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Abstract

Background: Chemoresistance is a major barrier limiting the therapeutic efficacy of
late stage non-small cell lung cancer (NSCLC). In this study, we sought to use two-
dimensional titanium carbide (2D Ti,C) to reverse cisplatin resistance in NSCLC.
Methods: We first achieved favorable properties as a potential anti-tumor agent. We
then compared cell viability and cisplatin uptake in chemoresistant NSCLC cells
before and after the use of 2D Ti,C. Afterwards, we explored the effects of 2D Ti,C on
intracellular antioxidant reserves, followed by evaluating the subsequent changes in
the expression of core drug resistance genes. Finally, we confirmed the tumor inhibi-
tory effect and bio-safety of 2D Ti,C in a drug-resistant lung cancer model in
nude mice.

Results: Due to the properties of thin layer, large specific surface area, and abundant
reactive groups on the surface, 2D Ti,C can deplete the antioxidant reserve
systems such as the glutathione redox buffer system, y-glutamylcysteine synthetase
(y-GCS), glutathione peroxidase (GPx), glutathione-S-transferase-Pi (GST-x), and
metallothionein (MT), thereby increasing the intracellular accumulation of cisplatin
and decreasing the expression of drug resistance genes.

Conclusions: 2D Ti,C can reverse NSCLC chemoresistance both in vitro and in vivo,
suggesting that it may potentially become a novel and effective means to treat
chemoresistant NSCLC in the clinic.
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gradually becoming a new tool for reversing drug resistance.
Iron oxide nanoparticles have been found to have the effect

Chemotherapeutic drug resistance has been a critical chal-
lenge limiting the therapeutic efficacy of late-stage non-
small-cell lung cancer (NSCLC) with a median survival of
only 6 months."* Although the efficacy can be improved by
increasing the dose of chemotherapeutic agents, using resis-
tance site antagonists, or using genetic drugs, complications
such as resistance to single drug, poor therapeutic efficacy,
and indiscriminate killing of normal cells remain unre-
solved. Nanomaterials can often act against multiple specific
targets in tumor cells due to their special physicochemical
structure with limited toxic effects on normal cells,>™®

of reversing cisplatin resistance by decreasing the expression
of transmembrane transporter proteins and consequently
increasing the intracellular concentration of cisplatin.”™
However, their effectiveness is still limited because abnormal
activities of intracellular antioxidant reserve systems can
either inactivate or excrete chemotherapeutic drugs, indicat-
ing that in order to improve the reversal of drug resistance
in tumor cells, we must focus on improving intracellular
drug metabolism, which is responsible for intracellular
transport and excretion of chemotherapeutic drugs. Two-
dimensional (2D) titanium carbide (Ti,C) has the advantage
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of ultra-high specific surface area among 2D materials, and
its extremely thin nano-layer thickness enables it to have
higher cell membrane penetration compared to conventional
nanoparticles.'” In addition, its large specific surface area and
high numbers of reactive groups on the surface can be used as
potential sites for interactions with proteins that can impact
their structures and functions. However, it is still unknown
whether these advantages can be exploited to deplete the
abnormal antioxidant reserve system in drug-resistant cells. An
in-depth investigation into this question will potentially maxi-
mize the antitumor effects of 2D Ti,C and provide new
insights on how to overcome drug resistance in NSCLC.
Chemotherapeutic drugs induce drug resistance in
NSCLC by various mechanisms, among which increased
expression of genes that contribute to the antioxidant
reserve system is a central factor limiting the efficacy of che-
motherapeutic drugs. This system is specifically responsible
for the intracellular transport and excretion of chemothera-
peutic drugs while directing the expression of other down-
stream drug resistance genes,'' "> and the macromolecules
of this system are characterized by possessing a large num-
ber of highly reactive thiol groups.'® The unique physico-
chemical properties of 2D Ti,C are expected to counteract
the intracellular antioxidant reserve because of its lamellar
structure and ultra-high specific surface area, which make it
more accessible to intracellular proteins, while electron-
absorbing reactive groups such as —F, —O, and —OH on the
surface can interact with thiol groups to disrupt the struc-
ture and function of drug-binding proteins. In addition, it
has been found that 2D Ti,C has a significant oxidative
stress effect on tumor cells after cell entry,"” suggesting that
it may induce enough reactive oxygen radicals to counter
the antioxidant reserve. Ti,C has also been reported to
induce cell death in a variety of tumor cells while minimally
affect normal cells.'"®'” These features make Ti,C a highly
promising agent for overcoming drug resistance in NSCLC.
In this study, we explored the feasibility of reversing
chemoresistance in NSCLC by utilizing the properties of 2D
Ti,C including thin-layer, extra-large specific surface area,
and abundant surface reactive groups on the surface. First,
we obtained 2D Ti,C and characterized its physical proper-
ties. Based on the fact that cisplatin is the first-line chemo-
therapeutic agent for the treatment of late stage NSCLC,***'
we then evaluated the overall cell viability and apoptotic
state after treating a cisplatin-resistant NSCLC cell line with
cisplatin in the presence or absence of 2D Ti,C. We then
compared the changes in cisplatin uptake by tumor cells
before and after the use of 2D Ti,C by measuring the intra-
cellular platinum element content. The effect of 2D Ti,C on
the antioxidant reserve system was evaluated by analyzing
oxidative stress levels, total glutathione (GSH/GSSG) level,
the levels and redox buffer ratio between reduced glutathi-
one (GSH) and oxidized glutathione (GSSG), the expression
of glutamylcysteine synthetase (y-GCS), changes in glutathi-
one peroxidase (GSH-Px) content, the expression of
glutathione-S-transferase-Pi (GST-n) and metallothionein
(MT), and the expression of subsequent core drug resistance
genes. Finally, we used an in vivo lung cancer resistance

model in nude mice to confirm the inhibitory effect and
mechnism of 2D Ti,C on drug-resistant tumors and to ver-
ify the biosafety of its use in vivo. Taken together, our results
suggest that 2D Ti,C can potentially become a novel therapy
for treating chemoresistant NSCLC.

