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Co-delivery of a tumor microenvironment-
responsive disulfiram prodrug and CuO,
nanoparticles for efficient cancer treatments
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Disulfiram (DSF) has been used as a hangover drug for more than seven decades and was found to have
potential in cancer treatment, especially mediated by copper. However, the uncoordinated delivery of
disulfiram with copper and the instability of disulfiram limit its further applications. Herein, we synthesize
a DSF prodrug using a simple strategy that could be activated in a specific tumor microenvironment.
Poly amino acids are used as a platform to bind the DSF prodrug through the B-N interaction and
encapsulate CuO, nanoparticles (NPs), obtaining a functional nanoplatform Cu@P-B. In the acidic tumor
microenvironment, the loaded CuO, NPs will produce Cu®* and cause oxidative stress in cells. At the
same time, the increased reactive oxygen species (ROS) will accelerate the release and activation of the
DSF  prodrug the to produce the copper
diethyldithiocarbamate complex, which causes cell apoptosis effectively. Cytotoxicity tests show that the

and further chelate released Cu?* noxious
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Accepted 8th May 2023 DSF prodrug could effectively kill cancer cells with only a small amount of Cu?* (0.18 pg mL™3), inhibiting

the migration and invasion of tumor cells. In vitro and in vivo experiments have demonstrated that this

DOI: 10.1039/d3na00004d functional nanoplatform could kill tumor cells effectively with limited toxic side effects, showing a new
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Introduction

Cancer is the leading cause of death," with an estimated 19.3
million new cancer cases and 10 million cancer deaths world-
wide in 2020.> At present, various treatments have been devel-
oped to treat cancer, such as surgery, radiotherapy, and
chemotherapy, the most commonly used method in the clinic.
However, chemotherapy has serious adverse reactions and drug
resistance, resulting in limited clinical outcomes.*>”® Therefore,
there is an urgent need to develop highly effective drugs to treat
cancer.®

Disulfiram was approved by the U.S. Food and Drug Admin-
istration for the treatment of alcoholism in 1951 and has been
used clinically for more than 70 years.” Since the 1970s, clinical
trials have also been conducted to evaluate its efficacy against
cancer, and the available experimental results revealed its
potential for cancer treatment in the clinic.*'*"* It has been
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perspective in DSF prodrug design and cancer treatment.

demonstrated that DSF has treatment potential in a variety of
tumor models, including breast,* liver,"* colorectal,"* non-small
cell lung,” and glioblastoma.'® However, DSF has poor stability
in vivo, causing unexpected side effects or limited therapeutic
effects, which are significant obstacles hindering its imple-
mentation for cancer therapy.'”'® DSF is unstable in the acidic
gastric environment and the bloodstream. Some in vivo studies
have shown that the ¢;,, of DSF is only 4 min." In the blood, DSF
is rapidly degraded to DTC, and then the DTC is metabolized to
S-methyl N,N-diethyldithiocarbamate (DTC-Me) by thiol methyl-
transferase. Furthermore, the DTC-Me is then oxidized to S-
methyl N,N-diethyldithiocarbamate sulfoxide (DTC-MeSO) and S-
methyl N,N-diethyldithiocarbamate sulfone (DTC-MeSO,),*®
which would have toxic side effects in clinical treatment. For
example, a clinical trial of DSF in patients with mCRPC showed
significant side effects, but the prognosis was not improved.*
Another clinical trial of DSF in treating glioblastoma indicated
that patients experienced side effects such as delirium, ataxia,
and neuropathy.” In addition, DTC-MeSO and DTC-MeSO, are
also potent ALDH inhibitors in vivo,***® which would maintain
anti-alcoholism activity, but lost anticancer activity when DSF is
exposed to blood. Therefore, the instability of DSF in the blood is
one of the main obstacles to its anticancer activity in clinical
applications. Moreover, DSF is a divalent metal ion chelator that
is metabolized in the body and degraded to dieth-
yldithiocarbamate (DDC), which chelates with copper to form the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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copper diethyldithiocarbamate complex (Cu(DDC),). Cu(DDC),
induces cancer cell death by targeting the p97 separase linker
nucleoprotein localization protein 4 (NPL4) and inhibiting the
proteasomal protein degradation pathway.>*?* On the other
hand, Cu(DDC), could also inhibit superoxide dismutase (SOD),
trigger the production of ROS,**® and induce apoptosis.”
Therefore, DSF requires copper(n) ions in the treatment of cancer
to form Cu(DDC),, and the addition of copper ions can effectively
improve the therapeutic effect of DSF. Nevertheless, copper plays
an important role in tumor development, especially for tumor
angiogenesis.** Inappropriate copper ion delivery will promote
the growth of tumor cells and reduce the therapeutic effect of
disulfiram.** Importantly, if exogenous supplementation with
copper(u) and DSF produces toxic substances in normal tissues,
it will cause significant side effects. Thus, the failure of DSF in
oncology clinical applications could be attributed to its lack of
tumor-targeting specificity and the production of unwanted
metabolites.”

