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The occurrence of acquired resistance to cisplatin (DDP) that induces the toxic drug effects has always
been a huge challenge and urgently needs to be resolved in the cancer treatment. The combination of
anticancer drugs with different mechanisms can remarkably improve the chemotherapeutic efficiency.
Given that glutathione (GSH) plays as the driving factors in the resistance of DDP, here we have firstly
proposed a “three birds, one stone” based nanoplatform to achieve triple synergetic effects simultane-
ously addressing DDP resistance in non-small cell lung cancer (NSCLC). Specifically, we initially designed
and synthesized a DDP prodrug [Pt(IV)] bridged silsesquioxane precursor (Pt-Si). Then Pt-Si and bis[3-
(triethoxysilyl)propyl]diselenide (BTESePD) were integrated into the framework of mesoporous organosil-
ica nanoparticles (MONs) to obtain a nanocarrier MONpyse. After loading with norcantharidin (NCTD) and
modifying with the aptamer AS1411 based G-quadruplex (Apt), the Apt@NCTD@MONpys. exhibit impres-
sive tumor homing capability. Once being endocytosed, (I) the diselenide and -O-Pt(IV)-O- rich scaffold
can be reduced by the excessive GSH, followed by (II) breaking the redox homeostasis via GSH depletion
and precise release of the DDP. Next, the encapsulated NCTD is also released along with the degradation
of the nanocarriers thereby (Ill) achieving the GSH depletion and synergistic anti-tumor effect of NCTD
and DDP. Taken together, we believe this “one stone, three birds” strategy may be a promising paradigm

to conquer drug resistance for clinical care.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Lung cancer often ranks one of the most prevalent malignan-
cies of cancer-related death globally. Non-small cell lung cancer
(NSCLC) accounts for 85% of the lung cancer cases, which has
caused serious threat to the public [1]. Over the past decades,
the main NSCLC treatments in clinic include surgery, radiother-
apy, chemotherapy, and immunotherapy [2]. For most NSCLC pa-
tients, cisplatin (DDP)-based chemotherapy remains the first-line
chemotherapeutic choice [3]. However, the occurrence of acquired
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resistance to DDP still restrict the application of DDP [4]. Hence,
reversing drug resistance and reducing the toxic drug effects of
DDP are urgent issues that need to be resolved for the NSCLC treat-
ment [5].

Specifically, over-expressed thiol containing species in NSCLC
cells, especially glutathione (GSH), are considered as the major
driving factors in the resistance of DDP, which can cause lower
cellular uptake and enhanced cell efflux of the drugs [6,7]. To over-
come DDP-resistance, octahedral [Pt(IV)] complexes have been pre-
pared by oxidizing the square planar [Pt(II)] with H,0, [8]. Such
[Pt(IV)] based complexes are particularity suitable as the prodrugs
because they are very stable outside the cancer cell and site-
specifically reduced to generate corresponding toxic [Pt(I)] drugs

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



L. Ju, Z. Huang, Q. Shen et al.

inside the tumor cells [9]. Additionally, [Pt(IV)] prodrugs can ex-
hibit improved properties such as lipophilicity and active target-
ing by various modification of the axial ligands. To date, numer-
ous [Pt(IV)] based derivatives have been synthesized by decorat-
ing the axial ligands of [Pt(IV)] with different bioactive agents, in-
cluding approved drugs, enzyme inhibitors, pathway activators or
suppressors, epigenetic modifiers, and even antimetabolites [10,11].
However, the therapeutic efficacy of these small molecules remains
limited due to their inherent shortcomings such as short half-life,
off-target effects and unpredictable toxic side effects [12]. Thus,
integration of [Pt(IV)] with other therapeutic moieties into the
nanoplatform will become a preferred alternative strategy to en-
hance the anticancer outcome of [Pt(IV)]-prodrugs.

Since Youyou Tu was awarded the 2015 Nobel Prize in physiol-
ogy or medicine for the discovery of artemisinin, traditional Chi-
nese medicines (TCMs) have attracted widespread concern [13].
Numerous evidences indicate that TCMs possess the advantages
of multi-pathway, multi-target, multi-component anti-tumor phar-
macological effects and low risk of adverse effects [14]. Norcan-
tharidin (NCTD), a chemically demethylated analog of cantharidine
(isolated from TCM Mylabris), has been widely administered for
cancer patients in China [15,16]. Recently, it has been discovered
that NCTD is a DNA-damaging agent that synergize DDP by spe-
cific inhibition of serine/threonine protein phosphatase 2A (PP2A)
[17]. Given the above advantages of [Pt(IV)], we hypothesize that
the combination of [Pt(IV)] and NCTD will enhance the anticancer
effect than the monotherapy, especially overcome the drug resis-
tance and reduce the toxic side effects of DDP.

