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Ultra-small gold nanoclusters (AuNCs) are increasingly investigated
for cancer imaging and radiotherapy enhancement. While ine-
tuning the AuNC surface chemistry can optimize their
pharmacokinetics, its effects on radiotherapy enhancement remain
largely unexplored. This study demonstrates that optimizing the
surface chemistry of AuNCs for increased tumor uptake can
significantly affect its potential to augment radiotherapy outcomes.

Radiotherapy enhancement strategies are critically needed for
the management of various cancer types. For glioblastoma,
radiation regimens are challenging to design: High radiation
doses are needed to control tumor growth, yet applicable
radiation doses are limited to remain tolerable to surrounding
healthy brain tissue 1. Strategies that render cancer tissues
more susceptible are highly desired to make lower radiation
doses more effective, so that effective cancer management can
be achieved with minimal damage to healthy tissues.

Ultra-small gold particles called nanoclusters (AuNCs) are
being increasingly investigated for cancer imaging and have
potential to augment radiotherapy 23. AuNCs are typically
composed of ten to hundred gold atoms corresponding to a
metal core smaller than 3 nm which can be stabilized in solution
by a variety of biomolecules such as peptides, proteins or DNA
3-5, This flexibility in terms of core size, ligand coverage, and
functionalization can be used to tune their photoluminescence
in the near-infrared (NIR, 700-900 nm) ¢ and shortwave infrared
(SWIR, 1000-1700 nm) 72 for in vivo imaging and optical
detection of cancer 9 blood vasculatures 8, and also for
fluorescence-guided surgery 10,
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As Au is a high Z-atom (Zay = 79), it is capable of absorbing
orthovoltage (<250 keV) X-rays more efficiently than water and
soft tissue 1112, By itself, radiotherapy induces DNA damage,
either by direct one-electron damage to DNA bases, or by the
radiolysis of water to produce highly cytotoxic hydroxyl radicals
(*OH) 13, However, the presence of Au in tumor tissues can
result in high degrees of radiation absorption, after which the
energy is locally deposited to enhance radiation-induced tissue
damage by increased generation of *OH 1415, Hainfeld et al.,
were the first to demonstrate the augmentation of 250 kVp
radiotherapy, yielding greatly improved survival rates in
syngeneic mouse models of breast cancer 16. Similarly, 2 to 3-
fold improved reductions in tumor weight were achieved by
AuNC-augmented radiotherapy (662 keV) in mice bearing
subcutaneous ovarian cancer 7719,

Our group recently demonstrated that zwitterionic
sulfobetaine stabilized AuUNCs have the capacity to accumulate
in brain tumors 20, To further improve tumor uptake, we
developed AuNCs functionalized with arginine (AuSG-2Arg) 21,
which demonstrated rapid accumulation in cancer cells, making
them potentially interesting for radiotherapy enhancement.

This study specifically explored the radiotherapy
enhancement two AuNCs with distinct surface chemistries,
namely glutathione-stabilized AuNCs (AuSG), and the novel
arginine-stablized AuNCs (AuSG-2Arg). The theranostic
properties of these AuNCs were evaluated using 3D culture
models of glioblastoma, as these more faithfully recapitulate
cancer growth. We demonstrate for the first time that, despite
achieving an 11-fold increase in tumor accumulation, AuSG-
2Arg are less efficient at augmenting radiotherapy compared to
the AuSG. Modifying the surface chemistry of AuNCs thus
strongly influences their radiotherapeutic potential. These
findings are critical to the design of novel AuNCs for imaging and
cancer therapy.

AuSG and AuSG-2Arg nanoclusters (Fig. 1) were prepared by
a bottom-up approach as described previously 21. Suspended
spheroids were established in ultra-low-adhesion plates from
human U87MG and rat F98 glioblastoma cell lines.



