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jugated-gold nanorods as an
antifungal nanomedicine with low cytotoxicity
against human dermal fibroblasts
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Maha Abdallahc and Amal G. Al-Bakric

Herein, a nanotechnology-based approach was adopted to develop a facile and effective nanoplatform for

the treatment of superficial fungal infections. Gold nanorods (GNR) functionalized with thiolated poly

ethylene glycol (PEG-SH) or thiolated PEGylated cholesterol (Chol-PEG-SH) moieties were conjugated

with Fluconazole and loaded into poloxamer 407 hydrogel. The obtained nanocomplexes; PEG-Fluc-

GNR and Chol-Fluc-GNR were characterized by optical spectroscopy, hydrodynamic size and effective

surface charge. The anti-fungal activity of the nanocomplexes was investigated by estimating the

minimum inhibitory concentration (MIC) and the percentage reduction of fungal viable count against

Candida (C.) albicans. PEG-Fluc-GNR and Chol-Fluc-GNR resulted in 5-fold and 14-fold reduction in

MIC of GNR, and in 9-fold and 12-fold reduction in MIC of Fluconazole, respectively. The average log-

reduction of the viable fungal cells upon treatment with the nanocomplexes was 5 log cycles, and it

ranged from 1.3–3.7 log cycles when loaded into poloxamer 407 hydrogel. Transmission electron

microscope imaging of the treated C. albicans revealed an enhanced uptake of the nanoparticles into

the fungus's cell wall within the first 120 min of exposure. The nanocomplexes demonstrated low

cytotoxicity towards human dermal fibroblasts which represent the human skin dermal cells. Conjugating

Fluconazole with GNR is a promising approach for the effective treatment of superficial fungal infections.
1. Introduction

Skin diseases are one of the most common diseases in humans
and represent a huge public health problem particularly in
tropical countries.1,2 Different groups of fungi are responsible
for several supercial mycoses infections of skin, nails, and
mouth which may spread to other regions and become wide-
spread and negatively affect the quality of life.1 Candida (C.)
albicans is the most common pathological agent of candidiasis
which usually affects skin folds in axillae, genital and perigen-
ital areas, inguinal folds, hands, ngernails, and mucous
membranes.3 The conventional treatment of fungal skin infec-
tions is either topical or systemical based on the localization,
severity and stage of the infection and type of causative fungi.
Cutaneous candidiasis is usually treated with topical antifungal
agents in creams, gels, or solutions.4 However, resistance to
traditional antifungal agents has developed recently due to
inadequate, irregular, overuse of drugs or occurrence of certain
gene mutations which may result in failure of conventional
antifungal agents.5,6 Fluconazole is most widely used to treat
rsity of Jordan, Amman 11733, Jordan.

an, Amman 11942, Jordan

f Chemistry 2020
fungal infections caused by C. albicans due to its high
bioavailability and low toxicity.7 However, long term exposure
and uncontrolled clinical use of Fluconazole led to the emer-
gence of drug-resistant strains of C. albicans.8 Some antifungal
drugs may cause adverse effects upon topical or systemic
applications.9,10 Therefore, novel and new approaches of treat-
ment of fungal infections with minimum side effects would be
needed to be developed. In this context, nanotechnology offers
smart solutions for various skin infections and can provide
a new generation of materials to ght drug-resistant microbial
infections.11 Wide range of nanomaterials are known for their
promising antifungal activity such as polymeric nanoparticles,
metal nanoparticles, and inorganic nanoparticles. The anti-
fungal activity of silver nanoparticles and their mechanism of
action were demonstrated in several published reports.12,13

Further, chitosan nanoparticles demonstrated antifungal
activity against Candida causing skin infections.14 Zinc oxide
nanoparticles revealed also antifungal activity against derma-
tophyte infections.15

