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MATERIALS SCIENCE

Intelligent gold nanocluster for effective treatment of
malignant tumor via tumor-specific
photothermal—-chemodynamic therapy with AIE guidance

Feng Liu"2f, Tianfeng Yang® f, Xiaowei Chang? , Li Chen?, Cheng Cheng?,
Xiuhong Peng?, Haihu Liu"*, Yanmin Zhang®* and Xin Chen?-*

ABSTRACT

Precise and efficient therapy of malignant tumors is always a challenge. Herein, gold nanoclusters
co-modified by aggregation-induced-emission (AIE) molecules, copper ion chelator (acylthiourea) and
tumor-targeting agent (folic acid) were fabricated to perform AIE-guided and tumor-specific synergistic
therapy with great spatio-temporal controllability for the targeted elimination and metastasis inhibition of
malignant tumors. During therapy, the functional gold nanoclusters (AuNTF) would rapidly accumulate in
the tumor tissue due to the enhanced permeability and retention effect as well as folic acid-mediated tumor
targeting, which was followed by endocytosis by tumor cells. After that, the overexpressed copper ions in
the tumor cells would trigger the aggregation of these intracellular AuNTF via a chelation process that not
only generated the photothermal agent in situ to perform the tumor-specific photothermal therapy
damaging the primary tumor, but also led to the copper deficiency of tumor cells to inhibit its metastasis.
Moreover, the copper ions were reduced to cuprous ions along with the chelation, which further catalysed
the excess H, O, in the tumor cells to produce cytotoxic reactive oxygen species, resulting in additional
chemodynamic therapy for enhanced antitumor efficiency. The aggregation of AuNTF also activated the
AIE molecules to present fluorescence, which not only imaged the therapeutic area for real-time monitoring
of this tumor-specific synergistic therapy, but also allowed us to perform near-infrared radiation at the
correct time point and location to achieve optimal photothermal therapy. Both in vitro and in vivo results
revealed the strong tumor elimination, effective metastasis inhibition and high survival rate of
tumor-bearing mice after treatment using the AuNTF nanoclusters, indicating that this AIE-guided and
tumor-specific synergistic strategy could offer a promising approach for tumor therapy.

Keywords: AIE-guided precise tumor treatment, copper-dependent photothermal therapy,
copper-triggered chemodynamic therapy, primary tumor elimination, copper-plunder-induced metastasis
inhibition

INTRODUCTION

According to the statistics from the World Health
Organization, malignant tumors have become one of

As to address above issues, some novel therapeu-
tic strategies with good controllability based on non-
toxic nanomaterials including photodynamic ther-

the most serious diseases threatening human health apy; chemodynamic therapy, photothermal therapy

[1]. Although conventional strategies such as surgi-
cal operation, radiotherapy and chemotherapy are

and their combinative therapy were developed to
achieve safe and effective treatment of malignant
widely used for the treatment of malignant tumors, tumors [6-10]. .Among ,these strategies, photother-

mal therapy relying on bio-safe photothermal agents
have attracted plenty of attention due to its broad

antitumor effect and easy operation, which could

the resulting tissue injury as well as the contradiction
between therapeutic efficiency and systemic toxicity
have all limited their application [2-5].
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only be activated under near-infrared (NIR) irra-
diation, resulting in effective tumor therapy with
barely any systemic toxicity [ 11-15]. However, con-
sidering the large biodistribution of photothermal
agents around tumor tissue even after modifica-
tion by tumor-targeting molecules [ 16-18], the con-
stant photothermal conversion of conventional pho-
tothermal agents, regardless of their location, may
cause serious damage to surrounding healthy tissue
and immune cells in/around tumor tissue, thus lead-
ing to various unexpected side effects [19-21], es-
pecially when the tumors occur in important or-
gans. Therefore, our lab and other research groups
across the world have developed a series of stimuli-
responsive gold nanoparticles. These gold nanopar-
ticles can utilize endogenous conditions in the tumor
to achieve aggregation only in the tumor tissue/cells
where their photothermal properties would be acti-
vated for tumor-specific photothermal therapy [22—
25], hopefully enhancing the therapeutic efficiency
and reducing unexpected side effects for safe treat-
ment.

Although this tumor microenvironment that
is dependent on gold nanoparticles has opened
a window for precise photothermal therapy, it is
mainly focused on direct damage to the primary
tumor, overlooking migration inhibition—one of
the most important factors of tumor metastasis and
recurrence [26-28]. Moreover, due to the invisible
therapeutic process, it is a great challenge to perform
the infrared irradiation at the correct time point and
location to achieve optimal photothermal therapy,
resulting in unstable treatments with relatively low
efficiency, which limit its application in clinics.
Although some fluorescent dyes have been used to
label conventional photothermal agents in order to
allow the visualization of therapy [29,30], these nor-
mal dyes can only display the location instead of the
structural state of the photothermal agents and are
invalid for recognizing aggregated gold nanoparti-
cles with active photothermal properties. Therefore,
to promote the application of photothermal ther-
apy, it is required to develop novel intelligent gold
nanoparticles that not only simultaneously achieve
tumor microenvironment-dependent photothermal
properties and effective inhibition of metastasis for
tumor treatment, but also perform real-time imag-
ing in accordance with the structure and function
of these gold nanoparticles to precisely guide the
therapeutic process.

Aggregation-induced-emission (AIE) fluores-
cent molecules have strong fluorescence in, and
only in, the aggregate state due to the limitation of
intramolecular motion [31-33]. They are able to
exhibit an excellent linear concentration-dependent
increase in brightness, strong resistance to pho-

Page 2 of 17

tobleaching and low in vivo toxicity [34,35], and
are therefore considered very promising candi-
dates as fluorescence imaging agents for guiding
various tumor therapies [36,37]. Moreover, their
aggregation-dependent fluorescence exactly fits
the requirements for the real-time imaging of the
structure and function of gold nanoparticles for
accurate photothermal therapy.

Recently, ithasbeen reported that the abnormally
high level of copper ions in tumor cells plays a critical
role in metastasis, stimulating various metastasis-
relative progressions such as proliferation, migration
and vascularization [38,39]. Therefore, we believe
that gold nanoparticles will be able to plunder the
overexpressed copper ions in tumor cells while per-
forming copper-induced aggregation and would be
an ideal candidate for tumor-specific photothermal
therapy and the effective inhibition of tumor metas-
tasis. Moreover, a clear display of the accumulation
and activation of these gold nanoparticles in tumor
cells by using an aggregation-dependent imaging
technique would further enhance the accuracy and
efficiency of the treatment.

