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Background: Hericium erinaceus has been reported to have a wide range of medicinal properties
such as stimulation of neurite outgrowth, promotion of functional recovery of axonotmetic
peroneal nerve injury, antioxidant, antihypertensive, and antidiabetic properties. In recent
years, the green synthesis of gold nanoparticles (AuNPs) has attracted intense interest due to
the potential use in biomedical applications. The aim of this study was to investigate the effects
of AuNPs from aqueous extract of H. erinaceus on neurite outgrowth of rat pheochromocytoma
(PC-12) cells.

Methods: The formation of AuNPs was characterized by UV-visible spectrum, energy
dispersive X-ray (EDX), field-emission scanning electron microscope (FESEM), transmission
electron microscopy (TEM), particle size distribution, and Fourier transform-infrared spectros-
copy (FTIR). Furthermore, the neurite extension study of synthesized AuNPs was evaluated
by in vitro assay.

Results: The AuNPs exhibited maximum absorbance between 510 and 600 nm in UV—visible
spectrum. FESEM and TEM images showed the existence of nanoparticles with sizes of
2040 nm. FTIR measurements were carried out to identify the possible biomolecules respon-
sible for capping and efficient stabilization of the nanoparticles. The purity and the crystalline
properties were confirmed by EDX diffraction analysis, which showed strong signals with
energy peaks in the range of 2-2.4 keV, indicating the existence of gold atoms. The synthesized
AuNPs showed significant neurite extension on PC-12 cells. Nerve growth factor 50 ng/mL
was used as a positive control. Treatment with different concentrations (nanograms) of AuNPs
resulted in neuronal differentiation and neuronal elongation. AuNPs induced maximum neurite
outgrowth of 13% at 600 ng/mL concentration.

Conclusion: In this study, the AuNPs synthesis was achieved by a simple, low-cost, and
rapid bioreduction approach. AuNPs were shown to have potential neuronal differentiation
and stimulated neurite outgrowth. The water-soluble bioconstituents could be responsible for
the neuroactivity. This is the first report for the biosynthesis of AuNPs using the hot aqueous
extract of H. erinaceus.
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Introduction

Green chemistry approaches for the synthesis of gold nanoparticles (AuNPs) via
biological methods using bacteria, fungi, plant extracts, or purified biomolecules
have helped to offer reliable and environment-friendly alternatives to conventional
chemical and physical synthesis approaches. These particles not only are ultrasmall
in size, but are also biocompatible, have high surface area to mass ratio, and show
considerable surface activity along with plasmon resonance bands.! The AuNPs are
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ideally used in a number of biotechnology applications and
in drug delivery systems.?

Hericium erinaceus (Bull.: Fr) Pers. is a spine fungus,
which grows on the trunks, branches, and stumps of trees;
it can be found throughout the northern hemisphere ranging
from rare in central Europe to fairly common in southern
England.? Mushrooms are not only extremely good in taste,
but have also been reported to show several medicinal prop-
erties. Previous studies have reported antimicrobial effects,
antitumor activities, antioxidant properties, stimulation of
neurite outgrowth, and nerve regeneration.**

Neurobiologists and neuroscientists are exploring the field
of nerve regeneration, which has become one of the biggest
and most funded areas in medical research. Many neurode-
generative diseases such as Alzheimer’s disease, dementia,
Parkinson’s disease, and age-related macular degeneration
occur in the central nervous system (CNS).>!° Researchers
have confirmed the neurotrophic activities of H. erinaceus
such as neurite outgrowth, regeneration, and neuroprotection.
Apart from therapeutics offered, natural products such as
mushrooms have been proven to have regenerative proper-
ties in rat pheochromocytoma cells (PC-12) and peripheral
nervous system retrospectively.”!! Daily oral administration
of aqueous extract of H. erinaceus enhanced recovery of dam-
aged peripheral nerve in rats.”® On the basis of this scientific
evidence, natural products such as mushrooms may trigger
regeneration of axons in the aforementioned clinical condi-
tion, which is vital for establishing functional connection for
recovery. Our previous findings showed that Hericenone E
isolated from H. erinaceus increased the phosphorylation of
extracellular-signal regulated kinases and protein kinase B,
potentiating nerve growth factor (NGF)-induced neuritogen-
esis in PC-12 cells via the MEK/ERK and PI3K/Akt path-
ways.!? Similarly, Erinacine D isolated from the mycelium of
H. erinaceus acted as a stimulator of NGF synthesis. '

