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Abstract

Due to an increased use of gold nanoparticles (AuNPs) in various consumer products we aimed to investigate the cyto-
toxic impact of AUNPs found in a commercial dietary supplement drink (SD-AuNPs). The cytotoxic impact of SD-AuNPs
was determined in mouse connective tissue fibroblasts (L929). The cells were treated with different concentrations of
SD-AuNPs (0.2, 0.5, 10, 20, 30, 40, and 50 pg/mL). The results indicated that the toxicological effect of SD-AuNPs on L929
cells occurred in a dose-dependent manner. Significant reduction of cell viability was found in L929 cells treated with
10, 20, 30, 40, and 50 pug/mL SD-AuNPs for 24 h. L929 cells treated with 40 and 50 ug/mL SD-AuNPs produced signifi-
cant intracellular reactive oxygen species and TNF-a. High levels of intracellular uptake of these compounds were also
observed in L929 cells treated with 50 pg/mL SD-AuNPs.
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1 Introduction

Gold nanoparticles (AuNPs) have been of interest in bio-
medical applications [1-4]. Furthermore, they have been
included in consumer food and drink products [4]. Accord-
ingly, direct exposure of humans to AuNPs through inges-
tion, inhalation, and skin contact has increased. Although
many reports have shown that AuNPs have less toxicity
than other types of metal-based nanoparticles, their prev-
alent use makes it still of importance to evaluate the effect
of AuNPs contained in consumer products. The intensive
use of AuNPs in daily life can lead to more chances of expo-
sure of the human body to these nanoparticles. Several

investigations on the toxic effects of synthesized AuNPs,
both from academic research laboratories and commercial
sources, have been reported [5-7]. Recently, there have
been many commercial dietary supplement drinks on the
market that contain AuNPs (SD-AuNPs). These companies
claim that addition of AuNPs into dietary supplement
drinks provides health benefits, including acting as an anti-
inflammatory agent, and can lead to mood enhancement,
and improvements in cognitive function [8]. Therefore,
these products can be officially labeled as dietary supple-
ment drinks. However, the addition of AuNPs into these
dietary supplement drinks increases the direct exposure
of the human body to AuNPs. Most products that contain
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nanoparticles do not provide detailed information on the
prepared nanoparticles used in the products. This issue
has led to a growing concern for human health because
any risk posed by those nanoparticles is unknown. Espe-
cially based on our available knowledge, the information
of cytotoxic investigation of AUNPs contained in dietary
supplement drinks is very rare. Due to this reason, we
were interested in testing whether SD-AuNPs could have
an impact on cellular activities. To perform these studies,
we used connective tissue fibroblast cells (L929) as test
cells in our study. The reason that we focused on this type
of fibroblast cells is because they are the predominantly
common cells in connective tissue, which is the most
abundant tissue in the body. Fibroblast cells play a major
role in building to the extracellular matrix to support
and maintain tissue structures including oral cavity and
intestine. When nanomaterials containing in the drink are
consumed, both oral and intestinal absorption of nano-
materials by fibroblasts can occur. Furthermore, L929 cells
have been widely used in a standardized nanotoxicity test
[9-12]. Thus, we used L929 cells to explore the toxicity of
SD-AuNPs. It should be emphasized that we separated SD-
AuNPs out from a dietary supplement drinks through cen-
trifugation, characterized their properties, and then used
them for cytotoxicity assessment. A commercial dietary
supplement drink with a claim of containing AuNPs was
used in this work. We investigated how SD-AuNPs impact
the cell viability, reactive oxygen species (ROS) generation,
and the inflammatory responses of L929 fibroblasts. Cel-
lular uptake of SD-AuNPs was also investigated to provide
more information on the relationship between the amount
of AuNPs taken up by fibroblasts and cytotoxicity. A study
of cellular response to SD-AuNPs was also included.