Gold nanoparticles (GNP), particularly those with non-
spherical shape are known for their uncommon optical prop-
erties and they attract several biomedical applications such as
diagnosis, imaging, drug delivery and phototherapy-based anti-
cancer and anti-microbial activities.16,17 Antifungal activity of
GNP against different types of fungus species was demonstrated
RSC Adv., 2020, 10, 25889–25897 | 25889
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in the literature; for example, a recently published study showed
that 0.5 mM of GNR (5 nm in diameter) were effective in
inhibiting the growth of fungal cells.18 Ronavari et al. demon-
strated that among the tested fungus species, only Cryptococcus
neoformans was susceptible to both biosynthesized silver and
GNP.19 In another study, silver nanoparticles were more toxic
towards Candida albicans and Saccharomyces cerevisiae fungal
strains than GNP at concentration of 1.0 mM.20 However,
investigating the antifungal activity of non-spherical GNP
against several fungus species was lacking in the literature.
Conjugating drugs with GNP is considered a promising
approach to reduce resistant of fungus strains towards drugs.
Recently, indolicidin-conjugated GNP was effective against
Fluconazole-resistant strains of C. albicans isolated from
patients with burn infection.21

In this study, Fluconazole was conjugated with gold nano-
rods (GNR) modied with thiolated PEG (PEG-SH) or thiolated
PEGylated cholesterol (Chol-PEG-SH) moieties and loaded into
poloxamer 407 hydrogel. The antifungal activity of the nano-
complexes; PEG-Fluc-GNR or Chol-Fluc-GNR was evaluated
against C. albicans by measuring the minimum inhibitory
concentration (MIC) and the percentage reduction of fungal
viable count. The cytotoxicity of the nanocomplexes towards
human dermal broblasts was estimated to represent the
toxicity towards human skin dermal cells.

2. Materials and methods
2.1 Chemical synthesis of GNR suspension

GNR suspension was synthesized using a mixture of CTAB
(Sigma-Aldrich Chemicals, USA) and sodium oleate (NaOL,
Sigma-Aldrich Chemicals, USA) following a previous protocol.22

2.2 Surface functionalization of GNR with methoxy-
poly(ethylene) glycol-thiol (m-PEG-SH)

To 10.0 mL of GNR suspension, a volume of 1.0 mL (10.0 mg
mL�1) of m-PEG-SH solution (MW � 2000 g mol�1, Sigma-
Aldrich Chemicals, USA) was added and kept under stirring
overnight. The obtained surface modied-GNR suspension
(PEG-GNR) was centrifuged twice for 10 min at 11 510�g and
were stored at 4 �C.

2.3 Surface modication of GNR with thiolated PEGylated
cholesterol (Chol-PEG-SH)

To 10.0 mL of GNR suspension, a volume of 1.0 mL (25.0 mg
mL�1) of Chol-PEG-SH solution (MW � 2000 g mol�1, Nanoso
Polymers, USA) was added and kept under stirring overnight.
The obtained surface modied-GNR suspension (Chol-GNR)
was centrifuged twice for 10 min at 11 510�g and the pellets
were stored at 4 �C.

2.4 Conjugation of uconazole with GNR; PEG-Fluc-GNR
and Chol-Fluc-GNR

A stock of Fluconazole was prepared in dimethyl sulfoxide (DMSO).
Fluconazole was conjugated with PEG-GNR or Chol-PEG-GNR
suspensions by adding Fluconazole (7.0 mg) into 1.0 mL (2.0
25890 | RSC Adv., 2020, 10, 25889–25897
nM) of PEG-GNR or Chol-GNR suspensions. The nanocomplexes
were stirred overnight and then spun down by centrifugation twice
at 11 510� g for 8min to remove the unbound drug. The obtained
pellets of the nanocomplexes (PEG-Fluc-GNR and Chol-Fluc-GNR)
were suspended in ultrapure water.
2.5 Characterization of PEG-GNR; Chol-GNR; PEG-Fluc-GNR
and Chol-Fluc-GNR

The prepared GNR suspensions were characterized by UV-vis
absorption spectra at 200–1100 nm (UV-vis Spectrophotometer,
Shimadzu UV-1800, Kyoto, Japan). The hydrodynamic size and
zeta potential were conducted using Nicomp Nano Z3000 zeta
potential/particle size analyzer, CA, USA. Samples of GNR with
appropriate dilution (0.1–0.25 nM) were lled into dynamic light
scattering (DLS) cuvettes for hydrodynamic size measurement, or
folded capillary cells for zeta potential measurement at 25 �C.
Mean values and standard deviations were calculated from at
least three measurements. Transmission electron microscopy
(TEM) imaging was performed using FEI Morgani 268, operating
voltage of 60 kV, The Netherlands.

