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ABSTRACT: To integrate photothermal ablation (PTA) with
radiotherapy (RT) for improved cancer therapy, we
constructed a novel multifunctional core/satellite nano-
theranostic (CSNT) by decorating ultrasmall CuS nano-
particles onto the surface of a silica-coated rare earth
upconversion nanoparticle. These CSNTs could not only
convert near-infrared light into heat for effective thermal
ablation but also induce a highly localized radiation dose boost
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to trigger substantially enhanced radiation damage both in vitro and in vivo. With the synergistic interaction between PTA and the
enhanced RT, the tumor could be eradicated without visible recurrence in 120 days. Notably, hematological analysis and
histological examination unambiguously revealed their negligible toxicity to the mice within a month. Moreover, the novel
CSNTs facilitate excellent upconversion luminescence/magnetic resonance/computer tomography trimodal imagings. This
multifunctional nanocomposite is believed to be capable of playing a vital role in future oncotherapy by the synergistic effects
between enhanced RT and PTA under the potential trimodal imaging guidance.

B INTRODUCTION

As a minimally invasive and harmless therapy approach, near-
infrared (NIR) laser induced-photothermal ablation has gained
a rapid development recently due to the minor attenuation and
favorable biosafety of NIR in tissues. Numerous photothermal
agents especially nanomaterials with strong absorbance of NIR
laser have been extensively explored to increase the photo-
thermal conversion efficiency and correspondingly, enhance the
thermal lethality in subcutaneous tumors.'~” Among them, Cu$S
nanoparticles (NPs) attracted particular attention because of
their low cost, low cytoxicity, and high photothermal
conversion efﬁc1ency8 1

However, though highly efficient photothermal agents have
been employed, the difficulties in controlling deep-located
tumors still remain as the intrinsic shortcoming of optical
therapy because of the inevitable depth-dependent decline of
laser intensity.'> Comparatively, radiotherapy (RT) uses high-
energy, highly focused radiation rays (generally X-ray and y-
ray) as virtual “knives” to kill cancer cells with no depth
restriction and invasiveness. Moreover, a local radiation dose
could be flexibly and effectively amplified by the introduction of
high-Z nanomaterials as radiosensitizers.">™* Among numer-
ous intensifiers, the Yb-based upconversion nanoparticle
(UCNP) is anticipated to be a very competent candidate
since it can not only enhance radiation dose due to the
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presence of high Z rare earth elements but also provide
multimodal imaging functions.”®>' Remarkably, the use of
these NPs will facilitate the collection of detailed and exact
information of a lesion, such as the location and outline of
tumors. More importantly, by loading these intensifiers into a
deep-located tumor to conduct nanomaterial-enhanced RT, a
greater local radiation dose could be generated and
concentrated on a tumor than that from RT alone without
additional radio-toxicity to surrounding normal tissues.
Therefore, the combination of nanomaterials-enhanced RT
with photothermal ablation (PTA) will offset the disadvantage
of PTA alone on the deep-seated tumor. More excitingly, PTA
used as hyperthermia can in turn serve as an effective strategy
for radiotherapy sensitization and bring a strong synergistic
effect to conquer the inherent drawbacks of RT: (1) A high RT
therapeutic effect cannot be achieved on S-phase cells which are
considered as the least radiation-sensitive ones in the cell
replication cycle and hypoxic cells with a serious negative effect
on the tumor’s response to RT. Encouragingly, all these radio-
resistant cells are very sensitive to the lethal effects of
hyperthermia;**** (2) An appropriate level of hyperthermia
could increase intratumoral blood flow and subsequently
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Figure 1. Characterization of the CSNTs. (a) Schematic of a CSNT for enhanced RT/PTA synergistic therapy. UCNP cores are used to enlarge the
local radiation dose for the enhanced RT, and CusS satellites are responsible for converting the 980 nm laser into heat for PTA. The combination of
PTA and CSNT-enhanced RT could give rise to a strong synergistic effect and then construct a RT/PTA synergistic system. (b—e) Transmission
electron microscopic images of (b) UCNP, (c) UCNP@SiO,—NH,, and (d, ) CSNT at different magnifications. (f) Element mappings (F, Si, and
Cu, respectively) of CSNTs. (g) UV—vis—NIR absorption spectrum of UCNP@SiO,—NH, and CSNT.