In addition, copper has been widely used as a cat-
alytic agent to generate highly toxic hydroxyl radicals
(* OH) via Fenton reactions with the overexpressed
H, O, in tumor tissue for antitumor chemodynamic
therapy (CDT) [40]; it is able to exhibit extremely
high Fenton catalytic activity and excellent CDT
efficacy due to its large metal atom utilization effi-
ciency and clear electronic structure [41]. Therefore,
the effective utilization and manipulation of copper
in tumor cells by using engineered gold nanopar-
ticles would not only induce the copper-mediated
photothermal therapy to specifically damage the
primary tumor and suppress its metastasis, but
also perform additional chemodynamic therapy to
further enhance the therapeutic efficacy.

Inspired by the above ideas, we developed acylth-
iourea (copper ions chelator), fluorescent molecule
with AIE performance (imaging agent) and folic acid
(tumor-targeting agent) co-modified gold nanoclus-
ters (AuNTF) to perform tumor-specific synergistic
therapy with the real-time guidance of AIE imaging
for the effective treatment of a malignant tumor. The
folic acid was expected to medicate the accumula-
tion of the AuNTF nanoclusters in the tumor cells
[42], while the acylthiourea was designed to capture
the overexpressed copper ions and connect the
AuNTF nanoclusters via ion chelation [39,43]. This
would generate the photothermal agent in tumor
cells to damage the tumor under NIR radiation and
simultaneously perform copper deficiency to inhibit
tumor metastasis. Because of the high reducibility of
acylthiourea, the captured copper ions were further
reduced to cuprous ions, which served as a catalyst
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Figure 1. Schematic representation of the synthesis and therapeutic mechanism of AuNTF nanoclusters. The nanoclusters are able to utilize and
manipulate the overexpressed copper ions in tumor cells for the simultaneous inhibition of the primary tumor and its metastasis via accurate and visible
synergistic therapy with AIE guidance.

to convert the excess H,O, into toxic reactive OXy-
gen species (ROS) in tumor cells [44,45], resulting
in additional chemodynamic therapy to promote
the therapeutic efliciency. Moreover, due to the ex-
istence of AIE molecules, the copper-induced aggre-
gation of the AuNTF nanoclusters would be clearly
monitored by using fluorescence imaging [46-48],
which is the starting point for photothermal therapy,
chemodynamic therapy and copper deficiency, al-
lowing us to visualize all these therapeutic processes
while performing optimal photothermal therapy via
the correct introduction of NIR radiation on time

(Fig. 1).

RESULTS AND DISCUSSION

Fabrication and characterization
of AUNTF nanoclusters

To prepare the AuNTF nanoclusters, thiol func-
tionalized 4-(1,2,2-triphenylethenyl)phenol
(TPE-SH, AIE agent), thiol functionalized N-((2-
aminoethy)carbamothioyl) benzamide (NACB-SH,
copper ions chelator) and thiol functionalized folic
acid (FA-SH, targeting agent) were synthesized and
characterized by using '"H NMR (Fig. S1). As ex-
pected, strong fluorescence appeared once the TPE-
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SH switched from monodisperse state to aggregated
state, indicating its great AIE performance (Fig. S2).
The resulting TPE-SH, NACB-SH and FA-SH were
further modified on the surface of pre-synthesized
gold nanoparticles at a mole ratio of 2:4:1 through
Au-S bonds to produce the AuNTF nanoclusters.
As canbe seen from Fig. 2a, the AuNTF nanoclusters
consisted of several nanoparticles, which distributed
well in aqueous solution with an average size of
~10 nm.

The synthesis process of AuNTF was first in-
vestigated by using infrared (IR) spectra (Fig. 2b)
and derivative thermogravimetry (DTG) analysis
(Fig. 2c), which showed the characteristic vibrations
(C=S from NACB, C=C from TPE and C=N from
FA) as well as all thermogravimetric peaks of TPE,
NACB and FA in the group of AuNTF nanoclus-
ters, indicating the successful introduction of the de-
signed functional molecules. The chemical compo-
nents of the resulting AuNTF nanoclusters were fur-
ther investigated by using energy dispersive X-ray
spectroscopy (EDS, Fig. 2d). As can be seen from
this figure, characteristic elements of AuNPs, TPE,
NACB and FA including Au, S, N and O were all ob-
served as expected. In addition, all the organic ele-
ments completely co-located with Au, indicating the
uniform modification of AuNTE. Further informa-
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Figure 2. (a) Transmission electron microscopy (TEM) images of AUNTF nanoclusters. (b) Infrared (IR) spectra and (c) derivative thermogravimetry (DTG)
analysis of FA-modified gold nanoclusters (AuF), NACB-modified gold nanoclusters (AuN), TPE-modified gold nanoclusters (AuT) and AuNTF nanoclusters.
(d) Energy dispersive spectroscopy (EDS) mapping images of AUNTF nanoclusters. (e—g) X-ray photoelectron spectroscopy (XPS) of (e) N 1s, (f) C 1s and
(g) S 2p obtained from AuNTF nanoclusters. (h) Dynamic light scattering (DLS, black curve) and fluorescence spectra (red curve) of AUNTF nanoclusters,

where the excitation wavelength was 350 nm. (i) UV-Vis spectra and photographs of FA solution, NACB and TPE co-modified gold nanoclusters (AuNT)
solution and AuNTF solution.

tion about the modification layer was provided by us-
ing x-ray photoelectron spectroscopy (XPS, Fig. 2e—-
g), which showed the peaks of N 1s (C=N) at
399.3 éVand C 1s (C=N) at 289.1 eV from FA, the
peak of C 15 (C=C) at 284.8 eV from TPE, as well as
the peaks of S 2p (C=S) at 164.3 eV and C 1s (C=S)
at 286.7 eV from NACB. All these results indicated
the successful formation of AuNTF nanoclusters as
designed.

