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Herein, we have successfully synthesized a novel N-Succinyl chitosan/gold nanocomposite (N-SuC/Au NC) using
N-SuC and gold(III) chloride, and investigated the biocompatibility and antifungal activity. The synthesized N-
SuC/Au NCwas characterized by UV–visible spectroscopy, X-ray diffraction, field emission scanning electronmi-
croscope, and inductively coupled plasma atomic emission spectroscopy. TheN-SuC/Au NC exhibited a strong in-
hibition effect towards pathogenic Candida albicans. Morphological analysis revealed the destruction of C.
albicans cell membrane due to N-SuC/Au NC treatment. The in vitro and in vivo toxicity of N-SuC/Au NC was an-
alyzedwith HEK293Tmammalian cells and zebrafish larvae, respectively. The synthesizedN-SuC/Au NC demon-
strated no cytotoxicity towards HEK293T cells up to 1200 μg/mL concentration. The survival rate of the zebrafish
larvae at 120 hpf, was found as 100% up to 1200 μg/mL of N-SuC/Au NC exposure. The in vivo studies further con-
firmed the inhibitory effects of N-SuC/Au NC on the formation of C. albicans hyphae in infected zebrafish muscle
tissue.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Mortality from fungal infection poses a significant health threatwith
higher mortality from systemic infections than that of bacterial species
[1]. Candida albicans is the fourth most common pathogen responsible
for infections, and has the ability to produce robust biofilms on medical
devices, which is the key for pathogenesis [2]. C. albicans is a risk-free
commensal and a human fungal pathogen which causes mucosal, cuta-
neous and systemic infections in immune compromised patients under-
going long-term treatment with antifungal agents [3]. Side effects from
the present treatment regimens and the emergence of multi-drug resis-
tance create complications in efficient therapy against the infections
caused by C. albicans [4]. Hence, the development of novel therapeutic
agents for the treatment of Candida infections is utmost important.

Chitosan, a deacetylated form of chitin, is the second-most naturally
abundant co-polysaccharide next to cellulose [5]. There are many active
amino and hydroxyl groups in chitosan, which react easily with a vari-
ety of chemical groups. The complex structure of chitosan results in
poor water solubility, which greatly limits its application [6]. Molecular
weight reduction and introduction of hydrophilic groups by chemical
modification arewell-knownprocesses to improve the solubility, chem-
ical reactivity and bioactivity of chitosan [5,7]. N-succinyl-chitosan (N-
SuC) is a water soluble chitosan derivative obtained by the reaction of
chitosan with succinic anhydride, through the introduction of carboxyl
groups into chitosan N-terminal of the glucosamine units [8]. It pos-
sesses greater biocompatibility, moisture retention, low toxicity, and it
is being used in many fields such as wound dressing, drug release, anti-
cancer drug carriers, cosmetics and enzyme fixation [9]. Very recently,
N-SuC immobilized lysozyme was used as an antimicrobial agent in
strawberry preservation [10].

Metal nanoparticles (NPs) and metal nanocomposites (NCs) have
received great interest in both the scientific and technological aspects
over the last two decades [11].Metal NC showed excellent chemical sta-
bility and biocompatibility due to their outstanding synergistic effects.
Especially, metal-chitosan NC based on silver (Ag), gold (Au), platinum
(Pt), and palladium (Pd) showed potent antimicrobial agent due to co-
utilization of the antimicrobial properties of both chitosan and metal
NPs. For example, the composite form of Ag NPs with polymer based
matrix such as chitosan possesses enhanced antimicrobial properties
at lower concentrationwith reduced toxic effects [12]. Hence, the devel-
opment of biodegradable NC with minimum adverse effect on the host
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and on the environment is important. Accordingly, in the present work,
we have synthesizedN-succinyl-chitosan gold nanocomposites (N-SuC/
Au NC) without adding any reducing agents and investigated the anti-
fungal activity against C. albicans. Also, the cytotoxicity of N-SuC/Au
NC was analyzed using human embryonic kidney (HEK293T) cells.
The in vivo toxicity was analyzed using zebrafish (Danio rerio) embryos.
Also, the in vivo antifungal activity of N-SuC/Au NC was tested using C.
albicans infected zebrafish by performing histopathological studies.

