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Abstract: Multi-drug resistant (MDR) cancer is a significant clinical obstacle and is often implicated in
cases of recurrent, nonresponsive disease. Targeted nanoparticles were made by synthesizing a poly(D,L-
lactide-co-glycolide)/poly(ethylene glycol)/epidermal growth factor receptor targeting peptide (PLGA/PEG/
EGFR-peptide) construct for incorporation in poly(epsilon-caprolactone) (PCL) nanoparticles. MDR was
induced in a panel of nine human breast and ovarian cancer cell lines using hypoxia. EGFR-targeted
polymer blend nanoparticles were shown to actively target EGFR overexpressing cell lines, especially
upon induction of hypoxia. The nanoparticles were capable of sustained drug release. Combination therapy
with lonidamine and paclitaxel significantly improved the therapeutic index of both drugs. Treatment with
a nanoparticle dose of 1 uM paclitaxel/10 «M lonidamine resulted in less than 10% cell viability for all
hypoxic/MDR cell lines and less than 5% cell viability for all normoxic cell lines. Comparatively, treatment
with 1 uM paclitaxel alone was the approximate ICs, value of the MDR cells while treatment with
lonidamine alone had very little effect. The PLGA/PEG/EGFR-peptide delivery system actively targets a
MDR cell by exploiting the expression of EGFR. This system treats MDR by inhibiting the Warburg effect
and promoting mitochondrial binding of pro-apoptotic Bcl-2 proteins (lonidamine), while hyperstabilizing
microtubules (paclitaxel). This nanocarrier system actively targets a MDR associated phenotype (EGFR
receptor overexpression), further enhancing the therapeutic index of both drugs and potentiating the use
of lonidamine/paclitaxel combination therapy in the treatment of MDR cancer.

Keywords: Multi-drug resistant cancer; hypoxia; Warburg effect; nanopatrticle; drug delivery;
lonidamine; paclitaxel; polymeric nanocarriers

Introduction sponsive, recurrent disease and eventual metastasis.' ~® MDR

The development of multi-drug resistant (MDR) cancer refers to a state of resilience against structurally and/or

is a significant clinical obstacle that often results in nonre- functionally unrelated drugs.” Multi-drug resistant cancer is

the biological result of microenvironmental selection pres-
sures that contribute to tumor progression. These selection
pressures include hypoxia and changes in the regulation/
expression of oncogenes, tumor suppressors, and apoptotic
factors. Cellular responses to concurrent selection pressures
and chemotherapeutic agents determine if the cell will
become quiescent (G, phase), engage in apoptosis, sustain
its current phase, or develop MDR. MDR can be intrinsic
(innate) or acquired through exposure to chemotherapeutic
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Hypoxia. Due to the haphazard and ever-evolving vas-
culature of a tumor, fluctuating states of chronic and transient
hypoxia can occur within the same tumor mass.” Under
conditions of hypoxia and cell stress, cancer cells undergo
complex phenotype changes that can result in MDR and
resistance to radiation therapy.”~'* The hypoxic transforma-
tion begins when hypoxia inducible factor alpha (HIF-1a)
translocates from the cytoplasm to the nucleus, where it
complexes with HIF-13, forming an active transcription
factor that binds to hypoxia responsive elements (HREs) on
target genes, inducing transcription.'*'* This is demonstrated
in Figure 1A.

These target genes include P-glycoprotein (P-gp) and
multi-drug resistance protein (MRP-1), two drug efflux
pumps that are central to the MDR phenotype. One of the
most predominant mechanisms of MDR is increased drug
efflux through transmembrane pumps known as ATP-binding
cassette (ABC) transporters.'> 7 P-glycoprotein (Pgp) is an
ABC transporter associated with malignant transformation,
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poor prognosis, and the development of MDR cancer.%!>-1¢-18

Multi-drug resistance protein 1 (MRP-1) and breast cancer
resistance protein (BCRP) are also ABC transporters that
contribute to MDR cancer.'®!8720

EGFR. Another target of HIF is epidermal growth factor
receptor (EGFR), which is correlated with aggressive tumor
behavior.”! Many disease cells overexpress certain growth
factors and receptors to increase survival and maintain
homeostasis.** Overexpression of these receptors leads to
membrane clustering. Overexpression of EGFR leads to a
higher number EGFR receptors and increased receptor
density (clustering) in the cell membrane, which potentiates
the effects of EGF.?*** Upregulated EGFR confers a survival
advantage for many types of MDR cancer.?' "> As demon-
strated in Figure 1A, this targeted nanocarrier system exploits
the upregulation of EGFR through the use of a targeting
peptide on the surface of the nanocarriers that binds to the
EGFR receptor.