2 Materials and methods

2.1 Characterization of SD-AuNPs
from a representative dietary supplement drink

The size of SD-AuNPs contained in a representative dietary
supplement drink was characterized by using transmis-
sion electron microscopy (TEM; TECNAI 20 TWIN, USA).
To separate SD-AuNPs from the drink, 1 mL of drink was
centrifuged at 9,391 g for 15 min to pellet SD-AuNPs. The
SD-GNP pellet was then dispersed in Milli-Q water and
the suspension was applied to a copper grid coated with
formvar film and dried for TEM analysis. Light absorption
of SD-AuNPs was also measured using UV-vis spectros-
copy (Shimadzu UV-2550, Japan). The zeta potential and
hydrodynamic diameter of the SD-AuNPs were measured
by using dynamic light scattering (DLS, Zetasizer, Malvern,
UK). The SD-AuNPs were dispersed in Milli-Q water or in
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cell culture media to check whether the cell culture media
has any impact on light absorption, zeta potential, and
hydrodynamic size of SD-AuNPs. The SD-AuNPs used in
this work is a commercial product purchased from Japan.
Based on product information, the surface of SD-AuNPs in
the test drink was stabilized with carboxymethyl cellulose
(CMQ). Other ingredients are water and minerals (sodium,
potassium, calcium, and magnesium).

2.2 Cell culture

L929 cells (Riken Cell Bank) were cultured in RPM 1640
medium supplemented with 10% FBS plus 1% penicil-
lin-streptomycin. Cells were maintained in a 5% CO,
humidified incubator at 37 °C.

2.3 Measurement of SD-AuNPs gold concentration
by inductively coupled plasma mass
spectrometry (ICP-MS)

The gold concentration in the SD-AuNPs was investigated
using ICP-MS (Agilent Technologies, USA). A 4.5 mL of SD-
AuNPs diluted in Milli-Q water (100 x) was mixed with a
250 pL of 65% HNO; and a 250 pL of 37% HCI. The mixed
solution was heated using a block heater at 100 °C for
5 h, and ICP-MS measurements were performed. A solu-
tion of Au(lll) at concentrations of 0, 5, 10, 20, 50, 100,
and 200 ppb was prepared for making a linear calibration
curve. Optimization of rf power, nebulizer gas flow, auxil-
iary gas flow, and plasma gas flow was performed before
the measurement.

2.4 Cell viability assay

A cell viability measurement was performed by seeding
L929 cells at a density of 1x 10 cells/well into a 96-well
plate and culturing in RPMI 1640 supplemented with 10%
FBS and 1% antibiotic solution for 24 h at 37 °C. After cul-
turing, various concentrations of SD-AuNPs (0.2, 0.5, 10,
20, 30, 40, and 50 pg/mL) in fresh cell culture media were
applied to the cells for 24 h. L929 cells in media were used
as control. L929 cells exposed to 1 pg/mL of lipopolysac-
charide (LPS from Escherichia coli; O111:B4, Sigma) were
under the same conditions as the positive control. After
treatment, cells were washed twice with a serum-free
medium, and the viability was measured using a CellTiter-
Glo assay (Promega) following the protocol provided by
the manufacturer. Luminescence signals were collected
using a microplate reader (SpectraMax® M3, USA). The
relative cell viability was calculated by comparing the
luminescent signal of the treated cells with those of the
untreated cells.
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2.5 ROS generation detection

L929 cells (1 x 10 cells/well) were seeded into a 96-well
plate. After incubation for 24 h the cells were exposed to
various concentrations of SD-AuNPs (from 0.2 to 50 ug/mL)
for 3 hat 37 °C. Cells treated with H,0, were also prepared
as a positive control. The treated condition was performed
in RPMI 1640 supplemented with 10% FBS and 1% antibi-
otic solution. The cells were washed twice with a serum-
free medium and treated with 10 uM dichloro-dihydro-
fluorescein diacetate (DCFH-DA, Sigma) for 30 min. After
treatment, the DCFH-DA was removed and the cells were
washed twice with cold PBS before lysing with 20% Tween-
20 (in PBS w/o Ca®" and Mg?*). During the lysing process,
cells were shaken for 30 min. The fluorescence signals
were measured at 492 nm and 595 nm using a microplate
reader.

