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catalysts and caged prodrugs are administrated separately, it is
difficult to avoid the reactions in advance before they meet at the
tumor site. Herein, we design and construct novel coordinative
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nanoparticles, integrating two prodrugs A and B as ligands and Tjection” ¢ > S 1

ferric ions as coordinative centers. After nanoparticles accumulated .
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specifically and spontaneously reduced into active Pt(II) cisplatin, £

which acts as the cleavage catalyst to subsequently initiate the in

situ bio-orthogonal depropargylation of B, that is, O>-propargyl nitric oxide (NO) donor. The unique structure of coordinative
nanoparticles ensures the spatiotemporal consistency of reactants (prodrugs A and B) and products (cytotoxic cisplatin and
tumoricidal NO) for the bio-orthogonal bond-cleavage reaction, which leads to an improved synergistic therapeutic activity for
triple-negative breast cancer (TNBC). This new concept of bio-orthogonal dual-prodrug coordinative nanoparticles may inspire
further applications in bio-orthogonal chemistry and drug delivery for combination chemotherapy.
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catalysts are unique and specific that facilitate bond cleavage
Triple-negative breast cancer (TNBC) is a grievous and reactions and liberation of active drugs only at the location of

challenging health problem worldwide. Chemotherapies catalysts without interfering other biological processes." "'
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activation,"® and so forth, all show higher biological efficienc
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reduced by the prodrug strategy to some extent. Previously specificity, and anti-interference ability. Nevertheless, strategies
established prodrug activations are based on the tumor of prodrug activation via bio-orthogonal chemistry have their

. . .\ 1. own pitfalls. The cleavage catalysts and caged prodrugs of
microenvironment such as tumor redox conditions and acidity P 8 Y gec p 8

. . k current tactics are subjected to separate administration, in
and radical oxygen species (ROS), among others. However, it . . L . .
. K ] ) . which the different pharmacokinetic behaviors and tissue
is worth noting that the location targeting and reaction

. o . : S distributions of these two substances could greatly influence
sensitivity of prodrug activation are still unsatisfactory.

. the final outcomes. Despite this, the reactions between
As an unprecedented technique to spontaneously perform . )
. . . cleavage catalysts and caged prodrugs still lack location control
specific chemical reactions and control complex cellular . . Lo 12,19
T . h . in the tumor site, hence causing inevitable toxicity in vivo.

processes in living systems, bio-orthogonal chemistry provides
handy tools for biomedicine.’ It strongly supports fundamental
research in the interdisciplinary fields of chemistry and biology,
including biomolecule labeling,”® chemoproteomics,” and
prodrug discovery.'® Particularly, bio-orthogonal bond-cleav-
age reactions have been successfully employed to develop
selective prodrug activation in the arena of cancer therapy.' "'
Different from the endogenous stimulus, bio-orthogonal
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Figure 1. Schematic illustration for the construction of integrated BDCNs and their therapeutic mechanism of tumor-specific initiating cascade

reactions.

Additionally, the cleavage catalysts usually have no pharmaco-
logical contribution, greatly reducing the atomic economy of
the therapeutic system.”’

Nitric oxide (NO) is known as a “star” gaseous signaling
molecule that plays important roles in various biological
processes in vivo.” It has been well-documented that high
levels (uM to mM) of NO could exert the promising cancer
cell growth inhibitory effect via multiple routes. Recently, we
have reported a nanoscale coordination polymer (NCP)
employing the iron ion as coordinative centers to connect
the nitric oxide (NO) donor (BPDB) as the polydentate
bridge ligand.”* This NCP is able to accumulate in tumor via
the enhanced permeability and retention (EPR) effect and
release the hydroxyl radical via ferrous ion-mediated Fenton
reaction and NO under the trigger of glutathione (GSH). This
is a typical in situ prodrug activation based on the tumor
microenvironment, that is, high levels of GSH. The uniqueness
of the NCP is that metal nodes, ferrous ions, exert their
contribution to produce hydroxyl radicals for synergizing the
tumoricidal effect of NO. In fact, many of other transition
metals are also used to catalyze bio-orthogonal bond-cleavage
reactions.'”'> However, for constructing prodrug-based
coordinative nanoparticles using metals with bio-orthogonal
catalytic activity, there is one huge challenge that must be
overcome. It is that how to mask the catalytic activity of metals
under normal physiological conditions and recover their
prodrug activation abilities once reaching the tumor site.
Thus, we set out to find the right metal to achieve this goal.

Pt(II) drugs, such as cisplatin, are extensively involved in
treating a variety of cancers, but their uses are limited because
of toxicities. Pt(IV) complexes, as kinetically inert platinum
prodrugs, have higher stability and less side effects than Pt(II)
compounds.23 A series of NCPs bearing c,c,t-(diamminedi-
chlorodisuccinato) Pt(IV) (DSCP, a prodrug of cisplatin) as
bridging ligands have been developed.”**° These NCPs are
capable of delivering DSCP specifically into the tumor site, and
then, DSCP is reduced to Pt(Il) cisplatin under the redox
environment, exerting promising tumoricidal activity with
desirable safety. Interestingly, we found that Pt(II), but not
Pt(IV), is able to catalyze a bio-orthogonal bond-cleavage

2340

reaction, that is, depropargylation reaction.”” Thus, this
catalytic selectivity based on the element valence conversion
of Pt(IV)/Pt(I1) may open a new door for the construction of
bio-orthogonal coordinative nanoparticles.

