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ABSTRACT
Purpose Transferrin receptors (TfRs) are overexpressed
in tumor cells but are scarce in normal tissues, which
makes TfR an attractive target for drug treatment of
cancer. The objective of this study was to evaluate the
potential of BP9a (CAHLHNRS) as a peptide vector for
constructing TfR targeted peptide-drug conjugates and
selective drug delivery.
Methods Doxorubicin (DOX) was connected to BP9a via a
disulfide-intercalating linker to afford a reduction-responsive
BP9a-SS-DOX conjugate. By using HepG2 human liver can-
cer cells and L-O2 normal hepatic cells as TfR over-
expressing and low-expressing in vitro models, respectively,
TfR mediated cellular uptake of this conjugate was studied
by using flow cytometry and confocal laser scanning micros-
copy. The in vitro cytotoxicities of the conjugate against
HepG2 and L-O2 cells were examined by cell counting kit-8
(CCK-8) assay to evaluate its tumorous specificity.
Results Cellular uptake and TfR blockage test results showed
that the BP9a-SS-DOX conjugate gained entry into HepG2
cells via endocytosis mediated by TfR and mainly accumulat-
ed in cytoplasm. The in vitro antiproliferative activity of this

conjugate against HepG2 cells (IC50 6.21 ± 1.12 μM) was
approximately one-sixth of that of free DOX (IC50 1.03 ±
0.13 μM). However, its cytotoxic effect on L-O2 cells was
obviously reduced compared with that of free DOX.
Conclusions The BP9a-SS-DOX conjugate showed specific
antiproliferative activity against HepG2 liver cancer cells. Our
study suggests that BP9a has the potential to target chemo-
therapeutic agents to tumor cells over-expressing TfR and
facilitate selective drug delivery.
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ABBREVIATIONS
CCK-8 Cell counting kit-8
CTC Chlorotrityl chloride
DAPI 4′, 6-diamidino-2-phenylindole
DIC N, N′-diisopropylcarbodiimide
DIPEA N, N-diisopropylethylamine
DMF N, N-dimethylformamide
DMSO Dimethyl sulfoxide
DOX Doxorubicin
EDT 1, 2-ethanedithiol
EGFP Enhanced green fluorescence protein
ESI MS Electrospray ionization mass spectrometry
Fmoc 9-fluorenylmethoxycarbonyl
HOBt 1-hydroxybenzotriazole
MFI Mean fluorescence intensity
RP-HPLC Reversed-phase high-performance

liquid chromatography
SPDP 3-(2-pyridyldithio) propionic acid

N-hydroxysuccinimide ester
TEA Triethylamine
TFA Trifluoroacetic acid
TfR Transferrin receptor
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TIS Triisopropylsilane
TLC Thin-layer chromatography

INTRODUCTION

The clinical application of doxorubicin (DOX) has been restrict-
ed by severe side effects caused by its nonspecific toxicity to non-
cancerous tissues. Linking cytotoxic agents to targeted ligands
which have high binding affinity toward receptors overexpressed
on the surface of tumor cell has been considered as an effective
strategy to improve the specificity of drugs to tumor tissues (1–4).
Transferrin receptor (TfR), which belongs to type II transmem-
brane glycoprotein (5,6), has a special extracellular structure and
can mediate the endocytosis of transferrin (Tf), so it is identified
as an important regulatory protein involving iron balance and
cell growth regulation (7). Overexpression of TfR in tumor cells
(8–13) but not in normal tissues makes it possible to use TfR
specific binding ligands as targeted vectors for selective drug
delivery (14–24), which may help to enhance the uptake of drugs
by tumor cells and reduce toxic effect on normal cells. DOX-Tf
conjugate has been studied extensively as a TfR targeted drug-
protein complex for selective and enhanced drug delivery (25).
Despite the promising results obtained in previous studies, the
application of Tf as the drug carrier is restricted due to the high
concentration of endogenous Tf in blood. The native Tf can
exert a competitive inhibition on Tf-drug conjugates, which
may weaken their in vivo TfR targeting potency (24). Moreover,
the high molecular weight of Tf makes it difficult to use this
protein ligand for constructing drug delivery systems (26).