2.6 Pro-inflammatory cytokine measurement

1929 cells (1 x 10* cells/well) were exposed to SD-AuNPs
at concentrations of 0.2, 0.5, 10, 20, 30, 40, and 50 pg/mL
for 24 h. After exposure, the cell culture media were col-
lected and centrifuged at 9,391 g for 15 min to remove
SD-AuNPs remaining in the cell culture media (RPMI 1640
supplemented with 10% FBS and 1% antibiotic solution).
Thereafter, the supernatant of each treatment was stored
at—80 °Cand used for determining inflammatory cytokine
production (Interleukin-1beta (IL-1p3); Interleukin-6 (IL-6);
and Tumor necrosis factor (TNF-a)) using an enzyme-
linked immunosorbent assay (ELISA) kit (Biolegend). This
assay was performed by following the instructions from
the manufacturer.

2.7 Cellular uptake of SD-AuNPs and localization
of SD-AuNPs in L929 cells

The cellular uptake of SD-AuNPs by L929 cells was inves-
tigated using ICP-MS (PerkinElmer, USA). The measure-
ment was done by following the protocol published by
Kim et al. [13]. L929 cells were seeded onto a 24-well
plate at a density of 2x 10* cells/well and incubated
for 24 h at 37° Ciin a 5% CO, incubator. Cells were then
cultured with RPMI-1640 medium plus 10% FBS con-
taining SD-AuNPs at 0.2 and 50 ug/mL for 24 h. After
the incubation, cells were washed three times with PBS
and then lysed by addition of 20% Tween-20 in PBS and
sonicated for 30 min. The cell lysate was digested over-
night by addition of 250 pL of digestion buffer (3 mL
of HNO; and 1 mL of H,0,). Next, a 3 mL of aqua regia
(HCl: HNO; =3:1) was added into the samples and incu-
bated for 2 h. After incubation, the samples were diluted,
and the final samples contained 5% aqua regia. A gold

standard solution (Au(lll)) at concentrations of 0, 0.2, 0.5,
1.0, 2.0, 5.0, 10, and 20 ppb was prepared to make a cali-
bration curve used for determining the amount of gold
taken up by the cells. The operating conditions of the
ICP-MS were also set before measuring the gold content.

The localization of SD-AuNPs inside cells was investi-
gated by using TEM. L929 cells at a density of 1 x 10° cells/
mL were cultured in a cell culture dish containing a glass
cover slip for 24 h. Following incubation, cells were treated
with 0.2 and 50 pg/mL SD-AuNPs for 24 h. Cells were then
washed with 0.1 M sodium cacodylate buffer (SCB). After
washing, cells were pre-fixed with 2.5% glutaraldehyde
dissolved in 0.1 M SCB. The pre-fixed cell samples were
stored at 4 °C overnight. Next, cells were washed with
0.1 M SCB three times and then the cells were post-fixed
with 1% osmium tetroxide (OsO,) dissolved in 0.2 M SCB at
4 °Cfor 1 h. Cells were washed again after fixing by using
the same washing process mentioned previously. Follow-
ing this, cells were dehydrated by performing a sequen-
tial treatment with serial dilutions of ethanol at different
concentrations (30%, 50%, 70%, 80%, 90%, and 95%) for
15 min (at each concentration) at 4 °C. 100% ethanol was
added to the cells and soaked for 15 min at 4 °C. This was
repeated 4 times in total. Following this soaking step,
the embedding process was done. With this process, a
mixture of propylene oxide and 100% ethanol at a ratio
of 1:1 was added to cells, incubated for 15 min at room
temperature, and then decanted. Mixtures of propylene
oxide and araldite resin at ratios of 3:1, 1:1, and 1:3 were
then prepared at room temperature. A 3:1 propylene
oxide/araldite resin mixture was added to the cells and
incubated for 1 h and then the mixture was decanted.The
process was repeated using a 1:1 propylene oxide/araldite
resin mixture. Finally, the 3:1 propylene oxide/araldite
resin mixture was added to the cells and the sample was
polymerized in a hot air oven at 45 °C for 2 days, and then
at 60 °C for another 2 days. The embedding process was
prepared by transferring the sample into a mold and pure
araldite resin was added. The embedded sample was fur-
ther incubated in a hot air oven at 60 °C for 2 days. Finally,
ultrathin sections were cut from the cell samples at a thick-
ness of 60-90 nm and observed by TEM (268 Morgagni,
Thermofisher, The Netherlands) at 80 kV.