The amount of the conjugated Fluconazole (mg) to GNR was
measured using a well validated UV-vis absorption spectroscopy
method. A standard calibration curve of Fluconazole was ob-
tained by measuring the UV-vis absorbance of known concen-
trations of Fluconazole (2.0–0.03125 mg mL�1) in phosphate-
buffered saline (PBS); pH 7.4 at 261 nm.
2.6 In vitro release of Fluconazole from PEG-Fluc-GNR and
Chol-Fluc-GNR complexes

A volume of 1.0 mL of PEG-Fluc-GNR or Chol-Fluc-GNR was
transferred into a dialysis bag (MWCO 12–14 kD, Spectrum Lab,
USA) which was placed in a glass vial containing 20.0 mL of PBS
(pH 7.4). Then, the vials were placed into a shaking water bath
(37 �C, 120 rpm) (GFL 1083, Burgwedel, Germany). A volume of
0.5mL of the releasemedia was removed at specic time intervals
(1, 2, 4, 6 and 24 h) and replaced with a fresh PBS (pH 7.4) to keep
the sink condition. The concentration (mgmL�1) and the amount
(mg) of Fluconazole in the removed media was calculated by
measuring the optical absorbance at each time point at 261 nm
against a standard calibration curve of Fluconazole in PBS (pH
7.4). The release prole of Fluconazole was presented as
percentage of released cumulative amount vs. time.
2.7 Loading of GNR suspensions into poloxamer 407
hydrogel

GNR suspensions (PEG-GNR, Chol-GNR, PEG-Fluc-GNR, Chol-
Fluc-GNR) were loaded into poloxamer 407 polymer (18%,
BSAF, Germany). The GNR-hydrogels were kept at 4 �C over-
night, and then were sterilized by UV light for 45 min before
use.

The GNR-hydrogels were characterized by their colloidal
color, UV-vis absorption spectra hydrodynamic size and zeta
potential. The sol–gel transition temperature of the GNR-
hydrogels were measured following a previously described
method.23
This journal is © The Royal Society of Chemistry 2020
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2.8 Measurement of the anti-fungal activity of GNR
suspensions and the nanocomplexes against C. albicans

2.8.1 Fungus strain. The C. albicans (ATCC 10231) used in
this study was purchased fromMicrobiologics KWIK-STIK, USA.

The inoculum was maintained on Sabouraud Dextrose Agar
(SDA, Biolab, Hungary) and the culture was stored at 4 �C. The
48 h-old C. albicans culture was standardized using 0.5 McFar-
land standard, which was used to prepare ca. 1 � 106 CFU mL�1

inoculum. The inoculum suspension was used within 15 min of
preparation.

2.8.2 Determination of the minimum inhibitory concen-
tration (MIC) of GNR suspensions against C. albicans. The MIC
was estimated by the standard two-fold microdilution assay
method using sterile 96-wells plates according to the Clinical &
Laboratory Standards Institute, CLSI M27-A3, 2017. Each treat-
ment was tested in triplicate.

A volume of 150 mL of Muller Hinton broth medium (Biolab,
Hungary) was distributed to each well in the row, then, a volume
of 150 mL (4.0 nM) of the treatment (PEG-GNR; Chol-GNR; PEG-
Fluc-GNR or Chol-Fluc-GNR) was added to the rst well only.
Two-fold serial dilutions were carried out across the wells of the
plate. Each well was subsequently inoculated with 15 mL of C.
albicans and the plates were incubated at 37 �C temperature for
48 h. Aer incubation, the MIC value was determined as the
lowest concentrations of the treatment showing no growth of
the microorganism. Subsequently, the viable count of fungus
(CFU mL�1) within the well of lowest concentration showing no
turbidity was estimated using the standard spread plate count
method as described previously.17 Briey, a volume of 100 mL
from the clear well was serially ten-fold diluted in normal saline.
A volume of 100 mL of each dilution was spread onto nutrient
SDA and the plates were incubated overnight at 37 �C.

The fungal viable count (CFU mL�1) was calculated from the
number of fungal colonies and the dilution factor (eqn (1)). The
percentage reduction in the fungal viable count and the log-
reduction in fungal viability were calculated from the fungal
viable count and the initial inoculum size (eqn (2)).