Inspired by these findings, we propose a new concept of
integrated bio-orthogonal dual-prodrug coordinative nano-
particles (BDCNGs) for antitumor prodrug activation for the
first time. As shown in Figure 1, Pt(IV) compound (A), a
prodrug of cisplatin bearing two terminal carboxyl groups, and
NO prodrug O’-propargyl diazeniumdiolate B with two
terminal carboxyl groups and the O”-propargyl moiety are
used as bridging ligands, and ferric ions act as coordination
centers. A, B, and ferric ions are mixed in a certain ratio to
form BDCNs, which contains two elements of bio-orthogonal
chemistry, masked trigger (A) and caged active group (B). It is
hypothesized that BDCNs may be stable during circulation,
and once reaching tumor tissues, inert Pt(IV) compound A can
be reduced to catalytically active Pt(II) cisplatin in cancer cells,
and the latter triggers depropargylation of prodrug B to
generate high levels of NO. Together with the DNA cross-
linking effect of cisplatin, the synergistic effect of NO produces
potent anticancer activity. This BDCN system possesses the
following fascinating features: (1) the proportion of two
prodrugs can be flexibly adjusted as needed; (2) the cascade
reactions specifically initiated at the tumor site can both exert
synergistic anticancer activity and reduce side effects; (3) the
integration of the catalyst and reactant in one system not only
avoids the pharmacokinetic complexity of separated admin-
istration but also enhances the efficiency of bio-orthogonal
reactions, which improves the potential for clinical translation.
Importantly, the idea of integrating two prodrugs into one
NCP and achieving synergistic activities via cascade reactions
under a specific microenvironment can be flexibly extended to
other drug delivery/design strategies for combination chemo-
therapy.

The synthetic routes of ligands A and B in BDCNs are
depicted in Scheme S1. Briefly, cisplatin A-1 was oxidized to
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Figure 2. Bio-orthogonal chemistry reaction occurred within ligands A (via a reduction by Vc) and B. (a) Activation routes for the bio-orthogonal
chemistry reaction. (b) Decomposition kinetics behaviors and rates of A and B in the presence of Vc and cisplatin, respectively, and the kinetic
reaction equations were calculated. (c) Decomposition curve of A (200 uM) and B (200 M) in the presence of Vc (1 mM) (monitored by
HPLC). (d) NO releasing from B (100 #M) under different conditions (A, 200 uM; cisplatin, 200 4#M; and Vc, 200 uM). Data are expressed as

mean + SD (n = 3).

Pt(IV) A-2, which was subsequently treated with succinic
anhydride to furnish Pt(IV) ligand A with dicarboxylic acid
groups.”® Besides, the reaction of NO gas (50 psi) with
diethanolamine (B-1) in the presence of NaOMe in anhydrous
methanol/ether offers sodium diazeniumdiolate B-2, which
was further reacted with propargyl bromide to produce O*-
propargyl diazeniumdiolate B-3. Then, B-3 was reacted with
succinic anhydride in the presence of DMAP to give ligand B
bearing dicarboxylic acid groups. Additionally, we synthesized
two similar ligands A’ and B’ for negative BDCN controls. As
shown in Scheme S1, the oxidized cisplatin moiety in A was
replaced by hydroquinone to offer A’, which has no catalytic
activity, and the O*-propargyl group in B was replaced by the
O*-propyl group to give B’, in which O*propyl cannot be
decaged by Pt(II). Synthetic procedures and characteristic data
of all organic ligands are presented in the Supporting
Information.
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We first investigated the bio-orthogonal cleavage reaction
between ligands A and B in the cell-free system. Based on our
assumption, compound A can be reduced by cytoplasmic
reductants such as L-ascorbic acid (H,Asc, Vc)** ™' to form
cisplatin, which subsequently triggers the cleavage of O’
propargyl in B to liberate the diazeniumdiolate free anion,
spontaneously releasing two molecules of NO (see the
equations in Figure 2a). To verify this process, the reduction
of prodrug A in the presence of Vc (1 mM) in aqueous
solution (pH = 3.66) and the depropargylation reaction of B
with the existence of cisplatin in aqueous solution were
detected by the high-performance liquid chromatography
(HPLC) method. As shown in Figures Sla and 2b, compound
A was reduced in the presence of Vc, and the decomposition
kinetics parameters were calculated with a pseudo-first-order
kinetics K = 0.04745 + 0.0026 h™" and a half-ife of 14.60 +
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Figure 3. Characterization of A;B;-BDCN. (a) TEM micrograph for the as-synthesized A;B,-BDCN showing a spherical nanostructure (scale bar
=100 nm). (b) Hydrodynamic diameters (size: nm) for the as-synthesized BDCNs measured by dynamic light scattering (DLS). (c) Zeta potential
for the as-synthesized BDCNG. Data are expressed as mean + SD (n = 3). (d) X-ray photoelectron full spectroscopy for A;B;-BDCN. (e) XPS Fe

spectrum for A;B;-BDCN. (f) XPS Pt spectrum for A;B;-BDCN.

0.80 h. Meanwhile, compound B was gradually reduced with
the existence of cisplatin (Figures Sl1b and 2b), and the
pseudo-first-order kinetics K and half-life were 0.2083 =+
0.0063 h™" and 3.33 + 0.10 h, respectively. Interestingly, the
decomposition of A in the presence of Vc under physiological
conditions (PBS, pH = 7.4, 37 °C) was slowed down (Figure
Slc,d), suggesting that the acidic tumor microenvironment
could be favorable for Vc-induced reduction. After incubating
the mixture of A and B in the presence of V¢, we observed the
decomposition of A followed by B in a time-dependent
manner (Figure 2c). The NO-releasing behaviors were
detected by Griess assay.”” As shown in Figure 2d, both
compound B alone and the combination of A with B were
stable in PBS (pH = 7.4, 37 °C) without NO releasing within
72 h. In sharp contrast, both B plus molar equivalent cisplatin
and B plus equivalent A in the presence of equivalent Vc
generated NO in a time-dependent manner. In sum, these data
preliminarily revealed the proposed cascade reduction and bio-
orthogonal activation reactions between A and B in the
presence of Vc in cell-free systems.