Peptides are considered as a novel class of tumor targeted
vectors following after proteins including antibodies. As tumor
targeted drug carriers, peptides may have the advantages of
being relatively easy to synthesize in large scale and conjugate
with drugs, possessing higher tissue penetration capacity and
lower immunogenicity in comparison with proteins (27,28).
Additionally, the number and regioselectivity of the conjugated
drug molecules on a peptide are controllable, which is difficult
for protein (1). Phage display technology is one of the most
important methods to acquire tumor targeted binding peptides
(28,29). Zheng and colleagues screened TfR affinity phage
clones from 7-mer phage display library and discovered a pep-
tide BP9 (AHLHNRS) which showed high affinity to TfR (30).
They expressed a fusion protein by combining enhanced green
fluorescence protein (EGFP) with BP9 in E. coli, and fluores-
cence microscopy results showed that the EGFP-BP9 protein
could bind to liver cancer cells over-expressing TfR. This re-
search group further used BP9 as a TfR targeted peptide to
fused with curcin, a protein which has antiproliferative activity
but no selectivity, to afford a novel recombinant protein curcin-
TfRBP9 (31). Immunofluorescence analysis results indicated
that BP9 enabled curcin to selectively bind to and enter into
human liver cancer HepG2 cells over-expressing TfR, and the

recombinant protein mainly located in the cytoplasm of
HepG2 cells. Nevertheless, less or no fluorescence signal was
detected in L-O2 normal hepatic cells expressing low level of
TfR. The curcin-TfRBP9 fusion protein exhibited higher anti-
proliferative activity against HepG2 cells than curcin, and its
cytotoxic effect on L-O2 cells was much lower when compared
with that of HepG2 cells. These results suggested that peptide
BP9 remarkably enhanced the targeting efficacy of curcin on
tumor cells over-expressing TfR.

Tumor targeted reduction-responsive drug delivery systems
have received considerable attention due to their site-specific
and effective drug release characteristics. Reduction-responsive
drug delivery systems generally contain an intramolecular disul-
fide bond between drugs and the carrier, which can be effec-
tively cleaved by reduced glutathione (GSH) but maintain stable
under normal conditions. It has been revealed that the intracel-
lular GSH concentration is 1000 times higher than that in
blood circulation (32,33). In addition, tumor tissues were found
to contain several times higher concentrations of GSH as com-
pared with normal tissues (34), these differential GSH concen-
tration levels make reduction-responsive drug delivery systems
more rapidly release drugs under the reductive microenviron-
ment within tumor cells (35–39).

In order to enlarge the application of BP9 as a TfR targeted
peptide vehicle to connect with cytotoxic molecules by chemical
synthesis method, we previously designed and synthesized a N-
terminus cysteine modified BP9 analog (BP9a, CAHLHNRS)
(40). In this study, DOXwas connected with BP9a through 3-(2-
pyridyldithio) propionic acid N-hydroxysuccinimide ester
(SPDP) as a reducible linker to afford a reduction-responsive
peptide-drug conjugate (BP9a-SS-DOX). The in vitro drug re-
lease character of this conjugate was determined by co-
incubation with GSH solution at different concentrations. The
cellular uptake and intracellular localization of the BP9a-SS-
DOX conjugate in HepG2 and L-O2 cells were investigated
by flow cytometry and confocal laser scanning microscopy. The
cytotoxic effects of this peptide-drug conjugate on HepG2 and
L-O2 cells, respectively, were examined using cell counting kit-8
(CCK-8) assay to evaluate its specificity.

