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KEY WORDS Abstract  The therapeutic efficacy of cisplatin has been restricted by drug resistance of cancers. Intracel-
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based on simultaneous GSH depletion and GST inhibition is proposed to enhance cisplatin-based chemo-
therapy. Specifically, a redox-responsive nanomedicine based on disulfide-bridged degradable organosilica
hybrid nanoparticles is developed and loaded with cisplatin and ethacrynic acid (EA), a GST inhibitor. Re-
sponding to high level of intracellular GSH, the hybrid nanoparticles can be gradually degraded due to the
break of disulfide bonds, which further promotes drug release. Meanwhile, the disulfide-mediated GSH
depletion and EA-induced GST inhibition cooperatively prevent cellular detoxification of cisplatin and
reverse drug resistance. Moreover, the nanomedicine is integrated into microneedles for intralesional drug
delivery against cisplatin-resistant melanoma. The in vivo results show that the nanomedicine-loaded micro-
needles can achieve significant GSH depletion, GST inhibition, and consequent tumor growth suppression.
Overall, this research provides a promising strategy for the construction of new-type nanomedicines to over-
come cisplatinresistance, which extends the biomedical application of organosilica hybrid nanomaterials and
enables more efficient chemotherapy against drug-resistant cancers.
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1. Introduction

Cisplatin (CisPt) has been one of the most widely used first-line
chemotherapeutic drugs in the therapeutic regimens of various
types of cancer, including ovarian cancer', head and neck squa-
mous cell carcinomaz, non-small cell lung cancerS, and mela-
noma®. The predominant antitumor mechanism of CisPt is
considered to be the generation of DNA lesions induced by the
binding of platinum (Pt) to DNA, which triggers DNA damage
response and further cell apoptosis’. However, the clinical appli-
cation of CisPt-based chemotherapy is greatly restricted by drug
resistance and side effects in the long-term systemic administra-
tion®. Multiple mechanisms have been proposed to participate in
the development of CisPt resistance, including reduced intracel-
lular drug accumulation, detoxification of drug by endogenous
nucleophiles like glutathione (GSH) and metallothioneins,
increased DNA repairing activity, and changes of signal pathways
related to apoptotic regulation® '®. Among these, GSH and
glutathione S-transferases (GST) play important roles in the de-
fense against electrophilic xenobiotics in cancer cells. In some
reports, the elevated levels of GSH and GST were observed in
CisPt-resistant cancer cells, which suggested their correlations
with drug resistance'' ™', After endocytosis by cells, CisPt can be
directly conjugated with GSH under the catalysis of GST, forming
a GS-Pt conjugate that is further extruded by cells'* '®. This
detoxification process reduces the intracellular content of active
Pt, resulting in the weakening of drug efficacy and the develop-
ment of drug resistance. Therefore, depleting GSH or inhibiting
GST can be effective ways to prevent cellular detoxification of
CisPt and reverse CisPt resistance.

A variety of molecules including r-buthionine sulfoximine
(BS0O)", sanguinarine'®, and sulforaphane'® have been reported to
consume GSH and restore cellular sensitivity to Pt-based drugs.
Several GST inhibitors, such as ethacrynic acid (EA)IS R
TLK1992”, and auranofin’! were also shown to be able to sensitize
cancer cells to anticancer drugs. Although these studies have
proved the efficacy of GSH depletion or GST inhibition on the
chemosensitization of drug-resistant cancers, cancer cells might
restore their intracellular GSH levels by upregulating the expres-
sion of relevant synthetases”>*>. In such situations, unilateral
intervention is usually not enough to destroy the cellular detoxi-
fication process. Combination therapy with multiple active sub-
stances is expected to achieve better therapeutic efficacy.
Nevertheless, separate delivery of these molecules and CisPt
probably cannot achieve the best efficacy due to inconsonant time
to peak within cancer cells. In addition, free CisPt is internalized
by cells mainly via copper transporter 1 (CTR1)**°, the expres-
sion of which was reported to be down-regulated in some CisPt-
resistant cells’®. This change might reduce the cellular Pt uptake
and also weaken the efficacy of chemotherapy. Nanotechnology
may be able to solve these problems as nanoparticles can deliver
multiple drugs and bypass the CTR1 pathway through endocy-
tosis>’?%. Besides, in recent years, functional nanoparticles were
designed to achieve intracellular GSH depletion by themselves,

such as disulfide bonds (S—S)-containing nanoparticles®’, phe-
nylboronic ester moieties-containing micelles®’, gold nano-
clusters'®, and iodide-containing nanoparticles®'. These functional
nanoparticles made full use of the carriers themselves and reduced
the difficulty of the loading and delivery of multiple drugs.
Mesoporous silica nanoparticles (MSNs) are a kind of nano-
materials with many unique features. The porous structure, large
specific surface area, and good biocompatibility of MSNs make
them ideal drug delivery carriers for versatile guest molecules’.
In addition, MSNs can be flexibly functionalized as required by
group modification on the surface and organic-inorganic hybridi-
zation within the framework’”. Herein, we designed a redox-
responsive nanomedicine, (CisPt+EA)@SHMONSs, to execute
“pincer movement” for reversing CisPt resistance (Fig. 1). The
nanomedicine was constructed based on S—S-bridged hollow
mesoporous organosilica hybrid nanoparticles (SHMONSs), which
were co-loaded with CisPt and EA, a GST inhibitor. After endo-
cytosis by cancer cells, SHMONs would be gradually degraded
responding to the intracellular GSH and accompanied by the
release of two encapsulated drugs. This process would deplete a
large number of GSH and consequently reduce the possibility of
its conjugation with CisPt, which acted as one piece of the “pin-
cer”. Meanwhile, the released EA could inhibit the activity of
GST and prevent GST-catalyzed conjugation between GSH and
CisPt, which acted as another piece of the “pincer”. As a result of
this “pincer movement”, (CisPt+EA)@SHMONs could effec-
tively prevent cellular GSH detoxification of CisPt and exhibited
strong cell-killing ability against CisPt-resistant A375/DDP cells.
In addition, we integrated this nanomedicine into microneedles
(MN) for the treatment of CisPt-resistant melanoma by directly
depositing the nanomedicine into the lesion site without systemic
circulation. The in vivo results showed that significant inhibiting
effects on tumor growth were achieved by the nanomedicine,
indicating successful reversal of CisPt resistance. Therefore, this
research provides a valuable strategy for reversing CisPt resistance
by simultaneous depleting GSH and inhibiting GST, which is
expected to enhance the therapeutic efficacy of chemotherapy.