Subsequently, we used prodrugs A and B as ligands and ferric
ions as coordinative centers to construct the BDCNs. Briefly,
the ligands A and B were dissolved in aqueous sodium
bicarbonate solution; then, the two solutions were mixed, and
an aqueous solution of ferric trichloride hexahydrate was
added. The obtained mixture was stirred, and the BDCN was
purified by dialysis (details in the Supporting Information).
Keeping the number of ferric ions constant and excess, we first
studied the influence of the molar ratio of A and B (A/B/Fe®*
= 3:1:3, 1:1:3, and 1:3:3) on the BDCN morphology. As
shown in Figures 3a,b and S2a, only an equal molar ratio of A
and B reacting with threefold ferric ions produced spherical
nanoparticles with a proper diameter of ca. 100 nm. Thus, we
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chose the BDCN with an equal molar ratio of A and B (named
A,B;-BDCN) for further study. The optimized A;B;-BDCN
also showed a relatively stable positive potential at 25.37 +
1.01 mV (Figure 3c). Then, the composition of A;B;-BDCN
was determined by X-ray photoelectron spectroscopy (XPS),
demonstrating that C, N, O, Fe, and Pt are the main
constituents in the A;B;-BDCN skeleton (Figure 3d).
Additionally, the XPS spectra of Fe (2p) and Pt (4f) were
analyzed using XPS Peak 4.0 software. As shown in Figure 3e,f,
the XPS spectral regions were mainly of Fe’" ions and Pt (4f)
of Pt* ions. Moreover, the actual composition ratio of each
ligand and coordinative ferric ions in A;B;-BDCN was
determined and calculated by measuring the remaining A, B,
and Fe®' in the reaction supernatant using the HPLC (for A
and B) or colorimetric (for Fe**) method (Table S1). It was
calculated that the ratio of A/B/Fe®" in the case of A,B,-
BDCN was 1:1.2:6.02, which was nearly consistent with
theoretical values of A/B. Moreover, we measured the ratio of
representative element hydrogen in A;B;-BDCN by elemental
analysis (EA) to calculate the ratio of A and B. The results
showed that the hydrogen content was 4.25%, so the ratio of
A/B was determined to be 1:1.23, which was consistent with
the result obtained from the HPLC method mentioned above.

In addition, we synthesized other BDCNs including A’;B;-,
A’/B’}-, and A;B’;-BDCN as bio-orthogonal negative controls
for comparison, and the characterizations are shown in Figure
S2a—c. It was found that the as-synthesized A’;B;-, A"|B’}-,
and A;B’;-BDCN did not possess spherical nanostructures
with appropriate dimension, which may influence EPR effects
and cellular penetrability.**~>°

We then verified the bio-orthogonal characteristics and
antiproliferative effects of BDCNs in cancer cells. As shown
in Figure 4a, incubation of A;B;-BDCN with a low level of V¢
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(2 pM, simulating the normal cell microenvironment)>® was
unable to release NO, while treatment of high concentration of
Ve (10 mM, simulating the tumor cell microenvironment)>*>’
significantly accelerated the generation of NO in a time-
dependent manner during 0—12 h. There was little NO
released from the negative controls including A’;B;-, A’,B’-,
and A;B’;-BDCN even under a relatively strong reducing
condition (Figure 4b). In addition, A;B;-BDCN possessed
reasonable stability with very little NO releasing in various
media including PBS (pH = 7.4, 6.8, or 5.4), cell culture
medium RPMI-1640, DMEM, and MCEF-10A specific culture
medium (Figure S3a). Importantly, these BDCNs displayed no
effects on the hemolysis of erythrocytes at all test
concentrations (from 20 to 200 ug/mL), suggesting their
good biocompatibility (Figure S3b). Accordingly, we inves-
tigated the antiproliferative activity of BDCNs against several
cancer cells and normal cells by MTT assay. As shown in
Figure 4c, A;B;-BDCN exhibited potent antiproliferative
activity against human TNBC MDA-MB-231 cells, human
hepatocarcinomatous HepG2 cells, and human breast cancer
MCE-7 cells in a time-dependent manner. Among them, A;B,-
BDCN had the most potent inhibitory activity against MDA-
MB-231 cells with the lowest ICy, value of 7.01 pug/mL after
incubation for 72 h, while all of the negative controls including
A’B;-, A'|B’}-, and A;B’'|-BDCN in the concentration range
from S to 200 pg/mL did not show an inhibitory effect (Figure
S4). Furthermore, the Pt cellular uptake amount of A;B,-
BDCN is approximately three times that of the A;B’;-BDCN
group (Figure SS), which may be due to the poor penetrability
of the latter caused by unsatisfied morphology, accounting for
the weak antiproliferative effects. Importantly, A;B;-BDCN
displayed weak activity (ICs, > 100 pg/mL) against normal
cells including human epithelial breast MCF-10A cells and
human fetal hepatocyte LO02 cells, suggesting desirable
selectivity to cancer cells.
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Incubation time

Cell lines
24 h (ug'mL') 48 h (ug'mL-') 72 h (ug'mL)
MDA-MB-231 354 + 2.2 13.0+ 0.5 7.0+ 05
HepG2 435+ 16 226+ 08 143+ 0.5
Hela 36.3+14 133+ 0.5 10.8 £ 0.5
MCF-10A >100 >100 >100
L02 > 100 - 100 > 100
DAPI NO Merge

Figure 4. Bio-orthogonal reaction of A;B;-BDCN in vitro. (a) NO releasing from A;B;-BDCN (200 yg/mL) in the presence of Vc at different
concentrations. (b) NO releasing from A;B;-, A’,B,-, A’;B’}-, and A;B’;-BDCN, (100 pg/mL) in the presence of Vc (10 mM) for 12 h. ***P <
0.001 vsA;B,-BDCN. (c) ICs, values of A;B;-BDCN against MDA-MB-231, HepG2, Hela, MCF-10A, and L01 cells after incubation for 24, 48, or
72 h. Data are expressed as mean + SD (n = 3). (d and e) Representative confocal laser scanning microscopy (CLSM) images of cisplatin
generation and NO releasing of A;B;-BDCN in MCF-10A or MDA-MB-231 cells, respectively (scale bar = 20 ym).

