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ABSTRACT: Considering the urgent need to explore multi-
functional drug delivery system for overcoming multidrug
resistance, we prepared a new nanocarbon material Q-Graphene
as a manocarrier for killing drug-resistant lung cancer cells.
Attributing to the introduction of hyaluronic acid and
thodamine B isothiocyanate (RBITC), the Q-Graphene-based
drug delivery system was endowed with dual function of
targeted drug delivery and fluorescence imaging. Additionally,
doxorubicin (DOX) as a model drug was loaded on the surface
of Q-Graphene via 7—7 stacking. Interestingly, the flunrescence
of DOX was quenched by Q-Graphene due to its strong
electron-accepting capability, and a significant recovery of
fluorescence was observed, while DOX was released from
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Q-Graphene. Because of the RBITC labeling and the effect of fluorescence quenching/restoring of Q-Graphene, the uptake of
nanoparticles and intracellular DOX release can be tracked. Overall, a highly promising multifunctional nanoplatform was developed
for tracking and monitoring targeted drug delivery for efficiently killing drug-resistant cancer cells.
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B INTRODUCTION

‘With the fast development of nanoscience and nanotechnology,
a variety of nanoparticles have been developed as drug delivery
system (DDS) due to the unique properties, such as facile synthesis,
tunable size, well-defined optical and surface properties, and
excellent biocompatibility.>> Among the morgamc nanopartlcles,
carbon-based nanocarriers,” including carbon nanotubes,™ 56 full-
erenes,, Quantum dots®’ mesoporous carbon nanospheres,
nanodiamonds,'*** graphene, and graphene derivatives'® exhibited
great superiority and potential in tumor therapy.
Two-dimensional graphene and its derivatives are some of
the most promising candidates for accommodating a large
amount of molecules due to their huge specific surface area. Since
Liu et al."*** first reported nanographene oxide as nanocarrier
for DOX loading in intracellular imaging and drug delivery,
graphene-based na.noplatforms had aroused extensive attention.
Subsequently, Zhang’s group'® presented a dual-model drug
dehvery system by functionalizing graphene oxide (GO). Wang
et al.'” designed a quantum dot-conjugated graphene probe for
fluorescent imaging and drug delivery. Recently, graphene and
GO have been used in tumor therapy, combining chemotherapy
and photothermal therapy as well as photodynamic therapy.'*~>'
Lung cancer has become one of the most deadly cancers
around the world. The deficiency of lung cancer therapy is often
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attributed to the drug resistance of lung cancer cell and the tumor
metastasis. Therefore, development of novel DDS that can
overcome multidrug resistance (MDR) or tumor metastasis>>~2*
will improve the efficacy of cancer therapy. Herein, hyaluronic
acid (HA)-modified Q-Graphere nanoplatform was developed
for targeted killing of drug-resistant lung cancer cell, which also
afforded an efficient way to track and monitor the drug delivery.
Q-Graphene was the latest member to join graphene family.
Q-Graphene as high-volume three-dimensional spheres, which
are close relatives of fullerenes, have average particle size of
~80 nm and possess a large surface area (55 m?/g), good
electrical conduct1v1ty, and outstanding thermal and chemical
stabilities.”® However, there were few reports on the biomedical
applications of Q-Graphene until Banks and colleagues utilized
Q-Graphene modifying electrodes as electrochemical redox
probes for small molecules detection in 2012.2° Until now,
there was no report about using Q-Graphene as biomedical
nanocarrier. Lung cancer cell line A549 was used as model drug-
resistant tumor cell in this work. CD44 is a kind of trans-
membrane glycoprotein that is associated with the pathologic
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(A)

Figure 1. (A) TEM image of Q-Graphene. (B) SEM image of Q-Graphene.

