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For the safe use of nanoparticles, especially in the biomedical field, their stability in different environments and the
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prevention of binding to the component organisms, which could lead to nanoparticle aggregation, is indispensable. Herein,

we present a simple, efficient and biologically based method to obtain small gum arabic (GA)-stabilized gold nanoparticles

(GA-AUNPs) with remarkable stability in physiological pHs. The in vitro stability tests in intestinal (pH 6.8) and gastric (pH

1.2) simulated pHs revealed that GA-AuNPs exhibit a surprisingly high stability even near the zero zeta potential. When

subjected to GA-AuNPs, changes in the viability, proliferation and morphology were selectively induced in the B16-F10

melanoma cell line, whereas no alterations in the macrophage cell line, RAW 264.7, or in the fibroblast cell line, BALB/3T3,

were observed at the same concentrations. Therefore, considering the remarkable stability and selective effect on cell

lines, we show that GA-AuNPs exhibit properties that could provide a future alternative for melanoma treatment.

Introduction

Gold nanoparticles (AuNPs) have been widely explored because
they exhibit singular properties depending on size, size distribution,
shape, morphology and surface functionalization.™ Recent studies
point out to their potential biomedical applications, being
promising in non-invasive strategies for cancer diagnostic and
treatment.>® Additionally, AuNPs have been used to detect proteins
or other molecules that can bind to gold surfaces.”® Among all of
the properties, a good dispersion and the size stability both have a
significant impact on the final therapeutic performance.gTherefore,
the development of reliable methodologies for the synthesis of
AuNPs with a controllable shape, size and size distribution and that
produce particles that are stable under various environments is
very important from both a scientific and technological point of
view.

The most common employed strategy for obtaining AuNPs
involves the nucleation of gold ions using a reducing agent to form
nanoparticles.10 However, the presence of a stabilizing agent is
necessary to provide more stable and relatively monodispersed
AuNPs. Natural compounds have widely been employed either for
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the reduction of gold ions or for the protection of the formed gold
nanoparticles in aqueous media.""*? The advantages of using
biomolecules include reduced toxicity and the ability to recognize
specific biological targets,13

Polysaccharides have been widely employed for the preparation
of hybrid gold and silver nanoparticles.”'ls Gum arabic (GA) is a
highly branched, nontoxic and biocompatible polysaccharide that is
naturally exudated from acacia trees trunks and barks. GA
molecules contain galactose and arabinose as the main
monosaccharide constituents as well as rhamnose and uronic acid
quantities.17 Additionally,  glycoproteins
arabinogalactan-proteins (AGP) are present in a typical GA sample
as the low and high molecular weight fractions, respectively. The
existence of hydroxyl, carboxyl and amino acid groups makes GA
molecules sensitive to the ionic strength and pH of the
environment, providing a polyelectrolyte characteristic to GA.
Therefore, the variety of functional groups in the GA chains and
their complex microstructural molecular features are the key
factors to the excellent performance of GA as a stabilizing agent for
nanoparticles.m‘21 Regarding the toxicity, Chanda et al.5?
demonstrated that GA-AuNPs are biocompatible and do not induce
mammalian cell toxicity, which suggests a good outlook for their
future use in clinical applications.

Many techniques have been employed to determine the
formation and the post-synthesis properties of gold nanoparticles.
Among them, UV-Vis spectroscopy is a reliable technique that is
used to monitor AuNP formation. In the UV-Vis spectrum, it is
possible to observe an absorption band with a typical maximum
wavelength (Ama) and peak intensity.s’23 The profile of the SPR
(surface plasmon resonance) band is sensitive to the environmental
pH that affects the surface charge distribution of the particles,
resulting in a change in the oscillation of the surface electrons.2**

in  minor and
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Therefore, the SPR provides substantial information on the
nanoparticle properties and has been successfully combined with
imaging and study a variety of
nanoparticles in solution.

In this work, we present the synthesis of AuNPs at room

temperature and in the presence of GA. The formation of the

scattering techniques to
3,26-29

metallic particles was shown using UV-Vis, whereas their shape, size
and size distribution were determined using a combination of
transmission electron microscopy and scattering techniques.
Because we aim toward future biological applications, a detailed in
vitro study was performed to understand the influence of the
environmental pH on the stability of these GA-coated nanoparticles.
Moreover, using in vitro assays, we analysed the induced effects
promoted by the GA-AuNPs in melanoma (B16-F10), macrophage
(RAW 264.7), and fibroblast (BALB/3T3) cell lines. The GA-AuNPs
remained stable and were able to influence the melanoma viability
and morphology with no harm to other cells. Our study confirms
the safe use of gold nanoparticles in a variety of biological
applications, and it sheds light on the possible selective antitumor
activity of GA-AuNPs.

