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A number of anticancer drugs, such as doxorubicin (DOX), operate only after being transported into the
nucleus of cancer cells. Thus it is essential for the drug carriers to effectively release the anticancer drugs
into the cytoplasm of cancer cells and make them move to nucleus freely. Herein, a pH-responsive
charge-reversal polyelectrolyte and integrin aⅤb3 mono-antibody functionalized graphene oxide (GO)
complex is constituted as a nanocarrier for targeted delivery and controlled release of DOX into cancer
cells. The DOX loading and releasing in vitro demonstrates that this nanocarrier cannot only load DOX
with high efficiency, but also effectively release it under mild acidic pH stimulation. Cellular toxicity
assay, confocal laser scanning microscopy and flow cytometer analysis results together confirm that with
the targeting nanocarrier, DOX can be selectively transported into the targeted cancer cells. Then they
will be effectively released from the nanocarriers in cytoplasm and moved into the nucleus subsequently,
stimulating by charge-reverse of the polyelectrolyte in acidic intracellular compartments. The effective
delivery and release of the anticancer drugs into nucleus of the targeted cancer cells will lead to a high
therapeutic efficiency. Hence, such a targeting nanocarrier prepared from GO and charge-reversal
polyelectrolytes is likely to be an available candidate for targeted drug delivery in tumor therapy.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The ideal effect for controlled drug delivery is for the drug to get
to a desired therapeutic concentration at targeting sites while at
other tissues is kept at safe levels [1e3]. And one of the major
challenges to achieve this effect is to find a suitable delivery carrier.
An ideal controlled carrier for anti-cancer drugs should have long
circulation duration, the ability to target cancer cells, and eventu-
ally the ability to efficiently deliver and release drugs into cyto-
plasm. Currently, various polymeric particles [4e6], liposomes [7e
9], microspheres [10,11] and nanoparticles [12e14] have been used
as potential antitumor drug carriers. Among these carriers, nano-
materials demonstrate advantages in anti-cancer drug delivery
including a tunable circulation life time, enhanced permeability
and retention (EPR) effect that up-regulates intratumoral delivery
due to the high permeability of tumor vasculatures, and multiva-
lent effect that increases receptor targeting specificity by labeling
multiple ligands on a single nanoparticle [15,16].

Recently, graphene oxide (GO) as a promising nanomaterial for
drug delivery has attracted significant attentions for its good
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biocompatibility, endocytosis, and large specific surface area for
loading drugs and other functional biomolecules [17e20].
Compared with other drug carriers, GO has much higher loading
capacity, which makes it can effectively enhance the drug delivery
into cells [17,19,21]. Furthermore, with a lot of active groups such as
hydroxyl and carboxyl on the surface of GO, targeting molecules
such as folic acid, antibodies can be conveniently immobilized on,
and then enable GO to be specifically internalized into the targeted
cells [22e24]. Accordingly, with the targeting molecule functional
GO as the drug carrier, drugs can be efficiently and selectively
transported into the targeted cells.

Doxorubicin (DOX), as a commonly used anticancer drug in
chemotherapy, kills cells by intercalating with DNA, thereby pre-
venting the DNA replication and then the cell division process
[25,26]. Consequently, it operates only when being sufficiently
transported into the nucleus of cancer cells. However, most of the
drug carriers so far such as liposomes and nanoparticles, including
GO, can neither migrate into the cellar nucleus due to their large
size nor effectively release their cargoes in the cytoplasm [27,28].
Then only a small percentage of drugs delivered into the cytoplasm
can reach the nucleus eventually. Thus, it is urgent to construct a
drug carrier capable of effectively releasing anticancer drugs in the
cytoplasm of cancer cells to make the drugs move into the nucleus,
leading to a high therapeutic efficiency.
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Smart structures that are responsive to external stimuli, such as
heat, light, pH or magnetic fields are ideal candidates for controlled
release of anticancer drug [29e36]. By formulating these stimuli-
responsive materials with drug carriers, DOX can be released
from the delivery systems in cytoplasm under some specific stim-
uli, then move into the nucleus to kill cells. Different to the physi-
ological pH (7.4) of normal cells, the extracellular environment of
solid tumors is acidic (pH w 6.8), and the pH values in endosomes
are even a lot lower (5.0e6.5) [32,37,38]. According to this, pH-
responsive nanocarriers can be developed to deliver and effi-
ciently release anticancer drugs in cancer cells, because it is
reasonable to insert acid-cleavable linkers in a nanocarrier to
induce destabilization of the carrier in endosome, resulting in the
release of drugs from the nanocarrier into cytoplasm. The charge-
reversal polyelectrolyte is a kind of polymer that could pH-
dependently shift its charge nature between positive and nega-
tive. This property make charge-reversal polyelectrolyte an ideal
material to constitute the pH-responsive nanocarriers for releasing
the anticancer drugs, siRNA, genes and proteins in cytoplasm [39e
45]. As an anionic carboxylate-functional polyelectrolyte, citraconic
anhydride-functionalized poly(allylamine) (PAH-Cit) is a common
charge-reversal polyelectrolyte, which can be readily converted
back to cationic poly(allylamine) by amide hydrolysis upon expo-
sure to mild acidic environments (Scheme 1A), such as those found
within late endosomes and lysosomes [39,40,46].