2. Materials and methods

2.1. Preparation of N-SuC and N-SuC/Au NC

The synthesis of N-SuCwas carried out according to the previous re-
port with slight modifications [13]. Briefly, 4 g of chitosan (Sigma Al-
drich, USA) was dissolved in 100 mL of 3% (v/v) aqueous HCl solution
at ambient temperature. Subsequently, 2 g of succinic anhydride
(Sigma Aldrich, USA) was dissolved in 20 mL of pyridine and then,
added dropwise to the chitosan solution under vigorous stirring. After
6 h, the pH of the reaction was raised to 8 by dropwise addition of
NaOH (3 M) solution. Finally, the reaction was terminated by adding
120 mL of absolute ethanol. The precipitate was filtered and washed
several timeswith ethanol and dried in vacuum at 50 °C. The final prod-
uct (4 g) was purified by dissolving it in 100 mL of distilled water and
filtering through 1 μm Whatman® filter paper. The filtered solution
was re-precipitated by adding 100mL of ethanol. Finally, the precipitate
was filtered and washed in sequence with ethanol and acetone, and
dried in vacuum at 50 °C to obtain N-SuC.

For the synthesis of N-SuC/Au NC, 20 mg/mL of N-SuC and 4 mM
HAuCl4·3H2O solutions were prepared using Milli-Q (Millipore)
water. After that, 20 mL of N-SuC solution was mixed with 2 mL of
HAuCl4·3H2O solution and the mixture were heated in a water bath at
90 °C for about 5 min. The color of the reaction mixture was changed
from pale yellow to purple red, indicating the formation of Au NPs.
Then, the reaction mixture was stirred for 10 min, and equal volume
of ethanol (22 mL) was added to precipitate the N-SuC/Au NC. Finally,
the precipitate was filtered and washed with ethanol and dried in vac-
uum oven at 50 °C for 6 h.

2.2. Characterization of N-SuC and N-SuC/Au NC

The 1H nuclear magnetic resonance (NMR) spectra of chitosan and
N-SuC were acquired using NMR system (Bruker, Germany) at
400 MHz. D2O/CD3COOD was used as solvent and the chemical shifts
(δ) were reported in parts per million (ppm) using tetramethylsilane
(TMS) as an internal reference. The degree of substitution of N-SuC
was determined by the potentiometric titration method [14]. Briefly,
5 mg/mL of N-SuC aqueous solution was prepared first and then, 3 M
HClwas added dropwise to adjust the pH of the solution to 2. This acidic
solution was titrated against 0.1 M NaOH. The degree of substitution
was calculated using the formula,

DS ¼ 177−Að Þ= mN−SuC−101 X Að Þ:A ¼ VNaOH X CNaOH

where, CNaOH and VNaOH are the concentration and volume of NaOH, re-
spectively. mN-SuC is the mass of N-SuC. The molecular weights of glu-
cosamine and succinyl group are 177 and 101, respectively.

X-ray diffraction (XRD) analysis was carried out using Bruker D8-
Advance (USA) X-ray diffractometer with Cu Kα radiation (λ =
1.544 Å). The optical properties were studied by UV–vis absorption
spectra recorded using a spectrophotometer (Mecasys, Korea) in
325–600 nm wavelength range. The surface morphology was analyzed
using a field emission scanning electron microscope (FESEM, SEISS
SIGMA 500, SEISS, Germany). For FESEM analysis, the N-Suc/Au NC
powder was placed on conductive carbon adhesive tape and coated
with osmium using an ion sputter (E-1030, Hitachi, Japan). The amount
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of Au in the synthesized N-SuC/Au NC was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES, Perkin-Elmer
Optima, USA). A known amount of the synthesized N-SuC/Au NC was
dissolved in ultra-high pureHNO3, to determine theAu content. The sol-
ubility of N-SuC/Au NC was evaluated at different pH from transmit-
tance measurements at 600 nm [15]. For transmission measurements,
N-SuC/Au NC was dissolved in 1% acetic acid (5 mg/mL) and the pH of
the solution was adjusted to different values with the addition of 5 M
NaOH solution. The N-SuC/Au NC was considered to be insoluble
when the transmittance of the N-SuC/Au NC solution was less than
50% of the transmittance for aqueous media at different pH. The pH-
dependent charge profile was monitored by evaluating the zeta poten-
tial (S-90, Malvern Instruments Ltd.,UK) of N-SuC/Au NC solution
(1 mg/mL) at various values ranging from 3 to 11.

