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The drug resistance of chemotherapy is a major challenge to overcome for antineoplastic agents and the
reverse of drug resistant is essential for cancer therapy. Herein, we developed a drug delivery system
which can simultaneously detect/reverse the drug resistance and perform synergetic treatment of can-
cer. In this work, we integrated cyanine5 (Cy5) modified miRNA (let-7i) (Cy5-miRNA) and platinum onto
nano-graphene oxide (NGO) (30-50 nm) platform to achieve simultaneously detection/reversion of drug
resistance and synergetic treatment of cisplatin resistant SKOV3 cells (SKOV3DDP cells). The Cy5-miRNA
adsorbed on NGO could selectively bind the drug resistance related mRNA follow by suppress the expres-
sion of drug resistance mRNA, and the binding simultaneously induced the release of Cy5-miRNA from
the NGO, thus the fluorescence signal of Cy5 recovered and could be used for drug resistance monitoring.
Moreover, the miRNA suppressed the Cyclin D1 protein expressions thus reversed the drug resistance. The
loaded platinum(IV) (Pt(IV)) was converted to the therapeutic platinum(Il) (Pt(Il)) in both tumor acidic
and reductive environment responsive behavior. NGO furtherly performed photothermal therapy under
near infrared (NIR) laser irradiation and enhanced the therapeutic effect. All in all, this nanoplatform re-
alized detection/reversion of the drug resistance as well as synergetic chemical-photothermal treatment

of ovarian cancer cells, which holds great promise in the treatment of drug resistant cancer cells.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Platinum, a common chemotherapeutic drug for treatment of
cancer [1,2], shows high anti-cancer property [3]. However, it has
tumor drug resistance and side effects [4]. Drug resistance is a typ-
ical phenomenon during cancer treatment, especially the platinum
induced resistance, which is the major barrier for cisplatin-based
chemotherapy [5]. The mechanisms of cisplatin related resistance
involve over expression of drug resistant related mRNA [6,7]. miR-
NAs, a class of non-protein-coding endogenous RNAs with ~22 bp,
can partially complementarily bind to the 3’-untranslated regions
of the target mRNA, resulting in the degradation of mRNA to in-
hibit the express of protein [8,9]. Let-7 family, one of tumor drug
resistance suppressor miRNAs [10,11], shows binding and inhibi-
tion abilities towards target mRNA. There is increasing evidence
that the let-7 family can negatively regulate multiple proteins, such
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as rat sarcoma (Ras), high mobility group A2 (HMGA2), c-Myc,
definition cell division cycle 25A (CDC25A), cyclin-dependent ki-
nases (CDK6), Cyclin D2 [12-14]. It was reported that up-regulating
the expression of let-7i effectively reversed cisplatin resistance in
patients with epithelial ovarian cancer [15], thus delivery let-7i
miRNA into drug resistant cancer cells would be a promising strat-
egy to reverse the drug resistance.

Recently drug delivery systems and biosensors based on nano-
materials [16-21], especially graphene oxide (GO) have attracted
great attentions contributed to rich functional groups and high
loading efficiency of molecules via w-m stacking [22,23]. The ad-
sorption of GO with ssDNA has been utilized to selection of high
affinity aptamers [24]. In addition, biosensors based on GO and
fluorophore modified nucleic acid have been utilized for intercel-
lular molecules diagnosis [16,25]. We previously established a ap-
tamer/GO probe for intercellular ATP specific detection [22]. Here,
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employing fluorophore modified let-7i miRNA can be used as a
probe to detect the drug resistant related mRNA thus to moni-
tor the drug resistance degree. Meanwhile, loading miRNAs on GO
could be a promising strategy for drug resistance reverse, which
has seldom been reported. To reduce off-target toxicity of drugs,
the nanocarrier was functionalized by folate for targeting factor
[26]. Besides, tumor microenvironment responsive release of drug
has attracted increasing attention recently [18], molecules linked to
the GO could be designed to release drug in tumor microenviron-
ment responsive behavior. Moreover, GO has photothermal conver-
sion ability [27], which could be used for photothermal treatment
of cancer, thus simultaneous reverse drug resistance and syner-
getic chemical-photothermal inhibition of cancer could be achieved
based on miRNA/GO system.

