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Background: Candida albicans as an opportunistic fungus is one of the most important
causes of late-onset morbidity and mortality in patients with major burns and severely
impaired immune system. In recent years, the emergence of resistance to opportunistic
fungi and toxicity of antimicrobial drugs make it necessary to develop new drugs.
Methods: In the present study, we investigated anticandidal effects of indolicidin, as a represen-
tative of host defense peptide, conjugated with gold nanoparticles in fluconazole-resistant clinical
isolates of C. albicans. After characterizing the conjugation of indolicidin using biophysical
methodologies, the cytotoxicity and hemolytic activity of the nanocomplex were examined. In
addition, the expression level of ERG11, responsible for antifungal resistance, and the immuno-
modulatory effect of peptide-nanomaterial conjugates were assessed.

Results: Our data indicated that the nanocomplex was nontoxic for the fibroblast cells and
erythrocytes. Treatment with the nanocomplex significantly reduced the expression levels of the
ERGI1 gene in fluconazole-resistant C. albicans isolates and the iNOS gene in macrophages.
Conclusion: The study data provides a chance to develop innovative therapies for the
treatment of C. albicans burn infections. However, further investigation is required to
examine the efficiency of the nanocomplex.

Keywords: burn infection, Candida albicans, indolicidin, gold nanoparticles, antimicrobial
peptides

Introduction
Burn injuries are among the most-destructive types of all injuries and a serious crisis in
the medical profession and global public health, which can affect everyone in every
aspect of the physical and mental environment." Wounds are supportive environment
for the growth of various microbial species, including fungi. The incidence of fungal
infection, as reported in different documents, is from 6.3% to 44% according to various
burn centers throughout the world.”> One of the prevalent fungal infections in burn
injuries is candidiasis and Candida spp. have historically been the most common
invasive mycosis which can induce local or systemic infection. The incidence of
invasive candidiasis burns cases varies widely, but it includes 3-23% of these infec-
tions with a mortality rate of between 14% and 74%.>*

Traditional antifungal drugs including azoles, echinocandins, inhibitors of calci-
neurin, and Hsp90 are the most common therapies for candidiasis.” Fluconazole is
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most widely used to treat candidiasis infections due to its high
bioavailability and low toxicity.® However, undirected clinical
use of fluconazole and long-term exposure to the drug have led
to the emergence of drug-resistant strains of C. albicans.” So it
is imperative to discover new antifungal therapeutics as alter-
natives to conventional drugs to cope with drug resistance and
eliminate the fungal infection in burn-injured individuals.
Ideally, compared to traditional antibiotics, new drugs have
multiple mechanisms of action and lower susceptibility to the
development of resistance.”

Host defense peptides (HDPs) have been shown to
increase the immune response against pathogenic organisms
such as bacteria, fungi, parasites, and viruses.”'° Indolicidin is
a cationic peptide enriched with tryptophan and proline resi-
dues that has been shown to have antimicrobial and antifungal
properties with a low toxicity profile in vitro and in vivo.'' '
Indolicidin proves a good candidate for therapeutic applica-
tions because of its broad spectrum of activity, its small size,
naturally occurring, unique composition, and potentially dif-
ferent secondary structure.'* It has been shown that indolicidin
has a tendency to readily permeabilize the lipid bilayer of
different compositions, but is distinct from other amphiphilic
peptides in that the membrane permeabilization does not lead
to lysis. Thus, it is demonstrated that indolicidin uses its
membrane affinity property for entering the cytoplasm to
exert its antimicrobial activity by preferential inhibition of
DNA synthesis.'>'® However, potential toxicity, high costs
of production and instability to proteases limit the use of the
peptides in clinics.'”'® In this context, several studies have
been conducted to overcome these limitations by functionaliz-
ing nanoparticles (NPs) with the peptides to improve their
antimicrobial activity in vitro and in vivo.'*? It is widely
accepted that multivalence may give greater efficiency and
conjugation on NPs may reduce proteases degradation.”!

Today, NPs are widely used in medicine against bacterial
and fungal infections and have a low probability for resistance
development by the pathogens. NPs consider suitable candi-
dates for transporting drugs to their targets.>** The combina-
tion of NPs with antimicrobial peptides makes it possible to
decrease the cytotoxicity from both agents because of the
synergistically enhanced antimicrobial activities and the
reduced requirement for high dosages.***> Gold NPs are con-
sidered to be comparatively safer than other inorganic NPs
because of the inert and nontoxic nature of Au.?® Additionally,
the redox nature of Au is beneficial in reducing the level of
reactive oxygen species produced during exposure to NPs.>>
The colloidal gold NPs have been used for therapeutic pur-
poses for centuries that indicates the high biocompatibility of

gold.?”? Several recent studies confirmed that gold NPs
exhibit strong antimicrobial activity against the various clinical
strains of the fungus Candida.*®**

Therefore, we hypothesized that by conjugating indolici-
din with gold NPs, it would be possible to enhance the
antimicrobial effects of indolicidin and reduce the cytotoxi-
city of both agents against fluconazole-resistant isolates of C.
albicans in burn injuries. Here, we present a simple, two-step
method for conjugation of indolidicin with gold NPs via
chemisorption of thiols onto the spheres of the colloidal
gold. Our results demonstrated that indolicidin-gold NPs
conjugates showed higher antifungal activity and a lower
cytotoxicity in comparison to free indolicidin and bare gold
NPs. In addition, quantitative real-time PCR results indicated
that the conjugates reduced the inducible NO synthase
(INOS) mRNA expression in Candida-stimulated macro-
phages, which showed the anti-inflammatory and immuno-
modulatory effects of the nanocomplex. Thus, we can
conclude that indolicidin-gold NPs conjugates can act as
effective antimicrobial agents.

