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Background: This study investigated the effectiveness and underpinning mechanisms of
radiosensitization using octaarginine (R8)-modified gold nanoparticle—poly(ethylene glycol)
(GNP-PEG-RS) in colorectal cancer cell line LS180 to megavoltage radiotherapy in vitro.
Method: In-house synthesized GNP-PEG was characterized by transmission electron micro-
scopy, dynamic light scattering, ultraviolet—visible spectrophotometry, and X-ray photoelectron
spectroscopy. Inductively coupled plasma mass spectroscopy was used to quantify internaliza-
tion. Direct cytotoxicity was established using the Cell Counting Kit-8, while radiosensitivity
was determined using the gold standard in vitro clonogenic assay. Cell-cycle distribution,
apoptosis, reactive oxygen species (ROS), and mitochondrial membrane potential (MMP)
were analyzed by flow cytometry, further exploring the key mechanisms driving GNP-PEG-R8
radiosensitization.

Results: The core GNP diameter was 6.311.1 nm (meantSD). Following functionalization, the
hydrodynamic diameter increased to 19.742.8 nm and 27.8+1.8 nm for GNP-PEG and GNP-
PEG-RS, with respective surface plasmon resonance peaks of 515 nm and 525 nm. Furthermore,
incorporation of the R8 significantly increased nanoparticle internalization compared to GNP-
PEG (p<0.001) over a 1 h treatment period. Functionalized GNPs confer little cytotoxicity
below 400 nM. In clonogenic assays, radiation combined with GNP-PEG-R8 induced a sig-
nificant reduction in colony formation compared with radiation alone, generating a sensitizer
enhancement ratio of 1.59. Furthermore, GNP-PEG-RS plus radiation predominantly induced
cell-cycle arrest in the G2/M phase, increasing G2/M stalling by an additional 10% over GNP-
PEG, markedly promoting apoptosis (»<<0.001). Finally, ROS levels and alterations in MMP
were investigated, indicating a highly significant (p<<0.001) change in both parameters following
the combined treatment of GNP-PEG-R8 and radiation over radiation alone.

Conclusion: R8-modified GNPs were efficiently internalized by LS180 cells, exhibiting
minimal cytotoxicity. This yielded significant radiosensitization in response to megavoltage
radiation. GNP-PEG-R8 may enhance radiosensitivity by arresting cell cycle and inducing
apoptosis, with elevated ROS identified as the likely initiator.

Keywords: gold nanoparticles, octaarginine, colorectal cancer, megavoltage radiotherapy,
mechanisms, radiosensitization

Introduction

Nanotechnology is a rapidly growing field with applications relevant to the diagnosis
and treatment of cancer.! Among nanomaterials, gold nanoparticles (GNPs) have
emerged as an attractive candidate material for use in combination with radiotherapy,
owing to a range of unique physical and chemical properties.**
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Globally, colorectal cancer is currently the third most
common human cancer and the fourth most lethal with respect
to cancer-related mortality.” According to the National Com-
prehensive Cancer Network, radiotherapy plays an important
role in the treatment of colorectal cancer.® In recent years,
technological advances have significantly improved the pre-
cision of radiotherapy delivery; however, a large proportion
of colorectal cancer patients will still eventually suffer local
recurrence with progression to systemic disease.” In this
regard, the development of safe and effective radiosensitizers
is highly desirable. The mass energy absorption coefficient
of gold is 100-150 times greater than that of soft tissue in
the kiloelectronvolt energy range. Indeed, GNPs have been
shown to enhance the sensitivity of HCT116 cells to 26 keV
X-rays with a sensitizer enhancement ratio (SER) of 1.69
in vitro."” However, megavoltage X-rays are widely used
instead of kiloelectronvolt sources in clinical practice. It has
been reported that GNPs exhibit efficacy using megavoltage
radiation sources in breast, prostate, and lung cancer.''™"3
However, whether GNPs hold potential in the megavoltage
energy range for colorectal cancer remains unclear.

