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T
he clinical success of paclitaxel with
its broad anticancer spectrum has
solidified the disruption of microtu-

bule dynamics as one of the most effective
anticancer strategies in use today. However,
the emergence of drug-resistant cancer
cells together with the toxicity of paclitaxel
has greatly limited its clinical efficacy. P-gly-
coprotein (P-gp)-mediated resistance1,2 has
been described as one mechanism under-
lying multidrug resistance (MDR). P-gp, a
product of the MDR1 gene, is a 170 kD
transmembrane glycoprotein that functions
as an efflux pump to remove drug from
cells, thus reducing the intracellular concen-
tration of the drug. Overexpression of the
membrane-associated P-gp results in resis-
tance to paclitaxel and other chemothera-
peutic drugs.3 This type of resistance is
observed in many cancer types. To date, a
large number of P-gp inhibitors have been
investigated as potential anticancer
agents. In preclinical studies, some of these
P-gp inhibitors have shown the restoration
of cancer cell sensitivity to anticancer
drugs. Unfortunately, clinical trials of P-gp
inhibitors have been disappointing due
to suboptimal efficacy and their high
toxicity.4,5

In light of this difficulty, nanotechnology,
using nanoscaled drug delivery systems
such as nanoparticles, polymeric-micelles,
and lipsomes, offers an alternative strategy
to address the drug resistance issue.6�16

The mechanisms that underlie the MDR-
reversal activities of nanoparticles are di-
verse and probably vary from one drug
carrier to another, but include bypass drug-
efflux pump resulting in increased cellular
accumulation of the drug,6,17 partial inhibition

of P-gp function18 and gene expression,19 and
modification of caspase-dependent apoptosis
signaling pathways.20 Recently we developed
a novel targeted nanoparticle (HFT-T) that
consists of a heparin-folate-paclitaxel (HFT)
conjugate loaded with paclitaxel in its hydro-
phobiccore for thespecificdeliveryofpaclitaxel
to cancer cells overexpressing folate receptor
(FR).21 In an experimental model of human
epidermal carcinoma (KB-3-1), HFT-T demon-
strated strong therapeutic efficacy signifi-
cantly superior to that of free paclitaxel and
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ABSTRACT Resistance to chemotherapy is a major obstacle in cancer therapy. The main purpose

of this study is to evaluate the potential of a folate receptor-targeting nanoparticle to overcome/

minimize drug resistance and to explore the underlying mechanisms. This is accomplished with

enhanced cellular accumulation and retention of paclitaxel (one of the most effective anticancer

drugs in use today and a well-known P-glycoprotein (P-gp) substrate) in a P-gp-overexpressing

cancer model. The folate receptor-targeted nanoparticle, HFT-T, consists of a heparin-folate-

paclitaxel (HFT) backbone with an additional paclitaxel (T) loaded in its hydrophobic core. In vitro

analyses demonstrated that the HFT-T nanoparticle was superior to free paclitaxel or nontargeted

nanoparticle (HT-T) in inhibiting proliferation of P-gp-overexpressing cancer cells (KB-8-5), partially

due to its enhanced uptake and prolonged intracellular retention. In a subcutaneous KB-8-5

xenograft model, HFT-T administration enhanced the specific delivery of paclitaxel into tumor tissues

and remarkably prolonged retention within tumor tissues. Importantly, HFT-T treatment markedly

retarded tumor growth in a xenograft model of resistant human squamous cancer. Immunohis-

tochemical analysis further indicated that increased in vivo efficacy of HFT-T nanoparticles was

associated with a higher degree of microtubule stabilization, mitotic arrest, antiangiogenic activity,

and inhibition of cell proliferation. These findings suggest that when the paclitaxel was delivered as

an HFT-T nanoparticle, the drug is better retained within the P-gp-overexpressing cells than the free

form of paclitaxel. These results indicated that the targeted HFT-T nanoparticle may be promising in

minimizing P-gp related drug resistance and enhancing therapeutic efficacy compared with the free

form of paclitaxel.
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nontargeted nanoparticles. The objectives of this study
were to evaluate the potential of using the HFT-T
nanoparticle in minimizing P-gp-mediated drug resis-
tance and to explore the underlying mechanisms. We
demonstrated that HFT-T is capable of increasing the
intracellular accumulation of paclitaxel in drug-resis-
tant epidermal carcinoma cells, which may be attrib-
uted to the failure of P-gp to mediate the efflux of
nanoparticles. Importantly, HFT-T treatment markedly
retarded the in vivo growth of drug-resistant tumors
in animal models, indicating that HFT-T could be attrac-
tive in overcoming drug resistance and enhancing ther-
apeutic efficacy clinically.

