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Diagnostic Radionuclides Labeled on Biomimetic
Nanoparticles for Enhanced Follow-Up Photothermal
Therapy of Cancer

Xuan Yi,* Mengling Shen, Xinpei Liu, Jingyu Gu, Zewei Jiang, Lixing Xu, and Kai Yang*

Imaging-guided local therapy is the most effective strategy to treat primary
cancers in patients. However, the local therapeutic effect should be further
improved under the premise of absence of induction of additional side effects.
It would be meaningful to analyze the potential assistance of nuclear imaging
to the follow-up treatments. In this study,cancer-targeted copper sulfide
nanoparticles with 99mTc labeling (99mTc-M-CuS-PEG) are prepared
using-cancer cell membranes as a synthesis reactor and applied for the
potential single-photon emission computed tomography/photoacoustic
imaging-guided and 99mTc-amplified photothermal therapy of cancer. Owing
to the homologous targeting capability of the cancer cell membrane,
M-CuS-PEG selectively accumulates in homologous tumor sites. After labeling
with 99mTc, M-CuS-PEG with a high near-infrared light absorbance can realize
bimodal imaging-guided photothermal therapy of cancer. Furthermore, the
labeled 99mTc significantly enhances the cell uptake of M-CuS-PEG by
inducing G2/M arrest of the cell cycle, further improving the photothermal
antitumor effect, which is positively correlated with endocytosis of the
photothermal conversion reagent. Therefore, a novel cancer-targeted
theranostic nanoplatform is developed and it is revealed that the labeled 99mTc
can not only guide but also amplify the subsequent therapy of cancer,
providing a conceptual strategy for cancer theranostics with a high biosafety.

1. Introduction

Cancer characterized by high morbidity and mortality is a seri-
ous threat to the human health, particularly for geriatric patients
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with underlying diseases.[1] Imaging-
guided local cancer treatments have been
widely applied to eliminate primary can-
cers and prevent their further spread.[2–10]

Among them, a clinical trial of photother-
mal therapy (PTT) for cancer based on
silica–gold-shell nanoparticles has been
reported.[11] However, the PTT effect
should be further improved under the
premise of absence of additional side
effects.[12,13] To improve the accuracy of
the treatment and avoid side effects on the
surrounding normal organs, various imag-
ing techniques are usually used to guide
the PTT.[14–16] As a diagnostic radionuclide,
99mTc with gamma ray (photon energy:
140 keV) emission could be chelated on
diversified probes, realizing an ideal single-
photon emission computed tomography
(SPECT) imaging of cancer after systemic
administration.[17–20] Therapeutic X-rays
(photon energy: 160 keV), as a represen-
tative type of ionizing radiation, increase
the cell uptake of various nanoparticles
even at a dose of 1 Gy because of radiation-
induced G2/M arrest of the cell cycle and
overexpression of caveolin-1, which is an

endocytosis-associated protein of nanoparticles.[21,22] Using this
strategy, X-rays with an energy of 160 keV would optimize the de-
livery of the drug-carrying nanoparticles both in vitro and in vivo,
achieving a perfect cancer treatment.[21–23] Therefore, in addition
to the guidance of treatments, it is important to evaluate whether
99mTc labeled on nanotheranostics could improve the follow-up
PTT with a high biosafety, which has not been studied carefully
to the best of our knowledge.

Moreover, owing to their high enhanced permeability and re-
tention (EPR) in cancer tissues and multifunctional integration,
nanoparticles with a high photothermal conversion have been
widely applied for cancer theranostics.[12,24] Among them, cop-
per sulfide (CuS) nanoparticles with a high biocompatibility have
been widely used for tumor photoacoustic (PA) imaging and
PTT under laser irradiation in both near-infrared (NIR) regions I
and II, which can be obtained easily in aqueous solutions.[25,26]

Moreover, CuS nanoparticles can be prepared on various bi-
ological templates, including various proteins, providing dif-
ferent biological properties such as biocompatibility, versatil-
ity, and radionuclide chelation capability.[27,28] Protein-containing
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membranes derived from cancer cells possess homologous tar-
geting capacity to cancer owing to a large number of adhesion
molecules with homologous adhesion domains (N-cadherin,
galectin-3, epithelial cell adhesion molecules, etc.) on the mem-
brane surface.[29–31] Thus, nanoparticles camouflaged by cancer
cell membranes have realized in vivo delivery of various imaging
probes, chemotherapeutic drugs, photosensitizers, and radiation
sensitizers, with large advantages in the multifunctional thera-
nostics of cancer.[32–34]

In this study, CuS nanoparticles were developed using a can-
cer cell membrane as the template, and then labeled with 99mTc
for SPECT/PA imaging-guided and autoamplified PTT of can-
cer. An adequate cell membrane was collected from the can-
cer cells incubated and proliferated in vitro, and then mixed
with copper chloride and sodium sulfide, yielding cancer-cell-
membrane-coated CuS nanoparticles. After labeling with 99mTc,
the prepared membrane-coated CuS nanoparticles could realize
the SPECT/PA imaging-guided mild NIR-II PTT of the homol-
ogous tumor. Furthermore, although the labeled 99mTc did not
increase the tumor accumulation of CuS nanoparticles, 99mTc en-
hanced the cancer cell uptake of nanoparticles both in vitro and in
vivo by inducing G2/M arrest of the cell cycle, further improving
the efficiency of PTT. Therefore, our study produced a cancer-
targeted theranostic probe and aimed to investigate the diagnos-
tic radionuclide 99mTc-guided and-assisted PTT of cancer, which
will provide a new conceptual strategy for cancer theranostics.

