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ABSTRACT Reactive oxygen and nitrogen species (ROS and RNS) are
continuously produced in the cellular systems and are controlled by several
antioxidant mechanisms. Here, we developed a straightforward, sensitive, and
quantitative assay for the colorimetric and spectroscopic detection of various ROS
and RNS such as H,0,, - OH, ~0dl, NO-, and 0,  using glutathione-modified gold 3}3%@ gﬁ &
nanoparticles (GSH-AuNPs). A basic principle here is that the GSHs on the AuNP 5
surface can be readily detached via the formation of glutathione disulfides upon
the addition of ROS and RNS, and destabilized particles can aggregate to generate
the plasmonic couplings between plasmonic AuNPs that trigger the red shift in

ROS/RNS

GSH-AuNPs

Aggregation

UV—vis spectrum and solution color change. For nonradical species such as H,0,, this process can be more efficiently achieved by converting them into radical species

via the Fenton reaction. Using this strategy, we were able to rapidly and quantitatively distinguish among cancerous and normal cells based on ROS and RNS production.
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eactive oxygen and nitrogen species
R(ROS/RNS) operate as signaling mol-

ecules under various physiological
conditions and also provide host defense
against bacterial and fungal pathogens.'
These reactive species are normally generated
at a low level by human spermatozoa in order
to perform its physiological function, but the
overproduction of ROS/RNS is involved in the
pathogenesis of many diseases such as car-
diovascular diseases, cancer, and neurode-
generative diseases.>* Further, the quantita-
tive analysis of ROS/RNS has been used in
evaluating the biological toxicity of nano-
materials.? Several methods for the detection
of ROS/RNS have been developed using fluo-
rophores, chromophores, luminophores,
polymer-DNA composites,®” and quantum
dots.®~'"" However, these methods have
several limitations including tedious operation,
complicated setup, limited dynamic range,
low sensitivity, use of expensive reagents,
and the presence of serious matrix effects,
and more rapid, quantitative, reliable, sensi-
tive, and cost-effective detection methods for
ROS/RNS have great demand in materials
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science, biology, and medicine. The plasmonic
properties, biocompatibility, and availability
of various surface modification chemistries
through conjugation with different molecules
make gold nanoparticles (AuNPs) excellent
optical biosensing substrates.'* 2® Recently,
a few papers have been published about the
ROS detection using AuNPs, but the detection
target was mainly limited to a specific type of
ROS such as H,0, in those reports.” 3"
Here, we report a method that utilizes
glutathione(GSH)-modified plasmonic nano-
particles and their plasmonic couplings,
induced by the ROS/RNS-activated dimeri-
zation of GSHs to GSH disulfides (GSSGs)
and the Fenton reaction, to detect the subtle
changes in the concentration of various ROS/
RNS in one solution (Scheme 1). It was shown
this straightforward GSH-AUNP-based method
candetect H,O,, -OH, "OCl,NO-,and O, .We
further applied this method to the quantitative
detection of oxidative stress from normal and
cancerous cells. A major working principle for
this method is that the ROS/RNS-based
dimerization of GSH to GSSG on the AuNP
surface induces the detachment of GSSGs
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Scheme 1. The reaction between the glutathione-modified Au nanoparticles and ROS/RNS and the plasmonic coupling-

based colorimetric ROS/RNS detection.
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Figure 1. The Fenton reaction-aided H,0,-detection using the GSH-AuNP probes. (a) FeCl,-catalyzed oxidation of GSH
(Fenton reaction). (b) UV—vis absorption spectra and corresponding solution color images of the GSH-AuNP solutions after
the addition of a series of different concentrations of H,0,. (c) UV—vis absorption spectra and corresponding solution color
images of the GSH-AuNP solutions after the addition of a series of different concentrations of H,0, and 10 mM FeCl, solution.