With the advancement of nanotechnology, nanoscale drug de-
livery systems (DDSs) have sparked a research boom in the field
of medical research [18,19]. Among these advanced DDSs, organo-
bridged mesoporous organosilica nanoparticles (MONs) have re-
ceived considerable attention in biomedical applications due to
their stable physicochemical properties, good biocompatibility,
suitable mesoporous, and large surface area [20]. Nevertheless, the
stable -Si-O-Si- structure and saturation state make MONSs rela-
tively resistant to degradation in biological environments, thereby
limiting their potential application [21-23]. Hence, targeted drug
delivery along with controllable drug release has been regarded
as a potential therapeutic strategy for efficient cancer treatment
[24,25]. Besides, the biodegradability of MONs mainly depends on
their mesoporous structures, compositions and surface modifica-
tion [26]. To tackle the limited biodegradability of MONs to the
utmost, the unique metabolites of tumor cells like redox condi-
tion have been utilized as the selective “switches” to achieve re-
sponsive cleavability and controlled drug release of MONs [27]. Ad-
ditionally, the materials for constructing the MONs are preferable
to be rapidly and completely degraded after the nanocarriers have
accomplished the mission of drug delivery, which can reduce the
risk of adverse effects induced by the nondegradable components
[28,29]. For instance, Shao and co-workers have reported a series
of bioinspired diselenide-bridged mesoporous silica nanoplatforms
for dual-responsive “cargos” delivery, which have provided many
classic paradigms for the subsequent researches [30,31]. However,
whether these nanocarriers could improve the outcomes of various
anticancer regimens by GSH-depleting strategy are barely investi-
gated.

In this study, we firstly constructed a “three birds, one stone”
based nanoplatform to achieve triple synergetic effects simultane-
ously address DDP resistance in NSCLC. Briefly, a [Pt(IV)] bridged
silsesquioxane precursor namely Pt-Si was initially designed and
synthesized. Then Pt-Si and bis[3-(triethoxysilyl)propyl]diselenide
(BTESePD) were introduced into the framework of the nanocar-
riers (denoted as MONpys.) to achieve responsive degradation
and circumvent the chemoresistance of DDP resistant lung cancer
cells. Subsequently, NCTD was loaded into the obtained MONpyse

Chinese Chemical Letters 35 (2024) 109450

Lo~ s O/\Si<
) g o M T Z
7 N B e A
® NCTD o & s( \s./o Q g 6
&) BN si” N
4 1 PY(IV) > 4
/. As1411 ( o o r
& ,vsli\ s’ O\Si/ P'(:'v’ N A
g MONevse —Puw).o é \: PIV)
- Vo \Sli o \Sif \Si/ \|/
4,,-’»."'1_..-‘ o/\o/ \O/ \i‘/ \0 ‘;‘%”/\
Apt@NCTD@MONevse r
B
|  Apt@NCTD@MONFryse o 2,
& ~@ s
& ' i
& ¢
b e - i &
e @ o ysosomes
. 7 Lysosome —___
escape
> / 5,
{ 5
¢® s
¢ ROSt{  NcTD
Y & B
o0 \ : .
e ?
A fasl P © Apt@NCTD@MON-
R L. O¢C ®  A549-DDP cells
Cytoplasm Nucleus 0 e Normal cells

Scheme 1. Glutathione depletion based Pt(IV) hybrid mesoporous organosilica de-
livery system to conquer cisplatin chemoresistance: a “one stone three birds” strat-
egy. (A) lllustration to show the microstructure of Apt@NCTD@MONpys.. (B) Revers-
ing cisplatin resistance through GSH depletion and triple synergetic effects based
mesoporous organosilica hybrid nanoplatform.