2. Results and Discussion

In this study, CuS nanoparticles grown on a membrane (M-
CuS) were prepared according to a published protocol with mi-
nor modifications.[20] Briefly, during the synthesis, sodium cit-
rate was replaced by a cancer cell membrane to coat CuS nanopar-
ticles at 37 °C. As shown in Figure 1a, cancer cells, including
mouse breast cancer cells 4T1 and mouse colon cancer cells
CT26, proliferated to obtain abundant cancer cell membranes.
The protein content of the membrane was quantified using a
bicinchoninic acid assay. In contrast to precipitation formation
after mixing copper chloride and sodium sulfide, 4T1-M-CuS
nanoparticles with an excellent water solubility could be ob-
tained by adding these two reaction precursors into the cancer
cell membrane (10 mg of protein), further reflecting the sta-
bilization and dispersion effect of the cell membrane on the
formed nanoparticles (Figure S1a,b, Supporting Information).
Transmission electron microscopy (TEM) images showed that
the 4T1-M-CuS nanoparticles were uniformly distributed with
a size of ≈20 nm (Figure 1b; Figure S1a,b, Supporting Infor-
mation). Moreover, compared to the naked CuS, 4T1-M-CuS ex-
hibited low-contrast substances around the CuS nanoparticles
in the high-angle annular-dark-field scanning transmission elec-
tron microscopy images, indicating the existence of a cell mem-
brane on the surface of 4T1-M-CuS (Figure S2, Supporting In-
formation; Figure 1b). The lattice fringes of 4T1-M-CuS showed
that the d-spacing was ≈0.30 nm, corresponding to the (102) lat-
tice plane, demonstrating the formation of CuS nanoparticles
(Figure 1c). Additionally, UV–vis spectroscopy of 4T1-M-CuS,
sodium-citrate-coated CuS (Cit-CuS), and pure cancer cell mem-
brane (4T1-M) revealed similar absorption features of 4T1-M-
CuS and Cit-CuS at wavelengths of 600–1200 nm, further in-

dicating the existence of CuS (Figure 1d). The existence of dif-
ferent membrane proteins in 4T1-M-CuS was further confirmed
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) of 4T1-M-CuS, Cit-CuS, and 4T1-M. Although the
brightness of the protein bands in the SDS-PAGE of 4T1-M-CuS
was low, the protein bands of 4T1-M-CuS were the same as those
of 4T1-M (Figure S3, Supporting Information).

To further improve the biocompatibility of 4T1-M-
CuS, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)]-2000 (DSPE-PEG2000) was
selected to modify these nanoparticles, yielding PEGylated 4T1-
M-CuS (4T1-M-CuS-PEG) nanoparticles. The hydrodynamic
sizes of the nanoparticles, including the cancer cell membrane
(4T1-M), PEGylated 4T1-M (4T1-M-PEG), 4T1-M-CuS, and
4T1-M-CuS-PEG, were measured by dynamic light scattering.
The growth of CuS and PEG modification could reduce the
hydration particle size of M, likely because the rigidity of the
membrane was changed (Figure S4, Supporting Information).
In contrast to 4T1-M-CuS, the PEGylated 4T1-M-CuS nanopar-
ticles maintained a uniform size of 30 nm in physiological
solutions including water, phosphate-buffered saline (PBS), cell
medium, and fetal bovine serum (Figure S5a,b, Supporting
Information). In addition, considering the carboxyl-rich protein
and CuS with a high NIR absorbance in the single nanopar-
ticle, the as-prepared 4T1-M-CuS-PEG nanoparticles could be
labeled by the diagnostic radionuclide 99mTc and exhibited a high
photothermal conversion efficiency. The Cu loading efficacy of
99mTc-4T1-M-CuS-PEG was measured to be 81.74% ± 9.57%
by inductively coupled plasma-atomic emission spectrometry
(ICP-AES). The 99mTc labeling efficacy of 99mTc-4T1-M-CuS-PEG
was measured to be 89.43% ± 3.06% using a gamma counter.
As shown in Figure 1e, the radionuclide-99mTc-labeled 4T1-M-
CuS-PEG nanoparticles exhibited an excellent radiolabeling
stability after incubation with PBS and mouse serum at 37 °C
for 1 day. Moreover, 99mTc-4T1-M-CuS-PEG retained the various
membrane proteins after PEGylation and 99mTc labeling (Figure
S6, Supporting Information). The hydrate particle sizes of the
99mTc-4T1-M-CuS-PEG and 99mTc-CT26-M-CuS-PEG nanopar-
ticles remained the same after 7 days, suggesting their high
stabilities (Figure S7, Supporting Information). In addition, the
high absorbance of 4T1-M-CuS-PEG in the wavelength range
of 600–1200 nm indicated that 4T1-M-CuS-PEG could be used
as a PA contrast agent and photothermal reagent (Figure 1f,g;
Figure S8, Supporting Information). Notably, 4T1-M-CuS-PEG,
even at low concentrations, could significantly heat the solution
under the exposure of a 1064 nm laser (Figure 1g; Figure S8,
Supporting Information).