Experimental

Materials

GA was solubilized in water (18.2 MQ.cm, Millipore, USA),
dialyzed for 48 h against distilled water through a dialysis
membrane (12-14 kDa cut-off) and freeze-dried. Gold ions were
obtained by dissolution of HAuCl, (30% in dilute HCI) in a proper
amount of water. The gastric (pH 1.2) and intestinal (pH 6.8)
simulated pHs were obtained by preparing buffer solutions of
KCI/HCI (ionic strength = 0.40 moI.L'l) and KH,PO,/NaOH (ionic
strength = 0.25 moI.L'l), respectively. All reagents were purchased
from Sigma-Aldrich unless otherwise stated.

Preparation and Characterization of the gold nanoparticles

The gum arabic-coated gold nanoparticles (GA-AuNPs) were
obtained via reduction of AuCl, in an aqueous medium using a one-
pot method at 25 °C. Gold nanoparticles were successfully
synthesized in aqueous medium, either in the presence of 0.1 wt%
of GA (GA-AuNPs) or in the absence of GA (bare-AuNPs). The GA-
AuNPs were obtained by reduction of AuCl, in aqueous medium.
For this, 5 mL of HAuCl, 1.75 x 10” mol.L™" were mixed, under
magnetic stirring, with 5 mL of GA 0.1 wt% solution (previously left
overnight at 4 °C to ensure complete hydration). Then, the reducing
agent NaBH, (10'3 moI.L'l) was added at a rate of 200 pL/3 min. The
total amount of NaBH, solution was 2.4 mL. The AuNP formation
was monitored using UV-Vis spectroscopy (Agilent model 8453) via
the observation of the SPR band with a maximum at approximately
Amax = 520 — 540 nm. A reducing agent was added until we observed
two consecutive and coincident values for the A,,., and absorbance
intensity. The reaction was completed in less than 1 h. For
comparison studies, the same procedure was conducted in the
absence of GA or any other stabilizing agent (bare-AuNPs). We note
that GA alone was not able to reduce Au(lll) to Au(0) to form the
AuNPs.

2| J. Name., 2012, 00, 1-3

Transmission electron microscopy (TEM) was performed using a
JEOL 1200EX-Il microscope at an acceleration voltage of 80 kV. A
drop (~10 pL) of the colloidal solution was deposited onto 400
mesh carbon-coated grids and air dried. The size and size
distribution of the GA-AuNPs and bare-AuNPs were determined by
observing 500 to 2000 objects from the same sample using Image)
and OriginPro 8 software, respectively. Small-angle X-ray scattering
(SAXS) measurements were performed on the D1B-SAXS1 beamline
at the LNLS to determine the size, shape and polydispersity of the
nanoparticles. The scattered X-ray beam with a wavelength (A) of
1.55 A was detected using a Pilatus 300k detector. The sample-to-
detector distances were 942.7 mm and 3100.0 mm to cover a
scattering vector, q (q = (4m/A) sinf), ranging from 0.03 to 4 nm™,
respectively, where 26 is the scattering angle. The measurements
were performed at room temperature, and silver behenate was
measured under the same conditions to calibrate the sample-to-
detector distance, the detector tilt and the direct beam position.
Transmission, dark current and mica sheet corrections were
performed. The normalized scattering image of the samples was
then subtracted from the normalized scattering image of pure
water, and the isotropic result was radially averaged to obtain /(g)
vs. q.

In vitro stability tests

GA-AuNPs and bare-AuNPs were studied when they were
subjected to the simulated gastric and intestinal pHs. Three volume
parts of the as-prepared bare-AuNPs or GA-AuNP dispersion were
added to one part of the simulated fluid. After dilution, the
measured pHs remained the same as that of the simulated fluids
since their ionic strength are high. The samples were stored at 37 °C
for 7 days. The SPR band profiles of the samples were obtained by
recording the UV absorbance at 24 h intervals to observe the
changes in the nanometric character of the particles. Samples
corresponding to the first and seventh day were analysed using
TEM. The surface charge of the particles was obtained using a
Zetasizer Nano ZS instrument. The dispersions obtained just after
synthesis were used as the control samples (pH™~5) and studied
according to the same protocols.

