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ABSTRACT

The small difference between tumor and normal tissues in their responses to ionizing
radiation has been a significant issue for radiotherapy of tumors. Herein, we report that
dumbbell-shaped heterogeneous copper selenide-gold nanocrystals can serve as an
efficient radiosensitizer for enhanced radiotherapy. The mean lethal dose of X-rays to
4T1 tumor cells can be drastically decreased about 40%, i.e., decreasing from 1.81 Gy
to 1.10 Gy after culture with heterostructures. Due to the synergetic effect of
heterostructures, the dose of X-rays is also much lower than those obtained from
mixture of Cu,Se + Au nanoparticles (1.78 Gy), Cu,_Se nanoparticles (1.72 Gy) and
Au nanoparticles (1.50 Gy), respectively. We demonstrate that the sensitivity
enhancement ratio of Cu,_.Se nanoparticles was significantly improved 45% (i.e., from
1.1 to 1.6) after the formation of heterostructures with gold. We also show that the

hetero-nanocrystals exhibit an enhanced photothermal conversion efficiency, due to the
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synergetic interactions of localized surface plasmon resonance. These properties highly
feature them as a multimodal imaging contrast agent (particular for photoacoustic
imaging, computed tomography imaging, and single photon emission computed
tomography after labeled with radioisotopes) and as a radiosensitizer for imaging
guided synergetic radiophotothermal treatment of cancer. The research provides
insights for engineering low-Z nanomaterials with high Z elements to form hetero-

nanostructures with enhanced synergetic performance for tumor theranostics.

KEYWORDS: heterogeneous nanoparticles, radiosensitizer, radiotherapy,

photothermal therapy, multimodal imaging
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Radiotherapy (RT) is one of the most important and effective methods for the
treatment of solid tumors, as more than half of tumor patients would receive RT during
treatment.! RT mainly uses high energy radiation (e.g., X-rays or y-rays) to target
cancerous tissues, and then directly or indirectly damages the deoxyribonucleic acid
(DNA) of cells, leading to apoptosis and death of irradiated cells.> ? Despite its various
advantages, the small difference between tumor and normal tissues in their responses
to ionizing radiation leads to the difficulty in successfully curing solid cancers by RT
alone without injury to normal tissues.*® Therefore, how to improve the efficacy of RT
remains a significant issue for cancer treatment.’

To maximize the radiosensitivity of tumor tissue to radiations and minimize the
damage of radiations to normal tissue simultaneously, a number of high-Z elements
(e.g., gold, bismuth, wolfram, platinum, gadolinium ) based nanomaterials have been
exploited as radiosensitizers,®'® which can penetrate into tumor via the enhanced
permeability and retention (EPR) effect.!”- 1 These nanomaterials could be a generation
of theranostic agents for multimodal imaging guided multiple therapy, by rationally
integrating computed tomography (CT) imaging, photoacoustic (PA) imaging, and
magnetic resonance imaging (MRI) with versatile therapeutic approaches including
radiotherapy, photothermal therapy (PTT), and photodynamic therapy (PDT).!%-23

Previous research has demonstrated that, with the assistance of these nanoagents,
combinations of RT with other therapies could significantly improve its therapeutic
efficacy.?*28 One of the optimal portfolios is the combination of RT with PTT, which

could successfully ablate tumor cells without metastasis and recurrence. In this context,
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Au-,”% 2 Bi-,!1-30 and W-13.31 based nanomaterials could be an ideal choice due to their
high-mass energy absorption coefficients, high photothermal conversion efficiency,
excellent biocompatibility, and easy modification.

From the perspective of interactions between nanomaterials and X-rays, the
photoelectric effect and Compton scattering are strongly dependent on the atomic
number (Z) and the photon energy. The material with high Z has a pronounced
photoelectric effect and small Compton scattering when irradiated with high photon
energy. In contrast, the material with low Z exhibits the strong Compton scattering and
weak photoelectric effect when irradiated with low photon energy. In addition to above
mentioned high Z-element based nanoagents, some light elements based nanomaterials
also show strong attenuation to low energy X-rays and high photothermal conversion
efficiency. For example, ultra-small Cu,,Se and CuFeSe, nanocrystals exhibited
stronger attenuation of X-rays and better performance in CT imaging than the clinically
used iopromide.*?-3* These properties highlight their promise in imaging guided
radiophotothermal therapy of cancer.

To maximally improve the performance of both low- and high-Z elements based
nanomaterials in a wide range of X-rays for multimodal imaging and therapy, they have
been engineered by diverse approaches,’>?in which formation of their heterostructures
has attracted considerable interest, because the resultant heterostructures not only
exhibit the characteristics of the individual components, but also feature synergetic
properties.*!-42 For example, both core-shell Au@Cu,-E and dumbbell-shaped Cu,-E-

Au (E =S, Se) nanoparticles showed a higher photothermal conversion efficiency than
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individual components,*-4” which was attributed to their synergetic near infrared
stronger localized surface plasmon resonance (LSPR). The enhanced photothermal
conversion property makes them very attractive in the aspects of PA imaging and PTT.

The Cu,.E-Au (E = S, Se) hetero-nanostructures are also expected to exhibit
stronger attenuation of X-rays and a larger attenuation coefficient in comparison with
copper chalcogenide and gold nanoparticles, because of the synergetic interactions of
X-rays with multiple elements in the heterostructures. There are no reports, however,
on their radio-enhancement and important application in radiotherapy.*® 4 Moreover,
the currently available Cu,_E-Au nanostructures were prepared either in organic
solvents at high temperature or in aqueous solutions with use of reducing agents.*3 4%
50

In this article, dumbbell-shaped heterogeneous copper selenide-gold nanoparticles
(CSA) were prepared by simply mixing Cu,_,Se nanoparticles with HAuCl, in aqueous
solution under ambient conditions, which is completely different from previous reports
as no reducing agent was used. The thus-formed CSA heterostructures exhibit
significant enhancement of radiosensitization in comparison with Cu,_Se nanocrystals
(CS), gold (Au) nanoparticles, and their mixture, leading to the excellence in damaging
DNA strands of tumor cells. Our CSA nanoparticles also display a higher photothermal
conversion efficiency than CS nanoparticles due to the synergetic interactions with Au
nanoparticles. The CSA heterostructures were modified with dimercaptopoly(ethylene
glycol) (HS-PEG-SH), labeled with radioactive **™Tc and demonstrated to be a

radiosensitizer, photothermal transducer for combined radiophotothermal therapy of
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cancer, and as well as a contrast agent for multimodal imaging (i.e., PA imaging, CT

imaging, and single photon emission computed tomography (SPECT)) (Scheme 1).

RESULTS AND DISCUSSION

The CSA heterostructures were synthesized in two steps in an aqueous solution under
ambient conditions. First, the Cu,_,Se nanocrystals (CS) were obtained via a modified
protocol reported elsewhere. 3!-32 Briefly, selenium (Se) nanoparticles were obtained by
reduction of SeO, with Vitamin C. The resultant Se nanoparticles served as sacrificial
templates and reacted with Cu* ions to form copper selenide nanoparticles. The formed
copper selenide nanoparticles were slowly oxidized by air and eventually transformed
into CS nanoparticles, which were purified by filtration and centrifugation. Second, an
HAuCl, solution was quickly poured into the solution of purified CS nanoparticles
under magnetic stirring, and reacted for 3 h to form heterostructured nanoparticles.

