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Aim: Constructing a new drug-delivery system using carboxylated graphene quantum dots (cGQDs) for
tumor chemotherapy in vivo. Materials & methods: A drug-delivery system was synthesized through a
crosslink reaction of cGQDs, NH,-poly(ethylene glycol)-NH, and folic acid. Results: A drug delivery system
of folic acid-poly(ethylene glycol)-cGQDs was successfully constructed with ideal entrapment efficiency
(97.5%) and drug-loading capacity (40.1%). Cell image indicated that the nanosystem entered into human
cervical cancer cells mainly through macropinocytosis-dependent pathway. /n vivo experiments showed
the outstanding antitumor ability and low systemic toxicity of this nanodrug-delivery system. Conclusion:
The newly developed drug-delivery system provides an important alternative for tumor therapy without
causing systemic adverse effects.
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Cervical cancer is the fourth most frequent cancer and the fourth most common cause of death from cancer in
women. It is estimated that more than 500,000 cases of cervical cancer occur each year, resulting in more than
250,000 annual deaths [1]. There are currently several treatment strategies used for cervical tumors, including surgery,
chemotherapy, radiation therapy, immunotherapy and hormone therapy [2-5]. Among them, chemotherapy is the
most common strategy, but this technique is often limited due to the poor water solubility, nonspecific selectivity,
low local therapeutic concentration of drugs and adverse effects in normal cells [6-8]. Many types of nanomaterials
have been adopted as drug carriers to address these limitations, including polymer nanoparticles, mesoporous
silica nanoparticles, liposomes and microspheres [9-11]. Due to the mechanisms involved in the cellular uptake of
nanoparticles, these carriers can effectively deliver chemotherapeutic molecules into the cytosol, nucleus or other
specific intracellular sites [12). Thus, chemical drugs with improved solubility can be delivered more efficiently into
tumor cells to perform their functions. However, the therapeutic outcomes of these systems are still unsatisfactory
due to the low control of release and/or poor tumor-targeted capacity of chemical drugs. Thus, enhancing the
release behavior and targeting capability of chemotherapeutic drugs is an urgent necessity for developing efficient
tumor therapy.

Recently, the new 2D nanomaterial graphene oxide (GO) and its derivatives have provided hopeful alternatives for
constructing drug-delivery systems by using their ideal physicochemical properties, such as atomic layer structure,
high dispersibility, surface area-to-volume ratio and strong capability to absorb aromatic compounds [13-15]. Along
with their application to nano-biosensor construction and cell imaging [16-18], many kinds of drug-delivery systems
based on GO and its derivatives have been developed through a strong - stacking effect and hydrogen bonds
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between aromatic molecules with nanomaterial since Dai first reported drug delivery by GO [191. These nanosystems
significantly improved therapeutic drug utilization by improving drug solubility and release behavior [20-24].
However, the biosafety of these nanomaterials to normal organs and tissues was not carefully considered [25].
Series toxicity studies performed by many groups, including our own, have revealed that the long-term use of
pristine GO and most of its derivatives may result in DNA damage, pulmonary edema, granuloma formation,
thrombus formation, neurotoxicity, and/or retardation of fetus development [26-31]. In contrast, our study of the
graphene-derivative carboxylated graphene quantum dots (cGQDs) showed excellent biocompatibility and ultra-
low toxicity compared with noncarboxylated GQDs or aminated GQDs [27). Thus, this kind of nanomaterial
should be considered for drug delivery due to its high biocompatibility and biosafety [32-34.

Although many studies have shown that drug delivery nanocomplexes are potential tools for efficient tumor
therapy [35-37], and the heterogeneity of tumors has spurred the development of different nanocarriers for clinical
therapy, the carriers’ low targeting effects and the interference from patients’ immune responses inevitably reduced
the efficiency of these nanocomplexes. Recently, surface modification of NH,-poly(ethylene glycol) (PEG)-NH,
on nanomaterials improved biocompatibility, as this positive polymer reduces nonspecific protein adsorption in the
blood while preventing flocculation and subsequent complement activation [38]. In addition, the amino groups of
NH,-PEG-NHj increase surface positive charge and structural stability in complicated surroundings (30,311, which
improves cellular uptake efficiency. Considering the high and unique expression of the folate receptor (FR) on the
membrane of human cervical tumor cells [39-41], dual modification of folic acid (FA) and PEG on the surface of
c¢GQDs is a promising method to improve cell targeting capability through the FR-mediated pathway [42].