Thus, to enhance the therapeutic effect based on DSF and
reduce the side effects, it is necessary to accurately control the
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delivery of copper ions and DSF to specifically produce toxic
substances in tumor tissue. Herein, we constructed a functional
nanoplatform to combat cancer based on the DSF prodrug. As
shown in Scheme 1, we prepared the polypeptide through ring-
opening  polymerization based on benzyl(S)-2,5-
dioxooxazolidine-4-acetate (BLA-NCA), which was further
modified with PEG-NH, to obtain mPEG-b-PBLA. Thereafter,
the amphiphilic polymer was obtained by introducing the DSF
prodrug into the nanoplatform through B-N coordination to
form Cu@P-B NPs. Because the B-N coordination could be
broken in the specific tumor microenvironment, the functional
Cu@P-B NPs released the encapsulated DSF prodrug and CuO,
NPs under the tumor microenvironment. Under an acidic
environment, CuO, NPs released Cu®*" and H,0, and increased
tumor ROS levels through a Fenton-like reaction. At the same
time, elevated ROS in the tumor tissue promoted cell apoptosis
and activated the prodrug to release DDC. Furthermore, DDC
produced by the DSF prodrug combined with Cu** could
generate the poisonous copper complex Cu(DDC), (Scheme 1),
which further kills the tumor cells efficiently. In vitro and in vivo
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Scheme 1 Synthetic route of the DSF prodrug and mPEG-b-PNAEA. Illustration of the antitumor activity of the functional Cu@P-B nano-
platform. After internalization into cancer cells, the CuO, and DSF prodrugs were released to generate Cu(DDC), for efficient cancer treatment.
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experiments proved that codelivery of the DSF prodrug and Cu**
to tumor tissue could effectively kill cells with high biocom-
patibility, providing a new perspective in cancer therapy and the
drug design of DSF.

Materials and methods
Synthesis of the DSF prodrug

The DSF prodrug was synthesized according to the methods
reported in the literature with minor modifications.** In brief, 4-
(bromomethyl)phenylboronic acid (1.202 g, 5.59 mmol) and
sodium diethyldithiocarbamate trihydrate (1.259 g, 5.59 mmol)
were dissolved in methanol (2.0 mL), and the mixture was
stirred in methanol at room temperature for 3 hours. After
removal of the solvent by rotary evaporation, the product was
dissolved in dichloromethane, and the pH was adjusted to basic
by adding sodium hydroxide (NaOH) solution. Thereafter,
aqueous hydrochloric acid (HCl, 1.0 M) was then added to
adjust the pH to be acidic (pH = 1). The produced white
precipitate was dissolved upon the addition of dichloromethane
and washed with water. The organic layer was dried over
sodium sulfate and evaporated to dryness in vacuo to give the
DSF prodrug as a white solid (0.680 g, yield 43%).

Synthesis of CuO, NPs

CuO, NPs were prepared by the reaction of copper chloride
(CuCl,), H,0,, and NaOH in an aqueous solution containing
polyvinyl pyrrolidone (PVP) at room temperature for 30 min. In
brief, PVP (2.5 g) was dissolved in an aqueous solution con-
taining CuCl,-2H,0 (25 mL, 0.01 M). Then, H,O, (100 puL) and
NaOH (25 mL, 0.01 M) were added sequentially to the above
mixture, and precipitated particles were formed at this time.*
After stirring at room temperature for 30 min, a drop of mer-
captoethanol was added to the mixture, and the stirring was
continued for 3 hours. After stirring, the CuO, NPs were
collected by centrifugation at 5000 rpm for 5 min, washed three
times with methanol, and then dispersed by sonication with
20 mL of methanol.

Synthesis of mPEG-b-PNAEA

BLA NCA (398.8 mg, 1.6 mmol) was dissolved in dry THF (16.0
mL) and added to a 1.0 M solution of lithium bis(trimethylsilyl)
amide (LiHMDS) in THF (0.2 mL, 0.2 mmol) at room tempera-
ture with stirring. The reaction mixture was stirred at room
temperature for 3 hours, and then mPEG-NH, (600 mg, 0.2
mmol) dissolved in dry THF was added, followed by stirring
overnight.** After the reaction, mPEG-h-PBLA was obtained via
precipitation in excess methanol. mPEG-b-PBLA was dissolved
in DMF (10 mL), and ethylenediamine (1.0 mL) was added.
Then the mixture was maintained at room temperature for 10
hours. Upon completion of the reaction, the mixture was puri-
fied by dialysis (MWCO, 1000 Da) against methanol for 24
hours.* After removing most of the solvent by rotary evapora-
tion, mPEG-b-PNAEA was obtained by precipitation in excess
diethyl ether and concentrated under vacuum.
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Preparation of P-B and Cu@P-B NPs

P-B and Cu@P-B NPs were prepared by the typical nano-
precipitation method. The DSF prodrug (30.0 mg) was dissolved
in 1.5 mL methanol and mixed with mPEG-b-PNAEA (30.0 mg in
1.5 mL methanol). The mixture was maintained at room
temperature for 6 hours and then added dropwise into DI water
under vigorous stirring to obtain P-B micelles. For Cu@P-B
NPs, the mixture was blended with CuO, NPs before the
nanoprecipitation method. Methanol and other small mole-
cules were removed by dialysis (MWCO 1000 Da) against DI
water for 12 hours.

