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Tumor microenvironment (TME), as the “soil” of tumor growth and metastasis, exhibits significant differences
from normal physiological conditions. However, how to manipulate the distinctions to achieve the accurate
therapy of primary and metastatic tumors is still a challenge. Herein, an innovative nanoreactor (AH@MBTF) is
developed to utilize the apparent differences (copper concentration and H;0, level) between tumor cells and
normal cells to eliminate primary tumor based on HyO»2-dependent photothermal-chemodynamic therapy and
suppress metastatic tumor through copper complexation. This nanoreactor is constructed using functionalized
MSN incorporating benzoyl thiourea (BTU), triphenylphosphine (TPP), and folic acid (FA), while being co-loaded
with horseradish peroxidase (HRP) and its substrate ABTS. During therapy, the BTU moieties on AH@MBTF
could capture excessive copper (highly correlated with tumor metastasis), presenting exceptional anti-metastasis
activity. Simultaneously, the complexation between BTU and copper triggers the formation of cuprous ions,
which further react with HyO2 to generate cytotoxic hydroxyl radical (¢OH), inhibiting tumor growth via che-
modynamic therapy. Additionally, the stepwise targeting of FA and TPP guides AH@MBTF to accurately accu-
mulate in tumor mitochondria, containing abnormally high levels of H2O2. As a catalyst, HRP mediates the
oxidation reaction between ABTS and H,O» to yield activated ABTSe". Upon 808 nm laser irradiation, the
activated ABTSe" performs tumor-specific photothermal therapy, achieving the ablation of primary tumor by
raising the tissue temperature. Collectively, this intelligent nanoreactor possesses profound potential in inhib-
iting tumor progression and metastasis.

1. Introduction [4,5]. However, developing a feasible method to utilize the differences

between TME and normal physiological conditions for tumor treatment

Tumor microenvironment (TME) is a complex and heterogeneous
collection of tumor cells, stromal cells, immune cells, blood vessels, and
extracellular matrix, which has been recognized as the “soil” of tumor
occurrence, growth, and metastasis [1-3]. Due to the disordered energy
metabolism, hypoperfusion, uncontrolled cell growth, the physiological
characteristics of TME are different from those of healthy tissue,
including elevated copper, increased HoO5 concentration, and acidity
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remains a problem.

As to overcome afore-mentioned challenge, new strategy such as
photothermal therapy (PTT) has been introduced to combat against
malignant tumors owing to its spatiotemporal controllability and
noninvasive characteristic [6-8]. As a highly promising therapeutic
manner of tumor, PTT could induce tumor cell apoptosis by raising the
tissue temperature [9,10]. Even if it exhibits significant killing effect for
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tumor cells, the conventional PTT still causes serious damage to sur-
rounding healthy tissue because the photothermal transduction agents
are randomly internalized by normal cells [11-13]. Therefore, it is
greatly desirous to establish a selective PTT system based on the
manipulation of TME for producing photothermal effects only in tumor
cells.

In abnormal TME, excessive reactive oxygen species (ROS), partic-
ularly HoO», offer a superior opportunity for selective PTT [14]. It is
reported that the concentration of HyO5 in cancer cells (1 x 1074 M) is
much higher than that in normal cells (2 x 108 M) [15]. As a
frequently-used indicator of HyO5, the horseradish peroxidase (HRP)
could catalyze the conversion of 2,2-azino-bis (3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) to form ABTSe™ in presence of
high concentration of HyO» [16,17]. Upon near-infrared (NIR) irradia-
tion, the ABTSe"™ with strong NIR absorption displays excellent
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photothermal conversion efficiency [18]. Hence, the ABTS&HRP system
is considerably appropriate to serve as a selective PTA.

Despite showing distinguished therapeutic effects on primary tumor,
this PTT based on the ABTS&HRP system is incapable of suppressing the
tumor metastasis, which is closely associated with a high mortality rate
of tumors. Angiogenesis is considered as an indispensable step during
the process of tumor metastasis [19]. In TME, the copper content is
aberrantly elevated due to the reduced decomposition of ceruloplasmin
[20-22]. The higher copper level can be conducive to the expression of
pro-angiogenic factors, including vascular endothelial growth factor
(VEGF) [23], fibroblast growth factor (FGF) and transforming growth
factor-b (TGF-b) [24]. Consequently, copper depletion therapy could
significantly enhance the anti-metastasis effect. Multitudinous
copper-chelating agents have been employed to chelate additional
copper in vivo, such as tetrathiomolybdate, p-penicillamine, acyl
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Scheme 1. Illustration of preparation (A) and therapeutic mechanism (B) of AH@MBTF nanoreactor for performing H,O,-responsive photothermal-chemodynamic
therapy to eliminate primary tumor and chelating copper to inhibit metastatic tumor.
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thiourea, and trientine hydrochloride [25,26]. Among them, thioureas
groups could not only bind copper with a high stability constant, but also
reduce Cu®* to Cu™ [27,28]. It is well established that Cu™ catalyzes
H20; in Fenton like reaction to generate cytotoxic hydroxyl radical
(eOH) [29], which is an effective approach to devastate tumor cells [30].
Herein, we have designed a HyOs-responsive and multifunctional
nanoreactor (ABTS"*’@MSN-BTU-TPP-TA, AH@MBTF for short) for
the inhibition of tumor growth and metastasis via regulating TME. To
fabricate the nanoreactor, the mesoporous silica nanoparticles (MSN)
are employed as nanocarriers to conjugate with folic acid (FA, active
targeting group), triphenylphosphine (TPP, mitochondrial targeting
molecule) [31-33], and benzoyl thiourea (BTU, copper ion chelator),
and then loaded with ABTS&HRP. During therapy, the nanoreactor can
actively accumulate to tumor cells with the assistance of FA. After
internalization, the BTU segment would capture the excessive Cu?* in
tumor and convert Cu** to Cu*. The copper depletion inhibits the ability
of cancerous cells to invade and metastasize. Subsequently, TPP is in
charge of guiding nanoreactor into tumor mitochondria with abundant
H,05 [34]. On one hand, the cytotoxic ¢OH based on the Fenton reaction
between H,0, and Cu™ was generated, further enhancing the antitumor
effect. On the other hand, the HRP would catalyze the ABTS activation in
the presence of sufficient HyO2. Upon laser radiation, the activated
ABTSe ™" performed the tumor-specific PTT and minimizes the damage to
normal tissues without abnormal accumulation of Hy0,. Taking
advantage of the HyO,-dependent photothermal-chemodynamic ther-
apy and copper chelation, the nanoreactor is expected to completely
ablate primary tumor and suppress metastatic tumor (Scheme 1).