RESULTS AND DISCUSSION

Synthesis and Characterization of HFT-T Nanoparticles. The
HFT-T nanoparticle was prepared as described in the
Methods section.21 First, the ternary conjugate hepar-
in�folic acid�paclitaxel (HFT) was synthesized. Pacli-
taxel was conjugated onto the heparin backbone
through the ester linker to yield HT; then ethylene
diamine-modified folic acid was conjugated onto he-
parin through the amide linker to yield HFT. Second,

free paclitaxel was incorporated into the HFT conju-
gates to form the HFT-T nanostructure by a self-
assembly procedure with an efficiency of g90%. The
content of paclitaxel in HFT-T was determined to be
26% (w/w). Suppl. Figure 1 shows the characterization
of the HFT-T nanoparticle. The monodisperse shape of
the HFT-T nanoparticle was clearly observed by trans-
mission electron microscopy (TEM) negative staining
(Suppl. Figure 1a). Dynamic light scattering (DLS) in-
dicated the hydrodynamic size of the HFT-T nanopar-
ticle was 60 ( 10 nm (Suppl. Figure 1b) and the zeta
potential was �16.1 ( 1.1 mV. We also examined the
controlled release kinetics of paclitaxel from the HFT-T
nanoparticle, an important property for drug delivery.
As shown in Suppl. Figure 1c, 33.1 ( 5.1% of the total
paclitaxel was found to be released from the HFT-T
nanoparticle during a 10-day dialysis in PBS buffer,
indicating a slow release pattern of paclitaxel from
HFT-T under physiological conditions. Since heparin
was used to synthesize HFT-T, we determined the
anticoagulant activity of the HFT-T nanoparticle, which
was 0.23( 0.08 IU/mg and only accounted for 0.13% of
that of unconjugated heparin (178 IU/mg).

Figure 1. Cytotoxicity of HFT-T in drug-sensitive and -resistant cells. (a) Folic acid receptor expression on KB-3-1 and KB-8-5
cells. FRwas overexpressed onboth KB-3-1 andKB-8-5 cells when comparedwith FR-negative Tu212 cells. (b) P-gp expression
on KB-3-1 and KB-8-5 cells. (c) Growth inhibition effect of paclitaxel in KB-3-1 and KB-8-5 cells. The IC50 of paclitaxel in KB-8-5
cells was 13-fold higher than that in KB-3-1 cells. (d) Cytotoxicity of HFT-T in KB-3-1 andKB-8-5 cells. Cells were incubated in 50
ng/mL free paclitaxel or HFT-T or HT-T (paclitaxel-equivalent dose for nanoparticles) for one hour, followed by incubation in
drug-free medium for 48 h. (*p < 0.05 compared with control, results are mean ( SE).
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HFT-T Nanoparticles Effectively Reduce Viability in Both Drug-
Sensitive and Drug-Resistant Cancer Cells. The KB-8-5 human
squamous cancer cell line, derived from paclitaxel-
sensitive KB-3-1 cells, is a clinically relevant model
that has been widely used in the study of drug resis-
tance.22,23 As shown in Figure 1a, both KB-3-1 and KB-8-5
cell lines express membrane-bound folic acid receptor,
thepotential target of theHFT-Tnanoparticle. In contrast,
only KB-8-5 cells substantially express the classical MDR
marker P-glycoprotein (Figure 1b), which is consistent
with their acquired MDR phenotype.

To compare the response of KB-3-1 and KB-8-5 cells
to paclitaxel treatment, the cancer cells were exposed
to a series of paclitaxel concentrations for 72 h, and
then the cell growth inhibition effect of paclitaxel was
analyzed. Indeed, upon treatment with paclitaxel, KB-
8-5 cells exhibited a significantly higher resistance
when compared to their drug-sensitive parental KB-
3-1 cells, with an IC50 of 24( 5.61 ng/mL in KB-8-5 cells
versus 1.8 ( 0.79 ng/mL in KB-3-1 cells (Figure 1c).

To compare the in vitro cytotoxicity of HFT-T nano-
particle in these drug-sensitive and -resistant cancer
cells, drugs were added at 50 ng/mL final concentra-
tion (paclitaxel-equivalent dose for nanoparticle) for
one hour; then the cells were washed three times with

PBS to remove drugs and incubated in drug-free
medium for 48 h.15 Although all three paclitaxel for-
mulations, i.e, free paclitaxel, HFT-T, and the nontarget-
ing HT-T nanoparticles, reduced KB-3-1 cell viability to
different degrees (60.5( 1.5%, 38.7( 9.7%, and 41.8(
7.5%, respectively), HFT-T exhibited the highest cyto-
toxicity in these chemosensitive cells, which was con-
sistent with our previous observations.21 Intriguingly,
in KB-8-5 cells, only treatment with HFT-T resulted in a
significant inhibition of cell survival (31.6 ( 2.9%),
whereas free paclitaxel or HT-T did not markedly affect
cell viability when added at the equivalent concentra-
tions of HFT-T. These results indicated that the target-
ing HFT-T nanoparticle is more effective in reducing
viability in both drug-sensitive and -resistant cancer
cells, supporting its potential use to minimize drug
resistance (Figure 1d).

Cellular Uptake, Retention, and Efflux of HFT-T Nanoparticle.
We previously demonstrated that HFT-T displayed
preferentially targeted binding and internalization in
FR-expressing drug-sensitive cancer cells.21 To further
investigate the mechanisms for the enhanced in vitro

cytotoxicity of HFT-T in KB-8-5 cells and the interaction
between HFT-T and its targeted drug-resistant tumor
cells, we evaluated the cellular uptake and efflux of