Mitoxantrone (MTN), a widely used therapeutic drug for many solid tumors including cervical cancer, has
shown beneficial effects on the course of disease in cancer patients. However, potentially cumulative cardiotoxic
effects including cardiomyopathy and reversible congestive heart failure were also observed [43,44]. Furthermore, the
treatment efficiency of larger tumor nodules using MTN via ethanol administration is limited due to the minimal
drug diffusion in tissues and excessive volume of ethanol required for tumor irradiation [45]. In order to improve
the therapeutic efficacy and reduce the side effects of MTN, we constructed a smart drug delivery nanosystem
for MTN using cGQDs with NH,-PEG-NH, and FA modification, which showed strong antitumor capabilities
in vivo. We believe this MTN loading system with enhanced targeting capability will facilitate successful cervical
cancer therapy by improving the accumulation of MTN at tumor tissue.

Materials & methods

Construction & characterization of FA-PEG-cGQDs nanosystem

Briefly, 18 mg of N-hydroxysuccinimide and 12 mg of 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide were
mixed with 5 ml cGQD (final concentration of 1 mg/ml) solution dispersed in phosphate-buffered saline (PBS)
and stirred for 30 min, followed by the addition of 1 ml NH,-PEG-NH, diluted with 50 mg/ml PBS, which
was then stirred overnight at room temperature. Excess NH,-PEG-NH, was removed using a 10 kD dialysis
membrane. Finally, 6 mg FA was added in the darkness, and the solution was stirred for another 12 h. The excess
FA was removed through dialyzing for 2 days (46]. The size and morphology of cGQDs and FA-PEG-cGQDs
were investigated under the tapping-mode atomic force microscope (Agilent Technologies, Inc., CA, USA). The
zeta potentials of cGQDs and FA-PEG-cGQDs in PBS were determined using a zeta sizer (Malvern Nano Series,
Malvern, UK). The Fourier transform infrared (FI-IR) spectra of cGQDs and FA-PEG-cGQDs were recorded
on a Nicolet 6700 FT-IR spectrophotometer (Thermo Fisher Scientific, Inc., MA, USA). UV-vis absorption was
measured on the DU800 spectrophotometer (Beckman Coulter, Inc., CA, USA).

Loading & release of mitoxantrone

A total of 0.8 mg of MTN was mixed with 3 ml nanomaterials in the darkness and stirred for 24 h at room
temperature. The obtained mixture was dialyzed using a 10 kD membrane penetration for 24 h in PBS, with
fresh PBS replacement every 4 h. After collecting all filtrates into a tube, the absorbance value of the sample at
670 nm was measured. The loading capacity and encapsulation efficiency of MTN were calculated according to
the following equations:

Mt — Mu
LC (%) = ———— x 100% (Eq. 1)
Mp
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EE (%) = MU 000 (Eq. 2)
Mzt
where Mt, Mu and Mp represent the total mass of MTN, the mass of the unencapsulated MTN and the mass of
the carrier cGQDs, respectively.
In order to evaluate the release of the drug, the FA-PEG-cGQDs-MTN was treated in the buffer solution
with pH 5.3 or pH 7.4 for various time periods. The FA-PEG-cGQDs-MTN supernatant was then centrifugally
extracted, and the MTN concentration was determined according to the corresponding fluorescence intensity.

Cellular uptake of FA-PEG-cGQDs-MTN in vitro

Human cervical cancer cells (HeLa) were seeded in 96-well plates at a density of 5 x 10% cells per well and cultured
in a humidified 5% CO, incubator at 37 °C for 24 h. Then, FA-PEG-cGQDs-MTN (equivalent to an MTN
concentration of 1 pg/ml) was added into each well. After incubation for 3 or 6 h, cells were washed twice with
PBS. Cell nuclei stained with Hoechst 33342 for 30 min were used as the control. The intracellular uptake and

localization of FA-PEG-cGQDs-MTN into HeLa cells were characterized under confocal laser scanning microscopy
(CLSM; FV1200, Olympus, Tokyo, Japan).

Hemolysis assay of FA-PEG-cGQDs

The hemolysis assay was performed using fresh human blood samples obtained from the Hunan Provincial People’s
Hospital. A 0.9% NaCl solution and pure water were used as the negative and positive controls, respectively. Whole
human blood was centrifuged at 3000 r.p.m. for 5 min and washed 5 times with PBS. Then, 0.25 ml of 4%
erythrocytes (v/v) was mixed with 0.25 ml PBS containing various concentrations of FA-PEG-cGQDs or cGQDs
(25, 50, 100 or 200 pg/ml) and incubated at 37 °C for 8 h. The absorbance values of the supernatants at 545 nm
were measured on a microplate reader (EnSpire2300, PerkinElmer, Singapore) after centrifugation. The percentage
of hemolysis was calculated using the formula below:

Hemolysis (%) = (I/15) x 100 % (Eq. 3)

where I represents the supernatant absorbance value of erythrocytes with FA-PEG-cGQDs or ¢cGQDs and I
represents the absorbance value of erythrocytes after complete hemolysis in pure water.