Despite the potential of GNPs as novel radiosensitizers,
high treatment concentrations and long preincubation periods
are required to achieve sufficient tumor cell internalization.
To address this, further functionalization with novel ligands
is required to increase cellular uptake efficiency, without
compromising the favorable biocompatibility of gold. Cell-
penetrating peptides (CPPs) are short peptides consisting
of seven to 30 amino acids that can translocate cell mem-
branes, transferring large biologically active molecules.!4 ¢
Octaarginine peptide (R8; sequence RRRRRRRRCAL) is
an arginine-dependent cationic CPP, previously shown to
enhance drug delivery.'” As such, we modified the surface of
the core GNP with R8 to improve uptake efficiency. In addi-
tion to R8, poly(ethylene glycol) (PEG) was also conjugated
to improve stability and prevent particle agglomeration.
In this study, we selected the colorectal cancer cell line LS180
as our model system, investigating the radiosensitizing
potential and underlying mechanisms of R8-modified GNPs
in response to megavoltage radiotherapy in vitro.

Methods and materials
Synthesis of GNP-PEG-R8

Core sphere-shaped GNPs were synthesized by the classical
chemical reduction method.!® First, 4 mL of 1% trisodium
citrate and 1 mL 1% tannic acid were added to 15 mL double-
distilled water, and the mixture was heated to 60°C. This
was then added to 80 mL of aqueous solution containing
1 mL 1% HAuCl,, which was heated to boiling point.

After vigorous stirring for 30 min, 3 mL of aqueous thiol-
terminated PEG (1 mg/mL, MW 2000; Shanghai ZZBio.
Co., Shanghai, China) was added to the mixture at room
temperature to create GNP-PEG. The resulting colloid solu-
tion was gently stirred for 24 h and concentrated using an
ultrafiltration tube. Finally, 1 mL of R8 peptide (1 mg/mL;
ChinaPeptide Co., Shanghai, China) was added to the solu-
tion and stirred for a further 24 h, creating GNP-PEG-R8. All
nanoparticle variants were subsequently stored at 4°C, diluted
in deionized water, where no aggregation was observed.

Characterization of GNP-PEG-R8

The ultraviolet—visible (UV-vis) absorbance spectra of GNP-
PEG and GNP-PEG-R8 were measured using UV-vis spec-
trophotometry within the wavelength region of 400-800 nm.
Surface charge and the hydrodynamic diameter of the nano-
particle variants were measured using a Malvern Zetasizer
Nano-ZS 90 (Malvern Instruments, Malvern, UK), diluted
in deionized water. Nanoparticle morphology was analyzed
using transmission electron microscopy (TEM) (Hitachi
HT7700; Hitachi, Tokyo, Japan). X-ray photoelectron spec-
troscopy (XPS) (ESCALAB 250XI; ThermoFisher Scientific,
Waltham, MA, USA) analysis was used to verify whether
PEG and R8 were conjugated on to the GNP surface.

Cell culture

The human colorectal cancer cell line LS180 was kindly
gifted by the Institute of Zoology, Chinese Academy of
Sciences. In brief, LS180 cells were maintained in minimum
Eagle’s medium (MEM) supplemented with 100 IU/mL
penicillin, 100 mg/mL streptomycin, 10% fetal bovine serum,
1% glutamine, and 1% sodium pyruvate in a humidified
atmosphere containing 5% CO, at 37°C.

Cytotoxicity assessment

LS180 cells were seeded in 96-well plates at a density of
5x10° per well and incubated overnight. Culture medium
was then replaced with 100 UL of fresh medium containing
varying concentrations (100-1,600 nM) of GNP-PEG or
GNP-PEG-R8 for 12 h. The Cell Counting Kit-8 (Dojindo
Molecular Technologies, Kumamoto, Japan) assay was used
to determine the cell viability, according to the manufac-
turer’s instructions.