2. Materials and methods
2.1. Materials, cell lines, and animals

Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium chloride
(CTAC), triethanolamine (TEA), fluorescein isothiocyanate (FITC),
Cy5.5-NHS ester, 1,4-dithiothreitol (DTT), 5,5'-dithio bis-(2-
nitrobenzoic acid) (DTNB), and EA were obtained from Aladdin
Industrial Inc. (Shanghai, China). Bis(triethoxysilylpropyl) disul-
fide (BTDS) and 1,2-bis(triethoxysilyl)ethane (BTEE) were ob-
tained from Gelest Inc. (Morrisville, USA). (3-Aminopropyl)
triethoxysilane (APTES) and GSH were purchased from
Sigma—Aldrich (St. Louis, USA). CisPt was purchased from
Shandong Boyuan Pharmaceutical Co., Ltd. (Jinan, China). Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP-HCl) was obtained
from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China).
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Schematic illustration of the nanomedicine (CisPt+EA)@SHMONS to execute “pincer movement” for reversing CisPt resistance. (A)

Synthesis of SHMONSs and preparation of (CisPt+EA)@SHMONs MN. (B) Application of (CisPt+EA)@SHMONs MN at the lesion of CisPt-
resistant melanoma, the following cellular internalization, and mechanism of action. High level of intracellular GSH promoted the degradation of
SHMONS and the subsequent release of CisPt and EA. This SHMONs-mediated GSH depletion was expected to reduce the conjugation of GSH to
CisPt, which acted as one piece of the “pincer”. In addition, the released EA-mediated GST inhibition could further prevent GST-catalyzed conjugation
between GSH and CisPt, which acted as another piece of the “pincer”. This nanomedicine based on simultaneous GSH depletion and GST inhibition
would prevent GSH detoxification of CisPt, increase the generation of Pt-DNA adducts, and eventually enhance cancer cell apoptosis.

BSO was purchased from MedChemExpress (Monmouth Junction,
USA). LysoTracker Red DND-99 was purchased from Yeasen
Biotech Co., Ltd. (Shanghai, China). Hoechst 33342 was purchased
from Beyotime Biotechnology (Shanghai, China). 2,7-
Dichlorodihydrofluorescein diacetate (DCFH-DA) was purchased
from Solarbio (Beijing, China). Sodium hyaluronic acid (HA) was
obtained from Bloomage Biotechnology Co., Ltd. (Jinan, China).
Polyvinylpyrrolidone K90 (PVP K90, Kollidon® 90 F) was ob-
tained from BASF (Ludwigshafen, Germany). Matrigel was pur-
chased from Corning Inc. (Bedford, USA).

CisPt-resistant human malignant melanoma cell line A375/
DDP cells and CisPt-sensitive human malignant melanoma cell
line A375 cells were cultured in DMEM medium (Gibco, Suzhou,
China) supplemented with 10% fetal bovine serum (Gibco, South
America) at 37 °C in a humidified atmosphere containing 5%
CO,.

BALB/c nude mice (female, 4—6 weeks old) were purchased
from Guangdong Medical Laboratory Animal Center. All the
animal experiments were approved by the Institutional Animal
Care and Use Committee, Sun Yat-sen University.
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2.2.  Synthesis of SHMONs

SHMON:Ss were synthesized according to the literature with minor
modification®®. Briefly, 4.0 g of CTAC and 0.16 g of TEA were
separately dissolved in water to prepare 10% (w/w) solution. The
two solutions were mixed at 95 °C for 20 min, followed by the
dropwise addition of 2 mL of TEOS. MSNs were obtained after
1 h of reaction. A mixture of TEOS and BTDS was added drop-
wise to the above solution. After reaction for 4 h, MSN@SMONs
with S—S-containing organosilica coating were collected by
centrifugation and washed with absolute ethanol for three times.
The surfactant CTAC was removed by three repeated extraction
processes in the mixed solution of hydrochloric acid (HCl) and
ethanol (VhcrVethanot = 10:1) at 78 °C for 12 h. The
MSN@SMONs were dispersed in 400 mL of water, followed by
adding 8 mL of ammonia solution and reacting at 95 °C for 3 h to
etch the inner core. The nanoparticles were collected, washed with
water for three times, and dispersed in ethanol. For amination,
2 mL of APTES was added into the above suspension and reacted
at 78 °C for 12 h. SHMONSs were collected, washed, and dispersed
in ethanol for further use.

To prepare control nanoparticles HMONs without S—S, BTDS
was replaced with BTEE during synthetic process. To prepare
FITC-labeled SHMONSs (FITC-SHMONSs), 9 mg of FITC and
60 pL of APTES were dispersed in 5 mL of absolute ethanol and
reacted in the dark at ambient temperature for 4 h. Then, 60 mg of
SHMON:S in 25 mL of absolute ethanol were added into the above
solution. After reaction for 24 h, the FITC-SHMONs were
collected, washed, and dried in vacuum. To prepare CyS5.5 labeled-
SHMONSs (Cy5.5-SHMONS), 100 mg of SHMONSs were dispersed
in 10 mL of phosphate buffer saline (PBS) buffer (pH 8.0). Then,
1 mg of Cy5.5-NHS was dissolved in 1 mL of DMSO and added
into the above suspension. After reaction in the dark for 24 h, the
Cy5.5-SHMONSs were collected, washed, and dried in vacuum.

2.3.  Characterization of SHMONs

The morphology of the samples was characterized by field
emission scanning electron microscopy (SEM; Gemini500, Zeiss,
Germany). The structure of SHMONs was observed by trans-
mission electron microscopy (TEM; FEI Talos F200X, FEI,
USA) at an accelerating voltage of 200 kV. The elemental dis-
tribution of SHMONSs was analyzed by high-angle annular dark-
field scanning TEM (HAADF-STEM) equipped with energy
dispersive X-ray spectrometry (EDX) for elemental analysis.
Zeta potentials of the samples were measured by a laser particle
size and zeta potential analyzer (Zetasizer Nano ZS90, Malvern,
UK). The nitrogen absorption—desorption analysis was con-
ducted on a surface area and porosimetry analyzer (ASAP 2460,
Micromeritics, USA). The thermogravimetric analysis was con-
ducted using a thermal gravimetric analyzer (TGA; TG209F1
Libra, Netzsch, Germany). The chemical structure of SHMONs
was characterized by solid-state cross polarization/magic angle
spinning "*C and 2°Si nuclear magnetic resonance spectroscopy
(NMR; Bruker Avance 400, Germany) and Fourier transform
infrared spectroscopy (FT-IR; Nicolet 6700, Thermo Fisher Sci-
entific, USA).

