
Effects of Au States in Thiol-Organosilica Nanoparticles on Enzyme-
like Activity for X‑ray Sensitizer Application: Focus on Reactive
Oxygen Species Generation in Radiotherapy
Chihiro Mochizuki, Junna Nakamura, and Michihiro Nakamura*

Cite This: ACS Omega 2023, 8, 9569−9582 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In radiotherapy, the use of Au nanoparticles (Au NPs) has been
proposed to enhance cell damage by X-ray irradiation. Although the role of Au in
radiotherapy is not fully understood, the catalytic activity of Au has been actively
studied in the industrial field. Moreover, owing to their enzyme-like activity and high
biocompatibility in vitro and in vivo, Au NPs present significant potential for biological
applications. In this study, we incorporated different Au states both on the surface and
embedded in thiol-organosilica (thiol-OS/Au series) to investigate the efficiency of
anticancer cell activity of Au in radiotherapy. The thiol-OS/Au series comprised
different Au(I)/Au(0) ratios and Au NPs, and different sizes of Au NPs were
embedded in thiol-OS/Au. These thiol-OS/Au series samples were evaluated for
enzyme-like activities in reactive oxygen species (ROS) generation by X-ray irradiation.
Thiol-OS/Au embedded with small Au NPs (AC600/thiol-OS/Au) exhibited
peroxidase (POD)-like activity under acidic conditions. This POD-like activity
improved ROS generation and cytotoxicity under X-ray irradiation. Furthermore, AC600/thiol-OS/Au exhibited catalase (CAT)-like
activity under basic conditions and showed no cytotoxicity toward nonirradiated cells. These results revealed the efficiency of
functionalizing with small Au NPs that possess pH-controlled POD- and CAT-like activity as a radiosensitizer. We compared the
suitability of using Au with different states to obtain the thiol-OS/Au series samples for application as radiosensitizers. The findings
of this study will aid the design of efficacious strategies for the Au nanostructure-based radiotherapy of cancer cells.

■ INTRODUCTION
Radiation therapy is an effective cancer treatment used for
common tumors in combination with chemotherapy, surgery,
and immunotherapy.1 Radiation therapy uses ionizing radiation
(IR), which consists of electromagnetic waves (X-rays and γ-
rays) and particle rays (alpha, beta, and neutron rays). IR-
induced cell death occurs via the interaction between IR and
biomolecules, which leads to ionization and excitation,
producing reactive oxygen species (ROS), such as hydroxyl
radical (·OH) and superoxide anion radical (O2·−).2 ROS, such
as O2·−, H2O2, and ·OH, are continuously produced as
byproducts of metabolic processes in living organisms.
Typically, the produced excess ROS are also scavenged during
metabolic processes.3,4 However, excess IR-induced ROS can
also react with cellular components, causing protein denatura-
tion and deoxyribonucleic acid (DNA) damage.5 Subsequently,
the damaged cells are repaired in a series of cell processes;
however, unsuccessful cell repair can cause cell death within
several days. Although high-dose X-ray irradiation effectively
kills cancer cells, the high radiation dosage causes concerning
side effects, necessitating the improved efficacy of low-dose X-
ray irradiation. In this regard, combining low-dose X-ray
irradiation with radiosensitizers, which are drugs or chemical
compounds that enhance the lethal effects of radiation, has been

considered an effective treatment strategy for malignant cells
using radiation therapy.
Thiol-organosilica (thiol-OS)NPs have been considered drug

delivery system carriers because of their size controllability,
biocompatibility, stability, and multifunctionality.6 In our
previous reports, size-controlled thiol-OS NPs have been
successfully prepared from thiol-organosilicate using a one-pot
synthesis.7 Thiol-OS NPs were internally and surface-function-
alized with various functional molecules, such as fluorescent
dyes,8 and applied for fluorescent imaging in vivo9 and in vitro.10

Also, we demonstrated the effect of Au nanoparticle (Au NP)
surface functionalization of thiol-OS NPs in radiotherapy as the
theranostics NPs.11

AuNPs have been applied for radiation therapy owing to their
radiosensitization properties. Au NPs increase X-ray photo-
electric absorption in cells, which is in accordance with the high-
Z material theory.12 However, the mechanism behind the IR
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effects of Au NPs remains unclear. Previous studies have
demonstrated chemical enhancement under X-ray irradiation
using Au NPs with small diameters as radiosensitizers.13 This
size effect of Au NPs differs from that of catalytic reactions of Au
NPs, where the increase in the number of surface Au atoms
improves the catalytic efficiency. Contrarily, several studies have
demonstrated that the radiosensitization effect of Au NPs in
radiation therapy is not only due to ROS production by X-ray
irradiation but also because of the increased ROS level owing to
the catalytic activity of Au NPs.14 The increase in intracellular
ROS levels causes oxidative stress, resulting in cellular damage
and cell death.15−17 Thus, ROS production is a vital mechanism
for cytotoxicity by inorganic and metal NP-induced cell death.
Small Au NPs supported on reducible metal oxide for CO

oxidation and cationic Au supported on carbon for acetylene
hydrochlorination were independently demonstrated by Har-
uta18 and Hutchings19 in the 1980s. Following this, the catalytic
activity of Au has been investigated by many researchers.20 Thus
far, a size range of 0.5 to 5 nm has been considered optimal for
Au NPs to exhibit catalytic activity; this is attributed to the
increase in the population of low-coordinated Au atoms at the
perimeter interface. Furthermore, the size effect on catalytic
activity has been extrapolated for sphere-shaped Au NPs.20 In
the case of nonspherical Au NPs, the shape of Au NPs has been
shown to affect the catalytic properties.21

Furthermore, Au NPs possess several enzyme-like activities
similar to those of oxidoreductases, such as superoxide
dismutase (SOD), peroxidase (POD), and catalase (CAT),
mimicking the biological enzymes for applications in bio-
chemistry.22−25 The morphology and surface chemistry of Au
NPs and external parameters, such as pH, affect the enzyme-like
activity of Au NPs, thereby affecting the catalytic properties.26,27

The SOD-like activity of Au NPs has been demonstrated in the
decomposition of O2·−. Au NPs coated with tannic acid
exhibited SOD-like activity compared to Au NPs coated with
polyvinylpyrrolidone, suggesting that the SOD-like activity was
due to the antioxidant activity of tannic acid.28 The POD-like
activity of NPs was first observed in Fe-based NPs.29 The POD-
like activity of the positively charged Au NPs has also been
reported. The Au NPs can oxidize the peroxidase substrate
3,3,5,5-tetramethylbenzidine (TMB) in the presence of H2O2,
and the oxidized TMB (ox-TMB) develops a blue color in an
aqueous solution.30,31 Previously, Biswas et al. reported that Au
nanorods with an aspect ratio of 2.8 were more catalytically
active in TMB oxidation than cysteamine-capped Au NPs
possessing a diameter of 34 nm.32McVey et al. also reported that
smaller Au NPs with a diameter of 14 nm possessed higher
catalytic activity,33 implying that Au NPs with higher surface-to-
volume ratios are more favorable for the catalytic reaction; in
particular, the reaction occurs on the surface of Au NPs. Several
studies demonstrated that the catalytic activity of Au NPs
changes with differences in pH conditions.27,34 In our previous
study, POD-like activity was promoted under acidic conditions,
and ROS was generated with H2O2 in cells that had absorbed Au
NPs. When the pHwas increased to 7, CAT-like activity became
predominant.27

The enzyme-like catalytic activity of Au NPs can provide a
synergistic effect for its application in radiation therapy.
Therefore, investigating the enzyme-like catalytic activity of
Au NPs in ROS generation can provide an appropriate design
strategy for using Au NPs with ROS-generating ability as
radiosensitizers in radiation therapy. Therefore, in this study, we
investigated the enzyme-like catalytic activity in relation to ROS

generation by X-ray irradiation for different controlled Au states
in thiol-OS NPs. By incorporating Au NPs with different states
on the surface and within thiol-OS, using the same particle
source and controlled air calcination (AC) treatment at different
temperatures, the effects of Au on radiation therapy were
revealed (Figure 1).