Herein, we developed a GO based charge-reversal nanocarrier
(GO-Abs/PEI/PAH-Cit/DOX) for enhanced delivery and controlled
release of DOX into specific cancer cells. PAH-Cit was conjugated
with a cationic polyelectrolyte (polyethyleneimine, PEI) coated GO
by electrostatics. And DOX was loaded on GO by covalently linkage
with PAH-Cit. As shown in Scheme 1A and C, after the drug delivery
system is endocytosed into cells, the PAH-Cit/DOX will convert to
cationic poly(allylamine) upon exposure to acidic environments of
endosome or lysosome. Hence it is released from the positive
Scheme 1. (A) Hydrolysis of the citraconic amide side chains of anionic charge-reversal p
amine)). (B) Construction of the targeted charge-reversal nanocarrier (GO-Abs/PEI/PAH-Cit/
dependent charge-reverse of the charge-reversal polyelectrolytes on GO.
charge surface of GO/PEI. It will be expected that this nanocarrier
can specifically transport anti-cancer drugs into the targeted cancer
cells with high efficiency, and then release them to move into nu-
cleus to achieve the medical effect.

2. Experimental section

2.1. Materials and characterization

Citraconic anhydride and polyethyleneimine (PEI, Mw w 60 KDa) were pur-
chased from TCI Tokyo Chemical Industry Co.,Ltd; Doxorubicin hydrochloride
(DOX), poly (allyamine hydrochloride) (PAH,Mw w 15 kDa), N-hydroxy succinimide
(NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
were purchased from SigmaeAldrich Co. Integrin aⅤb3 (23C6) mono-clonal anti-
body (integrin aⅤb3 mAb) was purchased from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA, USA); CCK-8 was purchased from Dojindo Laboratories (Kumamoto,
Japan). The graphene oxide (GO) was the product of XF NANO, INC (Nanjing, China).
Since all the chemicals were analytical grade and were used without further pu-
rification. The high-purity deionized water (resistance >18 MU cm) is used
throughout.

The optical absorbance characteristics of various samples were investigated by
visible absorption spectra (Lambda-35 UVeVis spectrophotometer, PerkineElmer,
USA) and fluorescence spectra (LS-55 fluorescence spectrophotometer, Perkine
Elmer, USA) with an excitation of 490 nm. Tapping mode atomic force microscopy
(Agilent 5500AFM) purchased fromAgilent Technologies, Inc. (Englewood, USA)was
used for detecting the size of GO and GO/PEI/PAH-Cit/DOX. The zeta potential of
various samples were measured by affordable molecular/particle size and zeta po-
tential analyzer (Malvern instruments, Zetasizer Nano-ZS) at 25 �C, and all the
samples were dispersed in phosphate buffer solution (PBS) of pH 7.4.

2.2. Synthesis of charge-reversal polyelectrolyte and the conjugation of DOX

We synthesized the charge-reversal polyelectrolyte according to the Lynn [46].
PAH (40 mg) was dissolved in NaOH (1 M) and stirred for several hours. Citraconic
anhydride was then added dropwise into the PAH solution, with NaOH (6 M) added
during the reaction to keep the pH above 8.0. After overnight reaction, the resultant
mixture was filtrated through 3 kDa filters (Millipore) to remove excess reagents.
Then 100 mL of 5 M DOX was put into the 1 mL as-prepared polyelectrolyte, followed
by 100 mL of EDC and 100 mL of NHS added to the resultant solution in succession to
catalyze the attachment of DOX to the polyelectrolyte. The mixture was incubated
for 24 h, protected from light illumination. Unbound excess DOX was also removed
by filtration through 3 kDa filters (Millipore) and repeated rinsing.
olyelectrolyte (PAH-Cit) under mild acidic conditions yields cationic PAH (poly(allyl-
DOX). (C) Controlled release of DOX at endosome or lysosome, stimulating by the pH-
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2.3. Preparation of the nanocarriers