2. Materials and methods
2.1. Synthesis of AH@MBTF

The loading of ABTS in MBTF was achieved by physical absorption,
and 50 mg of MBTF was dispersed in 50 mL of mixed solution (1:1 of
ethanol and water, v/v), followed by the addition of 100 mg of ABTS.
The mixture was stirring for 24 h. The solution was centrifugated with DI
water and then freeze-dried to get A@MBTEF.

Firstly, 100 mg A@MBTF was dispersed in mixed solution (1:1 of
ethanol and water, v/v) and 200 mg HRP was added. Then, the mixture
was swirled and stirred for 24 h. The mixture was washed with DI water
to remove free HRP and the AH@MBTF was obtained by freeze drying.

2.2. H,0gz-dependent catalysis and photothermal effect

H-0- was mixed with different formulations: AH@MBTF, A@MBTF,
H@MBTF and MBTF. The HRP-mediated catalysis was estimated by the
UV-Vis spectrums post-reaction at 0.5h and the photothermal effect of
nanoreactor was evaluated by the variation of temperature. Then, the
AH@MBTF was dispersed in 1 mL of solutions containing different pH
and Hy0 (pH 7.4, HoO05: 10 nM; pH 6.8, H,O5: 100 pM; pH 8.0, H205:
10 mM). The UV-Vis absorbance and temperature change were recor-
ded. 2.3. Cu?" capture capability and ROS generation.

The AH@MBTF was added in different ion solutions (CuCl,, CaCls,
MgCl,, and MnCly) for stirring 24 h. The mixture solutions were digested
with dilute nitric acid and the ion concentration was measured by
atomic absorption spectrum. As a Cu™-specific sequestering agent, BCS
was employed to characterize the transformation process from Cu?* to
Cu™. In brief, AH@MBTF was incubated with CuCl, solution for 0.5h,
and then the BCS was added in the solution. After 10min, the absorption
spectrum was measured. For ROS formation, the mixed solution con-
taining AH@MBTF, Hy0,, and CuCl, was prepared. After 0.5 h reaction,
TMB solution was dispersed in the solution and the sample was detected
using UV-Vis spectrophotometer.
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2.3. Reactive oxygen species detection

DCFH-DA reagent was applied to evaluate the intracellular ROS
levels. In brief, 4T1 cells were seeded into 6-well plates for 24 h incu-
bation. After removing medium, the cells were co-cultures with PBS,
AH@MTF, AH@MBTF, AH@MBF, AH@MBTF~+L for 48 h. After that,
the cells were rinsed by PBS and stained with DCFH-DA solution (10 pM)
for 30 min in the dark. After the cells are harvested, the fluorescence
intensity of DCFH-DA was analyzed by flow cytometer.

2.4. MTT assay

The cytotoxicity of NPs and was estimated with 4T1 cells and MCF-
10A cells via MTT assay. Briefly, cells were plated into 96-well plates
and cultured for overnight. Then, the cells were treated with PBS,
AH@MTF, AH@MBTF, AH@MTF+L, AH@MBTF, AH@MBTF+L, and
AH@MBF+L. After incubation for 48 h, the fresh medium containing
MTT (5 mg/ml) was cocultured with cells for additional 4 h. Subse-
quently, the cell medium was replaced with 150 pl of DMSO and the
plates were shaken for 15 min. The absorbance of cells at 490 nm was
analyzed with a Bio-Rad microplate reader and the cell viability was
calculated according to the standard formula.

2.5. Mitochondrial membrane potential (A¥m) assay

The dysfunction of mitochondria could be evaluated by the decline of
A¥m and JC-1 is an ideal fluorescence probe for detecting A¥Ym. The
4T1 cells were cultured into a 6-well plate and given different treatments
of PBS, AH@MTF, AH@MBTF, AH@MTF+L, AH@MBTF,
AH@MBTF+L, and AH@MBF+L for 24h. The harvested cells were
performed the protocol of MitoProbe JC-1 Assay Kit and then analyzed
by flow cytometry.