to maximize the efficacy and reduce the toxic side effects of
DDP. Besides, tumor affinity molecules decoration could effectively
guide the nanoparticles to the tumor site. As a stable DNA ap-
tamer in vivo, the AS1411 with natural G-quadruplex structure
(Apt) can specifically bind to the nucleolin which is overexpressed
on the surface of tumor cells [32,33]. Thus, Apt was modified
on the surface of the MONpse to obtain Apt@NCTD@MONpyse,
thereby facilitating the uptake of our engineered nanocompos-
ite (Scheme 1). Benefiting from the enhanced permeability and
retention (EPR) effect and enhanced active targeting ability, the
Apt@NCTD@MONps. displays outstanding tumor homing capa-
bility. After cancer cell internalization, (I) the diselenide and
-O-Pt(IV)-O- rich scaffold can be reduced by the intracellular ex-
cessive GSH and induce biodegradation of the nannocarriers, fol-
lowed by (II) breaking the redox homeostasis and precise release
of DDP. Meanwhile, the encapsulated NCTD is also released along
with the degradation of the nanocarriers thereby (Ill) achieving the
GSH depletion and synergistic anti-tumor effect of NCTD and DDP.
Taken together, our current work aimed to develop a novel GSH
depletion DDS for enhanced cancer therapy.

To introduce the -O-[Pt(IV)]-O- bond-containing organosilica
moieties into the framework of MON, a [Pt(IV)]-based organosil-
ica precursor namely Pt-Si was designed, synthesized and char-
acterized by 'H and 3C NMR spectra (Figs. S1 and S2 in Sup-
porting information). As the diselenide-bond-containing organosil-
ica moieties can endow MONs with better GSH-consuming capa-
bility and controlled biodegradability, a diselenide-bond-containing
organosilica precursor namely BTESePD was also synthesized and
characterized by 'H and 3C NMR spectra (Figs. S3 and S4 in
Supporting information). Next, MONpys. was prepared through
a modified sol-gel method by employing tetraethyl orthosili-
cate (TEOS), BTESePD and Pt-Si as the co-organosilica precur-
sors, ethyltrimethylammonium tosylate (CTAT) as the structure-
directing agent and triethanolamine (TEAH3) as the catalyzer (Fig.
1A) [34]. Meanwhile, the diselenide-bond-bridged MON with the
same TEOS/BTESePD ratio of MONpys., termed MONs., was also
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Fig. 1. Preparation and characterization of Apt@NCTD@MONpys.. (A) Schematic il-
lustration to show the preparation of Apt@NCTD@MONps.. (B) TEM image of
MONGpyse. (C) TEM image of MONs.. (D) HAADF-STEM image of Apt@NCTD@MONpse
and corresponding element mapping images of Si, C, O, Pt, Se and P. (D) TEM im-
ages of MONpyse during biodegradation under various conditions (100 umol/L H,0,
5mmol/L GSH and 15 mmol/L GSH) at different intervals. Scale bar: 50 nm.

constructed in parallel to investigate the GSH depletion advan-
tages of the MONpyse. As shown in Figs. 1B and C, transmission
electron microscope (TEM) images revealed the uniform spheri-
cal structure of MONpyse and MONs. with a comparable diam-
eter of ~53nm and ~58nm, respectively (Figs. S5 and S6 in
Supporting information). NCTD is not only an effective antitu-
mor drug, but also can combine with chemotherapy to improve
the treatment effect of various cancers [35]. Thus, NCTD was
loaded into the nanocarrier MONpyse. to obtain NCTD@MONps.
along with a loading content of 1.16 x 10-3 mmol/mg (loading ef-
ficiency: 19.5%) (Fig. S7 in Supporting information). Next, to en-
dow the engineered MONpys. with efficient tumor cell uptake and
stability in circulation system, Apt was conjugated on the sur-
face of NCTD@MONpse to form Apt@NCTD@MONps.. TEM con-
firmed the layer of soft materials (Apt) surrounding the surface
of the Apt@NCTD@MONps. (Fig. S8 in Supporting information).
Then energy-dispersive X-ray (EDX) spectroscopy analysis indi-
cated that platinum species (namely Pt-Si) have been collocated
with carbon, silicon, selenium and oxygen inside the obtained
Apt@NCTD@MONps. spheres (Fig. 1D), which is consistent in the
inductively coupled plasma optical emission spectrometry (ICP-
MS) analysis of platinum density in MONpys. (3.92%). Compared
with the bare MONpys. nanocarriers, dynamic light scattering
(DLS) measurements of NCTD@MONpyse and Apt@NCTD@MONpse
showed evidently increased hydrodynamic diameters, correspond-
ing separately to 112.7+6.3 and 167.7 +8.1 nm (Fig. S9 in Support-
ing information).

