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e oligomer-grafted graphene
oxide for tumor-targeting doxorubicin delivery†

Yu Qin,a Changyu Wang,a Yun Jiang,a Tao Liu,b Jianyong Yang,c Run Lin*c

and Tao Zhang *a

A novel phosphorylcholine oligomer-grafted and folate moiety-labeled graphene oxide (GO–PCn–FA) was

designed, prepared, and characterized by Fourier transform infrared spectra, nuclear magnetic resonance,

Raman spectra, X-ray diffraction, X-ray photoelectron spectroscopy, scanning transmission electron

microscopy, transmission electron microscopy, and atomic force microscopy. GO–PCn–FA proved to

be an excellent water-soluble and pH-responsive drug carrier for the targeted delivery of doxorubicin

(DOX) with a drug loading content of 21%. An in vitro cytotoxicity assay and flow cytometry analysis

revealed the superior biocompatibility of GO–PCn–FA compared to normal cells, while DOX-loaded

GO–PCn–FA exerted efficient eradication of tumor cells, especially of those with folate receptor

expression. An in vivo test showed that GO–PCn–FA was deposited mainly in the pulmonary

parenchyma after intravenous administration, and no obvious adverse effect was observed. In summary,

phosphorylcholine oligomer-grafted graphene oxide was developed for targeted drug delivery with

optimal biocompatibility.
1. Introduction

Graphene oxide (GO) is the derivative of graphene that has great
potential for application in many elds due to its unique
physical and chemical properties.1,2 GO's surface functionality,
ultra-high specic surface area, better biocompatibility
(compared to graphene), and cost-effective features make it
a potent and versatile platform for drug delivery.3–6However, the
cytotoxicity of GO, especially to certain types of normal cells,
and its inadequate water solubility greatly restrict its utilization
and remain the primary problems that need to be addressed.7–9

Chemical modication is a critical strategy in designing and
fabricating biomaterials that confers the substance's novel
properties and functions, such as anti-biofouling, controlled
response, altered solubility, drug encapsulation, biomarker
targeting, improved biocompatibility, and other special
features. Phosphorylcholine (PC) is the essential component of
a biological membrane with the zwitterionic nature that offers
optimized hydrophilicity, stability, biocompatibility, and, more
importantly, active sites for further modication.10–13 PC-based
polymers have been broadly used to improve the performance
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and function of biomedical materials, devices, instruments and
even drug nanocarriers.14–17

The routes through which the drugs are delivered to the
tumor mass can be generally divided into two categories: the
passive route, which is known as the enhanced permeability
and retention (EPR) effect, and the active route, which enhances
the delivery by coupling targeting ligands for the specic
binding of tumor biomarkers.18,19 The hypervascularized,
premature, and leaky vascular wall with enlarged gaps between
the endothelial cells and defective lymphatic drainage in the
tumor mass account for the preferential deposition and
compromised clearance leading to the passive accumulation of
the drug carrier, namely the EPR effect.20,21 In addition, active
targeting by conjugating moieties to specically targeted
biomarkers that are overexpressed in tumor cells to enhance
delivery efficiency is another feasible and effective approach to
substantially improve the drug delivery capability of the vehicle
to the tumor lesions.19,22 Folic acid (folate, FA) is an important
component of numerous cellular metabolic processes, particu-
larly for DNA synthesis and repair, and rapidly proliferating
cancer cells have a markedly increased requirement for folate
uptake.23,24 Consequently, upregulated folate receptor (FR)
expression and the key role of FA in a wide spectrum of cancers
make it an ideal biomarker for targeted therapy.25–27

In previous reports, numerous modications have been
developed to improve the biocompatibility and the chemo-
therapeutic delivery of GO;28 this includes the use of polymeric
modiers, such as polyethylene glycol,29–31 Poloxamer,32–34 pol-
y(amido amine),35 poly(N-isopropyl acrylamide),36 chitosan,37,38
RSC Adv., 2017, 7, 41675–41685 | 41675

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra08287h&domain=pdf&date_stamp=2017-08-25
http://orcid.org/0000-0002-6209-5266
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra08287h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007066


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
10

:2
1:

25
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
heparin,39 and gelatin,40,41 while the employed chemothera-
peutics have included doxorubicin (DOX) and deriva-
tives,29,33,35,39 paclitaxel,42 camptothecin,36,37 and even
methotrexate.41 The reported drug loading capacity in the mass
percentage ranged from 5% to 380%.28 We also recently re-
ported the synthesis of phosphorylcholine moiety-graed GO by
a different approach.43 Nevertheless, modication using PC and
FA to confer GO with the improved biocompatibility and tar-
geting capability simultaneously has yet to be investigated.