■ MATERIALS AND METHODS
Chemicals and Reagents. 3-Mercaptopropyltrimethoxysi-

lane, bisbenzimide H 33342 trihydrochloride (Hoechst 33342),
and branched polyethylenimine solution (MW = 2.0 k) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). 28%
ammonium hydroxide (NH4OH) and ethanol were purchased
from Kishida Chemicals (Osaka, Japan). All reagents and
solvents were of analytical grade.
Thiol-OS/Au series was characterized by transmission

electron microscopy (TEM) and X-ray photoelectron spectros-
copy (XPS). TEM images were recorded by a Tecnai G2 Spirit
BioTWIN TEM instrument (FEI, Hillsboro, Oregon, USA)
operated at 120 kV. XPS spectra were measured with a K-Alpha
X-ray photoelectron spectrometer (Thermo Scientific, Wal-
tham, Massachusetts, USA). The hydrodynamic sizes, poly-
dispersities, and zeta potentials of thiol-OS/Au/polyethyleni-
mine (PEI) series were measured using a DelsaMax PRO light
scattering analyzer (Beckman Coulter Inc., Brea, California,
USA) at 20 °C. The samples were dispersed in distilled water
(DW) at a concentration of 0.1mg/mL. The Au content in thiol-
OS/Au was determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES) using Agilent 5100 (Agilent,
California, USA). The samples were washed thrice times with
DW. The sample was precipitated by centrifugation at 20,000g
for 30 min, dried overnight at 100 °C, and solubilized in aqua
regia (HCl/HNO3) to measure the amount of Au in the
samples.
Synthesis of Thiol-OS/Au Series. Thiol-OS/Au [AC

(−)/thiol-OS/Au] was synthesized by a one-pot process as
described previously.35 The precipitate of thiol-OS/Au was
dried under vacuum at 25 °C and calcined in air at 300, 600, or

Figure 1. Schematic drawing of the thiol-OS/Au series for X-ray
sensitizer for cancer cell therapy.
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800 °C for 2 h. The resulting products were named AC300/
thiol-OS/Au, AC600/thiol-OS/Au, and AC800/thiol-OS/Au,
respectively.
Surface Functionalization of Thiol-OS/Au Series with

Polyethylenimine. Thiol-OS/Au (1 mg/mL) was mixed with
10% PEI in DW. The reaction solution was mixed for 24 h at 37
°C. After 24 h of mixing, the reaction solution was centrifuged at
20,000g for 20 min at 4 °C to remove the excess amounts of PEI;
the pellet was washed three times with DW.
Electron Microscopic Observation. Thiol-OS/Au was

dried over a 400-mesh copper grid (Nisshin EM Co., Tokyo,
Japan) coated with poly(vinyl alcohol). TEM images of the NPs
were recorded by a Tecnai G2 Spirit BioTWIN TEM (FEI,
Hillsboro, Oregon, USA).
Enzyme-like Activity. SOD-like Activity. SOD-like activity

was determined by an O2·−/nitro blue tetrazolium (NBT)
absorbance inhibition assay.36 NBT was used as a probe for the
quantification of O2·− concentration, by virtue of NBT
reduction into a purple-colored formazan with an absorption
peak at 560 nm. The reaction condition was as follows: acetate
buffer, phosphate buffer, and borate buffer of pH 5.0, 7.4, and
9.0, respectively. The final concentration was fixed at 200 μM
PMS reduced nicotinamide adenine dinucleotide (NADH), 3
μMphenazine methosulfate (PMS), and 50 μMNBT in 25 mM
buffer solution. NPs were added to the appropriate amounts of
thiol-OS/Au series. The reaction was conducted at 37 °C for 10
min, and the absorbance of the mixtures was recorded at 560 nm
against a blank using a FlexStation 3 (Molecular Devices, USA)
reader.
POD-like Activity. POD-like activity was evaluated by the

oxidation of TMB.30,37 TMB was used as the substrate for the
oxidation, yielding oxidized TMB, a blue-colored solution with
an absorption peak at 652 nm. The reaction condition was as
follows: acetate buffer, phosphate buffer, and borate buffer of pH
5.0, 7.4, and 9.0, respectively. The final concentration was fixed
at 800 μM TMB and 50 mM H2O2 in 10 mM buffer solution.
NPs were added to the appropriate amounts of thiol-OS/Au
series. After incubation at 37 °C for 15 min in the dark, the
mixtures were immediately centrifuged at 30,000g for 5min. The
absorbance of the supernatants was measured at 652 nm using a
FlexStation 3 reader (Molecular Devices, USA).
CAT-like Activity. The generation of O2 was detected by a

hypoxic fluorescent probe [Ru(dpp)3]Cl2.
38 The reaction

condition was as follows: acetate buffer, phosphate buffer, and
borate buffer of pH 5.0, 7.4, and 9.0, respectively. The final
concentration was fixed at 10 μM [Ru(dpp)3]Cl2 and 50 mM
H2O2 in 10 mM buffer solution. NPs were added in the
appropriate amounts to thiol-OS/Au series. The reaction was
conducted at 37 °C for 10 min. The fluorescence intensity (F.I.)
changes of [Ru(dpp)3]Cl2 excited at 455 nm and detected at 613
nm using a FlexStation 3 reader (Molecular Devices, USA).
X-ray Irradiation. X-ray irradiation was conducted using an

X-ray generator ([filter: 0.1 mm Cu and 0.5 mm Al] MBR-
1520R-4, Hitachi, Japan).
Measurement of ROS Generation by X-ray Irradiation.

The detection of hydroxyl radical (·OH) and superoxide anion
radical (O2·−) is based on the reaction between aminophenyl
fluorescein (APF) and ·OH and dihydroethidium (DHE) and
O2·−, respectively. The ROS generation assays were measured in
black microplates by a microplate reader (FlexStation 3,
Molecular Devices, UK). The thiol-OS/Au series in DW were
added to 5 or 50 μM APF or DHE. The mixed solutions were
excited at 480 or 485 nm, and fluorescence was detected at 520

or 610 nm, respectively. The increase in the F.I. by X-ray
irradiation was calculated by subtracting the F.I. from that blank
(before X-ray irradiation).
Dynamic Light Scattering. Dynamic light scattering

(DLS) was conducted to determine the size distribution and
zeta potential of the thiol-OS/Au series by a DelsaMax PRO
light scattering analyzer (Beckman Coulter, Brea, CA, USA) at
20 °C. The thiol-OS/Au series were prepared by dispersing
them in DW (0.1 mg/mL).
Quantification of Cellular Uptake of Thiol-OS/Au

