property of ZnO NPs
[56]. The major XRD peaks for L-ZnO, FL-ZnO, OFL-ZnO NPs were sharp
and intense, indicating the high crystallinity of ZnO NPs. Furthermore, no
peaks other than the hexagonal crystalline phase of ZnO NPs were found,
indicating the phase purity of the as-synthesized ZnO NPs. The functional
groups present on the lignin, FL and OFL played essential roles in the
complexing, capping, and stabilization of Zn2+ ions and have contributed
towards themorphological appearance of ZnONPs. The L-ZnONPs showed
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spherical agglomerated morphology possible due to the three-dimensional
polymeric structure of lignin. The FL promoted simultaneous growth in one
dimensional ZnO NPs, resulting in the hierarchical flower-like structure.
However, when FL was OFL and used to synthesize ZnO NPs, spherical
shaped OFL-ZnO NPs were again formed, possibly due to the conversion
of a vinylic group of FL into an aldehydic group. BET is one crucial analysis
technique for measuring materials specific surface area and gives the mea-
surement of the surface area of the materials. An increased surface area of
FL-ZnO NPs indicates the porous nature of FL-ZnO NPs.

4.3. Effect of L-ZnO, FL-ZnO and OFL-ZnO NPs on the planktonic growth of
C. albicans

In the present study, we studied two biological applications of ZnO NPs
(L-ZnO, Fl-ZnO and OFL-ZnO NPs) against C. albicans: antimicrobial and
anti-virulence. First, we explored the possibility of L-ZnO, FL-ZnO and
OFL-ZnO NPs to inhibit the growth of C. albicans. The MIC results clearly
showed that whereas lignin, FL and OFL were almost inactive, L-ZnO, FL-
ZnO and OFL-ZnO NPs inhibited the planktonic growth of C. albicans. Re-
cently various nanomaterials were synthesized and tested against
C. albicans. Chemically and biologically synthesized nanomaterials such
as Ag, ZnO, NPs, MgO, Fe3O4, CuO, and Se NPs [24–37,57–58] have been

Image of Fig. 5


Fig. 6. (A) In-vitro cytotoxicity assay: A 3T3-L1 cell line treated with FL-ZnO NPs showed good cell viability; 80% cells were viable at 12 μg/mL (B) In-vivo animal toxicity
study: average change in the weight of Rats for 28 days upon feeding with FL-ZnO NPs. The weight was constant till 12 days, and thereafter increased gradually till 28 days.
Rats not fed with FL-ZnO NPs (controls) showed very negligible weight gain. (C) Histological observations of organs: The histopathological examination of liver, kidney and
heart tissue after feeding Rats with FL-ZnO NPs. The tissue sections were normal, and no abnormal changes were observed in these organs. In liver section, hepatocytes were
normal, in kidney section, macula densa, glomerulus, and basement membrane were intact; in heart section, cardiac muscle cells and connective tissue were intact similar to
control (d), (e), and (f) respectively.
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shown to inhibit the growth or biofilm of C. albicans on various surfaces. In
contrast, nanomaterials synthesized using biological methods have the ad-
vantage of low cytotoxicity and the ability to functionalize the surfaceswith
organic molecules. Therefore, in recent times, plant extract, seaweeds, and
biomolecules were used to synthesize ZnO NPs against C. albicans. The leaf
extract of Glycosmis pentaphylla was used to synthesize ZnO NPs of 32 to
36 nm and was shown to inhibit the growth of C. albicans at the concentra-
tion of 100 μg/mL [59]. Similarly, the leaf extract of Azadirachta indicawas
used to synthesize ZnO NPs and was shown to inhibit the growth of
C. albicans at MIC value of 200 μg/mL [60]. ZnONPs prepared from leaf ex-
tract of Crinum latifolium have inhibited the growth and virulence system of
C. albicans [25]. Interestingly, theMIC of ZnONPs in some studies were rel-
atively high, 500 μg/mL [26]. Apart from terrestrial plant materials (above
reports), sea plants, such as seaweeds viz., green Caulerpa peltata, red
Hypnea valencia and brown Sargassum myriocystum were also used to syn-
thesize ZnO NPs. However, only ZnO NPs prepared from S. myriocystum
could show anti-Candidal activity with MIC value of 1000 μg/mL, which
is a very highMIC value reported to date [61]. In comparison to the reports
mentioned above, the MIC value of FL-ZnO for inhibiting the growth of
C. albicans in the present study is low, indicating the importance of FL to-
wards the synthesis of anti-Candidal ZnO NPs. When we compared the
growth inhibition abilities ofC. albicanswith ZnONPs prepared from or sta-
bilized with macromolecules such as lignin [35], chitosan [57] and
chitosan-linoleic acid [32], it appeared that FL-ZnO NPs in the present
study showed far better anti-Candidal activity against C. albicans because
the concentrations required to bring about the reduction in the growth of
C. albicans was lower than the reports above. Recently attempts were
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made to find out the mechanism of action of ZnO containing nanomaterials
onCandida. There have been reports that some nanomaterials act as antiox-
idants [62,63], while others produce reactive oxygen species (ROS) [64,
65]. Shoeb et al., (2013) [66] has demonstrated that ZnO NPs interact
with the cell surfaces of C. albicans. ROS generated by such interactions in-
cluded superoxide (*O2ˉ) and hydroxyl (*OH) radicals. These radicals act
on membranes, leading to membrane integrity, eventually inhibiting the
growth of C. albicans [66,67]. However, in our study, the ROS produced
was less, and therefore, we rule out the ROSmediated cell membrane dam-
age for the antimicrobial action of FL-ZnO NPs.