The Warburg Effect. Cancer cells often resort to aerobic
glycolysis for energy acquisition. This phenomenon was
discovered by Otto Warburg in the 1930s and has since been
coined the Warburg effect.”*~** HIF has been demonstrated
to target many glycolytic proteins such as the glucose
transporters GLUT-1 and GLUT-3, hexokinase 1 and 2,
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Figure 1. (A) MDR Characteristics and the treatment strategy. Under normoxic conditions HIF-1a is located in the
cytoplasm associated with a complex of regulatory proteins including the von Hippel—Lindau (VHL) complex. Under
hypoxic conditions and cell stress HIF-1a translocates to the nucleus, where it complexes with HIF-14, forming an
active transcription factor. The HIF complex binds to hypoxia responsive elements on target genes, increasing
transcription and subsequent translation. Target genes include EGFR, GLUT-1, Pgp, and glycolytic enzymes. EGFR
overexpression increases the sensitivity of the cell to growth factors; the current treatment strategy capitalizes on this
overexpression by using a nanocarrier that is surface modified with EGFR-specific peptides. This active targeting
allows facilitated uptake of the formulation, as opposed to nonspecific endocytosis which may aid in endosomal
escape. Once the nanoparticle is digested by the cell the active agents, paclitaxel and lonidamine, are released.
Paclitaxel is a microtubule stabilizing agent that hyperstabilizes microtubules, preventing disassembly and subsequent
cell division, while lonidamine is a hexokinase 2 inhibitor. Active targeting of this nanocarrier system to the EGFR
receptor should decrease residual toxicity associated with traditional chemotherapy while the combination of paclitaxel
with lonidamine offers a unique strategy for terminating the energy supply of MDR cancer and inducing apoptosis.
Protein structures were obtained from the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data
Bank (PDB) and are referenced accordingly.?® 3¢ (B) Hexokinase 2 and lonidamine. This figure depicts the
association of hexokinase 2 (HXK2) with components of the mitochondrial permeability transition pore complex
(mtPTP) and coupling of the components to mitochondrial ATP synthase. ATP synthase is the protein constituent of
complex V of oxidative phosphorylation that drives ATP synthesis coupled to the electron transport chain (complexes
I=1V; not shown). ATP exits mitochondria by passing from ATP-synthase to the adenine nucleotide translocator (ANT)
(also located in the inner mitochondrial membrane; IMM), to the voltage dependent anion channel (VDAC) in the outer
mitochondrial membrane (OMM). Creatine kinase (CK), cyclophilin D (Cyp-D), and the peripheral benzodiazepine
receptor (not shown) are also associated with the mtPTP. Hexokinase 2 associates with VDAC for the immediate
capture of ATP and utilization in glycolysis. Association of hexokinase 2 with VDAC prevents binding of pro-apoptotic
Bcl-2 family member proteins to the mtPTP. Protein structures were obtained from the Research Collaboratory for
Structural Bioinformatics (RCSB) Protein Data Bank (PDB) and are referenced accordingly.?”-28:31:32:37-39

phosphofructokinase, aldolase, glyceraldehyde-3-phosphate
dehydrogenase, phosphoglycerate kinase, enolase, pyruvate
kinase, and lactate dehydrogenase.”®!''~!4*3747 Reverse
activation, glycolytic proteins activating HIF-1a, has also
been demonstrated, which implies a possible feedback loop
between the glycolytic and HIF-1oa pathways that may be
critical in the transformation of a normal cell into a cancer
cell.*