Series by ICP-OES. The methods of quantification of cellular
uptake of NPs by ICP-OES were described in our previous
report.11 Briefly, a total of 0.5 × 106 4T1 cells were seeded on 10
cm dishes and cultured at 37 °C for 24 h. The cells were
incubated with 10mL of thiol-OA/Au series containingmedium
(final concentration: 10 μg/mL) for 24 h. After 24 h of
incubation, the cells were carefully washed three times with
phosphate buffered saline [PBS (−)] and dispersed in 2 mL of
PBS (−). The concentration of cells (cells/mL) was counted
before the cell lysates. The cell samples were collected by
centrifugation, lysed with 1 mL of aqua regia, and filled up to 2
mL by DW. The samples were measured by ICP-OES (5100
ICP-OES, Agilent Technologies, Mulgrave, Australia) to
determine the number of NPs in the cell lysates. The several
NPs in the cell lysate solution (2.0 × 106 cells/mL) were used as
calibration curves.
Cell Viability Assay (WST-1 Assay). The evaluation

methods of the cell viability assay (WST-1) were described
previously.11 4T1 cells were seeded into 96-well plates at a
density of 1000 cells per well under 100% humidity and cultured
at 37 °C with 5% CO2 for 24 h. Various concentrations of thiol-
OS/Au series were added to the wells. After 24 h of NP
treatment, the 4T1 cells took up the NPs and were irradiated
with 8 Gy of X-ray; then, the 4T1 cells were incubated for 4 days
with or without X-ray irradiation. The cell viability was analyzed
by the WST-1 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophen-
yl)-5-(2,4-disulfophenyl)-2H-tetrazolium) cell proliferation
assay reagent (Dojin Chemical Co., Kumamoto, Japan). The
WST-1 reagent was added to the wells 4 days after 8 Gy of X-ray
irradiation.
Evaluation of Cell Count and Cell Viability. The

evaluation methods of cell count and cell viability were
described previously.11 Briefly, a total of 0.4 × 105 4T1 cells
were seeded into 35 mm dishes and cultured at 37 °C for 24 h.
The 4T1 cells were incubated with thiol-OS/Au series (final
concentration: 30 μg/mL) containing medium for 24 h. After 24
h of incubation, 4T1 cells were irradiated with 8 Gy of X-ray and
incubated at 37 °C. After incubation, the cells were collected at
the desired time (DAY 1 and DAY 4 after X-ray irradiation) and
counted by a Vi-CELL (Beckman, Fullerton, CA, USA) with
trypan blue.
DNA Double-Strand Breaks Imaging Assay. The

evaluation of DNA double-strand breaks by fluorescence
microscopy (FM) imaging was described previously.11 Briefly,
the 4T1 cells were seeded into a 96-well plate and incubated at
37 °C for 24 h. Subsequently, the NPs of the thiol-OA/Au series
were added to the 96-well plate at a concentration of 30 μg/mL.
After 24 h of incubation, the 4T1 cells were exposed 8 Gy of X-
ray irradiation. The DNA double-strand breaks (DSBs) were
evaluated by γ-H2AX immunofluorescence staining using a
DNA damage detection kit (Dojin Chemical Co., Kumamoto,
Japan) after 15 min of X-ray irradiation. 4′,6-Diamidino-2-
phenylindole (DAPI) was used to stain the cell nuclei. The FM
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images were recorded using a BZ-X800 (Keyence, Osaka,
Japan), and the γ-H2AX expression of cells per all cells was
analyzed by Hybrid Cell Count BZ analyzer software (Keyence,
Osaka, Japan).
Evaluation of Mitochondrial Activity. The evaluation of

mitochondrial activity by FCM was described previously.11

Briefly, cell culture and X-ray irradiation were conducted in a
similar manner to the cell counts and viability evaluation. All
cells were collected after the incubation. The cells in the
supernatant were carefully separated by trypsin, collected by
centrifugation at 1,000g for 10 min at 25 °C, redispersed, stained
with tetramethylrhodamine ethyl ester perchlorate (TMRE,

Invitrogen, Eugene, OR, USA), and subjected to flow cytometry
(FCM) analysis. The FCM was conducted by a FACSCalibur
flow cytometer with Cell Quest (Becton Dickinson, San Jose,
CA, USA) and 488 nm excitation lasers [5,000 cells, FL2
channel (542−627 nm)].
Statistical Analysis. All data, which are herein presented as

the mean ± standard deviation (SD) from three replicates, were
analyzed by one-way analysis of variance followed by the
Tukey−Kramer test in Microsoft Excel; statistical significance
was set at *P < 0.05 and **P < 0.01.

Figure 2. (A) TEM images of the thiol-OS/Au series. Scale bar = 20 nm. Size distribution of Au NPs in AC600/thiol-OS/Au and AC800/thiol-OS/
Au. Particle size distribution for smaller and larger Au NPs was estimated using 200 and 50 particles, respectively. (B) XPS spectra of thiol-OS/Au
series.
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■ RESULTS AND DISCUSSION
Synthesis and Characterization of Au Valence States

of the Thiol-OS/Au Series. A thiol-OS/Au series, comprising
samples with different Au states embedded in thiol-OS NPs, was
synthesized as described in a previous study.35 Thiol-OS NPs
have been applied for biological and medical applications, such
as multimodal imaging and targeting, via the multifunctionaliza-
tion of NPs.6,39 Figure 2A shows TEM images of the thiol-OS/
Au series. TEM images reveal that the thiol-OS/Au samples
retain a uniform contrast, and no distinct structures are observed
in thiol-OS/Au and AC300/thiol-OS/Au. In our previous study,
AC300/thiol-OS/Au contained oligomeric Au(I)−thiolate
complex states of Au.35 AC600/thiol-OS/Au and AC800/
thiol-OS/Au clearly show particulate structures, indicated by the
dark contrast images. These TEM images suggest the formation
of Au NPs owing to the increased AC treatment temperature.
Two types of Au NP size distribution are observed for AC600/
thiol-OS/Au and AC800/thiol-OS/Au, which indicates that the
surface of Au aggregates easily compared to the interior of Au.
The average diameters of the Au NPs in AC600/thiol-OS/Au
and AC800/thiol-OS/Au estimated using TEM are 0.8 ± 0.3
nm/3.3 ± 1.2 nm and 1.5 ± 0.5 nm/5.0 ± 1.5 nm, respectively

(in Figure 2A), suggesting that an increase in the AC treatment
temperature causes the aggregation of Au NPs.
The oxidation state of Au in the thiol-OS/Au series was

measured by XPS (Figure 2B).35 The XPS spectrum of Au 4f is
deconvoluted into two components centered at the binding
energies of 84.0 and 85.0 eV, which are assigned to Au(0) and
Au(I), respectively.40 The thiol-OS/Au, AC300/thiol-OS/Au,
AC600/thiol-OS/Au, and AC800/thiol-OS/Au contained
67.1%, 27.5%, 7.4%, and 29.1% of Au(I), respectively. The
XPS spectrum of S 2p is deconvoluted into two components at
binding energies of 164 and 168 eV, which are attributed to−SH
or −SS− and oxidized sulfur (−SOx), respectively. The XPS
spectrum of thiol-OS/Au exhibits a peak at approximately 164
eV, which is assigned to reduced sulfur species.41 The spectrum
of AC300/thiol-OS/Au indicates the presence of reduced sulfur
species, whereas no oxidized sulfur species are observed, and
AC600/thiol-OS/Au and AC800/thiol-OS/Au do not show the
presence of sulfur species. Furthermore, AC (−)/thiol-OS/Au
contained 14.7% (w/w) of Au, as determined via ICP-OES
measurements. To evaluate the effects of Au on X-ray-sensitizing
abilities, the samples were fixed at the amounts of Au content for
subsequent experiments.