Transmission electron microscopy (TEM) was used to characterize the size and
morphology of resulting CS and CSA nanoparticles. As shown in Figure 1a, the CS
nanoparticles are spherical and have a mean size of 17.6 = 1.4 nm (Figure S1a in the
Supporting Information). After reaction with HAuCl,, the dumb-bell shaped hetero-
nanostructures are clearly observed (Figure 1b), in which the larger spherical parts
have a similar size (17.5 = 1.4 nm, Figure S1b) to that of CS nanoparticles, which
indicates that they are copper selenide, and the smaller spherical parts have a size of 7.6
+ 1.4 nm (Figure S1c) and could be assigned as formed Au nanoparticles. In addition,

there is a small portion of heterostructures having two or three small nanoparticles

ACS Paragon Plus Environment

Page 6 of 48



Page 7 of 48

oNOYTULT D WN =

ACS Nano

attached to a large one.

The high-resolution TEM (HRTEM), elemental mapping and energy dispersive
spectrometer (EDS) were used to further characterize the resultant heterostructures
[Figure 1(c-d) and Figure S(2-3)]. The lattice spacings of large particles and small
ones in the heterostructures were measured to be 0.203 nm and 0.235 nm, which are
well matched with those of copper selenide and gold, respectively. The results clearly
demonstrate that the hetero-nanostructures consist of copper selenide and gold, which
is further confirmed by their elemental mapping and dark field images. The formation
of CSA heterostructures is attributed to spontaneous redox reactions at the interface
between the Cu,_,Se nanoparticles and HAuCly, due to the much smaller redox potential
of Cu?*/Cu* (E(cuz+/cury = 0.153 V) than that of Au**/Au (i.e. Eauziian = 1.498 V). In
addition, the surface defects of CS nanoparticles and the large lattice mismatch between
copper selenide and gold are also responsible for the formation of dumbbell-shaped,
rather than core-shell heterostructures.

The X-ray powder diffraction (XRD) patterns of as-prepared CS and CSA
nanoparticles are compared in Figure 1e. All the characteristic diffraction peaks of CS
nanoparticles match well with those of cubic berzelianite (Cu,—.Se, JCPDS No. 06-
0680). The strong peaks from CSA hetero-nanoparticles are indexed to be the
characteristic peaks of cubic gold (Au, JCPDS No. 04-0784), and the weak ones, which
could be ascribed to copper selenide in the heterostructures, are slightly blue-shifted in
comparison with those of the CS nanoparticles. In addition, the strong LSPR of CS

nanocrystals (Figure 1f) was weakened after the formation of CSA heterostructures,
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accompanied with the appearance of characteristic LSPR of Au nanoparticles in the
range of 500-550 nm.

To reveal the spontaneous redox reactions between the CS nanoparticles and HAuCly,
the changes in the valence states of elements in the CS and CSA nanoparticles were
examined with X-ray photoelectron spectroscopy (XPS, Figure S4). The binding
energy of Cu 2p orbital in the CS nanoparticles shows the majority of Cu* ions, most
which were oxidized into Cu?" ions in the formation of CSA heterostructures. The
characteristic binding energy of Au 4f at 83.5 eV and 87.1eV is attributed to Au’. The
atomic ratios in CS and CSA nanoparticles were determined by inductively coupled
plasma — optical emission spectroscopy (ICP-OES) (Table S1). The atomic ratio of
Cu/Se in the CS nanoparticles is 1.86, which illustrates their characteristics of copper
deficiency. The atomic ratio of Cu/Se/Au within CSA heterostructures is 1:2.26:1.75.
The decrease in the Cu/Se ratio in the CSA nanoparticles also supports the reduction of
Au** by CS nanoparticles.

All the above results demonstrate the spontaneous formation of CSA hetero-
nanostructures after the addition of HAuCly, solution into CS nanoparticle solution. To
improve the colloidal stability and biocompatibility of CSA nanoparticles, they were
modified with HS-PEG-SH. The zeta potential of unmodified CSA nanoparticles
(+3.25 mV, Figure S5a) is lower than that of CS nanoparticles (+9.00 mV), and it
changed to -0.20 mV after modification with HS-PEG-SH. The slight change in zeta
potential indicates the successful surface modification, which is also supported by the

variation of their hydrodynamic size from 24.2 nm to 37.9 nm (Figure S5b). The
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PEGylated CSA nanoparticles can be well dispersed in aqueous solution, saline solution
(0.9 wt% NaCl), phosphate buffered saline (PBS) solution, and 10% fetal bovine serum
(FBS) solution. The negligible change in their hydrodynamic size over 5 days suggests
their excellent stability in these media (Figure S6) after surface modification.

Previous reports have demonstrated that nanoparticles with pronounced near-infrared
LSPR or broad absorbance can efficiently convert near-infrared light into heat.3% 3341
To demonstrate their performance difference in photothermal conversion, their
extinction coefficients were obtained by measuring the UV-Vis-NIR absorbance of
different concentrations of PEGylated CS and CSA nanoparticles (Figure S7a, b),
which shows a positive linear relationship with concentration (Figure S7¢, d). The
results show that the extinction coefficient of CSA nanoparticles at 808 nm (24.9
Lg'cm™) is much higher than that of CS nanoparticles at the same wavelength (11.9
Lg'cm™). To further distinguish the synergetic effect and additive effect, anther two
control groups were used for the photothermal conversion experiments: (1) Au
nanoparticle solution (the size and concentration of Au nanoparticles are matched to
that in the heterogenous CSA nanoparticles); and (2) a mixture of CS and Au
nanoparticles in the same ratio as determined in the CSA heterostructures (refer to as
CS + Au). The Au nanoparticles were synthesized in an aqueous solution in the
presence of BSA under ambient conditions (7.4 + 0.9 nm, Figure S8 a-b). The obtained
spherical Au nanoparticles have the characteristic plasmonic absorbance at around 520
nm (Figure S8 c¢), which is similar to that of gold in CSA nanoparticles.

The concentration of Au nanoparticles is 22 pg mL™!, same to the content of Au in
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the CSA heterostructures (the absorbance of CSA nanoparticles at 808 nm is 0.28). The
concentration of the mixture of CS and Au nanoparticles is same to that of CSA
nanoparticles (C = 47 ug mL™!) (Table S2). An 808 nm NIR laser (0.75 W c¢cm?) was
used to heat these two solutions for 9 min. After the laser was turned off, the solutions
were naturally cooled to room temperature (Figure S9). The photothermal conversion
efficiencies of CSA, CS, Au, and mixture of CS + Au nanoparticles were calculated to
be 80.8%, 71.7%, 47.1% and 59.0%, respectively (Figure S10). Obviously, the
formation of heterostructures boosted the photothermal conversion performance of CS
nanoparticles due to the synergetic interactions with plasmonic Au nanoparticles. The
photothermal stability was also investigated and Figure 2a shows the excellent
photothermal stability of PEGylated CSA solution over five cycles of heating/cooling
processes.