Cell culture and treatment

B16-F10 murine melanoma (BCRJ 0046), BALB/3T3 (ATCC CCL-
163), and RAW 264.7 (ATCC TIB-71) cells were maintained in
complete medium, Dulbecco’s modified Eagle's Medium (DMEM -
D5648), that was supplemented with 10% foetal bovine serum
(Gibco), 1 U/ml penicillin, and 1 pg/ml streptomycin (Gibco) at 37 °C
under 5% CO,. The cells were kept under 70% confluence for no
more than 10 passages, and they were plated into 96-well plates
(2x103 cells/well) and 24-well plates (1)(104 cells/well) containing a
sterile glass coverslip. After 6 hours, the cells were treated with the
addition of 10, 20, 50, and 100 pL of a GA-AuUNP sterile colloidal
dispersion (filtered through a Millipore membrane with nominal
pore size of 0.22 pum) for 48 hours before they were assayed.
Approximately 0.04 wt% GA was dissolved in the same manner and
was used as the control group.

This journal is © The Royal Society of Chemistry 20xx
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Viability and proliferation assays

Neutral red (NR) and thiazolyl blue tetrazolium bromide (MTT)
viability assays were performed.so’31 After 48 h of treatment, the
cells that were plated onto the 96-well plates were incubated with
100 pg/mL NR solution at 37 °C and under 5% CO, for 2 h. The
internalized dye was extracted with 100 uL of 50:1 ethanol:glacial
acetic acid (Merck). Similarly, after treatment, a 0.45 mg.mL'1 MTT
solution was added, and the cells were incubated at 37 °C and
under 5% CO, for 3 h. The crystal products were dissolved in 100 pL
dimethyl sulfoxide (Merck). Crystal violet (CV) was used to
determine the cell proliferation.32 Afterwards, cells were fixed with
a Cytofix solution (BD) for 30 minutes on ice and stained for 10 min
with a 0.25 mg.mL'1 crystal violet (EMS) solution. The stained cells
were washed in distilled water and incubated in 33% acetic acid
(Merck) under agitation for 30 minutes. The resulting absorbance
was verified at 550 nm for NR and MTT and at 570 nm for CV using
a microplate reader ELx800 (BioTek). All assays were performed in
quadruplicate.

Morphological assays

Light, scanning, microscopy were used to
determine whether the GA-AuNP colloidal dispersion had any effect
on the B16F10 cell morphology. Thus, after 48 h of treatment, the
cells were processed as described below. A haematoxylin/eosin
(H&E - EMS) stain was performed after 95% ethanol cell fixation.
Dyes were added for 1 min and 30 s with an intermediate washing
step (distilled water). Next, the coverslips were dehydrated in
ethanol and xylol (Merck), and mounted with Permount (EMS) onto
a glass slide. The B16-F10 cells were imaged using a 40x objective
lens using a light microscope (LEICA DM IL).

Scanning electron microscopy (SEM) was performed after 1 h
fixation in Karnovsky fixative (2.5% glutaraldehyde, 4%
paraformaldehyde, 1 mM CaCl,, in cacodylate buffer at pH 7.2 -
EMS). The cells were post-fixed in 1% OsO, (EMS), dehydrated in
ethanol (Merck), CO, critical point dried (CPD 010 030 - Balzers),
covered in gold (SCD 030 — Balzers), and observed under a 5000x
TESCAN VEGA 3 LMU.

The fluorescence labelling was achieved after cell fixation with
1% paraformaldehyde (EMS) in a phosphate buffer solution (PBS).
Actin filaments were labelled with phallodin-Alexa 488 (Invitrogen)
for 20 minutes. The cells were washed with PBS, and the coverslips
were mounted in Fluoromount containing DAPI (EMS). The slides
were observed with 20x and 60x objectives using a confocal
microscope, A1RSiIMP (Nikon).

and confocal

Statistical analyses

The biological tests were performed in quadruplicate. All data
were submitted to the Shapiro-Wilk normality test, followed by the
most appropriate test depending on the data normal or non-normal
distribution. *P<0.05.

Results and discussion

Synthesis and characterization of the gold nanoparticles

Gold nanoparticles were successfully synthesized in an aqueous
medium either in the presence of 0.1 wt% of GA (GA-AuNPs) or in

This journal is © The Royal Society of Chemistry 20xx
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the absence of the stabilizing agent (bare-AuNPs). The formation of
gold nanoparticles was confirmed by the appearance of a band in
the UV-Vis spectra at approximately 520-540 nm, which
corresponds to the colour change from yellow to purple-red. The
UV-Vis spectra of both of the final dispersions (pH ~ 5) are
presented in Fig. 1A. The absorption maximum (A,,,,) at 524 nm and
537 nm indicated that in both samples the particles are in the
nanometric range.