Figure 3. Enzyme-like activity of the thiol-OS/Au series at different pH values. The concentrations of NPs represent those before the AC treatment of
thiol-OS/Au [AC (−)/thiol-OS/Au]; the concentration of Au was fixed in the thiol-OS/Au series. Each value represents mean ± SD, where n = 3. *:
Significantly different from the F.I. with 0 μg/mL of NPs.
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Enzyme-like Activity of the Thiol-OS/Au Series. ROS,
such as O2·−, H2O2, and ·OH, are generated as byproducts of
cellular metabolic processes. Among them, the free radicals with
unpaired electrons, such as O2·− and ·OH, have short lifetimes
and high reactivity and disrupt the structure and function of
proteins, nucleic acids, carbohydrates, and other substances.34

The enzyme-like activity of Au NPs has been confirmed, and the
catalytic activities depend on the morphology of AuNPs. Similar
to biological enzymes, reactions catalyzed by Au nanozymes
require favorable pH and temperature control. Therefore,
several NP parameters (i.e., Au state, size, and morphology)
and environmental factors, such as pH, can strongly affect the
catalytic properties. Therefore, we investigated the effects of Au
states and NP size on the efficiency of the enzyme-like activity of
Au under different pH conditions.
SOD catalyzes the dismutation of O2·− into O2 and H2O2 as

an antioxidant against oxidative stress in the living systems. A
previous study showed that Au NPs efficiently catalyzed the
decomposition of O2·−, indicating that Au NPs can act as SOD
mimetics. SOD-enzyme-like activities were determined using
the classic method of the O2·−/ NBT absorbance inhibition
assay.36 As shown in Figure 3, AC (−)/thiol-OS/Au exhibits NP
concentration-dependent SOD-like activities at pH 7.4.
Approximately 45% and 79% of the total O2·− content was
inhibited by 200 and 400 μg/mL of AC (−)/thiol-OS/Au,
respectively; the calculated absorbance (Abs.) at 560 nm
decreased from 0.33 to 0.18 and 0.07, respectively. The SOD-
like activity was tested for thiol-OS NPs (without Au) at pH 7.4
to further confirm the effects of Au in thiol-OS NPs on enzyme-
like activity (Figure S1). This result suggests that thiol-OS NPs
did not show SOD-like activity but instead generated O2·−.
Hence, the SOD-enzyme-like activity is caused by the presence
of Au NPs. Additionally, studies on enzyme-like activities of
thiol-OS NPs are ongoing. AC300/thiol-OS/Au did not exhibit
SOD-like activities, and the generation of O2·− was observed at
pH 7.4. This tendency is also observed for thiol-OSNPs without
Au (Figure S2). A control experiment was conducted for the
thiol-OS/Au series under only-NBT conditions to confirm the
interaction between NBT and NPs (Figure S2), showing that
the thiol-OS/Au series did not interact with NBT. In the O2·−/
NBT absorbance inhibition assay, O2·− was chemically
generated by the PMS and reduced NADH system. The
increase in the generation of O2·− by AC300/thiol-OS/Au and
thiol-OS NPs could be further promoted by reducing NAD to
NADH in the presence of NPs. In the case of AC600/thiol-OS/
Au and AC800/thiol-OS/Au, the SOD-like activities were not
observed at pH 7.4. The increase in the generation of O2·− at pH
9.0 compared to that at pH 7.4 in the absence of NPs was
confirmed, suggesting that the generation of O2·− by the PMS
and NADH system was promoted under the basic reaction
condition. At pH 5.0, O2·− generation by PMS and the NADH
system was not observed. These results suggest that the SOD-
like activity of thiol-OS/Au series could not be evaluated at pH
5.0. On the other hand, thiol-OS/Au and AC300/thiol-OS/Au
generated O2·− at pH 5.0 because the increase of Abs. at 560 nm
was observed.
PODs, comprising ferric heme proteins, catalyze substrate

oxidation by consuming H2O2. Many Fe-based nanomaterials
have been observed to possess POD-like activity. The POD-like
activity was evaluated by the oxidation of the POD substrate
TMB with H2O2. The ox-TMB developed a blue color in an
aqueous solution. As shown in Figure 3, AC600/thiol-OS/Au
and AC800/thiol-OS/Au exhibited NP concentration-depend-

ent POD enzyme-like activity. However, the POD enzyme-like
activity of AC600/thiol-OS/Au is higher than that of AC800/
thiol-OS/Au at pH 5.0. AC600/thiol-OS/Au shows a
substantial increase in Abs. from 0.04 to 0.06 at 652 nm, even
at an NP concentration of 25 μg/mL. AC800/thiol-OS/Au also
shows a considerable increase in Abs. at 652 nm for an NP
concentration of 100 μg/mL. However, AC (−)/thiol-OS/Au
and AC300/thiol-OS/Au do not exhibit POD enzyme-like
activity at pH 5.0. From the point of Au valency, AC300/thiol-
OS/Au and AC800/thiol-OS/Au possess similar values but the
POD-like activity was different, suggesting the nanoparticle state
of Au would be more favorable for the POD-like activity. At pH
7.4 and 9.0, the POD-enzyme-like activity is not observed for all
the thiol-OS/Au series. Considering POD-like activity, AC600/
thiol-OS/Au shows higher activity than AC800/thiol-OS/Au
because AC600/thiol-OS/Au possesses Au NPs smaller than
those of AC800/thiol-OS/Au, indicating the size effects of Au
on catalytic activity.20

CAT decomposes H2O2, which is formed from O2·− by the
SOD in the cells, into O2 and H2O. The CAT-like activity was
evaluated using tris(4,7-diphenyl-1,10-phenanthroline)
ruthenium(II) dichloride ([Ru(dpp)3]Cl2), which is an O2-
quenching fluorescent probe.38 As shown in Figure 3, AC600/
thiol-OS/Au exhibits significant activity, whereas AC800/thiol-
OS/Au exhibits a slight activity at pH 9.0 in a NP concentration-
dependent manner. The activity for AC600/thiol-OS/Au is
higher than that of AC800/thiol-OS/Au at pH 9.0. AC600/
thiol-OS/Au also exhibits CAT-like activity at pH 7.4. However,
except AC800/thiol-OS/Au, all other samples exhibit slight
CAT-like activity at pH 5.0. Li et al. reported the pH-switchable
POD- and CAT-like activities of Au NPs.27 The POD-like
activity was promoted under acidic conditions with H2O2 in Au
NPs. When pH increased to neutral pH values, the CAT-like
activity became predominant.42 Our results also showed the pH-
switchable POD- and CAT-like activities. However, at pH 9.0
and 7.4, thiol-OS/Au shows an increase in the F.I., suggesting
that the quenched [Ru(dpp)3]Cl2 is recovered in the presence of
thiol-OS/Au.
From the perspective of a ROS scavenger, SOD- and CAT-

like activities are antioxidant defenses in cells exposed to O2·−
and H2O2, respectively. In a previous study, Au NPs assembled
on nano-CeO2 have shown SOD- and CAT-like activities.
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These enzymes possess complementary functions, whereby the
toxic intermediates (H2O2) generated by SOD can be promptly
eliminated by CAT in the cell. Consequently, the combined
action of SOD and CAT has been shown to scavenge ROS
effectively. Thiol-OS/Au showed SOD-like activity at pH 7.4,
revealing antioxidant ability. However, AC600/thiol-OS/Au
showed POD-like activity by generating ·OH in acidic
environments in the presence of H2O2, which may facilitate
the oxidation of intracellular components in the cell.23 From
these enzyme-like catalytic activities, AC600/thiol-OS/Au is
absorbed in the cells via endocytosis; the system acquires an
acidic pH because the absorbed NPs move from endosomes to
lysosomes. Therefore, ·OH can be generated in cells with acidic
pH through the catalytic activity of AC600/thiol-OS/Au.
Additionally, solid tumors are dependent on acidic pH owing
to the Warburg effect, which is known for the highly enhanced
glycolysis of tumor cells.44 Therefore, AC600/thiol-OS/Au can
be expected to be more favorable to generate ·OH in a cancer
cell environment.
ROS Generation of Thiol-OS/Au Series by X-ray