MATERIALS AND METHODS
Chemicals and reagents

Ham’s F12K medium, RPMI-1640 medium, and phosphate
buffer solution (PBS) were purchased from HyClone Labora-
tories Inc. Trypsin-EDTA (0.25%), fetal bovine serum (FBS),
and penicillin-streptomycin solution were purchased from
Gibco Laboratories Inc. Cisplatin was purchased from Sigma-
Aldrich Laboratories. The CCK-8 assay kit was purchased
from the Dojindo Chemical Research Institute. The Annexin
V-FITC/PI assay kit was purchased from BD Biosciences.
RNeasy Mini SYBR Premix Ex Taq and the PrimeScript 1st
strand cDNA Synthesis Kit were purchased from Takara Bio
Inc. The reactive oxygen assay kit, GSH/GSSG assay kit, west-
ern blot lysis buffer, phenylmethylsulfonyl fluoride (PMSE),
western blot transfer buffer, and nitrocellulose membranes
were purchased from Shanghai Biotechnology Co Ltd. y-GCS
and GPx assay kits were purchased from Shanghai Xinle Bio-
technology Co Ltd. Bicinchoninic acid protein assay was pur-
chased from Pierce. Primary antibodies GST-n, MT,
multidrug resistance-1 (MDR-1), lung resistance protein
(LRP), and B-microtubulin (B-tubulin), as well as horseradish
peroxidase-conjugated anti-rabbit or anti-mouse IgG second-
ary antibodies, were purchased from Abcam. Enhanced
chemiluminescence (ECL) chemiluminescence reagents were
purchased from Millipore. High concentration matrigel was
purchased from Corning.

Preparation of 2D Ti,C

Two-dimensional Ti,C was manufactured and supplied by the
Shandong Xiyan New Material Technology Cooperation. The
preparation method is described by Liu et al.** Briefly, 0.67 g of
lithium fluoride was slowly dissolved in 10 ml of hydrochloric
acid at a concentration of 6 mmol/L by stirring for 5 min. One
gram of Ti,AIC was then slowly added over 10 min and the
solution was stirred at room temperature for 24 h. The solution
was then washed with deionized water and centrifuged at
3500 rpm for 5 min six to eight times until the pH of the solu-
tion was greater than 6. The precipitate was collected and dis-
solved in 100 ml of water and sonicated for 3 h under an
argon-protected atmosphere. The solution was then centrifuged
at 3500 rpm for 1 h and the supernatant was collected.

Characterization of 2D Ti,C

The elemental composition of the parent phase Ti,AlC and 2D
Ti,C nanostructures were analyzed by X-ray photoelectron
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spectrometry (XPS, AXIS UltraDLD). The nanolayer thickness
of the prepared 2D Ti,C was observed and analyzed by high-
resolution transmission electron microscopy (TEM) on a JEM-
2100 microscope (JEOL) and ortho-inverted atomic force
microscopy (AFM) on an NTEGRA microscope (NT-MDT).
The hydrated particle size and zeta potential of 2D Ti,C in dif-
ferent solutions were analyzed by the NanoBrook Omni Parti-
cle Size and Zeta Potential Analyzer (Brookhaven Instruments
Corporation). The specific surface areas of the parent phase Ti,
AIC and 2D Ti,C were determined by an Autosorb iQ3 auto-
mated surface area and pore size analyzer (Quantachrome).

A549/DDP cell culture

Human NSCLC A549 cells were purchased from the Ameri-
can Type Culture Collection (ATCC). The cisplatin-resistant
strain A549/DDP cells were generated by Shanghai Fuheng
Biology Ltd. Briefly, A549 cells were initially incubated with
0.05 pg/ml concentration of cisplatin in the incubator at log-
arithmic growth stage. Then the cisplatin-containing culture
medium was discarded and the culture was continued with
regular culture medium, while the surviving cells grew
slowly. After entering the logarithmic growth phase, the cells
were incubated again with a gradually increasing concentra-
tion of cisplatin. Medium changes and passages were
repeated until the cells could grow and be passaged stably
with a final concentration of 2.0 pg/ml while obvious drug
resistance was observed. Then A549/DDP cells were cul-
tured in F12K medium containing 1 pmol/L cisplatin at
37°C with 5% CO,. Culture medium was supplemented with
10% (v/v) FBS (Gibco), 100 U/ml penicillin, and 100 pg/ml
streptomycin. Cell passaging was performed every 2-3 days.

Cell viability assay

A549/DDP cells were inoculated in 96-well plates at a density
of 1 x 10* cells/well and cultured for 24 h in their respective
medium. The medium was then replaced with serial dilutions
of fresh medium containing Ti,C (50-200 pg/ml), cisplatin
(10 pmol/L), or cisplatin (10 pmol/L) + Ti,C (100 pg/ml).
Cell viability was measured at 24 h with a CCK-8 assay Kkit.

Intracellular localization of 2D Ti,C

To observe the localization of 2D Ti,C in cells, A549/DDP
cells were exposed to Ti,C (100 pg/ml) or cisplatin (10 pmol/
L) + Ti,C (100 pg/ml) for 24 h. The cells were then washed
three times with cold PBS and fixed in 2.5% glutaraldehyde at
37°C for 24 h. The cells were collected with a spatula, pelleted
by centrifugation, dehydrated, and embedded in ethoxylated
resin. Embedded cells were then sectioned and visualized by
TEM in parallel with energy dispersive X-ray spectroscopy
(EDS) elemental composition scans (JEM-2100, JEOL) to
assess the subcellular distribution and basic composition of
2D Ti,C and cisplatin in A549/DDP cells.