Cellular uptake

Cells (1x10° LS180) suspended in 3 mL complete medium
were seeded into 6 cm Petri dishes until 70%—-80% confluence
was achieved. GNP-PEG and GNP-PEG-R8 were added
to the growth medium, achieving a final concentration of
400 nM. After incubation for various durations (0.25, 0.5,
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1,2, 4, 6, and 12 h), cells were collected and resuspended
in PBS to a final volume of 5 mL. Cells were then counted
and dissolved in aqua regia. Internal gold concentration was
subsequently quantified using inductively coupled plasma
mass spectrometry (ICP-MS). Calculation of GNP number
per cell was determined by converting gold atoms per
sample to number of GNPs using the following mathematical
derivation:

3

o3
3 a
NoM
U

where U represents the number of atoms in each GNP and
D is the diameter of the GNPs. The constant “a” refers to
the edge of the gold unit cell, which has a value of 4.076 A,
with four gold atoms per unit cell. NV is the number of GNPs
for the analyzed sample and M is the number of gold atoms
determined from ICP-MS measurement.

Clonogenic assay
First, 1x10° LS180 cells were seeded into 6 cm Petri dishes
and allowed to attach overnight. GNP-PEG or GNP-PEG-R8
was added to cells at a final concentration of 400 nM for 1 h.
Excess non-internalized nanoparticles were removed from the
medium, cells were washed in PBS, and fresh medium was
added. As soon afterwards as practically possible, cells were
irradiated with 6 MV X-rays, delivering total doses of 0, 2, 4,
6, 8, and 10 Gy, in a single fraction. One day post-irradiation,
cells were transferred at low seeding densities to six-well
plates to allow single-cell colony formation over a 14 day
period. Cells were subsequently washed, fixed with methanol,
and stained using 1% methylene blue. Colonies were manu-
ally scored, defining a colony as containing a minimum of
50 cells. Plating efficiency, survival fraction (SF’), and other
radiobiological parameters, including average lethal dose
(D,), quasi-threshold dose (Dq), and SER

D0/Dq/SF2°
lated. The dose—survival curve was fitted using a single-hit

were calcu-

multi-target statistical model. Data from three independent
experimental replicates were analyzed for each group.

Flow cytometry analysis of cell cycle,
apoptosis, reactive oxygen species
(ROS), and mitochondrial membrane

potential (MMP)
LS180 cells were exposed to 400 nM of GNP-PEG or GNP-
PEG-RS, again for a 1 h period. Cells were then washed

with PBS and irradiated using 6 MV X-rays at a dose of
6 Gy. For cell-cycle analysis, cells were collected 24 h post-
irradiation, fixed in 70% ethanol at 4°C for 24 h, resuspended
in PBS, and stained with 50 pg/mL 7-aminoactinomycin D
(7-AAD) and 10 pg/mL RNase A before incubation at 37°C
for 30 min. For apoptosis studies, cells were collected 24 h
post-irradiation and incubated for 15 min with 100 uL of
1x buffer solution, 5 UL phycoerythrin (PE)-Annexin V, and
5 uL 7-AAD at 25°C. Analysis was performed according to
the PE-Annexin-V apoptosis detection kit (BD Biosciences,
San Jose, CA, USA) guidelines. For ROS determination, cells
were collected 6 h post-irradiation and treated with dichlorodi-
hydrofluorescein diacetate (DCFH-DA) (10 umol/L) at 37°C
in the incubator for 20 min. ROS levels were quantified using
an ROS detection kit (Beyotime Biotech, Shang Hai, China).
MMP was detected using an MMP assay kit using JC-1
(Beyotime Biotech). Cells were collected 6 h post-irradiation
and stained with JC-1 reagent for 20 min at 37°C, before cen-
trifuging (600 g at 4°C for 3 min), washing with JC-1 buffer
twice, and resuspending in JC-1 buffer. All samples were
subsequently analyzed using a FACSCalibur flow cytometer
(BD Biosciences).

Statistical analysis

A two-tailed Student’s s-test was used for the statistical
analysis, and the value of p<<0.05 was considered statisti-
cally significant. All the experiments were performed as a
minimum of three independent replicates, presented as the
meantSD. SPSS version 19.0 (IBM Corp., Armonk, NY,
USA) was used for all the statistical analyses.