2.6. Apoptosis assay

The apoptosis efficacy of NPs was performed by Annexin V-FITC/PI
apoptosis detection kit. 4T1 cells were seeded into a 6-well plate at 37 °C
in 5 % CO,, following by incubated with PBS, AH@MTF, AH@MBTF,
AH@MTF+L, AH@MBTF, AH@MBTF+L, and AH@MBF+L for 24h.
After washed with PBS, the cells were stained with Annexin V-FITC and
PI for 15 min, sequentially. The cells were collected for flow cytometry
analysis.

2.7. In vivo biodistribution and photothermal effects study

When the tumor volume was approximately 300 mm?®, the 4T1
tumor-bearing mice were intravenously injected with the AH?@MBTF.
The biodistribution of whole body was assessed by the in vivo imaging
system at predetermined time intervals. The mice were sacrificed and
the main tissues (heart, liver, spleen, lung, kidney, and tumor) were
gained to detect the fluorescence signals at a preset time.

The photothermal conversion of nanoreactor was evaluated on the
4T1 Subcutaneous tumor model. The mice were administrated by
intravenous injection of PBS and AH@MBTF once the tumor size
reached 300 mm?3. At 48 h post-injection, 808 nm laser with a power of
1.25 W/cm? was utilized to irradiate the mice for 10 min. Before and
after radiation, the thermal images of mice were recorded.

2.8. In vivo therapeutic efficacy study

The 4T1 tumor-bearing mice were randomly divided into five
groups: PBS, AH@MTF+L, AH@MBF+L, AH@MBTF, and
AH@MBTF+L. The mice (initial tumor volume: 50-100 mm3), were
intravenously administrated the formulations on day 0. The 808 nm
laser irradiation (1.25 W/cmz, 10 min) was conducted at 48 h post-
injection. During the 21 days observation period, the tumor volume
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and body weight were monitored every 2 days. At the end of the treat-
ments, the mice were sacrificed and the tumors were collected for H&E,
TUNEL, Ki67, and CD34 staining. The ROS level of tumor was detected
with flow cytometry analysis. The survival rate curves of mice were
assessed using Kaplan-Meier method and observed for 35 days. For anti-
metastasis evaluation, the mice were euthanized and the lungs were
soaked in Bouin’s solution. After 4 h, the lung tissues were photographed
and weighted. Besides, surface yellow nodules were counted and the
tissues were performed the H&E, Ki67, and N-cadherin staining.

2.9. Statistical analysis

Data analysis was performed using GraphPad Prism version 7 soft-
ware. All numerical values were expressed as the mean + SD. For
multiple comparisons, statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by a Bonferroni post-test. All
significant values were indicated as follows: (*p < 0.05, **p < 0.01, ***p
<0.001; ns, no significance).

3. Results and discussion
3.1. Preparation and characterization of AH@MBTF

The AH@MBTF nanoreactor was based on MSN prepared by CTAB-
templated method [35,36], which was further grafted with three func-

tional groups (BTU, TPP, and FA) and loading with ABTS and HRP. To
prepare AH@MBTF nanoreactor, BTU and TPP-NH; were firstly
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synthesized (Fig. S1A and Fig. S2A), which were verified by the Fourier
transform infrared spectrometer (FT-IR) and 'H nuclear magnetic reso-
nance (‘H NMR) spectrum. The results (Figs. S1B and C), showed the
characteristic vibrations and proton signals of C-H and N-H from eth-
ylenediamine, suggesting the successful preparation of BTU. The syn-
thesis of TPP-NH; were proved by the appearance of phenyl and amino
in FT-IR and 'H NMR spectrum of TPP-NHj, (Figs. S2B and C).

The stepwise preparation procedure of MBTF (MSN-BTU/TPP/FA)
was confirmed by FT-IR spectrum (Fig. 1A), which showed clear char-
acteristic vibrations of Si—-O-Si from MSN, C-C from TPP, C=N from FA,
and C=S from BTU. Zeta potential change from MSN to AH@MBTF
(Fig. S3A) further supported the gratifying preparation, which presented
the surface charge transition of the functional groups as expected. Based
on the differential thermal gravity analysis (DTG, Fig. S3B) of MBTF, the
coupling of characteristic thermal signals of MSN-BTU, MSN-TPP, and
MSN- FA was observed. According to the analysis of C peak from X-ray
photoelectron spectroscopy (XPS) spectra of MBTF (Fig. 1B), C=S,
C=N, and = bond from phenyl were respectively assigned to BTU, FA,
and TPP, further indicating the successful modification of functional
groups. The chemical composition of MBTF was investigated by energy
dispersive spectroscopy (EDS) (Fig. 1C), which presented the typical
characteristic elements of N, P, and S. The mapping images clearly
revealed the homogeneous distribution of Si, O, N, P, and S (Fig. 1D),
indicating the formation of MBTF. As shown in Fig. 1E, the resulting
MBTF carrier exhibited a diameter around 190 nm with spherical mor-
phologies. The large-scale TME image of MBTF was displayed in Fig. S4.