We then used a fluorescent ratiometric Pt(I) probe RDC1**
and an NO probe DAF-FM DA™ to investigate cisplatin and
NO generation in cells, respectively. As shown in Figure 4d,e,
A;B;-BDCN significantly produced cisplatin and NO in MDA-
MB-231 cells, whereas little cisplatin or NO was generated in
normal MCF-10A cells, indicating the TNBC selectivity of
A;B;-BDCN. Additionally, little NO was generated in MDA-
MB-231 cells after treatment with B, which indicated that B
displayed a good stability in tumor cells (Figure S6).

These results together with the antiproliferative data
mentioned above demonstrated that A;B;-BDCN is selectively
reduced in cancer cells to generate the Pt(II) moiety, which
initiates the O*-cleavage reaction to spontaneously release NO
in situ, generating synergistic and potent activity against cancer
cells, while sparing normal cells.

Having proved that A;B;-BDCN can generate cisplatin and
release NO at the same location and exert selective and potent
antiproliferation activity against MDA-MB-231 cells, we aimed
to demonstrate whether A;B;-BDCN could be exclusively
activated in tumor in vivo. First, we encapsulated fluorescent
molecule IR-780"° into A,B,-BDCN to acquire IR-780@A,B,-
BDCN (see the procedures in the Methods section and the
characterization data in Figure S7). The tumor aggregation and
organ distribution of IR-780@A;B;-BDCN were tracked
through animal imaging after intravenous injection to the
MDA-MB-231 subcutaneous tumor model in nude mice, and
free IR-780 was used as a control. As shown in Figure Sa,b, the
IR-780@A;B;-BDCN group exhibited obviously strong
fluorescence in the tumor site of xenograft mice. However,
the mice treated with free IR-780 did not show any
fluorescence in the tumor site. Subsequently, we chose the
time point at 24 h to explore the distribution of IR-780@A,B;-
BDCN in tumor and other main organs in mice. As shown in
Figure S5c,d, we observed that free IR-780 was mainly
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Figure S. Fluorescence-guided location of A;B;-BDCN in MDA-MB-231 breast cancer xenograft mice models (dey/er, = 660/780 nm). (a)
Representative full-body fluorescence images of mice xenograft models at 0, 4, 8, 12, 24, and 48 h after i.v. injection with free IR-780 (0.0643 mg/
kg) or IR-780@A,B;-BDCN (with equal fluorescent intensity of IR-780). (b) Quantification of fluorescence in tumor of IR-780@A,B;-BDCN
group mice at different time points. Data are expressed as mean + SD (n = 8). ***P < 0.001 vs time-point 8 h, P < 0.001 vs time-point 12 h.
(c,d) Ex vivo fluorescence imaging of tumor and main organs removed from MDA-MB-231 breast xenograft mice after 24 h post i.v. injection with
free IR-780 (0.0643 mg/kg) or IR-780@A,B,-BDCN (with equal fluorescent intensity of IR-780).

distributed in liver and kidney tissues, but little fluorescence
was observed in tumors. In contrast, IR-780@A;B;-BDCN is
mainly distributed in tumor, whereas only weak fluorescence
was detected in the liver and kidneys. These results intensively
demonstrated that A;B;-BDCN is stable during circulation
after intravenous injection and specifically accumulates in the
tumor site via passive targeting.

To further confirm that cisplatin and NO could release
specifically in cancer cells after being delivered into the target
site, we established a cancer cell-implanted zebrafish model to
address this issue. In brief, the zebrafish implanted with DiD-
or Dil-labeled MDA-MB-231 cells (Figure S8) were incubated
with A;B;-BDCN (a final concentration of 14.4 ug/mL and
equal volume of PBS was set as the blank control) in a six-well
plate at 37 °C for 24 h, followed by being collected, washed,
and incubated with cisplatin probe RDC1”** (20 uM) for
additional 3 h or with NO probe DAF-FM DA*"* (5 uM) for
additional 40 min. Zebrafish were subjected to CLSM or
stereomicroscopy before treatment and after incubation with
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the cisplatin probe/NO probe to image the location of both
cancer cells and cisplatin/NO releasing (Figure 6a,d). The
results showed that after incubation with A;B;-BDCN, the
fluorescence location of cisplatin overlapped that of the cancer
cells, and the fish treated with A;B;-BDCN exhibited
significantly higher fluorescence in cancer cells than the
background fluorescence in the blank control group (Figure
6b,c). Similarly, after incubation with A;B;-BDCN and
followed by DAF-FM DA, as shown in the panel of merge in
Figure 6Ge, the location of NO overlapped that of the cancer
cells. The A;B;-BDCN group exhibited significantly higher
fluorescence of NO in cancer cells than the blank control
group (Figure 6f). Interestingly, in the backbone area of
zebrafish, fluorescence of cisplatin/NO in the A;B;-BDCNs
group was comparable with that in the blank control group
(Figure 6¢,f). These results clearly demonstrated that A,B;-
BDCN could be stable in vivo after treatment but specifically
be activated in the implanted MDA-MB-231 cells to
decompose into A and B. Then, A was reduced into cisplatin
in situ, followed by triggering the depropargylation of B,
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Figure 6. In vivo generation of cisplatin and NO from A;B;-BDCN. (a) Schematic illustration of the dual-imaging assay for detection of cancer cells
and cisplatin. (b) Representative images of the zebrafish for each group at 3 h after the addition of RDC1 (4,/., = 400/565 nm, ZEN 2012
software was used to set it as blue). (c) Quantification of the fluorescent intensity in the location of the implanted cancer cells and backbone of the
zebrafish at 3 h after the addition of RDC1 (n = 8). ***P < 0.001 vs blank control. ns: no significance. (d) Schematic illustration of the dual-
imaging assay for detection of cancer cells and NO. (e) Representative images of the zebrafish for each group at 40 min after the addition of DAF-
FM DA (A¢y/ e = 495/515 nm, ZEN 2012 software was used to set it as green). (f) Quantification of the fluorescent intensity in the location of the
implanted cancer cell backbone of the zebrafish at 40 min after the addition of DAF-FM DA (n = 8). ***P < 0.001 vs blank control. ns: no

significance.

generating a large amount of NO, the latter together with
cisplatin exerting potent cancer cell growth inhibitory activity
in vivo.