Test count result
�
CFU mL�1� ¼

No: of colonies� dilution factor

Volume of plated culture ðmLÞ (1)

% Reduction ¼

Initial count ðCFU mL�1Þ � test count result ðCFU mL�1Þ
Initial count ðCFU mL�1Þ

�100 (2)

2.8.3 Determination of antifungal activity of the GNR
suspensions and nanocomplexes loaded into poloxamer 407
hydrogels using bacterial viable count method. In order to
determine the antifungal activity of GNR suspensions and the
nanocomplexes loaded into poloxamer 407 hydrogels, a volume
of 0.1 mL (ca. 1 � 106 CFU mL�1) of the cultured C. albicans was
This journal is © The Royal Society of Chemistry 2020
injected into sterile vials containing 1.0 mL (2.0 nM, and the MIC
for each treatment) of sterilized hydrogels of PEG-GNR; Chol-
GNR; PEG-Fluc-GNR; Chol-Fluc-GNR and poloxamer 407 hydro-
gel. The vials were sonicated for 30 min using sonicator and then
incubated at 37 �C for 3 h. Aer incubation, the fungal viable
count and the percentage reduction of viable count were calcu-
lated using the standard spread plate count method as described
in the previous Section 2.8.2.

2.8.4 Imaging of treated C. albicans by transmission elec-
tron microscope (TEM). 48 h culture of C. albicans (250 mL, ca. 5
� 108 CFU mL�1) was mixed with PEG-Fluc-GNR (100 mL, 0.125
nM) and was incubated for 120 min at 37 �C. Then, the mixture
was centrifuged at 4000 rpm for 10 min and the obtained fungal
pellets were xed in 3% glutaraldehyde (Sigma-Aldrich Chem-
icals, USA), post xed in 2% osmium tetroxide solution and
washed with PBS. The pellets were dehydrated in ethanol and
inltrated in epoxy resin for 24 h. The samples were polymer-
ized in resin at 60–65 �C and sectioned into 70 nm thick
sections. The thin sections were mounted onto Formvar copper
grids and imaged by TEM. Untreated C. albicans were processed
as described previously and was used as a control.
2.9 Cytotoxicity of the nanocomplexes; PEG-Fluc-GNR and
Chol-Fluc-GNR against human dermal broblast

2.9.1 Cell line. Human dermal broblasts CCD-1064Sk
(ATCC, USA) were cultured in Iscove Modied Dulbecco Media
(IMDM) (Euroclone, France). The cells were supplemented with
L-glutamine (1.0%, 2.0 mM), FBS (10.0% v/v), penicillin (100 U
mL�1), streptomycin (100 mg mL�1), and gentamycin (1.0 mL)
(Euroclone, France) at 5% CO2 and 99% relative humidity at
37 �C. The cells were stained aer conuency with trypan blue
dye (0.04%) and counted by a hemocytometer.

2.9.2 Colloidal stability of the nanocomplexes; PEG-Fluc-
GNR and Chol-Fluc-GNR in tissue culture medium (IMDM).
The nanocomplexes; PEG-Fluc-GNR and Chol-Fluc-GNR were
mixed with the tissue culture medium (with and without Fetal
bovine albumin (FBS)) and incubated for 24 h at 37 �C. The
colloidal stability of the nanocomplexes upon mixing with the
tissue culture medium was investigated by measuring their
optical spectra and inspecting their colloidal color.

2.9.3 Antiproliferative assay. The cytotoxicity of the nano-
complexes on skin cells was investigated by measuring the
cellular viability of human dermal broblasts upon exposure to
the nanocomplexes (PEG-Fluc-GNR and Chol-Fluc-GNR) using
MTT (3-(4,5-dimethyl thiazol-2yl)-2,5-diphenyl tetrazolium
bromide) assay. A volume of 100 mL of the cell suspensions of 5
� 103 cells per well for human dermal broblasts was seeded in
96-well plate and incubated for 24 h before the addition of the
nanocomplexes. A volume of 100 mL of each nanocomplex over
a range of concentrations (0.125–0.00049 nM) diluted in the
medium was added to the wells with FBS (10%) to maintain the
colloidal stability of the nanocomplexes.