improve oxygenation status in the tumor, which will
consequently result in the considerably increased cell sensitivity
to radiation therapy;** (3) The repair of the nonlethal damage
from RT might be effectively suppressed by hyperthermia.”®
Therefore, the integration of PTA and nanomaterials-enhanced
RT could effectively combine mutual advantages together while
offsetting their corresponding disadvantages, generate a strong
synergistic effect, and then give rise to much greater antitumor
efficacy than the two treatments alone or even the projected
sum of the two treatments. However, how to construct such a
composite system efliciently integrating the two therapeutic
modalities remains a great challenge.

In this study, we developed a new type of multifunctional
nanotheranostic with silica-coated rare-earth upconversion
nanoparticles (NaYbF,: 2%Er**/20%Gd** @SiO,—NH,) as
the core and ultrasmall CuS NPs as the satellites for synergistic
RT/PTA therapy, which has not been investigated to date.
Such core/satellite nanotheranostics (CSNTs) of 45 nm in
diameter on average could produce significant amounts of
cytotoxic heat upon 980 nm laser excitation and simultaneously
could serve as radiosensitizers to generate dose-enhancement
effects of RT by the high Z elements (Yb, Gd, and Er)
contained in UCNPs, which would result in remarkable in vitro
cell damage and in vivo tumor regression. Complete eradication
of tumor tissue without late recurrence could be achieved by
the RT/PTA synergistic therapeutic effect. A simulation
experiment demonstrates that CSNT-enhanced RT could assist
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PTA in eliminating deep-seated tumors. The in vivo systemic
toxicity of CSNTs examined by hematological and histological
analysis in major organs did not show any signs of adverse
effect to mice within one month. Furthermore, UCNP itself as
a natural imaging nan grobe endows CSNT with several
imaging modalities,”**"? such as upconversion lumines-
cence (UCL), magnetic resonance (MR), and computer
tomography (CT), which indicates the great potential for an
early cancer diagnosis and multimodal image-guided tumorous
therapeutic alliance in the future.

B EXPERIMENT SECTION

In Vitro PTA. 3-(4,5-Dimethylthiazol-2-yl)-2, 1S-diphenyltetrazo-
lium bromide (MTT) assay was used to quantitatively investigate
photothermal cytotoxicity of CSNTs in vitro. Hela cells were
incubated with different concentrations of 0, 150, 300, and 600 ug/
mL of CSNT for 4 h, and then excess CSNTs were removed by PBS
washing. Then, a 980 laser (1.5 W/cm?) was used to irradiate the cells
for S min, and the cells were then incubated for another 20 h. Cell
viability was determined by MTT assay.

In Vitro CSNT-Enhanced RT. Hela cells were seeded into a 96-
well cell-culture plate at 10°/well and then incubated for 24 h at 37 °C
under 5% CO,. DMEM solutions of CSNTs with different
concentrations of 0, 150, 300, and 600 pg/mL were added to the
wells and coincubated for another 4 h. Excess CSNTs were removed
by PBS washing, followed by 6 Gy of X-ray radiations and incubated
20 h again. Cell viability was determined by MTT assay.

In Vitro CSNT-Enhanced RT/PTA Synergistic Effect. DMEM
solutions of CSNTs at the concentrations of 600 ug/mL were
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Figure 2. (a) Concentration-dependent temperature increases of CSNT solutions (980 nm, 1.5 W/cm? § min). (b) The X-ray radiation dose-
enhancement effect was assessed by polymer gel experiments. The variation of MRI-T), signal intensity was related to the change of radiation dose.

RT experiments were conducted at the constant dose of 6 Gy.

coincubated with cells for 4 h at 37 °C under 5% CO,, and then excess
CSNTs were removed by PBS. Cells were exposed to the 980 laser
(1.5 W/cm?) for 5 min and incubated for 30 min (PTA treatment),
followed by 6 Gy of X-ray radiations in S min (RT treatment) and
incubation again for 20 h. Cell viability was determined by MTT assay.
The projected additive value was calculated by multiplying the viability
of cells from PTA by the viability of the cells with CSNT-enhanced RT
treatment.