Although the AuNTF were formed by the slight
assembly of several nanoparticles, the nanocluster
structure did not influence the optical property of
either the AIE molecules or the gold nanoparticles
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in the AuNTF, which still performed the negligible
fluorescence and a major characteristic absorption
band at 520 nm similarly to the property of monodis-
perse AIE molecules and gold nanoparticles (Fig. 2h
and i). The undetectable fluorescence and weak
long-wavelength absorption of the AuNTF were
expected to be significantly enhanced after the
copper-induced aggregation, which would not only
achieve the selective photothermal conversion
under 808 nm radiation to avoid the unexpected
damage of healthy tissue during photothermal
therapy, but also allow the therapy to be visible for
precise manipulation.
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Figure 3. (a) Copper-capture properties of TPE- and FA-co-modified gold nanoclusters (AuTF), NACB-modified gold nanoclusters (AuN), NACB- and
TPE-co-modified gold nanoclusters (AuNT) as well as AUNTF nanoclusters determined by using atomic absorption spectrometry. AuTF was used as a
negative control. (b) Size difference of AuNTF nanoclusters in solution with and without Cu?* measured by using DLS. (c) TEM and EDS mapping images
of AuNTF nanoclusters after copper-induced aggregation. (d) Fluorescence spectra of AuNT and AuNTF in phosphate buffered saline (PBS) solution with
and without Cu?*. (e) UV-Vis spectra and photographs of AuNTF in PBS solution with and without Cu*. (f) Photothermal curves and photothermal
images (10 min after irradiation) of the AUNTF in PBS solution with and without Cu?*; the radiation wavelength was 808 nm. (g) UV-Vis spectra and
photographs of bathocuproine disulfonic acid disodium salt (BDADS, cuprous ion indicator) solution with and without Cu?*, Cu*, AuNTF as well as
AuNTF 4 Cu?* indicated the occurrence of copper reduction to generate cuprous ions during copper capture. (h) UV-Vis spectra and photographs of
3,3',5,5"-tetramethylbenzidine (TMB, ROS indicator) solution with and without H,0,, H,0, 4 Cu* as well as H,0, + AuNTF + Cu?* indicated that the
resulting cuprous ions would further catalyse H,0, to produce ROS for chemodynamic therapy. (i) UV-Vis spectra and photographs of TMB solution
with and without Cu?*, AuNTF as well as AuNTF + Cu?* indicated that the ROS production also happened alongside the copper reduction.

Copper-dependent activation of AuNTF copper-capture ability of the AuNTF was investi-
nanoclusters for tumor theranostics gated by using atomic absorption spectrometry. As
shown in Fig. 3a, 1 mg of AuNTF could combine
<0.2 mg of copper ions whether with or without
the modification of FA and TPE, demonstrating
the efficient copper pillage of the AuNTF from the

According to the design, the photothermal perfor-
mance, chemodynamic performance and fluores-
cence imaging performance of AuNTF nanoclusters
all started from the copper capture. Therefore, the
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surrounding environment due to the strong chela-
tion between the NACB and copper ions, which
could be further used to reduce the overexpressed
copper ions in tumor cells for effective inhibition of
copper-mediated metastasis.

As expected, the chelation further switched the
structure of the AuNTF from monodisperse state
to aggregation state (Fig. 3b), generating a large
aggregate densely stacked by AuNTF in which
the copper ions distributed well in the aggregate
serving as cross-linking points due to the multiple
coordination between the NACB and copper ions
(Fig. 3c). The aggregation process not only closely
packed AIE molecules to generate strong fluoresce
at 400 nm for monitoring the copper-induced
structure and function transformation of AuNTF
(Fig. 3d), but also influenced the localized surface
plasmon resonance of the gold nanoparticles, result-
ing in significant enhancement of the absorption in
the long-wavelength region to perform the copper-
dependent photothermal properties under 808 nm
radiation (Fig. 3e and f). The negligible adsorption
at 808 nm and weak photothermal effect of the pure
copper ion chelators (NACB) in the with/without
Cu’" and AuTF + Cu** groups indicated that the
enhancement of the photothermal effect caused
by the copper ions themselves can be excluded
(Fig. S3), with the effective and selective pho-
tothermal therapy attributed to the copper-triggered
aggregation of the gold nanoparticles. In addition,
the strong chelation between the copper ions and
the AuNTF allowed repeatable photothermal cycles
(Fig. S4) that are beneficial for the clinical applica-
tions of AuNTF, which normally require sustained
therapy.

Besides the copper-induced optical perfor-
mance change of the AuNTF, the activation of its
chemodynamic properties after aggregation was
also measured. As can be seen from Fig. 3g, the
AuNTF was able to rapidly reduce the copper ions
to cuprous ions along with the chelation, which
could be detected by using the typical cuprous ions
indicator (bathocuproine disulfonic acid disodium
salt, BDADS)[49] and UV-Vis spectra. The cuprous
ions generated in situ further served as a catalyst to
convert the H, O, into ROS, which was monitored
by the color change of the ROS indicator [50,51]
(Fig. 3h), hopefully resulting in highly selective
chemodynamic therapy in tumor cells containing
both excess copper ions and overexpressed H,O,.
Moreover, the reduction process not only generated
cuprous ions, but also produced ROS alongside
the formation of cuprous ions (Fig. 3i), which led
to an additional chemodynamic therapy to further
enhance the therapeutic efficiency.
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Copper specificity and physiological
stability of AUNTF nanoclusters

As mentioned above, the AuNTF nanoclusters were
designed to perform a series of copper-dependent
activities in tumor cells for tumor-specific therapy.
Considering the possible interference of vari-
ous ions in the physiological environment, the
copper-capture property, photothermal property,
chemodynamic property and fluorescence imaging
of AuNTF nanoclusters in solution containing KT,
Na't, Ca’*, Mg*t, Fe** and/or Cu*t (major ions
in the biosystem) were investigated. As can be seen
from Fig. SSa, the AuNTF nanoclusters preferred
to capture Cu®" by far over other ions, followed by
the effective generation of cuprous ions to perform
chemodynamic therapy even under conditions
with H,O, and mixed ions (Fig. S5b). Due to
the high selectivity of the AuNTF nanoclusters to
copper ions, the aggregation also only relied on
the existence of copper ions regardless of other
ions (Fig. SSc). This process simultaneously led to
the activation of AIE performance for fluorescence
imaging (Fig. $Sd) and an obvious rise in absorption
in the long-wavelength region (Fig. S6) as long as
the copper ions were added in the system, resulting
in the expected copper-dependent photothermal
conversion of AuNTF nanoclusters even under
complex physiological conditions (Fig. SSe).

We further tested whether the endogenous
concentration of Cu*" in tumor cells could trigger
AuNTF aggregation. The levels of copper ions in the
tumor cells were tested and are shown in Fig. S7a.
As can be seen from this figure, the concentration
of copper ions in the tumor was ~1 mg/L. In order
to verify whether the 1 mg/L of Cu?t was able to
trigger the aggregation of our AuNTF nanoparticles,
a transmission electron microscope (TEM) was
used to monitor the 4T1 cells after 12 h of treat-
ment using the AuNTF nanoparticles. As can be
seen from Fig. S7b, significant aggregations of the
nanoparticles were observed in tumor cells, which
indicated that the endogenous Cu”" in tumor cells is
sufficient to aggregate the AuNTF nanoparticles for
further therapy. More information was provided by
the size distribution, absorption and photothermal
properties of the AuNTF nanoparticles before and
after incubation with 1 mg/L of Cu*" (Fig. S7c-e),
which performed significant enhancement of the
particle size from 10 to >1000 nm with the addition
of the Cu?¥, resulting in a dramatic rise in the ab-
sorbance at 808 nm and >20 degrees of temperature
promotion only after 10 min of 808 nm radiation.
All these results indicated that the AuNTF nanopar-
ticles could rapidly aggregate under the endogenous
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concentration of Cu?" in tumor cells (1 mg/L) to
perform effective photothermal therapy as designed.