2.3.1. GO/PEI/PAH-Cit/DOX
GO was carboxylated using a modified protocol [18,47]. After NaOH (0.1 g) and

chloroacetic acid (ClCH2COOH) (0.1 g) were added, 1 mL GO suspension was bath
sonicated at 80 �C for 3 h to convert eOH groups to eCOOH groups. The resulting
mixture was centrifuged twice at 13,000 rpm. The supernatant was disregarded and
the resulting particles were redispersed in pure water. Then 100 mL of PEI solution,
EDC (20 mM) and NHS (20 mM) were dropwise added in succession. After 24 h re-
action, the mixture was centrifuged at 13,000 rpm for 10 min. Then the nanocarriers
were constructed by adding the DOX conjugated charge-reversal polyelectrolyte
(PAH-Cit/DOX). Finally, after being mixed and stirred for 3 h at room temperature,
the solution was centrifugated twice at 13,000 rpm for 10 min. The resulting par-
ticles were redispersed in PBS of pH 7.4.

2.3.2. GO-Abs/PEI/PAH-Cit/DOX
Integrin aⅤb3 mono-clonal antibody was bounded on carboxylated GO by the

covalently linkage of carboxyl group with amino group, with EDC and NHS to
accelerate the reaction. Then the GO-Abs was assembled as above.

2.3.3. GO-DOX
DOX was covalently attached on carboxylated GO also by the covalently linkage

of carboxyl group with amino group, with EDC and NHS to accelerate the reaction.

2.3.4. GO/DOX
DOX was physically attached on GO by adding DOX into GO suspension, and

stirring for several hours.

2.4. DOX loading and pH dependently releasing

Different concentrations of PAH-Cit/DOX (0.2e3.2 mg/mL of DOX) were stirred
with 1 mL GO/PEI (0.2 mg/mL of GO) for 30 min at room temperature. The resultant
product was collected by centrifugation at 13,000 rpm. The amount of unbound DOX
in the solution was determined by measuring the absorbance at 490 nm using a
calibration curve prepared under the same condition (Fig. S1). The drug loading
capacity is defined as (weight of DOX loaded on GO carriers/weight of GO carriers).
The drug loading efficiency (%) is defined as (weight of DOX loaded on GO carriers/
weight of initially added DOX) � 100.

Different samples used for the release experiments were placed into a 500 kDa
dialysis chambers, which were dialyzed in 50 mL of pH 5 acetic buffer (the endo-
somal pH of cancer cells), pH 6.8 phosphate buffer (the pH of cancer tissues), and pH
7.4 phosphate buffer (the physiological pH), stirring inside an incubator shaker at
37 �C respectively. The drug release was assumed to start as soon as the dialysis
chambers were placed into the reservoirs. The release reservoirs were kept under
constant stirring, and at various time points, 100 mL of the solution in the release
reservoirs was taken out for characterization. The concentration of DOX released
from GO was measured by fluorescence at 600 nm using a calibration curve pre-
pared under the same condition (Fig. S2).

2.5. Cell culture and animal model

U87 MG human glioblastoma cancer cells and MCF-7 human breast cancer cells
were cultured in Eagle’s minimal essential medium (EMEM) and Dulbecco’s modi-
fied Eagle’s medium (DMEM), respectively. The media were supplemented with 10%
fetal bovine serum (FBS) and 1% penicillinestreptomycin, in 5% CO2, 95% air at 37 �C
in a humidified incubator. Female Balb/c mice, aged 6�8 weeks were used for in vivo
pharmacokinetic studies. The U87 MG tumors were generated by subcutaneous
injection of 1 �107 cells in 100 mL PBS to female athymic nude mice. After 14 days of
xenograft, tumor-bearing nude mice were sacrificed for biodistribution
experiments.

2.6. Cellular toxicity by CCK8 assay

U87 MG cells were seeded in 96-well plates at 1 � 104 cells per well and sub-
sequently transfected with GO/PEI/PAH-Cit, free DOX, GO-DOX, GO/PEI/PAH-Cit/
DOX and GO-Abs/PEI/PAH-Cit/DOX at the DOX concentration of 1 mM and GO con-
centration of 1 mg/mL, respectively. After 24, 36 and 48 h incubation, respectively,
CCK-8 was added to each well and incubated at 37 �C in 5% CO2 for 2 h. Then the
absorbance of each well at 450 nm was measured by Infinite M200 (TECAN, Man-
nedorf, Switzerland). The results were expressed as the mean percentage of cell
viability relative to untreated cells.