2.3. Culture conditions of C. albicans

C. albicans strains (KCTC 27242) were purchased from the Korean
Collection for Type Culture. A single colony picked up from the fresh po-
tato dextrose agar (PDA) plate was cultured in potato dextrose broth
(PDB) under aerobic conditions at 30 °C for 24 h in a shaking incubator
at 180 rpm. To harvest the C. albicans cells, well grown culture media
were centrifuged at 3500 rpm for 10 min and washed twice with phos-
phate buffered saline (PBS, pH ~ 7.4) followed by re-suspension in PBS
(OD600 ~ 0.1) to adjust the desired concentration of 106 colony-
forming units per milliliter (CFU/mL), which was calculated using a
hemocytometer.

2.4. In vitro anticandidal activity of N-SuC and N-SuC/Au NC

The in vitro anticandidal activity ofN-SuC andN-SuC/AuNCagainst C.
albicans was investigated by broth dilution procedure [16]. C. albicans
were treated with different concentrations of N-SuC and N-SuC/Au NC.
Nystatin (10 μg/mL) was used as a positive control. The lowest concen-
tration at which no observable C. albicans growth occurs characterizes
its minimum inhibition concentration (MIC) value. Also, the minimum
fungicidal concentration (MFC) was determined by sub-culturing
10 μL of the medium collected from the wells on PDA medium plates.
The MFC was the lowest concentration that yielded no colonies after
24 h growth on the agar.

2.5. C. albicans growth curve studies

The C. albicans cells were revived freshly by a subculture on a PDA
plate. A loopful of inoculum was introduced into the PD broth and the
cells were grown at 30 °C for 16 h before use. Various concentrations
of N-SuC/Au NC (0–32 μg/mL) were separately added into the conical
flasks comprising of the inoculated medium (C. albicans; 106 CFU/mL),
which was incubated at 30 °C in a shaking incubator (180 rpm). Nysta-
tin (10 μg/mL) was used as a positive control. The growth level of C.
albicans was monitored at prearranged time periods (0, 3, 6, 9, 12, 15,
18, and 21 h) after incubation with agitation at 30 °C. 1 mL aliquot
from each sample in a conical flask was removed and the growth was
observed turbidometrically at 600 nm using a microplate reader (Bio-
Rad, USA). The optical densities were recorded for each concentration
with respect to time, and all the time-kill curve experiments were per-
formed in triplicates.

2.6. Morphological analysis of N-SuC/Au NC treated C. albicans

The morphological changes of C. albicans due to N-SuC/Au NC treat-
mentwas investigated according to the reportedmethod [17]. Briefly, C.
albicans cells (106 CFU/mL) were incubated with N-SuC/Au NC (16 and
32 μg/mL) at 30 °C for 12 h with an orbital shaking of 180 rpm. After in-
cubation, the C. albicans cells were washed several times with PBS and
fixed in 2.5% glutaraldehyde for 30 min. The pre-fixed cells were again



Fig. 1. 1H NMR spectra of chitosan and N-SuC.
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washed using PBS and dehydrated by increasing concentrations of eth-
anol, consisting of 30, 50, 70, 90, and 100% for 10 min, twice. The
dehydrated cells were dried and coated with platinum using an ion
sputter (E-1030, Hitachi, Japan) and themorphological changeswas an-
alyzed using ultra-high resolution FESEM.

2.7. Effect of N-SuC/Au NC on the membrane permeability of C. albicans

Themembrane permeability of C. albicans cells exposed toN-SuC/Au
NC was examined as described in our previous work [18], using
propidium iodide (PI, Sigma Aldrich, USA). Briefly, cell suspensions of
the control and N-SuC/Au NC treated samples (16 and 32 μg/mL) were
centrifuged (5000 rpm for 2 min) and the pellets were resuspended in
PBS. The treated cells were incubated with 5 μg/mL of PI at 30 °C for
15 min in the dark and then over staining were washed twice with
PBS. Finally, one drop of each suspensions was placed on the cover
slip and the fluorescence images were recorded using a Carl Zeiss LSM
5 Live confocal laser scanning microscope (CLSM) scan head integrated
with the Axiovert 200 M inverted microscope (Carl Zeiss, Jena,
Germany).