Intracellular cisplatin aggregation

A549/DDP cells were inoculated in 100 mm culture dishes
at a density of 5 x 10° cells per well and cultivated for 24 h.
The cells were exposed to regular culture medium with
no other supplements, or medium containing cisplatin
(10 pmol/L), Ti,C (100 pg/ml), or cisplatin (10 pmol/L)
+ Ti,C (100 pg/ml) for 24 h. Cells were washed three times
with PBS and harvested. Cell pellets were successively dis-
solved in 30% hydrogen peroxide and 33% concentrated nit-
ric acid, and elemental measurements were performed by
inductively coupled plasma mass spectrometry (iCAP Q
ICP-MS; Thermo Scientific).

Annexin V-FITC/PI apoptosis assay

Normal, apoptotic, and necrotic A549/DDP cells were identi-
fied using the Annexin V-FITC/PI assay kit. A549/DDP cells
were inoculated in six-well plates at a density of 1 x 10> cells
per well and cultured for 24 h. Then the cells were exposed to
regular culture medium alone or medium containing cisplatin
(10 pmol/L), Ti,C (100 pg/ml), or cisplatin (10 pmol/L) + Ti,
C (100 pg/ml) for 24 h. The cells were washed three times with
cold PBS and harvested. The cell pellets were resuspended in
500 pl binding buffer and incubated with 3 pl Annexin V-
FITC for 25 min at 37°C, followed by another incubation with
2 pl PI for 5 min. A 500 pl dilution of the sample, which con-
tained at least 10* cells, was analyzed by flow cytometry and
data were analyzed by InCyte software (Millipore).

Determination of y-GCS and GPx level

The levels of y-GCS and GPx after 24 h of exposure to F12K
medium alone or medium containing cisplatin (10 pmol/L),
Ti,C (100 pg/ml), or cisplatin (10 pmol/L) + Ti,C (100 pg/ml)
were determined by enzyme-linked immunosorbent assay
according to the manufacturer’s instructions.

Real-time polymerase chain reaction assay

A549/DDP cells were seeded into six-well plates at a density
of 1.2 x 10° cells per well for 24 h. After treatment with the
same method as in the apoptosis assay section, total RNA
was extracted using an RNeasy Mini Kit according to the
manufacturer’s protocol, and RNA concentration was mea-
sured with NanoDrop. Total RNA (1 pg) was reverse tran-
scribed to ¢cDNA using a PrimeScript First Strand cDNA
Synthesis Kit in a total volume of 10 pl. Real-time polymer-
ase chain reaction (RT-PCR) was performed in a Roche
Sequence Detection System (LightCycler 96) with an RT-
PCR kit (SYBR Premix EX Taq). Primer sequences are
shown in Table 1. For PCR, SYBR Green (10 pl) was added
to the primers and cDNA (1 pl) in a total volume of 20 pl.
B-microtubulin was used as an endogenous control. All sam-
ples were analyzed in triplicate. Relative expression levels
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were calculated with the 2722 method and normalized to
B-microtubulin Ct values.

Western blot assay

A549/DDP cells were addressed in the same way as in the
apoptosis assay section, washed three times with PBS, col-
lected with a cell scraper, and lysed in cold western blot lysis
buffer containing 1% PMSF for at least 30 min. The lysates
were centrifuged at 12000 rpm for 10 min at 4°C and the
supernatants were collected for use. Protein concentration
was determined by the bicinchoninic acid (BCA) assay. Equal
amounts of lysate proteins (25 pg) were then separated on
SDS-polyacrylamide gels (8—-12% separation gels) and electro-
phoretically transferred to nitrocellulose membranes. After
blocking in Quickblock solution (Beyotime) for 30 min at
room temperature, the membranes were probed with anti-
bodies against metallothionein (1:1000), MDR-1 (1:1000),
LRP (1:2000), and B-microtubulin (1:5000) at 4°C overnight,
washed with tris buffered saline with tween-20, and then
incubated with horseradish peroxidase conjugated anti-rabbit
IgG/anti-mouse IgG secondary antibody for 1 h at room tem-
perature. Antibody-bound proteins were detected using ECL
chemiluminescence reagents.

Intracellular ROS assay

Flow cytometry measurement of intracellular reactive oxy-
gen species (ROS) production was performed using a
dichlorodihydrofluorescein diacetate (DCFH-DA) fluo-
rogenic probe. DCFH-DA stock solution was diluted
1000-fold in serum-free cell culture medium to obtain a
10 mM working solution. After treatment with the same

TABLE 1 PCR primer design

Target gene

Forward primer
sequence (5'-3')

Reverse primer
sequence (5'-3)

Bdl-2 GATTGTGGCCTTCT CAAACTGAGCAGAG
TTGAG TCTTC

Caspase-3 TTGACCTCAGCGCT CCTGTAGCCCACGT
GAGTTG CGTAGC

GST-n ACCTCCGCTGCAAA GGTTAGGACCTCAT
TACATC GGATCA

Metallothionein-1 ATGGACCCCAACTG CAGCCCTGGGCACA
CTC CTTG

MDR-1 CCCATCATTGCAAT TGTTCAAACTTCTG
AGCAGG CTCCTGA

MRP TGAAGGACTTCGTG GTCCATGATGGTGT
TCAGCC TGAGCC

LRP GTCTTCGGGCCTGA CTTGGCCGTCTCTT
GCTGGTGTCG GGGGGTCCTT

f-tubulin TCTACCTCCCTCAC CCAGAGTCAGGGGT
TCAGCT GTTCAT

method as in the apoptosis assay section, cells in six-well
plates were washed three times with PBS and incubated in
1 ml of DCFH-DA working solution for 30 min at 37°C in
the dark. Cells were then washed and resuspended in cold
PBS, and intracellular ROS was analyzed by flow cytometry
(Guava easyCyte; Millipore). Data were normalized to the
mean fluorescence intensity (MFI) values of control cells.