Hexokinase 2. Perhaps the most fundamental enzyme
involved in the Warburg effect, hexokinase 2 is transcrip-
tionally activated by HIF-1a and is overexpressed in many
forms of cancer.'>*875! Hexokinase catalyzes the first step
of glycolysis, conversion of glucose and ATP to glucose-
6-phosphate and ADP. The hexokinase 2 isoform is directly

associated with the VDAC (voltage dependent anion channel)
on the mitochondrial outer membrane and the ANT (adenine
nucleotide translocator) on the inner mitochondrial mem-
brane. This association allows hexokinase 2 to directly couple
the ATP produced by ATP synthase (transported out of
mitochondria by ANT) to aerobic glycolysis (Figure 1B).**~>!
The Warburg effect is dependent on both the overexpression
of hexokinase 2 and the direct coupling of hexokinase 2 to
the VDAC/ANT/ATP synthase complex.**~>' Also of bio-
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G. Structure of Pglycoprotein reveals a molecular basis for poly-
specific drug binding. Science 2009, 323, 1718-1722. In RCSB
Protein Data Bank (PDB ID: 3G61).
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logical significance, by virtue of its association with mtPTP
components, hexokinase 2 has spatial anti-apoptotic activ-
ity.*” Hexokinase 2 is associated with the VDAC and the
ANT, two proteins that compose the mtPTP complex.
Hexokinase 2 association prevents association of pro-
apoptotic BcL-2 family member proteins (Bad, Bak, Bax)
with the mtPTP complex; pro-apoptotic factor association
is necessary for mitochondrial permeability transition and
cytochrome c release (the apoptotic cascade) (Figure 1B).*
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originally designed as an anti-spermatogenic agent, that has
been discovered to have pro-apoptotic and anti-glycolytic
activity.>*~>* In the 1980s lonidamine was demonstrated to
inhibit aerobic glycolysis via direct inhibition of hexokinase
2.52 Lonidamine has also been shown to induce apoptosis
via induction of the mitochondrial permeability transition
pore complex.>* This is consistent with the role of hexokinase
2 as a spatial apoptotic inhibitor. In cell based studies,
lonidamine has been successful in treating adriamycin
resistant breast cancer cells (MCF-7), nitrosourea resistant
glioblastoma cells (LB9), and doxorubicin resistant hepato-
carcinoma (HepG2) cells.>>>7 An anti-angiogenic effect of
lonidamine has also been suggested.’® Lonidamine’s potential
has been explored as a treatment for benign prostatic
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hyperplasia; clinical trials of lonidamine progressed to phase
IT in the USA but were halted in 2006 due to the occurrence
of elevated liver enzymes in several patients.’*®" This
residual toxicity could be circumvented by improving and
refining the drug delivery of lonidamine.

Active Targeting. Active targeting is achieved by this
system by using nanocarriers that have been engineered to
bind to the EGFR receptor by incorporation of a PLGA-
PEG-EGFR peptide construct. Active targeting can help a
system to overcome biological barriers (active transport
versus non-specific endocytosis), decrease the residual toxic-
ity of a system, and increase the therapeutic effect.®!

This study describes the design, development, and char-
acterization of EGFR-targeted nanocarriers for combination
paclitaxel/lonidamine delivery to treat MDR cancer. EGFR
targeting is achieved by first grafting a PEG-maleimide
residue onto poly(DL-lactide-co-glycolide) (PLGA), and
subsequently grafting an EGFR-specific peptide to the PEG
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to create a PLGA-PEG-peptide construct. This construct is
then incorporated into the nanoparticle formulation along
with PLGA-PEG and poly(epsilon-caprolactone (PCL) so
that the PLGA and PCL form the core of the particles while
the PEG and peptide residues modify the surface of the
nanoparticles. SEM, dynamic light scattering, and ESCA
were used to characterize the nanocarriers. Drug loading and
release were also measured. Fluorescent microscopy and
fluorescent quantification were used to assess the targeting
ability of these nanocarriers in a panel of nine cell lines with
various levels of EGFR expression.

The two therapeutic agents selected for combination
therapy are paclitaxel and lonidamine. Paclitaxel is a common
chemotherapeutic agent that hyperstabilizes microtubules,
preventing cell division. Although the clinical use of pacli-
taxel is common, its application is often limited by the
residual toxicity associated with the drug. Lonidamine is a
therapeutic agent with great clinical potential in the treatment
of MDR cancer as it acts to inhibit aerobic glycolysis and
induce apoptosis. Yet, the clinical application of lonidamine
is impeded by the occurrence of residual liver toxicity. The
low bioavailability and liver toxicity demonstrated by
lonidamine in clinical trials make it an ideal candidate for
nanoparticle delivery. The MTS assay was used to assess
the efficacy of combination therapy.