Meanwhile, their zeta potentials also changed to —19.4+3.2
and —-30.8+4.3mV (Fig. S10 in Supporting information). Next,
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Fourier transform infrared spectroscopy was employed to charac-
terize the surface functional groups of Apt@NCTD@MONpys.. As
showed in Fig. S11 (Supporting information), the broad absorp-
tion peak at 3000-3500 cm~! confirmed the presence of -Si-
0O-H, -C-H and N-H bonds, which indicated that the surface of
Apt@NCTD@MONpyse was rich in amide groups. Meanwhile, the
absorption peaks at 1660, 880-100 and 630 cm~! corresponded to
the stretching vibrations of C=C, C=N, C=S and -Si-O-Si- bonds.
Together, these results indicate that NCTD@MONp s NPs were suc-
cessfully camouflaged with Apt.

To verify the biodegradable and GSH-depletion capability of our
engineered nanocarriers, MONps. was incubated with the media
mimicking tumor intracellular oxidative (H,0,, 100 pmol/L), reduc-
tive (GSH, 5 and 15mmol/L) and acidic (pH 6.5) conditions. TEM
images (Fig. 1E) indicated that MONpys. began to collapse under
reduced conditions after 24 h incubation. After 48 h exposure, the
framework of the MONpys. was almost decomposed by the ex-
cessive GSH, which exhibited favorable bioreduced responsiveness
and GSH depletion for augmented tumor theranostic. Compared
with the reductive stimuli, the structure of MONpys. remained sta-
ble under 24h high reactive oxygen species (ROS) level stimula-
tion. Moreover, the basic framework of MONpys. still existed after
72h ROS exposure. Obviously, such slow and weaken degradation
is helpful to enhance the intracellular ROS generation, thereby im-
proving the sensitivity of cancer cells to the released DDP. More-
over, there were no obvious changes of MONpys. under the acidic
conditions at any time points (Fig. S12 in Supporting informa-
tion). Thus, these results have demonstrated two potential advan-
tages of MONpyse over the classic MON noncarriers. On one hand,
the GSH-responsiveness has endowed the Pt(IV) bridged MONpys
nanocarrier with “on-demand” degradation for controllable and
smart drug release. On the other hand, such GSH-depletion-
based degradation undoubtedly restores the chemosensitivity by
enhancing the ROS level within the chemoresistance cancer
cells.

Because the controlled release of loaded cargos at tumor re-
gions is a key index of the biodegradable nanoparticles for ef-
ficient oncotherapy [36], red fluorescent dye Rhodamine B (RB)
was selected as the model molecule to prepare Apt@RB@MONpys,
(RB loading efficiency: 18.2%, Fig. S13 in Supporting information)
to investigate the drug loading and releasing properties of the
MONpyse. The drug-releasing profiles of the RB@MONpys. and
Apt@RB@MONp s were measured in oxidative (H,0,, 100 pmol/L),
reductive (GSH, 5 and 15mmol/L) and acidic (pH 6.5) condi-
tions, respectively. As shown in Fig. S14 (Supporting informa-
tion), RB@MONps. only released the loaded RB with 81.74%
(H,0,, 100 pmol/L), 77.14% (pH 7.4), and 7715% (pH 6.5) un-
der the oxidative, normal and acidic conditions after 72h in-
cubation. In stark contrast, RB@MONps. exhibited rapid RB re-
lease in reductive conditions with approximate 98.05% (GSH,
5mmol/L) and 98.68% (GSH, 15mmol/L) after 72h. However,
Apt@RB@MONpys. showed attenuated and slow RB release at any
conditions (Fig. S15 in Supporting information), which were at-
tributed to the degradation of the diselenide- and -O-Pt(IV)-O-
bonds in the high reduction environment and outstanding encap-
sulation of Apt. Similarly, the cumulative Pt release result also
suggested that approximately 96.4% and 84.1% of the total Pt in
RB@MONps. and Apt@RB@MONps. was rapidly released under
the high reductive conditions (GSH, 15mmol/L) (Figs. S16 and
S$17 in Supporting information). However, less than 6% of Pt was
released when RB@MONpys. and Apt@RB@MONpys. were incu-
bated in other conditions without GSH. Given above, these re-
sults demonstrate that our GSH-consuming based nanoplatform
can efficiently impede the GSH detoxification based chemore-
sistance and specifically deliver the “cargos” to the tumor
tissues.
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Fig. 2. Cellular uptake and distribution of Apt@NCTD@MONpys.. (A) Confocal microscopy images and (B) mean fluorescence intensities of A549, 4T1 and A549-DDP cells
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Conventionally, many of the designed nanoplatform can bypass
the drug resistance by the virtue of nanometer effect, which may
be not sufficient to restore the tumoricidal agents against the re-
sistant malignancies [37]. Effective cancer-targeted delivery of the
loaded drugs is one of the pivots for the anticancer activity of
the engineered nanoparticles. Thus, human normal liver cell LO2
and three cancer cell lines including mouse breast cancer cell 4T1,
human lung cancer cell A549 and human lung cisplatin resis-
tance cancer cell A549-DDP were selected to verify the targeting
ability of Apt@NCTD@MONps.. Meanwhile, Apt@MONpys. was la-
beled with fluorescein isothiocyanate isomer (FITC, a green fluores-
cent dye) to prepare Apt@"T“MONp .. After incubating with the
Apt@T*MONps. for 4h (Fig. 2A), cancer cells like A549, A549-
DDP and 4T1 exhibited nearly equal intracellular green fluores-
cence intensity (Fig. 2B). Compared to the tumor cells, the hu-
man normal liver cell LO2 group showed much weaker intensity
of the green fluorescence (Fig. 2B and Fig. S18 in Supporting infor-
mation). Additionally, the green fluorescence intensity in the can-
cer cells remained higher than that of the LO2 cells at any sub-
sequent time point, indicating that the Apt on the surface of the
Apt@TCMONpy 5. remarkably increased the targeting capability of
the nanoplatform (Figs. 2A and B).