These above results demonstrate the significance of the formation of heterostructures
for improving their photothermal conversion efficiency. To further correlate the
temperature increment with the concentration of heterostructures over an irradiation
time, different concentrations of PEGylated CSA nanoparticles (0-160 ug mL™!) were
heated by an 808 nm NIR laser (0.75 W c¢cm™?) for 10 min. The change of solution
temperature was recorded by an infrared thermal imaging camera. Figure 2b, ¢ clearly
reveals the dependence of the temperature increment on the nanoparticle concentration,
e.g., the temperature of 160 pg mL™! solution could rapidly rise from 30.0 °C to 74.5 °C
within 10 min. The temperature increment (44.5 °C) is much higher than that of pure
water (2 °C).

10
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The excellence of CSA nanoparticles in photothermal conversion guarantees their
performance in PA imaging and PTT. Figure 2d clearly shows that the in vitro PA
imaging signal under 680 nm excitation drastically increased with CSA concentration
from 0 to 6.25, 12.5, 25, 50, and 100 pg mL~'. Before the test of their capability of
photoablation of tumor cells, their cytotoxicity towards 4T1 tumor cells and 3T3 normal
cells was investigated to determine the highest nanoparticle concentration used for the
subsequent experiments. The cell viabilities are strongly dependent on the
concentration of PEGylated CSA nanoparticles, and more than 80% of the 4T1 cells
and 3T3 cells were survived when they were cultured with 80 ug mL™! CSA solution
(Figure 2e). The cytotoxicity of CSA nanoparticles is slightly higher than that of CS
and Au nanoparticles, evidenced by high cell viabilities of 4T1 cells and 3T3 cells
(Figure S8d and Figure S11) after cultured with the same concentration of CS and Au
nanoparticles (80 pg mL™!). In addition, the cell viability of 3T3 cells cultured with
CSA nanoparticles and Au nanoparticles is higher than that of 4T1 cells, demonstrating
their higher toxicity to cancer cells than to normal cells.

The cytotoxicity results suggest that the concentration of CS and CSA nanoparticles
applied to tumor cells should be lower than 80 pg mL™'. 4T1 cells were respectively
cultured with 0, 30, and 60 pg mL™! of CS and CSA nanoparticles for 24 h, and
subsequently exposed to 808 nm laser light for 5 min under power density of 0, 0.75,
1, and 1.5 W cm 2, respectively. After that, a Live/Dead kit was used to test the activity
of 4T1 cells, in which the living cells were stained green and dead cells were stained

red. Figure 2f and Figure S12 reveal the effects of the nanoparticle concentration and
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the power density of the laser on the ablation of 4T1 cells. The amount of dead cells
(red) obviously increased with increasing concentrations of both types of nanoparticles
and with the power density of the laser.

After exposed to 808 nm laser light for 5 min under power density of 0, 0.75, 1, and
1.5 W ecm™2, 4T1 cells were continually cultured for another 24 hours for testing their
viabilities. The results in Figure S13 show that the viabilities of 4T1 cells are similar
and above 90% after they were incubated with different concentrations of CS and CSA
nanoparticles (30 pg mL™! and 60 pg mL™!), and then irradiated without or with low
power intensity (0.75 W cm2). The temperature variation of cells is around 4 °C after
heating for 5 min. When the laser power intensity was increased to 1.0 W cm™2, the cell
viability decreased with the increase of concentrations of CS and CSA nanoparticles,
and only 50% cells survived after incubation with 60 ug mL~! CSA nanoparticles and
then following irradiation. The temperature variation of cells is between 4 °C and 10 °C
after heating for 5 min, depending on the concentration of nanoparticles. Further
increasing the laser intensity to 1.5 W cm™2, the cell viability drastically decreased,
particularly for the cells cultured with high concentration of CSA nanoparticles (60 pg
mL™1), and the survival rate is less than 5%. The corresponding temperature variation
of cells is between 8.5 °C and 16 °C.

The above results demonstrate that CSA nanoparticles exhibited better photothermal
conversion performance than CS nanoparticles, and could be used for in vitro ablation
of cancer cells. The suitable laser power intensity is 1.5 W cm™2 for ablation. The results

further demonstrate the significance of the formation of CSA heterostructures.
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As mentioned previously, CSA heterostructures are expected to significantly
improve the sensitivity of tumor cells towards X-rays. To reveal the synergetic
interactions of copper selenide and gold components in the heterostructure with X-rays,
the in vitro CT imaging performance of CSA, CS, Au, CS + Au mixture, and
commercial iopromide (I) is compared in Figure 3a, which shows their dependence of
CT values and images on concentrations. When their mass concentrations were varied
from 0 t0 0.5, 1, 2, and 4 mg mL !, the efficiencies of CSA, CS, Au, CS + Au, and I for
attenuation of X-rays were about 84.6, 34.7, 39.5, 34.1 and 37.7 HU Lg !, respectively,
which indicate the stronger interactions between CSA nanoparticles and X-rays in
comparison with I, CS nanoparticles, Au nanoparticles, and CS + Au mixture. The
better in-vitro CT performance of heterostructured CSA nanoparticles demonstrates the
synergetic effects of multi-components and the significance of growth of
heterostructures.

The overall X-ray attenuation coefficients (1) of CSA and CS nanoparticles can be
considered as the sums of the contributions of each element, and can be roughly
calculated by the following Egs. (1, 2):

UcuSes peautl.75 = 0.11pcy +0.30us, +0.59 4, (1)

Ucu, gose = 0.60uc, + 0.40uSe (2)
where uc,, s, and py, are the attenuation coefficients of Cu, Se, and Au. The calculated
coefficients are 3.55 m?g™! for CSA nanoparticles and 1.89 m?g~! for CS nanoparticles

for 60 keV X-rays. Their effective atomic numbers (Z) can be estimated by Egs. (3, 4):

7 =220+ 226230 + 17525 3) Z=
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21862204 + 282 @)

where Z¢,, Zs., and Z,, are the atomic numbers of Cu, Se, and Au. The calculated Z of
CSA and CS nanoparticles are 99.9 and 44.2, respectively. Obviously, both u and Z
of CSA heterostructures are much higher than those of CS nanoparticles, which proves
that the growth of Au on Cu,.,Se nanoparticles can enhance their attenuation to X-
rays. In addition, the Z of CSA heterostructures is also higher than Au nanoparticles,
although their x is slightly smaller than that of Au nanoparticles (4.26 m?g™").