In Vivo RT/PTA Synergistic Therapy on a Subcutaneous
Tumor Model Injected with CSNTs. All animal experiments were
conducted under protocols approved by the Fudan University
Laboratory animal center. Tumors were induced by subcutaneous
implantation of 1.5 X 10° 4T cells suspended in 150 uL of phosphate
buffered saline (PBS) into the right shoulder of each female Balb/c
mouse. When the tumor volume reached ~ 75 mm?® the tumor
therapy was performed as follows: (1) PBS alone; (2) CSNT alone;
(3) NIR alone; (4) RT alone; (5) CSNT + RT; (6) CSNT + NIR; (7)
CSNT + RT + NIR. A dosage of CSNT (1.4 mg/mL, 150 uL) was
intratumorally administrated into the mice in group 2, S, 6, and 7.
After 1 h, the mice received the treatment of RT for the group S and
the irradiation of 980 nm laser for 8 min for the group 6 in the tumor
site, respectively. The CSNT-loaded mice in group 7 received the RT
treatment at 30 min after the exposure of 980 nm laser. Tumor sizes
were measured every 2 days after treatment using a vernier caliper, and
the whole process lasted 16 days. Tumor growth inhibition (TGI) was
calculated with the formula: TGI (%) = 100 X (R, — R,)/R,, where R,
is the relative tumor volume of the group 1 and R, is the relative tumor
volume of the nth group. Another five groups of mice (CSNT; RT;
CSNT+RT; CSNT+NIR; CSNT+RT+NIR) were subject to NIR/RT
treatments similar to the above experiment 3 h after intravenous
injection (21.4 mg/mL, 150 uL). The tumor volume of each mouse
was also measured by vernier caliper every other day.

B RESULTS AND DISCUSSION

Synthesis and Characterization of CSNT. This multi-
functional CSNT was prepared by a simple water-in-oil reverse
microemulsion strategy and subsequent electrostatic adsorption
technique between positively charged UCNP@SiO,-NH, and
negatively charged citrate-stabilized CuS NPs (section 1 in the
Supporting Information). In this structure, the UCNP inner
core is mainly responsible for augmenting the radiation dose of
RT owing to the high Z value rare earth elements (Yb, Gd, and
Er) and UCL/MR/CT trimodal imaging while Cu$ satellites
were employed as photothermal agents to increase photo-
thermal conversion efficacy (Figure la). The poly(ethylene
glycol) (PEG) was finally grafted to prevent aggregations
among the particles and impart excellent water-solubility and

biocompatibility.'">**™3* As indicated in the transmission

electron microscopy (TEM) images, the products obtained
after each synthetic step show an excellent dispersity and
uniformity in both morphology and dimension with an ultimate
average diameter of 45 nm (Figure 1b—d and Figure Slab in
the Supporting Information). The core—satellite structure
could be clearly seen in the high-magnification TEM and
STEM (scanning transmission electron microscopy) images
(Figure le and Figure Slc in the Supporting Information).
Energy dispersive spectroscopic (EDS) element mappings of F,
Si, and Cu were further performed to investigate the
distribution of various components (Figure 1f). The results
show that CuS satellites could be firmly attached and well
distributed on the surface of UCNP@SiO,—NH, core owing to
the beneficial electrostatic adsorption. The appearance of the
broad absorption peak, the increase in the hydrodynamic
diameter (from S$8.8 to 74.9 nm) and the decline of zeta
potentials (from +28.6 mV to —10.5 mV) in the preparation
process prove the effective adherence of the CuS NPs on the
cores (Figure 1§ and Figure Sld,e in the Supporting
Information).'®*"** The variations of the characteristic func-
tional groups in FT-IR spectra are also indicative of the
successful silica coating and PEG modification (Figure SIf in
the Supporting Information).”’ The luminescence spectrum
displays three characteristic emission peaks located at 519 nm
(2H11/2_’4115/2); 538 nm (453/2 _’4115/2); and 652 nm (4F9/2
—%5/,) from CSNTs under 980 nm laser irradiation (Figure
Slg in the Supporting Information), providing a favorable basis
for the cellular localization. The Yb/Si/Cu weight ratio was
ultimately determined by inductively coupled plasma atomic
emission spectroscopy (ICP—AES) to be 1:0.7:0.59.