and subsequent AuNP aggregation and plasmonic
couplings between particles (Scheme 1). GSH has thiol,
carboxyl, and amine groups and is water-soluble and
biocompatible.323¢ In our approach, the thiol group in
GSH structure was used to stably conjugate GSHs to
AuNPs to form the GSH-AuNPs. When the GSH-AuNPs
are exposed to the ROS/RNS in radical forms, the GSH
molecules, present on AuNPs, readily react with ROS/
RNS to form GSSGs which are unable to coordinate to
AuNPs because of steric hindrance caused by bulky
groups around sulfur atoms of GSSGs.*” The ROS/RNS-
driven formation of GSSGs induces the detachment of
these ligands from AuNPs, resulting in the destabilization
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of the GSH-AuNPs. This eventually induces AuNP ag-
gregation and plasmonic couplings between plasmo-
nic AuNPs'® for solution color change and red shift in
the UV—vis spectrum (Scheme 1). In the case of non-
radical species (H,O, in this case), it is necessary to
convert them into radical species for making them
more reactive with GSHs in forming GSSGs. For this
purpose, we used the Fenton reaction—FeCl,-catalyzed
decomposition of H,0,."*#3? As shown in Figure 1, the
Fenton reaction can readily convert H,0,; into - OH, and a
perfectly biocompatible water molecule is produced
when the reaction is completed (Figure 1a). In cell experi-
ments, we found that these GSH-AuNP probes can be
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Figure 2. Raman spectroscopic study for the destabilization of GSH-AuNPs by the Fenton reaction. (a) Schematic diagram
shows the dimerization of glutathione on gold nanoparticle surface after reacting with hydroxyl radicals. (b) The Raman

spectra of GSH-AuNPs and destabilized gold nanoparticles.

readily internalized by cells and were distributed outside
cell nucleus. Finally, we used these probes for detecting
total ROS/RNS levels from cell lysates and compared the
results from six different cell lines (three normal and three
cancerous cell lines).

RESULTS AND DISCUSSION

Synthesis of GSH-AuNPs. In a typical experiment, the
GSH-AuNPs were prepared by a literature method in
10 mM phosphate buffer (PB, pH 7.4).3% Synthesized
probes were characterized by the UV—vis spectrosco-
py (Agilent UV—visible spectrophotometer G1103A),
transmission electron microscopy (JEOL JEM-1400 trans-
mission electron microscope), and dynamic light scatter-
ing and zeta potential measurements (Zetasizer Nano,
Malvern Instruments Ltd., England) (please see the Ex-
perimental Section and Supporting Information for
details). The stability of our probes was tested under
various pH conditions, and we confirmed that they are
stable from pH 5.0 to pH 8.0 (Figure S2 in the Support-
ing Information).

Detection of H,0, by Using GSH-AuNPs with or without the
Fenton Reaction. First, in testing the Fenton reaction for
GSH-AuNPs, a series of different concentrations of
H,O, were added to 47 nM GSH-AuNPs in 100 ulL of
PB (10 mM, pH = 7.4). After incubating these mixtures
at 25 °C for 2 h, solution color was monitored and UV—
vis spectra were recorded (Figure 1). When no FeCl,
was added, the absorption intensity of the GSH-AuNPs
at 525 nm gradually decreases with gradual increase in
H,0, concentration and solution color was changed
from purple to blue (Figure 1b). The H,0, detection
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range was from 1.29 uM to 1.29 M. Importantly, when
10 mM FeCl, (10 uL) was added to the probe solution,
assay sensitivity was dramatically increased and as low
as 1.29 nM H,0, was detected (Figure 1c). Interestingly,
solution color was changed from purple to yellowish-
brown due to AuNP aggregation and increase in Fe**
ions as H,0, concentration increases. In a control ex-
periment, we found that the sole addition of Fe*" to
the GSH-AuNPs in the absence of ROS/RNS did not lead
to aggregation of the GSH-AuNPs or any noticeable
changes in the color or spectra of the resulting AuNPs
(Figure S3 in the Supporting Information).

To probe our proposed mechanism for ROS/RNS
detection, we used the Raman spectroscopy in char-
acterizing the glutathione molecules on the Au surface.
The Raman spectroscopy is a technique that can char-
acterize the vibrational modes of individual bonds and
offer insight in chemical structure, and Raman signals
can be easily detected in our case because of the
surface-enhanced Raman scattering for the molecules
on the plasmonic gold surface. In Figure 2a, hydroxyl
radicals, generated from the Fenton reaction, react
with GSH molecules present on the gold surface and
form GSSGs, which are unable to coordinate to AuNPs
because of the structural change and steric hindrance,
caused by bulky groups around sulfur atoms of GSSGs.
The Raman experiments (inVia Raman Microscope,
Renishaw, Wotton-under-Edge, UK) were performed
to follow the Fenton reaction-based GSSG formation
(25 °C, Ar laser of 514.5 nm laser line with power 50 mW).
In Figure 2b, the Raman spectra for GSH-AuNPs and final
product, respectively, are shown. We observed the
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Figure 3. (a) Plots of reaction kinetics for change in AAs,5 as a function of (a) ROS/RNS concentration upon the treatment with
the GSH-AuNPs for 2 h or (b) reaction progress (min) for various ROS/RNS at a constant concentration (1.29 mM) upon the

reaction with the GSH-AuNPs.