GSH and GSSG content analysis

A549/DDP cells were inoculated in six-well plates at a rate
of 1 x 10° cells/well. After treatment with the same method
as in the apoptosis assay section, cells were washed three
times with PBS. Cells were collected in centrifuge tubes after
trypsinzation, and then mixed with three volumes of Protein
Removal Reagent M solution. Cell lysis was achieved by
three freeze-thaw cycles with liquid nitrogen and 37°C
water. The lysates were centrifuged at 12 000 rpm for
15 min at 4°C and the collected supernatants were used for
GSH and GSSG assays. The amounts of total (GSH
+ GSSG), reduced (GSH), and oxidized (GSSG) GSH were
obtained using the GSH/GSSG assay kit according to the
manufacturer’s protocol.

Animal experiments and sample collection

The experimental protocol was approved by the Animal
Care and Medical Ethics Committee of the Shanghai Ninth
People’s Hospital, affiliated with Shanghai Jiaotong Univer-
sity School of Medicine. Female thymus-free nude mice
(BALB/c, 4 weeks old) were obtained from Shanghai Jiagan
Biotechnology Co. Mice were placed in sterile cages under a
laminar flow-through air hood in a local SPF laboratory ani-
mal facility with a 12-h light/dark cycle, constant tempera-
ture (25°C), and relative humidity (50%). All animals were
allowed free access to normal mouse food and water. After
1 week of acclimation, a A549/DDP-resistant xenograft
model was established by subcutaneously injecting each
nude mouse with 0.2 ml of A549/DDP cell suspension
mixed with high concentration matrigel (2 x 107 cells/ml)
into its left axilla. Tumor size was measured every 3 days
after inoculation, and its long diameter a and short diameter
b were recorded. Tumor volume was calculated by the for-
mula V = a x b?/2. After the subcutaneous graft tumors
rose to an average of 70 mm”, the xenograft mice were ran-
domly divided into four groups (n = 6), namely, saline
(0.5 ml) group, cisplatin-only (10 pmol/L) group, Ti,C-only
(100 pg/ml) group, and cisplatin (10 pmol/L) plus a Ti,C
(100 pg/ml) group. The mice were injected every 3 days
while tumor size was recorded and the behavioral status of
the mice was observed. At day 21, the animals were
sacrificed, tumor tissues were harvested, and tumor size was
measured.

Tumor tissues and other normal tissues (heart, liver,
spleen, lung, and kidney) were collected seperately. Tumor
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tissues were collected and the following RT-PCR steps
including total RNA extraction, cDNA reverse transcription
and RT-PCR were the same as those in vitro cellular experi-
ments. The remaining tissue samples from all the mice from
all groups were collected and fixed in 10% formalin for his-
topathological evaluation.

Statistical methods

All data are expressed as mean with standard deviation. All
analyses were performed in Statistical Package for Social Sci-
ences version 20.0 (SPSS Inc). Differences were assessed
using Student’s t-test or ANOVA. p < 0.05 indicates a statis-
tically significant difference.

RESULTS AND DISCUSSION

Chemoresistance has been a major barrier limiting the ther-
apeutic efficacy of late-stage NSCLC, and one of the keys to
overcome the resistance lies in effectively countering the
abnormally high intracellular antioxidant reserve. One
promising approach is to use nanomaterials such as 2D Ti,
C with small size and large specific surface area, which can
promote the generation of excess ROS,”*>** release ions that
bind to functional groups of intracellular proteins or nucleic
acid molecules,” and alter cell membrane adhesion and per-
meability.”>’ In addition, 2D Ti,C also contains reactive
groups such as -OH and -O on its surface, which can inter-
act with sulthydryl groups on molecules or proteins of the
cellular antioxidant reserve system to disrupt their structures
and functions. Exploring the drug-resistance reversal func-
tion of 2D Ti,C is of great significance to improve chemo-
therapy efficacy, improving the prognosis of NSCLC
patients and limiting drug side effects. In this study, we
showed through both in vitro and in vivo experiments that
2D Ti,C nanosheets can promote the death of drug-resistant
NSCLC cells by depleting the intracellular antioxidant
reserve, which in turn increases the effective accumulation
of cisplatin in cells and decreases the expression of drug
resistance genes.

Fabrication of ultra-thin 2D Ti,C with large
specific surface area and enriched in surface
active groups

To maximize the interaction between 2D Ti,C and lung can-
cer cells, the key factor is to fabricate 2D materials with the
thinnest layer possible and a large amount of —OH, —O,
and —F on the surface, for which a traditional top-down
direct etching and ultrasonic fragmentation method was
adopted. The results of XPS experiments show that, com-
pared with the parent phase Ti,AlC (Figure 1(a),(b)), the
prepared particles no longer contained aluminum (Figure 1
(e),(f)), which confirms that the acidic etching effect of HF

has completely removed the original parent phase, mean-
while a large number of reactive groups such as —OH, —O,
and —F, have newly appeared on its surface (Figure 1(c),(d),
(g),(h)). To further separate the stacked etched products, we
used ultrasonic disintegration to obtain the final products at
nanoscale. Surface area analysis also revealed that the spe-
cific surface area of the 2D Ti,C layer was significantly
enhanced compared to that of the Ti,AIC parent phase
before etching. Quantitatively, we found that the Brunauer-
Emmett-Teller (BET) specific surface area value of 2D Ti,C
(333.963 mz/g) is nearly 100 times higher than that of Ti,
AlC (3.871 mz/g) (Figure 1(m)). The high specific surface
area combined with the large number of reactive groups
possessed by 2D Ti,C may provide an important advantage
for enhanced interaction with cellular macromolecules.