(B)

NOGRE

activities of cancer cells and is abundantly expressed in many
malignant tumors.””*® Because HA has a high affinity for CD44,>
HA was conjugated to Q-Graphene by the linkage of polyoxy-
ethylene bis(amine) (PEG) to bind CD44 that was overexpressed
in A549 cells®**' and deliver the drug to the targeted cells via
the receptor-mediated endocytosis. Further, red fluorescence
dye RBITC was attached to the amine-functionalized HA-Q-
Graphene to endow a fluorescent property to the nanocarrier for
tracking cellular internalization of the nanoparticles. DOX was
used as model drug to investigate the efficacy of the surface-
modified nanoparticles toward tumor cell targeted drug delivery
and release via n—z stacking and hydrophobic interactions
between DOX and Q-Graphene.**** Unlike the fluorescence
quenching of DOX, the fluorescence of RBITC was retained
after conjugating to Q-Graphene because of the shield of the
long carbon chain of PEG, while the DOX was absorbed on
Q-Graphene directly.

B EXPERIMENTAL SECTION

Chemicals and Materials. Q-Graphene (purchased from Gra-
phene Supermarket, USA), thodamine B isothiocyanate dye (RBITC,
Sigma), PEG (Mw 2000, Aladdin), HA (Mw = 175—350 kDa, Lifecore
Biomedical Co. Ltd.), doxorubicin hydrochloride (DOX, Shanghai Dibo
Chemical Technology Co., Ltd.), 1-(3-(dimethylamino)propyl)-3-
ethylcarbodiimide hydrochloride (EDC), sulfo-N-hydroxysuccinimide
(NHS), 2-[N-morpholino] ethanesulfonic acid (MES), sulfuric acid,
nitric acid, sulfarilic acid, sodium nitrite, sodium hydroxide, hydro-
ckloric acid, fluoroboric acid, and other supplies are purchased from
Sinopharm Chemical Reagent Co. Ltd,, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO),
Dulbecco’s Modified Eagle’'s Medium (DMEM), Minimum Essential
Medium (MEM), penicillin, trypsin, and streptomycin, fetal bovine
serum (FBS), phosphate buffer (PBS), 6-diamidino-2-phenylindole
(DAPI), 4% formaldehyde, and other supplies are purchased from
Boster Biological Technology, Ltd. Human lung epithelial tumor cell
line A549 and human embryonic lung cell line MRC-5 were obtained
from Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). Deionized (DI) water (18 M; Millpore Co.,USA)
is used throughout.

Characterization. Transmission electron microscopy (TEM) was
performed at a JEOL 2011 (JEOL, Tokyo, Japan). Absorbance measure-
ments were performed using UV-2550 UV—vis spectrophotometer
(Hitachi, Japan). Fluorescence spectra are measured on Fluoro Max-P
fluorescence spectrometer (HORIBA JOBIN YVON). Zeta potential
experiments were performed at 25 °C using a Malvern ZetaSizer
Nano instrument. X-ray photoelectron spectroscopy (XPS) analysis was
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performed on an ESCALAB MK II X-ray photoelectron spectrometer.
Field-emission scanning electron microscopy (FE-SEM) measurements
were performed using a JEOL-6700F (JEOL, Tokyo, Japan). Fourier
transform infrared (FTIR) spectra were recorded in the range of
400—4000 cm™" with 0.5—4 cm™" resolution using 2 Tensor 27 FTIR
spectrophotometer. Confocal laser scanning microscope (CLSM)
images were observed by confocal laser scanning microscope (Nikon
Ti-SH-U).

Q-Graphene Carboxylation. The carboxylic groups were grafted
onto the surface of Q-Graphene following a typical experirent 35738
Q-Graphene (20 mg) was added into & 60 mL mixture of nitric acid/
sulfuric acid (3:1 by volume, respectively). The mixture was sonicated in
a bath for 8 k at ambient temperature (40 kHz with power of 950 W).
Then the mixture was neutralized by 200 mL of 1 M Na,CO, solution.
The Q-Graphene carboxylation (Q-G-COOH) was obtained by
centrifuging at 16 00C rpm for 10 min followed by rinsing with DI
water several times until neutral.