bands at 2579 cm ™' (S—H stretching), 678 cm™ ' (C—S
stretching), 1706 cm ™' (C=O0 stretching), 1632 cm ™'
(amide stretching), and 2890 cm ™' (O—H stretching),
respectively, for GSH-AuNPs. For the product, we ob-
served the bands at 511 cm™' (S—S stretching),
679cm™ " (C—Sstretching), 1708 cm ™' (C=0 stretching),
1640 cm™' (amide stretching), and a broad band at
2881 cm™' (O—H stretching). For the product case, we
did not observe the thiol (S—H) peak, which indicates the
GSH molecules on the gold surface were oxidized to
GSSGs. Further, we performed an X-ray photoelectron
spectroscopy (XPS) experiment (ThermoVG, UK) to char-
acterize the number of ligands on each AuNP surface. By
comparing the atomic ratios of sulfur to gold before and
after the reaction between GSH-AuNPs and hydroxyl
radicals, generated from the Fenton reaction, we ob-
served the change in the number of ligands per particle.
From the XPS results it was found that the atomic ratio
(sulfur/gold) during the reaction decreased from 5.89 to
0.47. To test the long-term stability of the ligands on
probes, we prolonged the reaction time up to 24 h. There
is only negligible increase in the atomic ratio (sulfur/
gold) to 0.51. All these results point out that the sulfur
atoms in bulky GSSGs in solution did not coordinate back
to AuNPs once they were released from particles. The
formation of GSSG was further verified by the mass
spectrometry (Finnigan MSQ Plus Surveyer MS system
with photodiode array detector using electron spray ion-
ization), where a molecular ion peak corresponding to
GSSG appeared at m/z = 612.81 (Figure S4 in the Sup-
porting Information). Finally, the '"H NMR (500 MHz)
(Varian Inova-500, Varian Assoc., Palo Alto, USA) analysis
of GSH-AUNPs before and after ROS/RNS addition con-
firmed the quantitative conversion of GSH to GSSG in the
presence of ROS/RNS (Supporting Information, Figure S5).

Detection and Quantification of Various ROS/RNS Using GSH-
AuNP Probes. Next, we used the GSH-AuNP probes for
detection of many different kinds of biologically rele-
vant ROS/RNS species including hypochlorite (CIO7),
nitric oxide (NO-), superoxide (O,7), H,0,, and -OH. In
our experiments, NO - was generated from NaNOs and
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diethylammonium(2)-1-(N,N-diethylamino)diazen-1-
ium-1,2-diolate, and O, was generated from xanthine
oxidase and xanthine. NaOCl was used as the source of
ClO™ (see the Experimental Section for more details). In
each case, 10 uL of ROS/RNS was added to 90 ulL of
47 nM GSH-AuUNP solution, and the resulting solution was
incubated on an orbital shaker at 25 °C for 2 h. It should
be noted that -OH was generated from H,0, by the
addition of FeCl, (Figure 1). The GSH-AuNPs showed
good response to all these ROS/RNS with high detec-
tion sensitivity. Figure 3a shows the dependence of
AAsys as a function of ROS/RNS concentration where
AAs,s is the difference between optical densities in
the absence and presence of ROS/RNS at 525 nm, re-
spectively. These results show a linear relationship
between AAs,s and ROS/RNS concentration with a wide
dynamic range (R* = 0.9288, 0.8439, 0.90687, 0.98729,
and 0.95144 for H,0,, -OH, 0,7, NO-, and CIO~, re-
spectively). The minimum detectable concentrations for
0O, ,NO-,and CIO™ were found to be 1.29 mM, 129 uM,
and 1.29 uM, respectively. The detection sensitivity of
ROS using our method was comparable to a luminal-
based assay.*® It should be noted that, although O, isa
primary source of ROS/RNS in biological systems, this
species is least reactive for our probe. Figure 3b shows
the reaction kinetics results for each ROS/RNS, where
corresponding AAs,s values were plotted as a function
of reaction time. For this study, the identical concentra-
tion for all the species (1.29 mMin 10 mM PB at pH =7.4)
was used, and the reaction progresses for each species
were monitored up to 120 min at 25 °C. The results
revealed that all the reactions were nearly completed
at ~80 min. All the reactions did not progress any
further after 100 min. More reactive ROS/RNS molecules
(H,0,, +OH, and CIO™), which are relatively stronger
oxidants than NO- and O, showed faster kinetics and
more changes in AAs,s than NO- and O,~,"*® and these
results validate the quantification capability of our assay.