2.8 Statistical analysis

All experimental data are expressed as a mean * stand-
ard error (SE). The data were analyzed by using one-way
analysis of variance (ANOVA) and Tukey’s multiple com-
parison test in GraphPad Prism® version 6. The signifi-
cance of statistical data was calculated at p<0.01.
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3 Results and discussion
3.1 Characterization of SD-AuNPs

TEM characterization of the morphology and core
size of SD-AuNPs revealed that their morphology was
spherical shape (Fig. 1a) and their sizes were not uni-
form, varying from ~ 8 to 58 nm. The majority of the
particles (~53.7%) had a diameter of ~14.2+0.1 nm.
Approximately 30.1% of the SD-AuNPs had a diameter
of ~8.0£0.1 nm, and 10.2% of the population had a
diameter of ~24.0+£ 0.1 nm. Large particles~33.6 nm
(5.2%), 41.4 nm (0.7%), and 58.1 nm (0.1%) were also
detected. The hydrodynamic diameters of SD-AuNPs
were ~73 nm (both in original dietary supplement drink
and dispersed in Milli-Q water) and ~64.5 nm (in cell
culture media; Fig. S1 in Supporting Information). Only
one plasmon resonance peak was detected, and it had
a maximum light absorption peak at ~523 nm (Fig. 1b).
When SD-AuNPs were dispersed in cell culture media, a
very small redshift (~ 1 nm) of a maximum light absorp-
tion was detected. The zeta potentials of SD-AuNPs were
also investigated. The zeta potential of the SD-AuNPs
was ~—24.1 mV. According to the label information on
the dietary supplement drink, the mass concentration
of gold contained in the drink is 10 pug/mL. To confirm
the amount of gold in this dietary supplement drink, we
analyzed the gold content using ICP-MS and found that
the content of gold was 9.2+ 0.6 ug/mL. This mass con-
centration was in agreement with the gold amount indi-
cated on the label of the representative dietary supple-
ment drink. When the original dietary supplement drink
was diluted with Milli-Q water to a mass, concentration
of 0.2 ug/mL SD-AuNPs, we found that the zeta poten-
tial was ~—25.1 mV. This indicates that Milli-Q water had
no impact on changing the zeta potential of SD-AuNPs.
However, when SD-AuNPs at the same concentration
were dispersed in cell culture media, the zeta potential
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Fig.2 a Cell viability of L929 cells treated with SD-AuNPs at con-
centrations of 0.2, 0.5, 10, 20, 30, 40, and 50 ug/mL for 24 h and b
the amount of SD-AuNPs (measured by ICP-MS) associated with
L929 cells treated with SD-AuNPs at concentrations of 0.2 and
50 pug/mL for 24 h. Controls were untreated cells in media. For cell
viability measurements, cells treated with 1 pg/mL LPS were used
as positive controls. The asterisks denote significant differences
(p<0.01; n=8) for cell viability measurements and (p<0.01; n>3)
for cellular uptake measurements)

of AuNPs showed a less negative value (~ — 6.0 mV). This
change is in accordance with many reports [14, 15]. The
reason for the change of zeta potential could be because
of the strong ionic strength of the media, which contains
organic salts, amino acids, proteins, and vitamins [16,
17].