Irradiation. The IR of water and oxygen generates ROS (i.e.,
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·OH and O2·−). A previous study showed that the presence of
Au NPs in water increases the production of ·OH and O2·− by
1.46- and 7.68-fold, respectively, by X-ray irradiation, suggesting
that the surface area of Au NPs enhanced ROS generation.45

Our previous study also showed the increase in ·OH generation
owing to the Au NP functionalization of thiol-OS.11 In this
study, we investigated the X-ray-sensitizing ability of the thiol-
OS/Au series by measuring the ·OH and O2·− generation
(Figure 4). The generation of ·OH andO2·−was measured using
the F.I. of APF and DHE derivatives, which interact with ·OH
and O2·−, respectively.
In the case of ·OH generation, the F.I. of the APF derivative

increased in an X-ray dose-dependent manner without NPs (NP
(−)). First, we evaluated the concentration effect of NPs on the
X-ray-sensitizing ability for the thiol-OS/Au series at 4, 8, and 16
Gy irradiation. The F.I. of the APF derivative for AC (−)/thiol-
OS/Au substantially increased in an NP concentration-depend-
ent manner at 4, 8, and 16 Gy X-ray irradiation. Compared to
NP (−), the F.I. increased from 64 to 112, 117, and 128 when
the NP concentration was increased to 25, 50, and 100 μg/mL,
respectively, at 16 Gy irradiation. Next, the F.I. of the APF
derivative for AC300/thiol-OS/Au decreased at high concen-
trations of NPs compared to that of NP (−) at 4, 8, and 16Gy X-
ray irradiation. Furthermore, the F.I. of the APF derivative for
AC600/thiol-OS/Au and AC800/thiol-OS/Au showed a slight
increase but did not show the NP concentration-dependent
trend at 4, 8, and 16 Gy X-ray irradiation. These results show
that the F.I. of the APF derivative increases in AC (−)/thiol-
OS/Au, suggesting that the Au(I) state or highly dispersed Au
state is more favorable for the generation of ·OH than the
nanoparticulate Au state.
Considering O2·− generation, the F.I. of the DHE derivative

increased in an X-ray dose-dependent manner without NPs (NP
(−)). The effect of the NP concentration on the generation of
O2·− at 4, 8, and 16 Gy irradiation was evaluated for the thiol-
OS/Au series. First, the F.I. of the DHE derivative for AC600/
thiol-OS/Au considerably increased in an NP concentration-
dependent manner at 4, 8, and 16 Gy X-ray irradiation.
Compared to NP (−), the F.I. increased from 3.31 to 4.06, 4.60,

and 5.76 when the NP concentration was increased to 25, 50,
and 100 μg/mL, respectively, at 16 Gy of X-ray irradiation. The
F.I. of the DHE derivative for AC (−)/thiol-OS/Au and
AC800/thiol-OS/Au also increased at a high NP concentration.
However, the F.I. of the DHE derivative for AC300/thiol-OS/
Au did not show any significant increase upon X-ray irradiation.
These results indicate that the F.I. of the DHE derivative
increases in the thiol-OS/Au series, except for AC300/thiol-
OS/Au, under the NP (−) condition. The X-ray-sensitizing
ability for AC600/thiol-OS/Au was higher than that of AC
(−)/thiol-OS/Au and AC800/thiol-OS/Au.
Themain ROS product formed upon X-ray irradiation is ·OH,

which causes water radiolysis in a water solution system.
Therefore, thiol-OS/Au produces ROS effectively upon X-ray
irradiation.
Cellular Uptake of Thiol-OS/Au/Polyethylenimine

(PEI) Series. In our previous study, the PEI modification of
NPs remarkably enhanced the uptake of NPs for 4T1 cells.11

4T1 cells are known as a triple-negative mouse breast cancer cell
line and have been used to evaluate the effect of NPs.46,47 In
addition, radiotherapy is important for managing metastatic
triple-negative breast cancer. The mean diameters, hydro-
dynamic sizes, and zeta potentials of the thiol-OS/Au/PEI series
are shown in Table 1. The hydrodynamic diameter is 181−189
nm, showing only a slight difference in the thiol-OS/Au series.
The zeta potential of the thiol-OS/Au series is negative and
shifts from −33 ± 2 [AC (−)/thiol-OS/Au] to −17 ± 1
(AC800/thiol-OS/Au), as listed in Table S1, which is attributed
to the lower number of thiol groups on the surface of NPs owing
to oxidative decomposition.35 To accelerate cellar uptake for
4T1 cells, we functionalized the thiol-OS/Au series with PEI.
The PEI-functionalized thiol-OS/Au series showed a positive
zeta potential owing to the PEI functionalization with the amino
group moiety. The zeta potentials of AC (−)/thiol-OS/Au/PEI
and AC300/thiol-OS/Au/PEI are 37 ± 0 and 39 ± 1 mV,
respectively, indicating no considerable difference. The zeta
potentials of AC600/thiol-OS/Au/PEI and AC800/thiol-OS/
Au/PEI are 24 ± 1 and 18 ± 1 mV, respectively. These results
suggest that the extent of PEI functionalization is more in thiol-

Figure 4.ROS generation for (A) ·OH and (B)O2·− of thiol-OS/Au under different X-ray irradiation conditions. The concentration of NPs represents
AC (−)/thiol-OS/Au; the concentration of Au was fixed in the thiol-OS/Au series. Each value represents mean ± SD, where n = 3. *: Significantly
different from the F.I. with 0 μg/mL of NPs.
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OS/Au/PEI and AC300/thiol-OS/Au/PEI than that in
AC600/thiol-OS/Au/PEI and AC800/thiol-OS/Au/PEI,
which are affected by the negatively charged zeta potentials of
the bare thiol-OS/Au series because of the interaction between
NPs and PEI caused by electrostatic attraction.
The Au concentration originated from NPs in 4T1 cells is

shown in Table 1, as quantified using ICP-OES measurements.
The quantity of absorbed Au (pg/cell), based on all the cells that
absorbed the NPs, was calculated from the results of ICP-OES;
the number of cells was counted before cell lysis. The Au
concentration uptake per 4T1 cells for AC (−)/thiol-OS/Au/