Besides the copper-dependent photothermal
therapy, the high stability of the AuNTF nanoclus-
ters under physiological conditions is also important
for maintaining their antitumor performance before
arriving at the tumor tissue. As can be seen from
Figs S8 and S9, the size distribution and absorption
peak of the AuNTF nanoclusters was well main-
tained even after 48 h of incubation in phosphate
buffered saline (PBS) (pH 7.4, simulated physio-
logical environment), which showed the constant
physical structure of AuNTF during long-term
therapy. Moreover, the AuNTF nanoclusters after
incubation still presented a high copper-capture ra-
tio (Fig. S5f), effective copper reduction (Fig. S10)
and a copper-reduction-medicated chemodynamic
process (Figs SSg and S11) in which the 48 h of in-
cubation in the PBS did not influence the efficiency.
As expected, the copper capture further caused the
aggregation of AuNTF nanoclusters even after 48 h
of incubation (Fig. S8), which not only triggered
the AIE performance of the AuNTF for fluores-
cence imaging to monitor the therapeutic processes
(Fig. SSh), but also caused the significant red-shift
of the absorption peak (Fig. S9), resulting in the
copper-dependent photothermal conversion for
tumor-specific photothermal therapy (Fig. S5i). All
these results indicated that the AuNTF nanoclusters
could maintain their structure and functions in
a physiological environment for the long term to
support the designed copper-dependent activities
for tumor-specific theranostics.

In vitro tumor-specific AIE property of
AuNTF nanoclusters

Before measuring the antitumor performance of
the AuNTF nanoclusters, their tumor-specific AIE
property for real-time monitoring and proper guid-
ance of the therapeutic process was investigated at
the cellular level. In order to perform this exper-
iment, FITC-labeled AuNTF was employed and
co-incubated with human breast epithelial cells
(MCEF-10A, represented normal cells) and mouse
breast cancer cells (4T1, represented tumor cells),
followed by the evaluation using fluorescent imag-
ing and flow cytometry analysis to demonstrate the
tumor-specific uptake of the AuNTF nanoclusters
at first. The nanoclusters without the modification
of folic acid (AuNT) were used as a control group.
The AuNTF and AuNT were labeled by equal
amounts of FITC fluorescent molecules, which were
100 pg/mL for the intracellular experiments. The
FITC labeling was used to detect the location of the
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AuNTF in or out of tumor/normal cells regardless
of their aggregation state (Fig. S12), while the TPE
labeling was used to detect the aggregation state of
the AuNTF. It can also be seen from Fig. S13a and b
that the tumor cells after incubation with AuNT
presented much stronger fluorescence than that of
normal cells due to the disparate copper concentra-
tion in these cells, where the overexpressed copper
ions in the tumor cells triggered the aggregation
of AuNT via chelation to enhance their retention,
resulting in the tumor-selective accumulation of
these nanoclusters. As expected, the fluorescence
difference between the tumor cells and the normal
cells was significantly magnified in the AuNTF
group, indicating the further enhancement of the
tumor selectivity after the introduction of FA, which
could be attributed to the synergistic effect of the
aggregation-promoted retention in the tumor cells
and FA-mediated internalization by the tumor cells
(overexpressed folate receptors in 4T1 cells). The
quantitative analysis is presented in Fig. S13c and d.
These results not only presented the prior uptake
of AuNTF by tumor cells benefitting the tumor-
specific therapy, but also provided evidence about
the occurrence of copper-induced aggregation,
which we believe would further activate the AIE
performance to achieve fluorescence imaging for the
monitoring and guidance of therapy.

After verifying the tumor-selective uptake of the
AuNTE, the subsequent tumor-specific AIE perfor-
mance of these nanoclusters was further investigated
by using a fluorescent microscope. The PBS and
nanoclusters without modification of FA (AuNT),
TPE (AuNF) or NACB (AuTF) were used as con-
trol groups. As can be seen from Fig. S13e and f,
no visible fluorescence was detected in the healthy
cells (MCF-10A) after incubation with PBS and var-
ious nanoclusters. However, obvious fluorescence
appeared in AuNT- and/or AuNTF-treated tumor
cells (4T1), demonstrating the tumor-specific AIE
performance of these two types of nanoclusters,
which could be attributed to the close packing of
the TPE (AIE agent) caused by the copper-induced
nanoclusters aggregation. Moreover, the fluores-
cence in the AuNTF group is much stronger than
that in the AuNT group due to the additional
FA-mediated tumor targeting, which indicated the
optimal candidate of AuNTF for tumor-specific AIE
as designed. Therefore, the strong fluorescence of
both FITC and AIE in tumor cells as well as the weak
fluorescence of both FITC and AIE in normal cells
not only indicated the specific uptake of AuNTF by
tumor cells, but also showed that the aggregation of
AuNTF only happened in tumor cells.

The real-time AIE performance of the AuNTF
in tumor cells was also investigated by using a
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fluorescent microscope to present the dynamic
aggregation of the AuNTF (Fig. S13g and h), which
indicated that the aggregation of the AuNTF oc-
curred in tumor cells after 6 h of incubation and the
aggregation was almost completed in 10 h. Because
the aggregation status of the AuNTF nanoclusters
is the origin of all antitumor actions, the real-time
AIE results could not only clearly monitor the ther-
apeutic process, but also provide direct evidence
to determine the time point of NIR radiation for
optimal photothermal therapy.

In vitro antitumor performance of AuNTF
nanoclusters

According to the design, the AuNTF nanoclusters
were expected to capture and convert the overex-
pressed copper ions in the tumor cells to perform
copper-induced chemodynamic therapy, copper-
dependent photothermal therapy and copper-
deficiency-medicated metastasis inhibition. There-
fore, the ROS generation in the tumor cells (4T1
cells) after treatment by using the AuNTF was inves-
tigated to demonstrate the copper-induced chemo-
dynamic therapy. The PBS and nanoclusters without
modification of FA (AuNT), TPE (AuNF) or NACB
(AuTF) were used as control groups. The concen-
tration of all the nanoparticles was 100 ptg/mL for
the intracellular experiments. As can be seen from
Fig. 4a, negligible ROS was detected in the 4T1 cells
after treatment using the PBS and AuTF. In contrast,
some ROS-positive 4T1 cells were observed in the
AuNT group due to the introduction of the NACB
segment, which could capture and reduce the over-
expressed copper ions to generate cuprous ions,
resulting in the cuprous ions-mediated conversion
of the excess H, O, in the tumor cells into cytotoxic
ROS. As expected, the additional introduction of FA
(AuNTF and AuNF) further raised the productivity
of ROS in the tumor cells due to the enhanced
internalization via tumor-targeted delivery, which
was regardless of the TPE modification.

