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aclitaxel is one of the most widely

used chemotherapeutic agents in

the clinic for the treatment of ad-
vanced solid carcinomas, such as breast,
ovaries, lung, and head and neck.' > How-
ever, the utility of paclitaxel is compromised
by its poor aqueous solubility that necessi-
tates its formulation with the surfactant Cre-
mophor EL as a delivery vehicle, which can
cause serious side effects including allergic
reaction, nephrotoxicity, neurotoxicity, and
cardiotoxity. Consequently, patients who
receive paclitaxel must be premedicated
with steroids and antihistamines to reduce
the risk of such reactions, and special non-
di-(2-ethylhexyl) phthalate tubing and in-
line filters are required for i.v. administra-
tion.” Furthermore, nonspecific systemic
delivery of cytotoxic chemotherapeutic
drugs commonly leads to dose-dependent
side effects and poor therapeutic outcomes.

To overcome those limitations, many

polymer-based drug delivery systems
(nanoparticle formulations) have been pre-
pared for paclitaxel delivery. A two compo-
nent “binary” nanoparticle (albumin-
paclitaxel or Abraxane) is among the most
developed and has been approved by the
FDA for the treatment of metastatic breast
cancer. This albumin-bound nanoparticle of
paclitaxel showed significantly greater effi-
cacy and lower toxicity than free paclitaxel
in a phase llI clinical trial.® However, the
therapeutic benefit of binary nanoparticles
with no targeting ligand is still limited. An
alternative strategy to overcome the limita-
tion is to conjugate a targeting ligand or an
antibody to the nanoparticle. A variety of
tumor-targeting ligands, such as antibod-
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ABSTRACT Nonspecific distribution of chemotherapeutic drugs (such as paclitaxel) is a major factor
contributing to side effects and poor clinical outcomes in the treatment of human head and neck cancer. To
develop novel drug delivery systems with enhanced efficacy and minimized adverse effects, we synthesized a
ternary conjugate heparin—folic acid— paclitaxel (HFT), loaded with additional paclitaxel (T). The resulting
nanoparticle, HFT-T, is expected to retain the antitumor activity of paclitaxel and specifically target folate receptor
(FR)-expressing tumors, thereby increasing the bioavailability and efficacy of paclitaxel. In vitro experiments
found that HFT-T selectively recognizes FR-positive human head and neck cancer cell line KB-3-1, displaying higher
cytotoxicity compared to the free form of paclitaxel. In a subcutaneous KB-3-1 xenograft model, HFT-T
administration enhanced the specific delivery of paclitaxel into tumor tissues and remarkably improved antitumor
efficacy of paclitaxel. The average tumor volume in the HFT-T treatment group was 92.9 + 78.2 mm® vs 1670.3
= 286.1 mm? in the mice treated with free paclitaxel. Furthermore, paclitaxel tumors showed a resurgence of
growth after several weeks of treatment, but this was not observed with HFT-T. This indicates that HFT-T could be
more effective in preventing tumors from developing drug resistance. No significant acute in vivo toxicity was
observed. These results indicate that specific delivery of paclitaxel with a ternary structured nanoparticle (HFT-T)
targeting FR-positive tumor is a promising strategy to enhance chemotherapy efficacy and minimize adverse
effects.

KEYWORDS: targeting nanoparticle - specific drug delivery - folate
receptor - paclitaxel - chemotherapy

ies, growth factors, or cytokines, have been
used to facilitate the uptake of carriers into
target cells.”~'° This strategy relies on the
ability of the targeting agent or ligand to
bind the tumor cell surface in an appropri-
ate manner to trigger receptor-mediated
endocytosis. The therapeutic agent will
thereby be delivered to the interior of the
cancer cell. 0722

To increase the therapeutic specificity
and efficacy of paclitaxel, we have devel-
oped a novel targeted polymeric nanoparti-
cle (HFT-T), which is composed of
heparin—folate —paclitaxel (HFT) conju-
gates loaded with paclitaxel (T) in its
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Figure 1. Synthesis and characterization of heparin—folic acid—paclitaxel nanoparticles loaded with paclitaxel (HFT-T): (a)
diagram of conjugation reaction for heparin—folic acid—paclitaxel (HFT) conjugate; (b) TEM image of HFT-T nanoparticles;
(c) DLS measurement of HFT-T nanoparticles; the graph shows size distribution of HFT-T nanoparticles in water.

hydrophobic core. HFT-T exhibits improved water solu-
bility, stability, biodegradability, and tunable drug-
loading capacities. In this structure, we have chosen
folic acid (FA) as a targeting agent. As a natural ma-
terial, FA has several advantages as a potential target-
ing agent, including lower molecular weight and immu-
nogenicity than most antibodies, relatively high
stability, and ease of synthesis. Importantly, the folate
receptor (FR) is highly expressed in several types of solid
tumors, including ovarian, uterine, lung, breast, and
head and neck cancers.?*~2® Conversely, normal tis-
sues, most notably bone marrow tissue, lack FR expres-
sion,?® making folate an excellent tumor-targeting
moiety.