Herein, in this study, we loaded cyanine5 (Cy5) modified miRNA
(let-7i) and Pt(IV) into PEGylated nano-graphene oxide (NGO-PEG)
platform to reverse drug resistance of epithelial ovarian can-
cer cells (SKOV3 cells) and inhibit cancer cells in a chemical-
photothermal synergetic manner. Folate was modified on to this
platform to achieve targeted delivery into drug resistant cancer
cells. miRNA (let-7i) was adsorbed onto the NGO, and it could be
desorbed from NGO due to forming miRNA-mRNA double strand
complex through partially complementary binding to the intracel-
lular mRNAs. The miRNA-mRNA complex could be release from
NGO and fluorescence of Cy5 will be recovered for drug resistance
mRNA detection. Besides, delivery of let-7i into cancer cells could
be used for inhibition the expression of mRNA thus reversing the
chemo-resistance. Pt(IV) is linked to the PEG which was modified
on the surface of GO, and Pt(IV) could be reduced into Pt(Il) un-
der the stimuli of glutathione (GSH) in the cancer intracellular
microenvironment. In addition, graphene oxide could be used for
photothermal treatment of cancer. All in all, this platform is ex-
pected to achieve enhanced therapeutic efficacy through reversion
of drug resistance and synergetic chemical-photothermal inhibition
of ovarian cancer cells.

First, Pt(IV)-COOH was synthesized and characterized. Fig. 1A
shows the synthetic route of the preparation of Pt(IV)-COOH. The
synthesis of Pt(IV) was began with cisplatin. H,0, was used to in-
troduce two hydroxyl groups on cisplatin. Then the products were
reacted with succinic anhydride to form Pt(IV)-COOH with a free
carboxyl group capable of reacting with NH, group in the 4-arm-
NH,-PEG. Fig. 1B showed the FTIR spectra of cisplatin, Pt(IV)-OH
and Pt(IV)-COOH. Pt(IV)-OH displayed peaks at 3520 cm~! and
540 cm~!. The Pt(IV)-COOH showed peaks at 1702 cm~! and 1645
cm~!, which were free carboxyl group and coordinated carboxyl
group, respectively. 'H NMR (DMSO-dg) results showed the data of
§ 6.50 (6H), 2.4-2.3 (4H) (Fig. S1 in Supporting information). As in-
dicated by the mass spectrum, the major peak at m/z 432.96 (Fig.
S2 in Supporting information) could be attributed to the deproto-
nated Pt(IV)-COOH. The results all indicated the successful synthe-
sis of Pt(IV)-COOH.

Then GO, NGO and %Y5-MRNGO-PEG-FA-Pt were synthesized and
characterized. AFM images indicated the commercialized crude GO
(Fig. S3 in Supporting information) has single-layer structure and
the size was about 200-500 nm and sickness was around 0.8 nm.
The size of prepared NGO (Fig. S4 in Supporting information) was
much smaller, which was about 30-50 nm, the sickness was 0.8-
1.0 nm, which were satisfactory to meet the requirements as a
drug carrier. The size of MRNGO-PEG-FA-Pt (Fig. 1E) was about 50-
60 nm, the sickness was about 2 nm, which were attributed to
the modifications. Raman spectra in Fig. S5 (Supporting informa-
tion) showed that the NGO owned higher intensity of the D/G ra-
tio and D peak than that of GO, illustrating the carboxyl groups
and edge structures were formed during cleavage. The synthesis
of PEG-FA was monitored by HPLC (Fig. S6 in Supporting infor-
mation). The retention time of free FA, activated FA and PEG-FA
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were 6.3, 8.3 and 16 min, respectively. The longer retention time
of PEG-FA than that of FA was due to the conjugation of PEG and
FA. FT-IR spectrum (Fig. 1C) indicated that NGO displayed a peak at
1730 cm~!, which could be attributed to the carboxyl group. After
coating PEG-FA onto NGO, carboxylic group of NGO peak at 1730
cm~! disappeared and two new characteristic peaks at 1642 cm~!
and 1457 cm~! appeared, which could be attributed to the -CONH
amide band I and C-N stretching vibration, respectively. The UV-
vis spectrum (Fig. 1D) of NGO-PEG-FA revealed that the peak at
233 nm disappeared and a new peak at 272 nm appeared, indicat-
ing the presence of PEG-FA in the NGO-PEG-FA. The characteristic
peaks of PEG-FA had a blue shift, indicating the modification of
NGO with PEG-FA. These results all indicated the success synthesis
of NGO-PEG-FA. In addition, thermogravimetric analysis (TGA) (Fig.
S7 in Supporting information) was used to characterize the mass
fraction of PEG-FA in NGO-PEG-FA. For NGO, a slow weight loss at
100 °C and an accelerated weight loss at 150 °C were observed,
which could be attributed to the absorbed water and carboxylic
groups, respectively. For PEG-FA, the quick weight loss at around
300 °C was due to the decomposition of PEG in the PEG-FA. The
TGA results showed that the mass fraction of PEG-FA in NGO-PEG-
FA was about 96.9%. The loading of Pt(IV)-COOH onto NGO-PEG-FA
was confirmed by ICP-OES. And the Pt(IV) content of NGO-PEG-
FA-Pt was determined to be about 6%. The amount of Cy5-miRNA
adsorbed on NGO-PEG-FA was illustrated in Fig. S8 (Supporting in-
formation), NGO effectively quenched the fluorescence of Cy5, in-
dicating the absorption of miRNA onto NGO. The results indicated
that 200 pg/mL NGO-PEG-FA adsorbed 500 nmol/L Cy5-miRNA to-
tally.