To evaluate the particle size and stability of 2D Ti,C in
solution, we assessed its hydrated particle size and zeta
potential, and the results showed that the hydrated particle
size increased slightly in neutral and acidic ionic buffers
compared with the original solid state, both maintaining at
approximately 250 nm (Figure 1(n)), while the absolute
value of zeta potential increased significantly in acidic solu-
tions compared with neutral solutions (Figure 1(0)),
suggesting that 2D Ti,C is more stable and less likely to
accumulate in acidic solutions than neutral solutions, which
is consistent with the previous study by Jastrzgbska et al.*®
Tumor tissues are usually in a weak acidic environment, and
nonaccumulation in weak acid is crucial to maintain the 2D
Ti,C thin-layer structure, while lower lamellae thickness is
more favorable for the nanosheets to act directly through
the cell membrane.” Furthermore, the relatively increased
aggregation in a neutral environment also reduces the
uptake of 2D Ti,C by normal cells. Therefore, these data
showed that our fabrication method can produce 2D Ti,C
nanosheets with desirable properties for potentially specific
activity against tumor cells.

2D Ti,C re-sensitizes A549/DDP cells to
cisplatin

To assess the effects of 2D Ti,C on the viability of
cisplatin-resistant A549/DDP cells, we first evaluated cell
growth after 24 h of treatment with the nanomaterial in
the absence or presence of cisplatin. Interestingly, we
noticed through a dose-response experiment that 2D Ti,
C alone significantly inhibited the growth of A549/DDP
cells at concentrations of 100 and 200 pg/ml (Figure 2
(a)). We also observed, as expected, that 10 pM cisplatin
failed to inhibit cell growth (93.62% =+ 1.67%), whereas
the same concentration had been shown to inhibit the
growth of nonresistant cancer cells.’*>* The combination
treatment of 100 mg/L Ti,C with 10 pM cisplatin further
inhibited cell growth (45.70% =+ 3.63%) by ~20% com-
pared with 100 mg/L Ti,C alone (64.10% =+ 4.53%)
(Figure 2(a)), suggesting that cisplatin sensitivity was
partially restored by 2D Ti,C.
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Cisplatin is a first-line chemotherapeutic agent for the
treatment of late-stage NSCLC, which initiates apoptosis-
mediated killing by cross-linking with DNA in the nucleus
and induces the intrinsic apoptosis pathway involving the for-
mation of the apoptosome and caspase activation. To deter-
mine whether the growth inhibition we observed resulted
from cell death, we evaluated the percentages of dying cells
and the expression level of Bcl-2 and caspase-3 after treat-
ment with 2D Ti,C and/or cisplatin We found that 2D Ti,C
alone significantly increased the apoptotic/necrotic rate of
A549/DDP cells (38.04% =+ 1.57%) (Figure 2(b),(c),(e)), con-
sistent with the results of the cell viability assay (Figure 2(a)).
By comparison, cell death was further enhanced (67.41% =+
2.92%) after the combination treatment (Figure 2(b),(c),(f)),
suggesting that cisplatin was able to activate apoptosis in the

presence of 2D Ti,C. Induction of apoptosis by 2D Ti,C with
or without cisplatin was further validated by the down-
regulation of Bcl-2 (Figure 2(g)), an inhibitor of apoptosis,
and the upregulation of caspase-3 (Figure 2(h)), a central pro-
tease in the apoptotic process. Collectively, these data showed
that 2D Ti,C not only induces cell death but also re-sensitizes
chemoresistant cells to cisplatin.

2D Ti,C increases the intracellular
accumulation of cisplatin

The sublocalization of drugs and nanoparticles in the cellu-
lar organelles can directly determine where and if they can
exert their expected biological effects. For cisplatin, its



3346 ZHU ET AL.
s | WILEY
100+ *
757 * 4
— 801 —
= % 60/
g 60/ °\"3 45 *
5 ]
s i1 :
S —
= 40 8 304
[} -
S g
201 < 15 ns
o- . . T : . 0 . - ——
Control Ti,C Ti,C Ti,C Cis  Cis10uM Control Cis Ti,C Cis+Ti,C
50pg/mL 100pg/mL200pg/mL  10pM  +Ti,C 100ug/mL
7 Control ) Cis Ti,C Cis+Ti,C
A ~10.00 0.35 o33 0.99 ~10.00 0.12 ~11.00 5.09
Q
g b E = =
Q .
(7)) R2 & R2. ; R2
@ =
-
=}
2 E
L
- 5.09 8.56 34.91 ©- 59.00
o 10 10% 10° Ho° 1ot 102 10 10
Annexin V-FITC
— 47
0 < B
03 g =
c o 23
5 a 5
s 8 c9
=] Lo 21
2N 28
2 g 38
s £ s E 1-
2 2

control Cis Ti,C Cis+Ti,C

control Cis Ti,C Cis+Ti,C

FIGURE 2 Cytotoxic and apoptotic effects of cisplatin and 2D Ti,C on A549/DDP. Cell viability of A549/DDP cells after exposure to 2D Ti,C, cisplatin,
and cisplatin plus 2D Ti,C (a); apoptotic ratios from Annexin V-FITC/PI double staining (n = 3) (b); dot plots of Annexin V-FITC/PI staining of A549/DDP
cells that were untreated (c), treated with cisplatin (d), treated with 2D Ti,C (e), or treated with cisplatin plus 2D Ti,C (f), representatively; Bcl-2 mRNA
expression in A549/DDP (g); Caspase-3 mRNA expression in A549/DDP (h). *p < 0.05. # indicates a significant difference with the control group. ns