Results

Synthesis and characterization of
GNP-PEG-R8

Figure 1A shows representative TEM images of GNP variants.
The average GNP core diameter was 6.311.1 nm (Figure 1B).
The TEM image is identical for GNP-PEG-RS as the peptide
cannot be detected by TEM. The hydrodynamic diameter
increased to 19.7+2.8 nm and 27.8+1.8 nm for GNP-PEG and
GNP-PEG-RS, respectively, with surface plasmon resonance
peaks of 515 nm for GNP-PEG and 525 nm for GNP-PEG-RS8
(Figures 2 and 3), indicating successful conjugation of the R8
peptide.'”?® Furthermore, as shown in Figure S1, the surface
charges of GNP-PEG and GNP-PEG-R8 were —35.0+5.6 mV
and —29.4+0.5 mV, respectively, again verifying the success-
ful conjugation of the peptide, since the isoelectric point of
arginine is 10.76, so in medium or deionized water, arginine
carries a positive charge. To confirm the conjugation of PEG
and the R8 peptide on the GNP surface, we performed XPS
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Figure | Characterization of core GNPs. (A-C) TEM image of core GNPs. (D) Size distribution of GNPs determined by Image] software. The diameter was 6.3+1.1 nm

(meantSD).
Abbreviations: GNP, gold nanoparticle; TEM, transmission electron microscopy.

analysis. The relative content of nitrogen was 3.7% for GNP-
PEG-R8, which was 2.5-fold higher than that for GNP-PEG
and the core GNP alone, thus indicating the successful R8
conjugation (Figure 4).

Cytotoxicity assessment
Direct cytotoxicity conferred by GNP-PEG and GNP-
PEG-R8 was performed in the absence of radiation, using the

Diameter (nm)

Cell Counting Kit-8 assay. Cytotoxicity was established by
drawing comparisons between relative cell viability fol-
lowing exposure to increasing concentrations (100, 200,
400, 800, 1,600 nM) of both GNP variants, compared to the
control group (Figure 5). Although the cell viability in the
GNP-PEG group was higher than that in the GNP-PEG-R8
group at concentrations of 400 nM and below, there was
no significant statistical difference (p>0.05). Furthermore,

- PDI 0.256

1 10 100

Diameter (nm)

Figure 2 Hydrodynamic diameter distribution of GNP-PEG and GNP-PEG-R8 tested by DLS. (A) Hydrodynamic diameter of GNP-PEG was 19.7+2.8 nm (meantSD).

(B) Hydrodynamic diameter of GNP-PEG-R8 was 27.8+1.8 nm (mean+SD).

Abbreviations: GNP, gold nanoparticle; PEG, poly(ethylene glycol); R8, octaarginine; DLS, dynamic light scattering.
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Figure 3 Ultraviolet-visible extinction spectra of GNP-PEG and GNP-PEG-R8
(400-800 nm). The surface plasmon resonance peaks of GNP-PEG and GNP-PEG-
R8 were 515 nm and 525 nm, respectively.

Abbreviations: GNP, gold nanoparticle; PEG, poly(ethylene glycol); R8, octaarginine.

neither GNP variant reduced viability by more than 20%
at concentrations up to 400 nM. However, cell viability
did appear to reduce in a concentration-dependent manner,
dropping to below 80% survival when treated with 800 nM
and 1,600 nM GNP-PEG-RS. As such, a consistent treatment
concentration of 400 nM was selected for all subsequent
experiments.

Cellular uptake

Figure 6 represents the cell internalization efficiency of both
GNP preparations. Uptake of both GNP-PEG and GNP-
PEG-RS8 occurred in a time-dependent manner, appearing to
plateau after a 1 h incubation. LS180 cells actively internal-
ized GNP-PEG-RS significantly more efficiently than GNP-
PEG (2.2940.17 vs 0.32£0.06 x10° GNP per cell, p<<0.001),
overcoming the negative impact of PEG on cell internaliza-

tion, an effect coined the “PEG dilemma.”?!' This response is

best illustrated at time-points from 1 h post-exposure, when
an approximate seven-fold increase in intracellular gold
was observed for the R8-conjugated GNP in comparison to
GNP-PEG. This indicates that increased cellular internaliza-
tion may be caused by R8 acting as a transmembrane carrier,
thus improving uptake efficiency.