Further, the effects of the cancer cell membrane and 99mTc
on the uptake of M-CuS-PEG nanoparticles were investigated
in vitro by flow cytometry and confocal microscopy. The poten-
tial cytotoxicities of free 99mTc, 4T1-M-CuS-PEG, and 99mTc-4T1-
M-CuS-PEG were tested using the methyl thiazolyl tetrazolium
(MTT) assay. All three reagents exhibited no obvious toxicity to
the homologous cells at 40 µg mL−1 of CuS and 200 𝜇Ci mL−1

of 99mTc (Figure 2a). The membranes collected from two differ-
ent types of tumor cells (4T1 and CT26) as the template were
then applied to prepare M-CuS-PEG to obtain 4T1-M-CuS-PEG
and CT26-M-CuS-PEG, respectively. Three different cell lines,
4T1, CT6, and mouse fibroblast cells (NIH-3T3), were incubated
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Figure 1. Preparation and characterization of 99mTc-labeled M-CuS-PEG nanoparticles. a) Schematic illustration of 99mTc-4T1-M-CuS-PEG nanoparticles.
b,c) TEM images (b) and HRTEM images (c) of 4T1-M-CuS nanoparticles. d) UV–vis absorbance of 4T1-M, Cit-CuS, and 4T1-M-CuS. e) The radiostability
of 99mTc-4T1-M-CuS-PEG after incubation in PBS or serum (n = 3). f) PA imaging and quantitative curve of the PA intensity of 4T1-M-CuS-PEG with
different concentrations (n = 3). g) Infrared thermographic images of 4T1-M-CuS-PEG with different concentrations after continuous 1064 nm laser
irradiation (0.5 W cm−2).

with Cy5.5-4T1-M-CuS-PEG or Cy5.5-CT26-M-CuS-PEG at the
same fluorescence intensity for 6 h. The cellular uptake of these
nanoparticles was then measured by flow cytometry. Similar to
the results in the previous study, the cancer cell membranes pos-
sessed tumor-homologous targeting ability. A higher endocytosis
of M-CuS-PEG for homologous tumor cells was observed (Fig-
ure 2b; Figure S9, Supporting Information). 4T1 cells incubated
with Cy5.5-4T1-M-CuS-PEG or Cy5.5-99mTc-4T1-M-CuS-PEG at
the same Cy5.5 fluorescence intensity for the appointed time
were collected for the flow cytometry assay. The cell uptake of
the nanoparticles was positively correlated with the incubation
time. 99mTc labeled on the nanoparticles could further enhance
the uptake of CuS nanoparticles (Figure 2c).

Previous studies demonstrated that 160 keV X-ray radiation
could significantly enhance the endocytosis of various nanoparti-
cles through the G2/M arrest of the cell cycle and overexpression

of caveolin-1.[19–21] In this study, radionuclides 99mTc could emit
gamma rays with a photon energy of 140 keV, which was close
to the energy of the above tested X-rays. Therefore, the poten-
tial change in the cell cycle triggered by 99mTc labeled on 4T1-
M-CuS-PEG was investigated to explain the mechanism of the
above-mentioned phenomenon. The 4T1-M-CuS-PEG nanopar-
ticles could effectively transport 99mTc into the cell, resulting
in a stronger radiation effect on treated cells than that of free
99mTc (Figure 2d). The cycles of the cells treated with PBS, 4T1-
M-CuS-PEG, free 99mTc, and 99mTc-4T1-M-CuS-PEG were also
tested by flow cytometry. Both free 99mTc and 99mTc-4T1-M-CuS-
PEG induced G2/M arrest. The effect of 99mTc-4T1-M-CuS-PEG
was more significant (Figure 2e; Figure S10, Supporting Infor-
mation). In addition, compared to cells incubated with 4T1-M-
CuS-PEG, cells incubated with 99mTc-4T1-M-CuS-PEG exhibited
higher Cy5.5 intensities in the cytoplasm under the confocal
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Figure 2. In vitro experiments. a) The relative viabilities of 4T1 cells incubated with different concentrations of free 99mTc, 4T1-M-CuS-PEG and 99mTc-
4T1-M-CuS-PEG. b) Flow cytometric profiles of the 4T1 cells, CT26 cells, and NIH-3T3 cells after 6 h incubation with Cy5.5-4T1-M-CuS-PEG or Cy5.5-
CT26-M-CuS-PEG. c) The enhanced cell uptake of 4T1-M-CuS-PEG triggered by 99mTc labeled on nanoparticle. d) The cell uptake of 99mTc after 24
h incubation with free 99mTc or 99mTc-4T1-M-CuS-PEG. e) The cell cycle distribution of cells after 24 h incubation with 4T1-M-CuS-PEG, free 99mTc or
99mTc-4T1-M-CuS-PEG. f) The relative viabilities of 4T1 cells incubated with free 99mTc, CT26-M-CuS-PEG, 4T1-M-CuS-PEG, 99mTc-CT26-M-CuS-PEG, and
99mTc-4T1-M-CuS-PEG under 1064 nm laser irradiation (0.5 W cm−2, 8 min). g) Schematic illustration of autoamplified PTT based on 99mTc-M-CuS-PEG
nanoparticles. Statistical analysis was performed using the Student’s two-tailed t-test (n = 3,*P < 0.05, **P < 0.01, ***P < 0.001).

microscope (Figure S11, Supporting Information). Such en-
hanced cell uptake was expected to assist in the photothermal
therapeutic effect of the CuS nanoparticles. We then evaluated
the relationship between therapeutic effects and cell uptake. The
cells incubated with 4T1-M-CuS-PEG were irradiated by a 1064
nm laser (0.5 W cm−2, 8 min) at different incubation time points,
ensuring the different cell uptake of 4T1-M-CuS-PEG when the
laser was induced (Figure 2c). After 30 h of incubation, the cell vi-
ability in all groups was tested by the MTT assay. The PTT capac-
ity of 4T1-M-CuS-PEG was positively correlated with the cell up-
take of 4T1-M-CuS-PEG (Figure S12, Supporting Information).