Materials and Methods

Polymer and Peptide Conjugation. An established EGFR
specific peptide with the following sequence was used to
achieve active targeting with the nanoparticle formulation:
YHWYGYTPQNVI-GGGGC.®*% This peptide, termed GE11,
was originally synthesized and screened as an EGFR specific
peptide by Zonghai Li and colleagues (Shanghai, PR
China).®*%® The “GGGG” sequence functions as an adequate
spacer while the carboxyl terminal cysteine of the peptide
reacts with the maleimide of the PLGA-PEG construct. The
peptide was synthesized by Tufts University Core Facility,
Boston, MA.

The peptide-PEG-PLGA construct was synthesized, with
slight modifications, according to established methods.®*~¢°

(62) Li, Z.; Zhao, R.; Wu, X.; Sun, Y.; Yao, M.; Li, J.; Xu, Y.; Gu, J.
Identification and characterization of a novel peptide ligand of
epidermal growth factor receptor for targeted delivery of thera-
peutics. FASEB J. 2005, 19 (14), 1978-1985.

(63) Song, S.; Liu, D.; Peng, J.; Sun, Y.; Li, Z.; Gu, J. R.; Xu, Y.
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EGEFR expressing tumor in vivo. Int. J. Pharm. 2008, 363 (1—2),
155-161.

(64) Cheng, J.; Teply, B. A.; Sherifi, I.; Sung, J.; Luther, G.; Gu, F. X;
Levy-Nissenbaum, E.; Radovic-Moreno, A. F.; Langer, R
Farokhzad, O. C. Formulation of functionalized PLGA-PEG
nanoparticles for in vivo targeted drug delivery. Biomaterials 2007,
28 (5), 869-876.

(65) Gu, F.; Zhang, L.; Teply, B. A.; Mann, N.; Wang, A.; Radovic-
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of targeted nanoparticles by using self-assembled biointegrated
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2586-2591.
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One gram of 50:50 poly(DpL-lactide-co-glycolide) (PLGA)
with an inherent viscosity of 0.15—0.25 (Durect Lactel
Adsorbable Polymers; Pelham, AL) was dissolved in 2 mL
of chloroform (Fisher Scientific; Pittsburgh, PA) with stirring
in a tightly sealed vial. Once the material was dissolved, 45
mg of EDC (Fisher Scientific) and 27 mg of NHS (Fisher
Scientific) was added and the mixture stirred overnight in a
tightly sealed vial. The product was precipitated with 8 mL
of diethyl ether (Fisher Scientific) and centrifuged at 4000g
for 10 min. Following centrifugation, the supernatant was
discarded and the polymer redissolved in 2 mL of chloro-
form. This washing cycle of precipitation/dissolution was
repeated three times before the activated PLGA-NHS ester
was dried under vacuum. Then 0.5 g of PLGA-NHS was
dissolved in 2 mL of chloroform, and once it was fully
dissolved, 0.125 g of amine-PEG-maleimide (MW 2000;
JenKem Technology; Allen, TX) and 20 uL of N,N-
diisopropylethylamine (Fisher Scientific) was added, the vial
tightly sealed, and the mixture stirred overnight. The product
was precipitated with 8 mL of an ice-cold 80/20 mix of
diethyl ether/methanol and centrifuged at 4000g for 10 min.
After the supernatant was discarded, the product was
redissolved in 2 mL of chloroform and the washing cycle
repeated two more times before drying of the PLGA-PEG
under vacuum. To prepare a PLGA-PEG conjugate for
nontargeted particles, m-PEG-amine (MW 2,000; LaysanBio;
Arab, AL) was used in replacement of the amine-PEG-
maleimide.

For peptide conjugation to PLGA-PEG, 20 mg of the
PLGA-PEG and 2 mg of peptide was dissolved in 800 uL
of 50/50 acetonitrile/DMF, covered tightly, and stirred
overnight. The product was precipitated with 3 mL of an
ice-cold 80/20 mix of diethyl ether/methanol, centrifuged at
4000g for 10 min, the supernatant discarded, and the product
redissolved in 800 uL of 50/50 acetonitrile/DMF. This cycle
was repeated two more times, and then the PLGA-PEG-
peptide was dried under vacuum. NMR was used to assess
grafting of PEG to PLGA and conjugation of the peptide to
PEG.