Besides, the escape from endosomes is very important to avoid
premature payload release in endo/lysosomal compartments and
achieve efficient cargo delivery to the cytoplasm of cancer cells.
Thus, the intracellular distribution of Apt@NCTD@MONpse within
A549-DDP cells was investigated by employing the commercial
lysotracker-Red (denoted as lyso-tracker). After 4 h incubation (Fig.
20), the green fluorescence of Apt@"T“MONps. overlapped well
with the red fluorescence signal of lyso-tracker with an obviously
high Pearson’s correlation coefficient of 0.92 (Fig. 2D), indicating
that considerable Apt@"TMONps. nanoparticles were captured by
the lysosomes. With prolonged incubation time, the green fluores-
cence of Apt@"T“MONps. began to separate from the red signals
of lysosomes with the continuously declining Pearson’s coefficient
to 0.62 at the 12 h time point. Together, these results demonstrate
that the Apt@NCTD@MONps. could effectively enter the cancer
cells and escape from the lysosomes to circumvent DDP resistance.

According to the above favorable results, our engineered
Apt@NCTD@MONps. exhibited great potential for enhanced tar-
geting and anti-tumor effect. Thus, methyl thiazolyltetrazolium
(MTT) assay was preformed to evaluate the therapeutic cell-killing
effect of the Apt@NCTD@MONpse on A549, 4T1, A549-DDP, and
LO2 cells. As expected, all preparations exhibited dose-dependent
inhibitory effects on the viability of the cancer cells. Of note, the
cytotoxicity of the treatments was consistently increased for all the
cancer cells in the following order: DDP < NCTD < Apt@MONpyse
< Apt@NCTD@MONps. (Figs. 3A-C). Moreover, each of the above
nano preparations (Apt@MONpys. and Apt@NCTD@MONpys.) had
no obvious cytotoxicity on the normal LO2 cell line, indicating
their weak side effects and excellent biocompatibility (Fig. S19
in Supporting information). Next, the apoptosis degree of the
Apt@NCTD@MONpys. to DDP resistance cancer cell A549-DDP was
confirmed by fluorescence activated cell sorting (FACS). As shown
in Fig. S20 (Supporting information), DDP and NCTD exhibited
slightly anticancer effect on the A549-DDP cancer cells. The com-
bination of DDP and NCTD showed a higher anticancer effect on
the A549-DDP cells compared with the single chemotherapy drugs.
Moreover, Apt@NCTD@MONps. exhibited the strongest anticancer
efficacy on the A549-DDP cells.

After escaping from lysosomes (12h), ICP-MS was then car-
ried out to precisely assess the intracellular Pt content. As
shown in Fig. S21A (Supporting information), administration of
Apt@NCTD@MONpys. resulted in significant enhancement in Pt
internalization than that of free DDP in A549-DDP cells. No-
tably, despite the majority of Pt remained in the cytoplasm
because of inherent big volume of cytoplasm, the intranuclear
Pt content was significantly improved in A549-DDP cells after
Apt@NCTD@MONps. treatment (Fig. S21B in Supporting informa-
tion). In conclusion, Apt@NCTD@MONp s, possesses superior anti-
cancer toward the A549-DDP cells, these results obviously indicate
that Apt@NCTD@MONpy s has a great potential for the further clin-
ical application.