Furthermore, we have taken advantage of the natu-
ral polymer heparin, a commonly used carrier for
growth factor delivery,®* to synthesize HFT-T. Hep-
arin improves response and survival in cancer patients
taking chemotherapy,*'3? and has an inhibitory effect
on tumors that could be associated with binding of
growth factors®® and inhibition of heparinase, which is
thought to be required for tumor cells to invade the
vascular basement membrane 343°
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In this report, we present evidence to show that
HFT-T has an average size of 60 nm, high drug loading
capability (26% w/w), facilitates specific in vitro and in
vivo drug delivery into cancer cells, and significantly en-
hances the efficacy of paclitaxel in a human head and
neck cancer xenograft model. These results suggest
that targeted nanoparticles may be promising systems
to achieve specific drug delivery into tumor tissues, po-
tentially having a major impact on anticancer drug de-
livery to cancer patients.

RESULTS AND DISCUSSION

Synthesis and Characterization of Nanoparticles. Nanoparti-
cle synthesis began by generating the binary and ter-
nary conjugates, heparin—paclitaxel (HT), and
heparin—folic acid—paclitaxel (HFT) (Figure 1a). Pacli-
taxel was conjugated onto the heparin backbone
through the ester linker to yield HT. For HFT synthesis,
ethylene diamine-modified folic acid was conjugated
onto heparin through the amide linker. Conjugates
were confirmed by '"H NMR spectra (Supporting Infor-
mation). The content of paclitaxel and folate in HFT was
15% and 9% (w/w), respectively. To increase the load-
ing ratio of paclitaxel, free paclitaxel was incorporated
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Figure 2. Effect of HFT-T on colony formation. KB-3-1 (a,b) and Tu212 (c,d) cells were treated with 2.5 nM paclitaxel or
paclitaxel-equivalent dose of HFT-T or HT-T for 2 weeks. Colony-forming capability was markedly suppressed by HFT-T treat-
ment when compared with all other treatments in KB-3-1 cells, but was similar in Tu212 cells. (*p < 0.05 and **p < 0.001 com-

pared with control, results are mean = SE).

into the HT and HFT conjugates to form nanostruc-
tures (HT-T and HFT-T) by a self-assembly procedure
with an efficiency above 90%. The paclitaxel content
of HFT-T was increased to 26% (w/w). Comparing the
"H NMR spectra of HFT-T in d-DMSO and D,0 (Support-
ing Information, Figure 1) revealed that HFT-T nanopar-
ticles formed in water were covered by a layer of FA,
and hydrophobic paclitaxel was shielded by heparin
and FA. Transmission electron microscopy (TEM)
showed that HFT-T nanoparticles were monodisperse,
highly soluble, and stable in aqueous solution (Figure
1b). The HFT-T solution at 75 mg/mL produced a clear
liquid, which is Cremophor-free. The dynamic size of
HFT-T nanoparticles measured by dynamic light scatter-
ing (DLS) was 60 = 10 nm (Figure 1c) and the zeta po-
tential was —16.1 = 1.1 mV. Since heparin was used to
synthesize HFT-T, we determined the anticoagulant ac-
tivity of HFT-T to be 0.23 * 0.08 IlU/mg, only 0.13% of
unconjugated heparin (178 IlU/mg).

In Vitro Cytotoxicity of HFT-T. To compare cytotoxic activ-
ity between free paclitaxel and nanoparticle HFT-T, we
performed colony formation assays using the human
head and neck cancer cell lines KB-3-1 and Tu212, which
express high and undetectable levels of FR, respec-
tively. Cells were exposed to 2.5 nM paclitaxel and the
HFT-T and HT-T nanoparticles at a paclitaxel-equivalent
dose of 2.5 nM. In KB-3-1 cells, after two weeks of incu-
bation, treatment with free paclitaxel and HT-T reduced
colony formation by 50% as compared with the un-
treated control (p = 0.049 and p = 0.035, respectively),
while HFT-T treatment reduced colony formation by
95% when compared with the control (p < 0.001) (Fig-
ure 2a,b). The suppression of colony formation by HFT-T
was significantly greater than that by free paclitaxel (p
= 0.009) or HT-T (p = 0.004), indicating that HFT-T has
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increased cytotoxicity in vitro. In contrast, HFT-T showed
a similar inhibitory effect in FR-negative Tu212 cells as
compared to HT-T or free paclitaxel treatment (Figure
2¢,d).