Figure 2. Cellular uptake of HFT-T in KB-8-5 cells. (a) Uptake of Oregon Green 488-labeled HFT-T by KB-8-5 cells at different
time points was evaluated by FACS analysis. KB-8-5 cells were incubated with 0.2 μg/mL of Oregon Green 488-labeled HFT-T
for 10 min, 30 min, 1 h, 2 h, and 4 h and analyzed using FACS. (b) Confocal images show KB-8-5 cell uptake of HFT-T labeled
with Oregeon Green 488 after 1 h incubation. (c) Live cell images show uptake of labeled HFT-T by KB-8-5 cells 2 h after
incubation. HFT-T is in green, and LysoTracker Red, detecting endosomes and lysosomes, is shown in red. Overlay between
HFT-T and endosomes/lysosomes is represented in yellow.
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HFT-T in KB-8-5 cells. KB-8-5 cells were incubated with
0.2 μg/mL of HFT-T labeled with paclitaxel-Oregon
Green 488 for 10 min, 30 min, 1 h, 2 h, and 4 h and
then analyzed using flow cytometry (Figure 2). The
uptake of HFT-T by KB-8-5 cells increased in a time-
dependent manner (Figure 2a). In a live-cell imaging,
co-localization of LysoTracker with HFT-T demon-
strated that the majority of HFT-T was localized in
endosomes/lysosomes after 2 h of incubation, sug-
gesting endocytosis as the most likely mechanism of
HFT-T uptake (Figure 2c). This is consistent with our
previous observation in KB-3-1 cells, suggesting that
HFT-Tmay also undergo FR-mediated internalization in
KB-8-5 cells.21 To further investigate the mechanism of
cellular uptake in KB-8-5 cells, we detected FR sub-
cellular location by immunofluorescent staining after
cells were incubated with HFT-T, HT-T, or folic acid for
30 min. After incubation with HFT-T, confocal micro-
scopy revealed internalization of FR from the cell
membrane into the cell cytoplasm. A similar result
was observed in folic acid-treated cells, but not in HT-
T-treated cells. This behavior is consistent with a
receptor-mediated endocytosis pathway for HFT-T in-
ternalization (Suppl. Figure 2).

The P-gp efflux pump is a major energy-dependent
drug efflux mechanism that actively reduces the

intracellular contents of cytotoxic agents. Since P-gp
is highly overexpressed in many drug-resistant cancer
cells,3 we postulated this efflux pump may be respon-
sible for the acquired resistance to paclitaxel in KB-8-5
cells. Indeed, comparison of the intracellular accumu-
lation of paclitaxel found that the drug content in KB-8-
5 cells was significantly lower (by ∼50%) than that in
KB-3-1 cells (Figure 3a). Interestingly, however, incuba-
tion of either KB-3-1 or KB-8-5 cells in the presence of
HFT-T resulted in comparable levels of intracellular
paclitaxel accumulation (Figure 3b), suggesting that
the HFT-T formulation may counteract the transporter-
mediated drug resistance in KB-8-5 cells, thereby
increasing intracellular concentrations of paclitaxel
and enhancing its cytotoxicity. In fact, compared to
free paclitaxel, HFT-T was found to be capable of
effectively delivering andmaintainingmarkedly higher
concentrations (by 2�3-fold) of paclitaxel in KB-8-5
cells when added to the cultures at varying times
(Figure 3c).

We further questioned whether the high intracel-
lular levels of paclitaxel delivered by HFT-T may be
attributed, at least in part, to the insusceptibility of
these nanoparticles to P-gp-mediated efflux in drug-
resistant cancer cells. To perform the P-gp-mediated efflux
assay, KB-8�5 cells were incubated with 0.2 μg/mL

Figure 3. Cellular uptake and efflux of HFT-T in KB-3-1 andKB-8-5 cells. (a) Cellular uptake of free paclitaxel by KB-3-1 cells and
KB-8-5 cells (*p < 0.05 compared with KB-3-1 cells at the same time point; results are mean( SE). (b) Cellular uptake of HFT-T
by KB-3-1 cells and KB-8-5 cells. (c) Cellular uptake of free paclitaxel andHFT-T by KB-8-5 cells (*p < 0.05 comparedwith HFT-T
treatment at the same time point; results are mean ( SE). (d) Efflux of free paclitaxel and HFT-T in KB-8-5 cells. Cells were
incubated with Oregeon Green 488-labeled free paclitaxel or HFT-T for 1 h and then reincubated with fresh drug-free cell
culturemedium for the indicated times (*p < 0.05 comparedwith HFT-T treatment at the same time point; results aremean(
SE). (e) Cellular uptake of free paclitaxel and HFT-T in KB-8-5 cells with or without P-gp inhibitor, verapamil. Cells were
incubated with fluorescent dye-labeled HFT-T (0.2 μg/mL, paclitaxel-equivalent dose) at 37 �C in the presence or absence of
verapamil (15 μM verapamil added into the culture medium 2 h before adding paclitaxel or HFT-T). At different time points
after incubation, cells were washed three times with PBS and analyzed by FACS.
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Oregeon Green 488-labeled paclitaxel or HFT-T
(paclitaxel-equivalent dose) for one hour at 37 �C and
then washed three times with PBS to remove extra-
cellular drug. The rinsed cells were incubated with
drug-free medium at 37 �C for an additional 0.5, 1, 2,
and 4 h and then analyzed by fluorescence-activated
cell sorting (FACS) to measure the drug efflux.
Figure 3d shows that in KB-8-5 cells incubated with
free paclitaxel, only 30% of the paclitaxel was retained
at 30 min and was completely removed within 2 h. In
contrast, upon addition of HFT-T at an equivalent dose
of free paclitaxel, the retention of paclitaxel in KB-8-5
cells was significantly increased, remaining at a high
intracellular level of 56.7( 10.7% after 4 h (Figure 3d).
These data indicate that HFT-T may not be susceptible
to P-gp-mediated efflux. Supporting this notion, block-
ade of P-gp activity by verapamil, a P-gp inhibitor,5

significantly increased the accumulation of free pacli-
taxel, but not HFT-T, in a time-dependent manner in
KB-8-5 cells (Figure 3e).