Because of the poor regenerative capacity of CNS, other
methods like drugs, gene therapy, stem cells therapy, and
nanotechnology continue to be very active with significant
clinical potential. However, many of these factors are high-
molecular-weight polypeptides, which cannot cross the
blood-brain barrier (BBB).!* Hence, small molecules may
be employed to cross the BBB and trigger neuronal activity.
A nanoparticle is one such small microscopic particle with
at least one dimension less than 100 nm. So far, only few
mushrooms have been used for the nanoparticle synthesis. It
can be advantageous over other biological processes because
it eliminates elaborate process of maintaining cell cultures and
can be synthesized on a large scale. Edible mushrooms are

considered safe for consumption and contain a vast array of
bioactive components that have potential as functional foods.
Nanoparticles can be synthesized using mushroom extracts
at a faster rate due to the presence of higher water-soluble
polysaccharide and protein contents. To date, there is no report
on the synthesis of nanoparticles using commercially culti-
vated H. erinaceus. To our knowledge, this study is the first
to demonstrate a green strategy for the preparation of AuNPs
using the aqueous extract of H. erinaceus and the effects of
the synthesized AuNPs neurite outgrowth on PC-12 cells.

Materials and methods

Materials and chemicals

Fresh fruiting bodies of H. erinaceus KLU-M 1232 basidi-
ocarps were collected from Ganofarm Sdn Bhd, Tanjung
Sepat, Selangor, Malaysia. Rat pheochromocytoma (PC-12)
cell line was purchased from American Type Culture Col-
lection (ATCC; Rockville, MD, USA; Catalog Number:
CRL-1721.1TM). Permission to use this cell line was obtained
from the Department of Veterinary Services, Ministry of Agri-
culture and Agro-Based Products, Malaysia. Gold (IIT) chloride
hydrate, F-12 K medium (Kaighn’s Modification of Ham’s
F-12 Medium), and NGF-7 S from murine submaxillary gland
were obtained from Sigma Co. (St Louis, MO, USA). Fetal
bovine serum (FBS) and horse serum (HS) were purchased
from PAA Laboratories (C6lbe, Germany), and all other
chemicals used for the studies were of analytical grade.

Preparation of hot aqueous extract

of H. erinaceus

The fresh basidiocarps were sliced and boiled with
triple-distilled water at a ratio of 1:10 (w/v) with agitation
at 60°Cx2°C for 30 minutes.” The boiled mushroom was
left covered for 30 minutes. Residues were then removed by
filtration through absorbent cotton gauze cloth and centrifuged
at 10,000 rpm for 30 minutes at 4°C. Supernatants were col-
lected and filtered through Whatman Number! filter paper.
The sample was freeze dried (Christ Alpha 1-4 LD Freeze
dryer) and the hot aqueous extract (HAE) powder was stored
at 4°C+2°C until further use.

Mycosynthesis of AUNPs

AuNPs were synthesized according to the method described
by Mohammed Fayaz et al.’® On the basis of the result of
a preliminary trial (unpublished data), 1.0 mg/mL of aque-
ous extract of H. erinaceus was added to 5 mL of 1x10° M
aqueous AuCl, solution and kept at room temperature, and
the mixed solution was continuously stirred and incubated in
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the dark after 36 hours. The light yellow color of Gold (I1I)
chloride hydrate solution turned to vivid purple, indicating
the formation of AuNPs.

Characterization of AuNPs

UV-visible spectroscopy measurement was carried out on
a UV-160A (SHIMADZU) spectrophotometer operated at a
resolution of 1 nm. The Fourier transform-infrared (FTIR)
spectra were recorded using a PerkinElmer FTIR spectro-
photometer at a resolution of 4 cm™ to identify bioactive
constituents present in the aqueous extract. For transmission
electron microscopy (TEM) and field-emission scanning
electron microscope (FESEM) imaging, the samples were
prepared in a vacuum desiccator. TEM (JOEL JEM-2100F)
and FESEM (FEG Quanta 450, EDX-OXFORD) were
used to determine the size and morphology of AuNPs.
Energy dispersive X-ray (EDX) analysis was performed
using the QUANTA 450 FEG instrument equipped with an
OXFORD EDX attachment. To know the average size of
synthesized AuNPs, a particle size distribution (PSD) was
performed by laser diffraction method in aqueous solution
(Malvern-USA).