Effect of Temperature on Reaction Kinetics of GSH-AuNPs
with Hydrogen Peroxide. Other than room temperature, the
other relevant temperature is physiological temperature,
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Figure 4. Comparison of GSH-AuNPs with other thiolated ligands for H,0, detection: (a) The chemical structures of non-GSH
thiolated ligands; (b) AAs,5 values for differently functionalized AuNPs upon the treatment with 12.9 mM H,0,.

37 °C. Actually, we used our probes at 37 °C for cell
assays. We compared probes with respect to solution
color, surface charge (zeta potential), and particle size at
room temperature and 37 °C, respectively. There was
only a little change in the zeta potential and particle size
with no solution color change and no particle aggrega-
tion when temperature was changed from 25 to 37 °C
(see Figure S6 in the Supporting Information). Further, the
cell assays with GSH-AUNPs were performed at 37 °C, and
the results are shown in the latter part of this paper.
Comparison of GSH with Other Thiolated Ligands. Next, we
examined the specificity in the reaction between ROS/
RNS and GSH on AuNP surface by interacting other thio-
lated group-modified AuNPs with ROS/RNS (Figure 4a).
For this study, we selected a variety of thiolated ligands
including cysteine, methyl cysteine, 2-aminoethanethiol,
mPEG-SH (MW 5000), and thioctic acid. These func-
tional ligands were modified to AuNPs based on re-
ported procedures (see the Experimental Section for
details)*' ~** and characterized by the UV—visible spec-
troscopy, TEM, dynamic light scattering and zeta poten-
tial measurements. It should be noted that commercially
available 15-nm AuNPs were used for the synthesis of
mPEG-SH-capped AuNPs. For each case, 90 uL of 47 nM
AuNP probe solution was mixed with 10 uL of 12.9 mM
H,0,, and the reaction mixture was stirred at 25 °C for
2 h. After 2 h reaction, the UV—vis absorbances at 525 nm
before and after the addition of ROS/RNS were recorded
and compared. Importantly, as shown in Figure 4b, the
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TABLE 1. Cell Lines Used in This Study

mouse myoblast cell GGy normal
fibroblast cell 313-11 normal
fibroblast cell NIH-3T3 normal

human hepatoma cell Hep3B cancerous
lung cell A549 cancerous
cervical cell Hela cancerous

addition of H,0, had little effect on change in the ab-
sorbance at 525 nm for all non-GSH-modified AuNPs,
unlike the case for GSH-AUNPs. This shows that our assay
strategy does not work for AuNP probes with other
thiolated ligands but works only for GSH-modified AUNPs
that can form dimeric GSSG upon the addition of ROS/
RNS species. This result could be attributed to its structur-
al feature and low reduction potential (50 mV or lower) of
GSH when compared to other thioled ligands such as
cysteine.***

GSH-AuNPs as Cell Assay Probes. Our next goal was to
exploit potential for the use of our GSH-AuNPs in
monitoring and quantifying the ROS/RNS amount from
normal and cancerous cells. Several reports suggest
that many types of cancerous cells generate the in-
creased amount of ROS/RNS due to oncogenic stimu-
lation, increased metabolic activity and mitochondrial
malfunction.**=>° Therefore, this oxidative stress of
cancer cells can be used as a hallmark for the diagnosis
by differentiating normal cells from cancerous cells.>">?
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It should also be noted that obtaining the quantitative
information about a change in ROS/RNS level among
normal cells or cancerous cells could be valuable
for studying oxidative stress in biochemistry and cell
biology.>® As a control experiment, we first tested the
response of our GSH-AuNPs probes for the mixture of
different kinds of ROS/RNS in one solution [10 uL of a
solution with 12.9 uM H,0,, -OH, O,~, NO-, and CIO™
was added to 90 uL of 47 nM GSH-AuNPs in 10 mM PB
solution at pH = 7.4]. After this mixture was incubated at
25 °C for 2 h, UV—vis spectrum was recorded. The result
showed significant decrease in the absorption intensity
at ~525 nm (Figure S7 in the Supporting Information).
Next, we conducted the cellular uptake experiments
of the GSH-AuNPs with six different cell lines (listed in
Table 1, normal cells: 3T3-L1, NIH3T3, and C2C12; can-
cerous cells: A549, HeLa, and Hep3B). The cellular uptake
of the GSH-AUNPs was characterized by the cell fixation
and subsequent TEM imaging after the incubation of
the GSH-AuUNPs with cells (see the Experimental Section
for more details). As shown in Figure 5a, many GSH-
AuNPs were found inside the cell for all of six cell lines,
but it should be noted that the GSH-AuNPs were not
found inside the cell nucleus. These results confirm
that the GSH-AuNPs can be readily internalized by both
cancerous and normal cells and these probes have
potential as ROS/RNS detection probes inside the cell.
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Figure 6. (a) Changes in redox balance for normal and cancerous cells and subsequent detection of ROS/RNS from
cells using the GSH-AuNP probes. (b) Quantitative comparison of ROS/RNS assay results from various normal and can-
cerous cells using GSH-AuNPs probes. (c) ROS/RNS assay results from various normal and cancerous cells using a com-
mercially available in vitro ROS/RNS kit. The error bars represent the standard deviations based on three independent