PEI, AC300/thiol-OS/Au/PEI, AC600/thiol-OS/Au/PEI, and
AC800/thiol-OS/Au/PEI was 0.45, 0.47, 0.26, and 0.23 pg/cell,
respectively. These results indicate that more positively charged
PEI-functionalized NPs accelerate the cellular uptake of 4T1
cells.
DNA Damage by the Thiol-OS/Au Series upon X-ray

Irradiation. IR can induce direct and indirect DNA damage,
which includes the generation of ·OH and O2·− clusters by
radiolysis. DNA DSBs are a fatal type of DNA damage. During
the early stages of cellular DSBs, the histone H2A variant H2AX
is phosphorylated at the sites of DNA damage, resulting in γ-
H2AX (phosphorylated H2AX) at the sites of the DNA damage.
Therefore, we assessed DNA damage via the γ-H2AX
immunofluorescence staining.
Figure 5A shows the FM images of 4T1 cells after 15min of X-

ray irradiation. The cell nuclei and γ-H2AX were stained blue
with DAPI and magenta with Cy5 for fluorescence, respectively.
For untreated NP (NP (−)) cells (treated with 0 Gy as the
double negative control), a negligible γ-H2AX concentration
was observed in the cell nuclei. Additionally, the γ-H2AX signals
of the thiol-OS/Au series-treated 4T1 cells with 0 Gy are also
not observed, suggesting that all the thiol-OS/Au samples do not
damage the cell nuclei without X-ray. However, with 8 Gy
irradiation, the fluorescence signal of γ-H2AX is clearly detected
in the nucleus in NP (−) and all thiol-OS/Au samples. The
number of damaged cells and F.I. of stained γ-H2AX per DAPI
area are determined as shown in Figure 5B. In the case of 0 Gy
irradiation, the percentage of damaged cells and F.I. of γ-H2AX

Table 1. Hydrodynamic Diameters and Zeta Potentials of the
Thiol-OS/Au/PEI Series via DLS Measurements and the
Quantification of the Au Cellular Uptake for the Thiol-OS/
Au/PEI Series Determined Using ICP-OES Measurements

DLS ICP-OES

hydrodynamic
diametera ±
polydispersity
(nm)

zeta
potentialb
(mV) Au (pg/cell)

AC (−)/thiol-OS/Au/PEI 187 ± 60 37 ± 1 0.45 ± 0.14
AC300/thiol-OS/Au/PEI 182 ± 71 39 ± 1 0.47 ± 0.05
AC600/thiol-OS/Au/PEI 181 ± 51 24 ± 1 0.26 ± 0.04
AC800/thiol-OS/Au/PEI 189 ± 63 18 ± 1 0.23 ± 0.07
aHydrodynamic diameter and polydispersity are estimated via DLS
measurements. bValues represent the average of three DLS measure-
ments.

Figure 5. FM images (scale bar = 50 μm) (A) and γ-H2AX expression (B) of 4T1 cells before and after treatment with 30 μgmL−1 of the thiol-OS/Au/
PEI series upon 0 and 8 Gy X-ray irradiation after 15 min. Concentration of NPs represents AC (−)/thiol-OS/Au, implying that the concentration of
Au is fixed in the thiol-OS/Au/PEI series. *: Significantly different from the 4T1 cells treated with NP (−). #: Significantly different from the 4T1 cells
treated with thiol-OS/Au/PEI. †: Significantly different from the 4T1 cells treated with AC300/thiol-OS/Au/PEI. ‡: Significantly different from the
4T1 cells treated with AC600/thiol-OS/Au/PEI. §: Significantly different from the 4T1 cells treated with AC800/thiol-OS/Au/PEI.
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are 9−13% and 0.04−0.16, respectively, in the cells treated with
all thiol-OS/Au samples. This suggests that the enzyme-like
activity of all thiol-OS/Au samples did not damage the nuclei in
the absence of X-ray. In the case of 8 Gy of X-ray irradiation, the
percentage of damaged cells in the group treated with all the
thiol-OS/Au samples is 90−95% and did not differ considerably
for all the samples. However, the F.I. of the cells treated with NP
(−), AC (−)/thiol-OS/Au, AC300/thiol-OS/Au, AC600/
thiol-OS/Au, and AC800/thiol-OS/Au is 8.65, 11.75, 11.95,
10.43, and 10.29 expression of γ-H2AX, respectively, after 15
min of 8 Gy of X-ray irradiation. These results show that 8 Gy of
X-ray irradiation induces DNA damage. The induced DNA
damage of 4T1 cells treated with AC (−)/thiol-OS/Au and
AC300/thiol-OS/Au substantially increased. From the results of
NP uptake presented in Table 1, AC (−)/thiol-OS/Au/PEI and
AC300/thiol-OS/Au/PEI show a higher cell uptake than
AC600/thiol-OS/Au/PEI and AC800/thiol-OS/Au/PEI for
4T1 cells. Additionally, the ROS generation for thiol-OS/Au
upon X-ray irradiation indicates high generation ability, as
shown in Figure 4. These results also indicate that the AC
(−)/thiol-OS/Au/PEI induces DNA damage in 4T1 cells upon
X-ray irradiation.
Deactivated Mitochondrial Activity by the Thiol-OS/

Au Series. The enzyme-like activity test for evaluating the
POD-like activity demonstrated that AC600/thiol-OS/Au/PEI
and AC800/thiol-OS/Au/PEI induce ROS formation (Figure
3). Furthermore, the oxidative stress by inorganic and metallic
NP has been discussed as a critical mechanism of cell
cytotoxicity.48 For in vitro systems, the elevation of intracellular
ROS levels elicits a multitude of biological effects that ultimately
lead to cell death. Pan et al. reported that AuNPs of diameter 1.4
nm capped with triphenylphosphine monosulfonate were
associated with increased ROS production and the loss of
mitochondrial potential, leading to necrotic cell death.15 The
necrotic cell death is primarily due to impaired mitochondrial
function, leading to elevated intracellular ROS even though the
origin of the ROS generation by Au NPs was not clearly
demonstrated. Wahab et al. reported that Au NPs of diameter
10−15 nm capped with citrate showed Au NP dose-dependent
activity, resulting in a decreased density of cells. The intracellular
ROS levels with Au NPs were associated with an upregulation of
caspase 3 and 7, leading to apoptosis via mitochondrial
dysfunction.49 Thus, the oxidative stress for ROS generation
by Au NPs is associated with protein and lipid oxidation, which
profoundly alters the mitochondrial function thought to
constitute the central executioner of cell death.50 In addition,
Taggart et al. reported that 1.9 nm AuNPs (AuroVist) caused
mitochondrial dysfunction, resulting in the radiosensitization for
mitochondria-mediated enhancement in cell death.51 The
mitochondrial membrane stained with TMRE was used to
assess mitochondrial activity. Positively charged TMRE
interacts in the active mitochondria owing to their negatively
maintained mitochondrial membrane charge. However, inactive
mitochondria result in the formation of depolarized mitochon-
dria, have a reduced membrane potential, and are unable to
accumulate TMRE.
Figure 6A shows the FM images of the NP (−)- and thiol-OS/

Au/PEI series-treated 4T1 cells with 0 and 8 Gy on DAY 1 after
X-ray irradiation. The 4T1 cells are stained with TMRE, and the
F.I. of TMRE is reflected in the increased mitochondrial activity.
After 8 Gy of X-ray irradiation, the F.I. of TMRE decreases
under all conditions (NP (−) and thiol-OS/Au series). A strong

F.I. of TMRE is observed for AC (−)/thiol-OS/Au/PEI-treated
4T1 cells with or without X-ray irradiation.