indicates not significant with the control group

successful accumulation inside the nucleus is one of the nec-
essary conditions for it to exert its cytotoxic effects on the
cells. Therefore, we evaluated the localization and concen-
tration of cisplatin and 2D Ti,C in A549/DDP cells by elec-
tron microscopy and ICP-MS. Cisplatin treatment alone did
not result in its localization into the nuclei, and there was
also very low cytoplasmic accumulation (Figure 3(a)-(c)),
suggesting that one possible mechanism of resistance in
these cells was by blocking cisplatin entry and/or accumula-
tion in the nucleus or cytoplasm. A large number of
nanoparticles was found to be clustered in the cytoplasm
after treating A549/DDP cells with 2D Ti,C (Figure 3(d),
(e)), which suggests that 2D Ti,C can be effectively taken up

by drug-resistant A549/DDP cells, and that any drug resis-
tance proteins expressed by these cells cannot effectively
excrete 2D Ti,C. One reason for this might be that the ultra-
thin nature of 2D Ti,C allows it to create nano-scale pores
on the tumor cell membrane, thereby allowing it to pene-
trate into the cytoplasm. This mechanism has already been
confirmed in other 2D nanosheet layers.”> The effective
retention of 2D Ti,C in the cytoplasm is also an important
prerequisite for its subsequent functions. In contrast, 2D Ti,
C is not found in the nucleus (Figure 3(d),(f)), probably
because its lateral size is not yet sufficient to simultaneously
break through the nuclear pores. When A549/DDP was co-
treated with both cisplatin and 2D Ti,C, 2D Ti,C remained
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FIGURE 3

Uptake of cisplatin and 2D Ti,C by A549/DDP. TEM micrographs of A549/DDP exposed to cisplatin (a), 2D Ti,C alone (d), and cisplatin

plus 2D Ti,C (g). The corresponding chemical composition analyses of the particles using energy-dispersive X-ray spectroscopy (EDS) were shown in (b) and
(), (e) and (f), and (h) and (i) next to the micrographs. EDS analyses of the cytoplastic locations on the TEM images are indicated in red (b, e, h) and the

nuclear regions in blue (c, f, i)

TABLE 2 Quantification of cellular uptake of cisplatin
Treatment Control Cis Ti,C Cis + Ti,C
Platinum concentration 0.10 & 0.03 63.88 + 5.48° 0.11 £ 0.02 505.15 + 57.54*°

Note: Quantification of cellular uptake of cisplatin after 24 h treatment with control, cisplatin, 2D Ti,C, and cisplatin plus 2D Ti,C, represented as Pt concentration (ppm) per 10°

cells. Data represent the mean + SEM (n = 3).
“Indicates statistical significance against control group.
“Indicates statistical significance against cisplatin group.

mainly in the cytoplasm while cisplatin was observed in
both the cytoplasm and the nucleus (Figure 3(g)-(i)),
suggesting that 2D Ti,C was able to facilitate cisplatin entry
into the nucleus. The effective concentration of cisplatin was
elevated to about eight times that of cisplatin alone
(Table 2). We speculated that the nano-scale pores created
on the cell membrane by 2D Ti,C allowed cisplatin to pene-
trate into the cytoplasm either alone or attached to 2D Ti,C,
thus bypassing the copper transporter protein uptake mech-
anism that cisplatin normally relies on.”*** This set of data
collectively demonstrated that effective cytoplasmic accumu-
lation of 2D Ti,C itself and its facilitation of cisplatin influx

are important factors that contribute to the subsequent bio-
logical effects of both substances.

2D Ti,C depleted intracellular antioxidant
reserve

In the previous experiments we found that 2D Ti,C has the
effect of reversing cisplatin resistance in NSCLC. To investi-
gate the underlying mechanism, we focused on the intracel-
lular antioxidant system. An abnormal increase of
antioxidant reserve is a central factor in cisplatin resistance.
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In a chemoresistant NSCLC, even if a chemotherapeutic
agent like cisplatin can successfully accumulate inside the
cell, the antioxidant system can still sequester or even
excrete the drug out of the cytoplasm,®® and it can also sig-
nal the activation of DNA repair to counter any DNA dam-
age from the chemotherapeutic agent.’”® Therefore, we
looked into how 2D Ti,C may impact the antioxidant sys-
tem inside cisplatin-resistant tumor cells.

GSH is a central component of the antioxidant system
and can protect cells in multiple ways. For example, GSH can
conjugate with platinum drugs such as cisplatin and facilitate
their efflux via multidrug resistant proteins (MRPs),*® and it
can also chelate copper and prevent it from participating in
free radical generation.*” The increase in total GSH and the
increased proportion of GSH in tumor cells can enhance cel-
lular resistance to cisplatin, and some studies have found that

exogenous ROS can act directly on the GSH system of tumor
cells.*' In our study, we found that 2D Ti,C promoted ROS
production in A549/DDP cells, and ROS generation was fur-
ther amplified after co-treatment with cisplatin (Figure 4(a)).
Concurrently, we observed that the level of both total and
reduced GSH (as implicated by the GSH:GSSG ratio) were
significantly decreased after 2D Ti,C treatment, and this
effect was further enhanced after co-treatment with cisplatin
(Figure 4(b),(c)). These results indicate that the redox system
in the resistant cells is disrupted by 2D Ti,C, and a reduction
in both total GSH and GSH suggests that less GSH is avail-
able to neutralize ROS and xenobiotics.** Hence, depletion of
GSH is a crucial step in 2D Ti,C-mediated re-sensitization of
cisplatin-resistant NSCLC cells.