These interesting data may explain the increased
intracellular presence of paclitaxel in drug-resistant
cancer cells when delivered by HFT-T nanoparticles.
Despite its function as a major efflux pump for free
drugs in MDR cancer cells, P-gp may fail to export
paclitaxel when it is encapsulated within the HFT-T

nanoparticle, which is consistent with reported
studies.6,17 This property of the HFT-T nanoparticle
could result in the increased intracellular availability
of paclitaxel, eventually contributing to the enhanced
cytotoxicity of HFT-T in drug-resistant cancer cells.

In Vitro Antiangiogenic Effect of HFT-T. The HFT-T nano-
particle has a backbone primarily consisting of heparin,
a natural polymer that could confer additional ther-
apeutic advantages. Heparin has been associated with
a better response to chemotherapy and prolonged
survival in cancer patients,24,25 which may be attribu-
ted to its tumor-inhibitory effects through binding
growth factors and preventing their interaction with
corresponding signaling receptors.26�28 Heparin may
also inhibit the activity of heparinase, which was
thought to be required for tumor cells to invade the
vascular basementmembrane.29,30 These observations
allowed us to hypothesize that, in addition to the
cytotoxicity mediated by encapsulated paclitaxel, the
presence of heparin in the HFT-T formulation may also
contribute to its antitumor activity. Indeed, by perform-
ing a tube formation assay using human umbilical vein
endothelial cells (HUVECs), we demonstrated that both
HFT-T and HT-T nanoparticles could significantly re-
duce the amount of tube formation, an indicator of
inhibition of angiogenesis. On the contrary, there was

Figure 4. In vivo distribution of HFT-T in KB-8-5 tumor-bearing mice. Near-infrared dye Cy5.5 or Cy5.5-labeled HFT-T was
injected iv into KB-8-5 tumor-bearing mice. (a) Imaging of representative mice at 1, 24, and 48 h after injection. Imaging of
representative major organs including liver, spleen, kidney, heart, lung, and tumors removed frommice 48 h after injection.
For HFT-T-treated mice, the greatest fluorescence intensity was observed in the tumor compared with the other tissues. For
free Cy5.5-treated mice, the greatest fluorescence intensity was observed in the kidney. (b) Fluorescence intensity in major
organs at 48 h after injection of free Cy5.5 or HFT-T. (c) Tumor accumulation of Cy5.5-labeled HFT-T in KB-8-5 tumor-bearing
mice. Imaging of representative mice at 1 h, 24 h, 48 h, 72 h, 7 days, and 14 days after injection. (d) Fluorescence intensity in
tumors at indicated time points after injection of HFT-T. The background autofluorescence has been subtracted.
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no significant difference in the amount of tube forma-
tion between the control and paclitaxel-treated
groups. The average tube-forming scores were quanti-
fied as 4.84 ( 0.35 for the control, 3.5 ( 1.35 for
paclitaxel, 2.8 ( 0.92 for HT-T, and 2.7 ( 0.67 for HFT-T
(Suppl. Figure 3). These results indicate that the pre-
sence of heparin in the nanoparticles may be respon-
sible for the observed antiangiogenic activity, which
could contribute to the antitumor efficacy of HFT-T,
and warrant further investigation into the underlying
mechanisms.

In Vivo Accumulation of HFT-T in Xenograft Tumors. One of
the advantages of using targeted nanoparticles for
drug delivery in vivo is that nanoparticles facilitate
drug accumulation within tumors. To investigate the
in vivo distribution of HFT-T compared with that of a
small molecular agent (free Cy5.5), we prepared near-
infrared dye (Cy5.5)-labeled nanoparticle HFT-T, which
allowed real-time imaging of the in vivo distribution in
mice bearing KB-8-5 tumors (Figure 4a). Following
systemic injection through the tail vein, there was no
intratumoral accumulation of either Cy5.5-labeled HFT-
T or free Cy5.5 dye (control) at 1 h, but the fluorescence
intensity was significantly increased within tumors in
mice injected with HFT-T at 24 and 48 h. In contrast, at
the same time points, no tumor accumulation of
fluorescence was observed in mice injected with free
dye. Free dye accumulated rapidly and continually
remained in the kidney and bladder within 1 to 48 h

following injection. It is worth noting that the fluores-
cence signal could also be observed in the bladder
between 1 and 48 h after HFT-T injection, which may
result from certain small-molecule dyes cleaved from
the nanoparticles and/or from the heparin�dye con-
jugates that were dissociated with HFT-Ts. At 48 h after
the injection, the liver, kidney, lung, heart, and spleen
were collected, and fluorescence intensities were ana-
lyzed by Kodak imaging station IS2000MM. In HFT-T-
treated mice, the greatest fluorescence intensity was
observed in the tumor compared with the other
tissues. In Cy5.5-treatedmice, the highest fluorescence
intensity was observed in kidney. As shown in Figure 4b,
the fluorescence intensity in tumors was 3 times higher
in HFT-T-treated mice (939.8 ( 75.8) than in free Cy5.5-
treated mice (316.5 ( 72.1). Collectively, the results
indicate that the HFT-T nanoparticle facilitated the
in vivo accumulation of Cy5.5 within tumors to greater
levels than the small molecular agent (free dye).