Macrophage phagocytosis study

DPeritoneal macrophage cells were harvested from euthanized mice by flushing the peritoneal cavity with cold PBS
and then cultured in DMEM with 10% FBS for 24 h. The cells were washed with PBS once after removing the
supernatant [47]. The mixture of macrophage cells with 5 pg/ml Rhodamine B (RB)-labeled cGQDs (c<GQDs-RB)
or 5 pug/ml RB-labeled FA-PEG-cGQDs (FA-PEG-cGQDs-RB) was cultured for 12 h and imaged under CLSM.
The quantitative assay of fluorescence intensities of macrophages with different treatments was performed using
the Hitachi-F-2500 fluorescence-spectrometer (Hitachi, Tokyo, Japan).

MTT assay

Cells were seeded into 96-well plates (5000 cells per well) until adherent, and were then incubated with MTN,
cGQDs-MTN or FA-PEG-cGQDs-MTN (MTN concentration was 0.05, 0.1, 0.2, 0.5 or 1 pg/ml) in serum-free
medium for another 24 h. The cells with PBS treatment were considered the controls. To explore the targeting
effect of FA modification, Hela cells were treated with 10 uM free FA for 30 min before incubation with FA-
PEG-cGQDs-MTN [48]. After incubation for 24 h, the medium was removed, and cells were washed with PBS
three times. Then, 100 puL of 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution was added into the culture medium and cells were cultured for another 4 h. After carefully removing the
supernatants, 150 pL dimethyl sulfoxide was added to each well. The optical density of each well at 490 nm was
recorded using a microplate reader (Thermo Fisher Scientific, Inc.). The relative viability of cells was calculated
using the following equation:

OD490 nm/sample

Cell Viability = x 100% (Eq. 4)

490nm/control

future science group 10.2217/nnm-2018-0378



Research Article

Li, Fan, Tong et al.

Live/death assay & confocal laser scanning microscopy analysis

HeLa cells seeded on the coverslip were treated with MTN, FA-PEG-cGQDs-MTN, cGQDs-MTN or FA + FA-
PEG-cGQDs-MTN (equivalent to 1 pg/ml MTN) for 24 h. Then, cells stained with calcein acetoxymethyl ester
and propidium iodide (PI) with a final concentration of 2 tM were observed under CLSM. In addition, HeLa cells
were treated with MTN, FA-PEG-cGQDs-MTN, cGQDs-MTN or FA + FA-PEG-cGQDs-MTN (equivalent to
1 pg/ml MTN) for 24 h. Then, cells were washed, harvested and co-stained with Annexin V-Alexa Fluor 488 and
the PI detection kit (Sungene Biotech Co, Ltd, Tianjin, China) for detection by flow cytometry.

Animal model & biodistribution of nanocomplexes

6-week-old, athymic nude mice were subcutaneously injected with 1 x 107 HeLa cells. When the tumor volume
reached 70-90 mm?, 0.1 ml of FA-PEG-cGQDs-MTN (MTN: 2.5 mg/kg), cGQDs-MTN (MTN: 2.5 mg/kg),
MTN (2.5 mg/kg) or FA-PEG-cGQDs (cGQDs: 7.56 mg/kg, based on MTN loading rate) and PBS were
intravenously (iv.) administered. The therapeutic efficacy of each therapy was evaluated by measuring tumor
volumes within the treatment groups over the course of 20 days. Tumor volume was measured according to
the equation of a x b? x 0.5 every 2 days, where a and b represented the largest and the smallest dimension,
respectively [49,50). Tumors were excised at 20 days of treatment and fixed in 10% neutral formalin buffer. The sliced
tumor tissues (5 pm) were stained with hematoxylin and eosin (H&E) and observed via an optical microscope.
The tumor growth inhibition (TGI) rate was calculated according to the following equation:

V.-V,
TGI (%) = Tt x 100% (Eq. 5)

C

where V, and V_ are the average tumor volumes of the treatment group and control group, respectively.

In order to examine the targeting properties of the nanocomplexes, the fluorescence signals of tumor-bearing
mice were observed 77 vivo with a small animal, multimode imaging system (IVIS Lumina xr, MA, USA) at 12, 24
and 48 h after iv. administration of the FA-PEG-cGQDs-RB or cGQDs-RB nanocomplexes.