The above higher X-ray absorption coefficients indicate they could serve as
radiosensitizer for radiotherapy. To further examine the radio-enhancement of CS, Au,
CS + Au mixture, and CSA nanoparticles, a colony formation assay was conducted.
4T1 cells were cultured with CS, Au, CS + Au mixture, and CSA nanoparticles (60 pg
mL™), and subsequently irradiated with 0, 2, 4, 6, and 8 Gy X-rays. The survival rates
(S) and pictures of cells, as shown in Figure 3b and Figure S14, exhibit a decreasing
trend with increasing dose of X-rays. When 4T1 cells are exposed to the same X-rays,
the survival rates of cells treated with nanoparticles are lower than those of the control
group without nanoparticles, and follow an order of Scsy < Sy < Scs < Scs+au < Seuni-
The surviving cells cultured with CSA nanoparticles are much less than those from
other groups. The dependence of S on the dose of X-rays can be described by Eq. (5):

S=1-(1-exp (—D/Dy)N (5)
S is the survival rate of cells at a given dose, D is the dose of X-rays, D, is the average
lethal dose of X-rays, which represents the sensitivity of cells to radiation, and N is an

indicator of cell self-repairing ability.
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The values of D, for cells from the control group without sensitizer, the CS group, the
Au group, the CS + Au group and the CSA group are 1.8, 1.7, 1.5, 1.78 and 1.1 Gy,
respectively, which means that CSA nanocrystals taken up by cells significantly
improve the sensitivity of the cells to X-rays. In addition, the sensitivity enhancement
ratio (SER), a very important parameter to assess the efficiency of radio-enhancement,
can be calculated by Eq. (6):
SER = D, (without sensitizer) / D, (with sensitizer). (6)

The SER values of CS nanoparticles, Au nanoparticles, CS + Au mixture, and CSA
nanoparticles are calculated to be 1.1, 1.2, 1.01, and 1.6, respectively, which
demonstrates the radioenhancement of CS nanoparticles has been significantly
improved after growth of Au nanoparticles.

It is well known that X-rays mainly damage DNA strands of cells, and y-H2A .x
analysis is commonly used to characterize such damage. Figure 3¢ illustrates the
damage to DNA strands of 4T1 cells treated with CS, Au, CS + Au mixture, CSA, X-
rays, CS + X-rays, Au + X-rays, CS + Au + X-rays and CSA + X-rays, respectively.
The images clearly show the drastic differences from the different treatments, with the
most serious DNA damage caused by X-rays in the presence of CSA nanoparticles.
These results further illustrate the synergetic effects of heterostructured CSA
nanoparticles rather than additive effect.

The apoptosis assay was performed by flow cytometry after 4T1 cells were incubated
with CS, Au, CS + Au, CSA nanoparticle solutions and irradiated with 6 Gy of X-rays.

As shown in Figure S15, X-ray irradiation could improve the apoptosis of cells after
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cultured with 60 pg mL™! of nanoparticle solutions, particularly for CSA nanoparticles
which can increase the apoptosis of 4T1 cells from 9.82% to 30.28% when 6 Gy X-rays
were applied. The apoptosis of cells cultured with CSA nanoparticles (30.28%) is much
higher than that obtained from the mixture of CS + Au nanoparticles (15.63%) due to
the enhanced sensitization.

The above results show that the CSA nanoparticles has an obvious improvement in
photothermal conversion and radio-enhancement, which illustrates their great potential
in PTT and RT. In order to prove whether PTT and RT have synergetic effects on tumor
treatment, the isobologram analysis is employed. As shown in Figure 3D and Table
S3, the inhibitory effect of PTT and RT on 4T1 cells is synergistic, evidenced by the
fact that data points in the isobologram are below the line of additive effect. In addition,
Figure S16 and Table S4 demonstrate the synergistic interactions on enhanced
anticancer efficacy between Au NPs and CS NPs.

The above synergetic interactions in CSA heterostructures suggest their advantages
in multimodal imaging and combined radiophotothermal therapy. Before the
PEGylated CSA nanoparticles are intravenously injected for these applications, it is
important to know their blood circulation time, which is essential for both imaging and
therapy of tumors. Therefore, the PEGylated CSA nanoparticles were injected into the
four healthy BALB/c mice through their tail veins. Their blood was collected at
different times after injection and digested with chloroazotic acid (HCl: HNO; = 3:1 by
volume), and then the copper contents were quantified by ICP-OES. The blood

circulation time was determined by fitting the time-dependent decay of the copper
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contents with a two-compartmental model. As shown in Figure S17, CSA nanoparticles
have a blood circulation time of about 3.4 h, which ensures their circulation and
accumulation in tumor for imaging and therapy.

For an exogenous material such as CSA nanoparticles, an important issue is their
immunological response after intravenous injection. 33 34 As blood contains a number
of immunological and metabolic indicators, blood analyses are usually preformed to
assess immunological responses and metabolism of CSA nanoparticles. Five groups of
healthy mice were administrated with PEGylated CSA solution through their tail veins
(the dose: 25 mg kg™!). Their blood was collected for analyses at different time intervals,
and there was no difference in the red blood cells (RBC), hemoglobin (HGB), mean
corpuscular volume (MCV), and hematocrit (HCT) (Figure 4a, b, ¢, d, respectively)
for the blood collected before and after administration of CSA nanoparticles. White
blood cells (WBC) (Figure 4e) gradually decreased in the first week after injection of
CSA nanoparticles, which illustrates that the body produced a certain stress
inflammatory response after administration of CSA nanoparticles. The level of platelets
(PLT) (Figure 4f) also decreased in the first three days and then gradually increased to
the normal level, which suggests that the body suffered from slight stress hypersplenism.
After 14 days of the injection, both WBC and PLT had recovered to around the normal
lever, indicating that the stress inflammatory response is not serious, and that it was
possible to recover to the normal situation by the self-repair of the body. Alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) are major indexes of

liver function, which are sensitive to damage to liver cells. Urea nitrogen (UREA) is
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the hallmark of renal function, which could reflect the renal damage situation. As shown
in Figure 4g, h, ALT turned out to have a higher level than normal on first day after
injection, and then it began to constantly decrease and recovered to normal at 14 days
post injection. AST was slightly higher than the normal lever in the first week post
injection, and it also recovered to the normal level after 14 days. This illustrates that,
although the accumulation of CSA in liver could induce a slight stress on the liver cells,
they could recover after a few days. In addition, the level of UREA (Figure 4i) was
almost the same as that of the control group, which suggests that the metabolism of
CSA nanoparticles has no side effects on renal function. The above results demonstrate
that low dose of heterogeneous PEGylated CSA nanocrystals (25 mg kg™!) couldn’t
induce irreversible damage to health. Their immune response could be minimized by
further surface modification.

To examine their performance in imaging of orthotopic tumor, BALB/c female mice
bearing 4T1 tumors at the second pair of breasts were administrated with PEGylated
CSA nanoparticles (200 pL, 2.5 mg mL™") through tail veins, and PA images of the
tumor were collected to indicate the accumulation of nanoparticles within tumor.
Figure Sa clearly shows a very weak PA signal in the tumor region before injection of
PEGylated CSA solution, and gradual enhancement to the maximum around 10 h post
injection. The maximal PA signal is nearly 3 times higher than that acquired before the
injection of the PEGylated CSA nanoparticles (Figure S18a). The results indicate the
dynamic accumulation and clearance of CSA nanoparticles within tumor, and the best

treatment time is around 10 h post injection of nanoparticles.
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As PA imaging has difficulty in quantifying nanoparticles accumulated within tumor,
highly sensitive SPECT/CT imaging was used. The PEGylated CSA nanoparticles were
efficiently labeled with the radioisotope *™Tc¢ to achieve a radiolabeling yield of 92%,
which ensures their excellent performance in SPECT/CT imaging. Figure 5b shows
typical SPECT/CT images of a tumor-bearing mouse acquired after administration of
9mTc-CSA nanoparticles. The tumor area marked by the white circle presents an
obvious gradual enhancement in signal, and the maximum was achieved at 8 h post
injection. After the end of the experiment, the major organs and tumor were harvested
from the mice for quantification of accumulated nanoparticles by counting y-rays
(Figure S18 b). The results show that the accumulation of CSA nanoparticles in the
tumor was 1.2% ID g! (injection dose per gram) after 24 h post injection, and most
CSA nanoparticles were accumulated in the liver and spleen due to their rich
phagocytes.