We believe the in situ production of ROS along
with the formation of AuNTF aggregates (pho-
tothermal agent) would further damage tumor
cells via chemodynamic therapy and photothermal
therapy; therefore, the viability of 4T1 cells after
treatment by AuNTF with or without NIR irradia-
tion was investigated by using MTT assay, in which
the time point for the application of NIR irradiation
was selected according to either FITC-medicated
fluorescence imaging (8 h after incubation) or AIE-
medicated fluorescence imaging (10 h after incuba-
tion). The AuNT, AuNF and AuTF with or without
NIR irradiation were used as control groups. As can
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be seen from Fig. 4b, the AuTF group only presented
negligible cytotoxicity to 4T1 cells whether with
or without NIR radiation. In contrast, the AuNT
group exhibited some cytotoxicity to 4T1 cells
due to the copper-induced chemodynamic process,
which was further enhanced by the FA-mediated
tumor-targeted delivery (AuNF group and AuNTF
group). As expected, the much lower viability of
the tumor cells in these groups was observed after
NIR radiation, which could be attributed to the
synergistic effect of the chemodynamic therapy
and photothermal therapy. Moreover, the AuNTF
group with AIE-guided NIR radiation presented
the strongest cytotoxicity by far over that with
the FITC-guided NIR radiation, indicating that the
AuNTEF, by combining the AIE property and the var-
ious copper-mediated antitumor properties, is able
to perform the optimal tumor therapy as designed.
Besides therapeutic efficiency, therapeutic accu-
racy is also important for tumor treatment. There-
fore, the viability of healthy cells (MCE-10A cells)
after treatment by AuNTF and NIR irradiation was
further investigated by using MTT assay. As can be
seen from Fig. 4c, the viability of MCF-10A cells was
still maintained at <90% after therapy, no matter
what time the NIR radiation was applied. This six-
times difference in the cytotoxicity between healthy
cells and tumor cells after treatment using AuNTF
with AIE-guided NIR radiation clearly demon-
strated the potential of our nanoclusters to perform
precise tumor therapy for clinical application.
Considering the crucial role of copper for tu-
mor migration/invasion and vascularization closely
relating to tumor metastasis, the copper-capture per-
formance of our AuNTF was expected to suppress
these activities for metastasis inhibition. There-
fore, the effects of the AuNTF on the migration
and invasion of 4T1 cells were evaluated by using
the scratch healing experiment and Transwell cell
invasion experiment. The PBS, AuNT, AuNF and
AUTF with or without NIR irradiation were used as
control groups. As shown in Fig. 4d and e, compared
with the groups without the function of copper
capture (PBS and AuTF), the migration speed and
distance of the 4T1 cells after treatment using the
AuNF, AuNT or AuNTF groups were significantly
reduced, which could be attributed to the occur-
rence of NACB (copper ions chelator)-mediated
copper deficiency in the tumor cells. Moreover,
due to the benefit of tumor-targeting phagocytosis
from FA, the efficiency of the AuNTF and AuNF
is much higher than that of the AuNT, which was
not affected by the modification of TPE (AIE seg-
ment). A similar phenomenon was observed in the
anti-invasion experiments of these nanostructures
in which the AuNTF presented the fewest 4T1 cells
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Figure 4. (a) ROS generation in 4T1 cells after 10 h of incubation with PBS, AuNT, AuNF, AuTF and AuNTF determined by using flow cytometry
analysis with DCFH-DA dye staining. (b) Cell viability of 4T1 cells after treatment with various formulas. The laser indicated 808 nm NIR irradiation
at 8 h after incubation (photothermal therapy without AIE guidance), while the laser* indicates 808 nm NIR irradiation at 10 h after incubation
(photothermal therapy guided by AIE signal). (c) Comparison between cell viability of 4T1 cells and MCF-10A cells after treatment using AuNTF
under NIR irradiation with and without AIE guidance. (d) Photographs of 4T1 cells to indicate their migration in scratch assay after treatments
using various formulas. The scale bar is 200 w«m. (e) Quantitative analysis of (d). (f) Images of 4T1 cells that migrated through the polycarbonate
membrane, which were treated using various formulas and stained using 0.2% crystal violet. The scale bar is 100 pm. (g) Quantitative analysis of (f).
(h) Tube-forming model images of HUVECs after treatment using various formulas. The scale bar is 100 pm. (i) Quantitative analysis of (h). (j) Protein
expression of E-cadherin, N-cadherin and Vimentin in 4T1 cells after treatment using various formulas. (k) Quantitative analysis of (j). Data are
presented as means = SD (n = 3). The asterisks indicate that the differences between the control groups are statistically significant using an ANOVA
test (*P < 0.05, **P < 0.01, ***P < 0.001).

through the polycarbonate membrane of the Tran-
swell device (Fig. 4f and g). After demonstrating
the ability of the AuNTF against tumor migration
and invasion, the effects of the AuNTF on the

Page 9 of 17

tube-forming of human umbilical vein endothelial
cells (HUVECs) were also evaluated to investigate
its anti-vascularization ability. As can be seen from
Fig. 4h and i, the tubular networks in the matrix coat-
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ing plate were significantly reduced as long as the
HUVECs were treated using nanostructures with
NACB (copper ions chelator) on the surface and the
efficiency was further enhanced by the FA-mediated
tumor-targeting delivery, leading to the strongest
inhibition of vascularization in the AuNTF group.
These results clearly indicated the great property of
our nanoclusters to inhibit the metastasis of tumor
cells via the suppression of tumor motion and the
blocking of transfer routes at the same time.