To obtain the -catalytic nanoreactor, ABTS and HRP were
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successively loaded on the MBTF carrier. The UV-vis spectrum of
A@MBTF (ABTS@MSN-BTU/TPP/FA) presented the characteristic ab-
sorption peak of ABTS at 342 nm, demonstrating that ABTS was
encapsulated in the pores of carrier as expected (Fig. 1F). Fluorescein
isothiocyanate (FITC) was utilized to label HRP for verification the
loading of HRP. As shown in Fig. 1G, the characteristic emission peak of
FITC at 520 nm was observed in the fluorescence spectrum of
AH'@MBTF (ABTS™"PFTC@MSN-BTU/TPP/FA), which was similar
with that of HRPF'TC, suggesting the successful loading of HRP. The
absorbance of ABTS (Fig. S5A) and the fluorescence intensity of HRPF'TC
(Fig. S5D) maintained an obvious linear dependence with the concen-
tration of ABTS and HRP™''C, separately. Based on the standard curves of
ABTS (Fig. S5B) and HRPF'TC (Fig. S5E), the loading rates of ABTS and
HRP were determined to be 6.67 % (Fig. S5C) and 1.25 % (Fig. S5F),
respectively. In addition, the mesoporous structure of AH@MBTF almost
disappeared, further indicating that ABTS and HRP were successfully
loaded into the pores of MSN (Fig. 1H). The release rates of ABTS and
HRP were quite low under different pH conditions, demonstrating the
satisfactory stability of AH@MBTF (Figs. S6A and B). The final
AH@MBTF nanoreactor had a slightly increased size particle of around
210 nm and a spherical morphology attached by organic layer (Fig. 1I).
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The TEM image of AH@MBTF with multiple particles was presented in
Fig. S7.

3.2. Response performance studies of AH@MBTF in vitro

In the case of excessive HoO- in tumor, inactive ABTS could be
oxidized by HRP to form activated ABTSe", which displays the strong
NIR absorption and delightful photothermal effect for tumor tissue.
Next, the enzyme-catalyzed behavior of AH@MBTF was investigated.
The UV-Vis absorption spectra of AH@MBTF+H30, exhibted obvious
triple absorption peaks of ABTSe" between 600 and 900 nm, which was
consistent with that of free ABTS+HRP+H50; (Fig. 2A). In view of the
strong absorption of ABTSe™ in the NIR region, the AH@MBTF+H,0,
and free ABTS+HRP-+H0; presented the similar temperature rise after
NIR radiation (Fig. 2B), reflecting that the photothermal ability of
AH@MBTF indeed came from the HRP catalyzed ABTS conversion under
the condition of HyO,. In addition, the AH@MBTF nanoreactor still
maintained satisfactory photothermal stability even after four laser
switching on/off cycles (Fig. S8). PBS solutions containing different pH
and various concentrations of HyO, were applied to simulate different
physiological environments: normal tissue (pH = 7.4, [HoO3] = 10 nM),
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tumor microenvironment (pH = 6.8, [H202] = 100 pM), and tumor
mitochondria (pH = 8.0, [H202] = 10 mM). Compared with the negli-
gible absorbance spectrum and temperature change in normal tissue,
AH@MBTF in tumor mitochondria displayed stronger triple absorption
in NIR spectrum and superior photothermal conversion efficiency
(Fig. 2C and D). In addition, the effect of different HoO, concentrations
or pH on photothermal properties was studied. As the HyO, concentra-
tion increased, the absorbance of AH@MBTF at NIR region was
dramatically enhanced and the temperature was significantly elevated
(Figs. S9A and B). However, the variation of pH did not bring about the
change of NIR absorption spectrum and photothermal property

Bioactive Materials 34 (2024) 354-365

(Figs. S9C and D). These results convincingly demonstrated that the
AH@MBTF nanoreactor could serve as an outstanding photothermic
agent in the subsequent precise treatment of tumor.

The thiourea groups of BTU exert strong copper-chelation capability,
which provides favorable support to deplete the excessive copper in
tumor. At first, the copper selective complexation of AH@MBTF nano-
reactor was explored in PBS containing various common microelement
ions. It can be seen from Fig. 2E, the AH@MBTF showed highly selective
capture of Cu®* far over other common microelement ions (Na*, K*,
Mn?*, Mg?*, and Ca®"), which was conducive to regulate the Cu®* level
in tumor microenvironment. Additionally, the complexation between
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BTU and Cu?* involved the formation of Cu*. As a specific complexant
of Cu", bathocuproine disulfonate (BCS) was utilized to detect the
generation of Cu™ [37,38]. After adding BCS to the AH@MBTF/CuCl,
solution, the appearance of characteristic absorption at 480 nm revealed
the formation of Cu™ (Fig. 2F). To further determine the state between
Cu" and nanoreactor, XPS was used to investigate the AH@MBTF after
mixing with Cu?". As can be seen from Fig. 510, the XPS spectra of Cu 2p
exhibited the peaks of Cu'-S at 931.91 eV and Cu™-O at 934.2 eV,
indicating the formation of complex between Cu' and AH@MBTF [27,
39-41]. Moreover, Fig. S11, the residula content of Cu in the
AH@MBTF-Cu complex maintained well at 99.8 % even after 48 h in-
cubation, and no visible diffusion of the copper ions appeared until the
end of incubation, performing a high stability in PBS (Fig. S11). These
results indicated that all the copper captured by AH@MBTF existed as
the state of stable complex. In addition, the obtained Cu* could react
with excessive HyO9 of tumor tissue to produce eOH, which was
considered as the most toxic ROS. 3,3',5,5-tetramethyl-benzidine (TMB)
has been explored as a feasible chromogenic agent for ¢OH detection. As
seen from Fig. 2G, the characteristic absorption peak at 655 nm was
observed when TMB was added to the mixed solution of AH@MBTF,
CuCly, and Hp0,, suggesting the emergence of eOH. As expected,
AH@MBTF in the tumor mitochondria generated a large amount of ¢OH,
which was demonstrated by the intense absorption of 655 nm (Fig. 2H
and I).