Nanoparticle Preparation and Characterization. EGFR
targeted and nontargeted polymer blend nanoparticles were
synthesized using a solvent displacement method.®”°® Briefly,
the PLGA-PEG-peptide conjugate (or the PLGA-PEG con-
jugate for nontargeted particles), PCL (MW 2,000), and
therapeutic agents were dissolved in 2 mL of 50/50 aceto-
nitrile/DMF, and placed in a 37 °C water bath for 10 min to

(66) Townsend, S. A.; Evrony, G. D.; Gu, F. X.; Schulz, M. P.; Brown,
R. H., Jr.; Langer, R. Tetanus toxin C fragment-conjugated
nanoparticles for targeted drug delivery to neurons. Biomaterials
2007, 28 (34), 5176-5184.

(67) Chawla, J. S.; Amiji, M. M. Biodegradable poly(epsilon -capro-
lactone) nanoparticles for tumor-targeted delivery of tamoxifen.
Int. J. Pharm. 2002, 249 (1-2), 127-138.

(68) Shenoy, D. B.; Amiji, M. M. Poly(ethylene oxide)-modified
poly(epsilon-caprolactone) nanoparticles for targeted delivery of
tamoxifen in breast cancer. Int. J. Pharm. 2005, 293 (1—2), 261—
270.

190 MOLECULAR PHARMACEUTICS VOL. 8, NO. 1

facilitate dissolution. This polymer/drug solution was added
dropwise to 20 mL of distilled, deionized water while stirring.
The preparation was covered with aerated parafilm, stirred
overnight, centrifuged at 10000g for 30 min, and then
resuspened in di water. To synthesize targeted nanoparticles
the PLGA-PEG-peptide conjugate was added to the nano-
particle formulation at 20% w/w total polymer, with an
additional 10% w/w of PLGA-PEG conjugate. Likewise, for
the nontargeted nanoparticles, the PLGA-PEG conjugate was
added at a concentration of 20% w/w total polymer. Control
nanoparticles synthesized to determine the optimal loading
efficiency were composed of either PCL or PLGA, surface
modified with PEO (Pluronic F-108 NF). To assess peptide
modification of the nanoparticles, samples were sent to the
National ESCA and Surface Analysis Center for Biomedical
Problems (Seattle, WA). XPS spectra were taken on a
Surface Science Instruments S-probe spectrometer. Three
spot analysis was done on each batch of nanoparticles.

After determining the optimal dose combination, dual
agent loaded nanoparticles were synthesized with a 10:1
molar ratio of lonidamine to paclitaxel. Loading efficiency
of the nanoparticles was determined by lyophilizing the
nanoparticles to obtain a dry powder, dissolving the particles
in acetone, and measuring the absorbance using a Bio-Tek
Synergy HT plate reader at 200 nm for paclitaxel and 300
nm for lonidamine (Winooski, RI). Nanoparticle size and
zeta potential were characterized using a Brookhaven Zeta-
Plus Particle Analyzer (Brookhaven Instruments; Holtsville,
NY). SEM images of the nanoparticles were obtained using
a Hitachi S-4800 microscope.

To measure drug release from nanoparticles, nanoparticles
were lyophilized, weighed, and resuspended in two different
PBS/0.1% Tween-80 buffers, one at pH 7.4 and one at pH
6.5, and then incubated in a 37 °C water bath. At various
time points between 15 min and ten days an aliquot of eluted
drug medium was removed for quantification; this volume
was replaced with fresh buffer. Drug release was quantified
by measuring the absorbance of the release media using a
Bio-Tek Synergy HT plate reader (Winooski, RI).

For initial dose response studies, single agent loaded
nanoparticles were synthesized; paclitaxel was loaded at 10%
w/w, and after determination of maximal loading, lonidamine
was also loaded at 10% w/w. After determination of the
optimal dose combination, dual agent loaded nanoparticles
were synthesized with a 10:1 molar ratio of lonidamine to
paclitaxel.