Characterization of P-B and Cu@P-B NPs

The particle size of the NPs was measured by dynamic light
scattering (DLS) using a 90Plus Zeta Nano Particle Size and Zeta
Potential Analyzer (NanoBrook 90Plus Zeta). The morphology of
the NPs was observed and analyzed using transmission electron
microscopy (TEM). To determine the prodrug and CuO, contents
in the micelles, Cu and B contents before and after dialysis were
measured by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES, Optima 7300 DV). The concentrations and
drug loadings of the prodrug and CuO, were determined by
calculation. The drug loading content (DLC, wt%) was calculated
according to the following formula.

DLC = (amount of loaded drug/amount of drug-loaded NPs) x
100%

Cell culture

4T1 and A549 cells were cultured in RPMI-1640 medium sup-
plemented with 10% (v/v) fetal bovine serum and 1% penicillin
and streptomycin. The incubator was maintained at 37 °C in
humidified 5% CO,_ In all of the studies, the cells were sub-
cultured when the cell density reached 80 to 90%.

Cytotoxicity assays

The cytotoxicity of CuO,, P-B, and Cu@P-B NPs was assessed by
MTT assay. A549/4T1/293T cells were seeded in 96-well plates at
a density of 4000 cells per well. After overnight incubation,
A549/4T1/293T cells were treated with CuO, (0.12 pg mL™*, 0.18
pug mL™', 0.24 pg mL™ %, and 0.30 ug mL '), P-B (1.4 ug mL*,
2.2 pg mL™Y, 2.7 ug mL ™', and 3.4 pg mL™ "), and Cu@P-B (1.4
pg mL™Y, 2.2 pg mL ™Y, 2.7 ug mL~', and 3.4 pug mL™ "), which
contained the corresponding amount of CuO,, for 48 hours.
Then, the cells were incubated with MTT (1.0 mg mL™") for 4
hours. After removing the culture medium, DMSO (150 puL) was
added, and the absorbance at 570 nm was measured with
a microplate reader (Varioskan Flash).

In vitro ROS generation

DCFH-DA was employed as a fluorescent ROS probe to indicate
the cellular ROS induced by Cu@P-B NPs. Briefly, A549 cells
were exposed to PBS, 0.18 ug mL™" CuO,, 2.2 ug mL~ " P-B and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.2 pg mL™' Cu@P-B (containing 0.18 pg mL ™' CuO,) for 4
hours. Then, the cells were washed with PBS once and stained
with DCFH-DA (10 pM) for 30 min, and the fluorescence images
were recorded by using an inverted fluorescence microscope
(Olympus X71). ROS levels were quantitatively determined by
flow cytometry using the ROS-sensitive fluorescent dye DCFH-
DA. A549 cells were collected, washed, incubated with DCFH-
DA (10 uM) for 25 min, and washed with PBS three times, and
the intracellular levels of ROS were determined by flow cytom-
etry (CytoFLEX).

The evaluation of GSH

A549 cells were incubated with PBS, 0.18 ug mL ™" CuO,, 2.2 ug
mL " P-B, and 2.2 pug mL~' Cu@P-B for 6 hours, and then
collected by centrifugation. Total GSH was determined using
a GSH and GSSG Assay Kit (Beyotime, China) according to the
manufacturer's protocol. Absorbance was measured at 412 nm
with a microplate reader.

Hemolysis test

Fresh whole blood was acquired from mice by using a vacuum
blood collection tube containing heparin sodium, which was
washed to obtain a red blood cell (RBC) suspension. Then, the
RBCs were diluted with PBS (volume ratio, 4%). 200 uL RBC
suspension was mixed with different solutions, including 200
uL PBS (blank control), distilled water (positive control), CuO,
(0.12 ug mL ™%, 0.18 ug mL™*, 0.24 pg mL ™", 0.30 pg mL ™, 0.36
pg mL ', and 0.72 ug mL '), P-B (1.4 pg mL ', 2.2 pg mL ™', 2.7
pg mL™', 3.4 ug mL ™', 4.4 ug mL™', and 8.8 pug mL™"), and
Cu@P-B (1.4 ug mL™", 2.2 ug mL ™", 2.7 ug mL™ ", 3.4 ug mL™*,
4.4 ng mL™', and 8.8 pg mL™") containing the corresponding
amount of CuQ,. The mixtures were incubated for 60 min at 37 ©
C. The supernatant was carefully removed and transferred to 96-
well plates. The OD was determined by spectroscopy at 576 nm.
Three replicates were set for each sample. The hemolysis ratio
was calculated by hemolysis (%) = [OD (sample)—OD (PBS)]/[OD
(water)—OD (PBS)] x 100%.

Apoptosis assay

An annexin V-FITC apoptosis analysis kit was used to detect
apoptosis by flow cytometry assays performed as previously
described.*® A549 cells were incubated with PBS, 0.18 pg mL™*
Cu0,, 2.2 pg mL™" P-B and 2.2 pg mL~" Cu@P-B for 6 hours,
collected by centrifugation, washed with PBS twice, and then
stained with Annexin V-FITC and PI in binding buffer for 15
minutes at room temperature in the dark. All flow cytometry
assays were performed on a Beckman CytoFLEX Flow Cytom-
eter, and the results were analyzed using CytExpert software. All
assays were conducted in triplicate at least three times.