Estimation of soluble sugar and protein

in aqueous extracts
Soluble sugar was estimated according to Dubois et al’s!”
method, and protein was estimated by Bradford’s method.'8

Determination of monosaccharide and
protein composition in aqueous extract

H. erinaceus

Monosaccharide composition was investigated by thin
layer chromatography (TLC), according to the protocol
of Thetsrimuang et al.' Proteins were determined by
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (SDS-PAGE). The SDS-PAGE was executed with
some modification of the method of Laemmli.?® Protein
samples were from HAE of H. erinaceus with 10x sample
buffer (1 M Tris—HCI, 30% glycerol, 0.06% SDS, 16%
2-mercaptoethanol, and 0.06% bromophenol blue) in 9:1 ratio
followed by loading of 20 uL/well. The samples were then
analyzed by using SDS-PAGE with acrylamide gel consisting
12% resolving gel and 4.5% stacking gel. Electrophoresis was
run at 120 V for approximately 60 minutes in tris-glycine run-
ning buffer (30 mM Tris, 144 mM glycine, and 0.1% SDS).
After electrophoresis, the gel was stained with Coomassie
Brilliant Blue R-250 and destained with destaining buffer
(10% methanol and 10% acetic acid).

PC-12 cell culture

The PC-12 cells (adherent variant, PC-12Adh) from ATCC
were maintained in F-12 K medium (Sigma) supplemented
with 2.5% (v/v) heat-inactivated FBS (PAA) and 15% (v/v)
HS (PAA) with final pH 6.8-7.2. All incubations were
performed at 37°C in a humidified environment of 5% CO,
and 95% air. The cells were maintained in the logarithmic
phase of growth and were subcultured at 2—3-day intervals.
For storage, the cells were frozen at —70°C liquid nitrogen
in complete medium supplemented with 5% (v/v) dimethyl
sulfoxide (Sigma) as a cryoprotectant.

Neurite outgrowth stimulation assay

Neurite outgrowth stimulation assay was performed accord-
ing to Eik et al'' with some modifications. The cells were
seeded in a 12-well plate at an initial density of 5,000 cells
per well in 1 mL complete growth medium with different
concentrations of biosynthesized AuNPs and aqueous extract
of H. erinaceus (HAHE-50 pg/mL). For freeze-dried aqueous
extract, a stock solution of 2 mg/mL (HAHE) and 10 pg/mL
(AuNPs) (w/v) were prepared freshly each time prior to assay.
In positive control experiments, cells were induced to dif-
ferentiate by the addition of 50 ng/mL (w/v) NGF extracted
from murine submaxillary gland (Sigma). Cells in complete
growth medium only served as a negative control. All the
cells were incubated for 5 days at 37°C, 95% air, and 5%
CO, to observe any neuronal differentiation activity.

Quantification of neurite-bearing cells

A cell was scored positive if it bore a thin neurite exten-
sion that was double or more the length of the cell body
diameter.?! Ten fields per well were randomly examined
under an inverted microscope (Nikon Eclipse TS100, Nikon
Instruments Inc., Melville, NY, USA). The cells were photo-
graphed using a Nikon DS-Fil camera and processed with a
Nikon’s Imaging Software, NIS-Elements D. The percentage
of neurite-bearing cells were quantified by scoring the num-
ber of neurite-bearing cells over the total number of viable
cells in ten microscopic fields, with average of randomly
chosen 250-260 cells per well.

Immunofluorescence staining of
neurofilament

Immunofluorescence assay was carried out according to the
method of Schimmelpfeng et al** with some modifications.
Approximately 5x10° cells per well were seeded in a 12-well
microchamber (ibidi, Martinsried, Germany) containing com-
plete F-12 K medium. After 1 hour, the cells were treated with