For MTT assay, the medium from the wells was removed
carefully aer incubation and 100 mL of fresh medium and 10
mL of MTT (5 mg mL�1) were added into each well. The plates
were incubated for 4 h in 5% CO2 incubator for cytotoxicity.
RSC Adv., 2020, 10, 25889–25897 | 25891
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Aer incubation, the medium from the wells was removed
carefully and 100 mL of DMSO was added to each well andmixed
well by shaking for 10–15 min. The viable cells were measured
by the development of purple color due to formation of for-
mazan crystals. The absorbance was recorded at 570 nm by an
ELISA plate reader, and the cellular viability percentage of the
treated cells was calculated relative to the cellular viability of the
control untreated cells.
3. Results and discussion
3.1 Synthesis and characterization of GNR and their surface
modication with Fluconazole

The synthesized GNR has two typical absorption peaks at
536 nm and 783 nm for transverse and longitudinal plasmons,
respectively. The surface of the synthesized GNR were func-
tionalized with PEG-thiol and Chol-PEG-SH to obtain PEG-GNR
and Chol-GNR, respectively. The longitudinal optical spectra of
PEG-GNR and Chol-GNR were slightly shied upon surface
functionalization and they showed no obvious broadening or
tailing which suggest their excellent colloidal stability (Fig. 1B).
The hydrodynamic sizes of PEG-GNR and Chol-GNR were
�79 nm and �78, respectively (Fig. 2A). The zeta potentials of
PEG-GNR and Chol-GNR were dropped from +43 mV before
coating to +1.6 mV and +5.0 mV aer coating, respectively,
which suggest their successful surface functionalization
(Fig. 2A). The ligands used for functionalization of GNR are
thiolated in order to enhance their attachment to the surface of
the nanorods by S–Au covalent bond.24 Attachment of Chol-PEG-
SH to the surface of GNR was conrmed previously by 1H-NMR
method.25
Fig. 1 (A) An illustration of loading of Fluconazole into GNR functionalize
PBS, PEG-GNR and Chol-GNR and the nanocomplexes; PEG-Fluc-GNR
Fluc-GNR and Chol-Fluc-GNR loaded into poloxamer 407 hydrogel at l
GNR and the nanocomplexes; PEG-Fluc-GNR and Chol-Fluc-GNR. (E)
hydrogel. (F) Photos of Chol-GNR and Chol-Fluc-GNR loaded into polo

25892 | RSC Adv., 2020, 10, 25889–25897
The attachment of hydrophobic ligands into aqueous nano-
systems is considered a big challenge. In this study, Flucona-
zole, which is the most common drug used for treatment of
fungal infections, was attached to the surface of GNR using PEG
or cholesterol moieties (Fig. 1A). Fluconazole is supposed to
form hydrophobic interactions with either PEG or cholesterol
moieties that are graed on the surface of GNR.

The optical spectrum of Fluconazole in PBS buffer demon-
strated a sharp peak at �261 nm. The optical spectra of PEG-
Fluc-GNR and Chol-Fluc-GNR demonstrated typical plasmon
peaks without broadening or tailing, and they showed an extra
peak at �262 nm which is corresponding to the loaded Fluco-
nazole (Fig. 1B). However, the amount of Fluconazole loaded
into both GNR preparations was different. The conjugated
amount of Fluconazole into GNR was estimated using a vali-
dated optical absorption spectroscopy method against a stan-
dard calibration curve of known concentrations of Fluconazole
(2.0–0.03125 mg mL�1) in PBS (pH 7.4), R2 ¼ 0.981. The drug
loading efficiency percentage was estimated by dividing the
amount of Fluconazole loaded into GNR by the initial amount
of Fluconazole added to the GNR suspension. The amount of
Fluconazole loaded into 1.0 mL of PEG-GNR and Chol-GNR was
�4.34 � 0.3 mg and 2.32 � 0.53 mg, with a drug loading effi-
ciency percentage of 62.5% and 33.0%, respectively. The
hydrodynamic size of PEG-Fluc-GNR and Chol-Fluc-GNR was
increased to�93.3 nm and�90.1 nm, respectively upon loading
with Fluconazole (Fig. 2A). The shape and size of the nanorods
were conrmed by TEM imaging of PEGylated GNR. The image
in Fig. 2B demonstrates a length and width of 74.6� 0.4 nm and
18.2 � 0.5 nm, respectively of one nanorod.