In Vitro CSNT-Enhanced RT/PTA Synergistic Therapy.
Through the adherence of CuS satellites, CSNTs are endowed
with the distinct photothermal conversion performance. As
shown in the temperature variation curve, the temperature
increased remarkably when CSNT solution was exposed to 980
nm laser (power: 1.5 W/cm?) for S min, in contrast with only a
slight temperature variation in the pure water (Figure 2a),
suggesting that the NIR laser had been transformed into heat
by the CSNTs. Moreover, the impact of CSNT on the radiation
dose was investigated using MRI-mediated polymer gels
dosimetry.®® It was found that the two gel groups with
CSNTs displayed visible gray (T,-signal) due to the presence of
Gd** while the darker gray appears in the CSNT plus RT
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Figure 3. (a) Quantitative analysis of the cell viability with CSNTs at varied concentrations with or without NIR-laser irradiation and RT. (b)
Synergistic therapeutic effect of Hela cells that have taken up CSNTs subjected to RT, PTA, and the combined RT/PTA treatments. The projected
additive value is calculated by multiplying the cell viability of CSNT+RT group by the cell viability of the CSNT+NIR group. Statistical analysis was
performed using the Student’s two-tailed ¢ test (*P < 0.05). All PTA experiments on the cellular level were performed under the same condition
(980 nm, 1.5 W/cm?, S min). RT experiments were conducted at the constant dose of 6 Gy.
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Figure 4. In vivo CSNT-enhanced RT/PTA synergistic therapeutic effects of tumor-bearing mice intratumorally injected with CSNTs. (a) Time-
dependent tumor growth curves of different groups of mice with various treatments. In all experiments, the power density of 980 nm NIR-laser and
the radiation dose used for RT were kept constant at 1.5 W/cm? and 6 Gy, respectively. The significant difference between groups 4 and 5 at day 8
and beyond after the treatments widened gradually, indicating the effectiveness of CSNT-enhanced RT. Statistical analysis was performed using the
Student’s two-tailed ¢ test (*P < 0.0S, **P < 0.01 and ***P < 0.001). (b) The photographs of mice in 30, 60, 90, and 120 days of treatment (group
7) showing the complete eradication of the tumor and no visible recurrences of the tumors in at least 120 days.

(Figure 2b), indicating that the presence of CSNTs in gels considerable CSNT-enhanced RT/PTA synergistic effect in

contributed significantly to the radiation energy deposition and vitro (Figure 3b).

subsequent dose enhancement. On the basis of the above In Vivo CSNT-Enhanced RT/PTA Synergistic Therapy.
satisfactory results, we further assessed the applicability of Encouraged by the favorable in vitro results, we further
CSNTs as photothermal agents and radiosensitizers on a investigated the feasibility of CSNTs in in vivo RT/PTA
cellular level using 3-(4,5-dimethylthiazol-2-yl)-2,15-diphenyl- synergistic cancer therapy by intratumoral injection. Herein,
tetrazolium bromide (MTT) assay. Quantitative evaluation Balb/c mice bearing subcutaneous 4T, murine breast cancer
showed that more than 87% of the cells treated with CSNTs tumors were randomly divided into seven groups (n = 7)
alone at a high concentration of 600 ug/mL are still alive. receiving specific treatments as follows: (1) PBS alone; (2)
However, the percentage greatly declines to 63% after the cells CSNT alone; (3) NIR alone; (4) RT alone; (5) CSNT + RT;
received irradiation of the nontoxic NIR-laser (980 nm, 1.5 W/ (6) CSNT + NIR; (7) CSNT + RT + NIR. The animal survival
cm?, 5 min). Likewise, after combinational treatments of CSNT status and the variation of relative tumor volume were
(0.6 mg/mL) and RT, the cell viability dropped to 68.9% monitored over time (Figure S2 in the Supporting Information
compared to 86.7% of RT alone. These results well and Figure 4a). At 16 days after treatment, comparable growth
demonstrate the suitability of CSNTs as efficient photothermal rates were found in groups 1, 2, and 3 with relative tumor
converters and radiosensitizers (Figure 3a). To illustrate the volume (V/V,) of 62 + 047, 5.9 + 043, and 6.0 + 04,
presence of the synergistic effect between RT and PTA, we respectively, indicating the negligible effect by the single
treated the cancer cells engulfing CSNTs by 980 nm laser utilization of either CSNT or NIR-laser (1.5 W/cm?) on the
irradiation for S min prior to RT. It was found that cell viability progress of tumor growth (Table S1 in the Supporting
could substantially decrease to 29.6%, which was 53% lower Information). Remarkably, the tumor in group 6 shows a
than that of PTA alone, 57% lower than that of CSNT- serious burn and a considerable tumor growth inhibition (TGI)
enhanced RT alone, and even 31.8% lower than the projected of 79% (V/V, = 1.3 & 0.42), reflecting the potential of CSNTs
additive value (43.4%, *P = 0.0401),** strongly confirming the as photothermal agents in vivo, which is additionally confirmed
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Figure S. Simulation experiments of treating interior tumors deep under the skin with PTA alone. (a) Schematics of experiment design in vivo. (b)
Representative gross photographs of the mouse receiving a single intratumoral injection (1.4 mg/mL, 150 uL) at various time points (10, 16, and 30
day) after irradiation of 980 nm laser (8 min) at the power density of S W/cm?.