Zeta potential () measurements of the bare-AuNP and GA-
AuNPs were performed to correlate the GA presence and the
overall surface charge of the nanoparticles (Fig. 1B). Bare and GA-
AuNPs presented net negative surface charges ranging from -35 to -
10 mV (Qnax = -22.3 mV) and from -50 to -10 mV (. = -28.2 mV),
respectively. For the bare-AuNPs, the source of the negative surface
charge is more likely due to the adsorption of AuCl,/AuCl, ions.
However, the origin of the negative charge for the GA-AuNPs is due
to the GA-ionizable groups, such as carboxyl, from the acidic
monosaccharides?® and amino acids from the protein fractions.
Under the condition used in our experiment (pH = 5.5), the carboxyl
groups are dissociated and the amino groups are protonated,33
resulting in a negatively charged surface of GA-AuNPs. Thus, from
the point of view of the electrostatic interactions, both GA-AuNPs
and bare-AuNPs are considered to be very stable.
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Fig. 1 UV-Vis absorption spectra of bare-AuNPs (---) and GA-AuNPs
0.1 wt % (—) (A) and the corresponding zeta potential curves with
Gaussian fits (B).
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TEM images were obtained to investigate the shape and size of
the nanoparticles. As shown in Fig. 2A, the GA-AuNPs are mainly
spherical. However, spherical bare-AuNPs are barely observable in
Fig. 2B; however, a variety of other shapes are present. The average
sizes were obtained through the best Gaussian fit of the size
distribution curves, giving 5.4 + 2.1 nm for the GA-AuNPs and 16.2 +
6.1 nm for the bare-AuNPs. In the latter case, we measured the
Feret diameter, which corresponds to the distance between two
parallel lines restricting the largest dimension of the object.
Therefore, as expected, the bare-AuNPs are larger, asymmetric and
have a broader size distribution when compared to the GA-AuNPs.

The concentration of the AuNPs dispersions, in particle/mL, was
determined based on particle size and measured extinction
coefficient obtained by UV-Vis measurements and applying the
Lambert-Beer law. The concentration of GA-AuNPs is 9.90 x 10%
particles/mL and the concentration of bare-AuNP is 3.86 x 10M
particles/mL.

Because TEM measurements are highly dependent on the
sample preparation and on the number of observed objects, a more
representative and reliable technique was employed to characterize
the particle sizes and morphology. Fig. 3 shows the SAXS patterns
and their corresponding fits as well as the particle size distributions
for the AuNPs synthesized in the presence and in the absence of
GA. The scattering patterns presented in Fig. 3 were fit using a
multi-structural level fit approach34 (solid lines), and two distinct
regions were identified. The high-q region of the scattering curves
(g >~ 04 nm'l) were attributed to the contribution of gold
nanoparticles followed by the background.28 It was also fit using a
polydisperse spherical form factor, shown as dashed lines in Fig. 3A
and Fig. 3B.
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Fig. 2 Representative TEM images and the corresponding particle
size distribution profiles for the GA-AuNPs (A and C) and bare-
AuNPs (B and D). The lines correspond to the best Gaussian fit.

Regarding the low-g region (g < 0.2 nm'l), both samples
presented a significant deviation from the spherical scattering
contribution of the gold nanoparticles. In Fig. 3A, the deviation is
attributed to the scattering due to the presence of GA. The same