MATERIALS AND METHODS

Materials

Doxorubicin hydrochloride (DOX·HCl) was purchased from
Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China); SPDP and Trifluoroacetic acid (TFA) were obtained
from J&KScientific Ltd. (Beijing, China); 2-chlorotrityl chloride
(2-CTC) resin was supplied from NanKai HeCheng Co., Ltd.
(1.3 mmol/g capacity, G55120103–1, Tianjin, China); GSH
and Dimethyl sulfoxide (DMSO) were purchased from Sigma;
CCK-8 was obtained fromMedChemExpress (NJ, USA); 4′, 6-
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diamidino-2-phenylindole (DAPI) solution was purchased from
Solarbio Life Sciences & Technology Co., Ltd. (Beijing, China);
The reagents, N, N′-diisopropylcarbodiimide (DIC), 1-
hydroxybenzotriazole (HOBt), Triethylamine (TEA), N, N-
diisopropylethylamine (DIPEA) were purchased from
Highfine Biotech Co., Ltd. (Jiangsu, China); All of the 9-
fluorenylmethoxycarbonyl (Fmoc)-protected amino acids were
obtained from Chengnuo New Technology Co., Ltd.
(Chengdu, China), including Fmoc-Ser(tBu)-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-Asn(Trt)-OH, Fmoc-His(Trt)-OH, Fmoc-
Leu-OH, Fmoc-Ala-OH and Fmoc-Cys(Trt)-OH. Acetonitrile
(CH3CN) and Methanol (MeOH) for reversed-phase high-per-
formance liquid chromatography (RP-HPLC) were of chro-
matographic grade and obtained from Starmark Science and
Technology Development Co., Ltd. (Tianjin, China); All other
reagents and solvents were of analytical grade and used without
further purification.

Synthesis of DOX-SS-Pyr

DOX-SS-Pyr was synthesized according to the published pro-
cedures (41,42) with minor modification. Briefly, to the mixture
of DOX·HCl (17.4mg, 30 μmol) and SPDP (11.2mg, 36 μmol)
in DMSO (5mL) was added dropwise TEA (6.25 μL, 45 μmol).
The reaction mixture was stirred at 50°C and the progress of
the reaction was monitored by thin-layer chromatography
(TLC) with dichloromethane: methanol (13: 1, v: v) as develop-
ing solvents. After stirred for 6 h, the product of DOX-SS-Pyr
was purified by column chromatography on silica gels (dichlo-
romethane: methanol = 20: 1, v: v) and characterized by ana-
lytical RP-HPLC, ESI MS and 1H NMR spectra.

Synthesis of BP9a

BP9a was synthesized manually on 2-CTC resin (1.3 mmol/g
capacity) using Fmoc-chemistry as described earlier (40).
Briefly, the Fmoc-Ser(tBu)-OH (5.78 g, 15 mmol) was coupled
to 2-CTC (3.85 g, 5 mmol) resin in situ using DIPEA (3 mL,
15mmol) in DMF. After Fmoc deprotection by 20%piperidine
in DMF, Fmoc-Arg(Pbf)-OH (9.65 g, 15 mmol) was coupled to
the amino group of serine by using DIC (3.5 mL, 22.5 mmol)
and HOBt (3.05 g, 22.5 mmol) as coupling reagents in DMF
for 2 h. The synthesis of the peptide was continued by repeating
the Fmoc deprotection and coupling processes according to the
peptide sequence from C to N terminus. The peptide was
cleaved from the resin by stirring of the fully protected peptide
resin in a mixture of TFA: 1, 2-ethanedithiol (EDT): H2O:
Triisopropylsilane (TIS) (94: 2.5: 2.5: 1, v: v) at room temper-
ature for 2 h, and the cleavage mixture was filtered to remove
the resin. Then the filtrate was precipitated and washed with
ice-cold diethyl ether four times. The crude peptide was puri-
fied by semi-preparative RP-HPLC, lyophilized and character-
ized by analytical RP-HPLC and ESI MS.