International Journal of Nanomedicine 2015:10

submit your manuscript

5855

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Raman et al

200,400, and 600 ng/mL concentrations of AuNPs for 48 hours
at37°C+2°Cina 5% CO,-humidified incubator. Subsequently,
the cells were fixed with 4% formalin (v/v) at room temperature
for 20 minutes. After three washings with PBS, the cells were
incubated with anti-NF-200 antibody produced in rabbit (1:80
dilution in blocking buffer) for 1 hour at room temperature.
Then, the cells were incubated with fluorophore-conjugated
secondary antibody, anti-rabbit I[gG-FITC (fluorescein isothio-
cyanate) antibody produced in sheep (1:80 dilution in blocking
buffer) for 1 hour at room temperature in the dark. Cells were
mounted with aqueous mounting medium, ProLong® Gold
Antifade Reagent (Life Technologies, Waltham, MA, USA)
with 4’,6-diamidino-2-phenylindole (DAPI). Slides were
observed under fluorescence illumination using fluorescein
isothiocyanate (FITC) and DAPI filters and images were cap-
tured with Nikon’s Imaging Software, NIS Elements.

Statistical analysis

Results were expressed as percentage at each concentration
level. A bar chart was used; each treatment level was treated
as an independent category. Results were given as means +
standard deviation. Analysis of variance and Duncan’s
multiple range analysis were carried out using Stat Graphics
software to test the significance of the treatments.

Result and discussion

Extracellular mycosynthesis of AuNPs

Mycosynthesis of AuNPs was achieved by using the aqueous
extract of H. erinaceus. The stacked UV—visible spectra of
AuNPs formed from the reaction of aqueous AuCl, with fresh
basidiocarp hot aqueous extract at various time intervals is
presented in Figure 1. Addition of extracts to the aqueous
AuCl, resulted in color change from light yellow to vivid pur-
ple, which indicated the formation of AuNPs in the reaction
mixture. The color change is due to the excitation of surface
plasmon vibration in metal nanoparticles, and the formation
of AuNPs was confirmed by UV-visible spectroscopy.?***
The absorbance peak falls between 520 and 560 nm at
36 hours incubation. Increasing the incubation time further
to 40 hours and up to 1 month did not show any significant
shift in the UV absorbance spectrum. The concentration of
the mushroom extracts may affect the stability of the AuNPs
formation. High concentration of the mushroom extracts
contain high concentration of biomolecules (proteins/
polysaccharide), which would act as strong capping agents
as reported by previous studies.*** In an earlier study, the
formation of the AuNPs was obtained under light conditions
within 12 hours.? This indicated that the formation of AuNPs
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Figure | Absorption spectra of AuNPs after bioreduction by HAE of H. erinaceus.
Abbreviations: AuNPs, gold nanoparticles; h, hours; au, absorbance units;
H. erinaceus, Hericium erinaceus; HAE, hot aqueous extract.

depends on the condition, concentration of the mushroom
extracts, and also the incubation time.

Electron microscopy study

The TEM image showed a very large density of AuNPs.
At higher magnification, the morphology of the nanoparticles
was clearly seen (Figure 2). The particles were predominantly
spherical, with a small percentage being nanotriangles.?’ The
nascent nanocrystals devoid of protection were unstable,
and gold nanotriangles might grow by a process involving
rapid reduction, assembly, and room temperature sintering of
spherical AuNPs.?® The presence of large quantity of extract
causes strong interaction between protective biomolecules
and surfaces of nanoparticles, preventing nascent gold nano-
crystals from sintering. With larger quantities of the extract,
the interaction is intensified, leading to size reduction of
spherical nanoparticles.?® Interestingly, the nanoparticles
appeared to have assembled into closed chain structures
rather than a dense, closely packed assembly, as is normally
the case in aqueous nanoparticle solutions. In this study,
many of the AuNPs were spherical with sizes of 20-30 nm.
The specific shapes and size are important for applications in
biological and chemical sensing as well as for medical and
electronic devices because the optical properties of AuNPs
are dependent on the size and shape.” Several studies have
reported synthesis of various sizes of AuNPs using different
fungi. Fusarium oxysporum produced spherical and triangular
morphologies of particles with a size range of 2040 nm.*
Alternatively, the fungi Neurospora crassa produced average
AuNPs sizes of 3—100 nm with mean diameter of 32 nm.>!
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Figure 2 Electron microscopic micrographs of AuNPs mycosynthesized by HAE
of H. erinaceus.

Notes: (A) TEM image of AuNPs solution formed by the reaction of gold (lll)
chloride with HAE of H. erinaceus for 36 hours. (B) Individual nanoparticles with
clear lattice fringes through high-resolution TEM. (C) FESEM image of AuNPs.
Abbreviations: H. erinaceus, Hericium erinaceus; TEM, transmission electron
microscopy; AuNPs, gold nanoparticles; FESEM, field emission scanning electron
microscopy; HAE, hot aqueous extract.