4| J. Name., 2012, 00, 1-3

scattering profile is also observed in the same g range when a
solution of GA was analysed (Supplementary Information, Fig. S1).
In both figures, the arrows indicate the common low-g region,
which highlights the presence of the polymer in the scattering of
the GA-AuNPs sample. However, the low-g deviation in Fig. 3B
presents a different nature when compared to Fig. 3A. In this
specific case, the deviation can be attributed to the presence of
large aggregates, which are also observed in the TEM images. This
aggregation behaviour was previously observed in other similar
systems.u No further information can be extracted from the SAXS
due to the subtle deviation compared with the scattering of the
spherical AuNPs. The log-normal size distributions were plotted
between 0 and 30 nm to compare both samples. Comparatively, the
size distribution obtained when GA was present (inset of Fig. 3A) is
shifted to smaller values for the diameter when compared to the
sample obtained in the absence of the polymer (inset of Fig. 3B).
The average radius calculated from the fit of the GA-AuNPs is 1.82
nm (average diameter of approximately 4 nm), whereas for the
bare-AuNPs, the average radius obtained from the fit is 6.2 nm
(average diameter of approximately 12.5 nm). Therefore, the SAXS
results are in good agreement with the TEM analysis because the
dimensions obtained from both techniques are within the same size
range.
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Fig. 3 SAXS patterns of the AuNPs in the presence (A) and in the
absence of GA (B) and their corresponding fits (solid lines).
Scattering contributions from the gold nanoparticles are presented
as dashed lines. The arrow in panel A highlights the scattering
contribution due to the GA presence in the low-g region. The
particle size distributions of the gold nanoparticles in the presence
and in the absence of GA obtained from the dashed line SAXS fits
are inserted.
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In vitro stability studies

In vitro studies were conducted to evaluate the gold
nanoparticle stability when subjected to the body-simulated pH at
body temperature (37 °C). Additionally, these tests were designed
to elucidate the origin of the superior stability of the GA-AuNPs. For
comparative purposes, the stability behaviour of the bare-AuNPs
was also investigated.

Both samples were dispersed in simulated gastric and intestinal
conditions at a pH of 1.2 and 6.8, respectively. The maintenance of
the desired pH was verified daily. Fig. 4 displays the SPR band of the
GA-AuNPs and bare-AuNPs in the different pHs for the study period.
GA-AuNPs display a remarkable stability in all of the studied
environments, as demonstrated by the retention of nearly the same
Amax @and FWMH values, as observed in Fig. 4A-C. Consequently, the
stability of the dispersions was also verified by the maintenance of
the characteristic red-purple colour. However, the bare-AuNPs
show clear evidence of aggregation in the first 24 h at a pH of 5.5
(Fig. 4D) and 6.8 (Fig. 4E). This aggregation process is primarily
observed by the shift in the A, to higher wavelengths and by the
increase in the SPR width. After the addition of the bare-AuNPs in
the gastric fluid, the SPR instantaneously disappears (Fig. 4F) and
the former red-purple solution changes to a colourless solution.
These observations are evidence that the bare-AuNPs lose their
nanometric properties, as previously expected, because the
uncoated AuNPs are very unstable and prone to aggregate.

The TEM images that were obtained at the beginning (as-
prepared) and at the end of the stability tests support the UV-Vis
spectroscopy results. According to the Gaussian fit of the size
distribution curve (Supplementary Information, Fig. S2), the GA-
AuNPs dispersed in the simulated intestinal fluid exhibited an
average size of 4.8 + 1.6 nm and 5.2 + 1.9 nm at the beginning and

This journal is © The Royal Society of Chemistry 20xx

at the end of the stability test, respectively. When the GA-AuNPs
were dispersed in the simulated gastric fluid, the initial average
diameter was 5.4 + 1.6 nm and the final average diameter was 5.6 +
1.6 nm. Then, the preservation of the particles sizes during the tests
in both fluids was demonstrated.

Similarly, the same trend was observed when the GA-AuNPs
were evaluated at a pH of 5.5. The TEM images also indicated that
the spherical shape was preserved during the in vitro experiments
(Supplementary Information, Fig. S3). As verified by UV-Vis and TEM
experiments, the GA-AuNPs remained very stable under the studied
pHs at 37 °C during all seven days, which is an important result
considering the biological applications due the strong dependence
of the size and shape of the nanoparticles on their properties.

Zeta potential () measurements were performed to correlate
the residual surface charge of the GA-AuNPs dispersed in the
simulated fluids with the stability behaviour of the nanoparticles
(Fig. 5). At pH 5.5, the £ remained nearly constant (-23 mV) over the
entire experimental period. At pH 6.8, a slight increase was
observed in the third day (-19 mV), which remained constant
thereafter. However, after the dispersion of the GA-AuNPs in the
simulated gastric fluid (pH 1.2), the £ shifted to approximately zero
(-2 mV). The behaviour observed in Fig. 5 can be rationalized as
follows. At any pH, the double layer thickness decreases with
increasing ionic strength of the medium. As a consequence, the
surface potential decreases, diminishing the stability of the colloidal
particles. In our study, the solution at pH 5.5 has the lowest ionic
strength, whereas the solution at pH 1.2 has the highest ionic
strength, which is in agreement with the observed results.