Materials and methods

Materials and buffer solutions

Indolicidin was purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA), Hydrogen tetrachloroaurate
(HAuCL,), dimethyl sulfoxide (DMSO), 2-mercaptoetha-
nol, PBS, sodium citrate dihydrate, Millipore-Q water, cya-
nogen bromide, acetonitrile, Sabouraud dextrose broth
(SDB), Sabouraud dextrose agar (SDA), RPMI1640,
MTT, Triton X-100, Brewer thioglycollate medium,
Fluconazole, Trizol™ reagent were obtained from Thermo
Fisher Scientific (Waltham, MA, USA).

Preparation and characterization of gold

nanoparticles colloidal suspension

A stable suspension of monodisperse gold NPs with a dia-
meter of about 30 nm was prepared according to standard
procedure. In brief, a | mM aqueous solution of HAuCl, was
prepared by dissolving 0.39 g of HAuCl4-3H,O in 1 L of
Millipore-Q water, and a 38 mM solution of sodium citrate
dehydrate by dissolving 11.41 g in 1 L of Millipore-Q water.
An amount of 30 mL of the HAuCl, solution was put in a 50
mL beaker equipped with a magnetic bar. The solution was
heated to the boiling point and then 3 mL of the citrate
solution was added (Au:citrate molar ratio 1:3.8) under stir-
ring. After about 2 mins, a deep wine-red sol was obtained.
No further color change after prolonged boiling was
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observed. General morphology of the synthesized AuNPs
was characterized by transmission electron microscopy
(TEM) (Carl Zeiss-EM10C-100 KV, Jena, Germany). The
absorption property was determined by UV/Vis spectrometry
(UV-1750; Shimadzu, Kyoto, Japan). The surface groups
were detected by Fourier Transform Infrared Spectroscopy
(FTIR) in a Perkin Elmer Instrument Spectrum GX spectro-
meter (PerkinElmer, Waltham, MA, USA). Zeta potential
(ZP) measurements of gold NPs and indolicidin-gold NPs
conjugates were performed using a Malvern Nanosizer Nano
ZS (Malvern Instruments, Worcestershire, UK) at 25°C, pH 6
on the same condition of conjugation.

Synthesis and characterization of

indolicidin-gold NPs conjugates

HDP, indolicidin, is a natural linear cationic cathelicidin
containing five tryptophan and two proline residues
(ILPWKWPWWPWRR-NH,) with hydrophobic character-
istics. The peptide was conjugated to the gold NPs using a
simple, two-step method by the chemisorption of thiols onto
the spheres of the colloidal gold; 5 mg of indolicidin was
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suspended in 25 pL of DMSO. The resulting solution was
mixed properly followed by further addition of 975 pL of
PBS to make a 5 mg/mL peptide solution. This solution was
used as the stock peptide solution for our experiments; 100
uL of the 2-mercaptoethanol was added to 900 pL of the
gold NPs solution. The solution was subsequently sonicated
in an ultrasonic bath (VWR Ultrasonic Cleaner USC-TH,
45 kHz, 180 W) using a glass beaker for 30 mins and then
incubated for 12 hrs at room temperature under slow vortex.
Excess thiols were removed by twice centrifugation for 10
mins (at 15,700 g, 10°C), followed by decantation of super-
natants. The purified thiol-stabilized gold NPs were redis-
solved in Millipore-Q water. The solution was adjusted to
pH 10-11 by sodium carbonate/sodium hydrogen phos-
phate (0.001 M:0.05 M) buffer. After adding 3 pL of the
cyanogen bromide (28 mM) and 40 pL of the stock 5 mg/
mL peptide solution, the resulting solution was mixed thor-
oughly and stirred in the dark overnight at room tempera-
ture. Free peptides were removed from the conjugate
mixture using molecular weight cut-off spin column (3
MWCO, Millipore, Billerica, MA, USA). Figure 1 depicts
the basic algorithm of the synthesis scheme.
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Figure | A schematic diagram of synthesis protocol of gold nanoparticles conjugation with indolicidin is shown. For conjugation of indolicidin with gold nanoparticles, thiol-
stabilized gold nanoparticles were synthesized by adding 2-mercaptoethanol to provide hydroxyl groups. Then, cyanogen bromide used to activate hydroxyl groups on gold
nanoparticles to create reactive cyanogen esters, which then attached to the primary amine of indolicidin by an isourea bond.
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Preparation of Candida albicans isolates

and culture condition

Ten clinical isolates of C. albicans were obtained from skin
lesions of patients suffering from fungal infection that hospi-
talized at the Shahid Motahari burn center of Tehran.
Moreover, C. albicans 10231, from ATCC (Manassas, VA,
USA) was used as a reference strain in this study. The isolates
had been taken as part of routine hospital laboratory proce-
dures. The clinical strains were named C1-C10 and the
reference strain was named CR. All isolates were cultured
on SDA medium (1% peptone, 4% glucose, 1/5% agar, pH 5/
6), incubated for 48 hrs at 37°C. Then, one colony of each
isolate was immersed to 10 mL of SDB. After 24 hrs incuba-
tion at 37°C, Candida cells were harvested by centrifugation
(1500 rpm, 10 mins), washed with PBS, and 10 mL of
RPMI1640 medium was added to each to 10° cells/mL.