The FESEM analysis provided thinner probing beams at low-
as well as high-electron energy. The three-dimensional images
of AuNPs were dense and spherical in shape after 36 hours
incubation, as seen in Figure 2. It was observed from the
electron microscopic images that AuNPs mycosynthesized
with aqueous extracts of H. erinaceus were irregular in shape,
and this may be due to organic shell over the particles.?

Particle size analysis

The PSD uses laser diffraction technique to reveal the aver-
age hydrodynamic diameter of particles in a liquid suspen-
sion. These particle sizes are well within the range reported
for photoluminescence of AuNPs.* In this study, the PSD
analysis of mushroom extract-mediated synthesis of AuNPs
showed an average size of 28 nm (Figure 3). However, the
nanoparticles such as gold and silver have also been shown
to exhibit size-dependent optical properties. If the size
of AuNP is smaller, the total extinction is contributed by
absorption; however, an increase in the size in the AuNP
would contribute to both absorption and scattering.’? In this
study, we found that the absorption peak is at 520-560 nm,
which corresponds to a particle size of 28.37 nm.

EDX analysis

The EDX profile of AuNPs showed strong signals for gold
atoms as shown in Figure 4. The EDX pattern clearly showed
that the AuNPs were formed by the reduction of Aucl,” ions
using aqueous extract of H. erinaceus. EDX results obtained
in this study confirmed the presence of strong gold signal by
the energy peaks for silver atoms in the range of 2-2.4 keV.
The EDX spectrum of AuNPs from /nonotus obliquus showed
a strong Au signal along with weak signals from O, C, Al, Ca,
CL K, Mg, Si, and Na, which may have originated from the
biomolecules bound to the surface of the nanoparticles.

FTIR analysis

FTIR measurements were carried out to identify pos-
sible interactions between gold metal extracellular proteins
and polysaccharides. Spectrums of aqueous extract of
H. erinaceus and extracellular biosynthesized AuNPs are
showninFigure 5A and B. Theband at 3,280 cm™' indicates O-H
stretching vibrations of hydroxyl group, H-bonded alcohols,
phenols, or N-H stretching of 1° and 2° amines and amides.**
The weak band at 2,934.34 cm™' wavenumber corresponds to
C—H stretch alkene and O—H stretch carboxylic acids.? Peaks
at 2,163 and 2,102 cm™ bends correspond to —C=C- stretch

s
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£
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o
>
1 10 100 1,000 10,000
Size (d.nm)

Figure 3 Size-distribution analysis by dynamic light scattering.

Note: The particle size-distribution analysis revealed that particle size was
approximately 28 nm.

Abbreviation: d, diameter.
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Figure 4 EDX image of AuNPs mycosynthesized by HAE of H. erinaceus.

Abbreviations: EDX, energy dispersive X-ray; AuNPs, gold nanoparticles; H. erinaceus, Hericium erinaceus; HAE, hot aqueous extract.

alkynes; primary amines results in a broad band in the
ranges at 1,603—1,588 cm™. The peak at 1,402—-1,399.5 cm™
is assigned to O—H bend and indicates the carbohydrate
group.** The peak at 1,075—1,035 cm™! denotes the aliphatic
amines (C—N stretch) open-chain carbon atoms. The pres-
ence of soluble proteins/polysaccharide might be responsible
for bioreduction and for stabilizing and capping the newly
formed nanostructures.*® The peak at 1,402 cm™ could be
assigned to the COO— symmetric stretch from intercellular
mushroom proteins with carboxyl side groups in the amino
acid residues. This strongly suggests that the gold ion binding
sites (regardless of covalent or electrostatic origin) and the
subsequent reduction of gold ions all involved oxygen-con-
taining functional groups, most likely those from the carboxyl
side groups in the intercellular mushroom proteins.

Quester et al* had used fungal extracts for NP synthesis,
which is a solution containing a high proportion of soluble
fungal proteins (1.7 mg protein/mL N. crassa extract, as
shown by the Bradford assay).!® The exact reduction mecha-
nism remains unknown, but at a high temperature of 60°C, it
is probable that all proteins are denatured and thereby lose
their three-dimensional structures, which indicates that all
functional groups necessary for bioreduction and stabiliza-
tion are accessible. However, in this study, the H. erinaceus
aqueous extract was prepared at 60°C, and the soluble protein
was quantified (270 pg protein/mg).'® It is evidenced that the
denaturing of proteins is not possible at this temperature, and
the presence of highly soluble proteins might act as capping
and bioreductants.