Because the properties of the nanoparticles depend on their
size, size distribution and morphology, it is of utmost importance to
obtain nanoparticles that can maintain their properties in diverse

J. Name., 2013, 00, 1-3 | 5
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environments. Additionally, it is of great interest to impart
additional features to the nanometric particles via attachment to
their surface molecules. Our study concludes that GA acts as an
excellent stabilizing agent that maintains the gold nanoparticles
properties in simulated gastric and intestinal pHs.
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Fig. 5 Zeta potential of the GA-AuNPs as a function of the
exposure time at various pHs.

Regarding the formation of metallic nanoparticles, using the
chemical reduction method, the first step corresponds to the
nucleation period in which a new phase is formed followed by
nuclei growth. Eventually, the environmental conditions promote
interparticle interactions causing aggregation or breakage because
the total potential energy for two interacting nanoparticles is the
key factor that determines the final morphology of the aggregates.
A commonly accepted mechanism for the bottom-up formation of
stabilized gold colloidal dispersions involves the initial formation of
a certain number of nuclei that adsorbs to the stabilizer molecular
chain. The driving force for the nuclei adsorption is a decrease in
the surface energy of gold atoms through favourable interactions
with the stabilizer sites that alter the electron density distribution
of the particles. After the nucleation period, an increase in the
particle size occurs via the addition of new species to their surfaces.
The classical nucleation and growth mechanism, which was first
proposed by LaMer,® says that a determined initial number of
nuclei grow competitively via the near-equal division of available
precursors, leading to particles with roughly the same size and
narrow distribution.?® An improvement to LaMer’s model considers
the aggregation of small nanoparticles, which also participate in the
growth process. In our study, because the reducing agent was
added in aliquots during the course of the reaction, we assumed
that nucleation and growth occurred simultaneously, providing
particles with varied sizes of a broad distribution. This was only the
case for the AuNPs in the absence of any stabilizing agent.
However, when the formation of the gold nanoparticles was
assisted by GA, despite the addition of the reducing agent in the
aliqguots, we found very small particles with a narrow size
distribution. Consequently, the GA provides an excellent stabilizing
environment either to the newly formed nuclei or to the formed
particles, which results in the desired performance for controlling
the NP synthesis. This is a very important result because

6| J. Name., 2012, 00, 1-3

monodisperse nanoparticles are sometimes desired because the
dispersity controls the biodistribution®”>° and is also responsible for
the nanoparticle biological functionalities.?

Based on the Derjaguin-Landau and Verwey-Overbeek
(DLVO)“0 theory, which considers that the colloidal stability is
governed by the balance of the electrostatic repulsion with the van
der Waals attraction, the mechanism of aggregation of a charged
particle includes the increase of interparticle van der Waal's
attractive forces due to the surface charge screening by the
opposite sign species. Additionally, at any pH, an increase in the
ionic strength of the colloidal gold solution reduces the electrical
double layer thickness, favouring interparticle interactions and
leading to aggregation. From an electrostatic interactions point of
view, zeta potential values between -25 mV and + 25 mV are
typically related to very unstable systems.‘u"‘3 However, in our
study, GA-AuNPs were not prone to aggregation, even at a nearly
zero C, demonstrating that GA plays a role in the stabilization of the
NPs that is not only related to the electrostatic mechanisms.

Thus, the stability of GA-AuNPs can be primarily attributed to
the existence of steric forces that prevent nanoparticle aggregation
independent of the pH because GA-AuNPs showed remarkable
stability over time in an aqueous medium. For biological
applications, steric stabilization is more advantageous than
electrostatic stabilization because particle stability is maintained
even in the presence of existing charges. Additionally, to minimize
the interactions with biological membranes and improve the
permeation, the particles are required to exhibit a neutral or slightly
negative zeta potential.“

Selective changes induced by the GA-AuNPs in the melanoma cells

The potential application for GA-AuNPs was tested. First, we
determined the cell viability using the NR and MTT assays after 48 h
of treatment using different GA-AuNPs concentrations. NR is a
hydrophilic dye that is internalized and then protonated in specific
cellular compartments and becomes trapped inside viable cells.®®
MTT can be easily reduced by mitochondrial enzymes when cells
are viable, resulting in crystals that can be dissolved and assayed.31
B16-F10 cells treated with increasing GA-AuNPs concentrations
exhibited decreased cell viability as a function of concentration (Fig.
6A and B). The IC 50 was calculated for both assays, and it resulted
in 142.7 and 80.2 for the NR and MTT assays, respectively. To
determine if the gold nanoparticles affected the B16-F10 cells, we
used an approximate average of the IC50 concentration (100 pL) by
using only the 0.04 wt % GA (final concentration of GA in GA-AuNPs
synthesis) for comparison.