Typically, excessive intracellular GSH plays a pivotal role in tu-
mor initiation, progression and chemoresistance [38,39]. Herein,
we next investigated whether Apt@NCTD@MONpy e could over-
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Fig. 3. Synergistic cytotoxicity and GSH-depleting capability of Apt@NCTD@MONpys.. (A) Cytotoxicity analysis of A549 cells treated with various concentrations and types of
drugs (n=5). (B) Cytotoxicity analysis of 4T1 cells treated with various concentrations and types of drugs (n=>5). (C) Cytotoxicity analysis of A549-DDP cells treated with
various concentrations and types of drugs (n=5). (D) Representative fluorescence images of intracellular ROS within A549-DDP cells after treatment of different concentra-
tions and types of drugs. Scale bar: 20pm. (E) Quantitative mean fluorescence intensity of (D). (F) Relative expression of chemotherapeutic resistance related protein P-gp
and apoptosis marker C-caspase 3 within A549-DDP cells after different treatments for 12h (n=3). Data are presented as means + SD. *P < 0.05, **P < 0.01

come cisplatin resistance in NSCLC by GSH-depletion. Given that
GSH functions as the major cellular antioxidant against ROS and
breaking the intracellular redox balance can restore or maxi-
mize the sensitivity of tumor cells to DDP [40], the genera-
tion of the oxidized glutathione (GSSG) and GSH of the A549-
DDP were initially measured. As shown in Fig. S22A (Support-
ing information), Apt@MONs. (only contains diselenide bonds)
and Apt@MONpys. significantly decreased the GSH level of A549-
DDP cells. More inspiring results also could be observed in the
Apt@NCTD@MONpys. administration group, which were attributed
to the abundant diselenide- and -O-Pt(IV)-O- bonds within the
framework of the nanocarriers. Next, the GSSG content was fur-
ther calculated and the result suggested that Apt@NCTD@MONpys,
could significantly promote the oxidation of GSH compared with
the other treatment, thereby disrupting redox balance and induc-

ing oxidative stress in the A549-DDP cells (Fig. S22B in Supporting
information).

Additionally, released DDP and NCTD of Apt@NCTD@MONps.
were also able to react with the intracellular ROS to generate more
cytotoxic free radicals. A fluorescence probe (DCFH-DA) was then
employed to test the ROS production in the A549-DDP cells. Con-
focal laser microscope (CLSM) images showed that A549-DDP cells
treated with Apt@NCTD@MONps. displayed the strongest green
fluorescence, intuitively demonstrating the highest ROS genera-
tion (Figs. 3D and E). Impressed by the excellent GSH consump-
tion of Apt@NCTD@MONpys., we further explored its underlying
mechanisms of action. P-glycoprotein (P-gp, also named multi-drug
resistance protein, MDR1) is a major drug efflux pump express-
ing in the human cerebral microvessels that prevents pathogens,
toxins and therapeutic drugs from entering the central nervous
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Fig. 4. Antitumor effect of Apt@NCTD@MONpys. in xenograft mice. (A) The images of excised tumor tissues and (B) primary tumor weights from each treatment groups
(n=5). (C) Tumor volume curves and (D) body weight changes of the A549-DDP tumor-bearing mice after different treatments for 14 days (n=5). (E) Relative expression
of chemotherapeutic resistance related protein P-gp, apoptosis marker C-caspase 3 and DNA damage biomarker y-H2AX within the tumor tissues of the A549-DDP tumor-
bearing mice after different treatments for 14 days (n=3). (F) Quantification of the band intensities of (E) (n=3). (G) Representative H&E staining and immunohistochemical
analysis of TUNEL and Ki-67 from tumors treated with different treatments. Scale bar: 100 pm. Data are presented as means =+ SD. **P < 0.01.

system [41]. However, the upregulation of P-gp in NSCLC is one
of the main threats which encountered in many chemotherapeu-
tic agents. Immunoblotting confirmed the overexpression of P-gp
of A549-DDP cells than the A549 cancer cells (Fig. S23 in Sup-
porting information). Caspase-3, a widely expressed protein of the
conserved family, is known for its activated formation (namely
cleaved-caspase-3, C-caspase-3) which could exacerbate the apop-
tosis of cancer cells [42]. Compared with the single administra-
tion of DDP or NCTD, the combination of DDP and NCTD (de-
noted as DDP+NCTD) group exhibited slight upregulation of C-
caspase-3 and downregulation of the P-gp, which confirmed that
NCTD could attenuate the cisplatin resistance and exert synergis-
tic anti-tumor effect with DDP in A549-DDP cells (Fig. 3F). More-
over, the Apt@NCTD@MONps. showed the most efficient anti-
DDP-resistance effect than the other administrations by promoting
apoptosis of the A549-DDP cells.