Herein, we report the development of a novel phosphor-
ylcholine oligomer (PCn)-graed, folic acid-coupled, and
doxorubicin-loaded graphene oxide (DOX@GO–PCn–FA) for
targeted tumor delivery. DOX@GO–PCn–FA was prepared
through the chemical modication of GO with 2-meth-
acryloyloxy ethyl phosphorylcholine (MPC) and 2-aminoethyl
methacrylate (AMA) via the process of atom transfer radical
polymerization (ATRP), the conjugation of folic acid as a tar-
geting ligand via carbodiimide crosslinker chemistry (N-ethyl-
N0-(3-(dimethyl amino)propyl) carbodiimide/N-hydrox-
ysuccinimide (EDC/NHS) crosslinker used), and the mechanical
loading of DOX through p–p stacking interactions.6,44 We
studied the properties of DOX@GO–PCn–FA, including physical
and chemical characteristics, DOX loading, and release proles.
We also investigated the biocompatibility on both normal and
tumor cells, and evaluated the targeting specicity on tumor
cells with folate receptor-positive and -negative expressions.
Lastly, we performed a preliminary exploration of in vivo
biocompatibility and biodistribution of GO–PCn–FA.

2. Experimental section
2.1 Materials

Natural graphite powder (>99%, with a particle size of approx-
imately 5 mm) was purchased from Shanghai Huayuan Graphite
Co., Ltd. (Shanghai, China). KMnO4 (CP), H2SO4 (98%), H2O2

(30% solution in water), 2-aminoethyl methacrylate (AMA), folic
acid (FA), 1-ethyl-3-(30-dimethylaminopropyl) carbodiimide
(EDC), and N-hydroxysuccinimide (NHS) were purchased from
Nanjing Reagent Co. Ltd. (Nanjing, China) and they were used
as they were received. Inhibitor-free 2-methacryloyloxyenthyl
phosphorylcholine (MPC, >96%) was supplied by Joy-Nature
Institute of Technology (Nanjing, China). We synthesized 2-
aminoethyl methacrylate (AMA) according to Narain et al.45 and
veried by 1H-NMR in 2H2O. (d ¼ 1.88, 3.33, 4.38, 5.72, and 6.14
ppm). All of the other chemicals were purchased from Aladdin
(Shanghai, China).

The L929 mouse broblast cells, HNEPC human nasal
epithelial cells, and HepG2 human hepatocellular carcinoma
cells with a positive expression of folate receptor (FR), A549
human lung cancer cells with a negative expression of FR, and
KB human nasopharyngeal epidermal carcinoma cells with
a positive expression of FR were obtained from Zhongyuan Co.,
Ltd. (Beijing, China), which redistributes cell lines that initially
come from ATCC (Manassas, VA, USA). Dulbecco's modied
Eagle's medium (DMEM, with 4.5 g/L-glucose and L-glutamine)
was purchased from Thermo Fisher Scientic (China) Co. Ltd.
(Beijing, China). Fetal bovine serum (FBS) was purchased from
41676 | RSC Adv., 2017, 7, 41675–41685
Hangzhou Sijiqing Biological Engineering Materials Co., Ltd.
(Hangzhou, China). Penicillin/streptomycin (100�) was
purchased from China branch of Life Technologies Co.
(Shanghai, China). Cell Counting Kit-8 (CCK-8) was obtained
from Dojindo Molecular Technologies (shanghai) Co. Ltd.
(Shanghai, China). Pentobarbital sodium (>99%) was
purchased from MSD China (Shanghai, China).
2.2 Preparation of GO–PCn–FA

Graphene oxide (GO) was prepared via the modied Hummers
method. Briey, 2.0 g of graphite powder was placed into 50 mL
of concentrated H2SO4 (98%) in a round-bottom ask in an ice-
water bath (0 �C) and 8.0 g of KMnO4 was gradually added. The
mixture was continuously stirred below 5 �C for 1 h and then
heated up to 35 �C for 30 min. Aer, 100 mL of deionized water
was slowly added and the temperature was maintained at 98 �C
for 30 min. Finally, 30 mL of H2O2 (30%) was added to remove
the remaining KMnO4. The product was ltered out then
washed with 5% HCl and deionized water until it was pH-
neutral and the SO4

2� could not be detected by BaCl2 solu-
tion. GO was then dried under a vacuum at 60 �C overnight.

Acylating chlorination and amidation processes were
employed to prepare GO–MPC–AMA. Briey, 150 mg of GO was
added into 50 mL of thionyl chloride (SOCl2) and the mixture
was ultrasonicated under a 40 kHz ultrasonic water bath for 3 h.
Then, the remaining SOCl2 was removed by rotary evaporation.
We added 200 mL of 2-aminoethanol (HO(CH2)2NH2) immedi-
ately to the ask under an ultrasonic water bath. Aer being
stirred at room temperature for 24 h, the product (named GO–
EA) was collected by centrifugal ltration and washed 3 times
with anhydrous ether.