3.2 Cell viability and cellular uptake of SD-AuNPs

Following characterization, the viability of L929 cells
treated with SD-AuNPs was investigated. L929 cells were
incubated with different concentrations (0.2-50 ug/mL) of
SD-AuNPs for 24 h. The viability of L929 cells treated with
0.2 and 0.5 pg/mL was ~91.5% and 92.9%, respectively.
At higher concentrations, in the range of 10-50 pug/mL,
the viability significantly decreased in a dose-dependent
manner to~80.8% (10 ug/mL), 81.5% (20 pg/mL), 81.4%
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(30 pg/mL), 73.5% (40 pg/mL), and 63% (50 pg/mL) as
compared to untreated cells (Fig. 2a). Cells treated with
LPS (1 pg/mL) had the lowest cell viability (60.5%). Greater
concentrations of SD-AuNPs likely lead to a higher degree
of interaction between the AuNPs and cells which could
cause more cellular internalization of SD-AuNPs. To test
this hypothesis, the cellular uptake or cellular interaction
of AuNPs at a low concentration (0.2 pg/mL) and high con-
centration (50 pg/mL) was investigated. The results from
ICP-MS showed that L929 cells treated with 0.2 ug/mL SD-
AuNPs for 24 h had a gold concentration of ~3.4+0.3 ug/L.
A much higher gold content (14.5 +0.9 ug/L) was detected
in L929 cells treated with 50 pg/mL SD-AuNPs as shown in
Fig. 2b. This implies that association and cellular uptake of
SD-AuNPs was dependent on the concentration of AuNPs.
It was reported that high concentrations of AuNPs in a
solution could increase the chance of AuNPs rapidly inter-
acting with cellular receptors, resulting in greater cellular
uptake activity than cells treated with low concentration
AuNPs [18].

ICP-MS can only provide information on the amount
of SD-AuNPs associated with the cells, and does not dis-
tinguish between surface bound AuNPs and internalized
AuNPs. TEM analysis was performed to see whether SD-
AuNPs can translocate into cells, and examine the intracel-
lular distribution of the AuNPs. As expected, no SD-AuNPs
were detected in control cells (untreated; Fig. 3a). In the
case of L929 cells treated with 0.2 pg/mL SD-AuNPs, inter-
nalized SD-AuNPs were detected (Fig. 3b). The clusters of
SD-AuNPs detected in this treatment were not many. How-
ever, L929 cells treated with 50 pg/mL showed many large
clusters of internalized SD-AuNPs (Fig. 3c). These results,
from ICP-MS and TEM imaging confirm that the concen-
tration of SD-AuNPs directly impacted cellular uptake. As
shown in Fig. 3¢, a high number of SD-AuNPs accumulated
inside the cells and formed a large group of SD-AuNPs.
This cluster formation by the SD-AuNPs could be involved
in the observed reduction of cell viability. It was reported
by Wang et al. [19] that higher doses of AuNPs could result
in a higher density and higher propensity towards aggre-
gation of AuNPs inside cells. This could lead to a greater
reduction of cell viability. Other studies have also reported
a similar impact of the dose of AuNPs on their cluster form-
ing ability and its correlation with the induction of cyto-
toxicity [20, 21].

3.3 Reactive oxygen species (ROS) generation

Although it is commonly believed that gold is chemically
inert, many studies have shown that the surface proper-
ties of AUNPs could impact ROS induction [22-25]. How-
ever, this induction might be dependent on the concen-
tration of the AuNPs. For this reason, it was important to

Fig.3 TEM images of a untreated L929 cells, b L929 cells treated
with SD-AuNPs at 0.2 pg/mL and ¢ 50 pg/mL for 24 h. The arrow
indicates black dots of SD-AuNPs

investigate whether different concentrations of SD-AuNPs
could induce ROS production. We found that L929 cells
treated with 40 and 50 ug/mL SD-AuNPs for 3 h signifi-
cantly induced ROS production (Fig. 4). As expected, a
significant induction of ROS was detected in L929 cells
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Untreated cells were prepared as controls, and cells treated with
50 mM H,0, were used as a positive control sample. The asterisks
denotes significant differences (p<0.01; n>3)