3.3. In vitro tumor therapy of AH@MBTF

To further evaluate the cancer therapeutic efficacy, the selective
cellular uptake of AH@MBTF was first investigated by fluorescence
microscopy and flow cytometry. FITC labeled HRP was employed to
track the nanoreactor (AHF@MBTF). The 4T1 cells and MCF-10A cells
were selected as the model tumor cells and normal cells, respectively. As
shown in Fig. 3A, AHF@MBTF displayed the strong fluorescence signal
of FITC in 4T1 cells, whereas only weak fluorescence signal was
observed in AHF @MBT (ABTSF'T¢~HRP @MSN-BTU/TPP), indicating that
FA as an active targeting group could promote the tumor cellular uptake
of the nanoreactor. Meanwhile, there was no noteworthy fluorescence
signal of AH'@MBTF and AHF@MBT in MCF-10A cells. Moreover, the
results of flow cytometry analysis further revealed that the uptake effi-
ciency of AHF@MBTF in 4T1 cells was much stronger than that in MCF-
10A cells (Fig. 3B and C). The tumor mitochondria were labeled with
MitoTracker to detect whether the nanoreactor could specifically accu-
mulate in mitochondria. In the absence of TPP, the green fluorescence of
AH*@MBF (ABTS™T¢"HRP@MSN-BTU/FA) was not overlapped with the
red signal of mitochondria (Fig. 3D). However, AHF@MBTF (green
fluorescence) co-localized well with mitochondria (red fluorescence),
verifying that the introduction of TPP endowed AHF @MBTF with the
active targeting ability to mitochondria.

On view of the promoting effect of copper during tumor metastasis,
AH@MBTF was expected to suppress the metastasis of tumor cells via
the copper complexation of BTU groups. Therefore, the inhibitory effects
of AH@MBTF on 4T1 cells migration and invasion were evaluated by
wound healing and transwell migration assay, respectively. As indicated
in Fig. 3E and F, the AH@MTF~+L group (ABTS""* @MSN-TPP/FA with
808 nm laser irradiation, without BTU) exhibited a minor anti-migratory
effect, while the wound healing was clearly hindered in AH@MBTF
group due to the copper complexation of BTU. With the 808 nm irra-
diation, the lowest efficiency of 4T1 cells migration was noticed in
AH@MBTF+L group (ABTS™P@MSN-BTU/TPP/FA with 808 nm laser
irradiation), which was attributed to the decreased cell activity induced
by photothermal effect and ROS generation. The anti-migratory effect of
AH@MBF+L group (ABTS'R°@MSN-BTU/FA with 808 nm laser irra-
diation, without TPP) was slightly lower than that of AH@MBTF+L
group because the lack of mitochondrial targeting function led to a
reduction in ROS content. With treatment time from 12 h to 24 h, the
afore-mentioned trends of migration inhibition against 4T1 cells were
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more obvious. Furthermore, the inhibitory effect of nanoreactor on the
4T1 cells invasiveness was assessed. Consistent with the results of
wound healing assay, the AH@MBTF group could more significantly
attenuate the invasion of tumor cells relative to the AH@MTF~+L group,
which was benefited from presence of BTU (Fig. 3G and H). The
AH@MBTF+L group still maintained the strongest invasion-resistant
ability. Epithelial-mesenchymal transition (EMT) was considered as
the indispensable role in tumor metastasis [42]. To further examine
whether the nanoreactor inhibited 4T1 cells metastasis by acting on
EMT, the marker proteins (E-cadherin, N-cadherin and Vimentin) of
EMT progression were detected by western blotting. The E-cadherin
expression is negatively correlative with EMT, yet the expressions of
N-cadherin and vimentin are positively correlative with EMT. Appar-
ently, in the AH@MBTF+L group, E-cadherin was most significantly
up-regulated, while the N-cadherin and vimentin were most remarkably
down-regulated (Fig. 31, J). The result demonstrated that the AH@MBTF
nanoreactor could inhibit tumor metastasis via obstructing the EMT
process. This process was attributed to the copper deficiency mediated
inactivation of HIF-la and down-regulation of hypoxia-associated
transcription factors (Snail and Twist-1), which resulted in the dysre-
gulation of EMT-related proteins [43].