Both PA imaging and SPECT/CT imaging clearly show the accumulation of CSA
nanoparticles at tumor site, however, which were not sufficient for CT imaging. To
demonstrate their potential in in vivo CT imaging, a female mouse was inoculated with
two 4T1 tumors on the left and right breasts of the second pair, respectively. Then, the
same doses (30 mg kg ') of CSA and I solutions were intra-tumorally injected into the
left and right tumors, respectively. Compared with CT images obtained before and after
injection, the left tumor is much brighter than the right one in the CT image after the
injection of CSA and I solutions (Figure Sc-d), and their CT values were 809.4 and

103.1 HU, respectively. The three dimensional (3D) CT images also clearly show the
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enhancement after injection of CSA nanoparticles (Figure S19). The results
demonstrate the better performance of CSA nanoparticles than commercial iopromide
in CT imaging when sufficient CSA nanoparticles are accumulated within the tumor.
The above imaging results demonstrate the promise of heterostructured CSA
nanoparticles in multimodal imaging, which could combine their different advantages
to overcome the limitations of individual imaging and provide complementary
information for accurate diagnosis.

In addition to multimodal imaging, the previous in vitro results also demonstrate the
potential of CSA heterostructures serving as sensitizer for radiophotothermal therapy
of tumors. To demonstrate their feasibility, seven groups of 4T1-tumor bearing mice
respectively received different treatments, i.e., 1) injection of PBS solution (control
group), ii) injection of CSA nanoparticle solution (CSA group), iii) irradiation with X-
rays (RT group), iv) irradiation with an 808 nm NIR laser (PTT group), v) injection of
CSA nanoparticle solution and then irradiation with X-rays (CSA + RT), vi) injection
of CSA nanoparticle solution and irradiation with an 808 nm NIR laser (CSA + PTT),
and vii) injection of CSA nanoparticles and then irradiation with X-rays and an 808 nm
NIR laser (CSA + PTT + RT group). Compared with mice injected with PBS solution,
the tumor temperature of mice injected with PEGylated CSA nanoparticles could
rapidly rise to 60 °C within 10 min after irradiation with an 808 nm laser (1.5 W cm™?)
(Figure 6a-b). The weights of mice and the sizes of the tumors were constantly
measured and recorded every two days. Figure S20 displays photographs of the mice

that received different treatments after different numbers of days, which shows that
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only the tumors from the mice in the CSA + PTT and CSA + PTT + RT groups were
ablated because of the excellent photothermal conversion and the synergy of
radiophotothermal therapy. The weights of mice from the control group and the other
treated groups were similar, and slightly fluctuated with the culture time (Figure 6c¢).
The variation in tumor volume in Figure 6d shows that the mice only injected with
CSA nanoparticles experienced the same trend as the control group. The relative tumor
volume of the mice treated with radiotherapy or photothermal therapy alone was
slightly smaller than that in the control group, which illustrates that RT and PTT could
mildly inhibit the growth of the tumors. Moreover, the antitumor efficacy of
photothermal therapy was better than that of radiotherapy. When the mice were injected
with CSA and irradiated with X-rays, their relative tumor volume became smaller than
that of the mice only irradiated with X-rays, proving the enhancement effect of CSA
nanoparticles on radiotherapy. The tumors of mice treated with radiophotothermal
therapy after injection of CSA nanoparticles were successfully ablated without relapse.

The relative survival rates can also reflect the difference in efficacy of various
treatments (Figure 6e). The relative survival rate of mice in the combined therapy
group was 100% (n =5), which proves the superior synergetic effects of radiotherapy
and photothermal therapy. The relative survival rate of mice in the CSA + PTT group
was 80%, which is higher than that in the CSA + RT group (40%). When compared
with the 100% survival rate of mice in the CSA + PTT + RT group, it becomes clear
that both PTT and RT have a certain antitumor effect. Only 20% of the mice from the

PTT treatment group survived, and none survived in the other three groups, which
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further verifies the excellence of CSA nanoparticles in synergetic radiophotothermal
therapy.

In order to further confirm the treatment efficacy, the major organs of mice from
each group were harvested and cut into slices for histochemical analysis through
staining with hematoxylin and eosin (H&E). Noticeable lung metastasis can be found
on the surface of lungs and their slices stained with H&E in the groups of mice treated
with PBS, CSA, RT, PTT, CSA + RT, and some lungs had lost their normal structure
(Figure 6f). Moreover, serious liver metastasis (Figure S21) from the original
subcutaneously inoculated tumor can also be found in the mice from several groups,
except for the CSA + RT + PTT group. It should be noted that although 80% mice in
the group of CSA + PTT were survived, there were some tumor metastases to lung and
liver in the 20% of dead mice in this group (Figure S22). The results demonstrate the
necessity of combined radiophotothermal therapy for successful treatment of a tumor

without metastasis by using CSA nano-heterostructures.

CONCLUSIONS

In summary, PEGylated copper selenide-gold hetero-nanocrystals were successfully
prepared by taking advantage of spontaneous redox reactions between copper selenide
nanoparticles and HAuCl, solution at room temperature. The resultant hetero-
nanostructures possess better performance in terms of photothermal conversion (y =
80.8 %) and attenuation of X-rays (86.1 HU Lg™), than the individual fragments and

their mixture due to the strong synergetic effects. These properties ensure their
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performance in simultaneously serving as a promising photothermal transducer and
radiosensitizer for multimodal imaging guided radiophotothermal treatment of
orthotopic breast cancer. Our work demonstrates that the hetero-nanostructures
engineered from high- and low Z elements could be a generation of theranostic agents
with enhanced radiosensitizing and photothermal performance through the synergetic

effects.

MATERIALS AND METHODS

Materials. Copper sulfate (CuSO,-5H,0), bovine serum albumin (BSA), and
chloroauric acid tetrahydrate (HAuCls-4H,0) were bought from Sinopharm Chemical
Reagent Co. Ltd. Selenium dioxide (SeO,) was purchased from Aladdin Chemistry Co.
Ltd. Vitamin C was obtained from Alfa Aesar Co. Ltd. Dimercapto-poly(ethylene
glycol) (HS-PEG-SH, MW = 5000) was purchased from Adamas Co. Ltd. All
chemicals were used as received without further purification.