In this manner, different reagents, including free 99mTc, CT26-M-
CuS-PEG, 4T1-M-CuS-PEG, 99mTc-CT26-M-CuS-PEG, and 99mTc-
4T1-M-CuS-PEG, were used to conduct PTT of 4T1 cells. The cell
killing ability of PTT depended entirely on the cell uptake of M-
CuS-PEG (Figure 2g). The autoamplified PTT based on the 99mTc-
M-CuS-PEG nanoparticles is summarized in Figure 2f.

Motivated by the excellent antitumor photothermal treatment
outcome realized by 99mTc-M-CuS-PEG under the 1064 nm laser
exposure in vitro, in vivo SPECT/PA imaging and 99mTc-amplified
PTT of cancer were then carried out in a tumor-bearing mouse
model. Bilateral tumor-bearing mice (4T1 tumor on the right and
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Figure 3. In vivo behaviors of 99mTc-M-CuS-PEG. a) The schematic diagram of SPECT/CT imaging of mice injected with 99mTc-M-CuS-PEG. b) SPECT/CT
imaging of tumors-bearing mice (4T1 tumor on the right side and CT26 tumor on the left side) after i.v. injection with 99mTc-4T1-M-CuS-PEG or 99mTc-
CT26-M-CuS-PEG taken at the different time points post injection. c) The blood circulation of 99mTc-4T1-M-CuS-PEG or 99mTc-CT26-M-CuS-PEG. d)
The biodistribution of 99mTc-4T1-M-CuS-PEG or 99mTc-CT26-M-CuS-PEG measured at 1 d post injection. Statistical analysis was performed using the
Student’s two-tailed t-test (n = 3,*P < 0.05, **P < 0.01, ***P < 0.001).

CT26 tumor on the left) were prepared. Bioluminescence imag-
ing and histological analysis were performed to exclude the in-
fluence of metastasis on the SPECT/PA imaging of mice (Fig-
ure S13a,b, Supporting Information). To verify the homologous
targeting of M-CuS-PEG, 99mTc-4T1-M-CuS-PEG or 99mTc-CT26-
M-CuS-PEG were intravenously (i.v.) injected into the bilateral
tumor-bearing mice. The SPECT imaging of these mice was
recorded at the appointed time after the injection of M-CuS-PEG
using a small animal SPECT/CT imaging system (Figure 3a).
Although 4T1-M-CuS-PEG and CT26-M-CuS-PEG were coated
with different cancer cell membranes, they exhibited similar in
vivo biodistributions in the reticuloendothelial system (RES), in-
cluding the liver and spleen, and sufficient tumor accumulation
owing to the EPR effect (Figure 3b). Moreover, the comparison of

the SPECT images of 4T1 tumors and CT26 tumors planted on
the same mice showed that 4T1-M-CuS-PEG tended to accumu-
late in 4T1 tumors, while CT26-M-CuS-PEG tended to accumu-
late in CT26 tumors, indicating the homologous tumor-targeting
ability of M-CuS-PEG.

Further, the blood circulation and biodistribution of 99mTc-
M-CuS-PEG in 4T1/CT26-bearing mice were measured. Blood
samples were collected from mice i.v.-injected with 99mTc-4T1-M-
CuS-PEG or 99mTc-CT26-M-CuS-PEG and their radioactive inten-
sities were measured using a gamma counter at different time
points. The 99mTc radioactivity in the blood of the tested mice de-
creased gradually, following a classical two-compartment model.
Furthermore, the first- and second-phase blood circulation half-
lives of 99mTc-4T1-M-CuS-PEG (t1/2𝛼 = 0.30 ± 0.16 h, t1/2𝛽 =
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Figure 4. In vivo PA imaging and PTT based on 99mTc-M-CuS-PEG. a) PA imaging of tumors-bearing mice (4T1 tumor on the right side and CT26 tumor
on the left side) after i.v. injection with 4T1-M-CuS-PEG or CT26-M-CuS-PEG taken at the different time points post injection. b) The quantitative analysis
of PA signals intensity of tumors bearing on nanoparticle-injected mice. c) Infrared thermography images of 4T1 tumor-bearing mice exposed to a
1064 nm laser for 8 min (0.5 W cm−2). d) The confocal images of the tumors collected from the mice i.v. injected Cy5.5-4T1-M-CuS-PEG or Cy5.5-99mTc-
4T1-M-CuS-PEG. Statistical analysis was performed using the Student’s two-tailed t-test (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001).