Western blot

Hela cells were seeded into six-well plates with 1.2 x 10 cells/well and cultured for 24 h. Then, cells were incubated
with either MTN, FA-PEG-cGQDs, FA-PEG-cGQDs-MTN, FA + FA-PEG-cGQDs-MTN or cGQDs-MTN for
24 h. Cell lyses were performed using RIPA buffer (Sigma-Aldrich, MO, USA) containing phenylmethanesulfonyl
fluoride. Cell lysates were run on 10% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes.
After blocking with 5% skim milk in Tris-buffered saline with Tween-20, the membranes were incubated with
NF-kB, IKK, Bcl-2, BAX or B-actin primary antibodies (1:500 or 1:1000 dilutions, Abcam, Inc. Massachusetts,
US) overnight at 4°C, followed by incubation with HRP-conjugated secondary antibodies. The immunoreacted
bands were visualized using an ECL substrate (Thermo Fisher Scientific) under a BIO-RAD ChemiDoc XRS
chemiluminescence system (Bio-Rad, Inc., CA, USA). f-actin was used as an internal control.

Statistical analysis

All experiments were conducted at least in triplicate. All data are expressed as means + standard deviations and
were analyzed using one-way analysis of variance followed by Tukey’s post-test. Differences with *p < 0.05, **p
< 0.01 or ***p < 0.001 were considered statistically significant.

Results
Construction & characterization of FA-PEG-cGQDs-MTN
The drug loading system was synthesized as illustrated in Figure 1A. First, NH,-PEG-NH, was bound to the
c¢GQDs through the amino group at one end, and the remaining amino group was interacted with the carboxyl
group of FA to form FA-PEG-cGQDs complexes. Then, FA-PEG-cGQDs nanoparticles (NPs) were used as
carriers to adsorb MTN on the surface through m—m stacking and hydrogen bonds. Under the acidic tumor
microenvironment, most MTN was released in the cytoplasm after internalization of FA-PEG-cGQDs-MTN into
tumor cells, resulting in cell apoptosis and tumor ablation (Figure 1B).

As shown in Figure 2A, there were no obvious changes in color or aggregation of cGQDs in the different solutions
after placing them at room temperature for 30 days, which reflected the high stability of the colloidal solution. The
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Figure 1. Folic acid-poly(ethylene glycol)-carboxylated graphene quantum dots loaded with mitoxantrone that precisely targeted
anti-tumor therapy. (A) Schematic illustration of the fabrication of cGQD NPs. (B) Schematic illustration of FA-PEG-cGQDs-MTN NPs for
tumor microenvironment responsive targeted chemotherapy of cervical tumor.

GQD: Graphene quantum dot; EDC: 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide; FA: Folic acid; MTN: Mitoxantrone; NHS:
N-Hydroxysuccinimide; PEG: Poly(ethylene glycol).

zeta potential of the nanoparticles increased from -16 mV of cGQDs to 25.6 mV of FA-PEG-cGQDs NPs due
to the positive charges of PEG. Moreover, the zeta potential of FA-PEG-cGQDs NPs decreased to 18.9 mV after
adsorbing with MTN, a material with negative charges (Figure 2B). The FT-IR spectra indicated a decrease in the
C = O absorption peak of PEG-cGQDs, FA-PEG-cGQDs and FA-PEG-cGQDs-MTN at 1850 and 1725 cm’!
comparing with the C=O absorption peak of bare cGQDs (Figure 2C). However, two new peak characteristics
of C-H bonds appeared at 1670 and 2893 cm™, respectively. Consistent with previous reports [46], these results
confirmed the successful modification of NH,-PEG-NH, on the cGQDs. New peaks for MTN and FA were
observed at 1570 and 3543 cm™, respectively. As depicted in Figure 2D, the transmission electron microscope
image demonstrated the spherical morphology of FA-PEG-cGQDs and cGQDs NPs with a typical size of 4-10 nm,
which explained their wide dispersion and stability under complicated solutions. Based on the small particle size of
cGQDs, we further investigated its fluorescence properties. As shown in Supplementary Figure 1A, the maximum
excitation and emission wavelength were 324 and 442 nm, respectively.

As we expected, the thickness of cGQDs increased about 0.5 nm after FA and PEG modification (Supplementary
Figure 1B). The UV-vis spectrum of FA-PEG-cGQDs-MTN indicated adsorption peaks of FA and NH,-PEG-
NH, at 250 and 350 nm, respectively. Comparing between the peaks of FA-PEG-cGQDs, the appearance of
absorption peaks at 630 and 680 nm, and the specific absorption peaks of MTN clearly demonstrated the
successful modification of MTN on the FA-PEG-cGQDs (Figure 2E).