Synthesis of the BP9a-SS-DOX Conjugate

The BP9a-SS-DOX conjugate was prepared through thiol-
disulfide exchange reaction. Briefly, to a solution of BP9a
(14.1 mg, 15 μmol) in anhydrous DMF (2 mL) was added a
solution of DOX-SS-Pyr (13.3 mg, 18 μmol) dissolved in an-
hydrous DMF (3 mL). The reaction mixture was stirred under
nitrogen atmosphere at room temperature overnight and then
precipitated and washed with ice-cold diethyl ether four times.
The resulting BP9a-SS-DOX conjugate was purified by semi-
preparative RP-HPLC and characterized by analytical RP-
HPLC and ESI MS.

RP-HPLC

Analytical RP-HPLC was performed on a Thermo U3000
liquid chromatograph (Thermo Fisher, US) equipped with
an Innoval C18 column (250 mm× 4.6 mm, 5 μm). Analysis
was achieved using a linear gradient of 5–95% eluent B (elu-
ent A: 0.1% TFA in H2O; eluent B: (0.1% TFA in CH3CN-
H2O (90:10, v:v)) for 20 min at a flow rate of 1 mL/min, and
absorbance detected at 215 nm.

Final purification of the crude products was carried out
using RP-HPLC on a semi-preparative Hedera ODS-2 C18
column (250 mm× 10 mm, 10 μm) with a linear gradient of
10–20% or 20–40% eluent B (eluent A: 1% TFA in H2O;
eluent B: CH3CN) over 30 min. The flow rate was 8 mL/min
and peaks were detected at 215 nm.

Mass Spectrometry

ESI MS analysis was carried out with an Agilent 6420 Triple
Quadrupole LC/MS system (Agilent Technologies, USA).
Analyses were conducted in positive ion mode, and the oper-
ating parameters were set as follows: capillary voltage, 4.0 kV;
drying gas flow rate, 10 L/min; drying gas temperature,
330°C; nebulizer pressure, 35 psi.

In Vitro Drug Release

The BP9a-SS-DOX conjugate was initially dissolved in
DMSO (10 μL), then a solution of GSH dissolved in PBS
(5 mM or 5 μM concentration) was added to a final volume
of 1 mL (final concentration of the BP9a-SS-DOX conjugate
was 100 μM). The mixtures were incubated at 37°C and
100 μL aliquots were taken out at 0, 0.5, 1, 2, 4, 8 and 24 h,
respectively. The sample solution at each selected time point
was analyzed by using RP-HPLC, and the ratio for each
BP9a-SS-DOX conjugate remained intact was examined by
comparing the peak areas detected by RP-HPLC before and
after treatment with GSH.
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Cell Lines

Human HepG2 liver cancer cells obtained from the Cell
Resource Center of Peking Union Medical College (Beijing,
China) were cultured in DMEM (Gibco) containing 10% fetal
bovine serum (Gibco) and 1% penicillin/streptomycin.
Human L-O2 normal hepatic cells, which were kindly provid-
ed by Professor Mingyu Gong at the Department of
Biochemistry, Chengde Medical University, were grown in
RPMI-1640 (Gibco) containing 10% fetal bovine serum
(Gibco) and 1% penicillin/streptomycin. Cell cultures were
maintained at 37°C in a humidified atmosphere with 5%
CO2.

Cellular Uptake Studies

Flow cytometry was used to investigate the cellular uptake of
free DOX or the BP9a-SS-DOX conjugate by HepG2 cells
over-expressing TfR and L-O2 cells with lack of TfR, respec-
tively. 2.5 × 105 cells/well were seeded into 6-well plates and
were cultured at 37°C for 24 h. Cells were then treated with
free DOX or the BP9a-SS-DOX conjugate (equivalent DOX
concentration of 5 μM) for 3 h. After removing the drug
solution and washing the cells twice with PBS, the cells were
detached by adding trypsin and then centrifuged at 2000 rpm
for 10 min. The precipitated cells were washed twice with
PBS, suspended with PBS and analyzed using a flow
cytometer (BD FACSCalibur, USA). The number of cells col-
lected for analysis was 1 × 104.