The optical spectra of PEG-Fluc-GNR and Chol-Fluc-GNR
loaded into poloxamer 407 hydrogel indicate excellent
d with PEG-SH or Chol-PEG-SH. (B) Optical spectra of Fluconazole in
and Chol-Fluc-GNR. (C) Optical spectra of the nanocomplexes; PEG-
ow and high concentrations. (D) Photos of PEG-GNR and Chol-PEG-
Photos of PEG-GNR and PEG-Fluc-GNR loaded into poloxamer 407
xamer 407 hydrogel.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) Hydrodynamic size and zeta potential of PEG-GNR, Chol-PEG-GNR, and the nanocomplexes; PEG-Fluc-GNR and Chol-Fluc-GNR
before and after loading into poloxamer 407 hydrogel. (B) TEM image PEG-GNR.
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colloidal stability of the nanorods upon loading into hydrogel,
where the plasmon peaks do not demonstrate broadening or
tailing (Fig. 1C). The hydrodynamic size and zeta potential of
the nanocomplexes; PEG-Fluc-GNR and Chol-Fluc-GNR loaded
into hydrogel did not demonstrate signicant changes which
suggest their excellent colloidal stability upon loading into
hydrogel (Fig. 2A). The sol–gel transition temperature of GNR
preparations loaded into poloxamer 407 hydrogel was�35.3 �C.

The release prole of Fluconazole from PEG-Fluc-GNR or
Chol-Fluc-GNR nanocomplexes demonstrates a fast release of
the drug over the rst 6 h of incubation. However, Fluconazole
conjugated with Chol-GNR showed a slightly faster release than
that observed from PEG-Fluc-GNR (Fig. 3). Such a release
pattern may affect the antifungal activity of the nanocomplexes
as described below.
3.2 Antifungal activity of PEG-GNR, Chol-PEG-GNR, and the
nanocomplexes; PEG-Fluc-GNR and Chol-Fluc-GNR

Fluconazole, a third generation triazole antifungal drug, has
broad spectrum activity towards systemic and topical fungal
Fig. 3 In vitro release profiles of Fluconazole from PEG-Fluc-GNR and
Chol-Fluc-GNR nanocomplexes.

This journal is © The Royal Society of Chemistry 2020
infections,26 and it acts by inhibiting the fungal cytochrome P-
450 enzyme.27 Topical skin delivery of Fluconazole is consid-
ered as an effective approach for local therapy of fungal infec-
tions, however, its efficiency to penetrate the skin is
challenging.

Fluconazole is a moderate lipophilic compound,28 and its
conjugation to nanoparticles is supposed to improve it solu-
bility and enhancing its delivery into the skin layers.

The antifungal activity of the nanocomplexes; PEG-Fluc-GNR
and Chol-Fluc-GNR was investigated in vitro by measuring the
MIC of the nanocomplexes against C. albicans and compare
them to that of the unloaded GNR suspensions. The MIC for
PEG-GNR and Chol-GNR was 0.125 nM and 0.25 nM, respec-
tively (Table 1). Conjugating Fluconazole with PEG-GNR or
Chol-GNR dramatically reduced the MIC value of GNR to be
0.025 nM (5-fold) and 0.018 nM (14-fold), respectively, and
corresponding to 5-log reduction of fungal viable count (Table
1). Upon conjugation of PEG-GNR or Chol-GNR with Flucona-
zole, theMIC value of Fluconazole was reduced by 9-fold and 12-
fold, respectively. Although the loading percentage of Flucona-
zole using Chol-GNR (Chol-Fluc-GNR) was less than that using
PEG-GNR (PEG-Fluc-GNR), Chol-Fluc-GNR demonstrates higher
anti-fungal activity than that of PEG-Fluc-GNR. This may be
related to the pattern of Fluconazole release from both prepa-
rations (Fig. 3).

From the above results, we propose that coupling of Fluco-
nazole with GNR drastically enhanced the antifungal activity of
the obtained nanocomplexes and resulted in signicant
reduction of the viable fungal cells. In addition to the toxic
effect of GNR towards C. albicans, we propose that conjugating
Fluconazole with GNR enhanced the delivery efficiency of Flu-
conazole to the cell wall of the fungal cells and accelerated their
cellular uptake as demonstrated from the TEM imaging below.
RSC Adv., 2020, 10, 25889–25897 | 25893
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Table 1 MIC values for PEG-GNR, Chol-GNR, PEG-Fluc-GNR and Chol-Fluc-GNR and their corresponding log-reduction values

Treatment MIC GNR (nM)/Fluc (mg mL�1)
Reduction of bacterial
viable count (%)