2.7. Cellular uptake and the controlled release of DOX

To verify the targeted cellular uptake and controlled drug release of the charge-
reversal nanocarrier, 500 mL of U87MG cells were incubatedwith free DOX, GO-DOX,
GO-Abs/DOX, GO/PEI/PAH-Cit/DOX and GO-Abs/PEI/PAH-Cit/DOX at 37 �C (5% CO2),
respectively. All the samples are used at the DOX concentration of 0.4 mM. Based on
the fluorescence of doxorubicin, these cells were imaged at various time points by a
commercial laser scanning microscope (LSM510/ConfoCor2) combination system
(Zeiss, Germany) equipped with a Plan-Neo fluar 40�/1.3 NA oil DIC objective. The
DOX was excited at 488 nm with an Ar-ion laser (reflected by a beam splitter HFT
488 nm) and the fluorescence emissionwas recorded through a 560 nm IR long-pass
filter.

2.8. Quantification of the fluorescence intensity

To quantify the fluorescence intensity and further confirm the targeting nano-
carrier can be selectively internalized into the targeted cancer cells, U87 MG cells
and MCF-7 cells were seeded in 12-well plates and subsequently transfected with
free DOX, GO-Abs/DOX, GO/PEI/PAH-Cit/DOX and GO-Abs/PEI/PAH-Cit/DOX at the
DOX concentration of 0.4 mM. After 2 h incubation, they were rinsed with PBS, and
harvested with trypsin. Cells under different treatments were washed and resus-
pended in ice-cold PBS. The DOX fluorescence histogram of cells was obtained from
10,000 cells by flow cytometry (Becton Dickinson FACScan).

2.9. In vivo pharmacokinetic and biodistribution studies

2.9.1. In vivo pharmacokinetic studies
Free DOX and GO-Abs/PEI/PAH-Cit/DOX in PBS equivalent to 5 mg/kg DOX was

administered to Balb/c mice by tail vein injection, respectively. DOX measurement
was according to the previously reported protocols with minor modifications
[48,49]. After predetermined time intervals, approximately 20 mL of blood was
drawn from the tail vein of U87 MG tumor bearing nude mice to measure the blood
circulation of DOX. Briefly, the blood samples were dissolved in lysis buffer 1
(defined by 1% sodium dodecylsulfate (SDS), 1% Triton X-100, 40 mM tris(hydrox-
ymethyl)aminomethane (tris) acetate, 10 mM ethylene diamine tetra-acetic acid
(EDTA), and 10 mM dithiothreitol (DTT)). Then DOX was extracted by incubating
blood samples in 1 mL HCl (0.75 N) in isopropanol at �20 �C overnight. After
centrifugation at 15,000 rpm for 20 min, the fluorescence of the supernatant was
measured using a fluorescence spectra (LS-55 fluorescence spectrophotometer,
PerkineElmer, USA).

2.9.2. Biodistribution studies
U87 MG tumor bearing nude mice were sacrificed at 30 min and 6 h after tail

vein injectionwith GO-Abs/PEI/PAH-Cit/DOX and free DOX in PBS at a concentration
of 5 mg/kg DOX. The organs/tissues (0.1e0.3 g wet-weight of each) were homoge-
nized in 0.5 mL of lysis buffer 2 (defined by 0.25 M sucrose, 40 mM tris-acetate, 10mM

EDTA). For DOX concentrations detection, 200 mL of each tissue lysates was mixed
with 100 mL of 10% Titron X-100. After strong vortexing, DOX was extracted by
adding the samples into 1 mL of the extraction solution (0.75 N HCl in isopropanol)
and then incubating at�20 �C overnight. Then after centrifugation at 15,000 rpm for
20 min, the fluorescence of the supernatant was measured.

3. Result and discussion

3.1. Synthesis and characterization of the charge-reversal
polyelectrolyte functional nanocarrier

The targeting nanocarrier GO-Abs/PEI/PAH-Cit/DOX was pre-
pared as outlined in Scheme 1B. After carboxylation of GO, integrin
aⅤb3 mono-clonal antibodies and PEI were bound on it through the
covalent linkage of carboxyl groupwith amino group. And DOXwas
conjugated with anionic PAH-Cit by the same chemical linkage.
Then, the drug delivery nanosystemwas constructed with PAH-Cit/
DOX being loaded on the positive charge surface of GO/PEI by
electrostatic attraction. We also prepared GO/PEI/PAH-Cit/DOX,
GO-DOX and GO/DOX as controls. It was found that GO without
any modification was w100 to 1000 nm in size (Fig. 1A), whereas
GO/PEI/PAH-Cit/DOXwas decreased tow20 to 200 nm (Fig. 1C) due
to the sonication steps [18,19,50]. Andmore importantly, the height
of GO/PEI/PAH-Cit/DOX increased evidently compared with un-
modified GO (Fig. 1B and D), resulting from the layer-by-layer
coating of the polymers.

