










conjugation of OA02 peptide to the telodendrimer. The
molar ratio of OA02 peptide to telodendrimer was almost
1:1, which meant that there was approximately one targeting
peptide molecule per telodendrimer monomer. The molec-
ular weight of OA02-PEG5k-CA8 telodendrimer was mea-
sured with MALDI-TOF MS. The monodispersed mass trace
was detected, and its molecular weight from MALDI-TOF
MS was almost identical to the theoretical value (Supple-
mentary Fig. S2A). The chemical structure of OA02-PEG5k-
CA8 telodendrimer was also determined by 1H-NMR spec-
trometry. As shown in Supplementary Fig. S2B, the signals at
0.6 to 1.3 and 3.5 to 3.7 ppm could be assigned to cholic acids
and PEG chains, respectively. The 1H-NMR signals of OA02
peptide were overlapped with the signals from the teloden-
drimers, and no distinguishable signal was observed.

Preparation and characterization of paclitaxel-loaded
OA02-PEG5k-CA8 nanoparticles
The critical micelle concentration (CMC) of OA02-PEG5k-

CA8 telodendrimer was found to be comparable with that of
blank PEG5k-CA8 telodendrimer, with the range of 6 to 12
mmol/L (Table 1 and Supplementary Fig. S3), indicating its

excellent micelle-forming property. Using the dry-down meth-
od, hydrophobic drugs such as paclitaxel can be readily encap-
sulated into the core of micellar nanoparticles. When the
feeding ratio of drug paclitaxel/telodendrimer (w/w) was
1:4, the encapsulation efficiency of PEG5k-CA8 nanoparticles
and OA02-PEG5k-CA8 nanoparticles were approximately 92%
and 96%, respectively. To enable the developed nanoparticles
to possess both antibiofouling ("stealth") and cell-specific–
targeting properties (34), OA02-PEG5k-CA8 telodendrimer was
mixed with blank PEG5k-CA8 telodendrimer (1:1, w/w) to
prepare PTX-OA02-NPs for the subsequent cell and animal
studies (Fig. 1B). The cryo-TEM image (Fig. 2A) showed that
PTX-OA02-NPs were spherical, with uniform particle sizes of
around 50 nm in diameter, which was similar with the result
obtained from DLS measurement (Fig. 2B). The zeta potential
of PTX-OA02-NPs in PBS was almost neutral (�0.64 mV). The
stability of PTX-OA02-NPs was evaluated by measuring the
changes of particle sizes over time at different conditions. PTX-
OA02-NPs were found to be very stable at 4�C for more than 3
months, and also stable at 37�C for at least 72 hours when
incubated with 50% FBS (data not shown), which indicated
that they will likely be able to maintain their stability and
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Figure 3. The uptake of FITC-labeled OA02-NPs in SKOV-3 ovarian cancer cells and K562 leukemia cells (a-3 integrin negative). A, confocal microscopic
images of SKOV-3 cell incubated with FITC-labeled nanoparticles and OA02-NPs (green) for 2 hours. To show the a-3 integrin-dependent
uptake, excess amount of a-3 integrin antibody, or free OA02 peptide was added before the incubation of OA02-NPs with SKOV-3 cells. The flow
cytometric analysis of OA02-NPs uptake in K562 cells (B) and SKOV-3 cells (C). The MFI of cells incubated with nanoparticles and OA02-NPs
are shown as insets. �, P < 0.05. D, the addition of free OA02 peptides at concentrations from 2 to 200 mmol/L inhibited cellular uptake of OA02-NPs in
SKOV-3 cells in a dose-dependent manner.
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integrity during their in vivo applications. The drug release
pattern from PTX-OA02-NPs was similar with that from PTX-
NPs, which both were biphasic, with the initial rapid release of
paclitaxel during the first 4 hours, followed by the slow linear
release over the subsequent few days (Fig. 2C). In summary, the
decoration of OA02 peptide had negligible impact on the
physicochemical properties of PEG5k-CA8 nanoparticles,
including CMC, morphology, particle size, drug-loading capac-
ity, encapsulation efficiency, stability, and drug release profile.
This is probably because the OA02 peptide conjugation occurs
at the distal end of PEG chain which is located on the shell of
self-assembled micellar nanoparticles without interfering with
the drug-holding hydrophobic core unit.