Specific in Vitro Binding and Internalization of HFT-T. Since
HFT-T was developed to specifically bind to FR and trig-
ger receptor-mediated internalization in FR-positive
cells, we compared the uptake of HFT-T and HT-T by KB-
3-1 cells. Confocal microscopy indicated that HFT-T un-
derwent greater cellular uptake than HT-T (Figure 3a).
The level of nanoparticle internalized in KB-3-1 cells
was quantified by flow cytometry and found to be five
times greater in HFT-T-treated than HT-T-treated cells
(mean fluorescence 21.5 * 1.8 vs 4.4 = 1.5) (Figure 3b).
To assess the specificity of FR targeting, FR-specific
siRNA was used to reduce FR levels. In FR-knockdown
KB-3-1 cells, HFT-T cellular uptake was decreased com-
pared with that in cells treated with control siRNA (Fig-
ure 3c¢). Quantification by flow cytometry showed that
FR siRNA treatment significantly reduced cellular fluo-
rescence intensity (6.4 £ 1.8) compared to control
siRNA treatment (19.3 =+ 1.6) (Figure 3d). Consistently,
in FR-negative Tu212 cells, HFT-T cellular uptake was
less than that in FR-positive KB-3-1 cells (Supporting In-
formation, Figure 2a,b). Preincubation of KB-3-1 cells
with FA decreased cellular uptake of HFT-T in a dose-
dependent manner, indicating that HFT-T uptake may
occur through FR-mediated internalization (Supporting
Information, Figure 2 c,d).

In live-cell analysis, double fluorescence staining of
HFT-T (paclitaxel-oregon green 488) and endosomes/
lysosomes (LysoTracker Red DND-99) was performed to
visualize the intracellular distribution of HFT-T. The ma-
jority of HFT-T was observed in endosomes/lysosomes
after 2 h of incubation, as evidenced by colocalization of
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Figure 3. Specificity of tumor cell targeting of HFT-T. (a) Confocal images show KB-3-1 cell uptake of HFT-T or HT-T after 2 h
incubation. (b) Uptake of HFT-T or HT-T by KB-3-1 cells was evaluated by flow cytometry. Left panel shows the mean fluores-
cence in cells after 2 h exposure to HFT-T or HT-T at 37 °C. (c) Confocal images show that the uptake of HFT-T in KB-3-1
cells treated with FR siRNA (FR-knockout) was decreased compared with that in KB-3-1 cells treated with the control siRNA.
(d) Immunoblotting analysis was used to examine level of FRa protein in KB-3-1 cells after treatment with the siRNA for FRa
or control siRNA. Uptake of HFT-T by FR knockout KB-3-1 cells or control KB-3-1 cells was analyzed by flow cytometry. (*p

< 0.05, results are mean = SE).

green fluorescence from HFT-T and red fluorescence
from LysoTracker (Supporting Information, Figure 3).

Accumulation of HFT-T in Xenograft Tumors. To compare
the in vivo distribution of HFT-T and HT-T, we prepared
near-infrared dye (Cy5.5)-labeled HFT-T and HT-T nano-
particles, which provided real-time imaging of their in
vivo biodistribution in mice after systemic injection
through the tail vein (100 p.L of 24 pwM Cy5.5-labeled
HFT-T or HT-T). Imaging of mice demonstrated tumor
accumulation of both HFT-T and HT-T 1, 24, and 48 h af-
ter the injection (Figure 4a). A fluorescence signal was
also observed in the bladder 1—48 h after the injec-
tion. This signal was likely caused by small dye mol-
ecules cleaved from the nanoparticles and/or from
heparin-dye conjugates that were dissociated from the
particles.

Forty-eight hours after injection, the liver, kidney,
lung, heart, and spleen were collected, and all tissues
were analyzed by fluorescence imaging. For both HFT-T
and HT-T, the greatest fluorescence intensity was ob-
served in the tumor compared with the other tissues
(Figure 4b). Although the signal intensity in tumor tis-
sue was slightly higher for HFT-T than HT-T, the differ-
ence was not significant (fluorescence intensities were
462 + 109.1 and 368 = 117.5 for HFT-T- and HT-T-
treated mice, respectively, p = 0.28).

We therefore addressed whether HFT-T and HT-T
nanoparticles simply accumulate around the tumor
sites (outside the tumor cells) or actually enter the cells.

\L/al\\wx> VOL.3 = NO.10 = WANG ET AL.