The cellular uptake and intracellular distribution of free
DOX or the BP9a-SS-DOX conjugate were also directly ob-
served by confocal laser scanning microscopy. Briefly, HepG2
or L-O2 cells were seeded on glass coverslips that were placed
in 6-well plates at a density of 5 × 104 cells/well. After cul-
tured at 37°C for 24 h, cells were treated with free DOX or
the BP9a-SS-DOX conjugate (equivalent DOX concentra-
tion of 5 μM) and incubated for 3 h at 37°C. Following

removal of the drugs, cells were washed twice with PBS and
fixed with 4% paraformaldehyde for 30min. Cell nuclei stain-
ing was performed with DAPI for 10 min according to the
procedure of manufacturer. Then the fluorescent images of
cells were analyzed using a confocal laser scanningmicroscope
(Nikon Eclipse C1Si, Japan). The excitation/emission wave-
lengths were set at 350/460 nm (blue) and 480/580 nm (red),
respectively, for detecting the fluorescence produced by DAPI
and DOX.

TfR Competitive Inhibition Assay

A TfR competitive inhibition assay was conducted on HepG2
cells to further investigate the cellular uptake pathway of the
BP9a-SS-DOX conjugate. The cells seeded into 6-well plates
or on glass coverslips in 6-well plates were preincubated with
serum free cultural medium containing BP9 (20 μM) at 37°C
for 2 h. After the BP9 solution was removed, cells were washed
twice with PBS and then treated with the BP9a-SS-DOX
conjugate (equivalent DOX concentration of 5 μM) at 37°C
for 3 h. Cellular uptake was analyzed by flow cytometry and
confocal microscopy.

In Vitro Cytotoxicity

CCK-8 assay was used to evaluate in vitro cytotoxic effects of free
DOX or the BP9a-SS-DOX conjugate on HepG2 and L-O2
cells, respectively. Cells were seeded in 96-well cell-culture plates
(5 × 103 cells/well) in 100 μL of complete culture medium and
incubated at 37°C in a 5% CO2 atmosphere for 24 h. The
medium was then replaced with serial diluted solutions of free
DOX or the BP9a-SS-DOX conjugate. After incubation for
48 h, CCK-8 (10 μL) was added to each well and incubated
for a further 3 h at 37°C. Cells without drug treatment were
used as the control. The absorbance at 450 nm for each well was
measured on a microplate reader (Bio Tek, Elx808).
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Scheme 1 Synthetic route and drug release of the BP9a-SS-DOX conjugate.
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Statistical Analysis

Data were expressed as the mean ± standard deviation, and
statistical analysis was performed using an unpaired Student’s
t test. Data were considered significantly different at P< 0.05,
P< 0.01 and P< 0.001.