Determination of minimum inhibitory
concentration (MIC) and minimum

fungicidal concentration (MFC)

The antifungal effects of gold NPs, indolicidin, and indo-
licidin-gold NPs conjugate on all Candida isolates were
determined by the broth micro-dilution susceptibility assay
based on the Clinical and Laboratory Standard Institute
(CLSI).*® Free indolicidin with initial concentration (200
pg/mL) diluted with RPMI medium, both conjugated indo-
licidin and bare gold NPs diluted with Millipore-Q water.
Each diluted component was added to 100 pL of Candida
suspension separately for further evaluation. Free indolici-
din and conjugated indolicidin were tested at concentra-
tions ranging from 0.78 to 200 pg/mL. Bare gold NPs
were tested at the concentrations ranging from 3.04 to
390 ug/mL. Fluconazole (Sigma-Aldrich, St Louis, MO,
USA) at concentrations ranging from 0.5 to 256 pug/mL
served as the standard antifungal drug. Species-specific
breakpoints were approved from CLSI-M27/S4.** MIC
was read visually after 24 hrs and noted as the lowest
concentration of fluconazole, gold NPs, indolicidin, and
indolicidin-gold NPs conjugates resulting in at least 50%
reduction of growth compared to the control. The MIC
breakpoints for fluconazole were determined as susceptible
(MIC <2 pg/mL), and resistant (MIC >64 pg/mL). The
MFC was determined by subculturing 10 pL of the med-
ium collected from the wells showing no microscopic
growth after 48 hrs, on SDA medium plates. The MFC
was the lowest concentration that yielded no colonies after
24 hrs plates incubation. The MFC/MIC ratio was

calculated to determine whether the substance had fungi-
static (MFC/MIC >4) or fungicidal (MFC/MIC <4)
activity.

Isolation and culture of murine peritoneal

macrophages

Six- to eight-week-old BALB/c mice were purchased from
the Pasteur Institute (Tehran, Iran). All animals were kept
under standard condition in the animal house at Tarbiat
Modares University until the completion of experiment; 1
mL of 3% Brewer thioglycollate medium was injected into
the peritoneal cavity of each mouse. After 4-5 days, at
first, all mice were anesthetized with xylazine/ketamine,
then euthanized by rapid cervical dislocation; 5 mL of ice-
cold PBS (with 3% FBS) was injected into the peritoneal
cavity. After performing a gentle massage on the perito-
neal cavity, the fluid carefully aspirated and collected in
tubes on ice. The peritoneal cells were resuspended in
RPMI medium 1640 after centrifuging for 10 mins at
400 g. The cell concentration was adjusted to 1.5x10°
cellssmL in RPMI medium. The cells were allowed to
adhere into the 6-well plates by culturing them for 2 hrs
at 37°C and non-adherent cells were removed by gently
washing 3 times with warm PBS. All animal experiments
and procedures were carried out according to the ethical
standards and protocols approved by the Committee of
Animal Experimentation of Tarbiat Modares University,
Tehran, Iran (IR. TMU. REC. 1395. 351).

Total RNA extraction and quantitative RT-

PCR analysis

A suspension containing 1x10° cells/mL of C. albicans ATCC
1023 (fluconazole-sensitive strain) and C. albicans isolates
(fluconazole-resistant isolates) were treated with fluconazole
(64 pg/mL), bare gold NPs (24.37 pg/mL), free indolicidin or
indolicidin-gold NPs conjugates (12.5 pg/mL). All isolates
were treated with a same dose of free indolicidin or indolici-
din-conjugated gold NPs (12.5 pg/mL) for relative compar-
ison analysis. Total RNA was extracted from Candida isolates
(treated or non-treated) using the Trizol™ reagent (Thermo
Scientific, Waltham, MA, USA) and glass beads (0.45 mm
diameter). Total RNA was also extracted from each treated or
non-treated macrophage cells using the RNeasy mini kit
(Qiagen, Valencia, CA, USA). The quality and amount of
purified RNA were analyzed with a Nanodrop™ 2000 spec-
trophotometer (Thermo Scientific). Briefly, 1,000 ng of RNA
was reverse transcribed with the first strand cDNA synthesis
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kit (Fermentase, Germany). Real-time PCR was carried out
using AMPLIQON master mix (Real Q plus 2, master mixes
Tehran,
StepOnePlus real-time PCR detection system (Applied
Biosystems; Thermo Scientific, Waltham, MA, USA) by
using a sybergreen master mix. The primers used in this

green high ROX, Sinnacolon Co., Iran) in

study are listed in Table 1. All experiments were indepen-
dently performed in triplicate, and data from real-time PCR
analyses were determined by the Applied Biosystems™
StepOne software. Calculation of relative gene expression
was performed using the comparative critical threshold
(AACt) method in which the amount of the target genes was
adjusted to the reference gene (ACTI or GAPDH gene).

Hemolytic activity

Five mL of blood was collected from healthy volunteers
and centrifuged at 1,000 rpm for 10 mins at 4°C. Plasma
was removed carefully and the erythrocytes were then
washed for additional three times with PBS, pH 7.4 for
5 mins; 90 pL of diluted erythrocytes (100 pL erythro-
cytes suspension plus 900 pL PBS) was mixed with 10
puL of bare gold NPs, free indolicidin, conjugated indo-
licidin, fluconazole, 10 uL of PBS as a negative control,
or 10 pL of Triton X-100 as a positive control. The
reaction mixture was incubated at 37°C water bath for
60 mins. The volume of reaction mixture was reached to
1 mL by adding 900 pL of PBS. Finally, it was cen-
trifuged at 300 rpm for 5 mins and the resulting hemo-
globin in the supernatant was measured at 540 nm by
spectrophotometer to determine the concentration of
hemoglobin. The percentage of hemolysis was calcu-
lated as follows:

Table | Detailed information about the primers used in this study

Hemolysis inhibition(%)=[(Abs in the sample - Abs in PBS)
/(Abs in 0.1% Triton X
-100 -Abs in PBS)] x 100

Cell viability assay

The cytotoxic effects of indolicidin-gold NPs conjugate on
the viability of the NIH3T3 cell line evaluated using MTT
assay.”>® The NIH3T3 fibroblast cell line was obtained
from ATCC, grown in DMEM medium supplemented with
10% FBS and 1% pen/strep and then seeded at a density of
0.2x10° cells/well onto 6-well plate. After overnight plat-
ing, cells were treated with fluconazole (64 pg/mL), bare
gold NPs (24.37 pg/mL), free indolicidin or indolicidin-
gold NPs conjugates (12.5 pg/mL) for 48 hrs. After this
time, 20 pL of MTT (5 mg/mL in PBS) was added to each
well and the plates were incubated for 4 hrs. Then, the
supernatants were gently removed and the formazan crys-
tals generated with MTT reduction by the living cells were
extracted by the addition of 100 pL DMSO. The plates
were incubated for 30 mins at 37°C and the OD was read
at 550 nm, with a reference at 655 nm in a microplate
reader. Viability was calculated as the ratio of the mean of
OD obtained for each condition to that of control condition
(negative control).

Statistical analysis

All tests were carried out three times, and the results were
shown as mean £ SD. One-way ANOVA test was used to
determine significant differences between groups by SPSS
software (version 16.0 for windows; SPSS Inc., Chicago, IL,
USA), and P-value <0.05 was considered statistically
significant.

Genes Sequences Fragment size (bp) Tm (°C)
ERGI | F 5'-TTTGGTGGTGGTAGACATA-3' 134 58
R 5-GAACTATAATCAGGGTCAGG-3'
ACTI F 5'-CCAGCTTTCTACGTTTCC-3' 209 60
R 5-CTGTAACCACGTTCAGAC-3'
iNOS F 5'-ACAACAAATTCAGGTACGCTGTG-3' 84 60
R 5-TCTGATCAATGTCATGAGCAAAGG-3'
GAPDH F 5'-TGCACCACCAACTGCTTAGC-3' 87 60
R 5-GGCATGGACTGTGGTCATGAG-3’
Abbreviations: F, forward primer; R, reverse primer; Tm, melting temperature.
International Journal of Nanomedicine 2019:14 submit your manuscript 5327
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Results
Characterization of gold NPs and
indolicidin-gold NPs conjugates

UV-vis spectrum, TEM image, and DLS graph are shown
in Figure 1A—C, respectively. From the data of the UV-vis
absorption spectrum shown in Figure 2A, it was found that
gold NPs have a peak of absorbance at a wavelength of
521 nm (curve i). After adding the 2-mercaptoethanol to
the gold NPs, the intensity of the transverse band
decreased, and a red-shifted plasmon band at 640 nm
was obtained (curve ii). The color changes from deep red
to light blue, indicating the formation of assembly of gold
NPs. Then, the mixture was sonicated for 60 mins to
disperse the thiol-stabilized gold NPs. Pulses with a 50%
amplitude and a sequence of 2 s on and 2 s off were used
during the sonication process. The color of the solution
changed from blue to light red after ultrasonication, and a
surface plasmon resonance band at 521 was obtained,
indicating the dispersion and remove the aggregation of
the NPs (curve iii). The peak at 390 nm which is shown in
curve (iv) appeared after adding indolicidin to the thiol-
stabilized NPs, indicating the conjugation of the peptide to
the gold NPs. Figure 2B confirms the shape of gold NPs in
colloidal solution. It is obvious that gold NPs are mainly
spherical, uniform in size and the average size is 30 nm.
Based on Figure 2C(1), the size distribution of colloidal
gold NPs was near 30 nm, and the average size of particles
was approximately 32 nm. Moreover, the finding revealed
that the ZP of gold NPs is —29.3 mV (Figure 2C(2)).

In addition, ZP (mV) of conjugated and non-conjugated
forms was measured and presented in Figure 2C(2)-C(4).
The ZP of thiol-gold NPs was —17.4 mV (Figure 2C(3)),
while one of the gold NPs was —29.3 mV. Gold NPs have a
higher negative charge in comparison with thiol-gold NPs.
Besides, the ZP of gold NPs conjugated with indolicidin
was —4.7 mV while that of thiol-gold NPs was —17.4 mV as
shown in Figure 2C(4). It is notable that gold NPs conju-
gated with the peptide have a lower negative charge in
comparison to thiol-gold NPs. Moreover, the size distribu-
tion of the thiol-gold NPs and indolicidin-conjugated gold
NPs were near 40 and 139 nm, respectively (Figure S1).
Therefore, these results indicate successful binding of the
peptides molecules to the surface of gold NPs.

Figure 3 shows the FTIR spectroscopy results for the
individual indolicidin and their nanostructures with gold NPs
or thiol-stabilized gold NPs. The prominent stretching band
was found at around 2,950 cm ™ in thiolated gold NPs, whereas

this band was not present in gold NPs, indicating mercap-
toethanol binds with the surface of gold NPs through the
formation of an Au—S bond. In addition, FTIR spectroscopy
confirmed that indolicidin is covalently conjugated with gold
NPs. There were the characteristic stretching peaks at 1,650
and 985 cm ' in free indolicidin and gold NPs-Indolicidin
conjugate, whereas these peaks were not found in gold NPs
and thiolated gold NPs. The split peaks at around 1,100 and
985 cm ' represent C-N stretch in an isourea bond. The
characteristic spectra of the bare gold NPs and free peptide
dispersions were compared to those of the conjugates where
the conjugates showed remarkable band shifts and occurrence
of newer bands indicating a successful conjugation reaction.