We further evaluated the kinetics of HFT-T accumu-
lation in tumors. As shown in Figure 4c,d, the intensity
of Cy5.5-HFT-T was increased during the 24 h after the
injection, remained at a high level until 72 h, and then
slowly declined thereafter. Remarkably, tumor accu-
mulation of HFT-T still remained detectable after 14
days post-injection. These results indicated that the
HFT-T nanoparticle may have prolonged retention
within tumor tissues, which could enhance the expo-
sure of tumors to therapeutic agents.31

Figure 5. Antitumor effect of HFT-T nanoparticle in an animal model. (a) The tumor growth of KB-8-5 xenografts was
significantly inhibited in theHFT-T-treatedgroup comparedwith the control (p=0.0075), freepaclitaxel (p=0.0155), andHT-T
(p = 0.0381) treated groups. Tumor volumes in free paclitaxel (p = 0.2287) and HT-T (p = 0.1423) treated groups were not
statistically significant different compared with the control group. On day 19, the average tumor volumes were as follows:
2061.7( 416.1mm3 for control, 1422.9( 216.1mm3 for paclitaxel, 1301.3( 213.9mm3 for HT-T, and 785.6( 104.1mm3 for
HFT-T groups. (b) Representativemouse from each group. (c) Bodyweights ofmice in all groups. The bodyweights of mice in
all four groups were similar. (d) Representative images of H&E organ staining from control and HFT-T-treated mice
(magnification 200�).
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In Vivo Antitumor Efficacy of HFT-T. We evaluated the
antitumor efficacy of HFT-T in KB-8-5 xenograftmodels.
Tumor-bearing mice were randomly divided into four
groups (n = 8): control group treated with PBS, free
paclitaxel group (40 mg/kg paclitaxel), HT-T group
(40 mg/kg paclitaxel-equivalent dose), and HFT-T group
(40 mg/kg paclitaxel-equivalent dose). The treatment
was administered once per week through tail vein
injection and lasted for 3 weeks (injection time: days
1, 7, and 14). When the tumor sizes reached the
maximum according to the Institutional Animal Care

and Use Committee (IACUC) guidelines, the mice were
sacrificed. A log�linear mixed model with random
intercept was used to compare the mean tumor vo-
lumes between the treatment and control groups. The
tumor volumes in the HFT-T-treated group were sig-
nificantly reduced compared with all other treatment
groups including the control (p = 0.0075), free paclitax-
el (p = 0.0155), and HT-T (p = 0.0381) treated groups
(Figure 5a). In contrast, tumor volumes in paclitaxel
(p = 0.2287) and HT-T-treated (p = 0.1423) groups were
not significantly different from the control group.

Figure 6. Effects of HFT-T on cell division, proliferation, and apoptosis. (a) Paraffin-embedded tissue sections from different
treatment groups were immunostained with antiacetylated tubulin to detect acetylated tubulin, anti-KI-67 for cell
proliferation, CD31 for angiogenesis, and TUNEL staining for the detection of apoptotic cells. Acetylated-R-tubulin in red;
CD31 in green; apoptotic cells are shown in green; DNA counterstained with DAPI in blue (magnification 200�). (b) Arrows
point tomitoticfigures. Arrow in control: normal dividing cell in anaphase. Arrow in treatment groups: aberrantmitotic arrest.
Dashed arrow: microtubule bundling.
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These results indicate that the therapeutic efficacy of
the targeted HFT-T nanoparticle is significantly super-
ior to that of free paclitaxel and nontargeted nanopar-
ticle in drug-resistant xenograft models. Indeed, after
three weeks of treatment (on day 19), the average
tumor volumes (726.6 ( 104.1 mm3) in the HFT-T-
treated group were significantly smaller than in the
free paclitaxel (1422.9( 216.1 mm3; p = 0.007) or HT-T-
treated (1301.3( 213.9 mm3; p = 0.012) groups. Repre-
sentativemice from each group are shown in Figure 5b.
These results indicate that HFT-T is muchmore effective
than free paclitaxel in treating drug-resistant tumors,
which are a common occurrence in patients clinically
treated with chemotherapeutic agents.

In the development of nanoparticles, an important
consideration is their potential toxicity, especially dur-
ing chronic administration. Heparin has been widely
used as an injectable anticoagulant because of its
intrinsic anticoagulation function. Since heparin was
used to synthesize HFT-T, we evaluated the anti-
coagulant activity of HFT-T, which was determined as
0.23( 0.08 IU/mL, only 0.13% of that of unconjugated
heparin (178 IU/mg). We further evaluated the sys-
temic toxicity of free paclitaxel, HT-T, and HFT-T in the
KB-8-5 xenograft model. Importantly, compared with
the control group, the body weights of mice in all three
treatment groups were similar, indicating a negligible
acute toxicity at this dose (40 mg/kg paclitaxel-
equivalent) (Figure 5c). This was further confirmed by
histopathologic analyses of major organs (including
liver, spleen, kidney, heart, and lung) from the mice
sacrificed on day 19 (3-week treatment). No tissue
damage was observed in any organ samples collected
from any treatment group, including HFT-T (Figure 5d).