Recently, it has been shown that some nanomaterials, such as gold
nanoparticles (Au NPs), act on C. albicans by ROS-independent mechanism.
The Au NPs were shown to act on C. albicans by disrupting mitochondrial
calcium homeostasis and mitochondrial membrane potential [68]. In the
light of the antimicrobial action of Au NPs, in the present study, we report
the ROS-independent antifungal mechanism of FL-ZnO NPs on C. albicans.
It is likely possible that FL-ZnO NPs may damage the DNA or cause mito-
chondrial dysfunctions, as reported in the case of AuNPs. Nevertheless, fur-
ther studies are needed to understand FL-ZnO NPs' action on C. albicans.

4.4. Morphogenesis inhibition

The virulence attributes of C. albicans include morphogenesis (transi-
tion from yeast to hypha) and biofilm. The morphogenesis help
C. albicans to evademucous membrane and tissues and provide an opportu-
nity to enter the bloodstream, thereby causing greater damage [5]. There-
fore, inhibition of morphogenesis is likely to abolish the virulence
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attributes of C. albicans, thereby assisting the present antifungal therapies.
Recently, few nanomaterials such as Ag NPs [30,58], ZnO NPs [25,26],
and MgO [32] were shown to inhibit morphogenesis in C. albicans. The
Ag NPs synthesized using the methanolic leaf extract from Dodonaea
viscosa, and Hyptis suoveolens plants were shown to inhibit morphogenesis
and macro-colony formation, probably, at 10 μg/mL [58]. The morphogen-
esis inhibition was shown to be size-dependent [30], smallest sized NPs
inhibited morphogenesis effectively. Similarly, MgO NPs prepared by the
hydrothermal method were shown to inhibit morphogenesis in C. albicans
at a calculated concentration of 297 μg/mL [31]. The ZnO NPs prepared
using a biological approach (leaf extract of C. latifolium) also were shown
to inhibit morphogenesis; however, the concentrations of NPs required to
bring out morphogenesis were high, about1 mg/mL [26].

In the present study, the ZnONPs synthesized by using FL are promising
nanomaterials against C. albicans because the amount of FL-ZnO NPs re-
quired to inhibit the morphogenesis was significantly less than the reports
mentioned above. Notably, the bioactive ZnO NPs, which inhibited mor-
phogenesis in C. albicans, were prepared using agro-wastes.