As proved in the solution sample, AH@MBTF could reduce of Cu
Cu, which further reacted with Hy0, to produce cytotoxic eOH. Thus,
the intracellular ROS level was detected by flow cytometry with
dichlorodihydrofluorescein diacetate (DCFH-DA) as a fluorescent probe
[44]. As shown in Fig. 4A and B, the increase of intracellular ROS level in
AH@MTF group (ABTS'R’@MSN-TPP/FA) was negligible. With the
introduction of BTU functional group, the Fenton reaction between Cu™
and Hy0, promoted the generation of ROS in AH@MBF
(ABTSHRP@MSN-BTU/FA)-treated cells. The further accumulation of
ROS was observed in AH@MBTF (with TPP group), which was ascribed
to the more adequate HyOy from tumor mitochondrion. Moreover, the
additional 808 nm radiation greatly improved the generation of ROS
from AH@MBTF+L group owing to the more active Fenton reaction
promoted by rising temperature. In addition, the intracellular ¢OH level
was further detected by using the specific ¢OH-sensitive probe (BBox-
iProbe®026) [45-47]. As can be seen from Fig. S12, the most eOH was
generated in the AH@MBTF with NIR radiation group owing to the
enhancement of Fenton-like reaction under higher temperature, which
was consistent with that of DCFH-DA. According to the above two
studies, it can be concluded that our nanoreactor can perform the
excellent chemodynamic effect. Subsequently, the efficacy of
AH@MBTF for tumor photothermal therapy and chemodynamic therapy
was tested by MTT assay. The copper plunder group (AH@MBTF) and
photothermal treatment group (AH@MTF+L) displayed remarkable
cytotoxicity against 4T1 cells (Fig. 4C). As expected, the 4T1 cells
viability in multifunctional AH@MBTF+L group was tremendously
suppressed because of the synergistic effect of copper chelation, mito-
chondrial targeting ability, PTT, and chemo-dynamic therapy. All
treatment groups had no effect on the MCF-10A cells proliferation,
indicating the good biocompatibility of AH@MBTF.

The cell apoptosis assay of AH@MBT was performed by annexin
V-FITC/propidium iodide (PI) apoptosis detection kit. In accordance
with the results of detection, AH@MBTF and AH@MTF+L could effi-
ciently induce 54.70 % and 49.65 % cell apoptosis, respectively
(Fig. 4D). Meanwhile, the largest apoptosis ratio of about 85.81 %
appeared in AH@MBTF+L group due to the synergistic therapeutic ef-
fects (Fig. 4F). Since these formulations exerted main therapeutic effects
in tumor mitochondria, the decline of mitochondrial membrane poten-
tial (A¥m), as one of the hallmark events of mitochondrial dysfunction,
was assessed with a membrane-permeable JC-1 dye [48]. As determined
by flow cytometry in Fig. 4E and G, after AH@MBTF treatment, the
AW¥m significantly decreased by 33.57 % versus the PBS group. With the
addition of 808 nm radiation, the loss ratio of AYm in AH@MBTF+L
was up to 74.69 %, demonstrating the severe damaging of mitochondria
by the synergistic effects. Once mitochondrial targeting ability was lost,
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4T1 cells after treatments by different formulations. AH@MTF represents the ABTSHRP@MSN-TPP/FA; AH@MBF represents the ABTSHRP@MSN-BTU/FA; AH@MBTF
represents the ABTS'R’@MSN-BTU/TPP/FA; AH@MBTF+L represents the ABTS"*’@MSN-BTU/TPP/FA with 808 nm laser irradiation; AH@MTF+L represents the
ABTS"*’ @MSN-TPP/FA with 808 nm laser irradiation; AH@MBF+L represents the ABTS"** @MSN-BTU/FA with 808 nm laser irradiation. *p < 0.05, **p < 0.01 and

***p < 0.001 versus PBS group.

the situation of mitochondrial dysfunction in AH@MBF+L was weaker
than that in AH@MBTF-+L.

3.4. In vivo anti-tumor performance of AH@MBTF

Inspired by the promising anti-tumor performance in vitro, the
therapeutic efficacy of AH@MBTF nanoreactor was evaluated by 4T1
tumor-bearing nude mice. The biodistribution of AH@MBTF was tested
by using DiR as a fluorescent probe and shown in Fig. 5A. Apparently,
the DiR-labeled AH@MBTF (AHP@MBTF, ABTSPR-TRP@MSN-BTU/
TPP/FA, AHP@MBTF for short) gradually accumulated to tumor tissue
in a time-dependent manner and the fluorescence intensity of DiR was
still strong even at 48 h after injection. At every predetermined time
point, the isolated organs and tumor tissue were harvested to detect the
distribution of AH?@MBTF in different organs. At the beginning, the
nanoreactor mainly detained in liver owing to first pass elimination. As
time elapsed, the rapid metabolism of AHP@MBTF brought about less
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and less DiR fluorescence in liver. Conversely, the fluorescence signals in
tumor regions continuously enhanced and shown a long residence time,
which was advantageous for effective tumor treatment. The quantitative
analysis of DiR fluorescence in tumor site was consistent with the result
of biodistribution (Fig. S13). Next, the photothermal effect of
AH@MBTF in vivo was carried out with laser irradiation. In contrary to
the negligible temperature rise in PBS, the AH@MBTF exhibited a rapid
temperature increase after irradiation for 10 min, suggesting the
excellent photothermal effect (Fig. 5B).