measurements.
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Interestingly, although the probes have highly nega-
tive charges on the surface (zeta potential = —39.76 mV),
there is no significant hindrance for the GSH-AuNPs in
entering through cellular membrane. This could be due
to the ionic screening effect by various serum proteinsin
cell growth medium, and other cell membrane compo-
nents could play important roles for the endocytosis of
the probes.>* Next, we performed the cytotoxicity tests
for the GSH-AuUNPs with six different cell lines using the
Cell Count Counting Kit assay.”> A wide range of GSH-
AuNP concentrations (2 nM to 200 M) showed no or
little cytotoxicity for all the tested cell lines (Figure 5b;
see the Experimental Section for experimental details).
These GSH-AuNPs were found to have little or no
toxicity to live cells even at high concentrations.
Detection of ROS/RNS in Normal and Cancerous Cells. In a
typical experiment, six cell lines (Table 1: normal cells,
3T3-L1, NIH3T3, and C2C12; cancerous cells, A549,
Hela and Hep3B) were cultured in serum-confluent
medium for 3 days, respectively, and the same number
of cells (5 x 10° cells in 10 uL of PB of 10 mM at pH 7.4)
for each case were detached from the cell incubat-
ing plate (6-well clear multiple well plates, Corning,
Tewksbury, MA, USA), followed by cell lysis using the
M-PER mammalian protein extraction reagent (Pierce,
Rockford, IL, USA). Cell debris were removed from cell
lysate using centrifugation, and the remaining solution
was co-incubated with 90 uL of 47 nM GSH-AuNPs in
10 mM PB solution in the presence of 10 mM FeCl, at
37 °C for 4 h. The supernatant from cell-lysate solution
that was coincubated with GSH-AuNPs was used for the
UV—vis measurement (see the Experimental Section for
experimental details). The spectral change in the absor-
bance at 525 nm was measured with the UV—vis spec-
trophotometer. We were able to observe the change in
absorbance depending on cell type. Overall, as shown
in Figure 6b, larger AAs,s values were observed for all
the cancerous cells than the values for the normal cells
(Figure 6), and this result agrees well with other litera-
tures.2° The error bars are relatively small, and detec-
tion of ROS/RNS was successfully performed using only
one type of probe. To further validate our results, a com-
mercially available in vitro ROS/RNS assay (OxiSelect, Cell
biolabs, INC., San Diego, CA, USA) was also conducted,
and the results were compared to the GSH-AuNP assay

EXPERIMENTAL SECTION

Chemicals. Gold nanoparticles (15 nm in diameter) were
purchased from Ted pella (Redding, CA, USA) and used without
further purification. Tetrachloroauric acid, glutathione, ferrous
chloride, 2-aminoethanethiol, N,N-dimethylformamide, deute-
rium oxide, L-cystein methyl ester, and L-cystein were purchased
from Aldrich (St. Louis, MO, USA). HEPES, toluene, tetra-n-octyl
ammonium bromide, 6,8-dithioctic acid, xanthine oxidase, and
xanthine were purchased from Sigma (St. Louis, MO, USA).
Sodium borohydride, hydrogen peroxide, sodium nitrate, and
hydrochloride were purchased from Daejung chemical and
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results. The OxiSelect assay is a fluorescent signal-based
method for measuring total ROS/RNS free radical
activity.”® Importantly, the ROS/RNS detection results
from the commercial assay showed a very similar
tendency as observed in our GSH-AuNP assay results
(Figure 6b,c; see the Experimental Section for details).