To gain the photothermal performance of NGO and NGO-PEG-
FA-Pt, 20-80 ng/mL of NGO-PEG-FA-Pt or NGO was irradiated with
808 nm laser at 1.5 W/cm? for 10 min. The temperature was
recorded (Fig. 2A). The results indicated that the temperature of
the PBS solution remained at 25-28 °C, while 80 pg/mL of NGO-
PEG-FA-Pt and NGO gradually reached 57.9 °C and 52.8 °C, respec-
tively. To investigate the photothermal stability, the NGO-PEG-FA-
Pt and NGO solution (80 pg/mL) was irradiated with 808 nm laser
for 10 min, followed by switching off the NIR laser and cooling to
room temperature. Photothermal reproducibility of NGO-PEG-FA-Pt
and NGO (Fig. 2B) was displayed. Fig. 2C showed that both NGO-
PEG-FA-Pt and NGO showed good dispersion and stability in water,
MES, PBS, and cell medium for two weeks. No aggregation was ob-
served.

Drug release behaviors of NGO-PEG-FA-Pt was further inves-
tigated in reductive conditions such as intracellular glutathione
(GSH). GSH was thus used to trigger the release of Pt from NGO-
PEG-FA-Pt. PBS solutions (pH 7.4, GSH 5 pmol/L) and (pH 5.0, GSH
5 mmol/L) were used to imitate the physiological environment and
tumor intracellular environment, respectively. The results in Fig. 2D
indicated that almost 90% of Pt(Il) was released in 24 h in the con-
dition of (pH 5.0, GSH 5 mmol/L), while in the condition of (pH
7.4, GSH 5 pmol/L), the drug released much slower and only ~63%
drug was released even after 24 h. Thus NGO-PEG-FA-Pt released
drug in responsive to acid and reductive environment, which could
be used for tumor environment triggered drug release.

To detect the drug resistant related intracellular mRNA, the
Cy5-miRNGO-PEG-FA was incubated with SKOV; and SKOV3;DDP
cells. As illustrated in Fig. 3A, obvious stronger red fluorescence
was observed in the SKOV3DDP cells compared with the SKOV3
cells both in 30 min and 2 h, the fluorescence signal was due to
the released Cy5-miRNA from the nanosheets after binding with
the target mRNA and recovered the fluorescence signal, the re-
sults indicated that a higher drug resistance-related target mRNA
expression in SKOV3DDP cells was observed. The relative fluores-
cence signals in SKOV; and SKOV3DDP cells were measured and
illustrated in Fig. S9 (Supporting information). The relative fluo-
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Fig. 1. (A) The synthetic route of Pt(IV)-COOH. (B) FT-IR spectra of Pt(Il), Pt(IV)-OH and Pt(IV)-COOH. (C) FT-IR spectra of NGO, NGO-PEG-FA. (D) UV spectra of NGO, PEG-FA

and NGO-PEG-FA. (E) AFM images of ©5-MRNGO-PEG-FA-Pt.

rescence signals in SKOV3DDP cells to be 2.1 and 17.5 at 30 min
and 2 h, respectively, while in SKOV; cells, it was 0.2 and 4.5 at
30 min and 2 h, respectively, indicating the drug resistance related
mRNA in SKOV3;DDP cells is about 4 folds of the level in SKOV3
cells in 2 h treatment. Through comparing the fluorescence sig-
nal in SKOV3;DDP cells and SKOV3 cells, the drug resistance de-
gree could be determined. We then compared this method with
traditional tedious MTT assay for drug resistance measurement.
We measured the drug resistance index of SKOV3;DDP cells us-
ing MTT assay through comparing the ICsq of Pt(Il) to SKOV3 and
SKOV3DDP cells. As shown in Fig. S10 (Supporting information),
Pt(I) displayed dose-dependent cytotoxicity towards both SKOVj
and SKOV3DDP cells from 1 pmol/L to 64 pmol/L. The ICsy value of
Pt(II) against SKOV3 cells and SKOV3DDP cells was 10.6 pmol/L and
24.4 pmol/L, respectively, the drug resistance index of SKOV3DDP
cells to Pt(Il) was calculated to be 2.3. These results were posi-
tive related with the previously drug resistance index measured by
MTT assay, indicating that @5 ™RNGO-PEG-FA probe could reflect
the drug resistance degree with positive relationship.