4.5. Biofilm inhibition

As mentioned before, the biofilm of C. albicans is a complex network of
heterogeneous populations comprising biphasic distribution of yeast and
filamentous cells. The sessile cells and hyphal form of C. albicans inside
the biofilm are highly virulent (>1000 times more resistant to antifungal
drugs). Therefore, there is an urgent need for novel approaches to target
the biofilm of C. albicans as biofilm has an essential role in the pathogenesis
of C. albicans. Recently, numerous nanomaterials were explored to inhibit
or disrupt the biofilm. Nanomaterials like Ag NPs [25,27,29], MgO NPs
[31], and ZnO NPs [26,33] were shown to inhibit the biofilm of
C. albicans to a varying degree depending on the type and size of nanoma-
terials. Ag NPs with spherical, quasi-spherical and hexagonal shapes and
sizes ranging from 1 to 100 nm was shown to decrease biofilm [30]. The
biofilm decrease was more prominent in the presence of spherical Ag
NPs. Furthermore, the biofilm inhibition efficacy of spherical shaped Ag
NPs was dependent on the size of NPs. Ag NPs of 7.0 nm was shown to de-
crease the biofilm formationmost efficiently in comparison to the AgNPs of
size 21.4 and 50.3 nm [30]. The biofilm of C. albicans in the presence of
MgO NPs [31] and CuO NPs and Cu2O NPs was also remarkable reduced
[57]. Recently, bio-fabricated ZnO NPs were also shown to decrease the
biofilm of C. albicans effectively. Leaf extract of P. pinnate was used to pre-
pare spherical shaped ZnO NPs with an average particle size of 35 nm,
which reduced the biofilm to 42% at 50 μg/mL [69]. In another study,
Crinum latifolium was used to prepare spherical ZnO NPs with a size range
of 10–30 nm, reducing biofilm formation at 250 μg/mL, with some cells
showing abnormal cells or damaged structures [26]. It is interesting to re-
port that, like previous reports, the present study also reports the synthesis
of ZnONPs using plant (lignin, FL and OFL)materials. However, unlike ear-
lier reports, the present study reports a relatively lesser concentration of FL-
ZnO NPs to inhibit the biofilm of C. albicans. One of the reasons for such ef-
fective biofilm inhibition may be the porous structure of ZnO NPs, which
might have increased the surface reactivity of FL-ZnO NPs. Therefore, the
inhibition of biofilm in the presence of F-ZnO NPs will make C. albicans sus-
ceptible to various antibiotics therapies or render C. albicans avirulent.

4.6. Gene expression analysis

To understand the molecular mechanisms behind morphogenesis, we
analyzed the levels of expressed genes when C. albicans were treated with
FL-ZnO NPs via RT-PCR study. L-ZnO, FL-ZnO, and OFL-ZnO NPs modu-
lated the molecular mechanisms that upregulated the negative regulators
and downregulated the positive regulators of morphogenesis and biofilm.
The bcy1 plays an important role in the cell differentiation and death of
C. albicans. The deletion of bcy1 gene leads to the development of filamen-
tous hyphal growth [70]. In otherwords, up-regulation of bcy1 gene expres-
sion repressesfilamentous growth. The upregulation of bcy1 in the presence
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of L-ZnO, FL-ZnO, and OFL-ZnO NPs (respectively, 6.0, 13.0, 2.3-fold) es-
sentially repressed the formation of filamentous growth. The nrg1 gene
plays an important role in the negative regulation of morphogenesis. The
upregulation of nrg1 gene represses morphogenesis and represses hypha-
specific genes [71]. The upregulation of nrg1 in the presence of L-ZnO,
FL-ZnO, and OFL-ZnO NPs (respectively, 3.0, 8.4, and 2.8-fold) essentially,
therefore, repressed the hypha-specific genes. The tup1 plays an important
role in the transition of yeast to hyphae and governs the regulation of genes,
including those involved in virulence. The expression of tup1 represses the
expression of genes that are essential for the formation of the hypha. The
deletion of tup1 promotes filamentous growth [72]. The upregulation of
tup1 in the presence of L-ZnO, FL-ZnO, and OFL-ZnO NPs (respectively,
3.5, 10.9, and 3.0-fold) essentially, therefore, repressed the expression of
genes necessary for hypha formation. The hwp1 is among the most well-
characterized C. albicans gene and is involved in the assemblage of the
cell wall, morphogenesis, and promoting attachment of C. albicans to epi-
thelial cells [73]. The hwp1 is upregulated during the formation of the
germ tube and downregulated during the yeast form of growth. It is sug-
gested that the cells of C. albicans which have the hwp1 protein, are more
virulent and can initiate the infection [74]. The downregulation of hwp1
in the presence of L-ZnO, FL-ZnO, and OFL-ZnO NPs (respectively, 0.433,
0.107, and 0.419-fold) essentially, therefore, repressed the germ tube for-
mation and hyphal development. The als genes promote the adhesion of
C. albicans to host surfaces and promote biofilm on surfaces [75]. Als family
of proteins help C. albicans for initial binding to epithelial cells, endothelial
cells, and extracellular matrix proteins and later help C. albicans to invade
host cells and obtain iron. The als3 gene is essential for the successful estab-
lishment of Candida infection [76,77]. Als3 protein influences the biofilm
formation abilities of C. albicans on a variety of substrata, such as polysty-
rene and silicone elastomer. The downregulation of als3, als4 genes in the
presence of L-ZnO, FL-ZnO, and OFL-ZnO NPs essentially de-mediated at-
tachment of C. albicans to various biological surfaces abolish the initiation
of fungal infection. The ras1 genes play a pivotal role in the regulation of
MAP kinase and a cAMP signaling pathway. By activating these pathways,
virulence traits such as yeast-to-filament conversion, biofilm formation,
phenotypic switching, and stress resistance can be modulated. Mutants
lacking ras1 are defective in filamentous growth. [78,79]. The downregula-
tion of ras1 in the presence of L-ZnO, FL-ZnO, and OFL-ZnO NPs (respec-
tively, 0.299, 0.022, and 0.019-fold) essentially, therefore, repressed the
modulations of traits required for virulence such as biofilm formation, phe-
notypic switching, and stress resistance. The efg1 encodes a transcription
factor that regulates morphogenetic regulations in C. albicans, such as chla-
mydospore formation, phenotypic switching, and filamentous growth. The
efg1 plays a crucial role in the expression of cell wall proteins such as hwp1
or als. The efg1 induces pseudohyphal growth, and overexpression of the
efg1 enhances mycelial growth [80]. The downregulation of efg1 in the
presence of L-ZnO, FL-ZnO, and OFL-ZnO NPs (respectively, 0.018, 0.002,
and 0.002-fold) repressed morphogenetic regulations in C. albicans such
as chlamydospore formation, phenotypic switching, and filamentous
growth. The phr1 and phr2 expression promotes the adherence of
C. albicans to epithelial cells and polystyrene and help in the formation of
biofilm. Expression of phr1 increase the polysaccharide synthesis (during
biofilm formation) and decreases in the absence of phr1 genes [81]. The
downregulation of phr1 and phr2 in the presence of L-ZnO, FL-ZnO, and
OFL-ZnO NPs essentially, therefore, repressed the biofilm formation and
the adherence of C. albicans to epithelial cells and polystyrene. An analysis
of differential gene expression during morphogenesis inhibition showed
that the upregulation of negative regulators and the downregulation of pos-
itive regulators of morphogenesis and biofilm of C. albicans were promi-
nently affected by FL-ZnO NPs.