Average log
reduction

PEG-GNR 0.125 99.96 3.34
Chol-GNR 0.25 72.0 0.55
PEG-Fluc-GNR 0.025/0.041 � 0.007 99.999 5.0
Chol-Fluc-GNR 0.018/0.032 � 0.009 99.999 5.0
Fluconazole 0.375 � 0.176 91.21 1.0
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Combination of Fluconazole with other nano-systems was
investigated in the literature; for example, physical mixing of
Fluconazole with silver nanoparticles has produced synergistic
effect against ATCC 26790 strain of C. albicans.29 Further,
copper oxide was combined with Fluconazole to enhance the
anti-fungal activity of the mixture against C. albicans, however,
the MIC value of Fluconazole in the mixture was�0.2 mg mL�1,
which is higher than that observed in our study.30 Several
studies demonstrated that incorporating Fluconazole with
several nano-systems such as graphene dioxide, chitosan
nanoparticles, solid lipid nanoparticles or poly(lactic-co-glycolic
acid) (PLGA) was proved to enhance the antimycotic activity of
Fluconazole against different strains of C. albicans.31–34 On the
other hand, curcumin conjugated with silver nanoparticles and
selenium nanoparticles demonstrated antifungal activity
against uconazole-resistant Candida isolates.35,36 However,
utilization of GNP, and particularly non-spherical shapes such
as GNR as antifungal agents is limited in the literature.
Recently, Rahimi et al. have demonstrated the antifungal
activity of indolicidin upon conjugation with gold nano-
spheres.21 In our work, we designed a stable Fluconazole-
conjugated GNR loaded into hydrogel as a topical antifungal
agent with enhanced antimycotic activity.
Table 2 Average percentage reduction and average log-reduction of
fungal viable count after treatment with PEG-GNR, Chol-GNR, PEG-
Fluc-GNR and Chol-Fluc-GNR loaded into poloxamer 407 hydrogel

Treatment in poloxamer
407 hydrogels

Average reduction
of fungal viable count (%)

Average log
reduction

PEG-GNR
2.0 nM 89.1 � 0.06 0.95
0.125 nM 82.5 � 0.03 0.75

Chol-GNR
2.0 nM 85.4 � 0.02 0.83
0.25 nM 81.1 � 0.002 0.72

PEG-Fluc-GNR
2.0 nM 99.3 � 0.003 2.15
0.025 nM 95.7 � 0.01 1.36

Chol-Fluc-GNR
2.0 nM 99.98 � 0.005 3.7
0.018 nM 96.8 � 0.006 1.5
Poloxamer 408 hydrogel 72.8 � 0.002 0.55

25894 | RSC Adv., 2020, 10, 25889–25897
3.3 Antifungal activity of PEG-GNR and Chol-GNR, and the
nanocomplexes; PEG-Fluc-GNR and Chol-Fluc-GNR loaded
into poloxamer 407 hydrogel

Loading the GNR preparations into poloxamer 407 hydrogel
enhances their topical delivery. Thermo-responsive hydrogels
containing GNP demonstrated antibacterial activity and
enhanced the contact time with the infected areas.37 We have
previously demonstrated the effective antibacterial activity of
GNR loaded into poloxamer 407 hydrogel against planktonic
and biolm of Pseudomonas aeruginosa.38

The viable count of C. albicans was estimated upon expo-
sure to GNR preparations (for 3 h) at high concentration (2
nM) and at the MIC of that GNR preparation loaded into
poloxamer 407 hydrogel. Table 2 indicates that exposure of C.
albicans to the nanocomplexes; PEG-Fluc-GNR or Chol-Fluc-
GNR, loaded into hydrogel was resulted in 1.3–3.7 log-
reduction in viable C. albicans depending on the concentra-
tion of the nanocomplexes.

3.4 Imaging of C. albicans treated with PEG-Fluc-GNR by
transmission electron microscope (TEM)

In order to understand the mechanism of interaction of the
nanocomplexe; PEG-Fluc-GNR with C. albicans, TEM imaging of
the treated C. albicans was performed. Fig. 4A–C demonstrate
untreated C. albicans which indicate the normal shape of C.
albicans with well-intact cell wall. GNR conjugated with Fluco-
nazole were highly up-taken into the cell wall of the C. albicans
within the rst 120 min of exposure (Fig. 4D–I).