To further investigate the mechanism of the
AuNTF against migration and invasion, three repre-
sentative protein markers of epithelial mesenchymal
transition (EMT, a typical process in tumor migra-
tion and invasion) in 4T1 cells after treatment by
using various formulas were examined via Western
blotting analysis. As expected, the AuTF group
contributed nothing to the EMT, while the AuNT,
AuNF and AuNTF presented the upregulation
of E-cadherin expression as well as the downreg-
ulation of N-cadherin expression and Vimentin
expression, where the efficiency was in the order
of AuNTF = AuNF > AuNT, indicating that our
AuNTF would effectively reduce the migration
and invasion of tumor cells via effective inhibition
of its epithelial mesenchyme [52-5S] (Fig. 4j and
k). This process could be attributed to the Ctrl
(a transmembrane protein responsible for cellular
copper uptake) silence once the excess copper was
plundered in the tumor cells, which could further
inhibit EMT via HIF-lor destabilization, along
with Twist and Snail downregulation [$6-58]. To
prove this process, the expression of Twist and Snail
in tumor cells after treatment by using PBS and
AuNTF was detected by using Western blotting. As
shown in Fig. S14, the AuNTF obviously decreased
the expression of Twist and Snail, indicating that the
AuNTF could inhibit the EMT process via effective
downregulation of Twist and Snail. Moreover, it
is worthy to mention that, although the AuNF is
able to perform equivalent copper capture to inhibit
tumor metastasis similarly to the AuNTE, the rela-
tively low cytotoxicity caused by the photothermal
conversion of the AuNF lacking AIE guidance led to
less competitiveness than that of AuNTF for tumor
therapy, which has been evidenced by the MTT
assay presented in Fig. 4b.

More information about the copper-plunder-
dependent metastasis inhibition induced by our
AuNTF is presented in Figs S15-520. As shown in
Fig. S15, the copper level in the 4T1 cells dropped
dramatically against time after co-incubation with
the AuNTF, which was detected by using atomic
absorption spectrometry, indicating the strong abil-
ity of our AuNTF to grab copper from tumor cells.
In contrast, the nanoparticles without the copper
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chelator (AuTF) caused a negligible change in the
level of copper ions even after 12 h of co-incubation.
In order to distinguish the change in copper ions and
cuprous ions, we further investigated the intracel-
lular Cu™ level before and after AuNTF treatment;
the typical Cu' indicator (bathocuproine) and
UV-Vis spectra were employed according to our
previous studies [ $6,59,60]. The bathocuproine can
specifically react with Cu™ to form a chromogenic
complex, which performed a characteristic absorp-
tion at 480 nm. In addition, we could also calculate
the level of Cu>* by the difference between the total
copper concentration (measured by using atomic ab-
sorption spectrometry) and the Cu™ concentration
(measured by using the bathocuproine and UV-Vis
spectra). As can be seen from Fig. S16a and b, the
4T1 cells only contain a small amount of free Cu™,
which is far less than that of Cu®. After incubation
with the AuNTF, these nanoparticles would rapidly
capture Cu®" to reduce its level while maintaining
the low intracellular concentration of Cu™. The re-
sulting AuNTF-copper complex was also observed
by using cell lysis and centrifugation, which majorly
contains Cu™ instead of Cu®>" (Fig. S16¢ and d),
indicating that the chelated Cu?* by using our
AuNTF had been efficiently converted into Cu™
for further chemodynamic therapy as designed. To
more directly prove that the AuNTF could reduce
the intracellular Cu?* level, we further measured the
Cu®T level in 4T1 after 12 h of treatment with the
AuNTeF by using a Cell Copper Colorimetric Assay
Kit with the typical Cu®" indicator DiBr-PAESA
[61]. As shown in Fig. S17, the Cu** level in the
4T1 cells was significantly decreased after AuNTF
treatment compared with the PBS group.

More information about the capture and con-
version of intracellular copper by our AuNTF are
provided by the XPS. In order to perform this ex-
periment, the resulting complex of AuNTF-copper
was further collected and incubated under the
simulated physiological conditions (PBS solution)
for 48 h, then measured by using XPS. It can be
seen from Fig. S18 that all the copper ions were
converted into cuprous ions after capture, and the
cuprous jons were able to stably combine with the
AuNTF for a sustained time. These results indicated
that the copper ions in the tumor were converted
into cuprous ions by our AuNTF, and the cuprous
ions would not be used by tumor cells to promote
their metastasis due to the formation of the stable
complex of AuNTF-copper.

Direct evidence was provided by the invasion
and scratch experiment of the 4T1 cells after incu-
bation with the PBS (control group), copper ions,
copper ions + AuNTF, cuprous ions and cuprous
ions + AuNTF, respectively (Figs S19 and S20).
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When the copper ions or cuprous ions were added
into the culture medium, the tumor proliferated
faster than the control group, which resulted in more
4T1 cells through the polycarbonate membrane of
the Transwell device. Similar results were obtained
from the scratch experiment of groups treated by
copper ions or cuprous ions, which showed a much
longer distance of tumor migration than that of
the PBS group. In contrast, once the AuNTF was
added, both tumor invasion and migration were
significantly inhibited, even if there were plenty of
copper ions or cuprous ions in the culture medium.
All these results indicated that, although our AuNTF
nanoparticles would effectively capture and convert
the copper ions into cuprous ions in tumor cells,
the resulting AuNTF-copper complex would not
participate in the cell metabolism of copper ions due
to the strong binding between the cuprous ions and
the AuNTE, resulting in the inhibition of copper-
mediated tumor proliferation and metastasis.

In vivo tumor therapy of AuNTF
nanoclusters

After demonstrating the AIE-guided antitumor
performance of the AuNTF nanoclusters via copper
capture, the copper-activated AIE property, copper-
catalysed ROS generation and copper-dependent
photothermal conversion at the cellular level, the in
vivo therapeutic efficacy of the AuUNTF nanoclus-
ters was further investigated using 4T1 homograft
tumor models. Firstly, the biodistribution of the
AuNTF was monitored by using a PerkinElmer
IVIS Lumina III In Vivo Imaging System after
the injection of DiR (1,1’-dioctadecyl-3,3,3',3'-
tetramethylindotricarbocyanine iodide) labeled
AuNTF in tumor-bearing mice. As can be seen
from Fig. Sa and b, the AuNTF gradually accumu-
lated in the tumor tissue after injection due to the
FA-mediated tumor targeting, the enhanced perme-
ability and retention (EPR) effect, and the enhanced
retention of the AuNTF after copper-induced ag-
gregation, which reached a maximum amount in
60 h. Although some AuNTF appeared in the major
organs such as the liver and spleen at the begin-
ning of the injection, the rapid metabolism led to a
negligible concentration of AuNTF in these organs
after 60 h (Fig. S21), which benefited the further
tumor-specific therapy. In addition, we further
investigated the biodistribution of the copper ions
by using an atomic absorption spectrometer after
nitrification. As shown in Fig. S22, the copper level
in the tumor was gradually enhanced against time
and the final amount of copper in the tumor at 72 h
was far over that in the other organs, which was
very consistent with the in vivo fluorescence image
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of the tumor-bearing mice after the injection of
DiR-labeled AuNTF. This result further indicated
that the AuNTF would gradually accumulate in the
tumor tissue. Moreover, these intratumoral nanopar-
ticles would continuously capture the surrounding
copper, which was uninterruptedly supplied from
the other part of the body to tumors via blood
vessels, resulting in the significantly high level of
copper in tumors for chemodynamic therapy as well
as the copper-induced aggregation for AIE-guided
photothermal therapy.