Figure 6. (A) FM images of 4T1 cells at DAY 1 after X-ray irradiation.
4T1 cells were treated with the thiol-OS/Au/PEI series and 0 and 8 Gy
X-ray irradiation. Scale bar = 50 μm. (B) Intensity of TMRE stain via
the flow cytometric analysis of 4T1 cells treated with the thiol-OS/Au/
PEI series upon 0 and 8 Gy X-ray irradiation. Increases in the FL2
channel stained by TMRE were calculated by subtracting the F.I. (geo
mean) of the cells treated with NPs and stained with TMRE from the
control cells treated with NPs but not stained with TMRE. Each value
represents mean ± SD, where n = 3. Concentration of NPs represents
AC (−)/thiol-OS/Au, indicating that the concentration of Au is fixed in
the thiol-OS/Au/PEI series. *: Significantly different from the 4T1 cells
treated withNP (−). #: Significantly different from the 4T1 cells treated
with AC (−)/thiol-OS/Au/PEI. †: Significantly different from the 4T1
cells treated with AC300/thiol-OS/Au/PEI. ‡: Significantly different
from the 4T1 cells treated with AC600/thiol-OS/Au/PEI. §:
Significantly different from the 4T1 cells treated with AC800/thiol-
OS/Au/PEI.
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Furthermore, we quantified F.I. to evaluate mitochondrial
activity in Figure 6B via FCM analyses. On DAY 1, after 8 Gy of
X-ray irradiation, we evaluated the mitochondrial activity after
treatment at 0 and 8 Gy under all conditions (NP (−) and thiol-
OS/Au/PEI series). The data correcting time point was
determined on DAY 1 after X-ray irradiation because our
previous study showed that the mitochondrial activity for 4T1
cells on DAY 1 after X-ray irradiation changed significantly
under several conditions.11 Figure 6B shows that the
mitochondrial activity of the cells treated with thiol-OS/Au/
PEI series at 0 and 8 Gy has the same tendency. AC (−)/thiol-
OS/Au/PEI treated cells have stronger mitochondrial activity
than NP (−)-treated cells. Furthermore, the mitochondrial
activity of the cells treated with AC300/thiol-OS/Au/PEI,
AC600/thiol-OS/Au/PEI, and AC800/thiol-OS/Au/PEI is
significantly weaker than that of the cells with AC (−)/thiol-
OS/Au/PEI; the mitochondrial activity of the cells treated with
AC (−)/thiol-OS/Au may be higher than that of the others.
Significantly, the weak mitochondrial activity of the cells

treated with AC600/thiol-OS/Au/PEI and AC800/thiol-OS/
Au/PEI showed good agreement with the POD-like activity of
theNPs. However, AC300/thiol-OS/Au did not show POD-like
activity, and the mitochondrial activity of these treated cells also
decreased, suggesting that not only POD-like activity but also
other effects contribute toward the deactivation of the
mitochondrial activity. In addition, the thiol-OS/Au/PEI
series-treated 4T1 cells are not sensitized by X-rays for
mitochondrial damage because the order of damage levels of
mitochondria determined via TMRE staining for the thiol-OS/
Au/PEI series does not relate to the ROS generation of NPs at 8
Gy X-ray irradiation (Figure 4).

Cell Proliferation and Cell Death Due to the Thiol-OS/
Au Series with X-ray Irradiation. Cell counts (live and dead
cells) and cell viability counts measured using the trypan blue
staining show the effects of X-rays during the very early stages
(DAY 1) in Figure 7. Our previous study showed that the
cytotoxicity at an early stage could be evaluated via the cell count
method.11 The cell viability of the 4T1 cells treated with the
thiol-OS/Au/PEI series does not indicate cytotoxicity in the
absence of X-ray irradiation. The active mitochondria evaluated
via TMRE staining show that the POD-like activity of NPs
(AC600/thiol-OS/Au and AC800/thiol-OS/Au) slightly deac-
tivated the mitochondrial activity without X-ray irradiation.
Additionally, these levels of mitochondrial damage by thiol-OS/
Au/PEI series do not induce cell death without X-ray irradiation
because the cell viability via the cell counting method does not
relate to the decreased cell viability. The evaluation results were
obtained via cell counting on DAY 1 after 8 Gy of X-ray
irradiation, and approximately 40% of the cells (live and dead
cells) was observed after X-ray irradiation with or without the
NP treatment. The percentages of cell death for the cells treated
with AC (−)/thiol-OS/Au/PEI and AC300/thiol-OS/Au/PEI
were 24% and 22%, respectively, which were higher than the
values for those treated with NP (−) at 8 Gy irradiation (12%).
These results show good agreement with the results of DNA
damage analysis of the 4T1 cells treated with the thiol-OS/Au/
PEI series. The 4T1 cells treated with AC (−)/thiol-OS/Au/
PEI and AC300/thiol-OS/Au/PEI showed high DNA damage
and induced cell death in the early stage (DAY 1 after X-ray
irradiation), indicating that DNA damage could relate to early
stage cell death. The rate of early stage cell death determined by

Figure 7.Cell counts and cell viability of the 4T1 cells treated with the thiol-OS/Au/PEI series onDAY 1 andDAY 4 after 0 and 8Gy X-ray irradiation.
Each value represents mean ± SD, where n = 9 (three replicates for three independent experiments). Concentration of NPs represent AC (−)/thiol-
OS/Au; the concentration of Au is fixed in the thiol-OS/Au/PEI series. #: Significantly different from the 4T1 cells treated with AC (−)/thiol-OS/Au/
PEI. †: Significantly different from the 4T1 cells treated with AC300/thiol-OS/Au/PEI. ‡: Significantly different from the 4T1 cells treated with
AC600/thiol-OS/Au/PEI. §: Significantly different from the 4T1 cells treated with AC800/thiol-OS/Au/PEI.
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cell counting reflected the results of the DNA damage analysis,
owing to the irradiation of X-rays and treatment with NPs.
On DAY 4, after 8 Gy of X-ray irradiation, we initially focused

on the case without X-ray irradiation. Herein, the cell death
percentage of the 4T1 cells treated with NP (−) was less than
40% because the nutrients could not be supplied for survival to
the cell under long-term incubation conditions. The 4T1 cells
treated with AC (−)/thiol-OS/Au/PEI and AC300/thiol-OS/
Au/PEI showed an increase in the cell death ratio. The ratio of
cell death for the cells treated with AC600/thiol-OS/Au was
37% and substantially lower than the value for those treated with
NP (−) without X-ray irradiation. Next, with 8 Gy of X-ray
irradiation, the cell death ratio for the cells treated with AC
(−)/thiol-OS/Au, AC300/thiol-OS/Au, and AC600/thiol-OS/
Au were 52%, 57%, and 53%, respectively, and considerably
higher than those treated with NP (−) at 8 Gy irradiation
(36%). In addition, the number of live cells treated with AC300/
thiol-OS/Au and AC600/thiol-OS/Au was the lowest, account-
ing for approximately 20% of the cells, indicating the application
potential in radiotherapy. The result of WST-1 showed the
highest decrease of cell viability for AC600/thiol-OS/Au/PEI-
treated 4T1 cells, showing the same tendency as that for the cell
counting method, which will be described in the part of cell
viability by the WST-1 assay for thiol-OS/Au series with X-ray
irradiation.
Notably, under the long-term cell culture condition (DAY 4),

the cytotoxicity of AC (−)/thiol-OS/Au/PEI decreased with 8
Gy X-ray irradiation. Contrarily, the cytotoxicity of AC600/
thiol-OS/Au/PEI increased with 8 Gy X-ray irradiation. In
addition, the comparison of the effects of 0 and 8 Gy irradiation
for the 4T1 cells treated with AC600/thiol-OS/Au on DAY 4
showed an opposite tendency (decrease and increase in cell
death for 0 and 8 Gy, respectively), suggesting that AC600/
thiol-OS/Au/PEI exhibits a different behavior in 4T1 cells with
0 and 8 Gy X-ray irradiation.
Cell Viability by WST-1 Assay for Thiol-OS/Au Series

with X-ray Irradiation. Figure 8 shows the results of theWST-
1 assay on DAY 4 after X-ray irradiation. The 4T1 cells for thiol-