Synthesis of Cu,,Se Nanocrystals and PEGylated Cu,,Se-Au Hetero-
nanocrystals. Cu,_Se nanoparticles were synthesized based on previous work with a
slight modification.>? 55 mL Milli-Q water (> 18 MQ-cm) and 16 mL BSA solution
(10 mg mL') were added into a round-bottomed flask, followed by addition of 1 mL
SeO, solution (0.2 M) and 3 mL Vitamin C solution (0.4 M). The mixture was stirred
for 15 min and turned red due to the reduction of SeO,, which means the formation of
Se nanoparticles. Meanwhile, freshly prepared CuSO4-5H,0 (1 mL, 0.4 M) solution

was rapidly mixed with Vitamin C solution (4 mL, 0.4 M) under vigorous stirring. The
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resultant green mixture was quickly poured into the Se solution to generate a dark
brown solution, which gradually turned deep green after reaction for 30 h at room
temperature, due to the formation of Cu,.,Se nanoparticles (NPs). The resultant
nanoparticles were centrifuged twice at 20000 rpm and washed with Milli-Q water to
get rid of extra BSA and Vitamin C.

The purified Cu,.,Se NPs were re-dissolved in 30 mL water, and then the HAuCl,
solution was added into it with a molar ratio of Cu,_,Se: HAuCl, =1: 0.75. After the
mixture was reacted for 3 h, the final products were centrifuged at 20000 rpm and re-
dispersed in Milli-Q water. Then, 0.05 g HS-PEG-SH was poured into the solution and
stirred for 6 h. The PEGylated Cu,.,Se-Au nanoparticles were purified by the similar
method, and then stored in fridge (4 °C) for later characterization and experiments.

Synthesis of Au Nanocrystals. HAuCl, solution (800 pL, 1 wt%) was mixed with
BSA solution (50 mL, 0.1 mg mL ') in a round-bottomed flask. The mixture was stirred
for 1 min and then 90 pL freshly prepared NaBH, solution was rapidly added under
vigorous stirring. The solution was quickly turn to claret-red solution. After reaction
for 1 h at room temperature, 0.03 g PEG-SH was added to modify the resultant Au
nanoparticles. The modified Au nanoparticles were separated by centrifugation at
20000 rpm and washed with Milli-Q water to remove the impurities.

Characterization. The UV-Vis-NIR absorbance was recorded on a PerkinElmer
Lambda 750 spectrophotometer. The morphology of nanoparticles was observed under
a FEI Tecnai G20 transmission electron microscope operating at 200 kV. The high-

resolution TEM images and STEM-EDS spectra were captured with a JEOL ARM-
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200F operating with an EDAX solid-state X-ray detector at 200 kV. The crystal
structure of nanoparticles was determined by a Shimadzu XRD-6000 X-ray powder
diffractometer equipped with Cu Ko, radiation (4 = 0.15406 nm). X-ray photoelectron
spectroscopy (XPS) was used to characterize the valence states of elements, and was
conducted with a Thermo Scientific Sigma Probe instrument, which uses Al Ko X-ray
radiation and fixed analyzer transmission mode.

To examine the photothermal performance of heterogeneous CSA nanocrystals,
different concentrations (0, 7.3, 14.5, 29, 58, and 116 ug mL™!) of CSA solutions were
prepared and heated with an 808 nm laser (0.75 W ¢cm 2, 10 min). An infrared thermal
imaging camera (FLIR, A65) was applied to record the change of temperature. The
photothermal stability of CSA nanoparticles was also examined by heating and cooling
for 5 cycles. For each cycle, 808 nm laser (0.75 W ¢cm™2) was turned on to heat the CSA
solution for 10 min and then switched off to allow naturally cooling to room
temperature.

To calculate its photothermal conversion efficiency (), a diluted CSA solution was
irradiated by an 808 nm laser (0.75 W cm2, 9 min). The solution was cooled after
switching off the laser. Meanwhile, the CS solution was also prepared and similarly

irradiated with the laser to compare their #, which was obtained according to the Egs.

(7,8,9):
mx C* (Tmax_Tsurr)
=" a—10 %, )
—t
Ts = Te (8)
T — Tsur
0= Fre =Ty ©
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Where m is the mass of nanoparticle solution, which is 1 g here, c is the specific heat
capacity of water (4.2 J g1), T, is the highest temperature of the solution sample and
T, 1s the room temperature (A7= T, - Tsur). The calculated AT values of the CSA
and CS solutions were 28.3 °C and 23.6 °C, respectively. A4 is the absorbance of the
sample at 808 nm, which is 0.28 for both CSA solution and CS solution. z,is the system
time constant of the sample (413.7 s for CSA and 390.0 s for CS). ¢ is the cooling time.
T is the temperature of the solution during the cooling process. According to the above
equations, the photothermal conversion efficiencies of the CSA and CS nanoparticles
were calculated to be 80.8% and 71.7%, respectively.

To distinguish the synergetic effect and additive effect in the CSA heterostructures,
7 nm Au nanoparticle solution and a mixture of CS and Au nanoparticles in the same
ratio as in the CSA heterostructures (refer to as CS + Au) were used as control for the
photothermal conversion experiments. The concentrations of Au nanoparticles and the
mixture of CS and Au nanoparticles are 22 pg mL™! and 47 ug mL™!, respectively. An
808 nm NIR laser (0.75 W cm™2) was used to heat these two solutions for 9 min, and
then turned off to allow the solutions naturally cooling to room temperature. The
photothermal conversion efficiencies () of Au nanoparticles and CS + Au mixture
were calculated to be 47.1 % and 59.0 %.

Cytotoxicity Assays. The cytotoxicity of the PEGylated CSA and PEGylated CS
nanocrystals was assessed by the standard 3-(4,5dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. 4T1 cells were planted into 96 well plates

(~8000 cells per well) and incubated in Roswell Park Memorial Institute (RPMI) (1640)
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medium at 37 °C in a 5% CO, atmosphere for 24 h. Then different concentrations (0,
5, 10, 20, 40, 80, 160 ug mL™!) of CSA, CS and Au nanoparticles were added after
removal of the RPMI (1640) medium, and the cells were cultured for another day. After
that, MTT solution (100 pL, 0.5 mg mL™") was added into each well, and the cells were
cultured with MTT at 37 °C for 24 h. After removal of the MTT solution, dimethyl
sulfoxide (DMSO,100 pL) was used to dissolve the formed formazan crystals. The
relative viability of 4T1 cells was expressed by the relative absorbance at 570 nm.

To investigate the difference of toxicity of nanoparticles to tumor cells and normal
cells, 3T3 cells were also selected for incubation with CSA, CS, and Au nanoparticles
under the same conditions. The similar MTT assay was used to test the cell viability.

Photothermal Ablation of Cancer Cells. 4T1 cells were seeded in 12 well plates (2
x 10° cells per well) and cultured with PEGylated CSA and CS at concentrations of 0,
30, and 60 pg mL™!. Then, all the cells were irradiated with an 808 nm laser for 5 min,
under power density of 0, 0.75, 1, and 1.5 W cm 2, respectively. Then, a live/dead kit
was used to stain the live cells (green) and the dead cells (red), which can be
distinguished with a fluorescence microscope (Leica).