JC-1 staining

Mitochondrial membrane potential was evaluated by using the
fluorescent probe JC-1. A549 cells (4.0 x 10°) were incubated
after different treatments (PBS, 0.18 ug mL ™" CuO,, 2.2 ug mL ™"
P-B and 2.2 pg mL ™' Cu@P-B) for 6 hours. After washing once

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with PBS, the cells were incubated with JC-1 dye working solu-
tion for 20 min. Then the cells were washed twice with staining
buffer (1X) before being observed with an inverted fluorescence
microscope.

Live-dead staining assay

Live-dead stains fluorescein diacetate (FDA) and propidium
iodide (PI) were employed to evaluate cancer cell death. A549
cells were separately treated with PBS, 0.18 ug mL~" CuO,, 2.2
pg mL~' P-B and 2.2 pg mL ' Cu@P-B for 6 hours in an
incubator. After washing once with PBS, the cells were incu-
bated with FDA (8.0 pg mL™~") and PI (5.0 ug mL ") for 30 min in
the incubator. Then the cells were washed three times with PBS,
and fluorescence images were recorded.

Scratch assay

A549 cells were seeded in six-well plates and cultured until they
reached 95% confluence. The adherent monolayer cells were
scratched using 200 pL pipette tips, and the scratched wells
were washed three times with PBS to remove detached debris
after scratching. Then, RPMI 1640 containing PBS, 0.18 nug
mL ! Cu0,, 2.2 ug mL™* P-B and 2.2 pg mL™' Cu@P-B was
added to the scratched cells. The cells were then incubated with
5% CO, at 37 °C for 24 hours. The initial wounding and the
movement of the cells in the scratched area were photograph-
ically monitored and imaged using a microscope (Olympus X71)
coupled with a digital imaging system at 0, 12, and 24 h.

Cell migration assays

The ability of the cells to migrate was assessed using a cell
migration assay. CT26 cells in the logarithmic growth phase
were harvested by centrifugation, and 5.0 x 10> cells per mL
were resuspended in RPMI-1640 medium supplemented with
PBS, 0.18 ug mL™' CuO,, 2.2 ug mL™' P-B and 2.2 pug mL ™"
Cu@P-B separately. 200 pL cell suspension was added to the
upper chamber of each transwell insert with an 8.0 pm pore
size, and 600 pL of RPMI-1640 with 10% FBS was added to the
lower chamber of each transwell insert. The transwell inserts
were incubated at 37 °C for 24 hours. The invasive cells were
fixed with 4% paraformaldehyde in PBS for 20 min, stained with
0.1% crystal violet for 20 min, and photographed under a light
microscope.

Biodistribution study and in vivo cancer treatment

Female Balb/c mice (6 to 8 weeks, 18-22 g) were purchased from
Slack Laboratory Animal Co. Ltd (Shanghai). All animal exper-
imental procedures were approved by the Institutional Animal
Ethics Committee of the University of Science and Technology
of China; the ID is 2022-N(A)-021.

Tolerance tests were conducted by injecting normal non-
tumor-bearing Balb/c mice with different concentrations of
Cu@P-B. The mice were randomly divided into four groups
with three mice in each group. 100 uL PBS, 0.044 mg kg™ *,
0.088 mg kg ' and 0.175 mg kg ' Cu@P-B were injected
through the tail vein of mice, once a day for a total of three
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injections. Mice body weights were measured before injection
(day 0) and after injection (days 1, 2, and 3).

For the biodistribution study, 100 pL Cu@P-B NPs con-
taining 0.1 mg kg~ " Cu** were injected into 4T1 tumor-bearing
mice through the tail vein. At 12 hours post injection, the mice
were sacrificed. Tumors and major organs were collected,
weighed, and digested in nitric acid. The Cu contents were
measured by ICP-AES. Mice that were injected with PBS served
as a control.

In vivo treatment was performed using 4T1 tumor-bearing
mice. To establish the tumor-bearing mouse model, 4T1 cells
were harvested by centrifugation and resuspended in sterile
PBS. The harvested cells (1.0 x 10°) were then implanted inoc-
ulated at the right flank of mice. The mice bearing 4T1 tumors
(~100 mm?®) were randomly divided into four groups and were
intravenously injected with 100 pL PBS, CuO,, P-B, or Cu@P-B
at a Cu®* dosage of 0.1 mg kg™ ' every other day for three doses.
Each group contained five mice. The size of the tumor and body
weight were measured every day. After 16 days of observation,
the mice were sacrificed for tumor weight and histological
examination. All tumors were then sectioned into slices, and
H&E/TUNEL/Ki-67 staining was performed for histological
analysis. The heart, liver, spleen, lung and kidney were also
harvested for H&E staining.