2.4.  Redox-responsive degradation

Different samples (1.5 mg/mL in PBS) were mixed with DTT
(5 mmol/L in PBS) and incubated at 37 °C for different duration

(6, 24, and 96 h). At predetermined time points, the samples
were centrifuged (GL-20B, Flying Pigeon, China) at 12,000 rpm
for 10 min to collect the precipitates. The precipitates were
washed and incubated with DTNB (5 mmol/L in PBS-EDTA) at
ambient temperature for 10 min. Then the supernatants were
collected by centrifugation and diluted to measure the absor-
bance at 412 nm using a UV—Vis spectrophotometer (TU-1901,
Beijing Purkinje General Instrument Co., Ltd.). To characterize
the redox-responsive degradation of SHMONS, the nanoparticles
(0.1 mg/mL) were dispersed in PBS with or without 10 mmol/L
of GSH and incubated at 37 °C for 7 days. On Days 1, 4, and 7,
1 mL of nanoparticle suspensions were collected by centrifu-
gation for morphological observation by TEM (FEI).

2.5.  Invitro cellular uptake of SHMONs

FITC-SHMONSs were used to characterize the cellular uptake of
SHMONSs. For confocal laser scanning microscope (CLSM)
observation, A375/DDP cells were seeded in glass-bottom culture
dishes (15 mm) at a density of 2.5 X 10° cells and cultured
overnight. Then, the old culture medium was replaced with the
fresh culture medium containing 40 pg/mL of FITC-SHMONSs.
After incubation for different duration (10 min, 30 min, 1 h, and
4 h), the cells were rinsed with PBS for three times to remove the
extracellular nanoparticles. Next, the acidic organelles were
stained with LysoTracker Red DND-99 (50 nmol/L) and incubated
for 1 h. Then, Hoechst 33342 (4 pg/mL) was added to stain cell
nucleus for 10 min. Finally, the cells were washed three times with
PBS and observed by CLSM (FV3000, Olympus, Japan). For flow
cytometry analysis, A375/DDP cells were seeded in six-well
plates at a density of 5 x 10° cells per well. The incubation and
drug treatment were same as above. Cells were digested with
trypsin and analyzed using a flow cytometer (Guava easyCyte,
Millipore, USA).

2.6. Intracellular GSH depletion

A375/DDP cells or A375 cells were seeded in six-well plates at a
density of 4 x 10° cells per well and cultured overnight. The cells
were treated with BSO (200 pmol/L), SHMONSs (120 pg/mL), and
HMONSs (120 pg/mL) for 6 h, respectively. Then, the cells were
rinsed with PBS and digested with trypsin. The collected cells
were divided into two parts. One part was used to detect the GSH
content using a GSH and GSSG Assay Kit (Beyotime Biotech-
nology, China), and the other part was used to detect the protein
content using a BCA Protein Assay Kit (Beyotime Biotechnology,
China).

2.7.  Intracellular ROS detection

A375/DDP cells were seeded in glass-bottom culture dishes
(15 mm) at a density of 2.5 x 10° cells per well and cultured
overnight. The cells were treated with BSO (200 pmol/L),
SHMON:S (60 pg/mL), and HMONSs (60 pg/mL) for 6 h. The cells
were rinsed with PBS and incubated with DCFH-DA for 20 min.
After that, the cells were washed to remove extracellular probe
and observed by CLSM (Olympus).

2.8.  Drug loading and release

To load CisPt and EA, 16 mg of SHMONSs were initially dispersed
in 8 mL of CisPt solution (0.5 mg/mL in saline) and stirred in the
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dark for 24 h. Then, the CisPt-loaded nanoparticles (CisPt@SH-
MONSs) were collected by centrifugation and washed to remove
free drugs. Next, CisPt@ SHMONSs were dispersed in 8 mL of EA
solution (2 mg/mL in ethanol) and stirred in the dark for another
24 h. Finally, the (CisPt+EA)@SHMONs were obtained after
centrifugation and washing. For each drug loading step, the su-
pernatant and washing solution were collected and determined to
calculate the drug loading content. The Pt content was quantified
by inductively coupled plasma-atomic emission spectrometry
(ICP-AES; Optima 8300, PerkinElmer, USA). The EA content
was quantified by UV—Vis spectrophotometer. Drug release was
detected by dialysis method with TCEP-HCI as the reducing
agent. Ten mg of drug-loaded nanoparticles were transferred into a
dialysis bag (MWCO 8—14 kDa). The bags were immersed in
30 mL of PBS (pH 7.4) with or without 10 mmol/L of TCEP-HClI,
which were incubated in a shaker at 37 °C. At predetermined time
points, 20 mL of the release medium was sampled and replaced
with equal amount of fresh medium. The Pt content was quantified
by ICP-AES (PerkinElmer).

2.9.  Invitro cytotoxicity

A375/DDP cells or A375 cells were seeded in 96-well plates at a
density of 8000 cells per well and cultured overnight. The cells
were treated with different concentrations of CisPt, EA,
CisPt+EA, CisPt@SHMONSs, (CisPt+EA)@SHMONSs, and
SHMONSs. After incubation for 48 h, the culture medium was
replaced with 100 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (0.5 mg/mL).
After incubation for another 4 h, 100 pL of formazan solvent was
added and incubated until the formazan crystals were dissolved.
The absorbance at 570 nm was measured with a microplate reader
(BioTek Instruments, USA).

2.10. Invitro cell apoptosis

A375/DDP cells were seeded in six-well plates at a density of
2 x 10° cells per well and cultured overnight. The cells were
treated with CisPt, EA, CisPt+EA, CisPt@SHMONSs, and
(CisPt+EA)@SHMON:S (equal CisPt concentration of 6.4 pg/mL,
equal EA concentration of 3.5 pg/mL) for 48 h. Then the cells
were harvested, rinsed with PBS, and resuspended in 1x binding
buffer. The cells were stained using an Annexin V-FITC/PI
apoptosis kit (MultiSciences Biotech, China) and analyzed by flow
cytometry.

2.11. Invitro Pt uptake

A375/DDP cells were seeded in six-well plates at a density of
3 x 10° cells per well and cultured overnight. The cells were
treated with CisPt, CisPt+EA, and (CisPt+EA) @SHMONSs (equal
CisPt concentration of 6.4 pg/mL, equal EA concentration of
3.5 ng/mL) for 4 h. Then, the cells were rinsed with PBS and lysed
with RIPA lysis buffer. The Pt content in cells was qualified by
inductively coupled plasma mass spectrometry (ICP-MS; Thermo
Fisher Scientific, USA) and the protein content was qualified
using a BCA Protein Assay Kit.