The copolymerization of MPC and AMA onto GO was pro-
cessed following ATRP as shown in Fig. 1. In brief, 100 mg of
GO–EA, 50 mL of tetrahydrofuran (THF), and 8.0 mL of trie-
thylamine were added in a round-bottom ask and the mixture
was continuously stirred for 30 min at room temperature. With
vigorous stirring, 10 g of 2-bromo-2-methyl-propionyl bromide
was added. Aer reacting for 30 h, 100 mL of deionized water
was added and the solution was centrifuged at 8000 rpm. The
precipitates (temporarily named GO–ATRP) were washed 3
times by anhydrous ether and dried in a vacuum oven at 40 �C.
We dissolved 40mg of GO–ATRP in 10mL of methanol and 0.9 g
of MPC and 0.1 g of AMA were added under a N2 atmosphere.
Aer stirring for 30 min, 20 mg of CuBr and 50 mg of 2,20-
bipyridine were introduced and reacted for another 24 h at
room temperature. The nal product (temporarily named GO–
MPC–AMA) was collected by centrifugal ltration and washed 3
times with anhydrous ether.

FA was then conjugated onto GO–MPC–AMA via EDC/NHS
chemistry between the NH2 groups in GO–MPC–AMA and the
carboxy (–COOH) groups in the FA molecules. Briey, EDC and
NHS were added to the GO–MPC–AMA suspension (in DMF)
and the mixture was ultrasonicated for 1 h. Then, 5% FA was
added and stirred for 24 h. The unreacted reagents were sepa-
rated out by dialyzing against deionized water for 48 h. The nal
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Synthetic route of GO–PCn–FA.
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View Article Online
product (GO–PCn–FA) was dried in a vacuum oven at 30 �C
overnight.
2.3 Characterizations

Nuclear magnetic resonance (NMR) spectra were obtained on
a Bruker AR�500 NMR spectrometer (Bruker, Germany) using
2H2O as the solvent. Fourier transform infrared spectra (FTIR)
were recorded on a PE GX spectrometer (Perkin-Elmer, USA) at
room temperature on KBr pellets with sample concentrations of
�1% from 4000 to 400 cm�1 and a resolution of 4 cm�1. The
Raman spectra were measured using a confocal Raman micro
spectrometer (Renishaw InVia, Derbyshire, England) with an
excitation wavelength of 514 nm. X-ray diffraction (XRD)
measurements were performed on a Rigaku ULTIMA-3 setup
with a Mar 345 image plate as the detector, the Cu Ka as the
source (wavelength of 0.1542 nm), the recorded region of 2q ¼
5� to 40�, and a scanning speed of 2� min�1. X-ray photoelectron
spectroscopy (XPS) of GO–PCn–FA and GO were recorded on
a VG Scientic ESCA Lab MK-II spectrometer (West Sussex,
England) equipped with a monochromatic Mg-Ka X-ray source.
XPS Peak soware (v 4.1) was used to analyze and deconvolute
the XPS peaks, and the peak deconvolutions were performed
using Gaussian components aer a Shirley background
subtraction. Transmission electron microscope (TEM) imaging
was performed using a Titan3 G2 (FEI, OR, USA) with a eld
emission gun (XFEG) operating at an accelerating voltage of 80
kV. Scanning transmission electron microscope (STEM)
imaging was acquired by high-angle annular dark-eld detector
This journal is © The Royal Society of Chemistry 2017
(HAADF) with a camera length of 115 mm. A tapping mode
atomic force microscope (AFM) (Cypher, Asylun Research, CA,
USA) was utilized to observe the micromorphology of samples.
2.4 Loading and releasing proles of DOX with GO–PCn–FA

DOX was loaded onto GO–PCn–FA or GO via p–p stacking
interactions by mechanically mixing 0.5 mg mL�1 of DOX with
1.0 mg mL�1 of GO–PCn–FA or GO in pure water at different
volume ratios overnight. Then, the DOX-loaded GO–PCn–FA
composites (DOX@GO–PCn–FA) were ltered out from the
mixture with a 0.22 mm membrane, washed 3 times, vacuum
dried, and stored at 4 �C.