Statistical analysis

Quantitative data are presented as mean + SD, and the results
were analyzed using GraphPad Prism 8 software. One-way
ANOVA was performed to analyze the significance of differ-
ences in multiple group comparisons. And comparison

Y
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between the two groups was performed by a t¢test. The
statistical significance was set at *p < 0.05, **p < 0.01, and
*xp < 0,001,

Results and discussion
Synthesis of the DSF prodrug, CuO, and mPEG-b-PNAEA

The functional nanoplatform consists of a DSF prodrug, CuO,
NPs, and a drug vector. The DSF prodrug was synthesized by
a reaction between 4-(bromomethyl)phenylboronic acid and
sodium diethylcarbamodithioate trihydrate. After concentra-
tion in vacuo, a white powder was obtained. The synthesis
process of the prodrug is shown in Scheme 1. The chemical
structure of the DSF prodrug was confirmed by 'H-NMR
(solvent: CD3;0D) (Fig. S1t). CuO, NPs were prepared by the
reaction of copper(u) chloride (CuCly), H,0,, and sodium
hydroxide (NaOH) in an aqueous solution containing PVP at
room temperature for 30 min.** The drug vector was prepared
via ring-opening polymerization of a-amino acid N-carbox-
yanhydrides (NCAs).** Specifically, the mPEG-b-PBLA diblock
copolymer (designed degree of polymerization = 22) was
synthesized through the ROP of the BLA-NCA monomer with
mPEG-NH, as the macroinitiator.?” The M, and PDI of mPEG-b-
PNAEA were 22 400 ¢ mol " and 3.35, respectively (Fig. 1(a)).

Drug loading and characterization of P-B and Cu@P-B

A wide range of Lewis acids per bases can be incorporated to
manipulate the polymer structure to control drug release.
Boronic acid, a common Lewis acid, is of particular interest due
to its ability to form reversible interactions with donor atoms
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Fig. 1 (a) GPC curve of mPEG-b-PNAEA, M,, = 22 400 g mol™%, and PDI = 3.35. (b) Dynamic light scattering (DLS) measurement of P—B and (c)
DLS measurement of Cu@P-B. (d) TEM image of the synthesized Cu@P-B NPs. (e) H-NMR spectra of P-B micelles after H,O, or H,0,/Cu®*
treatment at different times. (f) UV-vis spectra of TMB aqueous solution treated under different conditions (Cu?*, H,0,, CuO,, CuO,/H,05, and
Cu?*/H,0,) for 30 min. Note that the weak absorption between 600 and 800 nm in the Cu*-treated group is from CuCl,.
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such as oxygen and nitrogen. More importantly, boronic acids
per esters, such as boronic acid structures in prodrugs, are
sensitive to ROS overproduction by cancer cells. The prepara-
tion of DSF prodrug-loaded P-B and Cu@P-B NPs and the B-N
coordination interaction between the DSF prodrug and mPEG-
b-PNAEA enhanced drug loading are shown in Scheme 1. For P-
B, the drug loading efficiency of the prodrug was 15.61%. For
Cu@P-B, the drug loading efficiency of the prodrug and CuO,
was 15.37% and 42.93%, respectively. After loading CuO,, the
size of P-B increased from 55 nm (Fig. 1(b)) to 100 nm (Fig. 1(c)).
As shown in Fig. S2,T the particle size of Cu@P-B in PBS showed
minimal change within 7 days, indicating that the nano-
particles have good colloidal stability. The transmission elec-
tron microscopy (TEM) images showed that Cu@P-B possessed
a spherical morphology (Fig. 1(d)). And the TEM image of P-B is
shown in Fig. S3.7 According to a published paper, aryl boronate
esters could be oxidized by ROS (such as H,0,). Therefore, in
cancer cells, excess ROS can selectively trigger the release of
drugs to kill the cells, reducing systemic toxicity with enhanced
antitumor activity. Thus, we further investigated H,O,-respon-
sive activity by 'H-NMR. After H,0, treatment, peaks of 4-
(hydroxymethyl)phenol and mPEG-b-PNAEA (peaks a and b)
appeared, demonstrating that the DSF prodrug reacted with
H,0,. However, upon incubation with H,0, in the presence of
Cu*", a peak of Cu(DDC), appeared (peak d), while the previ-
ously existing peak (c) disappeared (Fig. 1(e)). The reason seems
to be that the DSF prodrug reacted with Cu** to form Cu(DDC),.
Under the tumor microenvironment, Cu>" catalyzes H,O, to
produce highly toxic hydroxyl radicals ("OH) through a Fenton-
like reaction. To study the H,O, responsive activity and ‘OH
production, Cu@P-B and H,0, were investigated using the
3,3',5,5-tetramethylbenzidine (TMB) assay, based on the fact
that TMB could be oxidized by the highly reactive ‘OH to give
a blue—green color with maximum absorbance at approximately
650 nm. As shown in Fig. 1(f), neither Cu** nor H,0, alone had
a detectable effect on the absorbance increase of TMB even
when the incubation duration was extended to 4 h. In contrast,
Cu*'/H,0, and Cu0O,/H,0, led to a rapid color change of TMB
aqueous solution, thereby demonstrating the excellent Fenton-
like catalytic performance of Cu®" and efficient ‘OH generation
by the Cu**-driven Fenton reaction. Therefore, the functional
nanoplatform was prepared successfully, which could release
the DSF prodrug and initiate a Fenton-like reaction to generate
highly reactive "OH.