Fluorescent dye (paclitaxel-bodipy 564)-labeled HFT-T
or HT-T (200 p.L, 7 mg/mL) was injected through the tail
vein of nude mice bearing KB-3-1 tumors. Twenty-four
hours postinjection, tumors were harvested and the cel-
lular uptake of HFT-T or HT-T was evaluated by stain-
ing with antihuman CD326 (EpCAM) antibody to distin-
guish human carcinoma cells from the host/murine
stromal cells. Fluorescence microscopy showed that
fluorescent dye-labeled HFT-T predominantly accumu-
lated within the tumor cells (Figure 4c), while HT-T was
found predominantly in the extracellular space. These
data demonstrated that the specific FR-targeted nano-
particle, HFT-T, more efficiently delivered anticancer
drug into tumor cells than the nontargeted nanoparti-
cle, HT-T.

It has been proposed that the rate-limiting step for
accumulation of nanoparticles in tumor tissues may be
their passive extravasation through tumor vasculatures,
which is affected by multiple factors including circula-
tion time and particle size.3” However, accumulation
within the tumor microenvironment by the EPR effect
may not always correlate with therapeutic outcome
since cellular internalization is required for anticancer
drugs to exert their biological functions inside tumor
cells. HFT-T was designed to be a targeted nanoparti-
cle, and as such demonstrated 5-fold more efficient up-
take than HT-T by FR-positive KB-3-1 cells, suggesting
that the conjugation of folate to the nanoparticle facili-
tated the targeting of HFT-T to FR-positive tumor cells.

www.acsnano.org



The uptake of HFT-T was de-
creased by FR-knockdown KB-
3-1 cells or FR-negative Tu212
cells, which further supports that
HFT-T specifically targets FR-
expressing cells.

We next measured the up-
take of fluorescent dye-labeled
HFT-T and HT-T in the dissoci-
ated xenograft tumor cells by
flow cytometry. The population
of human cancer cells that con-
tain HFT-T or HT-T was identified
by both EpCAM and fluorescent-
labeled paclitaxel (paclitaxel-
bodipy 564) encapsulated in
HFT-T or HT-T. The percentage
of human tumor cells containing
HFT-T nanoparticles (21.8 =
2.9%) was three times greater
than that containing HT-T nano-
particles (5.6 = 1.8%) (Figure 4d),
indicating that the targeted
nanoparticle is more effectively
internalized into tumor cells than
the nontargeted particle and cor-
relating with its enhanced antitu-
mor activity. Thus, the conjuga-
tion of folate to the nanoparticle
greatly facilitates internalization
of the nanoparticle in cancer
cells in vivo.

In Vivo Antitumor Efficacy and
Toxicity of HFT-T. We evaluated the
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Figure 4. In vivo distribution of HFT-T in KB-3-1 tumor-bearing mice. Near infrared dye (cy5.5)-labeled
HFT-T or HT-T was injected i.v. into KB-3-1 tumor-bearing mice. (a) Imaging of mice at 1, 24, and

48 h after injection. (b) Biodistribution of HFT-T and HT-T in major organs at 48 h after injection. (c)
The cellular internalization of HFT-T versus HT-T in KB-3-1 xenografts 24 h after injection (i.v.). HFT-T
showed marked internalization in KB-3-1 cells identified by human EpCAM expression (green). In
contrast, HT-T showed much less internalization by KB-3-1 cells and was predominantly found in the
extracellular space. (d) Flow cytometry analyses of cells obtained from disaggregated KB-3-1 xe-
nografts 24 h after i.v. injection of HFT-T or HT-T. Two-dimensional event density plots of disaggre-
gated tumor cell suspensions from animals injected with HFT-T or HT-T. The cells were stained with
anti-EpCAM Ab-FITC conjugate to identify human cancer cells. The cells in Q4-2 and Q2-2 were hu-
man tumor cells (EpCAM positive), the cells in Q1-2 and Q2-2 contained nanoparticles (bodipy 564
positive), and the cells in Q2-2 were human tumor cells containing nanoparticles (double positive).
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efficacy of the HFT-T nanoparti-

cles in promoting regression of pre-established tumors
in a KB-3-1 xenograft model. Tumor-bearing mice were
divided into four groups (n = 7) in a way to minimize
weight and tumor size differences among the groups:
control group (saline), free paclitaxel group (20 mg/kg),
HT-T group, and HFT-T group (20 mg/kg paclitaxel-
equivalent for nanoparticles). Therapy was continued
once per week through tail vein injection for 5 weeks
(injection time: day 1, 7, 13, 20, and 27).