Heart Liver

15 Day
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Figure 6. H&E-stained tissue sections from mice to monitor the histological changes in liver, spleen, heart, kidney, and lung of mice receiving single
intravenous injection of PBS (control, 150 uL) or 10.5 mg/kg (150 uL for each mouse) of CSNT followed by dissections in 3, 15, and 30 days

postinjection.

by the infrared thermal mappings (Figure S3 in the Supporting
Information). With respect to RT, the distinct difference
between groups 4 and S reveals that compared to RT alone
(group 4, TGI = 38.7%, V/V, = 3.8 + 0.5), the combination of
RT and CSNTs could achieve more significant tumor growth
control (group S, TGI = 62.9%, V/V, = 2.3 £ 0.51, **¥P =
0.0004 versus group 4), demonstrating that CSNTs played an
important role in increasing the efficacy of RT. To prove the
synergistic effect between CSNT-enhanced RT and PTA in
vivo, we treated tumor-bearing and CSNT-injected mice using
980 nm laser and RT successively (group 7). As shown, the
tumor was thoroughly eradicated in four days without later
recurrence during a prolonged period up to 120 days (Figure
4b). By comparison, the tumor in CSNT+RT (group S) only
exhibited a decelerated growth pattern rather than evident
shrinkage, probably attributable to the limited radiation dose
enhancement and the existence of radio-resistant cells. The
PTA (group 6) also resulted in only about a half tumor

contraction in four days compared to the original tumor
volume. On the basis of these obvious discrepancies, it is
assumed that PTA could initially kill some superficial cancer
cells as well as radio-resistant hypoxic cells and S-phase cells,
but in the meantime also benefit the oxygenation of the residual
cells, leaving them relatively radio-sensitive and then easily
killed by RT.**7>**° Therefore, the synergistic effect could be
ultimately brought into full play, resulting in the complete
eradication of the tumor. Moreover, histological changes of
tumor tissues collected at three days after the corresponding
treatments were examined by hematoxylin and eosin (H&E)
staining. The results show that treatment with CSNT + NIR
and CSNT + RT could cause more evident tumor damage, such
as irregular widening of intercellular space, than corresponding
NIR-laser alone and RT alone. The most significant tumor
destruction was achieved by the treatment of CSNT + RT +
NIR, consistent with the inhibition results of tumor growth
rate, further demonstrating the distinct CSNT-enhanced RT/
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Figure 7. (a) The blood levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) as liver function markers. (b) Blood urea
nitrogen (BUN) and (c) creatinine (CRE) levels in the blood marking kidney functions. The two markers show no significant difference,
demonstrating little side effect of CSNTs on liver and kidney. (d—i) The complete blood panel data from healthy control and treated mice: (d) white
blood cells, (e) platelets, (f) red blood cells, (g) hematocrit, (h) mean corpuscular volume, (i) hemoglobin.