Radiotherapy was given using monochromatic 50 keV
synchrotron radiation. Multiparametric assessment of
radiotherapy outcomes was performed as described previously
22 Assessment of necrosis was based on cell permeability using
propidium iodide staining. Oxidative stress was evaluated using
the dichlorodihydrofluorescein (DCFH»-DA) method 2. A
detailed Materials and Methods section is provided in the
Supplementary Information.

AuSG B AuSG-2Arg

Figure 1. Schematic overview of the AuSG and AuSG-2Arg.

The physicochemical characteristics of the AuNCs are
reported in Fig. S1. High resolution transmission electron
microscopy of AuSG and AuSG-2Arg showed core sizes between
2 and 4 nm with semi-crystalline structure. The HD of both
AuNCs were 1.66 + 0.01 nm for AuSG and 2.02 + 0.02 nm for
AuSG-2Arg. The zeta potentials at pH 7 were { =-31.05 + 1.12
mV for AuSG and { =7.96 + 0.44 mV for AuSG-2Arg as expected
after addition of Arg. The AuNCs have similar absorption spectra
with gradually declining intensities in the range of 400-900 nm.
Fluorescence emission profiles are also comparable between
the two AuNCs, with the AuSG-2Arg exhibiting an increased
emission intensity around 670 nm (Fig. S1).

Next, the acute (12 h) and prolonged (96 h) toxicity of the
AuNCs was evaluated on U87MG and F98 glioblastoma
spheroids. The results depict that both AuNCs exerted minor
toxicity (<10% reduction in viability, 5% increase in necrosis) at
concentrations exceeding 100 ug Au/mL, most notably in F98
spheroids (Fig. S2). Thus, the AuNCs were generally well-
tolerated and all subsequent experiments were performed
using an intrinsically non-toxic dose of 100 pg Au/mL. We also
evaluated the the AuNC toxicity on non-malignant endothelial
cells and mesothelial cells, as these are the first tissues exposed
to AuNCs during either intravenous or intraperitoneal
administration. The results demonstrate that the particles were
well tolerated in both cell types (Fig. S3).

The uptake of the AuNCs was evaluated using inductively-
coupled plasma mass spectrometry (ICP-MS), NIR-, and SWIR
fluorescence imaging. The ICP-MS results indicate that there
was a significant, 4-fold (U87MG) and 13-fold (F98) increase in
uptake of AuSG-2Arg as compared to AuSG (Fig. 2A, Fig. S2 and
S3). The uptake of both AuNCs typically reached a plateau after
12 h of incubation. Semi-quantitative NIR fluorescence imaging
confirmed similar kinetics of AuNCs uptake for both spheroid
types (Fig. 2B, Fig. S4 and S5). Fluorescence intensity plots of the
NIR that AuSG-2Arg
predominantly in the first few cell layers of the spheroids, with

images revealed accumulated

fluorescence intensity values reaching background levels at
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approximately 100 um from the edge of the spheroid at 2 h and
12 h incubation times (Fig. 2D, Fig. S4). In contrast, AuSG also
accumulate in the first few cell layers after 12 h of incubation,
but their fluorescence emission was also detected deeper inside
the spheroids (Fig. 2D). After 24 h incubation, both the AuSG-
2Arg and AuSG nanoclusters demonstrated peak intensities at
the spheroid periphery (Fig. S4). Similar findings were observed
for the F98 spheroids (Fig. S5). As AuNCs exhibit broad
fluorescence emission in the near-infrared, it was also possible
to detect their presence at longer wavelengths in the SWIR
window and confirm a similar trend as compared to the NIR
imaging for AuSG-2Arg, and to a lesser extent for AuSG (Fig. S4
and S5). Lastly, we found that while AuSG exhibited a relatively
homogeneous sub- and intercellular distribution throughout the
spheroid periphery, whereas AuSG-2Arg appeared to form
extracellular aggregates (Fig. S6).
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Figure 2. Arginine-functionalized gold nanoclusters are efficiently taken up
by U87MG glioblastoma spheroids. (A-B) Quantification of AuNCs uptake by
ICP-MS (A), and NIR confocal fluorescence microscopy (B). (C) NIR
fluorescence images of AuNCs in U87MG spheroids following 12h of
incubation. AuNC fluorescence is depicted in yellow, scalebar = 200 um. (D)
Fluorescence intensity profiles obtained from the radius of the spheroids
depicted in panel C. Data represents the mean + SEM (N > 6).