Q-Graphene Sulfonation. The arenediazonium tetrafluoroborate
salt was prepared according to the published literature.>*~*' Briefly,
sulfanilic acid (2 g) was dissolved in 10 mL of S wt % sodium hydroxide
solution with slight heating followed by 0.9572 g of sodium nitrite solid
added into the solution. Then the mixture was cooled at 0 °C in an ice
bath and added into 15.5 mL of $ mM hydrochloric acid slowly in an ice
bath under stirting, which was finished in 1 h. Subsequently, the reaction
was left to proceed for another 1 h until white precipitation occurred.
Then 0.74 mL of 40 wt % tetrafluoroboric acid (HBF,) was added into
the mixture under continuous vigorous stirring, and the reaction was left
to proceed for 1 h. The arenediazonium tetrafluoroborate salt was
obtained by vacuum filtration and rinsed with ethanol three times. Then
the diazonium salt solution was added to the Q-Graphene carboxylation
dispersion in an ice bath under stirring, and it was kept in ice bath for 2 h.
The mixture was dialyzed against DI water for over 48 h to remove
the excess diazonium salt. The obtained sulfonated Q-G-COOH was
stored at 4 °C.

Synthesis of PEGylated Q-Graphene. EDC (02215 g) and
0.1156 g of NHS were dissolved in 1 mL of MES (pH = 6.5); then, the
mixture was added to 20 mL of sulf-Q-Graphene solution. The reaction
was permitted for 30 min. Subsequently, PEG, Mw 2000 was added, and
the mixture was stirred for 24 h. The excess PEG was removed by dialysis
against DI water for 24 h.

Conjugation of Hyaluronic Acid to Q-Graphene (HA-Q-G). HA
(3 mg) was dissolved in 1.5 mL of DI water, and the pH of this solution
was adjusted to 4.0 with 0.1 M HCl followed by incubation overnight.
EDC (0.3 mmol) and NHS (0.3 mmol) were added, and the pH of
resulting solution was adjusted to 4.0 with 0.1 M HCI and activated for
2 h at room temperature (RT). Finally, the mixture was added into
10 mL of PEGylated Q-Graphene to react on a shaker for 24 h at RT.
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Preparation of RBITC Labeled HA-Q-Graphene. RBITC was
covalently linked to the residual free amine groupss"u'43 of HA-Q-G. In
brief, 1 mg of RBITC was dissolved in 1 mL of DMSO. Then 500 y4L of
RBITC in DMSO was mixed with 10 mL of HA-Q-G and nonHA-Q-G,
respectively. The pH of the suspension was tuned to 8.0—9.0 with dilute
NaOH and shaken for 24 h in dark conditions at RT. Free RBITC
molecule was removed by dialysis.

Doxorubicin Loading onto the Q-Graphene. DOX was loaded
onto the Q-Graphene by the following method. In brief, 2.5 mL of
1 mg/mL DOX solution was added t0l0 mL of RBITC-labeled
Q-Graphene (HA-Q-G-RBITC and nonHA Q-G-RBITC), and the
mixture was kept shaking for 24 h in dark conditions. Excess DOX
was removed by dialysis. The drug loading content and entrapment
efficiency were determined by the following equations:

weight of drug in nanoparticles

drug loading content(%) = X 100
weight of nanoparticles taken

drug entrapment efficiency(%)
_ weight of drug in nanoparticles

X 100

weight of drug injected

Drug Release Behaviors of HA-Q-Graphene/DOX in Vitro. In
vitro release experiments were performed at pH values of 7.4 (PBS
buffer) and 5.0 (acetate buffer), respectively. In detail, 1 mL of HA-Q-G-
RBITC/DOX was placed in a dialysis bag with a molecular weight
cutoff of 3500 Da. The dialysis bag was then immersed in 200 mL of PBS
buffer or acetate buffer and kept stirring for 24 h. Samples (1 mL) were
periodically collected, and each sample was repiaced with the same
volume of fresh buffer. The samples were analyzed with a fluorescence
spectrometer to measure the amount of released DOX at an excitation
wave of 485 nm.