RESULTS AND DISCUSSION

Synthesis andDrugRelease Study of the BP9a-SS-DOX
Conjugate

There are three modification sites in the structure of DOX:
amidogen at the sugar group, C-13 carbonyl and C-14 hy-
droxyl. The amidogen can react with N-hydroxysuccinimide
ester of some crosslinkers to form an amido bond (41,43,44);
C-13 carbonyl generally reacts with hydrazine of crosslinkers
to form a pH sensitive hydrazone bond which can release free
DOX under acidic condition (45–47); and C-14 hydroxyl was
used to conjugate with tumor targeted peptides via anhydrides
(48–50). SPDP is a commonly used heterobifunctional
crosslinker for constructing reduction-responsive drug deliv-
ery systems because the 3-(2-pyridyldithio) and N-
hydroxysuccinimide ester functional groups of SPDP can re-
act with sulfydryl of peptide vectors and amidogen of chemo-
therapeutic agents, respectively. In the present study, we chose
SPDP as the crosslinker to connect DOX with BP9a to afford
a reduction-responsive peptide-drug conjugate (BP9a-SS-
DOX). The synthetic route of the BP9a-SS-DOX conjugate
is depicted in Scheme 1. Firstly, under the action of a catalytic
amount of TEA, the 3′ amino group of DOX was reacted
with the N-hydroxysuccinimide ester of SPDP to generate
DOX-SS-Pyr, which was identified by analytical RP-HPLC
(95.7% purity), ESI MS m/z, [M+H]+ 741.5 (calculated),
741.3 (observed) and 1H NMR spectra (400 MHz, DMSO-
d6) which was consistent with literature (38); Secondly, Fmoc/
tBu solid phase strategy was used for the synthesis of BP9a and
its total yield was 39.4%. The peptide was purified to 98.4%
purity by semi-preparative RP-HPLC, and its molecular
weight value was identified by ESI MS m/z, [M + H]+

938.2 (calculated), 937.6 (observed); Finally, the 2-
pyridyldithio group of DOX-SS-Pyr reacted with the sulfydryl
of BP9a via thiol-disulfide exchange reaction to give the BP9a-
SS-DOX conjugate as a deep red powder. The product was
purified by semi-preparative RP-HPLC and was validated by
analytical RP-HPLC (97.6% purity) and ESI MS m/z, [M+
H]+ 1566.7 (calculated), 1566.8 (observed); [M + 2H]2+

783.8 (calculated), 784.1 (observed).
The in vitro drug release profile of the BP9a-SS-DOX con-

jugate (Fig. 1) showed that the disulfide bond between BP9a
and DOX could be efficiently cleaved by being co-incubated
with 5 mM GSH solution because only 2.4% of the BP9a-SS-

DOX conjugate remained intact after incubation for 24 h, in-
dicating that over 97% of DOX-SH was released from the
conjugate. However, cleavage of the disulfide bond was much
slower when the conjugate was co-incubated with 5 μM GSH
solution, causing less than 25% of DOX-SH to be released
from the conjugate after 24 h incubation.

In Vitro Cellular Uptake Study

Flow cytometry was used to quantify the intracellular accu-
mulation of free DOX or the BP9a-SS-DOX conjugate in
HepG2 liver cancer cells over-expressing TfR and L-O2 he-
patic cells expressing low level of TfR. As shown in Fig. 2,
there was little difference in the intracellular fluorescence in-
tensity of DOX in both cell lines (mean fluorescence intensity,
MFI 721.71 for HepG2 cells and 772.06 for L-O2 cells, re-
spectively) after treatment with free DOX for 3 h, whereas the
intracellular fluorescence intensity of DOX produced from
the BP9a-SS-DOX conjugate in HepG2 cells (MFI 278.44,
Fig. 2a) was higher than that in L-O2 cells (MFI 58.43, Fig. 2b)
when cells were incubated with the conjugate for 3 h, indicat-
ing that the specific cellular uptake of the BP9a-SS-DOX
conjugate by cells expressing higher level of TfR.

The intracellular localizations of free DOX or the
BP9a-SS-DOX conjugate in HepG2 and L-O2 cells, re-
spectively, were directly observed by using laser confocal
scanning microscopy, and the results were shown in
Fig. 3. The autofluorescence of DOX was displayed in
red, and the cellular nuclei were stained with DAPI which
can be detected with blue fluorescence. Both of the two
drugs could enter into HepG2 cells but they exhibited
different intracellular distributions. The red fluorescence
of DOX accumulated largely in the nuclei of HepG2 cells
treated with free DOX, whereas for HepG2 cells treated
with the BP9a-SS-DOX conjugate, the accumulation of
the peptide-drug conjugate was mainly located in