Folic acid (FA)was chosen as the targetingmoiety in
the HFT-T nanoparticle for its several advantages: low
molecular weight and immunogenicity, relatively high
stability, and ease of synthesis. Importantly, expression
of folate receptor R is relatively low and highly re-
stricted in normal tissues, including pancreas (duct
epithelium), breast, lung (bronchial glands and pneu-
mocytes), kidney, esophagus (glandular duct epithe-
lium), parotid gland, and liver (bile ducts).32,33 On the
contrary, FR has been found to be highly expressed in a
wide range of solid tumors, including ovarian, uterine,
lung, breast, and head and neck cancers.23,28 These
properties make folate an excellent tumor-targeting
moiety in the design of multifunctional nano-
particles.34 It worth noting that although the accumu-
lation of HFT-T in the liver and kidney was relatively
high, no obvious tissue damagewas observed in any of
the organ samples collected from any treatment
group, including HFT-T and HT-T. Several facts may
account for the lowacute in vivo toxicity of HFT-T under
the tested conditions: (1) low FR expression in normal
tissues when comparedwith that in tumors. Consistent
with our findings, in a phase I clinical study, the

FRR-targeted humanized monoclonal antibody
(mAb) therapeutic agent farletuzumab was well toler-
ated in themanagement of heavily pretreated patients
with epithelial ovarian cancer;32 (2) the biodegradable
heparin polymer may allow HFT-T accumulated in the
liver and kidney to be readily degraded and subse-
quently eliminated through the renal system. Support-
ing this notion, we continually observed a fluorescence
signal in the bladder after injection of fluorescent
dye-labeled HFT-T, which may have resulted from
the degradation and elimination of nanoparticles
(Figure 4c); (3) a major mechanism of action of pacli-
taxel is to induce apoptosis in rapidly proliferating cells
by stabilizing microtubules and interrupting mitotic
division. Since the cell proliferation rate in normal adult
liver and kidney tissues is very low compared with that
in tumor tissues, it is plausible to postulate that HFT-T
could exert its potent antitumor activity without sig-
nificantly inducing tissue damage during a short-term
treatment.

In Vivo Effect of HFT-T on Microtubules, Angiogenesis,
Apoptosis, and Cell Proliferation in Xenograft Tumor Tissues. A
major mechanism of action of paclitaxel is to induce
microtubule stabilization by tubulin acetylation. To
determine if the enhanced antitumor activity of HFT-
T in vivo correlated with the effect of HFT-T on micro-
tubules in the cancer cells, we examined the levels of
acetylated R-tubulin in xenograft tumor tissues. Im-
munofluorescent staining of acetylated R-tubulin in
the HFT-T-treated group demonstrated significantly
increased positive staining (44.50 ( 7.71%) as com-
pared with the control (25.55 ( 12.87%) (p = 0.013)
(Figure 6a). In contrast, acetylated tubulin levels in
paclitaxel- (30.76 ( 15.26%) or HT-T-treated (40.86 (
18.53%) groups were not significantly different from
those in the control group (p = 0.262 and p = 0.061,
respectively) (Figure 6a). Furthermore, drug-induced
stabilization of interphase microtubules, as evidenced
by an increase in microtubule polymer mass resulting
in bundling, was observed in the tumor tissues from all
the treatment groups and was the most significant in
HFT-T-treated tumors (Figure 6b). These data indicate
that HFT-T may have a more profound effect on the
stabilization of microtubules in tumors.

Finally we analyzed the in vivo effects of HFT-T
treatment on tumor angiogenesis, apoptosis, and pro-
liferation by immunohistochemical (IHC) staining.
Figure 6a shows that although a decrease in CD31-
positive tumor microvessels was observed upon treat-
ment with free paclitaxel, HT-T, and HFT-T, HFT-T was
most effective in preventing the formation of tumor
vasculature. The average microvessel count (per 100�
field) was significantly reduced in HFT-T-treated tumor
tissue (19.08( 3.62) compared to control (39.38( 6.84;
p < 0.001) and paclitaxel-treated tumor tissue (22.75(
4.05; p = 0.015). When compared to the control, treat-
ment with HT-T (29.60 ( 6.27; p = 0.007) or paclitaxel
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(22.75 ( 4.05; p = 0.076) only moderately reduced the
microvessel count.

IHC analyses of Ki-67 showed a significantly reduced
level of Ki-67 in HFT-T-treated tumors (weighted index
of Ki-67: 0.682 ( 0.028) than in the control (1.01 (
0.025; p<0.001), paclitaxel (0.846( 0.028; p< 0.001), or
HT-T-treated (0.797 ( 0.027; p = 0.015) groups
(Figure 6a). TUNEL assay revealed a significant increase
in apoptotic tumor cells in the tumor tissues from the
HFT-T-treated group (0.051( 0.024) as compared with
the control group (0.030 ( 0.018; p = 0.003). HT-T
(0.040 ( 0.021) and paclitaxel (0.038 ( 0.019) treat-
ment slightly increased the number of apoptotic cells
as compared with the control, although the difference
was not significant (Figure 6a). Taken together, these
data indicate that HFT-T treatment was more effica-
cious in inducing microtubule stabilization, mitotic

arrest, and inhibition of cell proliferation than the other
tested treatments, which was consistent with the
superior in vivo antitumor efficacy of HFT-T (Suppl.
Figure 4).

In conclusion, our studies have demonstrated that a
FR-targeted nanoparticle, HFT-T, could significantly
increase the intracellular concentration and retention
of paclitaxel by facilitating drug uptake and reducing
the drug efflux rate in MDR cancer cells, which may
contribute to the enhanced specificity of drug delivery
and prolonged drug retention within tumors. Impor-
tantly, HFT-T markedly enhanced the antitumor effi-
cacy of paclitaxel in a drug-resistant KB-8-5 xenograft
model. These results indicate that targeted nanoparti-
cles could be a specific and efficient drug delivery
system to overcome P-gp-mediated drug resistance in
human cancer.