After confirming the higher tumor accumulation capability and
preeminent photothermal property, the in vivo antitumor efficacy of
AH@MBTF was assessed using 4T1 tumor model. When the tumor vol-
ume reached 50-100 mm?®, the tumor-bearing mice were randomly
divided into five groups: PBS, AH@MTF+L (photothermal therapy),
AH@MBF+L (copper-depleting therapy, photothermal therapy, and
chemo-dynamic therapy), AH@MBTF (copper-depleting therapy,
chemo-dynamic therapy, and mitochondrial targeting), and



J. Liu et al.

= 15
=
S
= 10
%107
0s
C 2000 —— PBS
AH@MTF+L
1500 —— AH@MBF+L
~~ AH@MBTF L
1000 AH@MBTF+L 55
500
—
T
02 4 6 8 1012 14 16 18 20 22
Time (Day)
G PBS AH@MTF+L AH@MBF+L AH@MBTF

H&E

Ki67

CD34

Bioactive Materials 34 (2024) 354-365

AH@MBTF

After

PBS
AH@MTF+L
AH@MBF+1L,
AH@VBTF

poooin

AH@MBTF+L

AH@MBTF+L F " —pBS
. . AH@MTF+L
2 3 —— AH@VIBF L
= 804
Iy : e AH@MBTF
“ ]
3 I o0 o AH@MBTF+L
e S 40
g
20
T T 1
20 30 4
Time (Day)
E — PBS
’ 3 / \
| — AH@WTFL
=]
:: z " A
3 g — AH@MBF+L
o E /\ — AH@MBTF
S =24 A
S 3 A
/\ AH@MBTF+1L,
‘ s

A\

DCFH-DA-H

Fig. 5. A) Distribution of AH°@MBTF in vivo at different time points and the fluorescence imaging of isolated organs and tumor. B) in vivo photothermal images of
mice treated with PBS and AH@MBTF before and after laser irradiation. C) the growth curves of tumor volumes from tumor-bearing mice in different treatments:
PBS, AH@MTF+L, AH@MBF+L, AH@MBTF, and AH@MBTF+L. D) The representative tumor images of various formulations at the 21st day. E) The quantitative
statistics of tumor weight from different groups. F) The survival percentages of the tumor-bearing mice in 35 days. G) the ROS level of tumor tissues at the 21st day.
H) H&E, TUNEL, Ki67, and CD34 staining of tumor tissues from different groups after 21 days therapies. AH"@MTF~L represents the ABTSP'RHRP @MSN-TPP/FA;
AH@MTF+L represents the ABTS""’@MSN-TPP/FA with 808 nm laser irradiation; AH@MBF+L represents the ABTS""’ @MSN-BTU/FA with 808 nm laser irra-
diation; AH@MBTF represents the ABTSHRP@MSN-BTU/TPP/FA; AH@MBTF+L represents the ABTS"™™’@MSN-BTU,/TPP/FA with 808 nm laser irradiation. The
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AH@MBTF+L (copper-depleting therapy, photothermal therapy,
chemo-dynamic therapy, and mitochondrial targeting). During the 21-
day treatment period, the body weight of mice kept stable and even
slightly increased, demonstrating that the nanoreactor did not cause
severe systemic toxicity (Fig. S14). It can be seen from Fig. 5C that the
tumor growth in AH@MTF+L and AH@MBTF was suppressed to a
certain extent in contrast to PBS group. The tumor inhibition was further
promoted by the combination therapy of copper-depleting therapy,
photothermal therapy, and chemo-dynamic therapy (AH@MBF+L).
With the assistant of TPP to target tumor mitochondria, the tumor vol-
ume in AH@MBTF+L was almost at a stagnant state after a brief rise,
indicating the extraordinary antitumor activity that benefited from the
significant synergistic effect. Moreover, the representative image of
tumor tissues (Fig. 5D) and tumor weight (Fig. 5E) after 21 days of
treatment were consistent with the result of tumor volume. In addition,
the tumor inhibition rates of virous treatment groups were further
calculated. As shown in Fig. S15, the tumor inhibition rates of single
photothermal therapy group (AH@MTF+L) and single chemodynamic
therapy group (AH@MBTF) were respectively 42.3 % and 30.12 %, even
the sum of these values was far less than the inhibition rate of dual
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functional group (AH@MBTF+L, 89.03 %). The superiority of combi-
nation therapy could be attributed to the significant promotion of
Fenton-like reaction by the rising temperature to produce more
eOHFig. S12 [41,49,50] and the additional enhancement of photo-
thermal therapy through the reduction in heat resistance of tumor cells
caused by the generated ¢OH [51,52]. The results indicated that our
nanoreactor exhibited the excellent collaborative treatments of photo-
thermal therapy and chemodynamic therapy. According to the
Kaplan-Meier plots of tumor-bearing mice (Fig. 5F), the final treatment
group (AH@MBTF+L) markedly prolonged the survival rate of mice to
100 %. Then, the ROS generation in tumor sites was measured by flow
cytometry to estimate the antitumor process. Evidently, the mice treated
with AH@MBTF generated a large amount of ROS, while the laser ra-
diation (AH@MBTF+L) further enhanced the formation of ROS
(Fig. 5G). The quantitative analysis revealed that the accumulated ROS
in the AH@MBTF-+L treated mice was much higher than that of control
group (Fig. S16). Then, the VEGF level of tumor tissue after various
treatments was further tested. As can be seen from Fig. S17, the
AH@MBTF treatment obviously inhibited the expression of VEGF. The
inhibition effect of AH@MBTF+L to VEGF could be further enhanced by
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the additional NIR irradiation, which could be attributed to the heat
promoted copper capture [41] and the direct reduction of VEGF pro-
duction caused by the photothermal mediated damage of tumor cells
[53].