7.38 ± 1.97 h) were similar to those of 99mTc-CT26-M-CuS-PEG
(t1/2𝛼 = 0.28 ± 0.18 h and t1/2𝛽 = 6.68 ± 0.49 h), reflecting the
long-time blood circulation of these nanoparticles (Figure 3c). We
also performed biodistribution measurements of 99mTc-4T1-M-
CuS-PEG and 99mTc-CT26-M-CuS-PEG nanoparticles after i.v. in-
jection. These two types of M-CuS-PEG nanoparticles exhibited a
high tumor accumulation. Notably, the nanoparticles coated with
cancer cell membranes could remarkably increase the tumor up-
take of M-CuS-PEG for homologous tumors, but not for other
types of tumors. The 4T1 tumor uptake of 99mTc-4T1-M-CuS-
PEG nanoparticles was measured to be 5.29% ± 0.89%ID g−1,
while the CT26 tumor uptake of this nanoparticle was 3.18% ±
0.38%ID g−1. Similarly, the CT26 tumor uptake of the 99mTc-
CT26-M-CuS-PEG nanoparticles was measured to be 4.19% ±
0.32%ID g−1, while the 4T1 tumor uptake of this nanoparticle
was 2.88% ± 0.27%ID g−1 (Figure 3d). Therefore, the 99mTc-
labeled M-CuS-PEG could be highly accumulated in the homol-
ogous tumor, realizing the perfect SPECT/CT imaging of cancer
and further guiding subsequent treatment.

Inspired by the excellent in-vivo behavior of 99mTc-M-CuS-
PEG, we detected the biodistribution of CuS through PA imag-
ing and PTT of cancer. Similar to the SPECT/CT images, the PA
images showed a high PA signal in the tumor tissues, which
was more obvious in the homologous tumor after injection of
4T1-M-CuS-PEG or CT26-M-CuS-PEG (Figure 4a,b). However,
comparison of PA imaging based on 99mTc-M-CuS-PEG or M-
CuS-PEG was not performed, because the mice treated with
99mTc-M-CuS-PEG could not be taken out of the radioactive area
according to regulations on laboratory management. Instead,
the photothermal imaging of 4T1-bearing mice treated with
PBS, 4T1-M-CuS-PEG, 99mTc-4T1-M-CuS-PEG, or 99mTc-CT26-
M-CuS-PEG was conducted under 1064-nm laser irradiation.
The tumors of mice i.v.-injected with M-CuS-PEG were heated
quickly. The temperatures of tumors in the 4T1-M-CuS-PEG-
treated mice (46.9 °C) or 99mTc-4T1-M-CuS-PEG-treated mice
(47.2 °C) were higher than that of tumors in 99mTc-CT26-M-CuS-
PEG-treated mice (42.5 °C) in 8 min (Figure 4c; Figure S14, Sup-
porting Information). The biodistribution of M-CuS-PEG in the
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Figure 5. In vivo PTT based on 99mTc-M-CuS-PEG. a) Tumor growth curves of mice with different treatments. Group 1: PBS. Group 2: 4T1-M-CuS-PEG
(5 mg kg−1 of CuS). Group 3: PBS + 1064 nm laser irradiation (0.5 W cm−2, 8 min). Group 4: free 99mTc (800 𝜇Ci of 99mTc per mouse). Group 5:
4T1-M-CuS-PEG + 1064 nm laser irradiation. Group 6: 99mTc-4T1-M-CuS-PEG + 1064 nm laser irradiation. Group 7: 99mTc-CT26-CuS-PEG + 1064 nm
laser irradiation. Five mice were used for each group. The tumor volumes were normalized to their initial sizes. b) The respective photos of the tumor
in each group after 14 days treatment. c) Average body weight of mice after various treatments indicated. Five mice were used in each group. Error bars
are based on standard errors of the mean (SEM). d) Representative micrographs of H&E and TUNEL stained tumor slices from mice with different
treatments collected at day 3. Statistical analysis was performed using the Student’s two-tailed t-test (n = 5,*P < 0.05, **P < 0.01, ***P < 0.001).

tumor-bearing mice was further tested using ICP-AES. Similar
to the radioactivity analysis, the mice bearing two types of tu-
mors (4T1 tumor on the right and CT26 tumor on the left) were
treated with 4T1-M-CuS-PEG or CT26-M-CuS-PEG at the same
dose of copper ions. At 24 h after the injection, the main or-
gans, including the heart, liver, spleen, lung, and kidney, and
two types of tumors were collected and their copper ion contents
were measured by ICP-AES. Consistent with the tumor accu-
mulation measured by 99mTc radioactivity, 4T1 tumors contained
more copper than CT26 tumors in the mice treated with 4T1-
M-CuS-PEG, while, in the CT26-M-CuS-PEG-treated mice, the
opposite trend was observed (Figure S15a, Supporting Informa-
tion). Additionally, there was no significant difference in tumor
accumulation between 4T1-M-CuS-PEG and 99mTc-4T1-M-CuS-
PEG, suggesting that 99mTc labeled on nanoparticles did not sig-
nificantly enhance the tumor accumulation of nanoparticles (Fig-
ure S15b, Supporting Information). However, under the irradi-
ation of labeled 99mTc, the cancer cell uptake of Cy5.5-99mTc-M-
CuS-PEG was significantly increased according to the flow cy-
tometry (Figure S16a,b, Supporting Information). Moreover, the
confocal images of tumor tissues collected from mice treated
with Cy5.5-M-CuS-PEG or Cy5.5-99mTc-M-CuS-PEG showed that
Cy5.5-99mTc-M-CuS-PEG was mainly distributed around the can-
cer cell nucleus (4′,6-diamidino-2-phenylindole (DAPI), dihy-
drochloride staining), suggesting that the uptake of 99mTc-M-
CuS-PEG was better than that of M-CuS-PEG (Figure 4d).