CONCLUSION

In summary, we developed a simple and straightfor-
ward strategy to detect a wide range of different ROS/
RNS molecules including NO-, ~OCl, O, ™, H,0,, and -OH
via the dimerization of GSH on AuNPs surface to GSSG
upon the addition of ROS/RNS. This ROS/RNS-mediated
dimerization of GSH induces the detachment of GSH
from AuNPs and destabilizes AUNPs to provoke particle
aggregation that results in plasmonic couplings be-
tween AuNPs. These plasmonic couplings were readily
detected with the naked eyes or UV—vis spectropho-
tometer. This chemistry works efficiently with radical
forms of ROS/RNS, and the Fenton reaction boosted
the detection sensitivity for nonradical species such as
H,0, by converting it to - OH. Moreover, it was shown
that other non-GSH thiol molecule-modified AuNP
probes were not sensitive to the presence of ROS/RNS,
indicative of high specificity of this method to GSH-
AuNPs. Finally, we showed that GSH-AUNPs probes can
be used to quantify the amount of ROS/RNS from
normal and cancerous cells to measure oxidative stress
in cell. Our results proved that these probes can be
internalized by cells and have no or little cytotoxicity
even at high probe concentrations (over uM level).
These show that the GSH-AuNPs can be potentially used
as ROS/RNS detection probes inside the cell. Our assay
quantitatively detected higher amount of ROS/RNS
from cancerous cells than from normal cells, which
agrees well with oxidative stress-based results reported
in other literatures, and these results were matched well
by commercially available assay kit-based results. These
versatile and simple ROS/RNS detection probes and
assay platform offer new opportunities in detecting
and quantifying the amount of ROS/RNS and relating
ROS/RNS detection with oxidative stress in cells, differ-
entiating normal cells from cancerous cells,and various
other studies in ROS/RNS-related cell signaling and
phenotypic changes.

metals (South Korea). m-PEG-SH was purchased from Laysan
Bio, Inc. (Tower Drive Arab, AL). NANOpure water (>18.0 MQ),
purified using a Milli-Q water purification system, was used for
all the experiments.

Preparation of GSH-AuNPs. GSH-AuNPs were synthesized ac-
cording to literature procedures with slight modification.3® An
aqueous solution of tetrachloroauric acid (HAuCl,-3H,0, 1 mL,
0.025 M) was added to GSH (7.8 mL, 0.019 M) dissolved in 10 mM
sodium phosphate buffer (PB, pH 7.4) (adjusted by 1 M NaOH).
The solution turned clear after continuous stirring for 30 min.
Then, a freshly prepared NaBH, solution (2 mg/mL dissolved in
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ice-cold water, 10-fold molar excess) was rapidly added with
vigorous stirring (ca. 1200 rpm). The solution immediately
became dark, indicating the reduction of gold salt and forma-
tion of nanoparticles. The reaction was allowed to proceed for
12 h at 25 °C. Excess ligands were removed from the solution by
centrifugation at 10000 rpm for 10 min and repeated washing
by buffer solution. The obtained gold nanoparticle precipitate
was dispersed in 100 mL of PB (10 mM, pH 7.4) and stored at 4 °C
for further characterization.

Preparation of 2-Aminoethanethiol-AuNPs. A 400 mL aliquot of
213 mM 2-aminoethanethiol was added to 40 mL of 1.42 mM
HAuCl,. After the mixture was stirred for 20 min at 25 °C, 10 mL
of 10 mM NaBH, was added, and the mixture was vigorously
stirred for 10 min at 25 °C in the dark. After further mild stirring,
the sample was stored in the dark at 5 °C and used within
2 months.*'

Preparation of Thoictic Acid-AuNPs. Au clusters were synthesized
in toluene by the two-phase reduction of aqueous HAuCl, (3 mL,
30 mM, Aldrich), transferred to the organic phase using tetra-n-
octylammonium bromide (TOABr) in toluene (8 mL, 50 mM,
Fluka), and reduced with aqueous sodium borohydride (2.5 mL,
0.4 M, Aldrich). Cluster derivatization was carried out by over-
night incubation in a 0.1 M solution of 6,8-dithioctic acid (TA,
Sigma) in toluene. The carboxylic acid-terminated clusters were
insoluble in toluene and were separated by centrifugation, and
washed several times with toluene and once with 1-propanol to
remove reaction byproducts. The purified clusters were redis-
solved in an aqueous solution of pH 10 containing 20 mM of
HEPES [N-(2 hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid),
Sigma).*?

Preparation of mPEGSH-AuNPs. An aqueous solution containing
1.36 x 1077 moles of mPEGSH (MW 5000), previously sonicated
for 15 min, was added under vigorous stirring to 10 mL of com-
mercially available 15-nm gold sphere. The mixture was allowed
to react for overnight. PEG-modified particles were then cen-
trifuged (10000 rpm) twice to remove the excess mPEGSH and
redispersed in 4 mL of deionized water.