The functionalization process of DOX loaded nanocarriers were
determined by UVeVis spectrophotometer, fluorescent spectro-
photometer and atomic force microscopy (AFM). As shown in
Fig. 1C and D, containing the same concentration of DOX, the DOX
conjugated charge-reversal polyelectrolyte (PAH-Cit/DOX) has
nearly the same absorbance and fluorescent characteristics as free
DOX, apart from that the peak of plasmon absorbance (lmax) in UVe
vis spectra shifted from 488 nm to 501 nm (Fig.1E).Whilewhen the
PAH-Cit/DOX was loaded on GO through PEI to form the nano-
carrier GO/PEI/PAH-Cit/DOX, the peak shifted further to 556 nm



Fig. 1. AFM images and height profiles of GO (A, B) and GO/PEI/PAH-Cit/DOX (C, D). (E) UVeVis absorbance spectra of DOX, GO, PAH-cit/DOX and GO/PEI/PAH-cit/DOX. (F) Fluo-
rescence spectra of DOX, GO/PEI, PAH-Cit/DOX and GO/PEI/PAH-cit/DOX at the 490 nm excitation wavelength.

T. Zhou et al. / Biomaterials 35 (2014) 4185e41944188
and the absorption spectrum broadened. And when DOX was
covalently conjugated on GO, the absorbance peak of GO-DOX
shifted to 508 nm. As to the fluorescence spectra (Fig. 1F), both
GO/PEI/PAH-Cit/DOX and GO-DOX have the similar fluorescent
characteristic with DOX, though the fluorescent intensity dimin-
ished due to the quenching effect of GO. These optical results
indicated that DOX had been loaded on the GO based nanocarrier as
expected.

Zeta potential measurements after each of the coating steps are
also used to monitor and verify the successful deposition of poly-
electrolytes (Fig. 2). From Fig. 2A, we can see that the charge-
reversal ployelectrolyte (PAH-Cit) is positively charged at pH 7.4.
While with the pH decrease of the solution, the positive charge
amount of PAH-Cit gradually decreases. At pH 5.0, it has reversed to
be negatively charged. As shown in Fig. 2B, at pH 7.4, GO as the core
of the delivery system, had a negatively charged surface due to its
oxygen groups such as hydroxyl and carboxyl. The carboxylation
further increased the negative charges because of the increase of
carboxylic groups. And after the deposition of the positively
charged polyelectrolyte PEI, surface charge of the whole nano-
system (GO/PEI) became positive. Finally the anionic, pH-
responsive charge-reversal polyelectrolyte, PAH-Cit, was



Fig. 2. (A) Zeta-potential change of PAH-Cit under different pH. From pH 7.4 to 5.0, the
negative charge nature of PAH-Cit reverses to positive. (B) Zeta-potential of colloidal
GO, GO-COOH, GO/PEI and GO/PEI/PAH-Cit/DOX in 0.01 M in PBS buffer at pH 7.4.

Fig. 3. Drug loading efficiency and drug loading content when 0.2 mg/mL GO is loaded
with different initial amount of DOX.
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subsequently deposited on the nanosystem through electrostatic
attraction, which resulted in the negative charges on the whole
nanocarrier (GO/PEI/PAH-Cit/DOX). In addition, PEI on this nano-
carrier can help DOX escape from endosomes due to its proton
sponge effect [39,51,52].
3.2. Loading and pH responsive releasing of DOX

With the large specific surface area, GO is supposed to has
excellent loading behavior. The loading capacity and loading effi-
ciency of the nanocarrier was calculated by measuring the con-
centration of unbound drug using the absorbance at 490 nm. As
shown in Fig. 3, the DOX loading capacity increased linearly with
the increasing of the initial DOX concentration, and it reached to
0.294 mg/mg when the initial DOX concentration was 0.32 mg/mL,
which was still far away from being saturated. More importantly,
the drug loading efficiency was always over 90% among these initial
concentrations of DOX. These results indicated that the GO based
nanocarrier can load DOX with exceptionally high loading capacity
and efficiency, compared with many other common nanocarriers
such as carbon nanotubes and polymeric micelles [5,49,53,54].
Thereby, this GO based charge-reversal nanocarrier is a potential
nanocarrier for highly efficient load and delivery of DOX.