Cell Culture and Treatment. SKOV3 cells, MDA-MB-
231 cells, and OVCARS cells were obtained from ATCC
(Manassas, VA). The SKOV3-TR cells and the MDA-MB-
435 cells were a kind gift from Dr. Duan (Massachusetts
General Hospital, Sarcoma Molecular Biology Laboratory).
Cells were incubated at 37 °C and maintained in RPMI-1640
media (Mediatech, Inc.; Manassas, VA) supplemented with
10% fetal bovine serum (Gemini Bioproducts; West Sacra-
mento, CA) and 1% penicillin/streptomycin/amphotericin B
mixture (Lonza; Walkersville, MD). Hypoxia was used to
induce MDR. To create hypoxic conditions using low-oxygen
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gas, cell culture flasks were placed in a modular incubation
chamber (Billups-Rothenberg, Inc.; Del Mar, CA), flushed
with a 0.5% O,, 5% CO,, nitrogen balanced gas for five
minutes, and incubated at 37 °C for various time points.

For cell viability, cells were plated in 96-well plates at
2,000 cells per well and treated with various concentrations
of nanoparticle formulations and drug solutions suspended
in FBS supplemented media. Control treatments with supple-
mented media; blank nanoparticles and poly(ethyleneimine)
were also conducted. Treatment continued undisturbed for
5 days under normoxic and hypoxic conditions. Cell viability
was then measured using the MTS assay according to the
manufacturer’s protocol (Promega; Madison, WI).

Protein Extraction and Western Blot Analysis. Basal
protein was extracted from cells grown to 90% confluency
in 75 cm? tissue culture flasks under normoxic and hypoxic
conditions. Basal protein was extracted using a high salt lysis
buffer at 4 °C. Protein concentrations were quantified using
the BCA Protein Assay (Pierce Biotechnology). Protein was
separated on 4—20% gradient SDS—PAGE gels (PAGEgel,
Inc.; San Diego, CA) and transferred onto PVDF membranes
(0.45 um pore; Millipore, Billerica, MA). Membranes were
blocked for 30 min with StartingBlock buffer (Pierce
Biotechnology) before a 1 h incubation with the primary
antibody. Membranes were then washed with TBST for 10
min (three times) and subsequently incubated with a horse-
radish peroxidase conjugated secondary antibody for 1 h.
Membranes were again washed with TBST, flash rinsed with
deionized distilled water, incubated for 2—10 min in an
enhanced chemiluminescence substrate (Pierce Biotechnol-
ogy), and imaged using a Kodak FX Imaging Station
(Rochester, NY). All blocking, probing, and washing steps
were conducted at room temperature. P-glycoprotein antibody
was purchased from Calbiochem while the EGFR and S-actin
antibodies were purchased from Cell Signaling Technology
(Danvers, MA). The secondary antibodies were purchased
from Abcam (Cambridge, MA).

Nanoparticle Trafficking and Cellular Uptake. To
assess and visualize particle uptake kinetics and quantifica-
tion, nanoparticles were prepared as previously mentioned
and loaded with 1% w/w rhodamine 123 (Invitrogen;
Carlsbad, CA). Cells were seeded at 10,000 cells per well
and treated with rhodamine 123 loaded nanoparticles sus-
pended in supplemented medium (5 uM with respect to
rhodamine). For competitive binding studies 100-fold molar
excess of EGFR antibody (Cell Signaling Technology,
Danvers, MA) was added to the medium (relative to the
amount of peptide on the nanoparticles). At various time
points (from 15 min to 6 h), the treatment solution was
removed and cells were washed three times with supple-
mented medium. For quantification of uptake, plates were
read on a Bio-Tek Synergy HT plate reader (Winooski, RI)
at 485ex/528em. For microscopy, wells were also treated
with Hoechst 33342 nucleic acid stain (Invitrogen) 15 min
before washing. Cells were visualized using an Olympus
IX51 microscope.

Statistical Data Analysis. All statistical analysis was done
using GraphPad Prism software. Statistical significance of
uptake was determined using one-way ANOVA and Bon-
ferroni’s multiple comparison test. For cell viability studies,
statistical significance of treatments was determined using a
two-tailed, Student’s 7 test at a 95% confidence interval (P
< 0.05). For cell viability studies n = 8 for each treatment
group. ICs, values for paclitaxel treatment were calculated
using variable slope curve fitting of transformed data.