4.7. Biocompatibility study of FL-ZnO NPs in vivo animal model

It has been documented that some nanomaterials create an adverse ef-
fect on humans. A recent study showed that Ag NPs reduce selenoprotein
synthesis and thioredoxin reductase activity in keratinocytes and lung
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cells [82]. Similarly, ZnO NPs were also shown to cause a loss in body
weight, passive behavior, and reduced survival of cells [83,84]. Therefore,
we decided to study the biocompatibility of FL-ZnO NPs. The FL-ZnO NPs
did not reduce the viability of 3T3-L1 to a significant extent, indicating
they are not cytotoxic. Similarly, the histological tissue sections of the kid-
ney, heart, and liver had no abnormalities in any of the tissue sections
showing that as-synthesized FL-ZnONPswere not toxic at tested concentra-
tions. We believed that FL would have modified the surface chemical struc-
tures, surface charge density, or the catalytic activity of ZnO NPs, and
would have made ZnO NPs biocompatibility [85].

5. Conclusion

In the present study, lignin, FL and OFL were successfully used to syn-
thesize L-ZnO, FL-ZnO, and OFL-ZnO NPs. Among all ZnO NPs viz., L-
ZnO, FL-ZnO, and OFL-ZnO NPs, FL-ZnO NPs have successfully inhibited
the growth, morphogenesis, and biofilm of C. albicans. FL-ZnO NPs may
act on C. albicans by ROS-independent mechanisms, possibly causing DNA
damage and mitochondria dysfunction for anti-Candida activity, downreg-
ulating the positive regulator of morphogenesis and biofilm, and upregu-
lated the negative regulators of morphogenesis and biofilm. The FL-ZnO
NPs were noncytotoxic on 3T3-L1 cells and had not shown any histological
abnormalities in the liver, heart, and kidney tissue sections. The present
study's finding suggested that FL-ZnO NPs could be employed as promising
anti-virulence agents to prevent the virulence attributes in C. albicans by
inhibiting the key virulence factors and biofilms. The present study opens
several avenues of further studies related to the design and fabrication of
surface materials for inhibiting the growth and virulence system of
C. albicans on various biotic and abiotic surfaces.
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