2.12.  Invitro Pt-DNA adduct formation

A375/DDP cells were seeded in 25 cm? cell culture flasks at
a density of 1.5 x 10° cells and cultured overnight. The cells

were treated with CisPt, CisPt+BSO (200 pmol/L),
CisPt+EA, CisPt@SHMONs, and (CisPt+EA)@SHMONSs
(equal CisPt concentration of 6.4 pg/mL, equal EA concen-
tration of 3.5 pg/mL) for 4 h. Then, the cells were rinsed
with PBS and digested with trypsin. The genomic DNA in
cells was extracted using a Genomic DNA Mini Preparation
Kit with Spin Column (Beyotime Biotechnology, China). The
DNA concentration was determined using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, USA). The Pt
content in the extracted DNA was qualified by ICP-MS
(Thermo Fisher Scientific).

2.13.  Invitro GST activity

A375/DDP cells or A375 cells were seeded in 25 cm? cell culture
flasks at a density of 2 x 10° cells and cultured overnight. The
cells were treated with CisPt, CisPt+EA, and (CisPt+EA)
@SHMON:Ss (equal CisPt concentration of 6.4 pg/mL, equal EA
concentration of 3.5 pg/mL) for 4 h. Then, the cells were rinsed
with PBS and digested with trypsin. The cells were lysed by
ultrasonication in the ice bath. The lysed solution was centrifuged
at 8000xg for 10 min and supernatant crude enzyme was ob-
tained. The GST activity was detected using a GST Assay Kit
(Solarbio, China) and the protein content was measured using a
BCA Protein Assay Kit.

2.14.  Preparation and characterization of MN

For the preparation of the nanoparticles-loaded MN, 20 mg of the
synthesized nanoparticles were ultrasonically dispersed in 1 mL of
water, followed by addition of 200 mg of HA. After stirring for
1 h, the suspension was added to the surface of the poly-
dimethylsiloxane (PDMS) female mold and centrifuged (DL-
4000B, Flying Pigeon, China) at 4000 rpm for 5 min. The excess
suspension on the mold surface was removed. Then, the mold was
dried in the desiccator for 24 h. The above procedure was repeated
three times before adding the PVP K90 ethanol solution (31.25%,
w/v) to prepare the backing layer. The MN was demolded after
drying for 48 h.

The morphology of MN was observed by portable microscope,
stereomicroscope, and SEM. The distribution of the nanoparticles
in MN was observed by CLSM using FITC-SHMONs-loaded MN.
The excised skin obtained from SD rat and pig was used to
evaluate the skin puncture ability of MN. The MN patch was
pressed onto skin for 2 min and then remained for another 5 min.
After removal of the patch, the number of dots on skin was
counted to measure the insertion ratio. The skin was further
embedded in paraffin and sectioned for hematoxylin—eosin
(H&E) staining.

2.15.  In vivo biodistribution

The in vivo biodistribution of SHMONs was characterized using
Cy5.5-SHMONSs. To establish the A375/DDP xenograft tumor
model, A375/DDP cells (1 x 10 cells suspended in 100 pL of the
mixture of PBS and Matrigel at a volume ratio of 1:1) were
injected subcutaneously into the dorsal region of each BALB/c
nude mouse. When the tumor volume reached ~50 mm?, A375/
DDP tumor-bearing BALB/c nude mice were applied with Cy5.5-
SHMON:Ss (700 pg) via MN at tumor sites or tail vein injection.
The fluorescence signals at different time points (2, 4, 24, 48, and
72 h post-administration) were observed using an in vivo imaging
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system (NightOWL II LB983, Berthold Technologies, Germany).
After 72 h, the mice were sacrificed and the tumors and major
organs (heart, liver, spleen, lung, and kidney) were obtained for
ex vivo fluorescence imaging.

2.16.  Invivo GSH depletion and GST inhibition

To investigate the in vivo GSH depletion and GST inhibition
ability of (CisPt+EA)@SHMONS [denoted as (CisPt+EA)@NPs
hereafter] MN, A375/DDP tumor-bearing BALB/c nude mice
(model established as mentioned in Section 2.15) were randomly
divided into three groups (n = 6): control, (CisPt+EA)@NPs i.v.,
and (CisPt+EA)@NPs MN. The mice in control group received
no treatment. The mice in (CisPt+EA)@NPs i.v. group were
intravenously injected with (CisPt+EA)@NPs (containing 70 pg
of CisPt and 38 ng of EA). The mice in group (CisPt+EA)@NPs
MN were treated with MN (containing ~26 pg of CisPt and
~15 pg of EA per patch) at the tumor sites. All of the groups
received treatments on Days 0, 3, and 6. The tumor sizes and body
weights were recorded every other day since the first treatment.
The tumor volume (V) was calculated as Eq. (1):

V = [a x b2 e))

where a is the longest dimension of the tumor and b is the shortest
dimension. On Day 2, three mice in each group were sacrificed
and the tumors were collected and dissected into two parts. One
part was used to detect the GSH content using a GSH and GSSG
Assay Kit. The other part was used to detect the GST activity
using a GST Assay Kit.

2.17.  In vivo antitumor efficacy

The A375/DDP xenograft tumor model was established as
mentioned in Section 2.15. When the tumor volume reached
~50 mm?®, the mice were randomly divided into seven groups
(n = 5): control, CisPt i.v., blank MN, CisPt MN, CisPt@NPs
MN, EA@NPs MN, and (CisPt+EA)@NPs MN. The mice in
control group received no treatment. The mice in CisPt i.v. group
were intravenously injected with CisPt (70 pg) in 100 pL of sa-
line. The mice in other groups were treated with one patch of
different MN (containing ~26 pg of CisPt and/or ~15 pg of EA
per patch) at the tumor sites. The drug-loaded MN that prepared
from CisPt, CisPt@ SHMONs, EA@SHMONSs, and (CisPt+EA)
@SHMONs were denoted as CisPt MN, CisPt@NPs MN,
EA@NPs MN, and (CisPt+EA)@NPs MN, respectively. All of
the groups received treatments on Days 0, 3, and 6. The tumor
sizes and body weights were recorded every other day since the
first treatment. On Day 21, the mice were sacrificed and the tu-
mors were collected, weighed, and pictured. After that, the tumors
were fixed in paraformaldehyde, embedded in paraffin, and
sectioned for H&E staining. To evaluate cancer cell apoptosis, the
tumor sections were stained with terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL) and
cleaved caspase-3 antibody. To evaluate cancer cell proliferation,
the tumor sections were stained with Ki-67 antibody.

2.18.  In vivo biosafety
After the evaluation of the in vivo antitumor activity, the blood of

mice was collected from the retro-orbital plexus before the mice
were sacrificed. The blood samples were centrifuged at 1000x g at

4 °C for 15 min to obtain the plasma. The biochemical markers
that reflect hepatic and renal function in the plasma were
analyzed, including alkaline phosphatase (ALP), alanine amino-
transferase (ALT), aspartate transaminase (AST), blood urea ni-
trogen (BUN)), creatinine (CR), and uric acid (UA). The mice were
dissected to obtain major organs (heart, liver, spleen, lung, and
kidney) for H&E staining.