PTA synergistic effect (Figure S4 in the Supporting
Information). The potential various treatment-induced in vivo
side effects, a great concern in the biomedical field, were also
assessed by measuring the weight of mice in each group every
two days until the end of the experiments. It was found that the
body weight of mice in groups 4, S, and 7 slightly declined
within the initial four days after the treatments, then recovered
and kept gradually increasing. In 16 days, neither significant
weight loss relative to the original weight nor any abnormal
behavior was observed in all groups (Figure S5 in the
Supporting Information), indicating that the treatments had
not brought about a significant in vivo side effect, which was
very essential for ensuring a good living standard.

Simulation Experiment. To simulate the treatment of
interior tumors deep under the skin, we covered tumors with a
S-mm thick pork tissue and meanwhile kept the NIR-laser
power density at 1.5 W/cm® on the surface of the tumor by
tuning the power density of the incident laser on the outer side
of pork tissue to be as high as S W/cm® This shows a more
than 3-fold attenuation of laser intensity after penetrating S-mm
thick tissue (Figure Sa). Subsequently, the pork was removed
and the follow-up experiment was carried out in the same way
as that in group 6 except for the increased power density
(maintained at 5 W/cm?). Under this condition, we found the
tumor could be thoroughly eliminated (Figure Sb), which was
in striking contrast with the partial damage of the tumor in
group 6 under 1.5 W/cm?®. This demonstrates that, in spite of
providing a good therapeutic effect to the subcutaneous tumor
under the presence of CSNTs, the power density of 5 W/cm?
of PTA alone is still not sufficient to treat the interior tumor
about 5 mm under the skin due to the inevitable depth-
dependent power attenuation. However, inspired by the
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foregoing satisfactory anticancer results in group 7, it is
expected with confidence that through the introduction of
CSNT-enhanced RT, the complete eradication of the interior
tumor tissue that is situated up to 5 mm under the skin could
be achieved at an incident laser power density of 5 W/cm?,
which throws light on the potential of CSNT-enhanced RT/
PTA synergistic therapy to deal with the deep-seated tumors.
The present demonstration indicates that though the under-
skin depth here is only S mm, in the future, the concept of the
synergistic therapy will be highly favorable in the fight against
interior tumors.

Toxicity assessment in Vivo. To investigate whether
CSNT resulted in any detrimental effect, we further carried out
hematoxylin and eosin (H&E) staining, blood chemistry, and
complete blood panel analysis for healthy mice 3, 15, and 30
days after a single intravenous injection of CSNTs at a dosage
of 10.5 mg/kg (150 uL for each mouse). Fortunately, no
noticeable tissue damage and adverse effect to various organs
could be observed from the hematoxylin and eosin (H&E)
staining (Figure 6). There is also no visible significant variation
of blood parameters over time between the treatment groups
and the control in blood chemistry and complete blood panel
analysis (Figure 7). These results offer a preliminary proof that
CSNTs at the given dose hardly cause any in vivo toxicity effect.

UCL/CT/MR Trimodal Imaging. Cellular uptake experi-
ments were performed to assess the ability of cellular uptake
and applicability of CSNTs in UCL imaging. The results testify
that CSNT's can be well taken up by endocytosis, gather in the
cytoplasm, and emit strong fluorescence under excitation
(Figure S6 in the Supporting Information). CT images were
acquired using varied concentrations of CSNTs in deionized
water and showed sharp signal enhancement at the increased
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concentrations of CSNTs (Figure S7a in the Supporting
Information). The feasibility of CSNTs as in vivo CT contrast
agents was certified by the notable brightness difference
between the treatment and control group in tumor regions
(Figure S7b in the Supporting Information). Ty- and T»-
weighted MR images of CSNTs display the concentration-
dependent brightening and darkening effects, respectively
(Figure S8a in the Supporting Information). It should be
pointed out that apart from the main role played by Gd, with
seven unpaired electrons, in the increasing T)-weighted MR
contrast effect of CSNTs, the assistant effect from the CuS
satellites ascribed to the presence of Cu** with one unpaired
electron should not be neglected. This effect may be
demonstrated by the concentration-dependent signal enhance-
ment of the single CuS aqueous solution, as was first reported
in this study (Figure S8b in the Supporting Information). The
remarkable T- and T,-weighted contrast enhancements in the
tumor area evidence the capability of simultaneous T,- and T)-
weighted imagings of CSNTs in vivo (Figure S9 in the
Supporting Information).