Cellular uptake studies
a-3 Integrinwas showed to be overexpressed on both SKOV-

3 and ES-2 cells, as measured by the flow cytometric analysis

(Supplementary Fig. S4). The uptake profiles of FITC-labeled
OA02-NPs in ovarian cancer cells were first qualitatively
observed by the confocal microscopy. Nontargeted nanopar-
ticles had minimal nonspecific cellular uptake after 2-hour
incubation, whereas the decoration of OA02 peptide greatly
increased the extent of nanoparticles uptake in both SKOV-3
(Fig. 3A) and ES-2 cells (Supplementary Fig. S5A). Most FTIC-
labeled nanoparticles (green) distributed around the perinuc-
lear region, which meant that these nanoparticles were inter-
nalized into the cytoplasm. More importantly, the uptake of
OA02-NPs in both ovarian cancer cells was able to be remark-
ably inhibited by excess amount ofa-3 integrin antibody or free
OA02 peptide, suggesting the a-3 integrin receptor-dependent
internalization of OA02-NPs.

The uptake efficiencies of FITC-labeledOA02-NPs in ovarian
cancer cells and K562 leukemia cells (a-3 integrin negative)
were further quantitatively measured by the flow cytometric
analysis. Both nontargeted nanoparticles and OA02-NPs had
similar low nonspecific uptake in K562 cells (Fig. 3B). However,
OA02-NPs exhibited significantly higher uptake than the non-
targeted nanoparticles in both ovarian cancer cells (P < 0.05),
with almost 6-fold higher uptake in SKOV-3 cells (Fig. 3C) and
4-fold higher uptake in ES-2 cells (Supplementary Fig. S5B),
respectively. The addition of free OA02 peptide was able to
inhibit the uptake of OA02-NPs in SKOV-3 cells (Fig. 3D) and
ES-2 cells (Supplementary Fig. S5C) in a dose-dependent
manner, further confirming the a-3 integrin–targeting speci-
ficity of OA02-NPs. It should be noted that significantly higher
concentration of free peptide (10- to 100-folds) was required to
inhibit the cellular uptake of OA02-NPs, whereas the equal
concentration of free peptide did not produce obvious inhi-
bition effect. This could be possibly explained by the increased
binding affinity of OA02 peptides presented on the nanopar-
ticles surface due to the multivalency effects (35).

Intracellular tracking of dual fluorescent-labeled
OA02-NPs in live cells

After 2-hour incubation, both FITC-labeled telodendrimer
carrier (green) and DiD dye payload (red) were simultaneously
internalized into the SKOV-3 cells with colocalized dot-shape
fluorescent foci in the perinuclear region of the cytoplasm (Fig.
4A, bottom left), indicating that the intact OA02-NPs were
taken up into the cytoplasm. These fluorescent foci were
generated as a result of the accumulation of OA02-NPs in the
endocytic vesicles (i.e., endosomes and lysosomes). This was
evidenced by the partial colocalization of internalized FITC-
labeled OA02-NPs (green) with lysosomal compartment (red),
producing yellow fluorescence in the merge images (Fig. 4A,
bottom right). Similar observationwas also reported byGu and
colleagues in the LNCaP prostate cancer cells incubated
with A10 aptamer–targeted PLGA-b-PEG-b-Apt nanoparticles
(34).

In vitro cytotoxicity study
PTX-OA02-NPs were found to be significantly more cyto-

toxic against both SKOV-3 (Fig. 4B) and ES-2 cells (Supple-
mentary Fig. S6), when compared with nontargeted PTX-NPs
at the equivalent paclitaxel concentration (P < 0.05). The
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Figure 4. A, intracellular tracking of dual fluorescent-labeled OA02-NPs
upon their uptake in live SKOV-3 cells. DiD dye (red) was encapsulated as
drug surrogates into FITC (green) covalently labeled OA02-NPs. SKOV-3
cells were incubated with DiD/FITC dual-labeled OA02-NPs for 2 hours,
and the cells were stained with lysosome tracker (red) before the live-cell
imaging by confocal microscopy. B, the differential cytotoxicities of 0.5
mg/mL paclitaxel-loaded nanoparticles (PTX-NPs), paclitaxel-loaded
OA02-NPs (PTX-OA02-NPs), and the equivalent dose of blank
nanoparticles, OA02-NPs against SKOV-3 ovarian cancer cells
measured by MTT assay. Nanoparticles were incubated with cells for 2
hours, and the cells were subsequently washed and incubated in fresh
media for a total of 72 hours before assessing cell viability in each group.
�, P < 0.05.

Xiao et al.