2.19.  Statistical analysis

All data were expressed as the mean + standard deviation (SD)
unless otherwise specified. Statistical significance was analyzed
using Student’s #-test for two-group comparison and one-way
analysis of variance (ANOVA) for multi-group comparison.
P < 0.05 was considered to be statistically significant (*P < 0.05,
**P < 0.01, and ***P < 0.001).

3. Results and discussion

3.1.  Synthesis and characterization of SHMONs

SHMONs were synthesized via a conventional sol—gel process
(Fig. 2A). First, MSNs, the inner core templates, were synthesized
through the hydrolysis and condensation of TEOS with CTAC as the
surfactant. Then, BTDS, an S—S-containing organosilane, and TEOS
were co-concentrated on the surface of MSNs to obtain
MSN@SMONEs. Finally, the inner MSNs cores were etched by alkaline
solution and the nanoparticles were aminated to obtain SHMONS.

To verify the effect of etching treatment, morphological and
structural changes of the nanoparticles before and after ammonia
etching were observed by TEM and SEM. The solid core—shell
structure of MSN@SMON:s transformed into the hollow structure
of SHMONs after the etching process (Fig. 2B and C, and
Supporting Information Fig. S1), which was attributed to the
better resistance to alkaline etching of —Si—C— bond in the
organosilica shell than that of —Si—O—Si— bond in the silica
core®. In addition, the surface changes of nanoparticles in step-
wise synthesis were also confirmed by the increasing zeta poten-
tials (Fig. 2E). The final products SHMONs exhibited hollow
structure and spherical morphology with an average particle size
of approximately 70 nm (Fig. 2D). The pore structure and specific
surface area of SHMONs were characterized by nitrogen
absorption—desorption analysis. The results showed a typical type
IV isotherm, confirming the mesoporous structure of nanoparticles
with the pore size of 3.58 nm (Fig. 2G). The TGA curve showed a
weight loss of ~25%, which represented the proportion of organic
constituent in the chemical composition of SHMONSs (Supporting
Information Fig. S2). The HAADF-STEM image and EDX
elemental mapping showed that C, O, Si, S, and N elements were
homogeneously distributed within the structure of SHMONSs
(Fig. 2F). The signals of '*C NMR spectrum at 2.9, 15.1, and
34.2 ppm confirmed the presence of carbon atoms from organo-
saline BTDS (Supporting Information Fig. S3). The signals of >°Si
NMR spectrum at —67.2, —75.5, —109.5, and —118.6 ppm indi-
cated the silicon atoms with the structure of T1, T2, Q3, and Q4,
respectively (Fig. 2H). The FT-IR spectrum suggested the pres-
ence of —Si—O—Si—, —Si—0O—H, and —C—H— bonds (Fig. 2I).
All of the results confirmed that S—S-containing organic content
was successfully integrated into the framework of SHMONSs.

In order to investigate the effects of S—S content on the
structure, redox-response performance, and drug loading capacity
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of SHMONSs, a series of nanoparticles were synthesized with
different volume ratios of TEOS to BTDS (5:1, 5:3, 5:6, and 5:10),
and denoted as SHMONs-1, SHMONs-3, SHMONs-6, and
SHMONSs-10, respectively. The TGA curves showed the per-
centage changes of organic constituent in SHMONs with the
varying feeding ratios (Supporting Information Fig. S4). Ac-
cording to the results of SEM and nitrogen absorption—desorption
analysis, different SHMONs had similar morphology and meso-
porous structure with slightly different particle sizes, surface
areas, and pore diameters (Supporting Information Figs. S5 and
S6, and Table S1). Among them, SHMONSs-6 had the largest
surface area, which was benefit for drug loading.

3.2.  Redox-responsive degradation, cellular uptake and GSH
depletion of SHMONs

We hypothesized that the S—S in the framework of SHMONSs would
be broken in the presence of high level of GSH in cancer cells, which
could promote the degradation of nanoparticles and the intracellular
GSH depletion. Firstly, we verified the redox-responsive break of the
S—Svia Ellman’s test. The S—S in the framework of SHMONSs can be
reduced by reducing agents like GSH and DTT, and generated sul-
fydryl groups (—SH). The Ellman’s reagent, DTNB, can react with
—SH to form TNB>~, which has strong absorbance at 412 nm™®. As a
control, HMONs that did not contain S—S were synthesized
(Supporting Information Fig. S7). According to the results of
UV—Vis spectrometry, the Ellman’s reagent showed almost no
absorbance after treated with HMONS that were pre-incubated with
DTT, while significant absorbance was observed for the samples
treated with SHMONS (Fig. 3A and B). Moreover, the absorbance
values of SHMONSs group increased along with the increasing incu-
bation time, which indicated more —SH was generated over time. In
addition, SHMONSs prepared with different feeding ratios showed
different absorbances, and thereinto, SHMONSs-6 exhibited better
—SH-generating ability (Supporting Information Fig. S8). Next, we
investigated whether the break of S—S would accelerate the degra-
dation of SHMONSs. The morphology of SHMONS incubated in PBS
with or without 10 mmol/L of GSH for 1, 4, and 7 days was observed
by TEM. As shown in TEM images (Fig. 3D), broken fringes,
collapsed frameworks, and indistinct degradation fragments were
observed for the nanoparticles treated with GSH. As a contrast, the
nanoparticles treated with PBS for up to 7 days still had intact
structures and outlines with clear background. These results
demonstrated that SHMONS could be degraded in the intracellular
reducing environment. In view of the fact that common silica-based
materials degraded slowly in vivo and might induce long-term
toxicity, this property greatly improved the biocompatibility of
SHMONs" ",

When SHMONS arrived at tumor tissue, they could be inter-
nalized by tumor cells. The cellular uptake of SHMONs was
studied by flow cytometry and CLSM using FITC-SHMONs
(Fig. 3C and E). The results show that the uptake of nanoparticles
by A375/DDP cells was time-dependent and almost reached
saturation after incubation for 1 h. Once internalized by cancer
cells, SHMONSs were supposed to be degraded in response to high
level of intracellular GSH and consume GSH at the same time. We
measured the GSH levels of A375/DDP cells after different
treatments (Fig. 3F). Significant decrease of GSH level was
observed in cells treated with BSO (a GSH synthesis inhibitor)
and SHMON:Ss, which indicated that SHMONSs could induce GSH
depletion in cancer cells. As a negative control, HMONSs treatment
only caused slight decrease of GSH level, which might be due to

the moderate increase of cellular oxidative stress triggered by the
size effect of nanoparticles®”*’. In addition, GSH depletion would
disturb redox homeostasis in cells, which can be reflected in the
reactive oxygen species (ROS) level’'. We used a ROS probe,
DCFH-DA, to detect the intracellular ROS in A375/DDP cells
(Fig. 3G). In accordance with the results of GSH levels, cells
treated with BSO or SHMONSs showed strong signals of DCFH,
indicating higher ROS levels than untreated cells.