Encouraged by the impressive cancer targeting and antitumor
efficacy of Apt@NCTD@MONps. in vitro, we further investigated
its antitumor efficacy in vivo. All animal experiments were per-
formed under the guidelines evaluated and approved by the insti-
tutional animal care and use committee (IACUC) of Nanjing Medi-
cal University, China. Mice bearing cisplatin-resistance tumor were
established by subcutaneous (hypodermic) injection of the A549-
DDP cells. As mentioned above, Apt@NCTD@MONpys. could tar-
get the tumor with the guidance of the surface Apt. Once inter-
nalized by the cancer cells, the Pt(IV) species within the frame-

work of the Apt@NCTD@MONpys. could be reduced to the Pt(Il)
species (namely DDP). Thus, Pt accumulation in the tumor tis-
sues and major organs was initially investigated by ICP-MS af-
ter single administration. As shown in Fig. S24 (Supporting in-
formation), a time-dependent biodistribution of Pt appeared in
both free DDP and the Apt@NCTD@MONps. treated groups. More-
over, the peak of the Pt signals in the tumor tissues of the
Apt@NCTD@MONp 5. group appeared faster and higher than that
of the free DDP group. After reaching the Pt content peak (36h),
the Pt signals of the Apt@NCTD@MONpys. group begun to de-
cline and remained higher than that of the free DDP group at any
time points. Meanwhile, after treating with Apt@NCTD@MONpys.
for 36 h, the Pt signals were mainly accumulated in the tumor tis-
sues, which were attributed to the EPR effect and Apt based en-
hanced cancer cell uptake (Fig. S25 in Supporting information).
Furthermore, ICP-MS were employed to measure the accumulation
of Pt content from tumor tissues and major organs of the mice
after different treatments for 14 days. Consistent with our expec-
tations, the Pt content of the Apt@NCTD@MONpys. treated group
was dramatically higher than that of the other groups, and the or-
der of the Pt concentration in the tumor tissues was as follows:
Apt@NCTD@MONps. > Apt@ MONpys, > DDP+NCTD > DDP
(Fig. S26 in Supporting information). For the Apt@NCTD@MONpys,
treated group, the Pt content of the tumor tissues was also ob-
viously higher than that of the major organs (Fig. S27 in Sup-
porting information), which was attributed to its outstanding
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tumor targeting capacity. According to the GSH-depletion effect
in vitro, we assumed that Apt@NCTD@MONpys. could exert its
anticancer effect by disturbing the intratumoral redox balance.
As expected, Apt@MONse, Apt@MONpse, Apt@NCTD@MONs. and
Apt@NCTD@MONp 5. could remarkably decease the GSH level
along with increasing the GSSG content within the tumor tissues
(Fig. S28A and B in Supporting information). Collectively, these re-
sults reveal that Apt@NCTD@MONpys. could effectively break the
intratumoral redox balance to facilitate its anti-tumor capacity in
vivo.

To further investigate the antitumor efficiency of
Apt@NCTD@MONpyse, cisplatin resistant tumor (A549-DDP) bear-
ing mice were then divided into eight groups with different treat-
ments: (1) phosphate buffer solution treated group (denoted as
PBS); (2) Apt@MONse; (3) Apt@MONpyse; (4) Apt@NCTD@MONs.;
(5) Apt@NCTD@MONpse; (6) free DDP (denoted as DDP); (7) free
NCTD (denoted as NCTD); (8) free NCTD and DDP combination
(denoted as NCTD+DDP). The relative volume and weight of
tumors were initially monitored to compare the antitumor efficacy
of different treatments. As shown in Figs. 4A-C, mice treated with
PBS and Apt@MONs, exhibited rapid tumor growth in volume
and weight at the end of the treatment. While the DDP group
and NCTD group showed a relatively modest therapeutic effect,
blaming to the poor tumor target capability and short circula-
tion time of DDP or NCTD. Compared with the DDP group and
NCTD group, the combination of NCTD and DDP (NCTD + DDP)
showed enhanced anti-tumor effects. However, such improved
anti-tumor outcomes remained limited due to the inherent short-
comings of small molecules. Encouragingly, here we found that
Apt@NCTD@MONpys. treated group showed the highest tumor
decrease of 988 mm? in volume and 0.88g in weight compared
with the PBS treated group in the end without any significant
body weight loss (Fig. 4D). These results indicated that our
Apt@NCTD@MONp s nanoplatform which integrated NCTD with
DDP could improve the antitumor performance. More impor-
tantly, the expression of P-gp in the tumor tissues was reduced
by Apt@NCTD@MONps., suggesting that Apt@NCTD@MONpys,
could effectively conquer the cisplatin resistance in vivo. Fur-
thermore, the strongest upregulation of the y-H2AX (DNA
damage biomarker) and C-caspase-3 in Apt@NCTD@MONpys,
treated group also confirmed the powerful anti-tumor effect of
Apt@NCTD@MONps. (Figs. 4E and F). Together, it was obvious
that Apt@NCTD@MONpys. could elicit its strongest anti-tumor
effect along with alleviating DDP resistance in vivo.