Cell viability

The in vitro cytotoxicity of CuO,, P-B and Cu@P-B NPs was
evaluated by MTT assay, and the cell viability was expressed
as the percentage of absorbance of control (PBS-treated) cells.
As shown in Fig. 2(a) and (b), the 4T1 cells and A549 cells were
treated with CuO, (0.12 ug mL™*,0.18 ug mL ™", 0.24 ug mL ™,
and 0.30 ug mL™ "), P-B (1.4 ug mL™ ", 2.2 ug mL™ %, 2.7 pg
mL~%, and 3.4 pg mL™'), and Cu@P-B (1.4 pg mL™ ", 2.2 pug
mL™%, 2.7 ug mL™', and 3.4 ug mL ") separately for 48 hours.
The results showed that the viability of cancer cells decreased
significantly with increasing drug concentrations. In

© 2023 The Author(s). Published by the Royal Society of Chemistry
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particular, the cancer cell killing activity of Cu@P-B NPs was
significantly better than that of CuO, and P-B alone. Specif-
ically, 1.4 ug mL™"' Cu@P-B (containing 0.12 ug mL™~" Cu0,)
killed approximately 70% of 4T1 cells, CuO, and P-B killed 5
and 30%, respectively. Similar results were also obtained in
A549 cells. Meanwhile in the normal human cell 293T,
neither CuO, nor P-B showed obvious toxicity, and Cu@P-B
was only slightly toxic at the highest concentration of 0.30 ug
mL~" (Fig. S41). As for cancer cells, 0.12 pg mL™ ' Cu@P-B
could kill most cells, demonstrating that it was relatively safe
for normal cells. Therefore, Cu@P-B has a high anticancer
effect. At the same dosage, the Cu@P-B experimental group
had a more significant tumor cell inhibitory effect than the
CuO, and P-B groups (p < 0.01) (Fig. 2(a) and (b)), which
means that the antitumor activity is associated with the co-
delivery of DSF-prodrug and CuO,. To further verify that the
cytotoxicity resulting from the coexistence of Cu®* and P-B,
free copper ions were added to the cell medium to investigate
the cell killing activity. The MTT results of different concen-
trations of P-B and CuCl, acting on A549 cells for 48 hours
showed that the presence of Cu®" could enhance the anti-
cancer activity of P-B NPs (Fig. 2(b) and (c)), which confirmed
our hypothesis. In the experiments with the addition of
exogenous free copper ions, only when the copper ion
concentration reached 0.6 pg mL™" did it show an obvious
antitumor effect. However, when the DSF prodrug and CuO,
were co-delivered with the functional nanoplatform, the
copper ion concentration was only 0.12 ug mL ™' (0.18 pg
mL~' CuO,), which killed most tumor cells. Therefore,
functional NPs codelivering CuO, and DSF prodrugs have
high copper ion utilization efficiency. The nanoparticles only
need to deliver a small number of copper ions to kill all tumor
cells, which is conducive to improving the antitumor activity
and reducing the toxicity and side effects resulting from
copper ions. Cancer cells normally have elevated levels of
ROS, increasing their susceptibility to ROS-induced apoptotic
signaling.® Since the literature has reported that CuO, can kill
cancer cells through ROS, we also examined the level of ROS
produced in the cells. As revealed in Fig. 2(d), green fluores-
cence was hardly observed in the control group due to the low
concentration of ROS in the cells, whereas the cellular fluo-
rescence intensity of the cells in the experimental group
gradually increased after different treatments (including 0.18
pug mL™ ' Cu0,, 2.2 ug mL™ ' P-B and 2.2 ug mL~' Cu@P-B) for
4 hours. In addition, we further quantitatively investigated
ROS levels in cancer cells. The ROS fluorescent probe 2,7’
dichlorofluorescin diacetate (DCFH-DA) was used to evaluate
the ROS concentration in A549 cells. As shown in Fig. 2(e) and
(f), the results of flow cytometry showed that the fluorescence
intensity of Cu@P-B was approximately 1.7 times higher than
that of the control, indicating that Cu@P-B contributed to
the increase in ROS levels. The CuO, and P-B groups had
higher cell viability, while only the Cu@P-B group had lower
cell viability (Fig. 2(a) and (b)), indicating that ROS promoted
the activation of the prodrug and accelerated cell death.
However, the intracellular GSH levels of CuO,, P-B, and
Cu@P-B were slightly lower than that of the control,
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Fig. 2

(a) The viability of 4T1 cells after different treatments for 48 h (n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001). (b) The viability of A549 cells

under various conditions for 48 h (n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001). (c) The viability of A549 cells treated with different
concentrations of P—B and Cu?* for 48 h. (d) Fluorescence images of DCFH-DA-stained A549 cancer cells after exposure to CuO,, P-B, and
Cu@P-B for 4 h. The scale bar represents 100 um. (e) Intracellular ROS levels in 4T1 cells were measured by flow cytometric analysis. (f)
Quantification of intracellular ROS intensity calculated from the flow cytometry results (n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001). (g) The
intracellular GSH level after the treatment of CuO,, P-B, and Cu@P-B (n =3, *p < 0.05, **p < 0.01, and ***p < 0.001). (h) The hemolytic activities
of CuO,, P-B, and Cu@P-B at different concentrations.