All of these results confirm that SHMONSs could be degraded
in the reducing environment and induce GSH depletion in cancer
cells, which were potential biocompatible nanocarriers that could
resist GSH-mediated cellular detoxification for CisPt delivery.

3.3.  Invitro drug release and CisPt resistance reversal of
(CisPt+EA)@SHMONs

CisPt and EA were successfully loaded into SHMONS, as
confirmed by the characteristic peaks in FT-IR and decreased
surface area (Supporting Information Fig. S9 and Table S2). The
drug loading contents of different SHMONs were shown in
Supporting Information Table S3. SHMONs-6 had higher drug
loading capacity than other nanoparticles, which were probably
attributed to the higher surface area (Supporting Information Table
S1). Since SHMONs-6 had superior redox-responsive degrad-
ability and drug loading capacity, it was chosen and used for the
following experiments. In order to investigate whether the redox-
responsive degradation of SHMONSs would promote drug release,
CisPt release was tested in the conditions with or without reducing
agent. The CisPt contents were quantified by ICP-AES. In PBS
without reducing agent, the released CisPt in the medium could
not be detected by ICP-AES because the concentrations of Pt were
lower than limit of detection, which indicated pretty lower drug
release. However, after the addition of reducing agent, about
11.6% of CisPt was released from the nanoparticles after 7 days
(Fig. 4A). This redox-responsive drug release property suggested
that the redox-responsive degradation of SHMONS might facilitate
drug release from the nanoparticles, which is beneficial for precise
drug delivery in the high redox tumor environment. EA could not
be quantified by high performance liquid chromatograph (HPLC)
in the presence of reducing agent because it would react with the
reducing agent*>*, so only the release in PBS without reducing
agent was detected (Supporting Information Fig. S10).

To evaluate the in vitro antitumor activity and drug resistance
reversal of (CisPt+EA)@SHMONS, cytotoxicity assays were
tested on A375 and A375/DDP cells. Before that, we tested the
cytotoxicity of drug-free SHMONs. The results show that
SHMONSs did not present obvious cytotoxicity to both cells,
suggesting the good biocompatibility of the nanoparticles
(Supporting Information Fig. S11). A slightly higher toxicity
was observed in A375/DDP cells than in A375 cells, which
might be attributed to the higher sensitivity of drug-resistant
cells to GSH dyshomeostasis caused by SHMONs than drug-
sensitive cells*’. In A375 cells, free CisPt showed significant
cytotoxicity with an ICsq value of 0.58 pg/mL (Fig. 4B), which
was better than CisPt@SHMONSs. The nano-formulations did
not show significant superiority compared with free drugs. After
the addition of EA, the antitumor activities of CisPt were
moderately enhanced for both free drugs and nanoformulations.
In A375/DDP cells, the toxicity of free CisPt was much lower
than drug-sensitive cells with an ICsy value of 13.05 pg/mL
(Fig. 4C). By contrast, CisPt@SHMONs and (CisPt+EA)
@SHMONSs exhibited better antitumor activities than CisPt,
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Synthesis and characterization of SHMONS. (A) Schematic illustration of the synthetic process of SHMONs. TEM images of (B)
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HAADF-STEM image of SHMONSs and corresponding element mapping images of C, O, Si, S, and N. (G) Nitrogen absorption—desorption
isotherm and pore diameter distribution of SHMONSs. (H) 2Si NMR spectrum of SHMONS. (I) FT-IR spectrum of SHMONSs.

which indicated the important roles of SHMONs and EA. In
accordance with the results of cytotoxicity, cell apoptosis assay
also indicated that (CisPt+EA)@SHMONs had the strongest
capability of apoptosis-inducing effect in A375/DDP cells
(Fig. 4D).

In order to investigate the antitumor mechanism of
(CisPt+EA)@SHMONSs, we firstly measured the cellular Pt
accumulation of free drugs and nano-formulations. As shown in
Fig. 4E, the accumulations of Pt in A375/DDP cells after in-
cubation with free CisPt were significantly lower than those in
A375 cells. By contrast, the cellular uptake of Pt from
(CisPt+EA)@SHMONSs was similar for both cells. These results
suggested that SHMONSs could help CisPt to bypass the CTR1
pathway and improve the accumulation of CisPt in drug-resistant

cells. After internalization by cells, CisPt can interact with DNA
and form Pt-DNA adducts, which further induces cell apoptosis.
However, the defense system of cells can hinder this process,
especially in drug-resistant cancer cells. The intracellular GSH
can be bound with CisPt under the catalysis of GST, forming
conjugates that are further extruded by cancer cells. This drug
detoxification process can significantly weaken the therapeutic
efficacy of CisPt and develop drug resistance. We determined the
contents of Pt-DNA adducts in A375/DDP cells after different
treatments (Fig. 4F). The addition of BSO increased the contents
of Pt-DNA adducts as compared with CisPt alone, which
demonstrated that cellular GSH depletion could improve the
efficacy of CisPt. Similar improvement was observed for
CisPt@ SHMONSs. Combined with the results that SHMONs
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Figure 3  Redox-responsive degradation, cellular uptake and GSH depletion of SHMONS. (A) UV—vis absorption spectra of DTNB solutions

after incubation with SHMONs or HMONSs for different time and (B) the corresponding absorbances at 412 nm. Data are presented as mean + SD
(n = 3). (C) Flow cytometry analysis of A375/DDP cells after incubation with FITC-SHMONSs (40 pg/mL) for different duration (10 min, 30 min,
1 h, and 4 h). (D) TEM images of SHMONSs (0.1 mg/mL) after incubation in PBS with or without 10 mmol/L of GSH for different duration (1, 4,
and 7 days). (E) CLSM images of A375/DDP cells stained with Hoechst 33342 and LysoTracker Red DND-99 after incubation with FITC-
SHMONS (40 pg/mL) for different duration (10 min, 30 min, 1 h, and 4 h). Scale bar = 50 um. (F) GSH levels of A375/DDP cells after in-
cubation with BSO (200 pmol/L), SHMONSs (120 pg/mL), and HMONs (120 pg/mL) for 6 h. Data are presented as mean £ SD (n = 3);
**P < 0.01, #*P < 0.001. (G) CLSM images of A375/DDP cells incubated with DCFH-DA for the observation of ROS generation after in-

cubation with BSO (200 pmol/L), SHMONSs (60 pg/mL), and HMONs (60 pg/mL) for 6 h. Scale bar = 50 pm.