To evaluate the in vivo anticancer efficacy of A;B;-BDCN,
individual nude mice were subcutaneously inoculated with
MDA-MB-231 cells. After the establishment of solid tumor, the
mice were randomized and treated intravenously with saline
(control group) or A;B;-BDCN at different doses (i.c., 0.4, 1.2,
or 3.6 mg/kg) every other day for 30 consecutive days.
Compared with the control group, remarkable tumor
regressions were observed in all A;B;-BDCN groups in a
dose-dependent manner (Figure S9). Significantly, the treat-
ment with A;B;-BDCN at the highest test dose of 3.6 mg/kg
showed 79.6% (w/w) inhibition in tumor growth (Figure S9b)
and did not affect the body weights (Figure S9c) and survival
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rate in mice, suggesting a good dose tolerance of A;B,;-BDCN.
To further explore the dose span and verify the therapeutic
effect of A;B;-BDCN, the highest dose of A;B;-BDCN was
increased from 3.6 to 10.8 mg/kg, using cisplatin (3.6 mg/kg)
as a positive control. The results showed that A;B;-BDCN
showed significant and repeatable cancer cell growth inhibitory
activity (77.9% for 3.6 mg/kg dose and 84.1% for 10.8 mg/kg),
which was significantly superior to that of cisplatin (66.7%, 3.6
mg/kg) (Figure 7a—d). Notably, the steady increase in mouse
body weight (Figure S10) and 100% survival rate (Figure S11)
of A;B,-BDCN groups indicated their excellent quality of life
and biosafety. Additionally, tissue samples from all treatment
groups were stained by hematoxylin and eosin (H&E). Larger
area of necrosis in tumor after the treatment of BDCNs were
found than those histological sections treated with cisplatin
and saline treatment groups. Importantly, no obvious tissue
damages were found in any of the other organs subjected to
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Figure 7. Effects of treatment with A;B;-BDCN on inoculated MDA-MB-231 breast cancer xenograft mice models. (a) Schematic illustration of
the in vivo experiments. Mice were modeled and randomized into four groups and i.. treated with saline (control), cisplatin, 3.6 mg/kg, and A;B;-
BDCN (3.6 mg/kg or 10.8 mg/kg) every other day for 30 days (1 = 8). (b) Resulting tumors excised from mice of each group. (c) Tumor masses
for four groups of mice, each histogram represented as mean = SD of eight mice. (d) Tumor volumes measured and calculated every other day. (e)
H&E staining of representative tissue slices of the different treatment groups (scale bar = 100 ym). Data are expressed as mean + SD from eight

mice (n = 8). **P < 0.01 and ***P < 0.001.

analysis (Figure 7e). Furthermore, we observed that iuv.
injection with A;B;-BDCN (5.4 mg/kg in rats, biological
equivalent dose of 10.8 mg/kg in mice) displayed no effect on
the rat systemic blood pressure during a 24 h period (Figure
S12). This result suggested that the A;B;-BDCN was stable
without NO release during circulation. All these results
mentioned above clearly indicated that A;B;-BDCN was able
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to effectively inhibit the growth of MDA-MB-231 cells in vivo
with desirable safety.

B CONCLUSIONS

TNBC is a particularly aggressive subtype of breast cancer, and
cytotoxic chemotherapy will be still its backbone therapy for a
long time. Herein, we propose a novel bio-orthogonal
chemotherapy, integrating two prodrugs inside one coordina-
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tive nanoparticle for TNBC treatment. A;B;-BDCN, with
spherical morphology and an average size of ca. 100 nm, is
stable during circulation without a significant effect on
systemic blood pressure and efficiently enriches at tumor
sites. Tumor-specific initiating cascade reactions include
reduction of Pt(IV) prodrug A to Pt(II) by cytoplasmic
reductants and the following depropargylation of NO donor B
by Pt(II). Notably, using zebrafish models, we can clearly “see”
the colocalization of cisplatin and NO selectively generated at
the TNBC implanting site. Cisplatin, together with NO,
produces selective, synergistic, and potent antiproliferative
activity against TNBC cells. Although ferric (Fe®*) rather than
ferrous (Fe**) ions are used as coordinative centers, Fe**-
initiated Fenton reactions could be much slow but can lproduce
hydroxyl radicals to contribute tumoricidal activity.’ In the
TNBC MDA-MB-231 cell xenograft mice model, in the dose
range from 0.4 to 10.8 mg/kg, A;B;-BDCN exhibits more
significant therapeutic potential and better tolerance than other
controls. Furthermore, slight changes in body weights, 100%
survival rate, and little damage to normal tissue are found in
A;B,-BDCN-treated mice. These results demonstrate that
A;B;-BDCN could be a promising chemotherapeutic agent
against TNBC warranting further investigations. Basically,
integration of the cleavage reagent and caged prodrug for bio-
orthogonal chemistry in coordinative nanoparticles may
address the application shortcomings of current bio-orthogonal
chemistry, especially the separated administration and
targeting ability. All in all, the novel integrated BDCN strategy
may broaden the further research and potential application in
bio-orthogonal chemistry and drug delivery for combination
chemotherapy.