HA-Mediated Cellular Uptake. Celluiar uptake by A545 cells and
MRC-S cells were evaluated using confocal laser scanning microscopy.
AS549 cells and MRC-S cells (1 X 10* cells per well) were seeded in six-
well culture plates with complete DMEM and MEM, respectively, and
incubated overnight. The cells were then treated with HA-Q-G-RBITC,
HA-Q-G-EBITC/DOX, and Q-G-RBITC/DOX, respectively, at 37 °C
for another 5 h. Then the medium was removed, and cells were washed
with sterile PBS three times to remove any free material in the wells. One
milliliter of 4% formaldehyde was added to each well to fix the cells at
room temperature for 10 min. After the formaldehyde was removed
and washed with PBS three times, DAPI (20 L} was added to stain the
cell nucleus for 3 min. Finally, the cells were washed with PBS buffer
three times before capturing images by using confocal laser scanning
microscopz (40X oil objective). The excitation wavelengths were 405,
488, and 543 nm Nikon Ti-SH-U).

Cell Viability Assay. Cell viability analysis was performed by MTT
assay. A549 cells were seeded in 96-well plate at a density of 1 X 10° cells
per well ard incubated for 24 h to allow the cells to attach. Cells were
washed three times with PBS (pH = 7.4), and the PBS was replaced with
200 uL of fresh medium (without FBS) containing free DOX, HA-Q-G-
RBITC, HA-Q-G-RBITC/DOX, or Q-G-RBITC/DOX, and then the
cells were incubated in 5% CO, at 37 °C for 24 h. At the end of the
incubation, the medium wes removed. Cells were washed three times
with PBS (pH = 7.4). Subsequently, 180 uL of fresh medium (without
FBS) and 20 uL of MTT were added to the culture in each well, followed
by incubation for 4 h. Afterward, the medium was replaced with 150 uL
of DMSO to dissolve the formazan crystals. The absorbance was read at
490 nm with SpectraMax M5/MSe (Molecular Devices, USA), and the
values werz compared with control group.

B RESULTS AND DISCUSSION

Preparation of HA-Q-Graphene-RBITC/DOX. In this
work, Q-Graphene was selected as a suitable nanoplatform for
drug delivery. The morphology of Q-Graphene, as characterized
by TEM and SEM (Figure 1), showed that Q-Graphene exhibited
irregularly spherical morphology. An illustration of several steps
involved in preparation was revealed in Scheme 1. Q-Graphene
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Scheme 1. Schematic Ilustration of the Preparation of
HA-Q-G-RBITC/DOX Nanoparticles and HA-Mediated
Endocytosis
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Table 1. Zeta Potential Values for the Q-Graphene Nano-
functionalization
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Figure 2. FTIR spectra of Q-Graphene (a), Q-Graphene-COOH (b),
sulf-Q-Graphene (c), and PEG-Q-Graphene (d).

aggregates easily in aqueous solution due to its poor solubility,
which was solved as follows. Q-Graphene was first grafted with
carboxylic groups by the oxidation of H,SO, (98 wt %) and
HNO; (63 wt %) to increase the electrostatic repulsive force
between negatively charged nanoparticles. Then, the solubility
of Q-Graphene was further enhanced by the sulfonation of
arenediazonium tetrafluoroborate salt. To increase stability and
water dispersion of Q-Graphene and escape from the clearance

DOI: 10.1021/acsami.5b11471
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Figure 3. (A) XPS of Q-Graphene (a), Q-Graphene-COOH (b), sulf-Q-Graphene (c), PEG-Q-Graphene(d), (B) C 1s, (C) O 1s, (D) S 2s and S 2p,

(E) N 1s.

of RES as well as amine functionalization, Q-Graphene was
modified with polyoxyethylene bis(amine) (PEG) by amidation.
Moreover, HA and RBITC were attached to Q-Graphene by
the linkage of diterminal amine PEG to endow the nanoparticles
with dual function of targeting and imaging. Finally, DOX was
absorbed onto the Q-Graphene via 7—7 stacking and hydrophobic
interactions.