All mice in the control group were sacrificed at day
15, earlier than those in the treatment groups, due to
reaching the maximum tumor size according to the In-
stitutional Animal Care and Use Committee (IACUC)
guidelines. After 5 weeks of treatment, all mice in the re-
maining treatment groups were sacrificed because
some mice in the free paclitaxel and HT-T groups
reached IACUC end-point volumes. A log—linear mixed
model with random intercept was used to compare
the mean tumor volumes between the treatment and
control groups. Compared with the control group, tu-
mor volumes in all treatment groups were significantly
reduced (p < 0.0001 for free paclitaxel, HT-T, and HFT-T

www.acsnano.org

each, Figure 5a,b). Importantly, the tumor volume in
the HFT-T-treated group was significantly smaller than
that in the free paclitaxel (p < 0.0001) or HT-T-treated (p
< 0.0001) groups, suggesting that the active targeting
mechanism most likely contributes to the enhanced an-
titumor activity of HFT-T (Supporting Information,
Figure 5). Indeed, after five injections (at day 33 after
first injection), the tumor volume in the HFT-T-treated
group (92.9 = 78.2 mm3) was only 5% of that in the free
paclitaxel-treated group (1670.3 * 286.1 mm?3).

More importantly, we observed that while treat-
ment with free paclitaxel suppressed tumor growth ini-
tially, after 3 weeks of treatment, tumors no longer re-
sponded to treatments and grew rapidly. This could
have resulted from the tumor cells developing drug re-
sistance to paclitaxel. Unlike free paclitaxel, HFT-T did
not show this resurgence in tumor growth rate after the
same period of treatment. Three tumors (3 of 7, 42.8%)
in the HFT-T-treated group shrank to a nonpalpable
size, leaving only scar tissue (by pathologic assessment),
and these mice were cured, while no cures were at-
tained in other treatment groups. This is strong evi-
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dence that HFT-T is much more effective than free pa-
clitaxel in treating tumors and is less susceptible to drug
resistance, which is a very common occurrence in pa-
tients clinically treated with paclitaxel.

An important consideration in nanoparticle develop-
ment is the potential toxicity, especially during chronic
administration. We therefore evaluated the systemic
toxicity of free paclitaxel, HT-T, and HFT-T in the xe-
nograft model. 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 (20 mg/kg paclitaxel-equivalent) (Figure 5c).
At day 34 (after 5 weeks of treatment), the histopatho-
logic changes in major organs, such as liver, spleen, kid-
ney, heart, and lung, from the mice in all treatment
groups were examined by hematoxylin and eosin (H&E)
staining. No tissue damage was observed in any organ
sample collected from any treatment group, including
HFT-T (Figure 5d).

Although the accumulation of HFT-T and HT-T in
the liver and kidney were relatively high, in this study
no tissue damage was observed in any of the organ
samples collected from any treatment group, including
HFT-T and HT-T under the tested conditions. The hep-
arin polymer that we used to synthesize the nanoparti-
cles is biodegradable, so that HFT-T and HT-T accumu-
lated in the liver and kidney may be degraded and
eliminated through the renal system. We continually
observed a fluorescence signal in the bladder 48 h af-
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Figure 5. Antitumor effect of HFT-T nanoparticle in animal model. (a). The growth curve of KB-3-1
xenografts showed that all the treatment groups including free paclitaxel, HT-T, and HFT-T signifi-
cantly inhibited the growth of tumor as compared with the control (p < 0.0001 for each treatment).
Although the tumor volumes were similar in HT-T and free paclitaxel-treated groups (p = 0.608), FR-
targeted HFT-T more potently reduced tumor growth than free paclitaxel (p < 0.0001). After five in-
jections, the average tumor volumes in paclitaxel, HT-T, and HFT-T treatment groups were 1670.3 =
286.1 mm?, 1211.3 * 448.1 mm?3, and 92.9 =+ 78.2 mm?, respectively. (b) A representative mouse from
each group. (c) The body weights of the mice in all groups. (d) Representative images of H&E organ

els. The administration dose was
determined on the basis of pre-
viously published literature.®
However, unlike the reported
schedules for administration of
free paclitaxel (daily injection
for three days), our study aimed
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longer interval between two
treatments, once per week (five
injections). This schedule of ad-
ministration may be less toxic to
animals, as demonstrated by
the in vivo toxicity data (Figure
5c,d), and therefore may have a
better safety profile for clinical
application.

In Vivo Effect of HFT-T on
Microtubule Disruption and Apoptosis in Tumor Tissues. Pacli-
taxel exerts its antitumor activity by binding to
B-tubulin inside the lumen of the microtubule, result-
ing in microtubule polymerization, mitotic arrest, and
apoptosis in proliferating cells. To investigate the mech-
anism underlying the enhanced antitumor activity of
the HFT-T nanoparticle in vivo, we sacrificed the mice 1
week after the last treatment, collected tumor, and ex-
amined the effect of each treatment on tubulin acetyla-
tion in xenograft tissues as a readout of drug-induced
microtubule stability. Image analysis revealed a signifi-
cant increase in acetylated tubulin levels in tumor xe-
nografts from all treatment groups, free paclitaxel
(132.74 = 28.15%), HT-T (108.35 * 6.34%) and HFT-T
(160.26 = 30.14%), as compared with control (71.72 =
25.64%). However, the intensity of acetylated tubulin
was greater in tumors treated with HFT-T than free pa-
clitaxel (p = 0.06) or HT-T (p = 0.001), indicating the
better efficacy of HFT-T (Supporting Information,
Figure 4).