Considering that copper ions also exist in blood,
the risk of AuNTF aggregation in blood resulting in
thrombosis was also evaluated. In order to perform
this experiment, the level of copper ions in the
blood was tested and was ~0.48 mg/L, as shown
in Fig. S23a. As to verify whether the 0.48 mg/L
of Cu®" was able to trigger the aggregation of our
AuNTF nanoparticles, the size distribution and ab-
sorption of the AuNTF nanoclusters with and with-
out the addition of the endogenous concentration of
Cu’* in blood (0.48 mg/L) were measured by using
dynamic light scattering (DLS) and UV-Vis spec-
trum. As can be seen from Fig. S23b, only a small size
increase from 10 to ~50 nm was observed after incu-
bation with 0.48 mg/L of Cu*. This tiny size change
did not even affect the UV-Vis spectrum of the
AuNTF-copper complex, resulting in a similar spec-
trum to that of the pure AuNTF, which indicated
the good dispersal of our AuNTF nanoparticles un-
der the simulated conditions of blood (Fig. S23c).
Therefore, we believe that the AuNTF would not
aggregate in blood to cause thrombosis due to its
high selectivity to the copper ions concentration.

In order to perform the optimal therapy, the clear
display of the copper-dependent aggregation process
of the AuNTF in tumor cells is much more impor-
tant than the imaging of its accumulation in tumor
tissue. Therefore, the tumor tissue was collected
and investigated by using a fluorescence microscope
to determine the copper-dependent aggregation of
the AuNTF (origin of all theranostics) through the
appearance of the TPE performance. The PBS and
AuNF served as control groups. As can be seen from
Fig. Sc and d, the obvious blue AIE fluorescence
gradually appeared in, and only in, the AuNTF
group after injection, which reached the maximum
at 72 h. This phenomenon not only clearly presented
the activation of the AuNTF in real time, but also
precisely demonstrated that the best time point
for the introduction of NIR radiation to perform
optimal photothermal therapy is 72 h after injec-
tion, which has been verified by the thermography
(Fig. Se).

To further assess the therapeutic efficacy, the tu-
mor tissue after treatment by the AuNTF with and
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Figure 5. (a) /n vivo fluorescence images of tumor-bearing mice after injection of DiR-labeled AuNTF nanoparticles at different times (top images), as
well as the coresponding ex vivo fluorescence images of the tumor and major organs obtained from these mice (bottom images). (b) Quantification of DiR
fluorescence intensity in tumor tissue at different injection times according to (a). (c) Fluorescence microscopy images of tumor tissues obtained from
tumor-bearing mice after injection of PBS, AUNF and AuNTF for 48, 60, 72, 84 and 96 h. The scale bar is 100 pym. (d) Quantification of AIE fluorescence
intensity in tumor tissue according to (c). (e) /n vivo photothermal images of tumor-bearing mice with treatments of PBS, AuNT and AuNTF before
and after 808 nm NIR irradiation. The irradiation was performed at the designated time after the injection of various formulas in which 60 h was
selected according to the DiR fluorence guidance and 72 h was selected according to the AIE fluorence guidance. (f) Weights and (g) volumes of the
tumor tissues in the tumor-bearing mice after different therapies measured after 21 days. (h) Digital photos, (i) H&E staining as well as (j) Ki 67 and
CD 31 staining of the final tumor tissues harvested from tumor-bearing mice after different therapies at Day 21. The scale bar is 100 pm. (k) The
survival rate of tumor-bearing mice after different therapies (1: PBS, 2: AuNT, 3: AuNT with NIR irradiation 60 h after injection, 4: AuTF, 5: AuTF with
NIR irradiation 60 h after injection, 6: AUNTF, 7: AuNTF with NIR irradiation 60 h after injection, 8: AUNTF with NIR irradiation 72 h after injection).

Page 12 of 17



Natl Sci Rev, 2024, Vol. 11, nwae113

Figure 5. (Continued) Data are presented as means & SD (n = 5). The laser power was 1.25 W, the concentration was 20 ug/g, the excitation and
detection wavelengths of AlE were 350 nm and 398 nm, and the injection method was tail vein injection. The asterisks indicate that the differences
between the test and control groups are statistically significant using an ANOVA test (*P < 0.05, **P < 0.01, ***P < 0.001).

without NIR radiation was monitored for 3 weeks.
The PBS, AuNT and AuTF nanoclusters were
employed as control groups. The concentration of
all the nanoparticles was 10 mg/kg for the animal
experiments. A schematic illustration of the in vivo
antitumor procedure is shown in Fig. $24. As can be
seen from Fig. 5f-h, the tumor tissue significantly
grew after treatment using PBS and AuTF whether
with or without NIR radiation due to the lack of a
copper ions chelator to trigger the therapeutic pro-
cesses, which resulted in tumor tissue with highest
volume and weight. In contrast, the AuNT group
presented obvious inhibition of tumor growth
due to the copper plunder and copper-triggered
chemodynamic therapy in the tumor cells, which
could be further enhanced by the additional pho-
tothermal therapy (AuNT with NIR radiation) and
tumor-targeting delivery (AuNTF). Moreover, the
AuNTEF with NIR radiation performed the strongest
tumor inhibition, which could be attributed to the
synergistic effect of the tumor-targeting delivery,
copper plunder, photothermal therapy and chemo-
dynamic therapy. As expected, the AuNTF with
NIR radiation at the correct time point guided by
AIE performed with the best efficiency.

These tumor tissues after 3-week treatments were
further collected and measured by using histological
analyses including hematoxylin and eosin (H&E) as
well as immunohistochemical staining of prolifera-
tive marker (Ki 67) and angiogenesis marker (CD
31). Compared with the tumors from the PBS and
AuNT groups, tumors from the therapeutic groups
(AuNF and AuNTF nanoparticles with and without
808 nm irradiation) all showed obvious tumor
damage (HE staining), proliferation inhibition (Ki
67 staining) and vascularization suppression (CD 31
staining), in which the AuNTF under NIR radiation
at the correct time point guided by AIE presented
the optimal antitumor performance with the largest
area of tumor disintegration as well as the strongest
downregulation of Ki 67 and CD 31 (Fig. Si and j).