As illustrated in Table 1, Q-Graphene-COOH was endowed
with a negative charge due to the presence of —COOH group on
the surface. The zeta potential of Q-Graphene has a minor
change after sulfonation. The value of zeta potential of Q-
Graphene was changed to —1.59 mV after PEG was conjugated
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onto it, partly due to the introduction of amine. When further
introducing HA with ~COOH, the zeta potential decreased slightly.

The conversion of the modified surface of Q-Graphene was
also confirmed by Fourier transform infrared (FTIR) spectra. As
shown in Figure 2, the stretching vibration mode of the -COOH
group was observed shifting to 1750 from 1720 cm™ after
Q-Graphene carboxylation (curve b). The peaks at 1040, 1126,
and 1175 cm™ in curve ¢ were owing to the stretch vibration
of S—O and S-phenyl, indicating the presence of sulfonic acid
group. The peak emerged at 3300 cm™ in curve d was due to the
stretch vibration of -NH,, indicating the PEG attached on the
Q-Graphene. Simultaneously, PEGylated Q-Graphene showed

DOI: 10.1021/acsami.5b11471
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an obvious absorption band at the pronounced stretch vibration
peaks of —CH, at 2850 cm™ because of the long carbon chain of
PEG. The sharp absorption at 1650 cm™ was due to both the
-NH, bend vibration and the carbonyl—amide vibration, which
was produced by amidation between carboxylic group from
Q-Graphene-COOH and amine group from PEG.
Furthermore, XPS was performed to analyze the conversion
of Q-Graphene according to the distinct element content.

a HA-Q-G-RBITC/DOX
b free DOX
¢ HA-Q-G-RBITC

1 232nm

Absorbance

300 400 B0 60 700
Wavelength/nm

Figure 4. UV—vis absorption spectra for free DOX (b), HA-Q-G-
RBITC with (a) and without {c) bound DOX.

As illustrated in Figure 3A, the oxygen content of Q-Graphene-
COOH increased significantly compared to pristine Q-Graphene
at 538 eV. Correspondingly, the carbon content at 284 eV
decreased slightly with the oxygen content from 11.66% to
32.51%. Figure 3B,C illustrated the carbon 1s region and oxygen
1s region of original Q-Graphene. The peaks at 284.5 and
286.9 eV were attributed to C—C and C—O bonds, respectively.
In Figure 3C, the peaks at 531.9 and 533.1 €V corresponded to
C—0 and C—O—H bonds. Consistent with IR, Q-Graphene sulfur
peaks appeared at 233 and 167 eV, respectively, after sulfonation.
The nitrogen peak was significantly observed at 402 €V as
Q-Graphene was conjugated with PEG with -NH,. The sulfur peak
of Q-Graphene disappeared probably due to the presence of
nitrogen, which led to the relative content of sulfur decreasing.

Drug Loading and Release in Vitro. Figure 4 illustrated
UV-—vis spectra of HA-Q-G-RBITC, free DOX, and HA-Q-G-
RBITC/DOX. The loading content and entrapment efficiency
of DOX in HA-Q-G-RBITC are found to be 30% and 86%,
respectively. There was no significant absorption observed in
the range of 200—500 nm but a peak at 560 nm, which came
from RBITC of HA-Q-G-RBITC (curve c). Free DOX displays
absorption at 232, 255, and 490 nm (curve b), and the peak was
slightly red-shifted from 490 to 500 nm after DOX adsorbed on
the surface of Q-Graphene (curve a), indicating DOX loaded on
Q-Graphene.