All reagents and solvents were bought from commercial suppliers and
used as received without further drying or purification. NO gas was
purchased from TIANZE GAS Co., Ltd (Nanjing, China). Melting
points were determined on a MelTEMP II melting point apparatus
without correction. '"H NMR and "*C spectra were recorded with a
Bruker Avance 300 MHz spectrometer at 303 K using TMS as an
internal standard. Mass spectra were recorded on a Mariner mass
spectrum (ESI), and high-resolution mass spectrometry (HRMS) was
recorded on an Agilent Technologies LC/MSD TOF. Analytical and
preparative TLC was performed on silica gel (200—300 mesh) GF/
UV 254 plates, and the chromatograms were visualized under UV
light at 254 and 365 nm. Analytical reversed-phase HPLC (RPLC)
was conducted on a Shimadzu Prominence HPLC system using the
Innovai ODS-2 column (5 um, 100 A, 150 or 250 mm X 4.60 mm).
The purity of all target compounds was determined by HPLC
(Shimadzu LC-20A HPLC system consisting of LC-20AT pumps and
an SPD-20AV UV detector), and the compounds with a purity of
>95% were used for the following experiments. All solvents were of
reagent grade and, when necessary, were purified and dried by
standard methods. Solutions after reactions and extractions were
concentrated using a rotary evaporator operating at a reduced
pressure of ca. 20 Torr. Compounds A-2,"’A,** and B-2" were
synthesized as previously described. The synthetic routes of ligands
for BDCNGs are depicted in Scheme S1 (Supporting Information).

To a solution of diethanolamine diazeniumdiolates sodium salts (200
mg, 1.1 mmol, 1.0 equiv) in DMF (S mL) at 0 °C under a steady
stream of nitrogen was added 3-bromopropyne (84 L, 1.1 mmol, 1.0
equiv) in DMF (1 mL) dropwise. The mixture was allowed to warm
to room temperature and stirred overnight. Then, the solvent was
removed using an evaporator, and the obtained residue was treated
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with H,0 (20 mL) and extracted with EA (3 X 50 mL). The organic
layers were combined and washed with brine (20 mL), dried over
Na,SO,, and evaporated under vacuum. The crude product was
purified by flash chromatography on silica gel using EA and hexane for
elution to give compound B-3 as yellowish liquid (140 mg, 64.5%).
'"H NMR (300 MHz, Chloroform-d): § 4.78 (d, ] = 2.5 Hz, 2H), 3.74
(t, J = 6.9 Hz, 4H), 3.52 (s, 2H), 3.46 (t, ] = 6.9 Hz, 4H), 2.59 (t, ] =
2.4 Hz, 1H). C NMR (75 MHz, chloroform-d): & 77.54, 76.48,
60.99, 59.44, 56.31. MS (ESI) m/z: C;H;3N;0, [M + Na]*, 226.0.

To a solution of B-3 (200 mg, 0.984 mmol, 1.0 equiv) in anhydrous
THF (10 mL) was added 4-dimethylaminopyridine (12.0 mg, 0.0984
mmol, 0.1 equiv), and the mixture was allowed to stir at room
temperature for 15 min. A solution of anhydrous THF (S mL)
containing succinic anhydride (200 mg, 2 mmol, 2.0 equiv) was added
dropwise to the reaction mixture, and the obtained mixture was
allowed to reflux overnight. After the reaction, solid residues were
removed by filtration, and the filtrate was concentrated under vacuum.
Then, the crude product was purified by flash chromatography on
silica gel using EA and hexane for elution to give compound B as
colorless or yellowish liquid (265 mg, 66.8%). '"H NMR (300 MHz,
chloroform-d): & 10.21 (s, 2H), 4.75 (d, J = 2.4 Hz, 2H), 4.24 (t, ] =
5.2 Hz, 4H), 3.56 (t, ] = 5.2 Hz, 4H), 2.69—2.55 (m, 9H). *C NMR
(75 MHz, chloroform-d): 6 177.14, 171.49, 77.03, 76.12, 61.03, 60.56,
51.70, 28.28, 28.25. ESI-HRMS m/z calcd for C;sH, N3O0, [M +
H]J*, 404.12997; found, 404.12965, ppm error —0.8.

To a solution of hydroquinone (1 g, 9.08 mmol, 1.0 equiv) in S mL of
DMF was added succinic anhydride (3.63 g, 36.33 mmol, 4.0 equiv)
and aluminum trichloride (48 mg, 0.36 mmol, 0.04 equiv), and the
mixture was allowed to stir at 110 °C overnight. Then, DMF was
removed by rotary evaporation. The crude product was purified by
flash chromatography on silica gel using dichloromethane and
methanol for elution to give compound A’ as a white solid (30S
mg, 10.8%). mp 102.5—103.7 °C. 'H NMR (300 MHz, methanol-d,):
57.14 (s, 4H), 2.86 (t, ] = 6.2 Hz, 4H), 2.72 (t, ] = 6.3 Hz, 4H). *C
NMR (75 MHz, methanol-d,): § 174.41, 171.51, 148.30, 122.15,
28.77, 28.35. MS (ESI) m/z: C;,H;,04 [M + Na]*, 333.1.

To a solution of diethanolamine diazeniumdiolate sodium salts (200
mg, 1.1 mmol, 1.0 equiv) in $ mL of DMF at 0 °C under a steady
stream of nitrogen was added dropwise 1-iodopropane (187 mg, 1.1
mmol, 1.0 equiv) in 1 mL of DMF. The mixture was allowed to warm
to room temperature and stirred overnight. Then, the solvent was
removed using an evaporator, and the obtained residue was treated
with H,O (20 mL) and extracted with EA (3 X 50 mL). The organic
layers were combined and washed with brine (20 mL), dried over
Na,SO,, and evaporated under vacuum. The crude product was
purified by flash chromatography on silica gel using EA and hexane for
elution to give compound B’-3 as yellowish liquid (151 mg, 68.2%).
'"H NMR (300 MHz, chloroform-d): § 4.19 (t, ] = 6.9 Hz, 2H), 3.71
(t, ] = 6.9 Hz, 4H), 3.38 (t, ] = 6.9 Hz, 4H), 1.83—1.68 (m, 2H), 0.96
(t, J = 7.4 Hz, 3H). ®C NMR (75 MHz, chloroform-d): & 75.80,
59.31, 56.51, 22.16, 9.92. MS (ESI) m/z: C;H,;N;0, [M + Nal",
230.1.