Upon the termination of antitumor experiment, the therapeutic ef-
fect of nanoreactor was further estimated by the H&E (analysis of tissue
structure), TUNEL (characterizing apoptotic cells), Ki67 (typical marker
of tumor proliferation), and CD34 (vascular endothelial cell marker)
staining (Fig. 5H). The tumor tissue treated with AH@MBTF+L pre-
sented remarkable cell necrosis and nuclear rupture, massive apoptotic
cells (red fluorescence), down-regulation of Ki67 expression, and
reduction of CD34 marker. These results further demonstrated that the
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AH@MBTF+L could inhibit tumor growth, induce tumor cells apoptosis,
suppress tumor proliferation, and prevent tumor angiogenesis.

To further verify the biosafety of nanoreactor, the H&E staining of
main organs was conducted. As shown in Fig. S18, the tissue structures
of organs still maintained intact and the noticeable pathological damage
wasn’t found. Additionally, the spleen weight of all experimental groups
was similar with PBS group, implying that no inflammatory lesions
occurred (Fig. S19). Furthermore, the serum was acquired for blood
biochemistry analysis at the endpoint of various treatments to investi-
gate the biocompatibility. As can be seen from Fig. S20, there were no
significant differences of the major blood biochemistry indexes between
4T1 tumor-bearing mice treated by PBS and different formulations,
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Fig. 6. A) Representative images of lung tissues with tumor metastasis after 450treatment with different formulations. B) The counting of metastatic nodules in the
lung after various treatments. C) The weight statistics of lung tissues harvested from different groups. D) H&E and Ki 67 staining of the lung tissue after different
treatments. E) Inmunohistochemistry staining of N-cadherin (related transfer protein) with different formulations. AH@MTF-L represents the ABTS"R’@MSN-TPP/
FA with 808 nm laser irradiation; AH@MBF+L represents the ABTS"™®P’@MSN-BTU/FA with 808 nm laser irradiation; AH@MBTF represents the ABTS"R’@MSN-

BTU/TPP/FA; AH@MBTF+L represents the ABTS""’ @MSN-BTU/TPP/FA with 808 nm laser irradiation. The scale bar is 50 pm *p < 0.05, **p < 0.01, and ***p <
0.001 versus PBS group.
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indicating the high biocompatibility of our nanoreactor for tumor
therapy. Therefore, it could be concluded that the AH@MBTF nano-
reactor displayed considerably high safety in vivo.

3.5. In vivo anti-metastatic evaluation of AH@MBTF

As to the anti-metastatic property of AH@MBTF, an animal experi-
ment was performed by utilizing the highly metastatic 4T1 breast cancer
cells [54] At first, the 4T1 cells were subcutaneously injected into the
right flank of mice (2 x 10° cells per mouse) to generate the primary
tumor. After the tumor tissue grew to a proper size, the mice were
intravenously injected with 4T1 cells suspension (1 x 10° cells per
mouse) to simulate the tumor metastasis. Therefore, this established
animal model contained both primary tumors and metastatic tumors.
The treatment outcomes of primary tumors have been presented in the
above chapter. The metastasis inhibition effect of nanoreactor in vivo
was investigated and the lung tissues of these tumor-bearing mice were
collected at the end of treatment. Subsequently, the isolated lungs were
immersed in Bouin’s fluid to form yellow metastatic nodules (Fig. 6A).
Compared with the diffuse distribution of nodules in PBS, the metastatic
foci substantially reduced through the treatment of AH@MBTF+L. Be-
sides, the number of nodules was more than 120 in PBS group, while this
number decreased down to about 15 with AH@MBTF+L treatment,
confirming the inspiring anti-metastasis effect of synergistic strategy
(Fig. 6B). The lung weight of mice treated with AH@MBTF+L dropped
to normal level, signifying that the lung lesions were greatly alleviated
(Fig. 6C). The pathological analysis suggested that the structure of lung
tissue still maintained normal morphology and the proliferation of
tumor was effectively inhibited in the AH@MBTF+L treated mice
(Fig. 6D). Moreover, the down-regulation of transfer protein (N-cad-
herin) in AH@MBTF+L group further indicated the distinguished per-
formance of metastasis suppression (Fig. 6E).

4. Conclusion

In summary, we reported a multifunctional nanoreactor
(AH@MBTF) that can elicit superior anti-tumor and anti-metastasis ef-
fects based on capper depletion and HyO,-responsive photothermal-
chemodynamic therapy. The nanoreactor apparently blocked tumor
metastasis, which arose from the exhaustion of elevated copper in
tumor. The complexation between BTU and copper ion involved the
reduction from Cu?* to Cu™, catalyzing Hy05 to produce cytotoxic eOH,
further promoting severe mitochondrial dysfunction. The synergistic
effect of FA and TPP assisted nanoreactor to accurately accumulate in
tumor mitochondria, where contained the rather high concentration of
H0,. It has been demonstrated that the loaded HRP catalyzed the
conversion of ABTS to ABTSe", triggering H,0,-dependent photo-
thermal therapy. Both in vitro and in vivo studies revealed that the
nanoreactor formulation not only arrested primary tumor growth and
prolonged survival period of tumor-bearing mice though raising local
temperature and forming eOH, but also utilized copper deficiency to
hinder tumor metastasis. All in all, the intelligent nanoreactor provided
a novel inspiration in cancer treatment.
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