The drug loading content was dened as the mass
percentage of DOX presented in DOX@GO–PCn–FA composites,
and the drug loading efficiency was expressed as the proportion
of the added DOX that was encapsulated in DOX@GO–PCn–FA.
The drug loading content and loading efficiency were deter-
mined using a Waters 2695 high-performance liquid chroma-
tography (HPLC) system (Milford, MA, USA) equipped with
a 4.6250 mm Discovery HS F5 HPLC column (Supelco, Belle-
fonte, PA, USA) and a UV detector (Waters 2487). The determi-
nations were proceeded by a mobile phase composed of
CH3OH : H2O (0.1% TFA) : CH3CN (0.1% TFA) ¼ 17 : 54 : 29
(volume ratio) at a ow rate of 1.0 mL min�1 at 25 �C with the
sample injection volume of 10 mL. In order to analyze the release
prole of DOX, 10 mg of DOX@GO–PCn–FA was placed into
each dialysis bag and dialyzed in 10 mL of PBS as medium
(0.1 mol L�1 with pH 7.2 and 5.5, respectively) at 37 � 1 �C. At
RSC Adv., 2017, 7, 41675–41685 | 41677
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each scheduled time point, 1 mL of PBS was taken out for HPLC
analysis and an additional 1 mL of medium was replaced to
keep the volume.

2.5 In vitro cell cytotoxicity analysis

L929, HNEPC, HepG2, KB, and A549 cells were cultured in
Dulbecco's modied Eagle's medium (DMEM) supplemented
with 15% FBS, 100 mg mL�1 of streptomycin, and 100 mg mL�1

of penicillin in culture asks, and they were incubated at 37 �C
in a humidied incubator (Heracell model 150i, Thermo
Scientic, USA) containing 5% CO2 and 95% air.

The cytotoxicity experiments of the samples were performed
using a CCK-8 assay and they were repeated at least in sextu-
plicate. Briey, 1 � 104 viable cells were placed in each well of
96-well plates and cultured for 24 h prior to the addition of GO,
GO–PCn–FA, free DOX, and DOX@GO–PCn–FA of different
concentrations (25, 50, 75, 100, and 150 mg mL�1 for GO and
GO–Pn–FA; 1, 2.5, 5, 7.5 and 10 mg mL�1 for free DOX and
DOX@GO–PCn–FA), respectively. Aer being cultured for 24 h
or 48 h at 37 �C, 20 mL of CCK-8 (5 mg mL�1 in culture medium)
was added and the cells were incubated for 1 h at 37 �C. The
absorbance of the solution at 450 nm was recorded with a Rayto
RT-6000 microplate reader (Rayto Life and Analytical Sciences
Co., Ltd., Shenzhen, China). The mean absorbance of the
untreated cells was used as the reference value to determine
100% cellular viability.

2.6 Flow cytometry analysis

Flow cytometry analysis was carried out to ascertain and
compare the percentages of apoptotic cells between the groups
subjected to different treatments. HepG2 human hepatocellular
carcinoma cells were placed in 6-well plates (1.5 � 105 cells per
well) and cultured overnight, allowing the cells to attach. The
cells were then treated with GO (30 mg mL�1), GO–PCn–FA (30
mg mL�1), DOX@GO–PCn–FA (30 mg mL�1), and free DOX (5 mg
mL�1) at 37 �C, respectively. Aer 8 h of incubation, the HepG2
cells were detached and collected by centrifugation at 1000 rpm
for 3 min, and they were then resuspended in 100 mL of 1�
loading buffer. We added 5 mL of annexin-V into the suspen-
sion, which was kept in a dark place for 15 min before 5 mL of
propidium iodide (PI) was added. Aer 5 min of incubation on
ice, each sample was analyzed using a ow cytometer (BD
FACSAria II, BD Biosciences, CA, USA), and FlowJo Workplace
(V.x.0.7, FlowJo LLC, Ashland, OR, USA) was used to analyze the
data.

2.7 In vivo biodistribution study of GO–PCn–FA

The animal test was approved by the Animal Care Committee of
Sun Yat-sen University (Guangzhou, China), and the experi-
ments were performed in accordance with the National Insti-
tutes of Health's guidelines for the use of experimental animals.
Male adult specic pathogen-free (SPF) SD rats weighing
between 250 and 300 g were obtained from the Laboratory
Animal Center of Sun Yat-sen University.

Rats were anesthetized with pentobarbital sodium (30 mg
kg�1 via intraperitoneal injection). GO–PCn–FA was dispersed
41678 | RSC Adv., 2017, 7, 41675–41685
in 0.9% saline at a concentration of 5.0 mg mL�1 and the
suspension was ultrasonicated for 5 min using a Branson digital
sonier (Emerson, Danbury, CT, USA) S-250D with a 1/8-in
tapered microtip (200 W; 20 kHz; amplitude: 40%; 2 s/2 s) in
an ice-cold bath. Immediately aer homogenization, the GO–
PCn–FA suspension was intravenously injected through the tail
vein at the dosage of 20 mg kg�1. The rats were killed 24 h aer
administration and the major organs, including the brain,
lungs, heart, liver, spleen, kidneys, intestines, andmuscles were
collected. Samples were subjected to hematoxylin–eosin (HE)
staining and scrutinized with a Leica (Leica Microsystems Inc.,
IL, USA) DM 2500 microscope with a Leica DFC425 C camera.