The targeting ability of >"MRNGO-PEG-FA to tumor cells was
evaluated by comparing the internalization of ©>-MRNGO-PEG-FA
and @>"MRNGO-PEG to folate receptor over expressed SKOV3;DDP
cells. We observed the fluorescence signal in SKOV3DDP cells after
incubation at 37 °C for 30 min and 2 h, respectively (Fig. 3B and
Fig. S11 in Supporting information). Obviously fluorescence signal
was observed after NGO-PEG-FA was incubated with SKOV3;DDP
cells at 37 °C for 30 min and 2 h, in contrast, almost no fluo-
rescence was detected when SKOV;DDP cells were incubated with
Cy5-miRNGO-PEG for 2 h, indicating that ©>"MRNGO-PEG-FA selec-
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tively targeted and internalized into the SKOV3;DDP cells. In order
to further confirm the targeting ability was attributed to the folate,
the SKOV3DDP cells were previous treated with PEG-FA for 2 h be-
fore incubated with >-MRNGO-PEG-FA in order to block the folate
receptors thus to hind the subsequent binding of ©Y5-MRNGO-PEG-
FA. The result showed that no obvious intracellular fluorescence
was observed when the folate receptors were blocked, indicating
that the ©>-mRNGO-PEG-FA has tumor targeting ability.

To study whether the platform can enhance the uptake of Pt(IV)
into tumor cells compared with the free Pt(IV) or Pt(1I), the Pt up-
take content into SKOV3DDP cells was investigated, NGO-PEG-FA-
Pt, free Pt(1I) and free Pt(IV) were determined by ICP-OES (Fig. S12
in Supporting information), the results showed that the Pt uptake
content of NGO-PEG-FA-Pt reached 42 pg/cell in 1 h incubation,
which was significantly higher than the cellular uptake of Pt(II) or
Pt(IV).

To further determine the capability of let-7i reverses drug resis-
tance, the expression of cyclin D1 protein after miRNA let-7i trans-
fection into SKOV3DDP cells was measured by western blot. As
shown in Fig. 4A, compared with NGO-PEG-FA, the protein expres-
sion level of cyclin D1 was significantly reduced in the 7INGO-
PEG-FA treated cells. cyclin D1 functions as a cyclin-dependent ki-
nase C and its main function is to promote cell proliferation. It
has been demonstrated that cyclin D1 imposes chemo-resistance
on cancer cells [28]. Let-7i exerts an anti-chemo-resistance role
through downregulation of cyclin D1 expression in SKOV3;DDP
cells.

Finally, the biocompatibility of NGO was studied. No significant
cytotoxicity was observed even when the concentration of NGO
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Fig. 2. (A) Temperature of NGO and NGO-PEG-FA-Pt solutions with different NGO content (20, 40, 80 ng/mL) for different times. (B) Temperature alternation of NGO and
NGO-PEG-FA-Pt solutions (80 pg/mL) under NIR laser irradiation during the 5 “on-off” cycles (1.25 mg/mL, 1.03 W/cm?2). (C) Stability of NGO-PEG-FA-Pt and NGO in different
mediums (1: PBS, 2: water, 3: MES, 4: RPMI medium containing 10% fetal bovine serum, respectively) after two weeks. (D) The release profile of Pt(Il) from NGO-PEG-FA-Pt
in PBS buffer at the condition of (pH 7.4 and GSH 5 pmol/L) or (pH 5.0 and GSH 5 mmol/L).