Fig. 1 In vitro drug release of DOX-SH from the BP9a-SS-DOX conjugate
after co-incubation with 5 mM or 5 μM GSH solution.
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cytoplasm and perinuclear region (Fig. 3a). These results
suggested that the BP9a-SS-DOX conjugate might have a
different uptake pathway by HepG2 cells from that of free
DOX. Figure 3b showed that the red fluorescence of
DOX also located in the nuclei of L-O2 cells treated with
free DOX, indicating that free DOX can permeate into
L-O2 cells and has no selectivity between tumor and nor-
mal cells. While for L-O2 cells treated with the BP9a-SS-
DOX conjugate, the red fluorescence of DOX was barely
visible as shown in Fig. 3b, illustrating that by connecting
with TfR targeted binding peptide BP9, DOX could not
efficiently enter into L-O2 cells as its free form. This
might be related to the scarce TfR expression on the
surface of L-O2 cells. On the basis of these results, we
hypothesized that cellular uptake of the BP9a-SS-DOX
conjugate by HepG2 cells could possibly be via
overexpressed TfR present there.

TfR Competitive Inhibition Assay

BP9 was found to have high binding affinity towards TfR,
which may help to block the binding sites of TfR to the
BP9a-SS-DOX conjugate and inhibit its cellular uptake.
To further verify whether the cellular uptake of the BP9a-
SS-DOX conjugate was dependent on the endocytosis
mediated by targeted binding of BP9a towards TfR, a
TfR inhibition test was carried out through competitive
blockade of TfR with BP9 and the result was analyzed by
means of flow cytometry and confocal microscopy. As
shown in Fig. 2a, for HepG2 cells which were pretreated
with excess BP9 for 2 h, the MFI value of DOX produced
from the BP9a-SS-DOX conjugate (163.46) was obviously
decreased in comparison with that (278.44) of cells with-
out pretreatment with BP9. Also, Fig. 3a showed that the

red fluorescence intensity of DOX produced from the
BP9a-SS-DOX conjugate was clearly reduced in the case
of HepG2 cells pretreated with BP9 compared with that
of cells without preincubation with BP9. These results
indicated that when TfR was blocked by BP9, the
targeted effect of the BP9a-SS-DOX conjugate was weak-
ened, suggesting that the entry of this conjugate into
HepG2 cells was related to the endocytosis mediated by
TfR overexpressed on the surface of cells.

In Vitro Cytotoxicity

To evaluate the antiproliferative activity and selective
cytotoxicity of the BP9a-SS-DOX conjugate, HepG2
liver cancer cell line and L-O2 hepatic cell line were
chosen based on their different TfR expressing levels.
The antiproliferative activities of free DOX and the
BP9a-SS-DOX conjugate against HepG2 cells, and the
cytotoxic effects of these two drugs on L-O2 cells were
evaluated by using CCK-8 assay, respectively. As shown
in Fig. 4a, free DOX had poor selectivity between tu-
mor and normal cells, so there was not too much dif-
ference in its cytotoxicities against HepG2 cell line (IC50

1.03 ± 0.13 μM) and L-O2 cell line (IC50 0.44 ±
0.11 μM). The BP9a-SS-DOX conjugate exhibited
impressed antiproliferative activity against HepG2 cells
with an IC50 value of 6.21 ± 1.12 μM which was lower
than that of free DOX. However, the cytotoxic effect of
this conjugate on L-O2 cells was obviously reduced in
comparison with that of free DOX (Fig. 4b), indicating
that the specific cytotoxicity of DOX against liver can-
cer cells is tremendously improved by coupling with
T fR ta rge t ed b ind ing pep t i d e ana l og BP9a .
Considering the cytotoxic effect on normal tissues is