2.8. Safety assessment of N-SuC/Au NC

The in vitro cytotoxicity of N-SuC/Au NC was studied on HEK293T
(human embryonic kidney, ATCC-11268) cells using WST-8 cell viabil-
ity assay kit (Quanti-Max™, Korea). HEK293T cells (1 × 104 cells/well)
were seeded into a 96well platewith the high-glucose Dulbecco'sMod-
ified Eagle's Medium (DMEM, Invitrogen, USA) with 1% antibiotic/
antimycotic solution (Gibco, USA) and 10% fetal bovine serum (FBS)
(Hyclone, USA). After 24 h, cells were treated with different concentra-
tions (0–2000 μg/mL) of N-SuC/Au NC. After 24 h of incubation, WST-8
reagent (20 μL) was added to each well and incubated at 37 °C for 3 h
with 5% CO2. The optical density (OD) was measured using microplate
reader (Bio-Rad, USA) at 450 nm. The cell viability was estimated
using the formula,

Cell viability %ð Þ ¼ ODS=ODCð Þ � 100,

where, ODS and ODC are the mean values of the sample wells and the
control, respectively.

The in vivo toxicity of N-SuC/Au NC was determined using zebrafish
embryo. The two to three hours post-fertilization (hpf) mature eggs (6
per well) were seeded into 12 well plates. These wells were then filled
with E3 embryo medium (0.059 M NaCl, 0.00067 M KCl, 0.00076 M
CaCl2 and 0.0024MNaHCO3; pH 6.5–7.0) and treatedwith various con-
centrations of N-SuC/Au NC (namely 250, 500, 750, 1000, 1250, 1500,
1750, and 2000 μg/mL). The eggs were regularly monitored for the phe-
notypic response for 120 hpf in a stereo-microscope (Nikon, SMZ1000,
Japan). The survival rate was determined by identifying the mortality
of the zebrafish embryos (complete loss ofmobility in zebrafish embryo,
coagulation of the unhatched eggs or no hatching even after 72 hpf) in
the presence of various concentrations of N-SuC/AuNC at time intervals
of 24 hpf.

2.9. In vivo efficacy of N-SuC/Au NC upon C. albicans infection in zebrafish
model

The antifungal activity of N-SuC/Au NC against C. albicans infection
was investigated using zebrafish model as described in our previous
work [19]. Wild-type AB zebrafish fish line (5 months old) were main-
tained at standard culture conditions [20]. In brief, 90 fish (0.50 ±
0.08 g) were anesthetized by immersing in 0.17 g/mL of tricaine
(Sigma, USA) solution and randomly divided into three groups with 3
replicates (n = 30/replicate). At the day of experiment, C. albicans
(3 μL) was intramuscularly injected at a dose of 3 × 106 cells/fish
(3 μL) using Hamilton® syringe, and the injected fishwere immediately
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put into recovery tanks (4 L). After 12 h post infection (hpi), individual
fish were treated with 32 μg of N-SuC/Au NC, 10 μg of nystatin as posi-
tive control and 3 μL of PBS for negative control. The procedure was re-
peated after every 12 h intervals until 120 hpi, and the cumulative
mortality was measured throughout the experimental time.

Examination of C. albicans infection was monitored through histo-
logical analysis in zebrafish at 72 hpi. Euthanized whole fish with an
overdose treatment of tricaine were fixed in 10% neutral buffered for-
malin. After 24 h, the fish were washed with PBS for 12 h, and decalcifi-
cation was done with decalcifying solution Lite (Sigma, USA) using
manufacture's protocol (50 mL/fish) for 3 days. Thereafter, the fish
were washed with PBS for 12 h, and the infected site was separated
and processed under tissue processor (Leica® TP1020 Semienclosed
Benchtop Tissue Processor, Germany) for 12 h. After processing, paraffin
embedding was continued (Leica® EG1150 Tissue Embedding Center,
Germany), and sectioned into 5 μm thickness (Leica® RM2125 micro-
tome, Germany). After deparaffinization and dehydration, the infection
of C. albicanswas examined by staining serial transverse tissue sections
with Periodic Acid-Schiff stain (PAS). First, the sections were treated
with 0.5% periodic acid for 5 min followed by Schiff's solution for
20min. Afterwashing, the sectionswere again treatedwith Gill's hema-
toxylin for the counter staining. The infections were observed through
Leica®microscope (3000 LED, Germany) and the imageswere captured
by Nikon Eclipse 80i (Nikon Corporation, Japan).