LS180 cell radiosensitization conferred by
GNP-PEG and GNP-PEG-R8

The clonogenic assay was used to determine the radiation
dose enhancement conferred by the various GNPs. Survival
curves for control, GNP-PEG-, and GNP-PEG-R8-treated
cells combined with 6 MV X-ray are shown in Figure 7.
Table 1 lists the radiobiology parameters of each group,
which were derived from fitting the experimental data to the
single-hit multi-target model. Unsurprisingly, the surviv-
ing fraction decreased with increasing radiation dose, and
radiation combined with GNP-PEG-RS induced a significant
reduction in colony formation compared with radiation alone,
generating an SER of 1.59. The average lethal dose D and
the quasi-threshold dose D, in the GNP-PEG-R8 + irradia-
tion (IR) group showed a 1.59-fold and 1.31-fold decrease,
respectively, compared with those in the radiation-alone
groups. These data have important implications for the pro-
tection of normal tissues.

Flow cytometry analysis of cell cycle,
apoptosis, ROS levels,and MMP

The cell-cycle distribution was analyzed to determine whether
the radiation enhancement effects were linked to cell-cycle
arrest. The data in Figure 8 and Figure S2 demonstrate that
compared with radiation alone, there are more cells arrested

B Au

EMC ©E N MNOthers

Figure 4 Relative elemental content in GNP-variants analysed by XPS. (A) GNP; (B) GNP-PEG; (C) GNP-PEG-R8.

Abbreviations: GNP, gold nanoparticle; XPS, X-ray photoelectron spectroscopy.
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Figure 5 Cell viability of LSI180 cells after incubation with different concentrations
(0, 100, 200, 400, 800 nM) of GNP-PEG and GNP-PEG-R8 for 12 h before
examination with the Cell Counting Kit-8 assay. As the concentration increased, the
cell viability decreased. Compared with the GNP-PEG group, *p<<0.05.
Abbreviations: GNP, gold nanoparticle; PEG, poly(ethylene glycol); NS, no significance;
R8, octaarginine.

in G2/M phase following treatment with GNP-PEG-R8 + IR
(32.31%%1.84% vs 41.92%13.28%, p<<0.05). These results
suggest that GNP-PEG-RS8 enhances the radiosensitivity
of LS180 cells through stalling the cell cycle within the
G2/M phase.

Figure 9 and Figure S3 show the percentage of cells under-
going apoptosis following radiation treatment (with or without
GNP treatment). There was a significant increase in the percent-
age of cells undergoing apoptosis in the GNP-PEG-RS8 + IR
group compared with radiation alone (57.53%x1.68% vs
10.03%+1.43%, p<<0.001). More importantly, compared
with GNP-PEG + IR and radiation alone, GNP-PEG-R8 + IR
significantly increased the apoptosis rate, corroborating the
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Figure 6 Quantitative analysis of the cellular internalization of GNP-PEG and
GNP-PEG-R8 by ICP-MS. Data were quantified and the results are presented as the
meantSD (n=3 experiments). Compared with the GNP-PEG group, **p<0.001.
Abbreviations: GNP, gold nanoparticle; PEG, poly(ethylene glycol); R8, octaargi-
nine; ICP-MS, inductively coupled plasma mass spectrometry.