Drug release & cellular uptake of FA-PEG-cGQDs-MTN
In order to construct a high drug loading system, the optimal ratio of FA-PEG-cGQDs to MTN was investigated.
The entrapment efficiency and the drug loading capacity under the optimal ratio of 1:0.8 FA-PEG-cGQDs/MTN

future science group 10.2217/nnm-2018-0378
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Figure 2. Characterization of folic acid-poly(ethylene glycol)-carboxylated graphene quantum dot nanoparticles. (A) Colloidal stability
of FA-PEG-cGQDs in the different solutions after 30 days. (B) Surface zeta potentials of different samples. (C) Fourier transform infrared
spectra of different samples. (D) Transmission electron microscope images of cGQDs and FA-PEG-cGQDs. (E) UV-vis absorbance spectra of
MTN, FA-PEG-cGQDs and FA-PEG-cGQDs-MTN.

¢GQD: Carboxylated graphene quantum dot; DMEM: Dulbecco's Modified Eagle Medium; FA: Folic acid; MTN: Mitoxantrone; PBS:
Phosphate-buffered saline; PEG: Poly(ethylene glycol).

were 97.5 and 40.1%, respectively (Figure 3A). The drug release rate at 37°C increased by approximately 80%
compared with that at 4°C (38.3 vs 22.4%, respectively). Similarly, the release rate at pH 5.3 increased by
approximately 130% compared with that at pH 7.3 (38.35 vs 16.5%, respectively) (Supplementary Figure 2B
& C). The drug release behavior results of FA-PEG-cGQDs-MTN indicated a temperature- and pH-dependent
MTN release from cGQDs. Consistent with previous reports [51,52], these data clearly demonstrate that both acidity
and high temperature significantly promote the release of drugs.

Using RB as a fluorescence indicator, we directly investigated the cellular uptake efficiency of FA-PEG-cGQDs.
FA-PEG-cGQDs-RB completely entered the cells after incubation for 3 h, and some of the nanocomplex entered
into the nucleus 6 h later (Supplementary Figure 3). An inhibitor assay indicated that the cellular uptake efficiency
of FA-PEG-cGQDs was deferentially reduced by the inhibitors. The uptake efficiency of tumor cells decreased
more than 65% after treatment with Rottlerin, as represented by the decrease in red fluorescence signal (Figure 3B).
CLSM analysis also confirmed that the intracellular red fluorescence intensity of cells treated with Rottlerin was
the lowest compared with the other two inhibitor treatment groups (Supplementary Figure 4).

Biocompatibility assay

The effect of cGQDs on hemolysis was investigated to evaluate their biosafety. No significant hemolysis (less than
5%) was observed, even in the presence of 200 pg/ml cGQDs for 12 h (Figure 4A). Furthermore, the modification of
FA-PEG on the cGQDs surface further reduced hemolysis to 2%. The immune evading ability of the nanocomplex
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Figure 4. Representative optical photographs showing no significant hemoglobin leakage in folic acid-poly(ethylene
glycol)-carboxylated graphene quantum dot-treated red blood cells comparing with the positive control (water). (A) A hemolysis assay of
c¢GQDs (a—e) and FA-PEG-cGQDs (f-j) at different concentrations (0-200 nug/ml) of whole blood treated with water, phosphate-buffered
saline, FA-PEG-cGQDs or cGQDs was quantified using a fluorimeter. (B) Phagocytic cellular uptake of FA-PEG-cGQDs-RB and cGQDs-RB for
4 h. The scale bar is 20 um. (C) The FI for phagocytic cells after uptake of FA-PEG-cGQDs and cGQDs.

c¢GQD: Carboxylated graphene quantum dot; FA: Folic acid; FI: Fluorescence intensity; PBS: Phosphate-buffered saline; PEG: Poly(ethylene

glycol); RB: Rhodamine B.

was then investigated by incubating FA-PEG-cGQDs with macrophages. Although most macrophages emitted
strong red fluorescence following incubation with cGQDs-RB, only a few macrophages emitted red fluorescence
after incubation with FA-PEG-cGQDs-RB (Figure 4B). A quantitative assay of fluorescence signal further illustrated
that the modification of FA-PEG on ¢GQDs resulted in more than a 66% reduction in phagocytosis (Figure 4C).
The MTT assay also indicated that no toxic effects were observed when either HeLa or MDA-MB-231 cells were
treated with FA-PEG-cGQDs for 24 h. Furthermore, more than 95% cell viability was attained, even with a high
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Figure 5. In vitro anticancer performance. (A) Live/dead staining of tumor cells after incubation with cGQDs-MTN,
FA-PEG-cGQDs-MTN and FA + FA-PEG-cGQDs for 12 and 24 h. Live cells are depicted as green and dead cells are
depicted as red. (B) Relative cell viability of HelLa cells after treatment with FA-PEG-GQDs-MTN, GQDs-MTN,