However, GSH-mediated drug resistance is an integrated
process, so it is possible that, after a disruption of the
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GSH/GSSG redox buffer system, resistant cells may still
restore it back to the previous level through some compen-
satory mechanisms. Therefore, to reverse drug resistance by
depleting GSH to a greater extent, it would be necessary to
target proteins involved in GSH production. y- GCS is the
rate-limiting enzyme for GSH biosynthesis in vivo, and its
activity directly mediates the rise in intracellular levels of
GSH. It has been found that NSCLC tissues showed higher
uptake of GSH and increased y-GCS enzyme activity com-
pared to normal lung tissue.*’ Inhibition of y-GCS can
reduce intracellular GSH levels and thus reverse drug resis-
tance, for which a specific inhibitor, buthionine sulfoximine
(BSO), has been developed for y-GCS and has been shown
to be clinically effective.**™** Furthermore, even if GSH levels
are temporarily reduced, tumor cells can mediate drug resis-
tance by rapidly replenishing GSH through negative feedback
regulation. We found that y-GCS level was unchanged when
A549/DDP cells were treated with cisplatin alone, and that it
was decreased significantly when the cells were exposed to 2D
Ti,C with or without cisplatin (Figure 4(d)). It is possible that
any depletion of GSH by cisplatin alone was immediately
countered by the feedback activation of y-GCS, while 2D Ti,
C appears to mitigate y-GCS expression, which perhaps leads
to the downregulation of GSH expression. GPx is a per-
oxidolytic enzyme highly expressed in drug-resistant tumor
cells, and its active center contains selenocysteine, which cata-
lyzes the reaction of GSH with H,0O, and prevents the latter
from damaging cells by peroxidation.*” Recent studies have

found that therapy-resistant breast, melanoma, and lung can-
cer cells exhibit enhanced sensitivity to GPx inhibitors.”® Kui
et al”' found that the high expression of GPx mRNA in
patients is clinically important in indicating the prognosis of
patients through analyzing the genetic data and survival
information of 1926 NSCLC patients. In our study, the
expression of GPx was significantly decreased after 2D Ti,C
treatment (Figure 4(e)), which is further indicative of
disrupted GSH homeostasis.

In addition to the GSH/GSSG homeostatic system, the
glutathione S-transferase (GST) family proteins and meta-
llothioneins are also part of the antioxidant system. Among
the four major isoforms of GST proteins, the overexpression
of GST-m in tumors has been linked to therapeutic resis-
tance.”>>* GST-r can upregulate the survival signal of drug-
resistant tumors by interacting with c-Jun N-terminal kinase
(JNK), in addition to mediating its own binding to cisplatin
and blocking the cisplatin entry pathway into the nucleus.>
It has been well documented that GST-=n is overexpressed in
NSCLC and cisplatin is generally effective in tumors with
low GST-n expression.’®**>” Gajra et al.”® found that high
expression of GST-n is an independent prognostic factor in
resected stage I NSCLC. Metallothioneins are cysteine-rich
proteins that scavenge metals and ROS through abundant
thiol groups on the cysteine residues, thus playing a key role
in the detoxification of heavy metal elements and coun-
teracting mitochondrial stress.””*® They can also interact
directly with chemotherapeutic drugs, and binding between
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metallothioneins and the metal elements within drug mole-
cules can disable their activity.®"**> Borchert et al.> demon-
strated that metallothionein knockout substantially reduced
cisplatin resistance in malignant pleural mesothelioma. It
has been found that the positive rate of metallothionein in
tissue sections of NSCLC patients treated with cisplatin che-
motherapy increases from 27% to 80%.°* Based on these
findings, we hypothesized that reducing the expression of
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GST-n and metallothionein would very likely reverse cis-
platin resistance in NSCLC as well. In this study, we found
that the expression of GST-r and metallothionein decreased
significantly at both transcript and protein levels after
treating A549/DDP cells with 2D Ti,C, with or without cis-
platin (Figure 4(f)-(h)). At the transcript level, the combina-
tion treatment downregulated both genes even further in
comparison with 2D Ti,C alone (Figure 4(f),(g)). These
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FIGURE 7 Histological assessments of tumor tissues (x10) and major organs (x20) after mice bearing A549/DDP xenografts were injected with saline,

cisplatin, 2D Ti,C, or cisplatin plus 2D Ti,C. Blue arrows indicate necrotic areas

results indicate that 2D Ti,C plays a decisive role in
inhibiting two key antioxidant proteins. A possible reason
for this is that the high surface area of 2D Ti,C and its —O,
—OH, and —F reactive groups provide a large number of
electrons to bind to the electron-absorbing thiol residues,
which are present in GSH, proteins such as metallothionein,
and certain drugs. Interaction with thiol groups in
metallothionein likely alters its structure or prevents it from
interacting with other partners such as cisplatin, while a
feedback loop might lead to a decrease in expression at the
gene level. Taken together, our results illustrate how 2D Ti,

C may overcome cisplatin resistance by depleting the antiox-
idant system in multiple aspects.