To validate that the charge-reversal polyelectrolyte can effec-
tively reverse its charge and then release DOX from GO under the
pH stimulus, the drug releasing was investigated at pH 5.0, 6.8 and
7.4, respectively. 37 �C, which is close to the physiological tem-
perature, was chosen for the release response. As shown in Fig. 4A,
DOX was released very slowly from the nanocarrier at neutral
conditions (pH ¼ 7.4). There was only about 28.75% of the total
bound released for 24 h. While when pH decreased, the release
efficiency of DOX enhanced evidently. After 24 h dialysis, nearly
50.25% of the total DOX was released from the nanocarrier under
the pH of tumor tissues (pH ¼ 6.8). And the release efficiency was
even up to 81.25% under the endosomal pH of cancer cells
(pH¼ 5.0). Especially in 6 h, DOX released significantly faster under
pH ¼ 5.0 than did under other two pH conditions. The results
indicated that the release of DOX from the charge-reversal nano-
carrier was pH-responsive. And the drug release rate of the nano-
carrier at mild acidic pHwas significantly higher than at neutral pH.
Furthermore, Fig. 4B and C present that the release of DOX form the
other ways attached GO, including directly binding on GO with
covalent linkages or pep stacking interactions, is not so pH
dependent as from the charge-reversal polyelectrolyte functional
GO. Generally, DOX can be loaded on the charge-reversal poly-
electrolyte functional GO under physiological conditions and
released at reduced pH, typical of micro-environments of cancerous
tissues, intracellular lysosomes or endosomes, provides an ideal
mechanism for selective drug release.

3.3. In vitro cytotoxicity studies of the DOX loaded nanocarriers

Cytotoxicity to the targeted cancer cells of various DOX loaded
drug carriers was investigated using CCK-8 assay. U87 MG cells
were used in this experiment because they over-express the used
targeted molecule, integrin aⅤb3. GO/PEI/PAH-Cit, free DOX, GO-
DOX, GO/PEI/PAH-Cit/DOX and GO-Abs/PEI/PAH-Cit/DOX with
equivalent concentration of GO and DOX were injected into U87
MG cells, respectively. After 24, 36 and 48 h incubation, the cell
viability was measured. As we can see from Fig. 5, enhanced cell
killing was evidenced in the cells treated with charge-reversal
nanocarriers compared to in that with covalently conjugated GO-
DOX. That is because DOX can be more effectively released from
the charge-reversal nanocarrier than from the GO-DOX. In addition,
it was demonstrated that the targeting drug carrier, GO-Abs/PEI/
PAH-Cit/DOX, had stronger cytotoxicity than did the non-
targeting one, which suggested the potential of selectively inter-
nalization and killing of specific cancer cells for the targeting drug
carrier. It is also presented in Fig. 5 that free DOX also has a strong
cell killing effect for U87 MG cell. However, considering it cannot
discriminate normal cells from the cancer cells, it might cause side
effects during the cancer therapy. Then targeting drug carriers can
be developed to avoid the side effects of free DOX.



Fig. 4. (A) Cumulative DOX release from the charge-reversal polyelectrolyte coated
nanocarriers GO/PEI/PAH-Cit/DOX at pH 5.0, 6.8 and 7.4. (B) Comparison of the cu-
mulative DOX release from GO/PEI/PAH-Cit/DOX and GO-DOX at pH 5.0. (C) Compar-
ison of the cumulative DOX release from GO/PEI/PAH-Cit/DOX and GO/DOX at pH 7.4.

Fig. 5. Relative cellular viability of U87 MG cells after 24 h, 36 h and 48 h treatment
with GO/PEI/PAH-Cit, DOX, GO-DOX, GO/PEI/PAH-cit/DOX and GO-Abs/PEI/PAH-cit/
DOX, respectively.

Fig. 6. Pharmacodynamic behavior of GO-Abs/PEI/PAH-Cit/DOX and DOX studied by
measuring their blood circulation in mice with fluorescence spectroscopy. GO-Abs/PEI/
PAH-Cit/DOX showed prolonged half-time in blood circulation compared with free
DOX. Concentrations of DOX in blood were measured at various time points after tail
vein injection with GO-Abs/PEI/PAH-Cit/DOX and free DOX (5 mg/kg of DOX concen-
tration). The values plotted are mean � SD of five experiments.
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3.4. Pharmacokinetics and biodistribution of the charge-reversal
nanocarrier