To sum up, CSNTs could be an effective trimodal diagnostic
tool from the cellular scale to the whole body scale, which may
provide a promising platform for image-guided therapy in the
future.

The Assessment of Potential Medical Application by
Intravenous Administration. To be more close to practical
application, we conducted in vivo tumor MR imaging studies by
the intravenous injection of CSNTs. The results display
distinguishable lighting and darkening effects in the tumor 1.5
h after injection, with the T}- and T,-weighted signal values
increased by 29.1% and decreased by 17.5%, respectively
(Figure S10 in the Supporting Information). This evidence
verifies that CSNTs could be successfully delivered into a
tumor by blood circulation via passive targeting for enhanced
T)- and T,-weighted imagings.

Next, we extended the investigation to examine the CSNT-
enhanced RT/PTA synergistic effect by intravenously injecting
CSNTs. Actually, there have been many regorts about cancer
drug delivery via passive accumulation.”*>'%*® Here, our
results show that the tumors of mice intravenously injected
with CSNTs could be clearly suppressed by RT or NIR
treatment, while the most significant inhibition was found on
mice subjected to NIR and RT combinational treatment, which
undoubtedly should be ascribed to the passive targeting of
CSNTs in tumor tissue and the favorable RT/PTA synergistic
effect (Figures S11, S12, and S13 and Table S2 in the
Supporting Information). However, as expected, the complete
elimination of a tumor could not be achieved by intravenous
injection because of inadequate accumulation of the CSNTs in
the tumor. This demonstrates the urgent demand to further
improve and optimize the nanomaterials to be more favorable
for their transformation into clinical applications.

B CONCLUSION

A multifunctional nanotheranostics has been constructed as the
first example of integrating nanomaterial-enhanced RT, PTA,
and UCL/MR/CT trimodal imagings together. The in vitro
and in vivo results show that (1) NIR laser could be absorbed
by CSNTs and transferred into considerable amounts of local
thermal energy for cancer cell ablation, showing the
applicability of CSNTs as photothermal agents; (2) the
presence of high Z elements (Yb, Gd, and Er) in CSNTs
could cause a large local radiation dose-enhancement around

the NPs, demonstrating that CSNTs could also be used as
radiosensitizers; (3) the CSNTs integrating CuS NPs and
UCNTP by electrostatic adsorption act as highly efficient carriers
for a strong RT/PTA synergistic effect, which makes a great
contribution to the tumor eradication. Although such an
excellent curative effect is established on the strategy of
intratumoral injection, the concept of RT/PTA synergistic
therapy has been undoubtedly confirmed to be highly efficient.
More importantly, subsequent treatments by intravenous
injection also show a very distinct therapeutic effect, which
clearly demonstrates the future application potentials of the
RT/PTA synergistic therapy of CSNTs; (4) UCL/MR/CT
trimodal imagings could be simultaneously performed with this
multifunctional nanotheranostic, which lay the groundwork for
the image-guided therapy in the future. Moreover, no
significant harm could be observed in both in vitro and in
vivo toxicity studies, indicating its good biocompatibility. We
believe that this research offers the first proof of concept for the
integration of the nanomaterial-enhanced RT/PTA, together
with UCL/MR/CT trimodal bioimagings. In the future, this
integration is expected to produce a powerful platform for the
multimodal image-guided therapeutic alliance with significant
therapeutic effect.

More promising is that UCNP itself as a multifunctional
matrix could play an important role in many detection and
therapeutic protocols, such as intracellular sensin§ of temper-
ature,”’ NIR-induced photodynamic (PDT),***** and NIR-
controlled drug release.**”** Alternatively, CuS nanoparticles
alone could also achieve the integration of a diagnosis like
photoacoustic tomography®> and photothermal-induced in-
telligent drug delivery. Therefore, the further functionalization
based on CSNTs could undoubtedly bring more attractive
diagnosis and therapy strategies.
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