revealing that the drug could reduce intracellular GSH levels
and make cancer cells more susceptible to oxidative stress
(Fig. 2(g))- To further evaluate the biocompatibility of Cu@P-
B, we performed hemolysis experiments. The results indi-

on red blood cells (Fig. S57), and the hemolysis rates were all
lower than 5% (Fig. 2(h)). In conclusion, Cu@P-B induced
significant tumor cell death and increased the intracellular

cated that CuO,, P-B, and Cu@P-B had no hemolytic activity
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ROS level.
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Cu@P-B NP induced cell apoptosis in A549 cells

A flow cytometry assay after annexin V-FITC/PI staining showed
that exposure to Cu@P-B NPs increased the percentage of cells in
both early (Fig. 3(a), lower right quadrant) and late apoptosis
(Fig. 3(a), upper right quadrant). As indicated in Fig. S6,T the
quantification results showed that the apoptosis rate of the A549
cancer cells treated with CuO, or P-B for 6 hours was 10.53 or
9.38%, respectively, which was slightly upregulated compared
with the control group (3.48%). However, the apoptosis rate of the
A549 cells was significantly increased (19.08%) after Cu@P-B
treatment. Another hallmark of apoptotic cell death, the collapse
of mitochondrial membrane potential, was also observed in
Cu@P-B-treated cells using JC-1 staining. A mitochondrial
membrane potential detection kit was used to detect the mito-
chondrial membrane potential of A549 cells after different treat-
ments (including 0.18 ug mL ™" CuO,, 2.2 pg mL~" P-B and 2.2 pg
mL~" Cu@P-B) and incubation for 6 hours. Fig. 3(b) shows that
after Cu@P-B NP treatment for 6 hours, the mitochondrial
membrane potential decreased significantly compared with that
in the CuO, and P-B experimental groups. The loss of mito-
chondrial membrane potential was demonstrated by the change
in JC-1 fluorescence from red (JC-1 aggregates) to green (JC-1
monomers). This result indicated that A549 cells underwent
early apoptosis. Together with the cell viability results, it could be
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deduced that Cu@P-B NPs would be an effective therapeutic
nanoplatform with significant anticancer ability.®® The above
results indicate that Cu@P-B NPs triggered A549 cell apoptotic-
like cell death and inhibited tumor growth. It has also been
demonstrated that Cu(DDC), potently inhibits proteasomal
activity, induces ROS generation, and suppresses the NF-kB
pathway, which is associated with apoptosis in human tumor
cells.® Our results confirmed that Cu@P-B NPs induced more
apoptosis, thereby increasing the inhibition of A549 cells. To gain
the most intuitive information about the effect of Cu@P-B on cell
death, A549 cells were also treated with 0.18 ug mL ™ Cu0,, 2.2 ug
mL " P-B and 2.2 ug mL ™' Cu@P-B for 6 hours and then stained
with FDA and PI. Consistent with the outcomes obtained by the
MTT assay, Cu@P-B NPs possessed the most effective cancer cell
killing ability (Fig. 3(c)), revealing the cooperative work of CuO,
and P-B in promoting cancer cell inhibition.

Cell migration and invasion

To investigate the effects of Cu@P-B on epithelial-mesen-
chymal transformation (EMT) in tumor cells, we performed cell
migration and invasion experiments.* As shown in Fig. 4(a),
Cu@P-B (2.2 ug mL ') greatly repressed the migration of A549
cells. After 24 hours of incubation, the PBS group had been
completely fused, while there were still large scratches in the
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Fig. 3

P-B CuO, Control

Cu@P-B

(a) The apoptosis of A549 cells was detected using annexin V-FITC/PI staining after treatment with CuO,, P-B, and Cu@P-B for 6 hours.

(b) Fluorescence images showed JC-1 staining of A549 cells after treatments with CuO,, P-B, and Cu@P-B (JC-1 monomers, green; JC-1
aggregates, red). The scale bar is 200 um. (c) Representative live—dead staining images of A549 cells after incubation with PBS, CuO,, P-B, and

Cu@P-B for 6 hours (Pl, red; FDA, green). The scale bar is 100 pm.
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Cu@P-B-treated group. The statistical results of the cell
migration rate are shown in Fig. S7,7 and treatment with
Cu@P-B caused cell migration that was approximately 40% of
that of the PBS group. To validate these results, transwell assays
were carried out. Significant inhibition of cellular migration
was found in cells treated with 2.2 pg mL™' Cu@P-B for 24
hours, as demonstrated by a dramatic drop in transmigrated
cells relative to untreated cells (Fig. 4(b)). The statistical results
in Fig. S81 show that treatment with CuO,, P-B, and Cu@P-B
separately led to a dramatic decrease in cell invasion compared
to PBS, especially Cu@P-B, which resulted in an approximately
9% invasion rate. Cancer metastasis is a rather complex process
involving a series of biological programs, of which EMT is
generally believed to be the driving force for cancer cell transi-
tion from epithelial features into mesenchymal phenotypes.*! In
summary, these findings revealed that Cu@P-B greatly
enhanced the metastatic behaviors of A549 and CT26 cancer
cells.