treated with 50 mM H,0, (a positive control cell). A recent
work published by Chaves et al. [26] also demonstrated
that at a higher concentration, AuNPs could induce a
higher concentration of ROS production at earlier time
points. The enhancement of this ROS generation by AuNPs
could lead to different pathological events involved in cell
death. The size of the AuNPs also has an impact on the
induction of ROS. It was reported that AuNPs of 30 nm
could induce more ROS generation than the smaller AuNPs
[27]. From TEM images, the sizes of the SD-AuNPs was non-
uniform, which might lead to different degrees of interac-
tion between the AuNPs and the cellular membrane of the
L929 cells, resulting in different degrees of ROS generation
that could impact cell death [28]. Although the current
study only focused on the impact of SD-AuNPs on the
induction of cytotoxicity, without extensive investigation
of the surface properties of commercial SD-AuNPs, it is
important to note that besides the size and concentration
of AuNPs, the surface property of AuUNPs plays a major role
in ROS induction as reported by Iswarya et al. [29]. How-
ever, a significant induction of ROS was not detected when
cells were treated with lower concentrations of SD-AuNPs
(10, 20, and 30 pg/mL). This implies that the significant
reduction of cell viability at these three concentrations is
unlikely to be related to oxidative stress.

3.4 Inflammatory cytokine response

It is well known that inflammatory cytokines have an
impact on cellular activities such as cell growth and differ-
entiation, as well as on the stimulation of cellular functions
[30]. TNF-q, IL-6, and IL-1(3 play a major role in immune
dysfunction and in the inflammatory response [31-33].
Therefore, we examined the impact of SD-AuNPs on the
induction of these three inflammatory cytokines in L929
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Fig.5 Pro-inflammatory cytokine responses; a TNF- g, b IL-6, and ¢
IL-1B; secreted by L929 cells treated with SD-AuNPs at concentra-
tions of 0.2, 0.5, 10, 20, 30, 40, and 50 ug/mL for 24 h. Untreated
cells were used as control cells and cells treated with 1 ug/mL LPS
were used as positive control cells. The asterisks denotes significant
differences (p<0.01; n>8)

cells. After cells were treated with different concentrations
of SD-AuUNPs for 24 h, we found that significant induction
of TNF-a was only detected in cells treated with SD-AuNPs
at concentrations of 40 and 50 ug/mL SD-AuNPs (p <0.01)
(Fig. 5a). Our results show that significant induction of ROS
and TNF- a occurred at the same concentrations. This sug-
gests that there might be a related mechanism between
the production of these molecules. It was reported that
the ROS generated by nanoparticles could lead to induc-
tion of TNF-a [34]. According to our previous publication
[35], an increase in TNF- a could be involved in stimulating
cell death. It has also been reported that TNF-a could lead
to the death of fibroblasts [36]. Furthermore, the study by
Cheng et al. [37] revealed that TNF-a could induce apop-
totic and autophagic cell death in L929 cells. Therefore, it is
very important that consumer’s attention should be drawn
to the concentration of SD-AuNPs. Insignificant increases
of IL—6 from ~ 3.8 pg/mL (non-treated cells) to ~ 50 pg/mL
in L929 cells treated with 30, 45, and 50 pug/mL SD-AuNPs
were detected (Fig. 5b). The small amounts of secreted IL-6
by cells treated with 0.2, 0.5, 10, and 20 pg/mL SD-AuNPs
were~3.0, 8.9, 15.4, and 20.1 pg/mL respectively. IL-6 also
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plays an important role in host defense due to its ability to
activate acute inflammation [38]. Although there was no
significant induction of IL-6, the trend of an increased level
of IL-6 when the concentration of SD-AuNPs was elevated,
should be of concern. The amounts of IL-1(3 in L929 cells
treated with different concentrations of SD-AuNPs and
non-treated cells were similar (Fig. 5¢). This implies that
SD-AuNPs at the tested concentrations here had no effect
on IL-1B induction in L929 cells. As expected, the positive
control, L929 cells treated with LPS had high level of all
three inflammatory cytokines.

4 Conclusion

We have demonstrated the impact of SD-AuNPs in a com-
mercial supplement drink on L929 cells. The cytotoxic
impact of SD-AuNPs on L929 cells is highly dependent
on concentration. Although AuNPs have been applied in
many biological applications, it is important to be aware
of their toxicity. Our results provide information that
although the product is sold in the form of a supplement
drink, consumers still need to pay strong attention to the
consumption dose (the suggested dose of this SD-AuNPs
is~0.2 ug/mL) to avoid any adverse effects that may occur
with ingestion.
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