could efficiently consumed GSH (Fig. 3F), we could deduce that
CisPt@SHMONSs prevented GSH detoxification of CisPt by
consuming GSH and consequently increased the contents of Pt-
DNA adducts. The addition of EA also exhibited positive pro-
motion on the formation of Pt-DNA adducts. To investigate the
effect of GST on the efficacy of CisPt, we measured the cellular
GST activity after different treatments (Fig. 4G). GST activity in
A375/DDP cells was higher than that in A375 cells. Moreover,
the GST activity in A375/DDP cells increased after incubation
with free CisPt. This suggests that CisPt-resistant cells enhanced
their detoxification of CisPt probably by upregulating GST ac-
tivity. By comparison, the addition of EA could significantly
inhibit the GST activity and then weaken GSH detoxification,
which could increase the contents of Pt-DNA adducts and
improve the toxicity of CisPt. The above results demonstrate that
(CisPt+EA)@SHMONSs could effectively kill A375/DDP cells

and reverse their CisPt resistance based on the “pincer move-
ment” strategy of simultaneous GSH depletion and GST
inhibition.

3.4.  Preparation and characterization of MN patch

For the purpose of achieving effective delivery to melanoma, the
(CisPt+EA)@SHMONSs were loaded into dissolving MN
(Fig. 5A). MN patch is an array of micron-size needles with
lengths from tens of to thousands of micrometers, which can
pierce the stratum corneum and even the epidermis to achieve
high-efficient transdermal drug delivery®. Taking advantage of
the superior targeting efficiency, MN has been widely used for
treating superficial Cancers including melanoma®®*’, breast can-
cer*®, osteosarcoma*’, and pharyngeal squamous cell carcinoma™

In this work, HA was chosen as the matrix material to prepare
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In vitro drug release and CisPt resistance reversal of (CisPt+EA)@SHMONS. (A) Drug release profile of CisPt from (CisPt+EA)
3). Cytotoxicity assays of different

treatments on (B) A375 cells and (C) A375/DDP cells for 48 h. Data are presented as mean £+ SD (n = 4). (D) Cell apoptosis assays of different
treatments on A375/DDP cells at a CisPt concentration of 6.4 pg/mL for 48 h. (E) The Pt uptake of A375 cells and A375/DDP cells after different
treatments at a CisPt concentration of 6.4 pg/mL for 4 h. Data are presented as mean + SD (n = 3); **P < 0.01. (F) The Pt content in the
genomic DNA of A375/DDP cells after different treatments at a CisPt concentration of 6.4 pg/mL for 4 h. Data are presented as mean + SD
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Characterization of (CisPt+EA)@SHMONSs-loaded MN. (A) Schematic illustration of the preparation process of MN. (B) Photo-

graph of a 12 x 12-array MN patch. (C) SEM image of the MN. Scale bar = 100 pm. (D) Magnified photograph of (CisPt+EA)@SHMONs-
loaded MN. (E) Photograph of the MN patch removed from rat skin. (F) CLSM images of FITC-SHMONs-loaded MN and the corresponding 3D
reconstruction image. Scale bar = 100 um. Photographs of the (G) rat and (H) porcine skin after MN insertion and the corresponding H&E-

stained tissue sections from (I) rat and (J) porcine skin.

nanoparticles-loaded MN due to its good dissolving property and
biocompatibility”'*%. The MN was arranged in a 12 x 12-array on
a backing layer made of polyvinylpyrrolidone K90 (PVP K90) to
form a patch (Fig. 5B). The SEM image showed the microscopic
morphology of MN with a height of ~1200 pum and a width of
~300 pm (Fig. 5C). In order to characterize the distribution of
nanoparticles in MN, we used FITC-SHMONSs to prepare MN and
observed using CLSM. As shown in Fig. 5F, most of the nano-
particles were homogeneously distributed in the needle tips of
MN, which favored deeper penetration of nanoparticles after skin
puncture. Similar distribution of (CisPt+EA)@SHMONs in MN
was also confirmed from the yellow color of CisPt-loaded nano-
particles in the digital photo (Fig. 5D). To evaluate the skin
puncture ability of MN, the ex vivo skin from SD rat and pig was
used. The MN patch was pressed onto skin for 2 min and then
remained for another 5 min. After removal of the patch from skin,
it was found that almost all needles on the patch were dissolved
(Fig. 5E). Fast dissolution of MN was beneficial for the release
and delivery of the loaded nanoparticles and improved the con-
venience of administration. As shown in Supporting Information
Fig. S12, almost all the nanoparticles could be released from
MN within 5 min. Moreover, the morphology of the nanoparticles

did not exhibit significant change after release from MN, indi-
cating their good stability (Supporting Information Fig. S13).
After administration, the micro-holes on the skin created by MN
could be clearly observed, which showed that almost all needles
on the patch were successfully inserted into the skin (Fig. 5G and
H). The H&E-stained skin tissue section also confirmed the for-
mation of micro-holes on skin after MN insertion (Fig. 5I and J).
These results suggested the good skin puncture ability of
(CisPt+EA)@SHMONSs-loaded MN, which provided possibility
for efficient drug delivery to superficial tumor.

3.5. Invivo biodistribution, GSH depletion, and GST inhibition

In order to evaluate the tumor accumulation and retention ability
of nanoparticles administrated by MN, we detected the in vivo
biodistribution of Cy5.5-SHMONSs delivered by MN on A375/
DDP tumor-bearing nude mice. As a comparison, mice treated by
i.v. injection of Cy5.5-SHMONSs were also tested. The MN group
showed strong fluorescence signals at tumor site after adminis-
tration and the fluorescence signals could be detected even at 72 h
(Fig. 6A). After the mouse was sacrificed, the tumor and main
organs were taken out for fluorescence imaging. The tumor from
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MN group exhibited the strongest fluorescence, which was much
higher than the fluorescence of main organs including liver. This
fact suggested that the nanoparticles administrated by MN could
be accumulated in the tumor site for pretty long time and less
distributed in other organs. In contrast, very weak fluorescence
signal of Cy5.5-SHMONSs was detected at the tumor site of mouse
administrated by i.v. injection, probably owing to their poor tar-
geting ability and the clearance by reticuloendothelial system*>.
These results indicate that MN could be an excellent approach for
nanoparticle delivery, with better superficial tumor accumulation
and retention ability than i.v. injection.