3. Results and discussions
3.1 Characterizations

The 13C-NMR spectrum of GO–PCn–FA reveals the characteristic
peaks of the methyl (30.18 ppm), the methylene (61.22 ppm and
66.85 ppm), and the methyne (126.83 ppm) in the phosphor-
ylcholine oligomer chains, while the peak at 215.34 ppm is very
likely the resonance of carbon atoms that belong to the phenyl
structure of folic acid (Fig. 2A). In the 1H-NMR spectrum of GO–
PCn–FA, the distinct peak at 4.78 ppm is the resonance of H2O
when the peak at 3.14, 4.22, 3.58, and 1.86 ppm should be the
resonance of the hydrogen atoms in the methyl group, which
comes from the phosphorylcholine oligomer structure (Fig. 2A).
These results proved the successful graing of the phosphor-
ylcholine oligomer and the conjugation of folic acid onto the
GO sheets since the pure GO is superparamagnetic without
these characteristic peaks.

Fig. 2B shows the FTIR spectra of graphite, free DOX, GO,
GO–PCn–FA, and DOX@GO–PCn–FA. On the GO spectrum, the
peaks at 1730 and 1630 cm�1 correspond to the stretching
vibration of carboxyl (C]O) and the deformation of the
hydroxyl (–OH) groups in water that present in GO, respectively.
The peak centers at 1388 cm�1, which is attributed to the
deformation vibration of the C–OH bond, while an intense band
at 1051 cm�1 is due to the stretching vibration of the C–O bonds
in GO.46 For GO–PCn–FA, the double peaks at 3034 and
2956 cm�1 are associated with the transformation of methylene
carbon. The peak at 1489 cm�1 is related to P–O–alkyl and the
absorbance at 964 cm�1 can be assigned to the tertiary amine
group. In addition, the peak at 1605 cm�1 is due to the defor-
mation vibration N–H amide-II of the amine group in FA-
conjugated GO–PCn, which conrms the existence of the
chemical bonds between FA and GO–PCn. On the FTIR spec-
trum of DOX@GO–PCn–FA, the stretching vibration band of
C–O–C (�1085 cm�1) and C–O–H (�1285 cm�1) are detected.
The broad peak between 3600 cm�1 and 3000 cm�1 represents
the hydroxyl (OH) stretching and NH-stretching vibration
bands.

Raman spectroscopy was carried out to investigate the
carbon structures of pristine graphite, GO, and GO–PCn–FA. As
shown in Fig. 2C, pristine graphite has a very weak D band at
1350 cm�1, while both GO and GO–PCn–FA have an increased D
band. Furthermore, the 2D band of pristine graphite at
2700 cm�1 decreases aer modication and a new peak (called
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (A) 13C-NMR and 1H-NMR spectra of GO–PCn–FA; (B) FTIR spectra of graphite, free DOX, GO, GO–PCn–FA, and DOX@GO–PCn–FA;
and (C) Raman spectrum and (D) XRD patterns of graphite, GO, and GO–PCn–FA.
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the D + G peak) in 2940 cm�1 appears. This result indicates that
the sample becomes amorphous aer oxidation and graing,
and the sample is a mixture of a single-layer and multilayer
structure.47

In the XRD investigation, the graphite presented a strong
diffraction peak at 26.2� and GO showed at 10.1�, while GO–
PCn–FA did not show an evident diffraction peak in this range
(Fig. 2D). This was because the lamellar spacing increased from
0.34 nm for pristine graphite to 0.81 nm for GO. The formation
of oxygen-containing functional groups on the carbon basal
planes led to the large lamellar spacing of GO.43,48 Aer conju-
gating with phosphorylcholine chains and FA, the lamellar
spacing of GO–PCn–FA became even greater, and the 001
diffraction peak decreased sharply and shied to an angle that
is too low to be observed in the scanning range.

The XPS results reveal that only the carbon and oxygen
elements can be observed in the spectrum of GO, while the
additional nitrogen and phosphorus elements emerge in the
spectrum of GO–PCn–FA, indicating the successful introduc-
tion of phosphorylcholine oligomer chains (Fig. 3A and B). On
the C 1s intensive scan of GO–PCn–FA, the C]O bond at
288.3 eV, the C–C bond at 285.9 eV, and the C–N bond at
284.3 eV are observed, which conrms the linkage between GO
and phosphorylcholine (Fig. 3C). On the O 1s intensive scan of
GO–PCn–FA, the peak at 529.4 eV is caused by the O–P bond,
which cannot be observed in the O 1s XPS spectrum of GO
(Fig. 3D). In addition, the peak at 401.9 eV in the N 1s intensive
scan (Fig. 3E) as well as the peak at 132.4 eV in the P 2p intensive
scan (Fig. 3F) demonstrate the presence of phosphorylcholine
and FA moieties in GO–PCn–FA. Therefore, the aforementioned
results conrm the successful preparation of GO–PCn–FA.
This journal is © The Royal Society of Chemistry 2017
3.2 Micromorphological investigation of GO and GO–PCn–
FA