To investigate the in vivo pharmacokinetics and biodistribution
of the charge-reversal nanocarrier, GO-Abs/PEI/PAH-Cit/DOX and
free DOXwere injected into mice through the tail vein, respectively.
As shown in Fig. 6, DOX carried with GO-Abs/PEI/PAH-Cit/DOX
showed prolonged half-time in blood circulation, compared with
free DOX. The DOX circulation half-time increased from 0.52 h for
free DOX to 2.1 h for GO-Abs/PEI/PAH-Cit/DOX. As for the bio-
distribution shown in Fig. 7, most organs showed greater accu-
mulation of GO-Abs/PEI/PAH-Cit/DOX than of free DOX, especially
in the liver and lung. More importantly, after 6 h injection, the
tumor uptake of DOX enhanced much for GO-Abs/PEI/PAH-Cit/
DOX, compared with that for free DOX. It indicated that GO-Abs/
PEI/PAH-Cit/DOX might have better specificity than free DOX for
tumor therapy. Despite the high RES (reticulo-endothelial system)
uptake, GO-Abs/PEI/PAH-Cit/DOX did not show obvious organ
toxicity from histology studies (Fig. S4).

3.5. Cell uptake and the controlled release of DOX with the charge-
reversal nanocarrier

To further confirm the charge-reversal nanocarrier can selec-
tively transport DOX to the targeted cancer cells, and especially can
effectively release the drugs in the cytoplasm, GO-Abs/PEI/PAH-Cit/
DOX and other control samples with equivalent DOX concentration



Fig. 7. Biodistribution of DOX and GO-Abs/PEI/PAH-Cit/DOX in major organs at 30 min
(A) and 6 h (B) after tail vein injection (5 mg/kg of DOX concentration) into nude mice
bearing U87 MG tumor. Most organs showed greater accumulation of GO-Abs/PEI/
PAH-Cit/DOX than of free DOX, especially in the liver and lung. After 6 h, the tumor
uptake of DOX enhanced much for GO-Abs/PEI/PAH-Cit/DOX, compared with free DOX.
The values plotted are mean � SD of five experiments.
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were incubated with U87 MG cells. The intracellular localization of
the DOX-loaded nanocarriers was investigated using a confocal
fluorescence microscopy on U87 MG cells region soon after
entering the cells (Fig. 8A). For the cells treated with free DOX, only
after 3 h treatment, the mean fluorescence intensity was much
higher in nucleus than in cytoplasm. And almost all the DOX located
into the nucleus after 12 h. That is because free DOX can rapidly
accumulate inside the cells and ultimately move into the cell nu-
cleus, while the nanocarrier is internalized into cells though the
endocytosis pathway and DOX can only migrate into nucleus after
the slowly releasing procedure. However, the amount of DOX up-
take showed strong pH dependence for the charge-reversal nano-
carriers. After 30 min treatment with the charge-reversal
nanocarrier, the DOX fluorescence was almost concentrated in the
cytoplasm. While after 3 h treatment, the DOX was gradually
released from the nanocarriers and moved into the nucleus. And
after 12 h, the DOX fluorescence was even stronger in the cyto-
plasm than in the nucleus. That is attributed to that DOX is grad-
ually released from the nanocarriers in the cytoplasm of U87 MG
cells, due to the charge-reversal polyelectrolyte. Nevertheless, the
covalently conjugated DOX (GO-DOX) could not be released from
GO after 24 h incubation with the cells.

It is worth to mention that the integrin aⅤb3 mAbs linked
nanocarrier was internalized into the targeted U87 MG cells due to
the antigeneantibody mediated endocytosis pathway. Conse-
quently, as shown in Fig. 8, more nanocarriers modified with
integrin aⅤb3 mAbs (GO-Abs/PEI/PAH-Cit/DOX and GO-Abs/DOX)
can be endocytosed into the U87 MG cells than the nanocarriers
without targeting molecules (GO/PEI/PAH-Cit/DOX and GO-DOX).
And the targeting nanocarrier was internalized into the U87 MG
cells more quickly than the untargeting nanocarriers. The flores-
cence intensity was strong enough only after 30 min treatment of
the targeting nanocarriers. While it takes more than 3 h for enough
untargeting nanocarriers to be internalized into the cells. The
quantitative analysis of the mean fluorescence intensity in nucleus
(Fig. 8B) shows the similar results with the fluorescence images.
Therefore, it can be concluded from the results that GO-Abs/PEI/
PAH-Cit/DOX could be efficiently taken up by U87 MG cells with
subsequent intracellular release of DOX, followed by transport of
DOX into nucleus with the nanocarrier left in cytoplasm. These
properties make the charge-reversal nanocarrier a potential
candidate for targeted delivery and controlled release of DOX for
cancer treatment.