3. Results and discussions

3.1. Characterization of N-SuC and N-SuC/Au NC

The N-SuC was prepared via ring-opening reactions with succinic
anhydride in the presence of pyridine. Carbonyl carbon of succinic an-
hydride is a strong electrophile which readily reacts with the nucleo-
philic amine groups of chitosan [21]. Pyridine was added as an
acylation catalyst to promote the amine/anhydride acylation reaction
[22]. The percentage yield for 2:1 weight ratio of chitosan and succinic
anhydride was 88.25 ± 2.56%. The 1H NMR spectra of chitosan and N-
SuC are given in Fig. 1. The 1HNMR spectrumof chitosan showed signals
at δ=3.15 (H2 of glucosamine); δ=3.44–4.30 (H2 of N-acetyl glucos-
amine, H3, H4, H5, and H6), and δ = 4.88 (H1). On the other hand, the
1H NMR spectrum of N-SuC showed a new signal at δ=2.25–2.50 ppm
(NH—CO—CH2CH2—COOHof succinyl group) in addition to the chitosan
signals, indicating the successful formation of N-SuC. The 1H NMR spec-
tral characteristics of the synthesized N-SuCwere identical to the previ-
ous reports [23,24].



Fig. 2. XRD spectra of (A) chitosan, (B) N-SuC and (C) N-SuC/Au NC.
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Fig. 2 shows the XRD spectra of chitosan, N-SuC and N-SuC/Au NC.
The XRD spectrum of chitosan (Fig. 2A) showed two distinct crystalline
peaks at around 10° and 20°, attributed to the strong intermolecular and
Fig. 3. (A) UV–Vis spectrum of N-SuC and N-SuC/Au NC. Inset in (A) is the photographic image
profile of N-SuC/Au NC at various pH, and (D) zeta potential of N-SuC/Au NC at various pH.
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intramolecular hydrogen bonds between hydroxyl and amino groups of
chitosan [25]. The ‘H’ bondmight support certain structural regularity in
chitosan to form crystalline regions and insolubility in water. In case of
N-SuC (Fig. 2B), the diffraction peak at 10° disappeared and the peak in-
tensity of diffraction peak at 20° lowered, which indicates the destruc-
tion of the intermolecular ‘H’ bonds and the crystalline regions of
chitosan due to successful substitution of succinyl group. The XRD pat-
tern of N-SuC/Au NC (Fig. 2C) showed major diffraction peaks at
38.56°, 44.38°, 64.72° and 77.28° corresponding to the (111), (200),
(220) and (311) crystalline planes, respectively, of the face centered
cubic (FCC) structure of Au (JCPDS card no. 04-0783). The broad
hump at 20.33° corresponds to the amorphous structure of N-SuC. The
diffraction pattern of Au and allomorphic character of chitosan were
consistent with the previous report of chitosan gold nanocomposite
[18]. Due to its electronegative property chitosan is generally used as a
reducing agent for preparing Au NPs. The presence of amino group in
the polyatomic structure of chitosan delivers steric hindrance and stabi-
lizes the Au NPs [26,27]. The degree of substitution of succinyl group
during the reaction for 2:1 weight ratio of chitosan and succinic anhy-
dride was found to be 0.68 ± 0.08. This indicates that the residual –
NH2 groups in the glucosamine unit act as an electrostatic stabilizer of
Au NPs during the formation in N-SuC/Au NC.

The UV–vis absorption spectrum, FESEM, solubility and zeta poten-
tial measurements are given in Fig. 3. The UV–vis absorption spectra
(Fig. 3A) of N-SuC and N-SuC/Au NC solutions displayed different ab-
sorption profiles. TheN-SuC solution did not show any notable peak be-
tween the wavelength range 325–600 nm, while the N-SuC/Au NC
exhibited a clear absorption peak around 520 nm. This strong absorp-
tion band at 520 nm originates from the surface plasmon of the Au
NPs. The inset in Fig. 3A shows the appearance of the synthesized com-
pounds aqueous solution. As shown in figure, the pale-yellow color of
s of N-SuC and N-SuC/Au NC aqueous solutions, (B) FESEM of N-SuC/Au NC, (C) solubility
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N-SuC solution transformed to ruby-red due to the formation of N-SuC/
Au NC. The FESEM image (Fig. 3B) showed spherical shaped Au NPs
with an average diameter of 22 nmuniformly distributed on the surface
ofN-SuC. The size andmorphology of the Au NPs play an important role
in the antifungal activity. For example, it was reported that the smaller
sized gold nanodiscs exhibit more fungicidal activity than the large
sized gold polyhedral nanocrystals [28]. The ICP-AES analysis confirmed
that N-SuC/Au NC contains 1.46 ± 0.21% of Au.