The STEM and TEM studies showed that both GO and GO–PCn–
FA displayed a paper-like structure with the area of a few to
dozens of square microns (Fig. 4A–D), but no distinct differ-
ences on morphology between GO and GO–PCn–FA were
observed at this contrast resolution. The morphology of as-
prepared GO and GO–PCn–FA was also characterized by AFM
(Fig. 4E and F). Furthermore, both GO and GO–PCn–FA pre-
sented with a sheet-like shape with the thickness of about
1.2 nm, which was in accord with data reported in other liter-
ature,49 conrming single- to multiple-layer structures of GO
and GO–PCn–FA. As compared to GO, GO–PCn–FA sheets were
smaller and more fragmented, with the average lateral dimen-
sion of 2.0 mm.
3.3 Loading and releasing of DOX with GO–PCn–FA

Loading of DOX onto GO–PCn–FA or GO is postulated to occur
through the non-covalent interaction between the graphene
aromatic layer and the aromatic structure in DOX molecules
known as the p–p stacking effect.6,50 The loading efficiency as
well as the loading content of DOX onto GO–PCn–FA or GO were
determined by HPLC as shown in Fig. 5A. For GO–PCn–FA, with
the increase of the mass ratio of DOX to GO–PCn–FA, the
loading efficiency declined, while the loading content increased
(Fig. 5A). The balance was achieved at the ratio of 1.5, in which
the DOX loading efficiency reached up to about 18% and the
corresponding drug loading content was 21% (0.27 mg of DOX
on per mg of GO–PCn–FA), and the continuing increase of the
ratio did not promote the DOX loading contents (Fig. 5A). Thus,
RSC Adv., 2017, 7, 41675–41685 | 41679
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Fig. 3 XPS spectra of GO and GO–PCn–FA. (A) Survey scan of pristine GO; (B) survey scan of GO–PCn–FA; and (C) C 1s, (D) O 1s, (E) N 1s, and (F)
P 2p intensive scan of GO–PCn–FA, respectively.

Fig. 4 Micromorphology of GO and GO–PCn–FA. (A) STEM and (B) TEM images of GO; (C) STEM and (D) TEM images of GO–PCn–FA; and
tapping mode AFM images on the mica surface of (E) GO and (F) GO–PCn–FA sheets.
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in the following preparation of DOX@GO–PCn–FA, the mass
ratio of DOX to GO–PCn–FA was kept at 1.5, and the DOX
concentration in DOX@GO–PCn–FA was determined as 21%. As
a control, on the pristine GO, the DOX loading contents kept
41680 | RSC Adv., 2017, 7, 41675–41685
increasing with the increase of the mass ratios of DOX to GO
and reached around 63.5% (1.74 mg of DOX on per mg of
pristine GO) at a mass ratio of 2. The huge difference of drug
loading contents between GO and GO–PCn–FA should be
This journal is © The Royal Society of Chemistry 2017
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attributed to the graing of hydrophilic phosphorylcholine
oligomers. The graed moieties covered up a part of the GO
sheet surface thus decreased the space for DOX loading.
Moreover, the hydrogen bonding between the carboxy group on
pristine GO sheets and amino group in DOX molecule can also
strengthen the interactions of GO sheets and DOX, thus
increased the DOX loading contents. However, the drug loading
content, which is determined largely by intrinsic properties, such
as the size of GO used in this study, can be promoted to a higher
level using a distinct batch of GO. As the exfoliated graphite was
employed, the DOX loading content of GO–PCn–FA, prepared by
an identical approach, reached above 45% (ESI†).

The release proles of DOX from DOX@GO–PCn–FA were
measured at pH 5.5 and pH 7.2, respectively. As shown in
Fig. 5B, a slow release feature was observed at pH 7.2, in which
less than 20% of DOX was off-loaded from DOX@GO–PCn–FA
within 24 h, whereas rapid release occurred in an acidic envi-
ronment (pH 5.5) in which around 45% of DOX was released in
24 h. This pH-dependent DOX release behavior might stem
from increased hydrophilicity via protonation of the NH2 group
of DOX in an acidic condition, which substantially weakened
the p–p interaction between DOX and the GO layers.51 Given
that both the extra- and intracellular microenvironments of the
tumors tissues are acidic, the pH-dependent drug release
behavior is benecial for treating tumors.
3.4 In vitro cytotoxicity assay of DOX, GO, and derivatives