Drug-induced stabilization of the tumors’ inter-
phase microtubules, as evidenced by an increase in
microtubule polymer mass resulting in bundling, was
observed upon treatment with both HT-T and HFT-T;
however, HFT-T was most effective in the formation of
microtubule bundles. Moreover, confocal microscopy
analysis of xenograft tumor sections revealed perturba-
tions of the microtubule cytoskeleton in HFT-T-treated
animals, such as microtubule bundling and formation of
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aberrant mitotic spindles with mis-
aligned chromosomes, indicative of
effective drug-target engagement
(Figure 6a,b). To quantify the effect of
each drug treatment, aberrant mitotic
cells were counted and expressed as a
percentage of the total cell number.
The Kruskal—Wallis test (one-way
ANOVA) revealed that the percentage
of cells arrested in mitosis was signifi-
cantly greater in HFT-T-treated xe-
nografts (8.13%) than that in control-
treated xenografts (2.76%), while
paclitaxel- and HT-T-treatment in-
duced a less significant increase
(5.35%) and a nonsignificant increase
(4.66%) in aberrant mitosis,
respectively.

Another interesting finding in sec-
tions of HFT-T-treated tumors was the
formation of large mutinucleated cells
that cannot complete cytokinesis and
therefore exit mitosis with multiple N
(8N and 16N) (Figure 6b). Such large
multinucleated cells were only ob-
served in the HFT-T treatment group
and not in other treatment or control
groups.

Immunohistochemical analysis of
Ki-67 expression and TUNEL assays re-
vealed that HFT-T treatment resulted

a Control Paclitaxel HT-T HFT-T
Red, acetylated tubulin;
Acetylated| green, TUNEL;
tubulin blue, DAPI

KI-67
TUNEL
Acetylated
b tubuiin

Microtubule
bundling (increase
in polymer mass)

Red, acetylated tubulin;
green, sytox green

Multipolar
spindles

Large multinucleated
cells that cannot
complete cytokinesis &
exit mitosis with 8N,
16N DNA

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 tubu-
lin to detect acetylated tubulin, anti-KI-67 for cell proliferation, and TUNEL staining for the de-
tection of apoptotic cells. Acetylated-a-tubulin in red; apoptotic cells are shown in green; DNA
counterstained with DAPI in blue. Arrows point to mitotic figures: (in control) normal dividing

cell in anaphase; (in treatment groups) aberrant mitotic arrest; (dashed arrow) microtubule bun-
dling; (two-line arrow) multipolar spindles. (b) Confocal microscopy analysis revealed perturba-
tions of the microtubule cytoskeleton in the HFT-T-treated animals, including microtubule bun-

dling (tubulin in red), formation of aberrant mitotic spindles with misaligned chromosomes
(DNA in green), and formation of large multinucleated cells.

in greater inhibition of proliferation
and induction of apoptosis in xe-
nograft tumors. K-67 staining showed a trend toward
lower expression in HFT-T-treated tumors (weighted in-
dex of Ki-67: 0.61 = 0.35) than in the control (1.25 *+
0.31), paclitaxel (1.16 = 0.11), or HT-T-treated (1.38 =
0.190) groups (Figure 6a). The level of apoptosis in tu-
mors of the HFT-T (0.046 %+ 0.005) and HT-T (0.049 =
0.006) groups was slightly greater than in the control
(0.035 = 0.01) and free paclitaxel (0.038 = 0.008)
groups (Figure 6a). Together, these data indicate that
HFT-T treatment was more efficacious in inducing
microtubule stabilization, mitotic arrest, and reducing
proliferation than the other tested treatments, presum-

MATERIALS AND METHODS

Preparation of Nanoparticles. To obtain the targeted nanoparti-
cles, heparin bearing paclitaxel and folic acid in the side-chains
was synthesized first. The synthesis of the targeted HFT conju-
gate (polymer 4) is outlined in Figure 1A. The following is an out-
line of the synthesis process, the details of which are presented
in the Supporting Information. Heparin was pretreated with the
ion-exchange resin, Dowex-50 (H* form) and then mixed with an
excess amount of tributylamine to allow for the modification re-
actions of polymer 1 in dimethylformamide (DMF).38% The re-
sulting polymer 2 (1.0 g), and succinic anhydride (0.167 g), were
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ably by specific delivery of paclitaxel into FR-positive
tumors.