The solubility of N-SuC/Au NC was determined by transmittance
measurement for various pH at 600 nm. Fig. 3(C) shows the solubility
of N-SuC/Au NC both in the basic (pH > 7) and acidic regions
(pH < 7). The solubility of N-SuC/Au NC in acidic region was attributed
to the protonation of amino group (-NH2 to –NH3

+) and the solubility in
alkaline region was caused by the change of carboxylate group to car-
boxylate ion (-COOH to –COO−). The insolubility region between
pH ~ 4.5–5.5 was attributed to the isoelectric point which exists equi-
molar of –NH3

+ and–COO− group in the N-SuC/Au NC molecule. The
zeta potential measurement (Fig. 3D) revealed that N-SuC/Au NC ex-
hibits a net positive charge of the surface at pH < 4 due to the proton-
ation of -NH2 group. The negative zeta potential at basic pH was
attributed to the deprotonation of -COOH groups. Similar solubility pro-
file and pH dependent charge profiles in Zeta potential measurements
have been reported for N-SuC [24,29].

3.2. Anticandidal activity of N-SuC/Au NC

The MIC and MFC values of N-SuC/Au NC were determined to under-
stand the growth inhibition of C. albicans. The synthesized N-SuC did not
show anticandidal activity against C. albicans up to 6 mg/mL. Previous
Fig. 4. (A) Growth performance and (B) cell viability of C. albicans exposed to different
concentrations of N-SuC/Au NC. (A) In growth inhibition assay, cell growth was assessed
after treatment with N-SuC/Au NC at 30 °C by measuring the OD at 600 nm at every 3 h
intervals. The bars indicate the S.D. (n=4). (B) Cell viability was assessed after treatment
with different concentration of N-SuC/Au NC. Significant differences in C. albicans cells vi-
ability were obtained with respect to untreated controls (P < 0.05). The treatments
with*mark represent the significant cell viability (%).

67
report on N-SuC (4 mg/mL) also did not show any anticandidal activity
against clinically isolate ten C. albicans strain from oral rinse samples of
healthy individuals [30]. The MIC and MFC level of N-SuC/Au NC against
C. albicanswere found to be 16 and32 μg/mL, respectively. The time-kill ki-
netic analysis clearly showed growth inhibition of C. albicans by N-SuC/Au
NC above theMIC level similar to the positive control nystatin (Fig. 4A). At
lowerN-SuC/Au NC concentrations (4 and 8 μg/mL) below theMIC level a
partial growth inhibition was observed. The synthesized N-SuC/Au NC
demonstrated better anticandidal activity when compared to the
chitosan-Au NC which exhibited MIC and MFC values of 50 and
75 μg/mL, respectively, against the same C. albicans strain [18]. Au NPs
with MIC and MFC values of 24.37 and 97.5 μg/mL, respectively, were re-
ported previously for the growth inhibition offluconazole-resistant strains
ofC. albicans [31]. Also, the commercially available AuNPs (30nm)was re-
ported to have growth inhibitory effect on C. albicans at 32 μg/mL concen-
tration [32]. Comparing with these earlier reports, it can be deduced that
the synthesized N-SuC/Au NC can be a potent anticandidal agent.

The cell viability of C. albicans was determined by MTT assay after
the treatment with different concentrations of N-SuC/Au NC
(0–32 μg/mL). The cell viability (Fig. 4B) decreased (p < 0.05) signifi-
cantly due toN-SuC/AuNC treatment, and exhibited a concentration de-
pendent profile. The control (without N-SuC/Au NC) exhibited
Fig. 5. FESEM images of C. albicans (A) control (untreated) cells; (B) 16 μg/mL and
(C) 32 μg/mL of N-SuC/Au NC treated cells.



Fig. 6. CLSM image of PI strained N-SuC/Au NC treated C. albicans cells: (A)–(C) control (untreated cells); (D)–(F) treated at MIC (16 μg/mL); and (G)–(I) treated at MFC (32 μg/mL).
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maximum cell viability. The cell viability decreased with the increase in
NC concentration and reached a minimum of 5.35% at the MFC
(32 μg/mL) level concentration of N-SuC/Au NC. The nystatin treatment
(10 μg/mL) showed 2.58% cell viability.