19— S
c
)
S 0.1
©
-
©
2
2 0014 [ IR
2 ~o— IR + GNP-PEG NS
1) - #H#
—=— IR + GNP-PEG-R8
*;Ok
0.001 : - T r .
0 2 4 6 8 10

Dose (Gy)

Figure 7 Survival fraction of LS180 cells after incubation with GNP-PEG or GNP-PEG-
R8 (400 nM) for | h before increasing incremental radiation doses (0,2,4, 6,8, 10 Gy) of
6 MV X-rays (n=3 experiments). Compared with the IR group, ¥p<<0.05, *5<0.01, and
**¥H<<0.001. Compared with the IR+ GNP-PEG group, #p<<0.05,and #p<0.01.
Abbreviations: GNP, gold nanoparticle; PEG, poly(ethylene glycol); NS, no significance;
R8, octaarginine.

cell-cycle data, where complex unresolved DNA lesions at the
G2/M checkpoint result in the induction of apoptosis.

Further probing of the underpinning mechanisms driving
GNP + IR cell death was determined by measuring
intracellular ROS, which, if exceeding the cells’ endogenous
scavenging capacity, can result in oxidative damage to intra-
cellular biomolecules, promoting damage and death. ROS
levels were measured using the DCFH-DA fluorescence
method. Figure 10 illustrates a highly significant increase
in ROS following GNP-PEG-RS + IR treatment compared
with radiation alone (p<<0.001). Importantly, this was about
three- and four-fold greater than that measured in the GNP-
PEG + IR and radiation-alone groups. This result suggests
that elevated ROS following GNP-PEG-RS is the likely
mediator of both treatment-induced cell-cycle stalling and
apoptosis leading to enhanced radiosensitivity.

Finally, as the release of cytochrome ¢ following mito-
chondrial membrane depolarization is central to the induction
of intrinsic apoptosis, we measured the extent to which
the GNP variants could trigger depolarization. As shown
in Figure 11, in unirradiated groups, GNP-PEG and

Table | Radiobiology parameters of each group, calculated using
the single-hit multi-target model

D,(Gy) D,(Gy) SF, SER
D, (Gy) D_(Gy) SF,

IR 2,01 256 080

IR+GNP-PEG 165 226 074 121 113 1.07

IR + GNP-PEG-R8  1.27 196 059 1.59 131 136

Abbreviations: IR, irradiation; GNP, gold nanoparticle; PEG, poly(ethylene glycol);
R8, octaarginine; D, average lethal dose; Dq, quasi-threshold dose; SF,, survival fraction
at radiation dose of 2 Gy.
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Figure 8 Flow cytometry analysis of G2/M cell-cycle arrest in LS180 cells. Data
were quantified and the results are presented as the mean+SD. Compared with the
IR 6 Gy group, *p<<0.05.

Abbreviations: GNP, gold nanoparticle; PEG, poly(ethylene glycol); R8, octaarginine.

GNP-PEG-R8 slightly suppressed mitochondrial membrane
polarization relative to the untreated control (14.97%x0.25%,
12.60%%0.75%, and 6.80%%0.36%, respectively). The
MMP decreased for cells treated with radiation alone
(28.17%%2.50%). However, highly significant increases
in membrane depolarization were observed, for the GNP-
PEG + IR group (43.73%24.63%) and particularly for the
GNP-PEG-R8 + IR group (67.87%x7.24%, p<<0.001) com-
pared with radiation alone.
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Figure 9 Flow cytometry analysis of apoptosis in LS180 cells. Data were quantified
and the results are presented as the mean+SD. Compared with the IR 6 Gy + GNP-
PEG-R8 group, **p<<0.001.

Abbreviations: IR, irradiation; GNP, gold nanoparticle; PEG, poly(ethylene glycol);
R8, octaarginine.
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Figure 10 ROS levels in LSI80 cells treated with GNP-PEG or GNP-PEG-R8
with or without 6 MV X-rays (6 Gy) as determined by flow cytometry. Data were
quantified and the results are presented as the meantSD. Compared with the IR
6 Gy + GNP-PEG-R8 group, **p=0.001.

Abbreviations: ROS, reactive oxygen species; IR, irradiation; GNP, gold
nanoparticle; PEG, poly(ethylene glycol); R8, octaarginine.