FA + FA-PEG-cGQDs-MTN or MTN with different concentrations for 24 h. (C) Flow cytometry assays of HelLa Cells
treated with cGQDs-MTN, FA + FA-PEG-cGQDs-MTN, FA-PEG-cGQDs-MTN or MTN. (D) Western blot analysis of the
proteins in Hela cells after various treatments for 48 h.

cGQD: Carboxylated graphene quantum dot; FA: Folic acid; HeLa: Human cervical cancer cell; MTN: Mitoxantrone;
PEG: Poly(ethylene glycol).

concentration treatment of 200 pg/ml FA-PEG-cGQDs (Supplementary Figure 5). These data demonstrate that
FA-PEG modification can efficiently decrease the phagocytosis of FA-PEG-cGQDs by macrophages, which may

increase circulation time and reduce immune response for 77 vivo experiments.

In vitro antitumor therapy

The results of calcein acetoxymethyl ester and PI staining showed the stronger cell-killing capability of FA-PEG-
cGQDs-MTN compared with its analog, which was represented by the strong red fluorescence in the FA-PEG-
cGQDs-MTN treatment group (Figure 5A). The MTT assay also showed that the relative viability of HeLa cells
with FA-PEG-cGQDs-MTN treatment decreased compared with those treated with cGQDs-MTN (52.9 vs 85%)
(Figure 5B). It should be noted that the killing efficiency of FA-PEG-cGQDs-MTN for tumor cells was reduced by
approximately 7% relative to the bare MTN treatment group (45.8%). Considering these results along with the data
in Supplementary Figure 2B, we suspect that the increase in cell viability was mainly caused by the gradual release
of MTN from FA-PEG-cGQDs. In addition, the FACS analysis depicted in Figure 5C indicated that the apoptosis
rates of the cGQDs-MTN, FA-PEG-cGQDs-MTN and MTN treatment groups were 39.01, 60.78, and 65.57%,
respectively. These results reflect the improved cancer cell-killing ability of FA-PEG-cGQDs-MTN compared
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FA: Folic acid; HeLa: Human cervical cancer cell; MTN: Mitoxantrone; PEG: Poly(ethylene glycol); Pl: Propidium lodide.

with ¢cGQDs-MTN. Further detection of apoptosis-related protein levels using western blot demonstrated that
the level of BAX in HeLa cells was significantly upregulated, whereas Bcl-2 was inhibited after FA-PEG-cGQDs-
MTN treatment. Meanwhile, IKK and NF-kB expressions were inhibited after FA-PEG-cGQDs-MTN treatment
(Figure 5D). These results demonstrate that cell apoptosis induction occurs mainly through the Be/-2 pathway.

In addition, we investigated the effect of FR on the cell-killing capability of FA-PEG-cGQDs-MTN. Three
types of cell lines were selected. Hela cells showed high expression of FR, human hepatoma cells SMMC-7721
showed low expression of FR while no FR was expressed on 293T cells. The live/dead staining results indicated
that the number of cells with red fluorescence signals decreased according to the sequence of HeLa, SMMC-7721
and 293T cells. Almost no 293T cells emitted red fluorescence (Figure 6A). The survival rates of cells following
FA-PEG-cGQDs-MTN treatment were 58, 86.2, and 86.2% for Hela, 293T and SMMC-7721 cells, respectively
(Figure 6B). The survival rates of these cell lines were about 95% after treatment with FA-PEG-cGQD:s for 24 h,
which demonstrated the ultra-low cytotoxicity of this nanomaterial.

In vivo biodistribution

In order to explore the targeting capability of FA-PEG-cGQD-MTN in vivo, RB was used as an indicator for
real-time monitoring the distribution of nanomaterials in vivo. Figure 7A showed the random distribution of
cGQDs-MTN-RB in the whole body with weak accumulation at the tumor site after intravenous administration
for 12 h. Then, the fluorescence signal gradually centered on the area around the liver. In contrary, the fluorescence
signal at the tumor site decreased gradually after 48 h. However, most of FA-PEG-cGQDs-MTN accumulated at
the tumor site after intravenous administration for 12 h, which was reflected by the strong fluorescence signal at the
tumor site. The fluorescence signal distributed in other parts gradually disappeared as the time extended. However,
a strong fluorescence signal was still observed at the tumor site after 48 h. By investigating the distribution of FA-
PEG-cGQDs-MTN in different organs after intravenous administration for 48 h, it was found that the fluorescence
signal was mainly located at the tumor site. As a control, cGQDs-MTN was mainly distributed in the liver, lungs
and kidneys, but not the tumor tissue (Figure 7B & C).