In vivo antitumor effects of Cu@P-B

The in vivo biological behavior of Cu@P-B, including biocom-
patibility, was systematically evaluated. To further investigate
the antitumor activity of Cu@P-B NPs in vivo, we first per-
formed dose tolerance tests on normal Balb/c mice and found

a Control CuO,

O

o

Pl ol e e oy o S s s e

12h

24h

Control

Fig. 4
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that (Fig. S91), when an intravenous dose up to 175 pg kg *
CuO, (contained in Cu@P-B) was injected, the body weight of
normal mice remained stable, compared with the control. The
injection of the highest dose of Cu@P-B did not cause obvious
toxicity, indicating that the mice could tolerate the highest
dose. It is hypothesized that Cu@P-B NPs with a small size can
effectively accumulate in tumor tissue through an enhanced
permeability and retention (EPR) effect. To confirm this, the
accumulation at the tumor site was then evaluated by intrave-
nous injection of Cu@P-B into 4T1 tumor-bearing mice. The
tumors and major organs of the mice were harvested 12 hours
post injection to evaluate the accumulation of Cu@P-B based
on Cu in the tumor and each organ using ICP-AES. As shown in
Fig. S10,f Cu@P-B effectively accumulated in tumor tissues
during the time course of incubation, with the 12 hour passive-
targeting efficiency reaching 4.3% via the typical EPR effect.
Based on its effective accumulation in tumors, Cu@P-B, which
acted as a carrier of the prodrug and a copper source, could
effectively deliver Cu(DDC), to the tumor site and increase the
number of copper ions at the site, thereby enhancing the
chemotherapeutic efficacy of P-B. At the same time, the side
effects caused by excess copper were substantially reduced.”
The in vivo anticancer efficacy of Cu@P-B was next evaluated.
4T1 tumor-bearing female Balb/c mice were established and
randomly divided into four groups, which were intravenously

P-B Cu@P-B

(a) Effect of CuO,, P—B, or Cu@P-B treatment on the migration of A549 cancer cells. The scale bar is 200 um. (b) Effect of CuO,, P-B, or

Cu@P-B treatment on the invasion of CT26 cells detected by transwell assay. The scale bar is 100 um.
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Fig. 5 (a) Schematic illustration of the 4T1 tumor establishment and treatment process. (b) Body weight and (c) tumor volume change curves of

4T1 tumor-bearing mice after various treatments (n =5, *p < 0.05, **p < 0.01, and ***p < 0.001). (d) Weight of the collected tumors after different
treatments (n =5, *p < 0.05, **p < 0.01, and ***p < 0.001). () Terminal deoxynucleotidyl transferase (TUNEL, top row), and Ki-67 antigen staining
(bottom row) of tumor tissues harvested from the corresponding mice after different treatments; the scale bar is 100 pm. Different treatment

conditions included saline, CuO,, P-B and Cu@P-B.

injected with saline, CuO,, P-B, or Cu@P-B at a Cu®" dosage of
0.1 mg kg ™" every other day for three doses (Fig. 5(a)). The
tumor volume and body weight were monitored every day.
During the whole therapeutic process, no significant body-
weight changes were observed (Fig. 5(b)), which confirmed the
high therapeutic biosafety of Cu@P-B NPs. As shown in
Fig. 5(c), (d) and S11, mice injected with saline (control group)
showed rapid tumor growth, whereas the growth of tumors in
Cu@P-B-treated mice was significantly suppressed. In addition,
the tumor growth inhibition value of Cu@P-B treated mice on
day 16 was 65.26%. After the treatment period, tumor and tissue
(heart, liver, spleen, lung, and kidney) sections from sacrificed
mice were stained with H&E, and the tumors were also stained
with TUNEL and Ki-67 antigens. As presented in Fig. S12,7 the
H&E staining results showed no obvious toxicity in the organs.
TUNEL staining results (Fig. 5(e)) showed that the majority of
cell necrosis occurred in the tumor sections from the mice
treated with Cu@P-B. In contrast, no apparent cell necrosis was
observed in the control group. Furthermore, tumor cells in the
Cu@P-B group showed greater inhibition of proliferation

© 2023 The Author(s). Published by the Royal Society of Chemistry

compared to Ki-67 staining in the other groups (Fig. 5(e)). The
remarkable tumor growth inhibitory effect of Cu@P-B can be
attributed to efficient tumor accumulation and the production
of Cu(DDC), in the tumor microenvironment. Therefore, the
above results demonstrate the feasibility of using Cu@P-B as
a potential agent for cancer therapy in vivo.

Conclusions

In this study, we successfully synthesized a functional nano-
particle for synergistic chemotherapy by a simple method that
could target the tumor area through the EPR effect, increasing
the synergistic effect with copper in cancer therapy. Specifically,
the tumor microenvironment-responsive DSF prodrug and
CuO, were co-delivered to tumor tissue to trigger a cascade
reaction and kill the cancer cells. ROS overproduction in the
tumor microenvironment could disrupt the interaction of the
DSF prodrug to release and activate DDC. The loaded CuO, will
release Cu®*' and H,O, in an acid environment and induce
cellular oxidative stress, which will accelerate the release of the
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DSF prodrug. Importantly, the activated DDC and released Cu®*
will form toxic compounds to kill the cancer cells. The results
show that Cu@P-B NPs greatly increase oxidative stress in the
tumor site, causing the elevation of ROS and leading to
apoptosis, which significantly inhibits the growth of tumor
cells. In vitro and in vivo experiments show that Cu@P-B has
very potent potential in cancer therapy.
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