The results of antifungal susceptibility test
The MIC and MFC of indolicidin, gold NPs and conju-
gated indolicidin against 10 isolates of C. albicans are
presented in Table 2. As shown, the MIC of conjugated
indolicidin was less than the MIC of free indolicidin
(P<0.05). Furthermore, the MFC of conjugated indolicidin
was less than the free indolicidin (P<0.05). The MIC of
indolicidin attached to the gold NPs was less than the MIC
of fluconazole as a chemical drug. The MIC for 8 clinical
isolates was 64 pg/mL for fluconazole, but two isolates
were highly resistant, with MIC >64 pg/mL. Nevertheless,
all isolates were susceptible to the conjugated indolicidin,
with MIC <12.5 pg/mL, while the MFC was two times
higher than the MIC for 80% of the isolates. The MIC of
gold NPs for the growth inhibition of C. albicans isolates
was 24.37 pg/mL. The gold NPs at a concentration of
2.437 pg/mL, when capped with 12.5 pug/mL of indolici-
din, inhibited the growth of C. albicans significantly.
Addition of gold NPs caused a significant decrease in the
MIC of indolicidin, ie, MIC decreased from 50 to 12.5 pg/
mL. Moreover, the MIC of fluconazole for C. albicans
10231 was 2 pg/mL. The comparative analysis of MIC
and MFC indicated that MFC of fluconazole was two
times higher than MIC for 8 (80%) C. albicans isolates.
The MFC of conjugated indolicidin was two times higher
than the MIC for 8 (80%) C. albicans isolates, while 20%
of the isolates had the same values of MIC and MFC of
conjugated indolicidin.

Cytotoxicity studies of indolicidin-gold
NPs conjugates using MTT assay

To assess the cytotoxic effect of the various components,
we determined the viability of NIH3T3 fibroblast cell line.

submit your manuscript

5328

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dovepress

Rahimi et al

A

1.4 0}

(i G

Absorbance
o
[e]

300 350 400 450 500 550 600 650 700
Wavelengh (nm)

(1)

30 nm = i ZE1XX]
Mag=100.000 KX  Daypetronic company

(2)

Size (d.nm): %Intensity: St dev (d.nm):

Z-Average (d.nm): 32.28 Peak 1: 25.05 100.0 7.701
Pdl: 0.249 Peak 2:  0.000 0.0 0.000
Intercept: 0.849 Peak 3: 0.000 0.0 0.000

result quality: Good

Size distribution by intensity

)

cON b O ®O

Intensity (percent)

1 1 10 100 1000 10000
Size (d.nm)

Mean (mV) Area(%) Stdev (mV)

Zeta potential (mV): -29.3  Peak 1: -29.3 100.0 6.42
Zeta deviation mV): 6.42  pggk 2: 0.00 0.0 0.00
Conductivity (ms/cm): 1.24  Peak 3: 0.00 0.0 0.00

Result quality: Good

Zeta potential distribution
200001

15000

10000t

Total counts

5000

o 3 : :
-100 0 100 200
Apparent zeta potential (mV)

3

(4)

Mean (mV)  Area(%) St dev (mV) ) Mean (mV) Area(%) Stdev (mV)
Zeta potential (mV): -17.4 Peak 1: -17.4 100.0 5.05 Zeta potential (mV): -4.79 Peak 1: -5.89  99.1 19.3
Zeta deviation mV): 5.05 Peak 2: 0.00 0.0 0.00 Zeta deviation mV): 22.6 Peak 2: 124 0.9 1.35¢-6
Conductivity (ms/cm): 0.0304  Peak 3: 0.00 0.0 0.00 Conductivity (ms/cm): 17.4 Peak 3: 0.00 0.0 0.00
Result quality: Good Result quality: Good
Zeta potential distribution Zeta potential distribution
] D00 5 R e e S NS e R TN S0 70000
60000
£190000 £ 50000
3 BOOOO fpassesmnmsssssesmsinafssmsenssonairns s sass somssuasineionssans B nsanta kst ng oo 3
8 60000 [imsmusnsnimuiponms ool fumensainsamn s g snnmimo § 40000
] & 30000
S 40000 S 20000
20000 Lssscarmmenusans TR | EE—— St : 10000
0+ - o
-100 0 100 200 -100 0 100 200
Apparent zeta potential (mV) Apparent zeta potential (mV)

Figure 2 Characterization of gold NPs and indolicidin-gold NPs conjugate. (A) UV-vis spectrum of gold NPs (I), thiol-capped gold NPs before sonication (ll), thiol-capped
gold NPs after sonication (lll) and the gold NPs conjugated with indolicidin (V). (B) The TEM image of colloidal gold NPs. (C) DLS graph of colloidal gold NPs with an
average diameter of 32 nm (I) and the zeta potential of gold NPs (2), thiol-capped gold NPs (3) and indolicidin conjugated with gold NPs (4).

Abbreviations: NPs, nanoparticles; TEM, transmission electron microscopy; DLS, Dynamic light scattering.