OS/Au/PEI series without X-ray irradiation (0 Gy) did not
show cell cytotoxicity up to 25 μg/mL. Even at concentrations
up to 100 μg/mL, no cytotoxicity is observed, except for AC
(−)/thiol-OS/Au/PEI and AC300/thiol-OS/Au/PEI. For AC
(−)/thiol-OS/Au/PEI and AC300/thiol-OS/Au/PEI, the high
concentrations of 50 and 100 μg/mL result in a slight decrease in
cell viability under long-term cell culture conditions. This result,
in which AC (−)/thiol-OS/Au/PEI and AC300/thiol-OS/Au/
PEI show an increase in the cell death ratio on DAY 4 without X-
ray irradiation by cell counts and cell viability counts, also shows
the same tendency as the results of cell counts. The slight
decrease in cell viability for the 4T1 cells treated with AC
(−)/thiol-OS/Au/PEI and AC300/thiol-OS/Au/PEI implies
the cytotoxicity of the modified-PEI on NPs52 because AC
(−)/thiol-OS/Au/PEI and AC300/thiol-OS/Au/PEI are ab-
sorbed more than AC600/thiol-OS/Au/PEI and AC800/thiol-
OS/Au/PEI (Table 1), indicating that the cytotoxicity of
PEI52,53 accelerated the PEI-modified NP uptake.
For the 8 Gy X-ray irradiation of the 4T1 cells treated with

thiol-OS/Au series, the cell viability decreased noticeably to
36% even without NP treatment (NP(−)). In addition, AC
(−)/thiol-OS/Au series caused dose-dependent cell deaths at
NP concentrations. For AC (−)/thiol-OS/Au/PEI and AC300/
thiol-OS/Au/PEI, cytotoxicity was gradually shown at a
concentration of 50 and 25 μg/mL of NPs, respectively.
AC600/thiol-OS/Au/PEI and AC800/thiol-OS/Au/PEI ex-
hibited cytotoxicity more significantly (24% and 26% cell
viability, respectively) for a low concentration of 12.5 μg/mL of
the NPs. The order of cell viability of 4T1 cells for thiol-OS/Au/
PEI series at the concentration of 12.5 μg/mL of the NPs was
AC (−)/thiol-OS/Au/PEI > AC300/thiol-OS/Au/PEI >
AC800/thiol-OS/Au/PEI > AC600/thiol-OS/Au/PEI. In
addition, 25 μg/mL of AC600/thiol-OS/Au/PEI showed higher
cytotoxicity than AC (−)/thiol-OS/Au/PEI, and 100 μg/mL of
AC600/thiol-OS/Au/PEI showed higher cytotoxicity than
other NPs, significantly. Notably, the viability of cells treated
with AC (−)/thiol-OS/Au/PEI determined by theWST-1 assay
showed high cell viability even though AC (−)/thiol-OS/Au/

Figure 8.Cell viabilities for the 4T1 cells treated with various concentrations of the thiol-OS/Au series determined byWST-1 assays. Concentration of
NPs represents AC (−)/thiol-OS/Au, indicating that the concentration of Au is fixed in AC (−)/thiol-OS/Au/PEI series. Each value represents mean
± SD, where n = 9 (three replicates for three independent experiments). *: Significantly different from the 4T1 cells treated with 0 μg/mL of NPs.
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PEI possessed ROS generation properties, particularly for ·OH
and O2·− via X-ray irradiation (Figure 4A). However, the cells
treated with AC600/thiol-OS/Au/PEI showed low cell viability.
From the perspective of enzyme-like activity, AC600/thiol-

OS/Au/PEI possesses POD-like activity, indicating the
generation of ·OH under acidic conditions (Figure 3). These
results suggested that the cytotoxicity with X-ray irradiation was
affected more effectively by the enzyme-like ·OH generation
than by X-ray irradiation. The enzyme-like ·OH generation
suggested a synergistic sensitizing effect of X-ray irradiation for
4T1 cells. The enzyme-like activity of AC600/thiol-OS/Au
shows different POD- and CAT-like activities depending on
acidic and basic pH, respectively, in Figure 3. We hypothesized
that, by 8 Gy irradiation, the 4T1 cells transform into senescent
cells,11 exhibiting the possibility for the intracellular pH being
lowered by lysosomal membrane damage.54 The condition of
the senescent cells caused by X-ray irradiation results in POD-
like activity, suggesting the gradually induced oxidative damage
to 4T1 cells.

■ CONCLUSIONS
Herein, we evaluated the radiosensitizing effects of different Au
states in a thiol-OS/Au series, focusing on the enzyme-like
activity and ROS generation under X-ray irradiation for 4T1
cells in vitro. Considering the enzyme-like activity of the thiol-
OS/Au series, AC (−)/thiol-OS/Au showed SOD-like activity
under neutral and basic pH conditions. AC600/thiol-OS/Au
showed the highest POD activity among the analyzed thiol-OS/
Au samples, suggesting that Au NPs with smaller sizes (0.8 ±
0.3/3.3 ± 1.2 nm) and Au(0) state were favorable for POD-like
activity. Additionally, AC600/thiol-OS/Au exhibited POD- and
CAT-like activities under acidic and basic conditions,
respectively. In the thiol-OS/Au series, AC (−)/thiol-OS/Au
showed higher ROS-sensitizing ability compared to other thiol-
OS/Au samples and caused a high DNA damage. The
cytotoxicity on DAY 4 after the X-ray irradiation (8 Gy) of
cells treated with thiol-OS/Au series was in the order of AC600/
thiol-OS/Au/PEI > AC800/thiol-OS/Au/PEI > AC300/thiol-
OS/Au/PEI > AC (−)/thiol-OS/Au/PEI, even when the
efficiency of cellar uptake of Au was considered. The results
indicate that the X-ray-sensitizing ability of samples to impart
cytotoxicity for 4T1 cells had a higher correlation with POD-like
activity than with ROS generation by X-ray irradiation.
Furthermore, the increase in the POD-like activity of the
thiol-OS/Au series indicated the loss of mitochondrial
membrane potential; however, mitochondrial damage did not
directly affect cell death. These results proved that the POD-like
activity of the Au state (Au NP) is beneficial for applying Au
nanomaterials as radiosensitizers in X-ray radiotherapy. In the
future, we will expand the evaluation of thiol-OS/Au series
behavior an in vivo study. This perspective could be applied to
other metal-based NPs with potential radiosensitizing effects.
Therefore, this study provides an effective design strategy for
efficient radiosensitizing nanomaterials.
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