The cytotoxicity of GO and GO–PCn–FA were investigated by CCK-
8 assay. The L929, HNEPC, and HepG2 cells were selected as the
model cell lines. As shown in the rst row of Fig. 6, the viability of
the L929, HNEPC, and HepG2 cells remained above 75% without
a signicant difference aer 24 h of incubation as the dosage was
increased to 100 mg mL�1, which implied good biocompatibility
of GO and GO–PCn–FA to the cells under these circumstances.
Aer being exposed to GO and GO–PCn–FA for 48 h, cell viabil-
ities remained over 60% (second row of Fig. 6). It is noteworthy
that GO–PCn–FA exerted a considerably lower cytotoxic effect on
the HNEPC cells as compared to GO at high dosages over 100 mg
mL�1, suggesting that the surface modication of phosphor-
ylcholine oligomer improved biocompatibility.
Fig. 5 (A) Loading efficiency and loading content of DOX onto GO–PCn
FA in PBS (0.1 mol L�1, 37 �C, pH 5.5 and 7.2, respectively).

This journal is © The Royal Society of Chemistry 2017
Evaluations comparing the cytotoxic effects of free DOX and
DOX@GO–PCn–FA on normal cells as well as tumor cells were
also performed (third and fourth row of Fig. 6). For the normal
cells, DOX@GO–PCn–FA had an apparently lower detrimental
effect on cell viability in comparison with free DOX, which was
mainly attributable to the postponed uptake of DOX@GO–PCn–
FA, which was substantially limited by steric hindrance because
the micron-sized vehicle and the cells were of the same order of
magnitude in size. Moreover, the slow release feature of DOX
from the vehicle (approximate 45% of DOX was released in 24 h)
geared down the translocation of DOX into the cell nucleus and
resulted to the postponed cytotoxicity.

For the HepG2 hepatocellular carcinoma (HCC) cells, both
free DOX and DOX@GO–PCn–FA exhibited remarkable inhibi-
tion against the tumor cells in a dosage- and duration-
dependent manner. The cell viability of HepG2 of both groups
was reduced to about 50% at the dosage of 7.5 mg mL�1, and it
kept decreasing as the dosage increased and the duration was
prolonged. The difference in antitumor effects between the
groups became statistically signicant only when the dosage
was raised up to 10 mg mL�1 of DOX, which was also due to the
slow release and limited uptake characteristics of DOX@GO–
PCn–FA as described above.

More importantly, considering the inherent and remarkable
chemoresistance of the HCC cells52,53 as well as the normal cells,
especially those dividing rapidly (e.g., broblast cells, epithelial
cells, and mucosal cells), which are extremely susceptible to
chemotherapeutic agents,54,55 chemotherapy agents are
supposed to cause much more pronounced damage to normal
cells as compared to HCC cells. However, our data revealed that
DOX@GO–PCn–FA exerted a comparable cytotoxic effect on
both the normal and HCC cells without a signicant difference.
The possible and reasonable explanation is that PC modica-
tion reduced the toxicity to normal cells and, on the other hand,
the targeting ligand (FA) maintained the cytotoxicity against the
HepG2 HCC cells with folate receptor expression,56,57 leading to
the targeted cytotoxic effect of DOX@GO–PCn–FA on tumor
cells. Succinctly put, DOX@GO–PCn–FA simultaneously pre-
sented optimized biocompatibility to normal cells and prefer-
ential suppression in the viability of tumor cells.

Cytotoxicity was further investigated by the ow cytometry
analysis of HepG2 cells incubated for 8 h with GO, GO–PCn–FA,
–FA or GO; and (B) the release behavior of DOX from DOX@GO–PCn–

RSC Adv., 2017, 7, 41675–41685 | 41681
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Fig. 6 Cytotoxicity assays of GO, GO–PCn–FA, DOX@GO–PCn–FA, and free DOX against L929, HNEPC, and HepG2 cells, respectively (*p <
0.05).

Fig. 7 Flow cytometry analysis of the cytotoxicity of materials to HepG2 cells. (A) Control group; cells incubated for 8 h with (B) GO at 30 mg
mL�1, (C) GO–PCn–FA at 30 mg mL�1, (D) DOX@GO–PCn–FA at 30 mg mL�1, and (E) free DOX at 5 mg mL�1.