Viability curves were obtained for free indolicidin and
conjugated indolicidn for a given concentration range.
Figure 4A shows the dose-response curves on NIH3T3
viability obtained for the unconjugated and the conjugated
form of indolicidin. Indolicidin-conjugated gold NPs were

found significantly less toxic than the free indolicidin, with
the calculated ICsq of 57.59 and 24.35 pg/mL, respectively
(P<0.05). Moreover, the dose-response curves were
obtained for gold NPs and fluconazole for a given range
of concentrations (Figure 4B and C). Following 48 hrs
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Figure 3 FTIR spectra. Representative fourier transformed infrared spectra of free
indolicidin, bare gold NPs, thiol-capped gold NPs and indolicidin conjugated with gold
NPs (gold NPs-l) are shown.

Abbreviations: FTIR, fourier-transform-infrared spectroscopy; I, indolicidin; NPs,
nanoparticles; gold NPs-I, indolicidin-gold nanoparticles conjugates.

exposure time, the ICso of fluconazole was 73.65 pg/mL
and the gold NPs exhibited the ICsq as 118.35 pug/mL.
These results suggested that the conjugated indolicidin
with gold NPs was more biocompatible than free indolici-
din. Furthermore, when the gold NPs were functionalized
with indolicidin as complex, cytotoxicity was greatly
decreased.

Expression analysis of ERGI | gene in C.

albicans isolates

Effect of the different components on ERG 1] gene expres-
sion of C. albicans isolates in comparison to C. albicans
ATCC 10231 as susceptible control stain was evaluated by

Table 2 The MIC and MFC of free indolicidin, bare gold nanopar-
ticles, and indolicidin-gold nanoparticles conjugate against 10 iso-
lates of Candida albicans. MIC was determined as the lowest
concentration resulting in at least 50% reduction of growth com-
pared to the control

MIC (pg/ MFC (ug/ MFC/MIC
mL) mL) ratio
Free indolicidin 50 150 3 fungicidal
Gold nanoparticles | 24.37 97.5 4 fungistatic
Conjugated 12.5 25 2 fungicidal
indolicidin

Abbreviations: MIC, minimum inhibitory concentration; MFC, minimum fungicidal
concentration.

real-time PCR assay (Figure 5). In comparison to the con-
trol strain, the overexpression of ERGII in all isolates
(which treated with 64 pg/mL of fluconazole) was observed
(P<0.05). In contrast, the ERG1I expression was reduced
about 1-2 fold in the isolates treated with 12.5 pg/mL of
free indolicidin and about 2-3 fold in the isolates treated
with 12.5 pg/mL of conjugated indolicidin in comparison to
the untreated control group (P<0.05). The C. albicans
ATCC 10231 was also capable of down-regulating ERG11
in response to free or conjugated indolicidin exposure
(P<0.05). In addition, the real-time PCR analyses revealed
the down-regulation of the ERG1I gene in all C. albicans
isolates exposed to bare gold NPs with a concentration of
24.37 pg/mL (P<0.05). The obtained results demonstrated
that the fluconazole-resistant C. albicans isolates were sus-
ceptible to indolicidin-gold NPs conjugates.

Evaluation of hemolytic activity of
indolicidin-gold NPs conjugates using

mammalian erythrocytes

Hemolytic activity of gold NPs, free indolicidin, and conju-
gated indolicidin was evaluated using human erythrocytes.
Free indolicidin at concentrations ranging from 0.78 to 50
ng/mL caused little hemolysis effect (in the range of 1-20%)
whereas at higher concentrations ranging from 100 to 200 pg/
mL significant hemolysis was detected. In contrast, indolici-
din-conjugated gold NPs showed non-significant hemolysis at
concentrations ranging from 0.78 to 100 pg/mL and signifi-
cant hemolysis at higher concentrations (Figure 6A). Also,
gold NPs concentrations ranging from 3.04 to 97.5 pg/mL
did not cause significant hemolysis, and >90% of human
erythrocyte did not show hemolysis. Gold NPs at concentra-
tions ranging from 195 to 390 pg/mL caused significant
hemolysis (Figure 6B). Moreover, fluconazole hemolytic
activity showed that at a concentration of 1-32 pg/mL, there
was little hemolysis, but in higher concentrations, it caused
significant hemolysis in human erythrocytes (Figure 6C). So,
these results indicate that indolicidin in both conjugated or
non-conjugated forms has less hemolytic activity compared to
fluconazole. Moreover, indolicidin-gold NPs conjugates
showed lower hemolysis in comparison to free indolicidin.

Effect of conjugated or non-conjugated
indolicidin on iINOS gene expression in

macrophages
To examine the immunomodulatory effects of indolicidin
peptide, we assessed the nitric oxide (NO) production
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Figure 5 Expression analysis of the ERG/ | gene in Candida albicans isolates exposed to the bare gold NPs, indolicidin-gold NPs, free indolicidin, and fluconazole after 24 hrs
of cultivation. The relative expression of the |4a-demethylase (ERGI I) gene relative to that of the internal control ACT/ gene in 10 C. albicans isolates obtained from the burn
patients suffering from candidiasis and the control strain ATCC 1023 in comparison to the non-treated group is shown. The data are presented as mean+SD, calculated from

three independent experiments (*P<0.05).
Abbreviations: NPs, nanoparticles; gold NPs-I, indolicidin-gold nanoparticles conjugates; C1-C10, C. albicans strains isolated from burn patients suffering from candidiasis;

CR, C. albicans ATCC strain 1023.

indirectly by the mice peritoneal macrophages following con-  levels. NO production by macrophages plays a dual role; NO
jugated or non-conjugated indolicidin treatment by the can rapidly convert to a reactive oxygen species with potent
changes in nitric oxide synthase (iNOS) gene expression antimicrobial activity, whereas sustained high levels may lead
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Triton X-100 treated erythrocytes as control cells. Data presented are the means of three independent experiments+SD.