In vivo antitumor therapy experiment & tissue section analysis
Encouraged by the outstanding biocompatibility, high cell-killing efficiency and targeting ability of FA-PEG-
cGQDs-MTN 7 vitro, we then investigated the effect of its administration on bodyweight and antitumor ability in
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Figure 7. In vivo imaging and biodistribution analysis of cervical tumor-bearing nude mice after injection of carboxylated graphene
quantum dots-rhodamine B and folic acid-PEG-carboxylated graphene quantum dots-rhodamine B. (A) Time-dependent fluorescence
imaging of FA-PEG-cGQDs-RB and cGQDs-RB in the cervical tumor-bearing mice (the tumors indicated by a blue circle). (B) Near-infrared
fluorescence images of major organs and tumors after 48 h postinjection of cGQDs-RB and FA-PEG-cGQDs-RB. (C) Semi-quantitative assay
of cGQDs-RB and FA-PEG-cGQDs-RB signal in the cervical tumor bearing nude mice determined from the average fluorescence intensity of
each organ.

cGQD: Carboxylated graphene quantum dot; FA: Folic acid; PEG: Poly(ethylene glycol); RB: Rhodamine B.

tumor-bearing mice (Supplementary Figure 6 & Figure 8). No mice in all investigated groups displayed an obvious
decrease in bodyweight after 18 days of treatment, besides some weak fluctuations (Figure 8A). However, the curves
of the tumor growth varied dramatically between treatment groups. The sizes of tumors treated with FA-PEG-
cGQDs-MTN were the smallest of all groups (Figure 8C). Compared with the PBS control group, cGQDs-MTN
and MTN inhibited tumor growth with a TGI rate of 72 and 71.8%, respectively, due to the passive targeted
effect [53]. Meanwhile, the TGI rate of the FA-PEG-cGQDs-MTN treatment group was approximately 99.68%
(Figure 8B). Histological analyses indicated programmed cell necrosis in most tumor tissue (Figure 8D). In order to
further explore the side effects 77 vivo, the major organs of tumor-bearing nude mice were removed for sectioning
and staining with H&E. There was no off-target damage to normal tissues observed in the mice after treatment
with FA-PEG-cGQDs-MTN for 20 days (Supplementary Figure 7).

Discussion

This study introduced a smart drug delivery nanosystem comprised of c<GQDs grafted with PEG and FA for
cervical tumor therapy. Undoubtedly, cGQDs with high biocompatibility of uniform and small sizes provide
an ideal alternative for MTN loading. Furthermore, the convenient addition of NH,-PEG-NH, to the surface
of cGQDs significantly improved the stability and prevented aggregation of the nanodrugs. Moreover, covalent
modifications by PEG and FA efficiently adjust the surface potential of the cGQDs to meet the requirements of
drug delivery. These advantageous alterations decreased the amount of cGQDs, the concentration of MTN and
uptake time required to realize efficient tumor therapy. In addition, previous studies confirmed the overexpression
of FA receptor on cancer cells, especially HeLa cells, which may enhance the targeting effects of drug-delivery
systems for tumor therapy [33]. Our results also confirmed that the modification of FA significantly improved
the local drug concentration and cellular uptake efficiency, which is consistent with previous reports [s1]. For this
reason, we suspect that the specific interaction of FA with its receptor maximized their binding affinity to reduce
steric hindrance toward the cell receptor and decreased nonspecific internalization of the nanocomplex into other
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Figure 8. In vivo study of folic acid-poly(ethylene glycol)-carboxylated graphene quantum dot-mitoxantronein
anti-tumor therapy. (A) The weight curves of cervical tumor-bearing nude mice. (B) Tumor growth curves of different
groups with different treatments. Each data point is the mean + standard deviation (n = 3 mice per group). (C)
Representative photos of cervical tumor-bearing nude mice at day 20. The tumors marked with a dashed circle were
excised after treatment for 20 days. (D) H&E-stained images of the excised tumor tissue with different treatments.
cGQD: Carboxylated graphene quantum dot; FA: Folic acid; H&E: Hematoxylin and eosin; HeLa: Human cervical cancer
cell; MTN: Mitoxantrone; PBS: Phosphate-buffered saline; PEG: Poly(ethylene glycol).

normal cells. In addition to this FA/FR mechanism, the tight - interaction between the cGQDs and MTN is
beneficial for cellular uptake. The results of this study clearly indicated that the uptake of targeted drugs by Hela
cells was more efficient than normal cells, which aids the performance of its high antitumor function.