To a solution of B’-3 (200 mg, 0.965 mmol, 1.0 equiv) in 10 mL of
anhydrous THF was added 4-dimethylaminopyridine (11.8 mg,
0.0965 mmol, 0.1 equiv), and the obtained mixture was allowed to stir
at room temperature for 15 min. A solution of 5 mL of anhydrous
THF containing succinic anhydride (200 mg, 2 mmol, 2.1 equiv) was
added dropwise to the reaction mixture, and the obtained mixture was
allowed to reflux overnight. After the reaction, solid residues were
removed by filtration, and the filtrate was concentrated under vacuum.
Then, the crude product was purified by flash chromatography on
silica gel using EA and hexane for elution to give compound B’ as
colorless or yellowish liquid (280 mg, 71.2%). '"H NMR (300 MHz,
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chloroform-d): § 10.19 (s, 2H), 4.21—4.04 (m, 6H), 3.42 (t, ] = 5.3
Hz, 4H), 2.62—-2.50 (m, 8H), 1.75—1.59 (m, 2H), 0.87 (t,J = 7.5, 1.8
Hz, 3H). *C NMR (75 MHz, chloroform-d): § 177.36, 171.93, 75.72,
61.46, 52.40, 28.70, 28.67, 22.06, 9.90. ESI-HRMS m/z calcd for
CisH,N;0,0 [M + H]*, 408.16127; found, 408.16148, ppm error 0.5.

A (1 mL, 10 mM, dissolved in 20 mM NaHCO;) and 1 mL of 10 mM
B (dissolved in 20 mM NaHCO;) were mixed and stirred for 10 min
at r.t,; then, I mL of 60 mM FeCl;-6H,0 (dissolved in water) was
added and stirred for another 6 h away from light. Using the UF
membrane with a molecular weight cutoff 5000 dialyzed overnight in
pure water, A;B;-BDCN aqueous solution was obtained. Other
proportions of BDCNs can be provided by adjusting the adding ratio
of A and B. Lyophilization of the aqueous solution offered the
corresponding solid state of BDCNs. Additionally, A’;B;-, A",B’;-,
and A,B’;-BDCN were synthesized by the same method as that of
A,B,-BDCN.

Briefly, according to the abovementioned protocol for the synthesis of
BNCN, aqueous NaHCOj; solutions of ligands A and B were mixed,
followed by adding ferric chloride aqueous solution. After the
reaction, the resultant A;B;-BDCN aqueous solution was centrifuged
to obtain the supernatant and precipitate. Then, a part of the
supernatant was taken for HPLC analysis to determine the
concentrations of ligand A and B in it. Also, the content of ferrous
ions was determined by the colorimetric method. We can obtain the
concentration of each component in the A;B;-BDCN by calculating
according to the abovementioned results and the feeding concen-
tration of ligands and ferrous ions before reaction. On the other hand,
the content of the hydrogen element was determined to be 4.25%
using an elemental analyzer. As the theoretical hydrogen content of A
and B is 3.02 and 5.25%, respectively, the ratio of the ligand was
calculated to be 1:1.23 by solving the equations accordingly.

The IR-780@A,;B;-BDCN aqueous solution was obtained by adding
2.4 mL of 1 mM IR-780 into A;B;-BDCN aqueous solution, followed
by stirring at r.t. overnight and dialyzing with the UF membrane to
wipe off the unloaded IR-780. The load efficiency was examined and
calculated by the fluorescence of IR-780@A;B;-BDCN and that of
free IR-780.

RDCI1 was synthesized according to previously reported procedures
and used as a fluorescent indicator of Pt(I1).*® When cells grown in a
96-well plate reached 80% confluence, they were washed with PBS.
The test compound was incubated with MCF-10A or MDA-MB-231
cells for 3 h. The cells were washed and resuspended with RDC1 (20
uM) for another 4 h. Pt(II) generation was measured with the CLSM
with excitation and emission wavelengths of 400 and 565 nm,
respectively.

DAF-FM DA (Beyotime, Nanjing, China) was used as a fluorescent
indicator of intracellular NO.*” When cells grown in a 96-well plate
reached 80% confluence, they were washed with PBS. After being
loaded with 5 uM DAF-FM DA at 37 °C for 20 min, the cells were
rinsed three times with PBS and incubated with test compounds for 8
h. NO production was measured with the CLSM with excitation and
emission wavelengths of 495 and 515 nm, respectively.

The levels of nitrite were determined by the colorimetric assay using
the nitrite colorimetric assay kit (Beyotime, Nanjing, China). Briefly,
cells were treated with the indicated concentrations of test
compounds, and the nitrite contents of the cell lysates were detected
by the Griess assay. The absorbance was read at 540 nm on a
spectrophotometer (Smart spec, Bio-Rad). The amount of nitrite in
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the lysates was calculated using a NaNO, standard curve in
accordance with the manufacturer’s instructions.

Human TNBC MDA-MB-231 cells, human hepatocarcinomatous
HepG2 cells, human breast cancer MCF-7 cells, human cervical
carcinoma HeLa cells, human epithelial breast MCF-10A cells, and
human fetal hepatocyte L02 cells were planked in a 96-well plate with
a concentration of 10* cells/well and cultured in 37 °C 5% CO, for 24
h. Then, cells were treated in triplicate with or without different
concentrations of individual compounds for 72 h. Each concentration
was repeated five times in parallel. During the last 4 h culture, the cells
were exposed to MTT (S mg/mL, Sigma-Aldrich), and the resulting
formazan crystals were dissolved in DMSO and measured using a
spectrophotometer (Tecan) at a test wavelength of 570 nm.
Experiments were conducted in triplicate. Inhibition rate (%)
[(Acontml - Atreated)/Acontrol] X 100%.