Fig. 8 Cell viability of A549 and KB cells treated with different dosages
of DOX@GO–PCn and DOX@GO–PCn–FA for 24 h.
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DOX@GO–PCn–FA, and free DOX, respectively (Fig. 7). There
was little difference in cell viabilities, with no statistically
signicant difference between the control group and the groups
subjected to GO or GO–PCn–FA at 8 h post treatment (Fig. 7A–
C), suggesting the optimized biocompatibility of GO and GO–
PCn–FA in the experimental setting. On the other hand, aer
incubation for 8 h with DOX@GO–PCn–FA, 45.8% of the cells
remained viable, while most of the damaged cells were at the
stage of late apoptosis or necrosis (Fig. 7D). Moreover, around
32% of cells treated with free DOX survived when themajority of
the injured cells were at the early apoptotic stage (Fig. 7E).
These outcomes suggested that DOX@GO–PCn–FA was more
prone to induce necrosis while free DOX tended to trigger
apoptosis. The distinct effects of DOX@GO–PCn–FA and DOX
on cells could be ascribed at least partly to the slow release
behavior of DOX from DOX@GO–PCn–FA. Another speculated
mechanism might be that aer the slow internalization of the
41682 | RSC Adv., 2017, 7, 41675–41685
micron-sized DOX@GO–PCn–FA, the intracellular release of
DOX was enabled, which considerably promoted and acceler-
ated the process of apoptosis and necrosis of the cells.
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 HE-stained histological sections of the organs and tissues. (A) Lung, (B) brain, (C) heart, (D) liver, (E) spleen, (F) kidney, (G) intestines, and (H)
muscle.
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3.5 Specic targeting effect of folate modication

In addition to the enhanced permeability and retention (EPR)
effect, active targeting is another feasible and effective strategy
to improve drug delivery capability of the vehicle to the tumor
lesions. The conjugation of ligands confers the drug carrier with
the ability to identify and bind to the targeting cells, tissues, or
organs with high sensitivity and specicity. As is shown in
Fig. 8, the coupling of folic acid (FA) provided DOX@GO–PCn–
FA with a formidable and enhanced eradication effect over
DOX@GO–PCn against KB tumor cells with folate receptor
expression. For example, at 50 mg mL�1, the cell viabilities aer
treatment were 27.4% for DOX@GO–PCn–FA and 44.3% for
DOX@GO–PCn, respectively (Fig. 8B). With respect to folate
receptor-negative A549 cells, DOX@GO–PCn–FA and
DOX@GO–PCn introduced a parallel cytotoxic effect without
a signicant difference (Fig. 8A). These results veried the tar-
geting specicity of DOX@GO–PCn–FA towards folate receptor-
expressing cells, representing the active targeting approach,
which is frequently used to prepare biomarker-oriented drug
delivery systems. Furthermore, as for the specicity of linked
ligands, GO–PCn–FA has the great potential to be a versatile
platform to target a wide spectrum of biomarkers.
3.6 Preliminary exploration of in vivo biodistribution and
biocompatibility of GO–PCn–FA

In order to evaluate in vivo biodistribution and biocompati-
bility, GO–PCn–FA suspension (5 mg mL�1 in saline) was
intravenously injected into SD rats through the tail vein at the
dosage of 20 mg kg�1. The rats were killed 24 h aer adminis-
tration and the major organs, including the lung, brain, heart,
liver, spleen, kidneys, intestines, and muscles were collected
and sectioned into thin slices for hematoxylin–eosin (HE)
staining. As shown in Fig. 9, GO–PCn–FA was predominantly
deposited in pulmonary parenchyma (indicated by the blue
arrows in Fig. 9A), whereas no accumulation of GO–PCn–FA was
detected in other organs. Furthermore, no obvious pulmonary
This journal is © The Royal Society of Chemistry 2017
toxicity, such as pulmonary edema induced by the as-prepared
GO observed in earlier reports58, was evidenced in this study.
Our data demonstrated that the surface modication of the
phosphorylcholine oligomer offered GO improved biocompati-
bility. In addition, GO–PCn–FA has great application potential
in the management of respiratory diseases as it presented the
propensity for accumulating in pulmonary parenchyma. More
studies are warranted to fully evaluate the applications and the
long-term toxicology proles of GO–PCn–FA.

4. Conclusions

In conclusion, we developed an efficient approach to prepare
phosphorylcholine oligomer-graed, folic acid-labeled,
doxorubicin-loaded GO (DOX@GO–PCn–FA) for targeted drug
delivery. GO–PCn–FA presented superior biocompatibility to
normal cells as compared to GO, while DOX@GO–PCn–FA
presented preferred cytotoxicity over DOX@GO–PCn against
tumor cells with folate receptor expression, indicating the
specic targeting effect of DOX@GO–PCn–FA. An in vivo bio-
distribution and biocompatibility study suggested that GO–
PCn–FA was predominantly deposited in pulmonary paren-
chyma without a signicant adverse effect aer intravenous
administration. Our work demonstrated the great potential of
phosphorylcholine oligomer-graed graphene oxide as a versa-
tile platform for biomarker-directed delivery with optimal
biocompatibility.
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