Quantification of bioactive constituents

in the H. erinaceus extract

TLC plate showed the presence of soluble monosaccharides
in aqueous extract of H. erinaceus (Figure 6). Meshram
et al’” and Park et al*® reported that white sugar and poly-
saccharides are natural reservoir for the green synthesis of
nanoparticles. Soluble proteins in the mushroom extract were

first separated by dialysis according to molecular weight.
SDS-PAGE analysis showed molecular weights were in the
range of 14—116 kDa. The results revealed that the aqueous
extract contains better protein profile, both in numbers and
molecular weights (Figure 6). Preliminary gel electrophoresis
indicated that the mushroom contained more than seven dif-
ferent proteins of molecular weight ranging between 12 and
116 kDa. The proteins act as a reducing and protecting agent
in the synthesis of nanoparticles. Gold ions were trapped by
the protein and formed the protein-capped nanoparticles.
Functional groups of amino acid present on the periphery
of the adsorbed protein layer served as anchoring points for
the attachment of AuNPs.>*

Neurite stimulation activity assay
Neurite outgrowth stimulation of AuNPs and aqueous extract
of H. erinaceus were observed after 72 hours of incubation.
The neurite outgrowth stimulation in treated PC-12 cells was
dose dependent (Figure 7). The percentage of neurite-bearing
cells of AuNPs at 400 ng/mL (11.8%%0.28%) was sig-
nificantly higher (P<<0.05) compared to the positive control
(50 ng/mL NGF). Maximum stimulation of neuritogenesis
by AuNPs of H. erinaceus was achieved at 600 ng/mL,
with 13% of neurite-bearing cells. However, increasing the
concentration showed minimal, or had a negative, effect on
the number of neurite-bearing cells (Figure 7). Extracts of
the tropical grown H. erinaceus had neuroprotective and
neuroregenerative effects.’* A previous study showed
that the aqueous extracts prepared from the fruiting bodies
and mycelium of H. erinaceus stimulate neurite outgrowth
from cultured cells of the neural hybrid clone NG108-15.°
The aqueous extract of H. erinaceus fresh basidiocarps was
able to promote neurite outgrowth and nerve regeneration,
and accelerate motor functional recovery of rodents in vivo
after crash injury.’

The uniqueness of PC-12 cell line is that it responds to
NGF, and NGF mimics extract of H. erinaceus and AuNPs
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Figure 5 FTIR image of AuNPs mycosynthesized by HAE of H. erinaceus.
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Notes: (A) Control: HAE of H. erinaceus, and (B) AuNPs mycosynthesized by HAE of H. erinaceus.
Abbreviations: FTIR, Fourier transform-infrared spectroscopy; AuNPs, gold nanoparticles; H. erinaceus, Hericium erinaceus; HAE, hot aqueous extract.

with a change in its phenotype, followed by extension of
neurite outgrowth (Figure 8). The percentage of neurite-
bearing cells of AuNPs treated cells was significantly
(P<0.05) increased in a concentration-dependent manner.
There were significant differences (P<<0.05) between

the negative control and all concentrations of AuNPs
and H. erinaceus extract tested. NGF (50 ng/mL)-treated
cells served as positive controls. Neurite outgrowth can
be qualitatively confirmed by immunofluorescence stain-
ing of the neurofilaments. Anti-neurofilament is a useful
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Figure 6 Determination of monosaccharide and protein composition in HAE of
H. erinaceus by TLC and SDS-PAGE methods.

Notes: (A) TLC analysis of monosaccharide, (B) protein molecular markers, and
(C) polypeptide profile of HAE on SDS-PAGE shows at least |4 different molecular
mass proteins.