3.3. Morphological analysis of N-SuC/Au NC treated C. albicans

The effect of N-SuC/Au NC on the membrane structure of C. albicans
was investigated by FESEM. As anticipated, the ultra-structural analysis
(Fig. 5) clearly showed the changes in the morphology of C. albicans
membrane after the treatment with N-SuC/Au NC at the MIC
(16 μg/mL) and MFC (32 μg/mL) level concentrations. The untreated C.
albicans cells (Fig. 5A) displayed a smooth and undamaged cell surface.
In contrast, the N-SuC/Au NC treated C. albicans cells showed severely
damaged and irregular shaped cells with swollen and roughmembrane
of C. albicans cells, at the MIC (16 μg/mL, Fig. 5B) and MFC (32 μg/mL,
Fig. 5C) level treatment. Ag- and Au-chitosan NC treated C. albicans
have shown similar cell wall deformities and injuries at the MIC
(50 μg/mL) and MFC (75 μg/mL) level treatments [18,19].

PI uptake assay was further conducted to comprehend the effect of
N-SuC/Au NC on the permeability of C. albicans cell membrane and con-
comitant cell death. PI is a fluorescentmolecule which has the ability to
bind with the DNA. It shows zero penetration in live intact cell mem-
brane. However, PI can penetrate the dead cells with high permeability
due to damaged cell membrane and exhibit a red florescence inside the
dead cells [33]. The CLSM images (Fig. 6) revealed the loss of C. albicans
cell membrane integrity due toN-SuC/AuNC treatment. The control (i.e.
untreated groups, Fig. 6A–C) did not show any red florescence indicat-
ing the intact cell wall structure of the C. albicans. In contrast, at the
MIC level (Fig. 6D–F) treatment of N-SuC/Au NC both non-emitting
and red florescence emitting cells were observed. At the MFC level
(Fig. 6G–I) most of the C. albicans cells exhibited red florescence in the
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entire cell range owing to the greater membrane permeability. Taken
together the FESEM and PI uptake analysis it can be concluded that N-
SuC/Au NC has greater potential to damage and destruct the cell mem-
brane of C. albicans and cause subsequent death.
3.4. Safety assessment of N-SuC/Au NC

Prior to the therapeutic application, the toxicity of the synthesized
N-SuC/AuNCwas testedwith themammalian cells and zebrafish larvae.
The in vitro toxicity of N-SuC/Au NC was tested using HEK293T cells by
WST-8 cell viability assay kit. The cytotoxicity results (Fig. 7A) showed
no significant difference (P < 0.05) in the cell viability up to
1200 μg/mL of N-SuC/Au NC concentrations compared to the control.
Also, the morphology of the cells remained intact when treated with
N-SuC/AuNCup to 1200 μg/mL (Data are not shown). At higher concen-
trations (1400 μg/mL) a slight toxicity was observed. The green synthe-
sized Au NPs showed more than 95% HEK293T cell viability only at low
concentrations ranging from 100 to 500 μg/mL [34]. Hence, the cytotox-
icity results indicate the biocompatibility of the synthesized N-SuC/Au
NC. However, more experiments on other mammalian cells need as
well to completely elucidate the cell cytotoxic effect of N-SuC/AuNC.

The in vivo toxicity of N-SuC/Au NC was analyzed by zebrafish em-
bryo model. The survival rate of the zebrafish larvae at 120 hpf, in re-
sponse to N-SuC/Au NC at various concentrations is given in Fig. 7(B).
At lower N-SuC/Au NC concentrations (< 1200 μg/mL) the zebrafish
survival rate at 120 hpf was found to be 100% and at higher concentra-
tions (≥ 1600 μg/mL) the survival rate reduced below 50%. However, no
malformation in zebrafish larva was observed up to 1400 μg/mL of N-
SuC/Au NC concentration. Photographs comparing the malformations
at high concentrations to the control group are presented in Fig. 7(C–
G). Generally, the toxicity of the NPs relied not only on the administered



Fig. 7. Safety assessment ofN-SuC/AuNC (A) effect ofN-SuC/AuNC on the viability of HEK
293 T cells, (B) survival curve of zebrafish larvae after N-SuC/Au NC treatment,
(C) zebrafish larvae at 120 hpf without treatment (D) zebrafish larvae treated with
1200 μg/mL N-SuC/Au NC at 120 hpf, (E) pericardial edema larvae treated with
2000 μg/mL N-SuC/Au NC, (F) unhatched embryo treated with 2000 μg/mL N-SuC/Au
NC, and (G) spinal and tail deformation larvae treated with 2000 μg/mL N-SuC/Au NC.