We next investigated the radiosensitization of the AuNCs in
human (U87MG) and rat (F98) 3D cultures of glioblastoma. The
X-ray absorption of Au is well-characterized to peak at an
energy of 81 keV (k-edge), although the highest absorption
difference with water is at 50 keV 11, Spheroids were incubated
with AuSG-2Arg or AuSG (100 pg Au/mL) for 12 h, after which
free AuNCs were washed away. Immediately thereafter, the
glioblastoma spheroids were exposed to different doses of 50
keV monochromatic synchrotron radiation. In U87MG
spheroids, we demonstrate a significant dose-dependent
inhibition of U87MG growth (Fig 3A-B), which was not
influenced by the AuNCs. Multiparametric treatment analysis
revealed that U87MG spheroid viability decreased in a
radiation-dose dependent manner, and the radiotherapy

This journal is © The Royal Society of Chemistry 20xx



efficacy was significantly improved by AuSG (1.4-fold), but not
by AuSG-2Arg (Fig. S7). Although radiotherapy, through its
induction of wide-spread DNA damage, typically associates with
reduced cancer cell proliferation and apoptosis 24, we
demonstrate that both AuSG and AuSG-2Arg induced a
radiation-dose-dependent increase in radiotherapy-induced
necrosis compared to spheroids receiving radiotherapy alone
(Fig. 3C). The dose response fits based on spheroid necrosis
indicated a 1.8- and 1.5-fold increase in efficacy for AuSG and
AuSG-2Arg, respectively. By comparatively investigating the size
and level of necrosis of each spheroid, it can be seen that
radiotherapy with AuSG and AuSG-2Arg results in smaller
masses with higher degrees of necrosis compared to
radiotherapy alone (Fig. S5).
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Figure 3. Multiparametric evaluation of 50 keV radiation dose
enhancement by AuNCs in U87MG glioblastoma spheroids. (A)
Live/dead heatmaps displaying radiotherapy dose-response effects on
U87MG spheroid viability. Scalebar = 200 um. (B) Effect of 50 keV
radiotherapy on U87MG spheroids growth (logarithmic growth fits). (C)
Radiation dose response fits of U87MG spheroids necrosis following
radiotherapy alone (black), (blue),
radiotherapy + AuSG-2Arg (green). Data is the mean + SEM of N > 12.

radiotherapy + AuSG and

In the F98 spheroids, quantification of the spheroid
viabilities and levels of necrosis indicated that there was also a
significant improvement in the radiotherapy efficacy following
AuSG exposure (1.9-fold and 1.5-fold based on viability and
necrosis, respectively), but not for AuSG-2Arg (Fig. S6).

These findings were surprising given the substantially
elevated levels of AuSG-2Arg in the spheroids compared to
AuSG. When assuming that the spheroids are spherical with a
diameter of 500 um, we estimated Au concentrations after a 12
h incubation in the U87MG spheroids in the order of 20-80 ug
gold/mL for AuSG and AuSG-2Arg. Our findings are therefore
unlikely to be explained by a bona-fide dose-enhancement
effect, which requires far higher intratumor concentrations of
gold in the order of mg/mL 25. Our results appear best
supported by the findings of Cheng et al., who reported that Au
nanoparticles could act as chemical catalysts of ROS production