Abbreviation: NPs, nanoparticles.

to tissue damage and cell death. Figure S2 shows the morphol-
ogy of macrophages isolated from the mice peritoneal cavity
after 2, 7, and 14 days of culture. As shown in Figure 7,
C. albicans cells induced robust expression of iNOS, indicat-
ing that the macrophages are activated in response to fungal
antigens. The expression level of iNOS mRNA was signifi-
cantly reduced when the free indolicidin (as a cationic anti-
fungal peptide) or conjugated indolicidin were incubated with
macrophages in the presence of C. albicans (P<0.05). In
contrast, the expression level of iINOS mRNA was slightly
decreased following fluconazole or gold NPs treatments in
the presence of C. albicans.

Discussion

Due to the increasing incidence of fungal infections in immu-
nocompromised burn patients and the challenge of drug resis-
tance, it is necessary to design the new antifungal
components.®” Because of their antimicrobial activities, the
combination of antimicrobial peptides and metal NPs is a

promising tool to combat drug-resistant pathogens.*”
Antimicrobial peptide-conjugated gold NPs are particularly
attractive components due to the non-toxic nature of gold
and the possibility of fine-tuning the peptide-NPs conjugation
chemistry.*®*° We reported here conjugation of indolicidin
with the gold NPs using a simple, two-step chemisorption
method to evaluate its synergistic antifungal effects on fluco-
nazole-resistant C. albicans isolates.

In the first step, colloidal gold NPs were synthesized and
characterized. The obtained result was similar to the pre-
vious studies showing an absorption peak at 521 nm on a
size of 30 nm with a ZP of —29.3 mV.***! It confirmed the
formation of the negative charge of the surface of gold NPs.
The negative charge resulted from citrate that is used both
as a reducing and a stabilizing agent of gold NPs. To con-
jugation of indolicidin with gold NPs, thiol-stabilized gold
NPs were synthesized by adding 2-mercaptoethanol, fol-
lowed by functionalization of gold NPs using cyanogen
bromide. The first step is the displacement of citrate by a
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Figure 7 Quantitative RT-PCR analysis of the iNOS gene in murine macrophages
incubated with the Candida albicans after 24 hrs treatment with bare gold NPs, free
indolicidin, indolicidin conjugated with gold NPs, and fluconazole. The relative levels
of gene expression are presented as fold changes in the treated groups with respect
to the nontreated control. The gene transcript level was normalized against the
GAPDH gene expression. Statistically significant differences between the C. albicans-
treated group and the nontreated group, and between the C. albicans-treated group
and the other treated groups (*P<0.05). The data shows meantSD of three
independent experiments.

Abbreviations: |, indolicidin; NPs, nanoparticles; gold NPs-I, indolicidin-gold nano-
particles conjugates.

relatively short thiol that exhibits strong interactions with
gold and provides hydroxyl groups. Then, cyanogen bro-
mide used to activate hydroxyl groups on gold NPs to create
reactive cyanate esters, which then coupled to amine-con-
taining peptides to form an isourea bond. Unlike the pre-
vious methods for activation of hydroxyls on particles,
cyanogen bromide is used under aqueous condition, thus
eliminating the need for organic solvents. After adding the
surfactant (2-mercaptoethanol) to the gold NPs, another
peak appeared at 640 nm, which suggests the change in
color from red to light blue that indicates the formation of
assembly or aggregated nanostructures. The absorbance
peak at 640 nm disappeared and the absorbance peak at
521 nm reappeared upon applying the sonication which
suggests the formation of dispersed thiol-capped gold
NPs. Blueshift observed upon conjugation of indolicidin
with gold NPs indicates a more hydrophobic environment
of tryptophans present in indolicidin. Moreover, thiol-
capped gold NPs had a lower negative charge in comparison
to gold NPs, and gold NPs conjugated with indolicidin had a
lower negative charge compared to thiol-capped gold NPs.
FTIR results demonstrated that a few specific split peaks
were formed as a result of the conjugation of indolicidin
with gold NPs as compared to the indolicidin or gold NPs.
Specific split peaks were observed at the fingerprint region
(around 980-1,100 cm ") of the spectra signifying the for-
mation of new bands for indolicidin-gold NPs conjugates.
Therefore, it indicates the successful conjugation of indoli-
cidin with gold NPs.

After synthesis and characterization of indolicidin-
gold NPs conjugates, the antifungal activity of gold
NPs, free indolicidin, indolicidin-gold NPs conjugates,
and fluconazole against 10 clinical isolates of C. albi-
cans was evaluated by the micro-dilution method. As
demonstrated, the MIC of indolicidin-conjugated gold
NPs was less than MIC of free indolicidin, bare gold
NPs, and even fluconazole. Interestingly, the MFC data
demonstrated that indolicidin-conjugated gold NPs and
free indolicidin had fungicidal activity, whereas bare
gold NPs had fungistatic activity. So, the indolicidin-
gold NPs conjugates can be used as promising and novel
antifungal agent to inhibit the growth of fluconazole-
resistant C. albicans. It has been reported that conjuga-
tion of antimicrobial peptides with NPs resulted in
enhance antimicrobial activity.’*** This could be due
to the enhanced stability of the nanocomplex towards
protease degradation and the enhanced drug efficacy by
overcoming resistance mechanisms.?'***44