The cell viability was decreased by the GA-AuNPs treatment
(approximate 10%), which was promoted by the presence of the
gold nanoparticle, with no interference from the stabilizing agent
(GA).

Furthermore, to determine if the same behaviour would be
observed in other cell lines, we assayed macrophage-like cells (RAW
264.7) and a non-tumorigenic fibroblast cell line (BALB/3T3). No
differences were observed (Fig. 6C and D); thus, we could not
determine IC50 for these cell lines (not shown). Therefore, among
the cell lines tested, the GA-AuNPs decreased the cellular viability
only for the B16-F10 tumorigenic cells.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Selective changes induced by different volumes of GA-AuNPs
in B16F10 viability determinate through (A) IC 50 in neutral red and
MTT assays considering control group as 100% viable. The highest
amount of GA-AuNPs (100 pL) was tested in (B) B16F10, observing
the decrease in cell viability **p<0.005 and ***p<0.0001, (C)
BALB/3T3 and (D) RAW 264.7 cells observing no changes in neutral
red and MTT viability assays. (E) Proliferation assay for B16F10 cells
induced by GA-AuNPs, which was decreased by 50 and 100 pL
(***). T10, T20, T50 and T100 are referent to the cells treatments
with 10, 20, 50 and 100 pL of GA-AuNPs. G100 is referent to the
control with 100 pL of GA 0.04 wt%.
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Then, we determined whether B16-F10 proliferation was
affected by the treatment. We found a decrease in cell proliferation
after 50 and 100 pL of GA-AuNPs treatment (Fig. 6E) compared with
GA alone. Thus, in addition to decreasing the B16-F10 cell viability,
the GA-AuNPs are also able to reduce the cell proliferative
behaviour of these cells.

The B16-F10 morphological properties were evaluated using
different microscopy techniques (Fig. 7). Light microscopy showed
that as the GA-AuNPs concentration increased, the cell number
decreased(Fig. 7A), and the cytoplasmic extensions increased,
which was also confirmed by SEM (Fig. 7B). Additionally, changes in
the actin filament distribution were observed via confocal
microscopy (Fig. 7C, D and E). Apparently, the cells were more
spread out and adhered to the substrate, probably displaying areas
of contact inhibition. This was clearly evident by the projection
images (Fig. 7E) where the change in the cell nuclei distribution was
observable. Control cells grew on the top of each other, whereas
the treated cells did not. The text in Fig 7E refers to the values
obtained by the statistical analysis of the digitally processed images
(width, height and depth of the plated cells).

Control

(A)

(B)

(€)

(D)

(E)

Width: 212.13 pm
Height:212.13 pm
Depth:11.00 pm

Width: 212.13 pm
Height:212.13 pm
Depth:10.00 pm

Width: 212.13 pm
Height:212.13 pm
Depth:23.00 wm

Width: 212.13 pm
Height:212.13 um
Depth:16.00 pm

Fig. 7 Images from morphological assays of B16-F10 exposed to 10,
50 and 100 pL of GA-AuNPs observed by different microscopy
techniques. (A) Light microscopy (40x), (B) Scanning electronic
microscopy (7000x), scale bar = 10 pum, (C) and (D) Confocal
microscopy (20x and 60x, scale bars = 100 um and 25 um) and (E)
Projection of the (D) images onto the z axis. Note the reduction of
cell number with treatment. Treated cells are more spread over and
adhered on the substrate, also evidenced by cell nuclei distribution
over the coverslip (depth values are 23, 16, 11 and 10 um for the
control, T10, T50 and T100, respectively). Arrows indicate
morphological features discussed in the text.

Melanoma is the most aggressive form of skin cancer, especially
because of its metastatic ability. According to the World Health
Organization, in 2012, approximately 55,000 people died from
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melanoma, which was 119 people per 100,000 habitants in Brazil.*®
Although the U.S. Food and Drug Administration (FDA) has
approved 6 new drugs for melanoma treatment in the past 4
years,“6 research efforts are now focused on finding more efficient
therapeutic approaches because the mortality and morbidity rates
are still high.