MATERIALS AND METHODS
Tumor Cell Lines and Cell Culture. The FR-overexpressing human

epidermal carcinoma cell lines KB-3-1 and KB-8-5 were gener-
ously provided by Dr. Michael M. Gottesman (NCI, NIH, Bethesda,
MD) and have been previously characterized.35 KB-3-1 is a drug-
sensitive cell line and KB-8-5 is a drug-resistant cell line that
overexpresses P-glycoprotein.36 KB-3-1 cells weremaintained in
DMEM medium supplemented with 10% fetal bovine serum
(FBS). KB-8-5 cells were maintained in 10% FBS DMEM medium
containing 10 ng/mL colchicine.

Preparation and Characterization of Nanoparticles. FR-targeted
and nontargeted nanoparticles HFT-T and HT-T were prepared
and characterized as previously described.21 Briefly, in order to
obtain the targeted nanoparticles, heparin bearing paclitaxel
and folic acid in the side-chains (HFT) was synthesized first.
Using the same process, paclitaxel only (without folic acid) was
chemically conjugated onto heparin to yield the HT conjugate.
To prepare the drug-loaded nanoparticles (HFT-T and HT-T),
polymer HFT or HT (100 mg, paclitaxel content: 15% w/w) and
free paclitaxel (15 mg) were dissolved in DMSO (3 mL). The
solution was added into NaHCO3 (0.1 M, 20 mL) dropwise.
DMSO was removed by dialysis. The resulting solution was
filtered using a 0.2 μm membrane and concentrated on an
Ultra centrifugal filter (MW = 5000). The final content of
paclitaxel in the stock solution of HFT-T was 26% (w/w),
determined by UV absorption. Transmission electron micro-
scopy showed that HFT-T nanoparticles were monodisperse
(Suppl. Figure 1a). The dynamic size of the HFT-T nanoparticle
was 60 ( 10 nm measured by a dynamic light scattering
detector (Brookhaven Instruments, Holtsville, NY) (Suppl. Fig-
ure 1b). Since heparin was used to synthesize HFT-T, we
determined the anticoagulant activity of HFT-T to be 0.23 (
0.08 IU/mg, only 0.13% of unconjugated heparin (178 IU/mg).
The detailed procedures regarding nanoparticle prepara-
tion and characterization are described in the Supporting
Information.

The drug releasing from HFT-T nanoparticle was studied by
dialyzing HFT-T in 10 L of PBS (pH 7.4) with gentle stirring at
37 �C to mimic physiological conditions. The amount of paclitaxel
that remained in the nanoparticles at each release time point
was measured by UV�vis spectroscopy in triplicate. The release
of paclitaxel from HFT-T is shown in Suppl. Figure 1c.

Coagulation Assays. The anticoagulant activities of HFT-T were
determined by the FXa-dependent coagulant assay using Coat-
est heparin according to themanufacturer's instructions. Briefly,
200 μL of heparin standard samples (concentrations of heparin
from0.01 to 0.07 unit/mL) andHFT-Twere incubated at 37 �C for
3�4 min; then 100 μL of FXa (0.355nkat) was added and mixed

well. The mixture was incubated at 37 �C for 30 s, and 200 μL of
1mMof chromogenic substrate S-2222 was added. Themixture
was incubated at 37 �C for 3 min. The reaction was stopped by
adding 300 μL of 20% (v/v) acetic acid. The sample was
transferred to a semimicro plate, and the absorbance of the
samples at 405 nmwas detected. The anticoagulant activity was
calculated on the basis of the standard curve.37

Cell Growth Inhibition Assay. Cells were seeded at a density of
5 � 103 cells per well into 96-well plates in triplicate. Twenty-four
hours later, paclitaxel was added at various concentrations
(0.31�78.13 ng/mL for KB-3-1 cells, 2.5�1250 ng/mL for KB-8-
5 cells) and continually incubated for 72 h. Cell growth inhibi-
tion was measured by determining cell density with the sulfor-
hodamine B assay. The percentage of inhibition was deter-
mined by comparison of cell density in the drug-treated cells
with that of the untreated control cells. All experiments were
repeated three times.

In Vitro Cytotoxicity of HFT-T. Cells were seeded at a density of
5 � 103 cells per well into 96-well plates in triplicate. Twenty-four
hours later, drugs were added at 50 ng/mL final concentration
(paclitaxel-equivalent dose for nanoparticles) for 1 h; then the
cells were washed three times with PBS to remove drugs and
incubated in drug-free medium for 48 h.15 Cell growth inhibi-
tion was measured by determining cell density with the sulfor-
hodamine B assay. The percentage of inhibition was deter-
mined by comparison of cell density in the drug-treated cells
with that of the untreated control cells. All experiments were
repeated at least three times.