In the next step, mRNA level of ERGII, which has
been correlated with drug resistance in C. albicans, was
evaluated following bare gold NPs, free indolicidin, indo-
licidin-gold NPs conjugates, and fluconazole treatments.
Quantitative real-time PCR analysis demonstrated that
ERGI1I mRNA was transcribed at a higher level in the all
10 clinical isolates of C. albicans (resistant isolates) than
in the ATCC 10231 (susceptible strain) after 24 hrs treat-
ment with fluconazole at the MIC concentration.
Noticeably, down-regulated expression of the ERGII
gene was found in C. albicans isolates treated with free
indolicidin or indolicidin-gold NPs conjugates at the MIC
concentrations. Moreover, the expression of ERG1] gene
reduced following gold NPs treatment. This indicates that
gold NPs have considerable anti-fungal properties that
could reduce the resistance of C. albicans isolates to the
antimicrobial peptide by decreasing the expression of the
drug resistance genes. It is noteworthy that the ERGI/
gene was less expressed in response to the nanoconjugated
form of indolicidin compared to the free-form of indolici-
din. These results demonstrated that fluconazole-resistant
isolates of C. albicans were susceptible to indolicidin-gold
NPs conjugates.

Host cytotoxicity of antimicrobial peptides and NPs is
a major limitation in their application as antimicrobial
agents. Therefore, we investigated the effect of indolicidin
as nonconjugated or conjugated with gold NPs on NIH3T3
cells viability and hemolytic activity against human
erythrocytes.”~® Cell viability findings represented that

International Journal of Nanomedicine 2019:14

submit your manuscript

5333

Dove


http://www.dovepress.com
http://www.dovepress.com

Rahimi et al

Dove

free indolicidin had a more toxic effect on the growth of
the eukaryotic cell, NIH3T3, compared to the indolicidin-
conjugated gold NPs. In addition, cell viability assay
showed that gold NPs at concentrations >150 pg/mL sig-
nificantly reduced the viability of the cells. Furthermore, in
the hemolytic assay, we observed minimal hemolysis with
free or conjugated indolicidin, even at high concentrations,
however, it was found that the conjugation of indolicidin
to the gold NPs reduced the hemolysis of the erythrocytes
compared to the free indolicidin. Surprisingly, the hemo-
lysis experiment revealed that gold nanoparticles at con-
centrations >150 pg/mL and fluconazole at concentrations
>64 pg/mL resulted in prominent erythrocytes hemolysis.
Taken together, free indolicidin and indolicidin conjugated
with gold NPs could not be toxic towards fibroblast cells
and erythrocytes, which could overcome a challenge in
their development as pharmaceutical drugs.

Finally, we evaluated the immunomodulatory and anti-
inflammatory effects of indolicidin as a potent cationic anti-
microbial peptide. Previous studies have shown that C. albi-
cans infection resulted in increased expression of iNOS' in
macrophages.*>*® NO is a marker of inflammation and is
part of the non-specific host defense.** NO is synthesized by
iNOS which is up-regulated during inflammatory condition
such as fungal infections. However, overproduction of NO
leads to a variety of diseases such as malignancy, rheumatoid
arthritis, tissue injuries and septic shock.”>”' Therefore, the
down-regulation of NO is very important factor for the treat-
ment of these conditions. We found that iINOS expression level
significantly increased in peritoneal macrophages exposed to
C. albicans. Our results indicated that the iNOS mRNA
expression was significantly decreased by free indolicidin
treatment in macrophages, but treatment with the indolicidin-
gold NPs conjugates reduced the iNOS mRNA expression
more significantly. In agreement with our findings, others
have previously shown that many cationic antimicrobial pep-
tides potently inhibit the expression of iNOS mRNA in macro-
phages. Also, our results proved that the iNOS mRNA
expression level was also reduced after the gold NPs and
fluconazole treatments in the macrophages exposed to C.
albicans. This effect could be due to the reduction of fungi
burden after the gold NPs and fluconazole treatments.
However, the effect of gold NPs or fluconazole on reducing
the iNOS mRNA expression level was less than that of the free
indolicidin or indolicidin-gold NPs conjugates.

In conclusion, we used a two-step method for con-
jugating indolicidin peptides to gold NPs in order to
assess the antifungal activity against candidiasis in

burn patients. As presented by the various techniques
and the physical characterization experiments, we could
conjugate indolicidin to the gold NPs. The conjugates
with the MIC
Candida isolates and the lower cytotoxicity effects on

lower against fluconazole-resistant
eukaryote cells showed higher antimicrobial activity
against the clinical isolates. Results from qRT-PCR
experiments revealed that the clinical isolates of C.
albicans were more susceptible to the indolicidin-gold
NPs conjugates than free indolicidin or fluconazole.
Moreover, our findings indicated that the nanocomplex
significantly inhibited the expression of iNOS mRNA in
macrophages and had a potent anti-inflammatory effect.
The results presented in this research exhibited a pre-
liminary study for the possible use of the indolicidin-
gold NPs conjugates as a therapeutic alternative to
combat fluconazole-resistant Candida isolates in burn
patients, avoiding the adverse effects caused by the use
of high doses of drugs. Further studies, especially invol-
ving animal models should be conducted to assess the
indolicidin-gold NPs conjugates potential use as anti-
fungal drugs in the systemic and topical applications.
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Figure S| Size distribution by density of thiol-capped gold nanoparticles (NPs) and indolicidin-gold NPs conjugates is shown. The average size of thiol-capped gold
nanoparticles was about 40 nm (A) and the average size of indolicidin conjugated with gold NPs was about 193 nm (B).

A

Figure S2 Morphological assessment of macrophages isolated from mice peritoneal cavity. Microscopy images of macrophages phenotype on day 2 (A), day 7 (B), and day
14 with 10x magnification (C), and day |4 with 20x magnification (D).
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