3.6. Selective delivery of DOX to targeted cancer cells with the
charge-reversal nanocarrier

To further verify that the targeting charge-reversal nanocarriers
can selectively deliver anticancer drugs into the targeted cancer
cells, U87 MG cells, which over-express integrin aⅤb3 on their cell
surface, and MCF-7 cells with few integrin aⅤb3 were chosen in our
experiments. After the cells were incubated with free DOX, GO-
DOX, GO-Abs/DOX, GO/PEI/PAH-Cit/DOX and GO-Abs/PEI/PAH-Cit/
DOX with equivalent concentration of DOX, respectively, the DOX
fluorescence intensity of these cells was detected by flow cytom-
etry (Fig. 9). After 2 h incubation with GO-Abs/PEI/PAH-Cit/DOX,
much higher fluorescence intensity was observed in U87 MG cells
than in MCF-7 cells, indicating that much more DOX was delivered
into U87 MG cells than into MCF-7 cells. And at the same time, U87
MG cells treated with GO-Abs/PEI/PAH-Cit/DOX had multiples
higher of fluorescence intensity than that with GO/PEI/PAH-Cit/
DOX. These results manifested, with integrin aⅤb3 mono-clonal
antibodies, the charge-reversal nanocarrier can be selectively
internalized into the targeted cells with higher efficiency. Accord-
ingly, the antibody conjugated nanocarriers can selectively and
effectively deliver DOX into the cancer cells highly expressing the
corresponding antigen though the antigeneantibody mediated
endocytosis pathway.

In addition, as we can see from Fig. 8, GO-Abs/DOX can also be
internalized into U87 MG cells with high efficiency. However, from
Fig. 9, it is shown that after being incubatedwith GO-Abs/DOX, both
U87 MG cells and MCF-7 cells showed an obvious enhancement in
the DOX fluorescence intensity. Therefore the specificity of GO-Abs/
DOX for delivery of DOX to the targeted cancer cells is not good as
GO-Abs/PEI/PAH-Cit/DOX, due to the pH dependence of its DOX
release is weaker so that some DOX might have already been
released before entering the cells. These results are in consistent
with the pH dependent release experiments (Fig. 4).

4. Conclusions

We successfully functionalized GO with charge-reversal poly-
electrolyte and integrin aⅤb3 mAb for enhanced delivery and
controlled release of DOX into specific cancer cells. DOX was
demonstrated to be highly efficiently loaded on and released from



Fig. 8. (A) Confocal fluorescence microscopy images (doxorubicin channel) of U87 MG cells after treated with free DOX, GO-DOX, GO-Abs/DOX, GO/PEI/PAH-Cit/DOX and GO-Abs/
PEI/PAH-Cit/DOX with incubation time of 30 min, 3 h, 12 h and 24 h (bar scale ¼ 20 mm), based on the fluorescence of the doxorubicin. Inside the small frames of the GO-Abs/PEI/
PAH-Cit/DOX groups are the magnification images of the representative cells of the corresponding regions. (B) Quantitative analysis of the mean fluorescence intensity in the
nucleus of U87 MG cells obtained using Laser Scanning Microscope LSM 510 software (Release Version 4.2).
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the charge-reversal nanocarrier in the drug loading and releasing
experiments. We also confirmed that GO-Abs/PEI/PAH-Cit/DOX
could be efficiently taken up by U87 MG cells with subsequent
intracellular release of DOX, followed by transporting of DOX into
the nucleus with the nanocarrier left in the cytoplasm. On one
hand, integrin aⅤb3 mAbs functional GO as the nanocarrier can load
anticancer drugs with high loading capacity and specifically
transport them to the targeted cancer cells with high efficiency. On
the other hand, the charge-reversal polyelectrolyte on GOmake the
nanocarrier selectively release the drugs under mild acidic



Fig. 9. Fluorescence intensities of integrin aⅤb3 positive U87 MG cells (A) and integrin
aⅤb3 negative MCF-7 cells (B) obtained with flow cytometry, after these cells were
incubated with DOX, GO/PEI/PAHCit/DOX, GO-Abs/PEI/PAH-Cit/DOX and GO-Abs/DOX
for 2 h, respectively. The DOX fluorescence histogram of cells was obtained from
10,000 cells by flow cytometry under the 488 nm excitation.
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environments of the acidic intracellular organelles such as endo-
some or lysosome. These properties make the charge-reversal
nanocarrier a potential candidate for targeted delivery and
controlled release of DOX for cancer treatment.
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