HA-Q-G was promoted to fluorescent platform with the red
fluorescence dye RBITC to track intracellular distribution of
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Figure $. (A) Fluorescence emission spectra of HA-Q-G (a), HA-Q-G-RBITC (b), HA-Q-G-RBITC/DOX (c), and free DOX (d). (B) Fluorescence
emission spectra for HA-Q-G-RBITC/DOX in pH 5.0 acetate buffer (b) and pH 7.4 PBS (a). (C) DOX release profile from the HA-Q-G-RBITC/DOX
complexes at RT in pH 5.0 acetate buffer (black curve) and pH 7.4 PBS (red curve).
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Figure 6. CLSM images of AS49 cells incubated with (A) HA-Q-G-RBITC, (B) HA-Q-G-RBITC/DOX, (C) Q-G-RBITC/DOX for § h. (D) MRC-5

cells incubated with HA-Q-G-RBITC/DOX for 5 h.

nanoparticles. As shown in Figure SA, HA-Q-G-RBITC showed
emission at 578 nm at excitation 485 nm (curve b), while
HA-Q-G showed no emission at the same position (curve a).
However, the fluorescence of DOX was quenched once attached
onto Q-Graphene (curve c). Figure SB shows a fluorescence
recovery of DOX after releasing from Q-Graphene incubated
with pH 5.0 acetate buffer (curve b) for 4 h, while a fluorescence
quenching was found in pH 7.4 PBS (curve a). The emission
at 585 nm of pH 7.4 PBS was attributed to the fluorescence
of RBITC. An acid-pH-triggered drug release mechanism was
hypothesized reasonably in this Q-Graphene-based DDS, which
was attributed to the protonation of DOX and enhanced hydro-
philicity at acidic condition. The DOX release curve of DOX
from Q-Graphene in vitro was shown in Figure 5C; the release
amount of DOX constantly increased with release time. A rapid
increase of DOX releasing was observed in both pH 5.0 acetate
buffer and pH 7.4 PBS in first 6 h. At the point of 24 b, the release
amount of DOX sustainably increased to ~85% in pH 5.0 acetate
buffer, while it reached platform ~429% at 10 h in pH 7.4 PBS.
Fluorescence Imaging and Cellular Uptake. The
selectivity of HA-Q-G-RBITC against glycoprotein CD44 was
investigated in Figure 6. To verify the specific targeting ability of
HA in the cellular uptake of Q-Graphene-based delivery system,
human lung epithelial tumor cell line AS49 with CD44 high
expression and human embryonic lung cell line MRC-5 with
CD44 low expression were used as models. A549 cells were
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incubated with HA-Q-G-RBITC/DOX and Q-G-RBITC/DOX,
respectively, at a concentration of DOX at 8 pg-mL™ for 5 h.
Additionally, HA negative MRC-5 cells incubation with
HA-Q-G-RBITC/DOX as negative control experiment was
used for comparison. The DOX emits green fluorescence under
irradiation with blue light, while the dye RBITC emits red fluores-
cence under green light excitation. The differential fluorescence
of DOX and RBITC was utilized to track the uptake process of
Q-Graphene/DOX and intracellular DOX releasing. Figure 6A
exhibited a strong red signal from RBITC in cytoplasm, indicating
the RBITC-labeled HA-Q-G sufficiently internalized by A549
cells. No significant red signal was found in the nucleus, which
indicated HA-Q-G-RBITC unable transporting across the nuclear
membrane postcellular uptake. However, A549 cells showed both
bright green fluorescence and red fluorescence when incubated
with Q-G-RBITC/DOX (Figure 6B). The bright green
fluorescence almost filled cells including cytoplasmic and nucleus
area, indicating the DOX releasing from Q-Graphene and
penetrating into the nucleus to induce cell apoptosis. Compared
with A549 cells incubated with HA-Q-G-RBITC/DOX, Figure 6C
showed weaker green and red fluorescences. It was attributed to
the high affinity of HA to CD44 that was overexpressed by A549
cells. In absence of HA, only rare Q-G-RBITC/DOX could be
internalized by pagocytosis and pinocytosis instead of through
the receptor-mediated endocytosis. Moreover, MRC-5 cells
incubated with HA-Q-G-RBITC/DOX (Figure 6D) displayed