To quantify the survival rates and temperature variation of 4Tl1cells, they were
seeded in 96 well plates (8000 cells per well) and cultured with PEGylated CSA and
CS nanoparticles at concentrations of 0, 30, and 60 ug mL™!. Then, all the cells were
irradiated with an 808 nm laser for 5 min under power density of 0, 0.75, 1, and 1.5 W
cm 2, respectively. An infrared imaging camera was used to monitor temperature

variation of cells. After irradiation, the cell viability was assessed by the standard MTT
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assay.

Colony Formation. 4T1 cells were cultured with the same concentrations of CS
nanoparticles, Au nanoparticles, CS + Au mixture, and CSA nanoparticles (60 ug mL ™)
for 12 h, and subsequently irradiated with 0, 2, 4, 6, and 8 Gy X-rays. After incubation
for 12 days, the number of colonies, indicated by the staining of crystal violet, was
counted.

DNA Damage Detection. 4T1 cells were cultured with PEGylated CS, Au, CS + Au,
and CSA nanoparticles (60 ug mL™!) for 12 h, and then exposed to 6 Gy X-rays. The
supernatant was removed after 1.5 h, and the 4T1 cells were immersed in 4%
paraformaldehyde fixation for 15 min and then washed with PBS three times. After that,
the cells were treated with Triton X-100 for 30 min to damage their membranes. Then,
the cells were soaked in a blocking buffer (1% bovine serum albumin in tris-buffered
saline solution) for 1 h, and incubated with anti-histone YH2A.x mouse monoclonal
antibodies (diluted 1:500 with PBS) in the dark overnight at 4 °C, followed by washing
with PBS three times. The cells were further cultured with sheep anti-mouse secondary
antibody (diluted 1:2000 with PBS) for 2 h in the dark and then washed with PBS three
times. Finally, 10 uL Hoechst was used to stain the cells for 15 min, and the stained
cells were observed with the confocal microscope (PerkinElmer UltraViewVoX).

Apoptosis Assay. 4T1 cells were planted in 6-well plates with a concentration of 3
x 10° cells/well and cultured under the conditions of 37 °C and 5% CO, for 24 h. They
were then incubated with CS, Au, CS + Au, CSA nanoparticle solutions (60 pg mL ™)

for 12 h, respectively, and irradiated with X-rays at a dose of 6 Gy. After incubation for
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another 36 h, the cells were collected and stained with Annexin V/PI, and then analyzed
with flow cytometry.

Isobologram Analysis. A curve was plotted with the IC50 values of laser and X-
ray as the X- and Y-axes, respectively. The point in the isobologram represents the
power density of laser and dose of X-rays at the IC50 value of the combined treatment.
If the data point falls on the straight line, the interaction between laser and X-rays is an
additive effect. If the point lies above or below the straight line, it represents antagonism
or synergism effect, respectively.>

Blood Circulation Time. The blood circulation behavior of CSA nanoparticles in
healthy BALB/c mice were investigated by intravenous administration of PEGylated
nanoparticles. The blood was withdrawn from the mice at post injection 15 min, 30
min, 1 h,2h,4h,6h,8h, 12 h, 24 h, 48 h, and 72 h, and copper contents in the blood
were measured by ICP-OES after it was digested with chloroazotic acid (HCl: HNO; =
3:1 in volume).

Blood Routine and Biochemistry Assay. The blood routine and biochemistry assay
were performed with four groups of healthy mice (n = 4). Their blood was collected at
day 1, day 3, day 7, and day 14 after they were administrated with PEGylated CSA
solution through their tail veins. The blood was also withdrawn from another four mice
without injection of CSA nanoparticles as a reference. Red blood cells (RBC), white
blood cells (WBC), platelets (PLT), and blood indices, including hemoglobin (HGB),
mean corpuscular volume (MCV), hematocrit (HCT), total protein (TP), alanine

aminotransferase (ALT), aspartate aminotransferase (AST), and urea nitrogen (UREA),
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were examined to evaluate the immunity and metabolism situation.

Animal Model. Mice bearing 4T1 tumors were exografted through subcutaneous
inoculation of 4 x 10° cells in 50 pL PBS at the second pair of breasts. When the tumor
grew to ~ 100 mm?, the mice (BALB/c male mice, 5 weeks old) were used for CT
imaging, SPECT/CT imaging, photothermal therapy, radiotherapy, and combined
radiophotothermal therapy. The nude mice exografted with 4T1 tumors were used for
PA imaging. All animal experiments followed the protocols authorized by the Soochow
University Laboratory Animal Center.

Photoacoustic (PA) Imaging. The performance of CSA nanoparticles in PA
imaging was evaluated with a multispectral optoacoustic tomography scanner (MSOT,
iThera Medical). The in vitro imaging was performed with different concentrations of
CSA nanoparticle solutions (0, 6.25, 12.5, 25, 50, and 100 pg mL™"). The in vivo
imaging was carried out with a nude mouse bearing a 4T1 tumor. The pre-contrast
image of tumor was collected before the injection of PEGylated CSA nanoparticle
solution. The mouse was then intravenously injected with CSA nanoparticles and
scanned at 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, and 24 h post injection to show the dynamic
accumulation of nanoparticles at the tumor site.

CT Imaging. The performance of PEGylated CSA nanoparticles in CT imaging was
compared with PEGylated CS nanoparticles, Au nanoparticles, mixture of CS and Au
nanoparticles, and commercial iopromide in vitro. Their mass concentrations were
changed from 0 to 0.5, 1, 2, and 4 mg mL'. The in vivo CT imaging was conducted

with a BALB/c mouse bearing two similar sized tumors, which were intra-tumorally

30

ACS Paragon Plus Environment

Page 30 of 48



Page 31 of 48

oNOYTULT D WN =

ACS Nano

injected with same doses of CSA nanoparticles and I solutions. The CT images were
collected before and after injection of contrast agent. All the CT images were recorded
on an imaging system (MILabs, Utrecht, the Netherlands), which was operated with
615 mA tube current and 55 kV tube voltage.

SPECT-CT Imaging. 2 mCi **™Tc radionuclides (provided by Shanghai GMS
Pharmaceutical Co., Ltd.) were used to label the PEGylated CSA nanoparticles for
SPECT imaging. 200 pL (2.5 mg mL™!) PEGylated CSA nanoparticle solution was
added into a freshly prepared stannous chloride (SnCl,, 1 mg mL™! in 0.1 M HCI)
solution containing 2 mCi *™T¢ radionuclides, and reacted for 30 min under ambient
conditions. The mixed solution was ultra-filtrated to remove free °™Tc radionuclides,
and the purified ®™Tc labeled CSA nanoparticle solution was injected into an
anaesthetized BALB/c mouse bearing 4T1 tumor for SPECT/CT imaging, which was
recorded with the MILabs imaging system.