CONCLUSIONS

In summary, our novel FR-targeted nanoparticle
HFT-T significantly facilitated the specific delivery of pa-
clitaxel to FR-positive tumor cells and demonstrated
strongly enhanced in vivo efficacy when compared with
free paclitaxel. This leads us to believe that using tar-
geted nanoparticles as a specific and efficient drug de-
livery system is a promising strategy to treat human
cancers and other diseases.

allowed to stir in DMF at room temperature overnight in the
presence of 4-(dimethylamino)pyridine (DMAP) (1.67 mg, 1%
(w/w) of succinic anhydride). The product, polymer 3, was puri-
fied by dialysis (MWCO = 3500) against water for 3 days and then
lyophilized. Paclitaxel (60 mg) and NH,-modified folic acid (11
mg) were chemically conjugated onto polymer 3 (200 mg),
through a two-step coupling reaction.***! After dialysis (MW =
3500) against water for 3 days and lyophilization, the final poly-
mer 4 was obtained as a light yellow colored powder. Using the
same process, paclitaxel only (without folic acid) was chemically
conjugated onto polymer 3 to yield the heparin—paclitaxel con-
jugate (HT).
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To prepare the drug-loaded nanoparticles (HFT-T and HT-T),
polymer 4 (100 mg, paclitaxel content: 15% w/w) and free pacli-
taxel (15 mg) were dissolved in DMSO (3 mL). The solution was
added into NaHCOs (0.1 M, 20 mL) dropwise. DMSO was re-
moved by dialysis. The resulting solution was filtered by using a
0.2 wm membrane and concentrated on an Ultra-Centrifugal Fil-
ter (MW = 5000).

The final content of paclitaxel in the stock solution was de-
termined by UV absorption. The surface morphology and size
of nanoparticles were investigated by transmission electron mi-
croscopy (TEM, Hitachi, Japan). The dynamic size of nanoparticle
was measured using a dynamic light scattering detector (DLS,
Brookhaven Instruments, Holtsville, NY). The anticoagulant ac-
tivities of HFT-T were determined by FXa-dependent coagulant
assay using Coatest Heparin according to the manufacturer’s
instructions.

In Vitro Cytotoxicity Assays. To study the effect of HFT-T on clono-
genicity, we used human head and neck cell lines KB-3-1 and
Tu212, which express high and undetectable levels of FR, respec-
tively. The cells (1.0 X 10%/well) were seeded into 6-well plates
in triplicate. After 24 h, 2.5 nM paclitaxel or paclitaxel-equivalent
dose of HFT-T or HT-T was added, and medium was changed ev-
ery 3 days. The cells were incubated in the presence of the drugs
for 2 weeks to form colonies. The cell colonies were stained in
crystal violet (0.5%), and then counted under a microscope. The
experiment was repeated three times.

Uptake and Intracellular Localization of HFT-T in KB-3-1 Cells. Fluores-
cent dye-labeled HFT-T or HT-T was prepared by encapsulation
of paclitaxel-oregon green 488 (Supporting Information). KB-3-1
or Tu212 cells were incubated with HT-T or HFT-T (containing 10
nM paclitaxel-oregeon green 488) for 2 h at 37 °C, and then
washed three times with PBS and analyzed by FACS or alterna-
tively fixed with 4% paraformaldehyde. For confocal microscopy,
cells were mounted using DAPI-containing reagent (Invitrogen,
Carlsbad, CA).

To knockdown FR expression, Smartpool FR siRNA that tar-
gets the FR (Dharmacon Lafayette, CO) was transfected into KB-
3-1 cells. Transfection of siRNA was performed with RNAiFect
transfection reagent (Qiagen, Valencia, CA). KB-3-1 cells were
transfected with 200 nM FR siRNA or control siRNA; 48 h later,
the transfection medium was replaced by normal medium for
HFT-T uptake study. Whole cell lysate (50 j.g) for each sample
were also made for immunoblotting analysis to detect gene-
silencing efficiency. All experiments were repeated thrice.

In Vivo Biodistribution Assay. All animal experiments were ap-
proved by the IACUC of Emory University. KB-3-1 cells (1.0 X
10° were injected subcutaneously (sc) into the low back of 4—5
week-old female nude mice and allowed to grow for 10 days
postinoculation with tumor size of about 400 mm? (n = 3 for
each group). Then 100 pL of near-infrared dye (Cy5.5)-labeled
HFT-T and HT-T nanoparticles (containing 20 wM of cy5.5) (Sup-
porting Information) was injected i.v. to mice. Images were taken
at 1, 24, and 48 h after injection using the Kodak imaging sta-
tion 1IS2000MM (Eastman Kodak company, New Haven, CT). The
mice were sacrificed 48 h after injection. The tissues including tu-
mor, liver, heart, lung, spleen, and kidney were collected and
analyzed by using Kodak 1DTM 3.6.3 Network software.