Fig. 8. Efficacy of N-SuC/Au NC therapy on C. albicans infection in zebrafish dorsal muscle
at 72 hpi. (A) Control; (B) N-SuC/Au NC treated fish; (C) nystatin treated fish. Histopath-
ological examination of C. albicans infection in zebrafish dorsal muscle tissue, the infected
site showed the invading yeast-hyphae and inflamed tissues with cell infiltration (×400).
(D) Control; (E) N-SuC/Au NC treated fish tissue; (F) nystatin treated fish tissue. The yel-
low and black arrows indicate C. albicans hyphae and cells, respectively.
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dose but also on the size, shape, capping agent, particle stability and the
quality of the aquatic medium [35].

3.5. Efficacy of N-SuC/Au NC therapy on C. albicans infection in zebrafish

In recent years, zebrafish model has been increasingly used for patho-
logical research due to its genome similarity as a perfect host vertebrate
and also as an assuring host system for C. albicans infection [19]. Accord-
ingly, the efficacy of N-SuC/Au NC against C. albicans infection was exam-
ined using the zebrafish. After injecting C. albicans cells into the dorsal
muscle at 72 hpi, the injected site (negative control) showed severe fungal
growth (Fig. 8A) and revealed abnormal swimming behavior. The
zebrafish moved under an upright position and gradually blocked their
operculum. The group treated with N-SuC/Au NC (32 μg per fish) showed
less visible fungal colonization at the injected site (Fig. 8B) compared to the
PBS treated group, and the fungal colonization disappeared at 120 hpi
(Data is not shown). Meanwhile, no fungal colonization was observed in
nystatin treated group (positive control, Fig. 8C). The cumulative survival
rate at 120 hpi was found to be 12% and 68% for the negative control and
N-SuC/AuNC treated groups, respectively. Nystatin (10 μg perfish) treated
group showed thehighest survival rate of 82%. The lowering of the survival
rate after the antifungal treatmentmay be attributed to the environmental
stress and side effects of the antifungals.

The formation of colonies and invaded tissues by C. albicans at various
anatomical sites including liver, gastrointestinal tract, connective tissue
and muscles were observed in dead fishes after an infection dose of
1 × 108 CFU [36]. Similar pathological observations of C. albicans
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colonization and filamentation in the host tissues of mouse, human pa-
tients and zebrafish have also been reported [37,38]. Consequently, the
colony formation and histopathological analyses inside the zebrafish due
to C. albicans were examined. As shown in Fig. 8, the PBS treated group
showed widespread growth of C. albicans hyphae and inflammatory cells
(Fig. 8D) compared to the N-SuC/Au NC (Fig. 8E) and nystatin treated
(Fig. 8F) groups. Hence, the results of in vivo study demonstrated the
strong inhibition effects of N-SuC/Au NC on the growth of C. albicans in
zebrafishmuscles, indicating the anticandidal efficacy of theN-SuC/Au NC.

4. Conclusion

In the present work, we elucidated the antifungal activity and biocom-
patibility ofN-SuC/AuNC. Succinyl groupwas introduced at theN-position
of the glucosamine units of chitosan and subsequently synthesizedN-SuC/
AuNCwithout adding any reducing agents. The physiochemical character-
ization of the synthesizedN-SuC/AuNCwas performed using XRD, FESEM,
UV–Vis absorption, ICP-AES, solubility and zeta-potential measurements.
The in vitro anticandidal activity of N-SuC/Au NC investigated by turbidi-
metric assay demonstrated good inhibition property of the NC against C.
albicans. FESEM analysis and PI uptake assays confirmed the cell mem-
brane destruction due to N-SuC/Au NC treatment. Based on the experi-
mental results, we conclude that the N-SuC/Au NC has strong
anticandidal activity and possess good biocompatibility to be a potential
antifungal agent against other pathogenic fungi.
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