Discussion

The development of advanced radiotherapy techniques
such as intensity-modulated radiotherapy, image-guided
radiotherapy, and tomotherapy has revolutionized clinical
radiotherapy, delivering personalized treatments to maximize
patient response. However, dose-limiting toxicities remain
one of the key obstacles impeding the success of radiotherapy.
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Figure |1 Mitochondrial membrane potential analysis in LSI80 cells. Data were

quantified and the results are presented as the mean+SD. Compared with the IR
6 Gy + GNP-PEG-R8 group, ¥*p<<0.01, **p<0.001.

Abbreviations: ROS, reactive oxygen species; IR, irradiation; GNP, gold
nanoparticle; PEG, poly(ethylene glycol); R8, octaarginine.
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Since Hainfeld et al presented the frst study using GNP as
a radiosensitizer, about fourteen years ago, various nano-
particles have been developed, which have been reported to
enhance the efficacy of radiotherapy within multiple tumor
types.'>132224 The current study presents an alternative
strategy for increasing the radiosensitization potential of GNP
through the conjugation of an arginine-rich CPP.

Despite the significant body of evidence supporting GNP
as an effective radiosensitizer, high treatment concentra-
tions and long incubation times limit clinical translation.
In this study, GNP-PEG-R8 were demonstrated to penetrate
the cell membrane with high efficiency. Over 90% of total
uptake occurred within the first hour, and, importantly,
internal GNP concentrations were sustained at this level
for at least 12 h. This may be due to the positive charge of
the peptide, which promotes electrostatic interactions with
the negatively charged cell membrane. Although numerous
studies exist relating to the uptake mechanism of CPPs
across the plasma membrane, the precise mechanism is yet
to be fully understood.?> However, for arginine-rich CPPs,
evidence shows that the dominant uptake mechanism is direct
membrane translocation as opposed to receptor-mediated
endocytosis.?® If this is the case for the GNP-PEG-RS
nanoparticle, it may help to explain the high efficiency of
GNP-PEG-R8 internalization, since endocytosis is a complex
multistep process. Furthermore, a direct translocation mecha-
nism is not thought to induce significant membrane damage,
thereby preserving cell viability, as observed, at the relevant
treatment concentration.'®

Clonogenic survival data demonstrated that GNP-
PEG-RS exerted a significant reduction in colony-forming
potential compared to GNP-PEG, demonstrating that RS
conjugation enhanced the sensitivity of LS180 cells to
megavoltage radiation. Furthermore, the quasi-threshold
dose D_ represents the ability for sublethal damage repair,
which is proportional to D,. The decrease in D, in cancer
is highly important with respect to improved local control.
Specifically, GNP-PEG-RS shifted the average lethal dose
D, decrease from 2.01 Gy in radiation only cells to 1.27 Gy
in GNP-PEG-RS8 + IR, offering meaningful protection
for normal tissues against radiation induced damage. The
underlying mechanisms by which GNP-PEG-RS delivered
impressive radiation dose enhancement were correlated with
several biological factors.

Several groups have established that the sensitivity of
cells to radiation is closely correlated with the cell cycle and
the induction of apoptosis.?”?® Therefore, we examined these
parameters following treatment with GNP-PEG-R8. Cell-
cycle analysis showed that the combination of radiation and

GNP-PEG-R8 had an additive effect yielding an increased
proportion of cells in G2/M phase, a result consistent with
previous studies.?®?* Tumor cells in G2/M are more sensitive
to radiation, while cells in G1/S are less sensitive, resisting
the effects of radiation. Therefore, GNP-PEG-R8 combined
with radiation has the potential to induce more damage to
the target cells.

Radiation interacts with intracellular molecules, predomi-
nantly water, to generate free radicals. In general, excessive
ROS disrupts cellular function, causing lipid, protein, and
DNA oxidation, and triggering cell death through various
downstream signaling pathways.’**! These factors act as a
potential trigger for radiation-induced apoptosis.*® Our results
show that intracellular ROS levels in the GNP-PEG-R8 + IR
group were markedly higher than those observed in all other
treatment groups, yielding a higher level of oxidative stress,
manifested as enhanced apoptosis compared to radiation
alone. This result clearly indicates that increased intracel-
lular ROS is a key mechanism mediating GNP-PEG-R8
radiosensitization.