Next, histological analysis including hematoxylin and
eosin (H&E) and immunohistochemistry were conducted to
verify the antitumor activity and the biocompatibility of
Apt@NCTD@MONpyse. H&E staining results suggest that can-
cer cells of the PBS and Apt@MONs. treated groups displayed
large nuclei and spindle shapes, which implied the rapid tumor
progression (Fig. 4G). Meanwhile, cancer cells of the free DDP,
NCTD and DDP+NCTD treated groups showed mild apoptotic
characteristics, such as nuclei shrinkage, fragmentation and even
nuclear dissolution, and the DDP+NCTD group was worse. In
stark contrast, tumor tissues of the Apt@NCTD@MONpys. treated
group exhibited the most serious and significant apoptotic char-
acteristics. Similar results also can be observed in the subsequent
deoxyuridine triphosphate nick end labeling (TUNEL) assay images
(Fig. 4G), which is another indicator of cancer cell apoptosis.
Conversely, immunohistochemistry images of the Ki67 (a prolifer-
ative signal) suggested that Apt@NCTD@MONps. could effectively
inhibit the proliferation of tumor cells. Finally, systemic toxicity
and biocompatibility of the Apt@NCTD@MONps. was investigated
by H&E assays of main organs (Fig. S29 in Supporting information).
Obviously, there were no discernible pathologic lesions appear
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in all organs (heart, liver, spleen, lung and kidney) of all the
treated groups. Collectively, these in vivo results indicate that
Apt@NCTD@MONps. possesses the strongest anti-tumor effect,
gives the best biocompatibility and has no potential toxicity.

To sum up, our current work has proposed a multifunctional
nanoplatform combining Pt(IV) prodrug and NCTD with GSH-
depletion, which can conquer cisplatin resistance and achieve ef-
ficient co-delivery of DDP and NCTD. Owing to the particular
metabolism of cancer cells, considerable ROS can be produced
during their rapid metabolism and proliferation. Thus, elevated
levels of GSH could effectively counteract these excessive ROS,
and tumor cells are vulnerable to ROS under the situation of
GSH deficiency in turn. Besides, intracellular GSH based detox-
ification plays an important role in the development of DDP-
resistance of the NSCLC. Taking advantages of the GSH depletion
strategy, a redox-responsive degradable MON nanocarriers rich in
diselenide- and -O-Pt(IV)-O- bonds is developed and loaded with
NCTD to achieve enhanced chemotherapy and synergistic antitu-
mor effect. Next, cell-specific aptamer AS1411 was modified on the
surface of NCTD@MONpse due to its high specificity and affin-
ity to the cancer cells. In vitro results suggested that intracel-
lular excessive GSH could be effectively consumed by the ob-
tained Apt@NCTD@MONpyse and further promote the drug release.
Once internalized by the DDP-resistance A549-DDP cancer cells,
the released DDP and NCTD could exert a synergistic antitumor
effect based on the broken intracellular redox balance. Consis-
tent with the in vitro results, Apt@NCTD@MONps. also effectively
inhibited tumor growth by breaking the intracellular redox bal-
ance and the synergistic anti-tumor effect of DDP and NCTD in
the A549-DDP xenograft-bearing mice. More exciting, this engi-
neered Apt@NCTD@MONps. nanoplatform can achieve directional
drug accumulation in vivo, bypasses chemoresistance, possess mul-
tifunctionality, and exhibit extremely low toxicity to the normal
tissues. Given above, we believe this “one stone three birds” strat-
egy may be a promising paradigm to conquer drug resistance.
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