The uptake of the nanocomplex into the cell wall of the C.
albicans was resulted in partial collapse and disintegration of
the cytoplasm material as indicated in Fig. 4E–G. A complete
collapse of the fungal cell was observed upon treatment with the
nanocomplex as indicated in Fig. 4H (right). We propose that
loading of Fluconazole into GNR has enhanced its delivery and
uptake into the cells and accordingly enhanced its cytotoxicity.
However, the contribution of GNR themselves to the observed
cytotoxicity could not be excluded.

3.5 Cytotoxicity of the nanocomplexes; PEG-Fluc-GNR and
Chol-Fluc-GNR against human dermal broblasts

The possible cytotoxicity of the nanocomplexes; PEG-Fluc-GNR
and Chol-Fluc-GNR was investigated towards human dermal
broblasts which represent the human skin cells. The
colloidal stability of the nanocomplexes upon mixing with the
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 TEM images of untreated C. albicans (A)–(C), and those treated with PEG-Fluc-GNR for 120 min (D)–(I). The loaded GNR were highly up-
taken into the cell wall of the fungus cells and resulted in partial collapse and disintegration of the cells.
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tissue culture medium was investigated with and without
addition of FBS.

Fig. 5A represents the optical spectra of the nanocomplexes
upon mixing with the tissue culture medium without addition
of FBS; the spectra showed obvious broadening and tailing of
the peaks, which are strongly correlated with severe aggrega-
tion of the nanoparticles. However, addition of FBS to the
tissue culture medium drastically enhanced the colloidal
stability of the nanocomplexes as demonstrated by their
typical optical spectra without signicant broadening or
tailing (Fig. 5B). The aggregation of the nanoparticles upon
mixing with FBS-free tissue culture media was presented in
photos in Fig. 5C, while Fig. 5D represents photos of the
nanoparticles upon mixing with FBS-containing tissue culture
medium as there was no aggregation of the nanoparticles. We
propose that the presence of FBS in the tissue culture medium
greatly stabilized the nanoparticles and prevented their
aggregation during conducting the cellular viability test. The
colloidal stability of the nanoparticles uponmixing with tissue
culture media is considered as a “hidden factor”, and it is
This journal is © The Royal Society of Chemistry 2020
usually ignored in the majority of studies related to the nano–
bio interfaces. According to this stability study, the cellular
viability of the human dermal broblasts was conducted using
FBS-containing tissue culture medium to maintain the
stability of the nanoparticles, and to prevent any possible
misinterpretation of the ndings.

Fig. 6 represents the cellular viability percentages of human
dermal broblasts upon treatment with the nanocomplexes;
over a concentration range of 0.125–0.00049 nM of GNR, for
24 h. The cytotoxicity of the nanocomplexes against skin dermal
cells is concentration-dependent. The cellular viability
percentage was more than 75% over a concentration range of
0.03125–0.00049 nM, that includes the MIC concentrations
against C. albicans.

Based on these results, conjugating of GNR with Fluco-
nazole has signicantly reduced the MIC for both GNR and
Fluconazole against C. albicans and has low cytotoxicity
towards human skin cells represented by human dermal
broblasts.
RSC Adv., 2020, 10, 25889–25897 | 25895
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Fig. 5 Optical spectra of the nanocomplexes; Chol-Fluc-GNR and PEG-Fluc-GNR before and after mixing with the tissue culture medium
without (A) and with (B) protein (10% FBS). Photos of the nanocomplexes in the tissue culture medium without (C) and with (D) protein (FBS).

Fig. 6 Cellular viability percentages of human dermal fibroblasts
against PEG-GNR, Chol-PEG-GNR, and the nanocomplexes; PEG-
Fluc-GNR and Chol-Fluc-GNR over a concentration range of 0.125–
0.00049 nM, for 24 h.
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4. Conclusions

Nanotechnology-based drug delivery is considered a corner-
stone in nanomedicine. Loading of Fluconazole, which is the
most common antifungal agent, into GNR functionalized with
thiolated PEG or thiolated-PEGylated cholesterol drastically
enhanced the antifungal activity of the nanocomplexes against
C. albicans by increasing the delivery and uptake of the drug by
the cells. The GNR loaded with Fluconazole showed low cyto-
toxicity against human skin cells represented by human dermal
broblasts. Loading Fluconazole into surface functionalized
GNR could be considered a promising approach to enhance the
activity of Fluconazole towards topical fungal infections and to
reduce its adverse reactions and resistance.
25896 | RSC Adv., 2020, 10, 25889–25897
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