Results and Discussion

Nanoparticle Development and Characterization. The
primary objective in designing this drug delivery system was
to design a system capable of delivering a therapeutic dose
of lonidamine and paclitaxel to the site of a tumor. To
accomplish this, the system must (1) achieve high encapsula-
tion of both drugs and (2) be surface modified with PEG to
avoid immediate RES clearance, increasing resident circula-
tion and ability to reach the tumor. A secondary design
objective of this formulation was to synthesize a polymer-
PEG conjugate and a polymer-PEG-EGFR peptide conjugate
and incorporate these constructs to achieve PEG surface
modification of the nanoparticles and to achieve active
targeting of MDR cells (via EGFR binding). To accomplish
this objective, m-PEG-amine (MW 2000) was conjugated
to NHS-activated PLGA (to use for PEG modification of
the formulation). For the active targeting construct, amine-
PEG-maleimide was conjugated to NHS-activated PLGA and
an EGFR specific peptide (YHWYGYTPQNVI-GGGGC)
was conjugated to the PEG via cysteine/maleimide linkage.
NMR spectra of the conjugate and raw materials were
acquired to evaluate this reaction (data not shown).

To select the optimal polymer for this drug delivery
system, a variety of polymeric nanoparticles were synthesized
and drug loading efficiency was evaluated (Figure 2A,B).
The loading efficiencies of PEO (Pluronic F-108 NF)
modified PCL particles, PEO (Pluronic F-108 NF) modified
PLGA particles, and PLGA particles with the PLGA-PEG
construct were compared. All formulations were evaluated
for 10% w/w loading efficiency of paclitaxel and of
lonidamine; 20% w/w loading of lonidamine was also
examined for the PEO-PCL formulation. The highest loading
efficiency of paclitaxel was achieved with the PEO-PLGA
formulation (88%), yet the PEO-PCL and the PLGA/PEG-
PLGA conjugate nanoparticles also achieved high loading
efficiencies: 80% and 83% respectively. The loading ef-
ficiency of PEO-PCL nanoparticles loaded with 10% w/w
lonidamine was 70%; this decreased to 30% loading ef-
ficiency when the dose was increased to 20% w/w. For the
PEO-PLGA nanoparticles and for the PLGA/PEG-PLGA
construct nanoparticles, lonidamine loading was only 5%.
The decrease in lonidamine loading with a higher w/w
loading in PCL and the substantially lower loading in PLGA
based nanoparticles is most likely due to the hydrophobicity
of lonidamine. As PCL is more hydrophobic than PLGA,
higher encapsulation is possible with PCL. Yet there seems
to be a maximal threshold above which lonidamine encap-
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A. Paclitaxel Loading Efficiency

C. Loading Efficiency of Blend NP

Paclitaxel Loadi Lonidamine | Paclitaxel
Formulation Loading cra' e NP Formulation Loading Loading
Efficiency
(%w/w) Efficiency Efficiency
PEO-PCL 10% 80% + 1.90% Non-targeted,
2 Polymer Blend, 69% +2.64% | 78% + 0.99%
PEG. PLGA 10% 83%+2.78%
conjugate Dual Loaded
PEO-PLGA 10% 88%+0.61% Targeted, Polymer
Blend, 70% +1.99% | 84% +2.01%
B. Lonidamine Loading Efficiency Dual Loaded
Non-targeted,
Formulation Lonidamine Loading oo merrgBIen d
Loading (%w/w) Efficiency sJ. lengent | 71%%173% | 80%x172%
PEO-PCL 10% 70% + 1.09% .
Loaded
PEO-PCL 20% 30% +1.52% Targeted, Polymer
PEG-PLGA Blend
: 10% 5% + 3.00% ! 74% +3.48% | 84% + 1.01%
conjugate Single Agent
PEO-PLGA 10% 5% + 3.58% Loaded

Figure 2. Nanoparticle loading efficiency. The loading efficiency of different polymer nanoparticle formulations was
used as a parameter to determine the optimal composition of the polymer blend nanocarrier system. Paclitaxel (A)
and lonidamine (B) loading were examined in single polymer systems and in a polymer blend system (C).

sulation decreases, most likely due to excessive hydropho-
bicity of the polymer/drug solution which is not conducive
to nanoprecipitation via the solvent displacement method.