Control
DOX
BP9a-SS-DOX
BP9a-SS-DOX + BP9

ba
Control
DOX
BP9a-SS-DOX

Fig. 2 Cellular uptakes of free
DOX or the BP9a-SS-DOX conju-
gate by HepG2 (a) and L-O2 (b)
cells after 3 h incubation were ana-
lyzed by using flow cytometry. For
TfR competitive inhibition assay,
HepG2 cells were preincubated
with BP9 for 2 h and then treated
with the BP9a-SS-DOX conjugate.
The black, red, blue and green line
represent control, DOX, BP9a-SS-
DOX alone and BP9a-SS-DOX
with BP9 pretreatment,
respectively.
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the major drawback in the clinical application of DOX,
the specific cytotoxicity of this peptide-doxorubicin con-
jugate against tumor cells is of significant importance.
As illustrated in Fig. 5, the reason for the selective cy-
totoxicity of the BP9a-SS-DOX conjugate might be re-
lated to endocytosis mediated by the targeted binding of
BP9a towards TfR overexpressed on the surface of
HepG2 cells , the intramolecular disulf ide bond

between BP9a and DOX was cleaved under the re-
ductive condition (higher GSH concentration) within
tumor cells, so DOX-SH can be efficiently released
from the conjugate to kill the tumor cells. While for
L-O2 cells, which express low level of TfR, the entry
of the BP9a-SS-DOX conjugate into cells was clearly
decreased compared with that of HepG2 cells. Even
though a small number of the conjugates could enter

Fig. 3 Intracellular images of HepG2 (a) and L-O2 (b) cells after in vitro treatment with free DOX or the BP9a-SS-DOX conjugate for 3 h. For TfR competitive
inhibition assay, HepG2 cells were preincubated with BP9 for 2 h and then treated with the BP9a-SS-DOX conjugate. Images from left to right show blue
fluorescence in cell nuclei stained by DAPI, red fluorescence came from DOX, and pink color produced by merging the first two images. Scale bars = 75 μm.
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into cells, the intramolecular disulfide bond would be
relatively stable in the very low GSH condition within
normal cells, and DOX-SH was not able to be re-
leased from the conjugate as it did in the HepG2
cells, therefore exerting low cytotoxicity.

Although the present BP9a-SS-DOX conjugate showed
good selectivity to tumor cells, its antitumor potency was

lower than that of free DOX, which was possibly due to
release of DOX-SH but not free DOX within tumor cells.
DOX bioconjugates containing intramolecular hydrazone
bond can be cleaved under the acidic intracellular condi-
tion and efficiently release free DOX. In order to improve
the antiproliferative efficacy of DOX that was connected
with BP9a, synthesis of conjugate with intramolecular

Fig. 4 The cytotoxic effects of free DOX (a) and the BP9a-SS-DOX conjugate (b) on HepG2 and L-O2 cells after 48 h incubation. Evaluations were performed
using CCK-8 assay and cell viability was expressed as percentage of untreated controls (100%). Data were presented as mean± standard deviation (n=3);
*p<0.05, **p<0.01, ***p<0.001.

Fig. 5 Schematic illustration of the entry pathway, cellular uptake and drug release of the BP9a-SS-DOX conjugate in HepG2 (a) and L-O2 (b) cells.
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hydrazone bond linkage and the targeted antitumor activ-
ity experiments will be implemented in the near future.

CONCLUSION

In summary, a novel TfR targeted and reduction-responsive
peptide-drug conjugate (BP9a-SS-DOX) was successfully syn-
thesized according to our design. The BP9a-SS-DOX conju-
gate showed a TfR mediated entry pathway into HepG2 liver
cancer cells over-expressing TfR and rapidly collapse to re-
lease DOX-SH into cytoplasm under the reductive microen-
vironment within tumor cells. The antiproliferative activity of
this peptide-drug conjugate against HepG2 cells was lower
than that of free DOX, but its cytotoxic effect on L-O2 he-
patic cells expressing low level of TfR was significantly re-
duced in comparison with that of free DOX. Therefore, it
exhibited specific cytotoxicity against tumor cells. Our results
suggest that the TfR binding peptide analog BP9a has the
potential to be used as a promising peptide carrier for selective
drug delivery.
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