Furthermore, iz vitro and in vivo results of the study clearly indicated the high delivery efficiency of FA-PEG-
cGQDs-MTN compared with the PEG-cGQDs-MTN, ¢cGQDs-MTN and MTN analogs. Fluorescence images
of CLSM also revealed a rapid internalization of targeted nanocomplexes into the cytosol. Meanwhile, the control
experiments indicated that the pretreatment of Hela cells with FA could retard the cellular entry of chemical
drugs. Thus, we suspect that the electrostatic interactions between the phosphate groups of the cellular membrane
with FA-PEG-cGQDs-MTN and FA facilitates nucleation and provides transient pores in the lipid bilayer through
cell-penetrating peptide pathways, which are beneficial for delivering MTN into tumor cells [54].

It has been reported that pristine GO and its derivative of reduced GO exhibited significant toxicity to normal
and tumor cells at dosages more than 30 pg/ml. 23] In the present study, no cellular toxicity was observed even
when 200 pg/ml cGQDs was used as the drug carrier (Figure 4 & Supplementary Data). These data are valuable
evidence supporting our selection of ¢<GQDs as a drug carrier. In addition, many studies have reported that
FA modification improves the cellular internalization and increases cellular toxicity of drugs. These studies also
indicated that targeted drug carriers were more accumulated into the target cells compared with other nontargeted
drugs [42]. Similar results were obtained in this study, in that FA-PEG-cGQDs-MTN displayed the highest uptake
efficiency and tumor cell-killing ability compared with other nontargeted analogs. The strong tumor cell-killing
ability of FA-PEG-cGQDs-MTN could be attributed to higher internalization of targeted nanocarriers and higher
levels of MTN entering into cancer cells (Figure 3). In addition, the shorter period of time required for endocytosis
with the help of a cell membrane receptor should be considered. Moreover, the drug system efficiently induced
tumor cell apoptosis through the Be/-2 pathway, which is consistent with previous reports [55].
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In vivo studies showed a significant targeted effect of FA-PEG-cGQDs-MTN and a higher accumulation
capability at tumor sites in comparison with other analogs. In contrary, cGQDs-MTN was mainly distributed in
the liver, lungs and kidneys. Only a weak fluorescence signal was observed in the tumor tissue (Figure 7B & C).
These results confirmed that FA modification significantly improves the targeted effects of chemical drugs, which
is the key to improving their therapeutic efficacy and reducing side effects. FA-PEG-cGQDs-MTN treatment
of tumor-bearing mice also resulted in the inhibition of tumor growth at a TGI rate of 99.68% (Figure 8B),
whereas treatment with cGQDs-MTN and MTN only inhibited tumor growth at a TGI rate of 72 and 71.8%,
respectively, due to the passive targeted effect [53]. More importantly, the results of H&E staining indicated that the
major organs of tumor-bearing mice did not exhibit off-target damage to normal tissues, which further confirms
the advantage of the high target specificity of FA-PEG-cGQDs-MTN iz vivo (Supplementary Figure 7). This
particular characteristic is the most urgent motivator for the application of this smart system to clinical therapy.

In conclusion, FA-PEG-cGQDs-MTN nanocomplexes with high stability, high affinity and uniform size were
synthesized in our work. The nanocomplexes showed enhanced biocompatibility and immune evasion due to
the FA-PEG modification. Furthermore, this controlled-release drug system showed a significant targeted killing
capability for HeLa cells with high FR expression. The 77 vivo experiments further indicated that high accumulation
of FA-PEG-cGQDs-MTN at tumorigenic regions might result in superior antitumor outcomes without obvious
toxicities or side effects in normal tissues. Thus, our results suggest that this nanomaterial can be widely applied for
clinical tumor therapy. Although we have developed an efficient alternative method for chemotherapy in tumor-
bearing mice, the future application of this method in clinical settings should be carefully considered by using
clinical tumor models to more accurately evaluate its biosafety and efficiency. Furthermore, its immune evasion
capabilities should be improved by using mimetic membranes in future research.

Summary points

e Carboxylated graphene quantum dots (cGQDs) with high biocompatibility and thin and small sizes may support
the mitoxantrone structure much better than other materials.

e Decorating the surface of cGQDs with NH,-PEG-NH; significantly improved the stability and prevented
aggregation of the nanodrugs.

e Surface modification of folic acid (FA) and poly(ethene glycol; PEG) increased the loading of mitoxantrone and
protected them from clearance during delivery to the target position.

e FA-PEG modification efficiently decreased phagocytosis by macrophages, which increases circulation time and
reduces the immune response.

e Modification of FA-PEG in ¢cGQDs surface-based nanoparticles provides an opportunity to intelligently design
targeted therapies for specific tumors by changing the targeting molecules.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/full/
10.2217/nnm-2018-0378
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