Gold nanoparticles have demonstrated that can be used in
disease diagnostic and therapeutic approaches.‘""‘9 In particular,
they exhibit remarkable features for cancer theranostics, varying
from using them alone when applying laser therapy to many
different types of molecular conjugations to their surfaces,
increasing the therapy efficacy.50 In in vivo assays, gold
nanoparticles have been shown to accumulate at the tumour sites
due to the enhanced permeability and retention effect (EPR) and to
change the angiogenesis and fenestration (gaps between
endothelial cells) patterns, impairing tumour drug delivery51 but
favouring nanoparticle selective retention and penetration into the
tumour. *2 Therefore, the tumour vasculature acts as a natural
target with a high affinity for AuNPs.” ** GA has been reported to
functionalize radioactive AuNPs> in the formation of gold
nanocomposites in the presence of synchroton X-ray irradiated GA
% as well as to stabilize gold nanocrystals.6 These GA-AuNPs were
implicated in cancer treatment and in vivo tumour tracking using X-
rays. Although preliminary, the GA-AuNPs synthesized using our
method exert a selective influence over melanoma cells, leading to
a decrease in cell viability and proliferation as well as a change in
the morphological properties that increases the cell adhesion. Here
we described that stable gold nanoparticles coated with GA are able
to promote selective changes in melanoma cells with no need to
modify the nanoparticle surface or promote laser ablation or
radiotherapy. Furthermore, our results demonstrated that the
viability of other cells (macrophage cell RAW 264.7 and fibroblast
BALB/3T3 cell lines) has not changed.

Promising new cancer treatments use molecules that target the
immune system.57 GA has previously been described to have
immunomodulatory properties by acting on dendritic cells.”
Polysaccharides extracted from similar sources were also implicated
in macrophage stimulation®® with tumoricidal effects against
Sarcoma-180.°° In  our work, we did not assess the
immunomodulatory properties; however, no cytotoxic effects were
found when the macrophage cell line was treated with GA-AuNPs.
This may suggest that GA-AuNPs are an excellent vehicle that may
target tumorigenic cells without weakening the immunologic
system, which could contribute to their ability to improve the
stimulation and, even more, their efficacy against cancer cells.

Current general cancer treatment are aimed at proteins or
signalling pathways that are shared with normal cells. Researchers
are challenged to find less toxic approaches or selective ways to
detect and control tumour cells. Efforts on therapies development
that induce immune system, monoclonal antibodies targeting
specific tumour proteins, or even cancer vaccines are being
developed and some were recently approved for clinical use.”” In
our work no viability changes were found when a macrophage cell
line was treated with GA-AuNPs. Although we did not assess GA-
AuNP immunomodulatory properties, GA alone was previously
described to have immunomodulatory properties by acting on
dendritic cells.”® Polysaccharides extracted from similar sources

8| J. Name., 2012, 00, 1-3

were also implicated in macrophage stimulation®® with tumoricidal
effects against Sarcoma-180.% This may suggest that GA-AuNPs are
excellent vehicles that besides potentially targeting tumorigenic
cells, could also stimulate the immune system contributing to a
better outcome. Further in vitro and in vivo approaches should be
considered to determine GA-AuNPs potential applications in cancer
treatment.

Conclusions

Gold nanoparticles that were stabilized by gum arabic were
obtained using a simple and efficient methodology under mild
synthesis conditions. The procedure described here is not
dependent on further purification or fractionation steps prior
to the application of the nanoparticles. The obtained gum GA-
AuNPs are of a small size and narrow size distribution because
GA acts as an effective stabilizer that controls the formation of
the AuNPs during their synthesis. The in vitro stability study
confirmed that the colloidal stabilization was promoted by GA
in the intestinal (pH = 6.8) and gastric (pH= 1.2) simulated pHs
at 37 °C. The stability of the GA-AuNPs is attributed primarily
to the existence of steric forces that prevent the nanoparticle
aggregation, regardless of the environmental pH. Additionally,
when tested in the presence of the GA-NPs, selective changes
in the viability, proliferation and morphology were observed in
melanoma cells. Other cells (macrophage cell RAW 264.7 and
fibroblast BALB/3T3 cell lines) were tested comparatively and
presented no alteration. Although further investigations are
necessary, our study contributes to the possible use of the
studied nanoparticles in cancer immunotherapy.
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Stable gold nanoparticle coated with gum arabic (GA-AuNPs) exhibit selective morphological
changes on B16F10 cells provide a future alternative for melanoma treatment