Preparation of 1-Cysteine-AuNPs. A 10~* M aqueous solution
(100 mL) of chloroauric acid (HAuCl,) was reduced by 0.01 g
of sodium borohydride (NaBH,) at 25 °C. The gold nanoparticles
were stabilized by the addition of an aqueous solution of
L-cysteine to the hydrosol to yield a final concentration of 107* M
cysteine in solution. The pH of the cysteine-capped gold
colloidal solution was 9. At this pH, the cysteine molecules on
the surface of the gold nanoparticles would be negatively
charged (pl of cysteine, 5.06), thus stabilizing the nanoparticles
electrostatically.*®

Preparations of L-Cystein Methyl Ester-AuNPs. A 1.42 mM aqueous
solution (50 mL) of chloroauric acid was mixed with 213 mM
aqueous solution (400 ul) of L-cystein methyl ester and the
reaction mixture was stirred for 20 min at 25 °C. Then the
solution was reduced by the addition of 10 mM aqueous
solution (10 uL) of NaBH,. The reaction mixture was stirred for
overnight. After further mild stirring, the sample was stored in
the dark at 5 °C and used within 3 months.

Generation of ROS/RNS. (a) H,O,: H,0, was diluted appropri-
ately by 10 mM PB at pH 7.4. Then, a H,0, stock solution in
buffer was prepared. To a solution of 90 uL of GSH-AuNPs in
10 mM PB at pH 7.4, stock solution was added at 25 °C, and then
the solution was analyzed by UV—vis absorption spectra after
2 h. (b) Generation of - OH: 10 mM solution of FeCl, was prepared
in 10 mM PB at pH 7.4. After 80 uL of GSH-AuNPs and 10 uL of
H,0, were mixed in PB (10 mM, pH 7.4), 10 uL of FeCl, solution
was added at 25 °C. UV—vis absorption spectra were measured
after 2 h. (c) Generation of ~OCl: NaOCl solution was diluted
appropriately in 0.1 M NaOH ag. To a solution of 90 uL of GSH-
AuNPsin 10 mM PB (pH 7.4), 10 uL of ~“OCl solution was added at
25 °C, and UV—vis absorption spectra was measured after 2 h.
(d) Generation of O, : Xanthine oxidase (XO) was dissolved in
PB (10 mM, pH 7.4). Xanthine was dissolved in DMF. To a solution
of 90 uL of GSH-AuNPs in PB (10 mM, pH 7.4), XO solution and
xanthine solution (final concn, 33 4M, containing 6.7% DMF as a
cosolvent) were added at 25 °C, and UV—vis absorption spectra
were measured after 2 h. (e) Generation of NO-: A solution
of NaNOs in PB (10 mM, pH 7.4) and DEANO (DEA NONOate;
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diethylammonium (2)-1-(N,N-diethylamino) diazen-1-ium-1,2-
diolate) in 0.01 M NaOH was used. To initiate decomposition
of the NONOate, 5 uL of 1.0 M HCl was added to bring the
solution to approximately pH 4. After 1 h, 5 uL of 1.0 M NaOH
was added to bring the solutions up to approximately pH 7.4.
The solutions were then added to 90 uL of GSH-AuNP in PB
(10 mM, at pH 7.4).

Cell Cross-Section Imaging Using the Transmission Electron Microscopy.
For cell cross-section imaging, GSH-AUNP incubated cells were
first detached from the well plate. After a wash with PBS, at least
5 x 10° cells were fixed for 2 h with modified Karnovsky's
fixative (2% paraformaldehyde and 2% glutaraldehyde in
0.05 M sodium cacodylate buffer, pH 7.2). After three washings
with 0.05 M sodium cacodylate buffer (pH 7.2) at 4 °C, cells were
fixed with 1% osmium tetroxide in 0.05 M sodium cacodylate
buffer (pH 7.2) for 2 h and then washed with distilled water two
times. Fixed cells were En bloc stained at 4 °C for overnight
using 0.5% uranyl acetate and then dehydrated with a graded
concentration series of ethanol (30%, 50%, 70%, 80%, 90%, 100%,
100%, and 100% ethanol; 10 min for each dehydration step).
Infiltrated cells using propylene oxide and Spurr's resin were
polymerized at 70 °C for 24 h. Various sections of the resin block
were cut using the ultramicrotome (MT-X, RMC, Tucson, AZ, USA)
and stained 2% uranyl acetate and Reynolds' lead citrate for
7 min, followed by transferring the section of interest onto a
300 mesh copper TEM grid.