Subsequently, we evaluated the in vivo GSH depletion and
GST inhibition ability. The A375/DDP tumor-bearing nude mice
were administrated with one patch of CisPt+EA)@NPs MN at the
tumor sites or intravenously injected with (CisPt+EA)@NPs.
After 48 h, the mice were sacrificed and the tumors were extracted
for detecting GSH content and GST activity. Compared with the
control group, the GSH levels in the tumors of mice treated with
i.v. injection slightly decreased, which might be attributed to the
limited accumulation of (CisPt+EA)@NPs in tumors (Fig. 6B).
By contrast, the GSH levels were significantly reduced in the MN
group, due to its higher tumor accumulation and GSH-depleting
ability. Similar results were observed for GST activity, indi-
cating strong GST inhibiting effect of EA in (CisPt+EA)@NPs
MN group (Fig. 6C). During 14 days of observation, the tumor
growth of mice in (CisPt+EA)@NPs MN group was better sup-
pressed compared with those in control group and (CisPt+EA)
@NPs i.v. group (Supporting Information Fig. S14). All of these
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results demonstrate that (CisPt+EA)@NPs delivered by MN
could effectively deplete GSH and inhibit GST activity in CisPt-
resistant tumors, which successfully gathered two pieces of the
“pincer” for executing “pincer movement” strategy.

3.6.  In vivo antitumor efficacy and biosafety

The antitumor efficacy of (CisPt+EA)@NPs MN was evaluated
on A375/DDP tumor-bearing nude mice (Fig. 7A). During the
observation period of 20 days, the tumors in control group grew
rapidly, which represented the natural progression of CisPt-
resistant melanomas (Fig. 7B). Compared with control group,
the tumor growth in CisPt i.v., blank MN, CisPt MN, CisPt@NPs
MN, and EA@NPs MN groups were suppressed to different de-
grees. It is worth noting that the dose of CisPt via intravenous
injection was ~2.5 times higher than those in MN. Although
similar suppression effects were observed, the application of MN
could increase the drug efficacy and decrease the drug dose.
Moreover, the body weights of mice in CisPt i.v. group reduced
slightly during the observation period (Fig. 7C), suggesting po-
tential toxicity of CisPt via systemic administration. In addition,
the moderate suppression effect on tumor growth in blank MN
group might result from possible tumor tissue injury by pressure
force during administration. (CisPt+EA)@NPs MN showed the
most effective suppression on tumor growth compared with other
groups. Similar results were also observed from the tumor images
(Fig. 7D) and tumor weights (Supporting Information Fig. S15).
To further investigate the antitumor effects at tissue level and

GST activity (U/g tumor)

In vivo biodistribution, GSH depletion, and GST inhibition. (A) Biodistribution of Cy5.5-SHMONSs in A375/DDP tumor-bearing nude

mice administrated by MN and i.v. injection. (B) GSH levels in the tumor tissues of the mice after different treatments. Data are presented as
mean £ SD (n = 3); *P < 0.05. (C) GST activity in the tumor tissues of the mice after different treatments. Data are presented as mean £+ SD

(n = 3); **P < 0.01, ***P < 0.001.
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Figure 7  In vivo antitumor efficacy and biosafety evaluation. (A) Schematic illustration of the establishment and treatment of A375/DDP
tumor-bearing nude mice model. (B) Tumor growth curves of tumor-bearing mice after different treatments. Data are presented as mean £+ SD
(n = 5); *P < 0.05, ***P < 0.001. (C) Body weight changes of the tumor-bearing mice after different treatments. Data are presented as
mean = SD (n = 5). (D) Photographs of tumors extracted from the tumor-bearing mice after different treatments. (E) H&E staining, TUNEL
assay, immunohistochemical analysis of Ki-67, and cleaved caspase-3 of tumor sections from the tumor-bearing mice after different treatments.
Scale bar = 200 um for images of H&E. Scale bar = 100 pm for images of TUNEL, Ki-67, and cleaved caspase-3. (F) Biochemical analysis of
plasma collected from the tumor-bearing mice after different treatments. Data are presented as mean + SD (n = 3).
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cellular level, histopathological analysis was conducted on the
extracted tumors (Fig. 7E). After H&E staining, obvious nucleus
shrinkage and fragmentation were observed in the tumor section
from the (CisPt+EA)@NPs MN group, indicating extensive cell
death. Additionally, the results of TUNEL assay show more
apoptotic cells existed in the tumor of mice treated with
(CisPt+EA)@NPs MN. Likewise, more positive cells in immu-
nohistochemical analysis for cleaved caspase-3 indicated
enhanced cell apoptosis level in the tumor of mice treated with
(CisPt+EA)@NPs MN. Meanwhile, much less Ki-67-positive
cells in the (CisPt+EA)@NPs MN group suggested stronger
suppression on tumor cell proliferation. Taken together, these re-
sults demonstrate that (CisPt+EA)@NPs MN based on the “pin-
cer movement” strategy could effectively induce tumor cell
apoptosis and suppress tumor growth, exhibiting much better
therapeutic efficacy than traditional chemotherapy against CisPt-
resistant tumor.

In addition, we evaluated the biosafety of different formula-
tions. The blood of mice was collected for blood biochemical
analysis after tumor monitoring. The levels of ALP, ALT, AST,
BUN, CR, and UA in plasma were measured for evaluating the
hepatic and renal function (Fig. 7F). A slightly higher CR level in
CisPt i.v. group suggested that systematic administration of CisPt
probably cause damage to kidney. No obvious abnormal bio-
markers were detected in other groups, indicating their low hep-
atotoxicity and nephrotoxicity. The tissue sections of major organs
(heart, liver, spleen, lung, and kidney) were stained with H&E for
histological examination (Supporting Information Fig. S16). No
obvious tissue injuries were observed for all of the groups. CisPt is
known for its nephrotoxicity and hepatotoxicity in clinical appli-
cations™. Although only slightly decreased body weight and
increased CR level were observed in CisPt i.v. group at the spe-
cific dose in this study, the potential toxicity of CisPt is still a
worrying problem. Therefore, (CisPt+EA)@NPs MN could be an
excellent candidate for reversing CisPt resistance of tumors while
not inducing significant toxicity at a lower dose.

4. Conclusions

In summary, a redox-responsive nanomedicine based on CisPt-
and EA-loaded SHMONs was successfully prepared and opti-
mized for reversing drug resistance in CisPt-mediated cancer
chemotherapy. At the tumor microenvironment of high GSH level,
the S—S-bridged SHMONS could be degraded and further pro-
moted drug release. The in vitro cell experiments showed that the
intracellular GSH was consumed by SHMONSs and the GST ac-
tivity was inhibited by the released EA. This “pincer movement”
of the nanomedicine effectively promoted the formation of Pt-
DNA adducts and enhanced the cytotoxicity and apoptosis-
inducing ability of CisPt. After being integrated into the MN,
the nanomedicine suppressed tumor growth on an A375/DDP
melanoma model without obvious systemic toxicity. This nano-
medicine provides a valuable paradigm for overcoming CisPt
resistance by simultaneous GSH depletion and GST inhibition and
extends the application of organosilica hybrid nanomaterials in
biomedical field.
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