Encouraged by the enhanced cell uptake of M-CuS-PEG trig-
gered by the labeled 99mTc both in vitro and in vivo, we used 99mTc-
M-CuS-PEG as an autoamplified photothermal therapeutic agent

under 1064 nm laser irradiation at a low power density. The 4T1-
bearing mice were randomly divided into seven groups (five mice
per group). The groups included i) mice i.v.-injected with PBS,
ii) mice i.v.-injected with 4T1-M-CuS-PEG (5 mg kg−1 of CuS,
800 𝜇Ci per mouse), iii) mice i.v.-injected with PBS plus 1064
nm laser irradiation (power density: 0.5 W cm−2, 8 min), iv) mice
i.v.-injected with free 99mTc, v) mice i.v.-injected with 4T1-M-CuS-
PEG plus 1064 nm laser irradiation, vi) mice i.v.-injected with
99mTc-4T1-M-CuS-PEG plus 1064 nm laser irradiation, and vii)
mice i.v.-injected with 99mTc-CT26-CuS-PEG plus 1064 nm laser
irradiation. The tumor sizes and weights of mice were recorded
every other day. The tumors of mice in groups (i), (ii), (iii), and
(iv) were grown at similar speeds, indicating that 4T1-M-CuS-
PEG, free 99mTc, or laser irradiation alone induced no obvious
inhibition of tumor growth. Additionally, there was no signifi-
cant antitumor therapeutic effect of free 99mTc injection plus 1064
nm laser exposure (Figure S17a,b, Supporting Information). By
contrast, the M-CuS-PEG injection plus 1064 nm laser expo-
sure of the tumor could significantly inhibit the tumor growth.
Moreover, the photothermal therapeutic efficiency of 99mTc-4T1-
M-CuS-PEG was considerably higher than that of 99mTc-CT26-M-
CuS-PEG or 4T1-M-CuS-PEG, which was attributed to the tumor-
homologous targeting ability of M and enhanced cell uptake of
CuS under irradiation with labeled 99mTc (Figure 5a). At the 14th
day post injection, the tumors in all groups were collected and
photographed, further confirming the perfect therapeutic effi-
ciency of 99mTc-4T1-M-CuS-PEG plus 1064 nm laser irradiation
(Figure 5b). During the treatment, the weights of the mice did
not exhibit obvious changes (Figure 5c).
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Further, the mechanisms that led to the differentiated ther-
apeutic effect of the abovementioned treatments were detected
by hematoxylin–eosin (H&E) staining and terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) assay. In
the corresponding images of tumor slices, we observed a high
level of cell apoptosis, including karyopyknosis or broken nu-
cleus in H&E staining, and brown or black cells in the TUNEL
assay in the tumors treated with M-CuS-PEG plus laser irradia-
tion, but not in the other four control groups (Figure 5d). 99mTc-
4T1-M-CuS-PEG plus laser irradiation could cause the most note-
worthy cell damage among all treatments, demonstrating again
that 99mTc-4T1-M-CuS-PEG could be used in SPECT/PA imaging-
guided and autoamplified PTT of cancer.

Finally, complete blood panel analysis and blood biochemistry
tests were conducted to verify the biosafety of 99mTc-M-CuS-PEG.
Blood samples were collected from mice with or without 99mTc-
4T1-M-CuS-PEG treatment as much as possible. As shown in
Figure S18a of the Supporting Information, there was no signif-
icant difference between the treated group and control group in
all tested indicators, including a series of liver/kidney function
markers and blood cell classification. All measured data were
within the reference range of healthy mice, reflecting no obvi-
ous side effects induced by 99mTc-4T1-M-CuS-PEG nanoparticles.
Additionally, the major organs, including the heart, liver, spleen,
lung, and kidney, were collected from healthy mice and 99mTc-
4T1-M-CuS-PEG-treated mice for H&E staining; no noticeable
morphological changes in the cells or inflammatory exudation
were observed (Figure S18b, Supporting Information). In addi-
tion, the feces and urine of mice treated with 99mTc-4T1-M-CuS-
PEG were collected every day for one week. As shown in Figure
S19 of the Supporting Information, most 99mTc-4T1-M-CuS-PEG
could be excreted via feces and the accumulation of 99mTc-4T1-M-
CuS-PEG in the major organs, including the heart, liver, spleen,
lung, and kidney, was below 1%ID g−1 7 days after the injection.
Therefore, our as-prepared 99mTc-M-CuS-PEG could be used as
an excellent cancer theranostic agent without inducing signifi-
cant side effects.

3. Conclusion

M-CuS nanoparticles were obtained by preparing CuS on can-
cer cell membranes. High-resolution TEM and SDS-PAGE were
then applied to confirm the presence of CuS and membrane
proteins, respectively. M-CuS nanoparticles were noncovalently
modified with DSPE-PEG (2000), yielding a 30 nm monodis-
persed M-CuS-PEG in various physiological solutions. PEGylated
nanoparticles exhibited homologous cancer-targeting capability
both in vitro and in vivo, achieving an enhanced cell uptake or tu-
mor accumulation of M-CuS-PEG. Moreover, after M-CuS-PEG
was labeled with 99mTc, the endocytosis of this nanoparticle was
further increased owing to the changed cell cycle induced by
gamma ray exposure in cell and animal experiments. SPECT/PA
bimodal imaging was conducted for the localization diagnosis of
cancer, further guiding the follow-up treatment of tumors. The la-
beled 99mTc could significantly improve the cancer photothermal
therapeutic efficiency of the M-CuS-PEG nanoparticles at a low
power density of the 1064 nm laser irradiation because of the en-
hanced cell uptake induced by ionizing radiation. Finally, 99mTc-
M-CuS-PEG was demonstrated to be safe for the treated mice.