PTT/RT Therapy with CSA Nanoparticles. To evaluate the anti-tumor efficacy of
CSA nanoparticles, seven groups of 4Tl tumor-bearing BALB/c mice were
respectively treated under different conditions: 1) injected with 200 pL PBS (control
group), ii) injected with CSA nanoparticles (CSA group), iii) irradiated with X-rays
(RT group), iv) irradiated with an 808 nm NIR laser (PTT group), v) injected with CSA
nanoparticles and then irradiated with X-rays (CSA + RT group), vi) injected with CSA
nanoparticles and irradiated with the 808 nm NIR laser (CSA + PTT group), and vii)
injected with CSA nanoparticles and then irradiated with X-rays and the 808 nm NIR

laser (CSA + PTT + RT group). The concentration and volume of injected CSA
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nanoparticles were 2.5 mg mL™! and 200 uL, respectively. The power density and the
irradiation time used for PTT were 1.5 W cm2 and 10 min, respectively. 6 Gy X-rays
released with a rate of 1.01 Gy min™' were used for RT (Rad Source RS-2000 Pro).
During the treatment period, photographs of tumor-bearing mice were collected. The
weights and tumor volumes of the mice were also constantly measured and recorded
every two days.!! The survival of mice was recorded for 40 days after the treatment.
Histology Analysis. The major organs (i.e., heart, liver, spleen, lung, and kidney) of
mice from different groups were harvested and immersed in formalin. Then, the organs
were cut into slices and stained with hematoxylin and eosin (H&E). Their structure and

cell morphology were recorded with a Leica microscope (DM750).
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SPECT

Scheme 1. The application (left) and mechanism (right) of heterogeneous CSA
nanoparticles for PA/SPECT/CT multimodal imaging and synergistic
radiophotothermal therapy of cancer.

42

ACS Paragon Plus Environment

Page 42 of 48



Page 43 of 48 ACS Nano

oNOYTULT D WN =

M
-

30 — s —csA —_cs
—— PDF#06-0680  —— PDF#04-0754 — CSA

=
S
L

w
w
Intensity (a.u.)
=
2

Absorbance (a.u.)

=
=

37 20 50 60 80 400 600 800 1000
38 2-Theta (deg.) Wavelength (nm)

Figure 1. TEM images of (a) CS and (b) CSA nanoparticles, (c) HRTEM image with
44 magnified lattice fringes shown in the insets, (d) high-angle annular dark-field-
45 scanning TEM (HAADF-STEM) EDS elemental mapping images of CSA
nanoparticles, () XRD patterns of CS and CSA nanoparticles (PDF#06-0680: Cus,.,Se,
48 PDF#04-0784: Au), (f) UV absorbance spectra of CS (black) and CSA (red)
49 nanoparticles.
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Figure 2. (a) Photothermal stability of a CSA solution over five cycles of
heating/cooling processes in which the heating was performed by irradiation with a
808-nm NIR laser (0.75 W cm2), (b) photographs and (c) photothermal heating curves
of CSA solutions in different concentrations (i.e. 0, 20, 40, 80, and 160 pg mL™!)
irradiated by an 808 nm laser (0.75 W cm™2, 10 min), (d) in vitro PA images and signals
of CSA solutions in different concentrations under excitation by 680 nm light, (¢) in
vitro cytotoxicity of different concentrations of CSA nanoparticles to 4T1 cells and 3T3
cells, (f) live/dead images of 4T1 cells after they were cultured with CSA nanoparticles
in concentrations of 0, 30, and 60 pg mL™! and irradiated with an 808 nm laser for 5
min with a power density of 0, 0.75, 1, and 1.5 W cm™2, respectively.
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Figure 3. (a) In vitro CT images and signal intensities of CSA nanoparticles in
comparison with CS, Au, CS + Au nanoparticles and commercially used iopromide in
different concentrations, (b) survival rates of 4T1 cells treated with/without CS, Au,
CS + Au and CSA nanoparticles (60 ug mL™!) under different doses of X-rays (i.e., 0,
2,4, 6, and 8 Gy), (c) DNA damage to 4T1 cells irradiated with 6 Gy X-rays in the
presence or absence of CS, Au, CS + Au and CSA nanoparticles (60 ug mL™), (d)
isobologram analysis of the synergistic antiproliferative effect of laser and X-rays
applied to 4T1 cells after cultured with CSA nanoparticles. The data points in the
isobologram correspond to the growth inhibition ratio at 50% in the combined treatment.
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Figure 4. Blood routine examination of (a) red blood cells (RBC), (b) hemoglobin
(HGB), (¢) mean corpuscular volume (MCV), and (d) hematocrit (HCT), (e) white
blood cells (WBC), (f) platelets (PLT) after the mice were injected with CSA
nanoparticles. Blood biochemistry analyses of (g) alanine aminotransferase (ALT), (h)
aspartate aminotransferase (AST), and (i) urea nitrogen (UREA) from the mice injected
with CSA nanoparticles. The injected dose of CSA nanoparticles was 25 mg kg™!. All
the indicators were also examined from four mice without injection of CSA
nanoparticles and used as a reference.
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Figure S. (a) In vivo PA images of tumor acquired before and after intravenous injection
of PEGylated CSA solution (2.5 mg mL™!, 200 uL) into a mouse bearing a 4T1 tumor,
44 (b) in vivo SPECT/CT images of a4T1 tumor-bearing mouse obtained at different times
45 post injection of **™T¢ labeled CSA nanoparticle solution, (¢) in vivo CT images and
(d) signal intensities of 4T1 tumors after intratumoral injection of CSA nanoparticles
48 (left) and iopromide solution (right) with the same dose of 30 mg kg™! (*p < 0.05, **p
49 <0.001, ***p < 0.0001).

47

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Nano

— PBS
: —~ 214
5 604 — CSA )
s - - 25 i L A
St =
t & 214 —— PBS
A Z 504 = —— csA
+ £ > —— RT
- = y —— PTT
v E 404 : 74 —+— CSA +RT
¥} - - —+— CSA +PTT
< =—t+— (CSA +PTT +RT
0.
0 200 400 600 0 5 10 15 20 25
Time (s) e Time (Day)
o ——PBS \?
ot E18{ —Csa [ < l
: .E —:;J.:T ,3 80 At
B —
+ s ——CSA+RT % —s— PBS
g £ ——CSA+PTT = —e—CSA |
& E 94 ——CSA+PTT+RT E 404 —t— RT b
o = —v— PTT .l
- wn
A o —— CSA +RT +
£ Z —— CSA +PTT [ |
& g S 04 ——CSA+PIT+RT
o
0 6 12 18 24 0 7 14 21 28 35
Time (Day) Time (Day)

£ T RIE

PBS CSA RT PTIT

C

SA+PTT CSA+PIT+RT

Figure 6. (a) Infrared thermal images of tumor-bearing mice and (b) the temperature
curves of the tumor site after they were intravenously injected with CSA nanoparticles
(dose 2.5 mgmL1, 200 uL) and PBS, respectively, and then exposed to an 808 nm NIR
laser (1.5 W cm™2, 10 min); the variations in (c¢) weight, (d) relative tumor volume, and
(e) survival rates of mice from the different groups treated under different conditions;
(f) images of whole lungs of mice collected from different groups at the end of treatment
(top), and the corresponding lung slices stained with hematoxylin and eosin (H&E)

(bottom). (*p < 0.05, **p <0.001, ***p < 0.0001)
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