To further establish the underlying mechanisms of
GNP-mediated radiosensitization, we tested mitochondrial
membrane depolarization by flow cytometry. Mitochon-
dria function within cells by contributing to bioenergetics,
metabolism, and biosynthesis.*?** Loss of MMP is associated
with many pathophysiological changes.?*-¢ In this study, we
demonstrated that GNP-PEG-R8 combined with radiation
had a more significant impact on mitochondrial membrane
depolarization than any other group, indicating that mito-
chondria are particularly susceptible to oxidative damage.
Mitochondrial membrane depolarization can be caused by
the presence of ROS, high intracellular calcium concentra-
tions, or stress of the endoplasmic reticulum.’” We report
increased ROS after irradiation with GNPs, corroborating our
findings that elevated ROS results in mitochondrial depolar-
ization contributing towards GNP-related radiosensitization.
Furthermore, mitochondrial membrane depolarization leads
to a sudden increase in the permeability of the inner mito-
chondrial membrane, resulting in the release of cytochrome c,
caspase activation, and the induction of apoptosis.* In sum-
mary, ROS may be the initiator and mitochondrial damage
may represent a key extranuclear target, regulating GNPs
plus IR-mediated cell death. In consideration of the effects
of mitochondrial dysfunction, future studies could focus on
mitochondrial-specific delivery of GNPs to further improve
radiation enhancement.

Despite the potential of GNPs to confer enhanced radio-
sensitivity, there remain several challenges towards clinical
translation. Future studies will be conducted with the goal
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of reducing long-term side effects in vivo, achieving higher
stability, specific intracellular organelle targeting, or tumor
microenvironment targeting by modifying GNPs with addi-
tional moieties such as nuclear or mitochondrial targeting
sequence. Furthermore, in view of the impressive efficacy
of GNP-PEG-R8 internalization, variants of this preparation
could be used as a drug-delivery platform. Conjugation of
cytotoxic chemotherapy drugs could help to improve accurate
delivery and release of drug cargos, leading to a widening of
their therapeutic window along with a corresponding reduc-
tion in off-target side effects.

Conclusion

In this study, we demonstrated that R8-modified GNPs
could be efficiently internalized by LS180 cells, within 1 h
of treatment, while conveying little cytotoxicity. Impor-
tantly, incorporation of the R8 CPP increased GNP uptake
by almost seven-fold over GNP-PEG, leading to signifi-
cant radiosensitization effects in combination with mega-
voltage radiation treatment in vitro. GNP-PEG-R8 may
enhance radiosensitivity by causing cell-cycle disruption
and inducing apoptosis, with elevated ROS identified as the
likely initiator.
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Figure S| Zeta potential of (A) GNP-PEG and (B) GNP-PEG-R8. The zeta potentials of GNP-PEG and GNP-PEG-R8 were —35.0+£5.6 mV and —29.4+0.5 mV, respectively.
Abbreviations: GNP, gold nanoparticle; PEG, poly(ethylene glycol); R8, octaarginine.
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Figure S2 Flow cytometry analysis of cell-cycle arrest in LS180 cells. (a) Control group; (b) GNP-PEG group; (c) GNP-PEG-R8 group; (d) IR group; (e) IR 6 Gy + GNP-PEG
group; (f) IR 6 Gy + GNP-PEG-R8 group.
Abbreviations: GNP, gold nanoparticle; PEG, poly(ethylene glycol); R8, octaarginine; IR, irradiation.
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Figure S3 Flow cytometry analysis of apoptosis in LS180 cells. (a) Control group; (b) GNP-PEG group; (c) GNP-PEG-R8 group; (d) IR group; (e) IR 6 Gy + GNP-PEG group;

(f) IR 6 Gy + GNP-PEG-R8 group.

Abbreviations: GNP, gold nanoparticle; PEG, poly(ethylene glycol); R8, octaarginine; IR, irradiation; 7-AAD, aminoactinomycin D; PE, phycoerythrin.
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