Therefore, M-CuS-PEG nanoparticles with diagnostic radioiso-
tope labeling were developed and used for SPECT/PA imaging-
guided and 99mTc-amplified PTT of cancer, providing an efficient
strategy for local tumor therapy and further promoting the devel-
opment of nanomedicine.

4. Experimental Section
Materials: Copper(II) chloride dihydrate (CuCl2·2H2O), tin(II) chlo-

ride (SnCl2), and sodium citrate dihydrate (C6H5Na3O7·2H2O) were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). Sodium sulfide (Na2S)
was obtained from J&K Scientific. DSPE-PEG (2000) was obtained from
Xi’an Ruixi Biological Technology Co. Ltd. Roswell Park Memorial Institute
1640 (RPMI-1640) and fetal bovine serum were obtained from Gibco BRL
(Eggenstein, Germany). Na99mTcO4 was purchased from Shanghai Xinke
Pharmaceutical Co. Ltd. Other reagents and organic solvents were of an-
alytical grade and were used as received.

Collection of Cancer Cell Membrane: 4T1 cells or CT26 cells were nor-
mally cultured in 1640 medium containing 10% fetal bovine serum. Af-
ter reaching ten dishes of cells, they were digested and collected in PBS-
containing ethylene diamine tetraacetic acid. The cells were precipitated
by centrifugation at 1000 rpm and washed three times with PBS. Mem-
brane protein extraction reagent A containing phenylmethanesulfonyl fluo-
ride was added to the collected cell precipitates in an ice box, following the
manufacturer’s instructions. After 15 min, a liquid-nitrogen–room temper-
ature freezing–thawing cycle was repeatedly carried out three times. Cell
aggregates were removed by centrifugation at 1000 rpm for 10 min. The
supernatant was collected and centrifuged at 14 800 rpm for 30 min. The
final precipitate was the cell membrane. The cell membrane was dissolved
in a precooled PBS and stored at 4 °C for subsequent experiments.

Synthesis of M-CuS-PEG Nanoparticles: The above-mentioned mem-
brane (10 mg of protein) was dissolved in 100 mL of deionized water and
stirred for 15 min at 37 °C. 14 mg of copper chloride and 7.8 mg of sodium
sulfide were successively added to the solution and stirred for 6 h. M-CuS
nanoparticles were obtained by centrifugation at 8000 rpm for 10 min. To
modify M-CuS with PEG, 10 mg of DSPE-PEG (2000) was mixed with the
above-mentioned nanoparticles. After an ultrasonic treatment for 30 min
and overnight stirring, the excess DSPE-PEG was removed by centrifuge
filtration through Amicon filters (molecular weight cut-off = 100 kDa). The
as-prepared M-CuS-PEG was placed in a 4 °C refrigerator and used for the
next experiments within one week.

Labeling: To label 99mTc onto M-CuS-PEG, 10 mCi of Na99mTcO4 and
stannous chloride solved in HCl (200 µL, 0.1 m) were mixed and stirred
for 30 min. An M-CuS-PEG solution (5 mL, 0.2 mg mL−1) was then added
to the mixed solution for another 30 min. 99mTc-M-CuS-PEG was purified
by ultrafiltration (100 kDa) three times to remove free 99mTc. To evaluate
the radiolabeling stability of 99mTc-M-CuS-PEG, 10 µL of 99mTc-M-CuS-PEG
was mixed with 990 µL of PBS or serum at 37 °C. The detached 99mTc was
collected by ultrafiltration (MD = 100 kDa), and then measured using a
gamma counter.

Cell Uptake of M-CuS-PEG: To investigate the cellular uptake of M-
CuS-PEG nanoparticles, 4T1, CT26, or NIH-3T3 cells preseeded in six-well
plates at a density of 2 × 105 cells per well were incubated with 10 µg
mL−1 Cy5.5-4T1-M-CuS-PEG or Cy5.5-CT26-M-CuS-PEG nanoparticles at
the same Cy5.5 intensity. After 6 h of incubation, the cells were washed
with PBS three times and collected for flow cytometry.

To detect the effect of 99mTc on the uptake of M-CuS-PEG nanoparticles,
4T1 cells preseeded in six-well plates at a density of 2 × 105 cells per well
were incubated with 10 µg mL−1 Cy5.5-4T1-M-CuS-PEG or Cy5.5-99mTc-
4T1-M-CuS-PEG (200 𝜇Ci/mL 99mTc) nanoparticles at the same Cy5.5 con-
centration. At the appointed time, cells were washed and stained with
DAPI for confocal imaging (FV1200, OLYMPUS, Japan) and flow cytom-
etry (FACS Verse, BD, USA).