Cancer Res; 72(8) April 15, 2012 Cancer Research2106

on August 20, 2018. © 2012 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst March 6, 2012; DOI: 10.1158/0008-5472.CAN-11-3883 

http://cancerres.aacrjournals.org/


enhanced cytotoxicity of PTX-OA02-NPs is likely related to
the capability of OA02 peptide to facilitate the uptake of
PTX-OA02-NPs into ovarian cancer cells, thus increasing the
intracellular paclitaxel concentration. Furthermore, there
was no observable cytotoxic effect associated with both
blank nontargeted nanoparticles and OA02-NPs at the equiv-
alent nanoparticles concentration, which eliminated the
possibility of OA02 peptides or nanoparticle-induced cyto-
toxic activity.

Biodistribution and tumor targeting specificity in vivo
NIRF optical imaging is an important tool for visualizing

molecular processes in vivo, as NIRF dyes with deep pene-
tration, low autofluorescence, and low tissue absorption and
scattering enable the high-resolution tissue imaging (26).
Both Cy5.5 fluorescent-labeled nanoparticles and OA02-NPs

distributed throughout the body of the mice immediately
after the intravenous injection and gradually accumulated
into the SKOV3-luc tumor. However, the uptake rate of
OA02-NPs in the tumor site was faster than that of non-
targeted nanoparticles. Substantial contrast between tumors
and background in the mice injected with OA02-NPs was
observed at around 4-hour postinjection, and these nano-
particles were able to be retained in the tumor throughout
the 24-hour period, whereas the accumulation of nontar-
geted nanoparticles in the tumor was not apparent until 8-
hour postinjection (Fig. 5A). Ex vivo images at 24 hours
showed that both nontargeted nanoparticles and OA02-NPs
exhibited relatively high uptake in the SKOV3-luc tumor
than in normal organs except the liver (macrophage uptake),
as the result of EPR effect (Fig. 5B). However, the mean
fluorescence intensity (MFI) of tumors for OA02-NPs was
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Figure 5. In vivo and ex vivo NIRF optical imaging of Cy5.5-labeled nanoparticles or OA02-NPs biodistribution after i.v. injection in subcutaneous SKOV3-luc
tumor–bearing mice. A, in vivo optical images of real-time tumor-targeting characteristics of nanoparticles or OA02-NPs. Tumor-bearing mice were injected
via tail vain with 4 nmol/L Cy5.5-labeled nanoparticles or OA02-NPs and were scanned with Kodak multimodal imaging system IS2000MM at different time
point. B, representative ex vivo optical images of tumors and organs of SKOV3-luc tumor–bearing mice sacrificed at 24 hours. C, quantitative fluorescence
intensities of tumors and organs from ex vivo images (n ¼ 3). D, histologic analysis of nanoparticles or OA02-NPs distribution (Cy5.5, red) in tumor
cryosections. The nuclei were stained byDAPI (blue),a-3 integrin expression onSKOV-3 tumor cells and vascular endothelial cells were visualized by anti-a-3
(green) and anti-CD31 (orange) staining, respectively. AU, arbitrary units.
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approximately 1.7-fold higher than that for nontargeted
nanoparticles (Fig. 5C, P < 0.05). The histologic distribution
of nanoparticles in the tumor tissue was further observed
under the confocal microscopy. As shown in Fig. 5D, the
majority of Cy5.5-labeled nontargeted nanoparticles (red)
were mainly distributed in the perivascular region, which is
in concordance with previous histologic observations of
passive accumulation of liposomes and micelles in tumor
tissues (14). In contrast, OA02-NPs were able to extravasate
from the tumor vasculature, penetrate deep into the inter-
stitial space of the tumor, bind to a-3 integrin–overexpres-
sing tumor cells, and eventually become internalized. Similar
observations were also reported by Kirpotin and colleagues
using PEGylated liposome targeted by an anti-HER-2 anti-
body (36). The enhanced tumor localization and intracellular
uptake of OA02-targeted nanoparticles into ovarian cancer
cells is probably attributed to the specific interaction
between the OA02 peptide and a-3 integrin, thus facilitating
the homing of targeted nanoparticles to ovarian cancer, and
the receptor-mediated endocytosis.