Moreover, as a critical parameter for evaluating
the potential for clinical applications, the survival
rates of the tumor-bearing mice in the different
groups were also measured. As can be seen from
Fig. 5k, mice after treatment with the AuTF all
died in ~22 days whether with or without NIR
irradiation, which is similar to the results of the PBS
group. The AuNT treatment extended the life cycles
of these mice to 26 days, which could be promoted
by additional NIR radiation to 28 days with a 20%
survival rate. In addition, the AuNTF treatment with
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or without NIR radiation both presented further
enhancement of the survival rate of tumor-bearing
mice, which resulted in survival rates of 60% and
80%, respectively. As expected, the group of AuNTF
with AIE-guided NIR radiation had the best ther-
apeutic effect in which all the tumor-bearing mice
survived for 28 days after therapy, suggesting that our
AuNTF could effectively inhibit the primary tumor
to prolong the survival period of the tumor-bearing
mice via a series of synergistic theranostics.
Considering that metastasis is another key lethal
factor of malignant tumors besides the growth of
the primary tumor, the anti-metastasis performance
of the AuNTF was further assessed by evaluating
the lungs of tumor-bearing mice after various treat-
ments. As shown in Fig. 6a and b, the lungs from
the PBS group and the AuTF group were filled with
metastatic nodules whether with or without NIR
irradiation. The metastasis could be significantly
suppressed by the therapeutic groups in which the
AuNTF with AIE-guided NIR radiation performed
with the highest efficiency as expected, resulting in
negligible nodules in the lung tissue after therapy.
This effective metastasis inhibition was further ver-
ified by the well-maintained structure of the lungs,
which is clearly presented in Fig. 6¢c and d through
the weight measurement of the lung tissue and H&E
staining of the lung tissue sections. In addition,
immunohistochemical staining was also utilized to
detect the expression of Ki 67 and N-cadherin in the
lung tissues, which are the key markers for evaluating
tumor proliferation and invasion, respectively. As
can be seen from Fig. 6e, the significant downreg-
ulation of Ki 67 and N-cadherin expression was
observed in the AuNTF-treated group with AIE-
guided NIR irradiation. These results suggested that
the treatment of AuNTF with AIE-guided NIR irra-
diation not only dramatically reduced the metastatic
nodules in the lung tissue, but also significantly
weakened the proliferative capacity and invasiveness
of the tumor cells in these nodules, indicating the ex-
cellent anti-metastasis ability of the AuNTF in vivo.
Besides the therapeutic efficiency, the ther-
apeutic safety of AuNTF treatments was also
evaluated by measuring the spleens weight and
body weight of tumor-bearing mice after various
treatments. As shown in Figs S25 and S26, there
was no visible difference between these therapeu-
tic groups and the PBS group, demonstrating the
high bio-safety of this strategy right to the end of
therapy. In addition, no significant difference was
observed in the H&E staining of major organs
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Figure 6. (a) Representative photographs of whole lungs obtained from tumor-bearing mice after various treatments. (b) Quantification of metastatic
nodules in lungs of mice in each treatment group. (c) Weights and (d) H&E staining of lungs obtained from tumor-bearing mice after various treatments.
The scale bar is 100 m. (e) Immunohistochemical images showing the expression of Ki 67 and N-cadherin in pulmonary metastatic tumor tissues after
various treatments. The scale bar is 100 wm. 1: PBS, 2: AuNT, 3: AuNT with NIR irradiation 60 h after injection, 4: AuTF, 5: AuTF with NIR irradiation
60 h after injection, 6: AUNTF, 7: AuNTF with NIR irradiation 60 h after injection, 8: AUNTF with NIR irradiation 72 h after injection. Data are presented
as means =+ SD (n = b). The asterisks indicate that differences between the test and control groups are statistically significant using an ANOVA test
(*P<0.05 **P<0.01, ***P < 0.001).

(heart, liver, spleen, kidney) between the treatments
of PBS and AuNTF (Fig. S27), which further in-
dicated the high safety of our strategy for tumor
therapy.

CONCLUSIONS

In this study, gold nanoclusters (AuNTF) co-
modified with TPE (AIE segment), NACB (copper
ions chelator) and FA (targeting agent) were fabri-
cated to utilize and manipulate the overexpressed
copper ions in tumor cells for effective and accurate
tumor theranostics via intracellular copper plunder,
copper-mediated AIE imaging, copper-induced
chemodynamic therapy and copper-dependent
photothermal therapy, in which the AIE imaging not
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only monitored the whole therapeutic process in real
time, but was also used to guide the photothermal
therapy for optimal therapeutic efficiency. It was
confirmed that AuNTF nanoclusters would accumu-
late in the tumor tissue through FA-mediated tumor
targeting as well as the EPR effect. After endocytosis,
the AuNTF nanoclusters would chelate with the
excessive copper ions in tumor cells and significantly
reduce the intracellular concentration of copper
ions, resulting in the effective inhibition of tumor
metastasis. In the meantime, the chelated copper
ions were simultaneously reduced to cuprous ions,
which further catalysed the excess HO, in the
tumor cells to generate the highly cytotoxic ROS,
leading to additional copper-induced chemody-
namic therapy. Moreover, the chelation also caused
the aggregation of AuNTF nanoclusters, which
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not only formed a photothermal agent in situ with
long-term retention for sustained photothermal
therapy under NIR radiation, but also activated the
AIE property for fluorescence imaging to monitor all
the therapeutic processes. This copper-dependent
activation of AIE imaging along with AuNTF ag-
gregation further provided a signal to indicate the
correct time point of NIR radiation for effective
and accurate photothermal therapy. Both cellular
and animal experiments exhibited that the tumor-
selective photothermal therapy and chemodynamic
therapy inflicted significant damage on the primary
tumor, while the copper deficiency further hindered
the metastasis of tumor cells.

This strategy not only takes advantage of the
tumor-specific environment for synergistic ther-
apies, but also, for the first time, introduces AIE
agents for real-time imaging of the location and
aggregation state of gold nanoparticles (AuNPs),
which are two critical issues for the efficiency of
photothermal therapy based on AuNPs. Therefore,
we are able to perform the infrared irradiation at
the most appropriate area and time point according
to the location and the aggregation state of AuNDPs,
which would result in the optimal efficiency of
photothermal therapy and minimum damage to
the surrounding normal tissue. The much higher
efficiency and accuracy of our strategy than those
of the conventional photothermal therapy based on
AuNPs have been clearly verified both in vivo and
in vitro in the study, which we believe would signif-
icantly promote the development of photothermal
therapy against various malignant tumors.
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