MTT Experiments: To test the in vitro cytotoxicity, 4T1 cells at a density
of 8000 cells per well were preplanted into 96-well plates. After different
treatments, the cell viability was measured by the MTT assay. First, the
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cytotoxicities of 4T1-M-CuS-PEG, free 99mTc, or 99mTc-4T1-M-CuS-PEG
were tested after 24 h of incubation. Second, to ensure a positive cor-
relation between the cell uptake of M-CuS-PEG and PTT efficiency of M-
CuS-PEG, the cells incubated with M-CuS-PEG (10 µg mL−1) for different
times were irradiated by the 1064 nm laser and the cell viability was mea-
sured without removing M-CuS-PEG after 30 h of incubation. Finally, to
investigate the photothermal therapeutic effects of different materials, the
cells incubated with PBS, free 99mTc, 4T1-M-CuS-PEG, CT26-M-CuS-PEG,
99mTc-4T1-M-CuS-PEG, and 99mTc-CT26-M-CuS-PEG for 24 h were irradi-
ated with the 1064 nm laser (at a power density of 0.5 W cm−2, 8 min) and
the cell viability was measured after another 6 h of incubation.

SPECT/PA Imaging: Female BALB/c mice (6–8 weeks old) were pur-
chased from Nanjing Pengsheng Biological Technology Co. Ltd. and used
under protocols approved by the University Animal Ethics Committee of
Nantong University (Permit Number: 2110836). To compare the accumu-
lations of M-CuS-PEG in 4T1 tumors and CT26 tumors, 4T1 tumors were
planted on the right back and CT26 tumors were planted on the left back
of mice. For SPECT/CT imaging, mice i.v.-injected with 99mTc-M-CuS-PEG
(800 𝜇Ci per mouse) were imaged using an in vivo animal SPECT (MI-
Labs, Utrecht, the Netherlands) imaging system at different time points
post injection (p.i.). For PA imaging, tumors of the mice i.v.-injected with
4T1-M-CuS-PEG or CT26-M-CuS-PEG (5 mg kg−1 of CuS) were imaged
using an in vivo animal PA imaging system (Vevo LAZR, Visual Sonics,
Canada) at a wavelength of 900 nm.

Blood Circulation and Biodistribution: Blood samples were collected
from mice treated with 99mTc-M-CuS-PEG (200 𝜇Ci of 99mTc per mouse)
at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 10 h, and 24 h post injec-
tion. These samples were then weighed and measured using a gamma
counter (LB211, Berthold Technologies Gmbh & Co.KG). Additionally,
4T1/CT26-tumor-bearing mice were i.v.-injected with (99mTc-)4T1-M-CuS-
PEG or (99mTc-)CT26-M-CuS-PEG and sacrificed at 24 h p.i. Major organs
including the heart, liver, spleen, lung, kidney, and tumors were collected,
weighed, and measured by the gamma counter or ICP-AES (ICAP7200,
Thermo Fisher, Germany).

Cell Uptake of M-CuS-PEG In Vivo: 4T1-tumor-bearing mice were i.v.-
injected with Cy5.5-M-CuS-PEG or Cy5.5-99mTc-4T1-M-CuS-PEG (800 𝜇Ci
of 99mTc per mouse, 5 mg kg−1 of CuS) at the same Cy5.5 concentration. 24
h after the injection, tumors were collected from these mice. Half of the
tumor tissue was fixed using a biological tissue glue for frozen sections
and the tumor cell nuclei were stained with DAPI. Confocal microscopy
was used to observe the distributions of Cy5.5 and DAPI. The other half
was cut into pieces and the cells were filtered by a strainer after enzymoly-
sis. The Cy5.5 fluorescence intensity of the collected single-cell suspension
was tested by flow cytometry.

In Vivo Tumor Treatment: BALB/c mice were implanted with 4T1 tu-
mor cells on the right back. Approximately 7 days later, the tumor-bearing
mice were randomly divided into seven groups (five mice per group). The
treatments included i) i.v. injection of PBS, ii) i.v. injection of 4T1-M-CuS-
PEG (5 mg kg−1 of CuS, 800 𝜇Ci of 99mTc per mouse), iii) i.v. injection of
PBS plus 1064 nm laser irradiation (power density: 0.5 W cm−2, 8 min), iv)
i.v. injection of free 99mTc, v) i.v. injection of 4T1-M-CuS-PEG plus 1064-nm
laser irradiation, vi) i.v. injection of 99mTc-4T1-M-CuS-PEG plus 1064 nm
laser irradiation, and vii) i.v. injection of 99mTc-CT26-CuS-PEG plus 1064
nm laser irradiation. M-CuS-PEG was i.v.-injected into mice at day 0 and
laser irradiation was carried out on day 1. The tumor volume and mouse
weight were measured every other day. The H&E staining and TUNEL
staining of the tumors collected from all groups were performed on day 3.

In Vivo Biotoxicity Testing: Healthy BALB/c mice were randomly di-
vided into two groups (five mice per group). One group of these mice
were i.v.-injected with 99mTc-4T1-M-CuS-PEG (5 mg kg−1 of CuS, 800 𝜇Ci
of 99mTc per mouse), while mice in the other group were injected with PBS.
After 3 days, blood samples were collected from these mice for blood rou-
tine and blood biochemical analyses and the major organs including the
heart, liver, spleen, lung, and kidney were collected for the H&E staining
assay.

Statistical Analysis: The data are expressed as mean ± standard devi-
ation or mean ± standard error of the mean. The statistical significance
of the treatment groups was evaluated using the Student’s t-test. *p val-

ues < 0.05, **p values < 0.01, and ***p values < 0.001 were considered
statistically significant in the analyses. The statistical analyses were per-
formed using Microsoft Excel. The statistical details of the experiments
are included in the figure captions.
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