Abbreviations: TLC, thin layer chromatography; SDS-PAGE, sodium dodecyl
sulfate—polyacrylamide gel electrophoresis; H. erinaceus, Hericium erinaceus; HAE,
hot aqueous extract.

immunocytochemical marker for axons.*' Neuronal cells
were treated with AuNPs at 200, 400, and 600 ng/mL
(w/v) and incubated for 48 hours. Figure 9 shows immuno-
fluorescence staining of PC-12 cells. After incubation with
AuNPs, an enhancement of neurite outgrowth with exten-
sion that was double the length of cell body diameter was
observed. Cells treated with 600 ng/mL AuNPs triggered
outgrowth, which was significantly (P<<0.05) higher com-
pared to cells treated with 200 and 400 ng/mL of AuNPs.
NGF is a signaling molecule that plays an important role
in the differentiation and survival of peripheral sensory and
sympathetic neurons.*” NGF activates ERK, and mitogen-
activated protein (MAP) kinase pathway is responsible of
neurotrophic responses in PC-12 cells.*

Neurotrophins like NGF are mostly mediated by the
Trk family of receptor tyrosine kinase, TrKA. A previous
study revealed that the compound hericenone isolated from
H. erinaceus triggered ERK1/2 and PI3K/Akt signaling
cascades.'? Similarly, o--Phenyl-N-tert-butylnitron was also
found to induce neurite outgrowth in PC-12 independent of
TrkA.* Our previous study reported that Hericenone E is a
neurotrophic compound that potentiates NGF-induced neu-
rite outgrowth in PC-12 cells. In the presence of 5 ng/mL of
NGF, hericenones significantly increased the percentage of
neurite-bearing cells compared with control cell, which had
either hericenones alone or 5 ng/mL of NGF.!"? In contrast
to this result, a polysaccharide purified from H. erinaceus
mycelium enhanced neurite outgrowth of PC-12 cells, and
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Figure 7 Effects of AuNPs mycosynthesized by HAE of H. erinaceus on the neurite outgrowth on PC-12 cells.

Notes: The percentage of neurite-bearing cells of PC-12 cells treated with various concentrations of AuNPs ranged from 200 to 2,000 ng/mL. Cells in complete F-12 K
medium without AuNPs served as a negative control. Cells treated with 50 ng/mL of NGF or 50 ng/mL extract of aqueous extract of H. erinaceus served as positive controls.
Data were expressed as means * standard deviation of three experiments. *Significant difference (P<<0.05).

Abbreviations: AuNPs, gold nanoparticles; NGF, nerve growth factor; NEG, negative control; H. erinaceus, Hericium erinaceus; HAE, hot aqueous extract.
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Figure 8 Phase-contrast micrographs of PC-12 neurites at day 3.

Notes: (A) Treatment with 50 ng/mL NGF. (B) Treatment with 50 pg/mL of HAE of H. erinaceus. (C) Negative control (complete F-12 K medium). (D-F) Various
concentrations of AuNPs ranged from 200 to 600 ng/mL. Scale bar =20 um. Arrows indicate neurite extensions.
Abbreviations: AuNPs, gold nanoparticles; NGF, nerve growth factor; H. erinaceus, Hericium erinaceus; HAE, hot aqueous extract.

its efficacy was significantly higher than the crude aqueous
extract of NGF alone.* It is thus predicted that based on the
ability of mycosynthesized AuNPs from H. erinaceus to
stimulate neurite outgrowth of PC-12 without NGF, AuNPs
can mimic NGF and may activate Akt, which is required in
combination with activated MAPK cascade proteins for neu-
rite outgrowth. This finding suggests that neurite outgrowth

potentiated by AuNPs in PC-12 cells is also regulating the
cell signaling pathway.

Conclusion

To our knowledge, this is the first evidence of the effects of
mycosynthesized AuNPs on neuronal differentiation and neu-
rite outgrowth. The protein capped AuNPs mycosynthesized

Figure 9 Morphology of PC-12 cells in different treatment groups observed under fluorescent microscopy.

Notes: (A) Treatment with 50 ng/mL NGF. (B) Treatment with 50 pg/mL of HAE of H. erinaceus. (C) Negative control, (complete F-12 K medium). (D-F) Various
concentrations of AuNPs ranged from 200 to 600 ng/mL. Nuclei stained blue and neurofilaments stained green. Scale bar =40 um. Arrows indicate neurite extensions.
Abbreviations: AuNPs, gold nanoparticles; NGF, nerve growth factor; H. erinaceus, Hericium erinaceus; HAE, hot aqueous extract.
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using HAE of H. erinaceus had neurotrophic activities. These
nanosize particles may cross the BBB to trigger neurite
outgrowths.
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