2D Ti,C mediates the decrease in expression of
key drug resistance genes

In drug-resistant NSCLC, some key genes such as MRP,
LRP, and MDR-1, whose high expression is confirmed to be
closely associated with drug resistance, are in turn regulated
by changes in the upstream antioxidant reserve system,*>°
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so we evaluated the expression of these genes after cisplatin
and/or 2D Ti,C treatment. MRP is an important member of
the cellular transmembrane protein family, responsible for
the internal and external exchange of cisplatin in cells.®” In
most cases, MRP confers drug resistance by excreting GSH-
conjugated drug directly out of the cell or alters the drug’s
intracellular distribution.®®”° Its expression can be posi-
tively regulated by GSH levels in cells, which could serve as
another means of preventing intracellular cisplatin accumu-
lation in resistant NSCLC.”' We found that the MRP tran-
script level was elevated after stimulation with cisplatin in
drug-resistant cells, suggesting an activation signal of MRP
transcription to counteract cisplatin. In contrast, MRP tran-
scription was downregulated by 2D Ti,C with or without
cisplatin (Figure 5(a)). This may be due to a decrease in the
proportion of GSH, which normally would conjugate to cis-
platin and would require MRP for transport, so a depletion
of GSH likely constitutes a signal that MRP is not
needed.””*” LRP is another protein that is overexpressed in
tumor cells. It can be localized to the cytoplasm and the
nucleus, particularly at nuclear pore complexes, and it can
block cisplatin entry into the nucleus by blocking the
nuclear pores and by sequestering cisplatin into exocytotic
vesicles.”” In our study, the expression of LRP was signifi-
cantly reduced after 2D Ti,C treatment and further reduced
after the co-administration of cisplatin (Figure 5(b),(d)).
Previous literature has reported that depletion of GSH
reserves can lead to impaired cell membrane repair,”> which
in turn blocks the vesicle formation pathway involving
LRP expression.”* The MDR-1 gene is responsible for
encoding P-glycoprotein, a cell membrane-bound adeno-
sine triphosphate-binding cassette transporter protein
that actively extrudes cisplatin from cancer cells, leading
to drug resistance.”” Similar to the pattern for LRP, we
also found an increase in MDR-1 transcription after cis-
platin treatment alone, while 2D Ti,C with or without cis-
platin led to a significant reduction of MDR-1 expression at
both the transcript and protein levels (Figure 5(c),(d)). The
decreased expression of each of these drug resistance genes
correlated with the effective accumulation of cisplatin in
cells (Table 2), thus contributing to increased sensitivity to
cisplatin-induced cell death.

Reversal of drug resistance in NSCLC by 2D Ti,
C in vivo

In our in vitro experiments, we have demonstrated that 2D
Ti,C can re-sensitize A549/DDP cells to cisplatin by deplet-
ing intracellular GSH content and downregulating the
expression of genes that are involved in GSH homeostasis,
protection from free radicals, or multidrug resistance. To
determine if these findings are relevant in vivo, we generated
a subcutaneous xenograft model of A549/DDP tumors in
Balb/c nude mice and tested tumor response to cisplatin and
2D Ti,C. Our results revealed that cisplatin alone led to only
8.94% =+ 6.62% reduction in tumor size compared with the

control group, confirming that the subcutaneous tumors still
maintained some cisplatin-resistance in vivo. In contrast,
the tumor volume was significantly reduced by 61.82% =+
14.35% relative to the saline control when 2D Ti,C was
injected, and when 2D Ti,C and cisplatin were co-injected
the tumor volume was reduced by 77.68% =+ 5.27%
(Figure 6(a)-(c)). To validate the reversal of resistance
mechanisms in vivo, we also explored the gene expression of
GST-n, metallothionein-1, MRP, and LRP (Figure 6(d)-(g)).
The results showed that 2D Ti,C also reduced the expres-
sion of the relevant genes in in vivo conditions, and co-
administration of 2D Ti,C with cisplatin maintained the
decreased levels. Our results suggest that (1) 2D Ti,C itself
can directly inhibit chemoresistant tumor growth, (2) 2D
Ti,C can re-sensitize resistant tumors to cisplatin, and
(3) mechanisms for reversing chemoresistance also apply
in vivo.

In vivo biosafety of 2D Ti,C

We performed histological assessment of tumor tissues and
major organs to determine the toxicity of 2D Ti,C and cis-
platin in our in vivo tumor model. We found that 2D Ti,C,
neither alone nor in combination, caused any significant
pathological changes in the major organs throughout the
treatment, indicating that 2D Ti,C and cisplatin were safe at
the doses we used. In comparison, we observed some degree
of liquefactive necrosis of the tumor tissues (blue arrows
in Figure 7) from the Ti,C and cisplatin-plus-Ti,C treat-
ment groups, and the extent of necrosis is more pro-
nounced in the latter group. These observations suggest
that 2D Ti,C can selectively enhance cisplatin cytotoxic-
ity in chemoresistant tumor tissues without being toxic to
other nontumor tissues.

CONCLUSION

Our studies show the promise of reversing the drug resis-
tance of NSCLC by nanomaterial 2D Ti,C. 2D Ti,C has
advantageous physicochemical properties, including nano-
meter thickness, large specific surface area, and abundant
—O, —OH, and —F reactive groups on the surface, making it
more accessible to interact with a variety of intracellular
proteins. Our in vitro experiments revealed that 2D Ti,C
can not only inhibit the proliferation and induce apoptosis
of cisplatin-resistant A549/DDP cells by itself, but also re-
sensitizes the NSCLC cells to cisplatin toxicity by depleting
the intracellular antioxidant reserve system, while enhancing
cisplatin uptake in NSCLC cells and downregulating the
expression of key drug resistance genes. Our in vivo experi-
ments also validated the effect and mechanism of 2D Ti,C
in reversing drug resistance in NSCLC and further demon-
strated the safety of 2D Ti,C in normal organs. Collectively,
our results demonstrate that 2D Ti,C is a highly promising
novel agent for treating chemoresistant NSCLC.
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