was increased to 200 pg/mL (Fig. S13 in Supporting information).
With NIR laser irradiation, NGO showed a dose-dependent cytotox-
icity from 1.56 pg/mL to 50 pg/mL (Fig. S14 in Supporting informa-
tion). To conform that this platform has the chemical/photothermal
synergetic therapy effects, we treated SKOV3;DDP cells with Pt(II),
Pt(IV), NGO-PEG-FA-Pt, MRNGO-PEG-FA-Pt, FA/NGO-PEG-FA-Pt and
miRNGO-PEG-FA-Pt/NIR with 808 nm laser irradiation at 1.5 W/cm?
for 3 min, and compared their cell viability (Fig. 4B). Pt(Il)
and NGO-PEG-FA-Pt exhibited a dose-dependent cytotoxicity, with
the ICsg values around 23.0 pmol/L and 12.2 pmol/L, respec-
tively. It was worth noting that the MRNGO-PEG-FA-Pt displayed
3-fold higher activity than Pt(Il) and reversed drug resistance,
with the ICsy value being around 6.9 pmol/L. Moreover, the ap-
plication of photothermal heating via 808 nm laser irradiation
greatly increased the therapeutic efficacy of MRNGO-PEG-FA-Pt to
SKOV3DDP cells, resulting in a significant decrease of ICsq (0.4
pmol/L) after 48 h incubation. The heat production under laser
irradiation is likely to make MRNGO-PEG-FA-Pt more potentially
useful for the treatment of solid tumors with drug resistance. In
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order to further verify that the present of folate in the nanocom-
posite has target effect, the cytotoxicity of ™MRNGO-PEG-FA-Pt on
folate saturated SKOV3DDP cells was investigated. Low therapeu-
tic effects were observed for all the concentrations of M™RNGO-
PEG-FA-Pt with the pre-treatment using folate, suggesting that
the folate receptor-mediated endocytic pathway was blocked, thus
the uptake of Pt(IV) and antitumor effect were reduced. To in-
vestigate the therapeutic efficiency of MRNGO-PEG-FA-Pt nanopar-
ticles on SKOV3;DDP cells, calcein-AM/PI double staining experi-
ment was conducted. Calcein-AM is a cell staining reagent for flu-
orescent labeling of living cells, which emits green fluorescence.
Pl can only entry the dead cells to produce red fluorescence.
By comparing the proportion of green and red fluorescent cells,
therapeutic efficiency between different treatments can be deter-
mined. As shown in Fig. 4C and Table S2 (Supporting information),
the MRNGO-PEG-FA-Pt groups exhibited obvious red fluorescence,
which confirmed that MRNGO-PEG-FA-Pt caused obvious damage
on SKOV;DDP cells. The cells treated by ™RNGO-PEG-FA-Pt exhib-
ited a higher percentage of red-stained cells (38.13%) than that of
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the NGO-PEG-FA-Pt treated group (20.53%), this could be attributed
to the reversal of drug resistance by miRNA (let-7i). In the MRNGO-
PEG-FA-Pt/NIR group, the percentage of red-staining cells increased
to about 52.80%. These results indicate that NIR laser irradiation
significantly enhanced the therapeutic efficiency of MRNGO-PEG-
FA-Pt.

In summary, an innovative multifunctional platform based on
Pt(IV) and Cy5-miR loaded nano graphene oxide has been success-
fully prepared in this study, which detected/reversed intracellu-
lar drug resistance-related mRNA, as well as exhibited chemical-
photothermal therapy. The NGO-PEG-FA could target to tumor
cells via conjugated folate for active targeting and endocytosis,
and the loaded Cy5-miR display capability of detecting intra-
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cellular drug resistance-related mRNA. Moreover, the miRNA let-
7i suppressed the cyclin D1 protein expression to sensitize the
role of NGO-PEG-FA-Pt in cytotoxicity. miRNAs simultaneously per-
formed detection and treatment were seldom reported. In addi-
tion, the bio-responsive nanocomposite NGO-PEG-FA-Pt released
Pt in responsive to acid and reductive environment enhanced
its antitumor efficacy, and the photothermal properties of the
NGO further increased the therapeutic effect of NGO-PEG-FA-Pt.
Compared to cisplatin-based chemotherapy, ©5"MRNGO-PEG-FA-Pt
nanocomposite showed excellent stability, higher drug uptake ca-
pacity and more efficient cisplatin-resistant carcinoma cellar cy-
totoxicity [29,30]. However, further understanding of the possible
sub-organ transfer, clearance routes and potential toxicity of the
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nanocarriers after intravenous injection still need to be explored.
Based on the above results, we suggest that the multifunctional
Cy>-miRNGO-PEG-FA-Pt platform, combining detect/reverse of can-
cer drug resistance as well as synergistic therapeutic effects is
promising for cancer treatment. Further in-depth work is likely to
be done in the future to investigate this new type of drug delivery
system.
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