Toxicity Assay. The cytotoxicity of various concentrations of
GSH-AuUNPs was evaluated using the Cell Counting Kit (CCK-8,
Dojindo lab., Japan). Cells were grown in a 96-well plate in
100 uL of DMEM supplemented with FBS. After 24 h seeding,
cells were incubated with various concentrations (from 2 nM to
200 uM) of glutathione-modified gold probes for 48 h, and cell
viability assay was carried out. The metabolic activity of the cells
was measured using CCK-8 (a sensitive colorimetric assay for the
determination of the number of viable cells after incubating
with probes).>® Then, 10 uL of the CCK-8 solution was directly
added to the incubated cells in each well. After 2 h incubation at
37 °C, the amount of formazan dyes, generated by dehydro-
genased of active cells, was measured by a microplate reader
(Anthos 2010, Anthos Labtec, Eugendorf, Austria).

Cell Lysis. For cell lysis, well grown cells were detached from a
well plate using TrypLETM Express (1X, Gibco, Invitrogen, USA).
After being perfectly washed with DPBS, the same number of
cells (5 x 10° cells in this case) was incubated with 200 uL of cell
lysis buffer (M-PER mammalian protein extraction reagent,
Pierce, Rockford, IL, USA) with gentle shaking for 10 min. After
cell debris was removed by simple centrifugation (~14 000g for
5 min), the supernatant was transferred to a new eppendorf
tube for the assay that followed.

Detection of ROS from Cells. To compare the ROS level of dif-
ferent type of cells, three types of cancer cells [HeLa (human
cervical cancer cell), A549 (human lung cancer cell) and Hep3B
(human hepatoma cell)] and three types of normal cells [3T3-L1
(fibroblast cell), NIH3T3 (fibroblast cell), and C2C12 (myoblast
cell)] were cultured in Dulbecco's Modified Eagle's Medium
(DMEM) (GIBCO, Invitrogen Inc., Carlsbad, CA, USA), supplemen-
ted with 10% (v/v) Fetal Bovine Serum (FBS) (GIBCO, Invitrogen
Inc., Carlsbad, CA, USA) and 5% penicillin/streptomycin (Sigma-
Aldrich). After 3 days of culturing, cells were detached from the
culturing flasks with trypsin EDTA (Gibco, Invitrogen Inc., Carlsbad,
CA, USA). The cells were then washed with PB (10 mM, pH 7.4)
three times. The cells (~5 x 10° cells) were incubated with 47
nM GSH-AuNPs in 90 uL of PB (10 mM, pH 7.4) followed by the
addition of 10 mM ferrous chloride (10 uL) to the solution to
generate more detectable ROS radical species. After 4 h incuba-
tion and subsequent centrifugation at 2000 rpm for 3 min, 60 uL
of the supernatant was collected for UV—vis analysis. UV—vis
absorbance spectra of GSH-AuNP-cell mixtures were recorded
for each cell line, and the respective supernatant from a cell-
cultured solution was used as a blank.

Commercial in Vitro ROS/RNS Assay. To validate our GSH-AuNP-
based cell assay results, the results from commercially available
OxiSelect In Vitro ROS/RNS Assay Kit were compared. The Oxi-
Select assay is a fluorescence-based method in which fluores-
cence intensity is proportional to the total ROS/RNS level within
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the sample. This assay utilizes a proprietarily quenched fluoro-
genic probe, dichlorodihydrofluorescin DiOxyQ (DCFH-DiOxyZ),
which can specifically detect ROS/RNS. The DCFH-DiOxyZ can
be transformed to the highly reactive fluorescence-quenched
DCFH form, and the quenched fluorescence signal from the
DCFH can be turned on upon ROS/RNS detection. The same
number of cells (5 x 10° cells) was used for all the experiments
after cell detachment from the culture dish and cell lysis. Next,
50 uL of cell lysate was added to a 96-well plate (30096, SPL
lifescience, Gyeonggi-Do, South Korea), suitable for fluorescence
measurement. DCFH can be highly reactive to ROS/RNS by mixing
50 uL of catalyst with 100 uL of the DCFH solution (DCFH-DiOxyQ,
priming reagent and stabilization solution with the recom-
mended ratio by the manufacturer). After 45 min incubation at
room temperature with gentle shaking, the fluorescence signal,
which is proportional to the ROS/RNS level, can be obtained using
a fluorescence plate reader (The SynergyHT, BioTek, VT, USA) with
480 nm excitation and 530 nm emission.
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