Flow Cytometry Analysis. Flow cytometry analysis was used to
evaluate the cellular uptake, retention, and efflux of fluorescent
dye-labeled paclitaxel and HFT-T in the cells. Fluorescent dye-
conjugated paclitaxel (paclitaxel�Oregon Green 488, Invitro-
gen, Carlsbad, CA) and fluorescent dye-labeledHFT-T were used
to study drug accumulation in KB-3-1 and KB-8-5 cells. Fluor-
escent dye-labeled HFT-T or HT-T was prepared by encapsula-
tion of paclitaxel�Oregon Green 488. KB-8-5 cells were seeded
in six-well plates at 1 � 105 cells/well and allowed to attach
overnight. Cells were incubated with paclitaxel�Oregon Green
488 or fluorescent dye-labeled HFT-T (0.2 μg/mL, paclitaxel-
equivalent dose) at 37 �C in the presence or absence of
verapamil (15 μM verapamil added into the culture medium
2 h before adding paclitaxel or HFT-T). At different time points
after incubation, cells were washed three times with cold PBS,
and then the cells were resuspended in 500 μL of PBS. The cell
samples were analyzed using a fluorescence-activated cell
sorting caliber benchtop flow cytometer (BD Biosciences). The
drug accumulation data were analyzed using FlowJo software
(Tree Star, Ashland, OR).
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For the efflux study, cells were incubated with 0.2 μg/mL
paclitaxel�Oregeon Green 488 or HFT-T (paclitaxel-equivalent
dose) for 1 h at 37 �C and thenwashed three timeswith PBS, and
the cells were then incubated with drug-free medium at 37 �C
for another 0, 0.5, 1, 2, and 4 h. Cells were then washed three
times with ice-cold PBS and analyzed by FACS. FlowJo software
(Tree Star, Ashland, OR) was used for data analysis. All the
experiments were repeated three times independently.

Capillary Tubule Formation Assay. A Matrigel-based capillary
tube formation assay was performed using human umbilical
vascular endothelial cells (Lonza Walkersville, MD). HUVECs
weremaintained in the endothelial cell basal medium-2 contain-
ing the following growth supplements: hydrocortisone, hFGf-B,
VEGF, R3-IGF-1, ascorbic acid, heparin, FBS, hEGF, GA-1000;
4�104 cells/well were seeded onMatrigel (BD Bioscience, Bedford,
MA)-coated 24-well plates and incubated at 37 �C for 18 h in a
humidified 5% CO2 atmosphere, in either the presence or
absence of 0.1 ng/mL paclitaxel, equivalent dose of HFT-T, or
HT-T. Each treatment was performed in triplicate. Tube forma-
tion was examined and scored under an inverted light micro-
scope using 20� magnification.38 On the basis of the quality
and number of tubes, a score was assigned: 0, no real tubes; 1,
some poorly formed tubes; 2, some formed tubes; 3, network of
poorly formed tubes; 4, network of formed tubes; and 5, net-
work of well-formed tubes. The experiment was repeated three
times.

In Vivo Antitumor Efficacy Assay. The animal experiment was
approved by the Institutional Animal Care and Use Committee
of Emory University. KB-8-5 cells (5 � 105) were injected sc into
4�5-week-old female nude mice (athymic nu/nu, Taconic, NY).
When the tumors haddeveloped to about 100mm3, themicewere
divided into four groups (n = 8) in a way to minimize weight and
tumor size differences among the groups: control group treated
with saline, free paclitaxel group (40mg/kg), HT-T group, andHFT-T
group (40 mg/kg paclitaxel-equivalent for nanoparticles). Therapy
was continued once per week through tail vein injection for three
weeks (at day 1, 7, and 14). The body weight and tumor size were
measured three times per week. The tumor volumewas calculated
using the formulaV=π/6� (larger diameter)� (smaller diameter)2.
One week after the last treatment, tumor and organ tissues
(liver, heart, lung, spleen, and kidney) were collected for H&E
staining and immunostaining analyses.

Immunofluorescence, Immunohistochemistry, and TUNEL Assay. Im-
munofluorescence analysis of CD31 staining on frozen mouse
xenograft tissue sections was performed. Tissue sections were
incubated with rat anti-mouse CD31 primary antibody (BD
Pharmingen) or rat IgG for control and Fluor-conjugated sec-
ondary antibodies. Slides were counterstained with DAPI
(Vector Laboratories, Burlingame, CA). Images were taken with
a Zeiss LSM510 META confocal microscope. Five images of the
most intensively vascularized area were taken at 100� magni-
fication for each slide stained for CD31. Microvessel density was
examined by counting the numbers of microvessels in each
image (�100 field). The result was presented as an average of
numbers of microvessels per �100 field.39 Double staining for
acetylated tubulin and vimentin was performed using paraffin-
embedded mouse xenograft tissue as previously described.21

The TUNEL assay was performed by immunofluorescence using
the same specimens as above, following the procedure pro-
vided by the manufacturer (Promega, Madison, WI).

Immunohistochemical analysis for Ki-67 staining on paraf-
fin-embedded mouse xenograft tissue was performed as pre-
viously described.21 The intensity of Ki-67 staining was measured
using a scale (0 = no expression, 1 = weak expression, 2 =
moderate expression, and 3 = strong expression) and quantified
as weighted index (WI = % positive staining in tumor� intensity
score). An average of the 10 readings was used for statistical
analysis.

For the TUNEL assay, the total cell number and the positive
cell number in the same area were counted for five random
areas; the result was presented as an average ratio of positive
cell number out of total cell number.

Statistical Analysis. The statistical significance of treatment
was assessed using the Student's t-test for the following studies:
in vitro cytotoxicity assay, cellular uptake, retention, efflux

analysis, and the capillary tubule formation study. p < 0.05
was considered statistically significant in all analyses. For the
in vivo antitumor efficacy assay, a log�linear mixed model with
random intercept was used to compare the significance of the
mean tumor volumes among each group. The statistical sig-
nificance of treatment onmicrotubule, angiogenesis, apoptosis,
and cell proliferation in xenograft tumor tissues was assessed
using the Kruskal�Wallis test (one-way ANOVA). p < 0.05 was
considered statistically significant.
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