DOI: 10.1021/acsami5b11471
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Figure 7. (A) In vitro cytotoxic effects of HA-Q-G-RBITC against A549 cells at different nanoparticles concentration. {B) Cytotoxic effects of
Q-G-RBITC/DOX, HA-Q-G-RBITC/DOX, and DOX against A549 cells with increasing DOX concentration.

pale fluorescence in cytoplasm due to CD44 negatively expressed
on the cell membrane. It was evident that HA played a crucial role
in specifically targeting tumor cells.

In Vitro Cytotoxicity Assay. To evaluate the biosafety of
Q-Graphene-based drug delivery system, the in vitro cytotoxicity
of RBITC labeled HA-Q-G against A549 cells was assessed using
MTT assay. Figure 7A showed the cytotoxicity of HA-Q-G-
RBITC nanoparticles at different concentrations (1, 5, 25, 50,
100, 200, and 400 pg-mL™'). No significant cytotoxicity
was observed after incubation with HA-Q-G-RBITC for 48 h,
even when the concentration was as high as 400 y g-ml._l,
which implied that HA-Q-G-RBITC could be taken as a safe
drug nanocarrier. The cytotoxicity of HA-Q-G-RBITC to human
embryonic lung cell line MRC-5 cells was tested, and no
significant cytotoxicity was observed in the concentration range
of 0—200 pg-mL™" (not shown in the text). Considering the low
cytotoxicity of HA-Q-G-RBITC, the killing effect of HA-Q-G-
RBITC/DOX against A549 cells was measured. A549 cells were
incubated with HA-Q-G-RBITC/DOX, Q-G-RBITC/DOX, and
free DOX, respectively, at different concentrations for 48 h.
As shown in Figure 7B, the cell viability decreased with the
increasing concentration of DOX for each group. More than half
of the cells were killed when the DOX was 1 yg-mL™" of HA-Q-
G-RBITC/DOX and free DOX, but more than 70% cells
survived when the DOX was 2.5 yg-mL ™" of Q-G-RBITC/DOX.
That may be explained by the special affinity of HA to CD44 on
the cells inducing higher internalization efficiency by AS49 cells.
When DOX concentration increased from 1 to 2.5 ug-mL™", enly
minor cytotoxicity increased with only DOX treatment. This can
be attributed to the drug resistance effect from P-glycoprotein
driving drug efflux. Increasing drug efflux pumps on the cell
membrane is one of the main mechanisms by which cells become
MDR. By loading drugs on nanoparticles that bypass the efflux
pumps, the intracellular concentration of the drug was hence
increased. In comparison, HA-Q-G-RBITC/DOX showed higher
cytotoxicity than free DOX when DOX loading concentration
was above 1 pg-mL™". HA-Q-G-RBITC/DOX exhibited lower
ICs, value (0.8651 pug-mL™) than free DOX (1.1302 pg-mL™")
against AS49 cells, indicating the developed HA-Q-G-RBITC/
DOX are capable of efficiently killing drug-resistant cancer cells.

B CONCLUSION

In summary, we have designed a dual-fluorescence imaging
probe upon Q-Graphene-based nanoplatform for efficiently
killing MDR cancer cells. Coupled with targeting ligands HA,
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Q-Graphene was endowed with effectively targeting tumor cells.
In this DDS, the nanoparticles were effectively internalized by
HA-positive A549 cells through HA-mediated cellular endocy-
tosis, which allowed the HA-Q-G-RBITC as an excellent drug
delivery nanoplatform. In addition, the detachment of DOX from
Q-Graphene into the cancer cell nuclei by acidically triggering
alleviated the side effect of DOX on the normal cells due to
the absence of intracellular acidic environment in normal cells.
This DDS exhibited high efficiency in targeted drug delivery to
cancer cells and has a great potential for killing drug-resistant
cancer cells.
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