This journal is © The Royal Society of Chemistry 20xx

during radiotherapy 1226, Inspection of oxidative stress levels in
the U87MG spheroids showed that radiotherapy induced
sustained oxidative stress, as measured 5-days post-treatment.
However, this was not elevated in the presence of the AuNCs.
In contrast, the extent of oxidative stress in the AuSG-2Arg
group was significantly lower compared to the control and AuSG
groups (Fig. 4). Further investigations demonstrated that AuSG
elevates basal levels of oxidative stress in both U87MG and F98
cells, whereas AuSG-2Arg was only able to do this in U87MG
cells, and to a lesser extent compared to AuSG (Fig. S11 C&F).
The findings overlap well with the radiotherapy efficacy findings
in both spheroid types (Fig 3 & S7). When incubated with Fe2*
to generate *OH 27, i.e., the same ROS produced during
radiotherapy, we found significantly lower levels of oxidative
stress in cells exposed to AuSG-2Arg compared to AuSG (Fig. 11
D&G).
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Figure 4. Detection of intracellular ROS following radiotherapy reveals
reduction in radiotherapy-induced oxidative stress by AuSG-2Arg.
Fluorescence microscopy images and quantification of DCF-emission of
8 day-old U87MG spheroids incubated with DCFH,-DA following
radiotherapy (5 days post-treatment). Scalebar = 200 um. Data

represents the mean = SEM (N 2 6).

Recent works have demonstrated that AuNCs have high
potential as theranostic agents for cancer imaging and
radiosensitization. Despite exhibiting promising tumor
retention 9, their exploitation is challenged by their suboptimal
pharmacokinetic profiles 1920, To improve this, we and others
continue to develop novel functionalized AuNCs. However, the
theranostic evaluation of emerging AuNCs with 2D cultures
have often produced promising results that failed to be
effectively translated to in vivo studies. To better bridge the gap
between in vitro and in vivo research, this study focused
specifically on the use of 3D culture models, as these more
effectively the 3D architecture and treatment responses of
cancer, as further discussed in the Supplemental Information.

Encouraged by the high uptake of AuSG-2Arg compared to
AuSG in 2D cultures 28, this study explored the therapeutic
potential of both AuNCs as radiosensitizing agents for
glioblastoma. We report notable enhancement in radiotherapy
efficacy by AuSG, and to a lesser extent by AuSG-2Arg, which
was characterized by an increased necrotic response. The
findings suggest that, despite weak uptake, the AuSG are
efficient radiosensitizers. In contrast, the AuSG-2Arg are weaker
radiosensitizers than AuSG but more efficient diagnostic agents
given their enhanced uptake. The reduced radiotherapy efficacy
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of AuSG-2Arg compared to AuSG may stem from its formation
of extracellular aggregates, and its reduced capacity to augment
ROS-induced oxidative stress. In addition, the AuSG appeared
more effective to perfuse throughout the tumor compared to
AuSG-2Arg (Fig. 2), potentially leading to a more homogeneous
amplification of the radiotherapeutic effects throughout the
microtumors by AuSG compared to AuSG-2Arg.

Our findings corresponded relatively well to previous
studies, achieving a similar degree of radiotherapy
augmentation with AuSG 17-19, While the novel AuSG-Arg have
strong potential for diagnostic imaging, their limited
radiotherapeutic potential did not encourage further in vivo
studies. An extended discussion on the mechanisms of
radiotherapy enhancement by high-z elements is provided in
the Supplemental Information. The complex interactions of
AuNC on cancer tissues and their theranostic potential can thus
be effectively screened in 3D culture models, benefiting from
the relative high-throughput of in vitro models while more
faithfully recapitulating in vivo cancer tissues. The development
of novel nanoclusters may thus benefit from the use of 3D
cultures and emerging high-content assays for such models 22.

Conclusions

Functionalization with arginine moieties greatly improves the
uptake of AuNCs, enabling near- and shortwave infrared
imaging with high sensitivity. Functionalization with glutathione
is more suitable for radiotherapy enhancement, capable of
achieving a 2-fold enhancement in overall efficacy. Our findings
stress the importance of careful design and optimization of the
surface chemistry of AuNCs for future radiotherapy
applications. 3D cultures combined with high-content imaging
assays are highly suited to evaluate the theranostic properties
of AuNCs, enabling accurate screening of promising particles for
further in vivo studies.
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