Therapeutic study
The antitumor effect of PTX-OA02-NPs was evaluated in the

subcutaneous SKOV-3 ovarian cancer xenograft mouse model
when compared with nontargeted PTX-NPs and paclitaxel
clinical formation (Taxol). As shown in Fig. 6A, all the paclitaxel
formulations significantly inhibited the tumor growth, when
compared with the control group (P < 0.05). However, both
PTX-NPs and PTX-OA02-NPs exhibited better tumor growth
inhibition than Taxol, at equivalent paclitaxel dose of 10
mg/kg. The superior tumor growth inhibition of paclitaxel
micellar formulationsmight be attributed to the larger amount
of paclitaxel delivered to the tumor site via the EPR effect.More
importantly, mice treatedwith PTX-OA02-NPs had significant-
ly slower tumor growth rate than those treated with nontar-
geted PTX-NPs at the equivalent paclitaxel doses (P< 0.05). The
survival rate of mice in each group is presented by the Kaplan–
Meier survival curve, respectively (Fig. 6B). In general,
compared with PBS control, all the paclitaxel formulations
significantly prolonged the survival rates of tumor-bearing
mice. However, mice treated with 30 mg/kg PTX-OA02-NPs
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Figure 6. In vivo tumor growth inhibition (A), Kaplan–Meier survival curves (B), and body weight changes (C) of SKOV-3 tumor–bearing mice after the
intravenous treatment of various paclitaxel formulations. Tumor-bearingmicewere administered intravenouslywith PBS (control), Taxol (10mg/kg), PTX-NPs
(10 and30mg/kg), andOA02-PTX-NPs (10 and30mg/kg), respectively, every 3 daysondays 0, 3, 6, 9, 12, and15 for a total of 6 doses. Data representmean�
SEM (n ¼ 8–10).
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exhibited the longest survival time among these treatment
groups. The median survival time of mice in the group of PBS
control, Taxol, PTX-NPs (10, 30 mg/kg), and PTX-OA02-NPs
(10, 30mg/kg)were 20, 27, 29, 69, 32, and 95 days, respectively. It
was also noted that complete response (CR), defined as a
complete disappearance of palpable tumor nodule, was
achieved in 5 of 10 mice (50%) in the 30 mg/kg PTX-OA02-
NPs group, and 2 of 8 mice (25%) in the 30 mg/kg PTX-NPs
group. The better tumor growth inhibition, prolonged survival
time, and higher complete tumor response rate observed in the
PTX-OA02-NPs group are likely due to the more efficient and
specific delivery of paclitaxel to the ovarian cancer cells by the
unique ligand-targeted nanoformulation, asmentioned earlier.
Several independent investigations have also showed that
some other targeted nanoparticles such as antibody-targeted
liposomes (37), transferrin-targeted polymeric nanoparticles
(38), and folate-targeted polyamidoamine (PAMAM) polymers
(39) can significantly enhance the antitumor effects as com-
pared with their nontargeted counterparts.
Toxicities were assessed by direct observation of animal

behavior and body weight monitoring. Mice treated with 10
mg/kgTaxol showed adecline of overall activity during thefirst
30-minute postinjection, which is likely a sign of hypersensi-
tivity reaction related to the diluent (Cremophor EL and
ethanol; ref. 33). In addition, this group of mice was found to
have significant amount of body weight loss (with a nadir of
6.7%) after receiving the first few doses, when compared with
the control group (P < 0.05). In contrast, the mice in both PTX-
NPs and PTX-OA02-NPs groups tolerated the regimens well.
The treatments did not seem to have obvious adverse impact
on their activity level and body weight (Fig. 6C). Overall, the
paclitaxel nanoformulations, both PTX-NPs and PTX-OA02-
NPs, showed with an improved systemic toxicity profile, which
might be attributed to their Cremophor-free composition,
prolonged blood retention time, and sustained drug release
features (40).

Conclusion
We have successfully developed OA02 peptide–targeted

polymeric micelles system to effectively deliver chemothera-
peutic drugs to ovarian cancer. High-affinity and high-speci-

ficity "OA02" peptide against a-3 integrin was successfully
conjugated to the distal PEG terminus of PEG5k-CA8 teloden-
drimer via "click chemistry" and displayed on the surface of
self-assembled micellar nanoparticles. OA02 peptide decora-
tion dramatically enhanced the intracellular delivery of nano-
particle drugs intoa-3 integrin–overexpressing ovarian cancer
cells via receptor-mediated endocytosis, resulting in higher in
vitro cytotoxicity of PTX-OA02-NPs against those cancer cells
than nontargeted PTX-NPs. OA02 peptide also significantly
facilitated the distribution of targeted nanoparticles into
tumor tissues and cells in SKOV3-luc tumor–bearing mice.
Furthermore, PTX-OA02-NPs were found to be more effica-
cious and less toxic than the equivalent doses of nontargeted
PTX-NPs and Taxol in ovarian cancer xenograft mouse model.
Therefore, OA02 peptide–targeted nanoparticles drug delivery
system has great translational potential in the treatment of
patients with ovarian cancer.
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