The total platinum element (***Pt) including Pt in all valence states in
both MDA-MB-231 and MCF-10A cells was detected by ICP—MS.
Briefly, when cells grown in a 96-well plate reached 80% confluence,
they were washed with PBS before being treated with tested
compounds for 12 h or 24 h. Then, the cell lysates were diluted
with the ICP—MS diluent (2% HNO,; and 0.5% TritonX-100
dissolved in deionized water). The total concentration of **Pt was
detected with ICP—MS (NexION 2000, PerkinElmer, Shanghai,
China), and the total protein concentration in cells was quantified
with a BCA protein assay kit (Beyotime, Nanjing, China). The cellular
uptake of Pt was calculated as total Pt concentration/total cellular
protein concentration.

MDA-MB-231 cells (300—400 cells/embryo) were subcutaneously
microinjected into the yolk sac of 48 h post fertilization (hpf) AB
wild-type zebrafish embryos. Zebrafish with similar tumor size were
randomized divided into several groups, and each group contains at
least eight zebrafish.

After establishing the xenograft model, the zebrafish were soaked with
vehicle (culture medium) as the vehicle control, and with A;B;-
BDCN (14.4 ug/mL) as the treatment group. The culture medium
was changed half every 24 h until photodetection. One day post
tumor cell injection (dpi), the drug was administered as described
above. The experimental animals (3 dpi) were incubated with RDC1
(20 uM, 3 h) and DAF-FM DA (S5 uM, 40 min) 2 days after
administration and washed three times with fresh culture medium to
remove excess dye. The zebrafish (3 dpi) was then fixed, and the
growth state of tumor cells and the release of Pt and NO were
recorded using CSLM or stereomicroscopy. At the end of the
experiment (3 dpi), the red fluorescence area (representing the
proliferation of tumor cells in zebrafish), the intensity of blue
fluorescence (representing the release of Pt in the zebrafish), and the
intensity of green fluorescence (representing NO release in zebrafish)
were analyzed by Image].

MDA-MB-231 cells (2 X 10”/mL) were subcutaneously injected into
the armpit of the BALB/c nude mice. Treatments were initiated when
tumors reached a mean group size of approximately 100 mm®. Tumor
volumes were measured every other day using a Vernier caliper and
calculated using the following formula: tumor volume (mm?®) = W?
(L/2), where W = width and L = length (mm).

IR-780 is a kind of near-infrared dye for in vivo small-animal imaging.
IR-780 was loaded into A;B;-BDCN to yield IR-780@A;B;-BDCN.
After the establishment of solid tumor, the mice were randomized and
treated intravenously with IR-780 (64.310 mg/L X 200 uL) as the
vehicle control or IR-780@A,B;-BDCN (64.310 mg/L X 200 uL) as
the experimental group. Drug distribution was evaluated 0, 4, 8, 12,
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24, and 48 h after injection with a small-animal live imaging system
with excitation and emission wavelengths of 660 and 780 nm,
respectively. For evaluation of visceral distribution, the heart, liver,
spleen, lung, kidney, and tumor were isolated. Densitometric analysis
was implemented to evaluate the drug distribution.

After the establishment of solid tumor, the mice were randomized and
treated intravenously with vehicle (saline) as the vehicle control, with
A,B,-BDCN (0.4, 1.2, 3.6 mg/kg) as the low-, middle-, and high-dose
groups, or with vehicle (saline) as the vehicle control, with cisplatin
(3.6 mg/kg) as the positive control, with A;B;-BDCN (3.6, 10.8 mg/
kg) as the treatment groups. After tumors reached 100—120 mm?>, test
compounds were injected intravenously every other day for
consecutive 30 days. The tumor volume and body weight were
measured and recorded every day. At the end of treatment, mice were
sacrificed and tumors were isolated for taking pictures and weighing.

Male SD rats were injected iv. with A;B;-BDCN or normal saline
(blank control) through their tail vein (n = 6 per group). Their tail
artery blood pressures were measured longitudinally at 0, 2, 4, 9, and
24 h post drug injection using a thermostat noninvasive blood
pressure monitor (XH200; Beijing Zhongshi Dichuang Science &
Technology Development, Beijing, China).

All animal experiments and animal care were performed in accordance
with the guidelines of the Provision and General Recommendation of
Chinese Experimental Animals in China. The experimental protocols
were approved by the Animal Research and Care Committee of China
Pharmaceutical University [No. 2020-07-007].

Data are displayed as mean + SD and analyzed using the software
GraphPad Prism 7.0. Differences between multiple groups were
analyzed with one-way ANOVA accompanied by Bonferroni’s test or
the two-way ANOVA accompanied by Bonferroni’s test. Differences
were recognized to be statistically significant at P < 0.0S.

No unexpected or unusually high safety hazards were
encountered.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00390.

Synthetic routes of ligands for BDCNs; decomposition
behaviors of prodrug A or B; characterizations of
BDCNs; stability and hemolysis characteristics of
A,B,-BDCN; antiproliferative effects of BDCNs; '*Pt
cellular uptake of A;B;-BDCN; representative CLSM
images of B; structural characterization data of IR-780@
A,B,-BDCN; representative images before treatment
with to zebrafish; in vivo anticancer effects of treatment
with body weight measured and calculated, percent
survival rate during the post-treatment period; rat
systemic blood pressure detected after treatment with
A,;B,-BDCN; concentration of A, B, or Fe in the
supernatant or in the BDCN during the synthetic
process; and NMR spectra of all new chemical
compounds (PDF)
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