Quantitative Analysis of HFT-T Uptake in Tumor Cells in Vivo. Fluores-
cent dye-labeled (paclitaxel-bodipy 564) HFT-T or HT-T (200 pL
7 mg/mL paclitaxel-equivalent dose) (Supporting Information)
was injected i.v. into mice bearing KB-3-1 tumors (about 400
mm?; n = 3 per group). The mice were sacrificed 24 h later, and
tumors were excised, mechanically fragmented, and treated se-
quentially with disaggregation buffer (0.1% collagenase type IV
and 0.003% DNase | in Hank's buffered salt solution) for 1 h at 37
°C. Following centrifugation at 4 °C, cell pellets were gently re-
suspended in cold PBS containing 0.1% bovine serum albumin.
To differentiate cancer cells from cells of the mouse host, the cell
suspension was stained with FITC-conjugated EpCAM antibody
(Miltenyi Biotec, CA) on ice for 30 min. The cells were washed
with cold BSA-PBA-azide, and analyzed by flow cytometry.>’

In Vivo Antitumor Efficacy Assay. KB-3-1 cells (1.0 X 10°) were in-
jected sc into 4—5 week-old female nude mice. When the tu-
mors had developed to about 100 mm?3, the mice were divided
into four groups (n = 7) in a way to minimize weight and tumor
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size differences among the groups: control group treated with
saline, free paclitaxel group (20 mg/kg), HT-T group, and HFT-T
group (20 mg/kg paclitaxel-equivalent for nanoparticles).
Therapy was continued once per week through tail vein in-
jection for 5 weeks. The body weight and tumor size were
measured three times per week. The tumor volume was cal-
culated using the formula: V = w/6 X larger diameter X
(smaller diameter).? After 5 weeks treatment, tumor and or-
gan tissues (liver, heart, lung, spleen, and kidney) were col-
lected for H&E staining and immunostaining analyses.

Acetylated Tubulin and Vimentin Double Staining. Double staining
for acetylated tubulin and vimentin was performed using
paraffin-embedded mouse xenograft tissue. The sections were
incubated in 2.8 wg/mL monoclonal antiacetylated tubulin
(Sigma, St. Louis, MO) for 3 h followed by incubation with bioti-
nylated antimouse secondary antibody (Vector laboratories, Bur-
lingame, CA; in 1:200 dilution) for 1 h. Detection was performed
with Streptavidin-HRP D (Ventana Medical Systems), followed by
incubation with Tyramide-Alexa Fluor 568 (Invitrogen, Carlsbad
CA). After saturating the tissue sections with antiacetylated tubu-
lin primary antibody, the sections were blocked in mouse IgG
blocking reagent, followed by incubation with 0.1 wg/mL mono-
clonal antivimentin (Vector Laboratories, Burlingame, CA) for 3
and 1 h incubation with a biotinylated mouse secondary anti-
body. The detection was performed with Streptavidin-HRP D, fol-
lowed by incubation with Tyramide-Alexa Fluor 488 (Invitrogen,
Carlsbad CA). Then, the sections were stained with DAPI or sytox
green and mounted.

The fluorescence intensity of acetylated tubulin was re-
corded using the Zeiss Axiovision Software and further normal-
ized to the fluorescence intensity of vimentin staining. Three rep-
resentative images were taken for each sample. The percentage
of acetylated tubulin staining (both human and mouse) were cal-
culated and normalizing to vimentin staining. DAPI staining
was used to obtain approximately the same number of cells for
all the samples.

Immunohistochemistry and TUNEL Assay. Immunohistochemical
analysis for K-67 staining on paraffin-embedded mouse xe-
nograft tissue was performed. Tissue sections were incubated
with mouse antihuman K-67 (prediluted; Invitrogen, Carlsbad,
CA) for 1 h at room temperature. The slides were stained with
3,3'-diaminobenzidine (Vector Laboratories, Burlingame, CA)
and counterstained with hematoxylin (Vector Laboratories, Burl-
ingame, CA). TUNEL assay was performed by immunofluores-
cence using the same specimens as above following the proce-
dure provided by the manufacturer (Promega, Madison, WI). The
slides were counterstained with DAPI (Vector Laboratories,
Burlingame, CA).

The intensity of Ki-67 staining was measured using a scale
(0 = no expression, 1+ = weak expression, 2+ = moderate ex-
pression, and 3+ = strong expression) and quantified as
weighted index (Wl = % positive staining in tumor X intensity
score). An average of the 10 readings was used for statistical
analysis. For TUNEL assay, the total cell number and the posi-
tive 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.
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