Based on these findings, it was determined that the
predominant polymer constituent of the nanoparticle formu-
lation needed to be PCL in order to achieve any appreciable
encapsulation of lonidamine. To achieve the design goals
of the system (high encapsulation and surface modification
with a malleable construct), a polymer blend nanoparticle
formulation of PCL, PLGA-PEG construct, and the PLGA-
PEG-peptide construct was developed. The PCL and the
PLGA of the conjugate should form the core of the
nanoparticle with the PEG and peptide residues extending
out from this core. To assess the capability of these polymer
blend nanoparticles, nanoparticles were synthesized with
single agent loading (paclitaxel alone and lonidamine alone)
and with dual agent loading and the loading efficiency was
determined (Figure 2C). Maintaining a predominantly PCL
based system allowed for encapsulation comparable to PEO-
PCL nanoparticles (70% for lonidamine, 80% for paclitaxel).
Combining the two drugs into one formulation did not have
a great impact on the loading efficiency relative to formula-
tions loaded with single agents.

To further characterize the polymer blend nanoparticles,
the size and zeta potential of the combination drug loaded
and unloaded polymer blend nanoparticles and targeted
polymer blend nanoparticles were measured (Table 1). PEO-
PCL nanoparticles were the largest particles which also had
the most negative zeta potential (174.3 nm; —33.1 mV) while
the PLGA/PEG-PLGA conjugate nanoparticles were the
smallest, also bearing the most positive zeta potential (70.1
nm; —26.13 mV). The unloaded polymer blend nanoparticles
were smaller than the PEO-PCL nanoparticles with a slight
reduction in zeta potential (129.2 nm; —30.12 mV). This
size reduction relative to the PEO-PCL nanoparticles may
be attributed to the structural difference between the PEO
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Table 1. Nanoparticle Size and Zeta Potential

nanoparticle formulations size (nm) zeta potential (mV)

nontargeted, polymer blend, 123.4 +4.4 —31.4+26
dual loaded

nontargeted, polymer blend, 129.2 + 6.8 —30.12+ 2.6
unloaded

targeted, polymer blend, 139.6 + 4.1 —29.6 + 3.8
dual loaded

targeted, polymer blend, 1515+ 3.2 —28.9+43
unloaded

PEO-PCL, unloaded 1743 £ 10.6 —33.1£5.9

PEO-PLGA, unloaded 1222+75 —26.8 £8.2

PEG-grafted-PLGA, 70.1+238 —26.13+6.4

unloaded

and the PEG-PLGA graft. The PEO (Pluronic F108 NF) is
of an ABA structure where the more hydrophobic (B) block
would interact with the core of the nanoparticle while the
A-blocks branch out, forming a V-shape with the central
V-apex interacting with the PCL core. The PEG-PLGA
conjugate, on the other hand, does not have this branching
structure; the PLGA of the construct interacts with the PCL
core while the PEG end protrudes on the surface of the
particle. This more linear structure may be conducive to
smaller particle sizes as the core becomes more compact (no
branching V-type components). This would also explain the
smaller size of the PLGA/PEG-PLGA conjugate nanopar-
ticles compared to PEO-PLGA nanoparticles (70.1 nm versus
122.2 nm). Drug loading did not drastically alter the size or
zeta potential of the polymer blend nanoparticles (123.4 nm
and —31.4 mV for drug loaded and 129.2 nm and —30.12
mV for unloaded). Adding the targeting construct increased
the particle size: from 123.4 to 139.6 nm for drug loaded
nanoparticles and from 129.2 to 151.5 nm for unloaded
nanoparticles. There was only a slight reduction in zeta
potential; this is most likely due to the neutrality of the
peptide (isoelectric point near 7.4).
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A. Non-targeted NP

C. Targeting construct

B. Targeted NP

+ -::-g-owﬁ-b + CGGGGIVNQPTYGYWHY
PLGA-PEG maleimide ° EGFR-specific peptide
D. ESCA Surface Analysis of NP
NP Carbon Oxygen Nitrogen
Non-targeted 0L 0N, 29.8+0.7 n/d
Targeted 68.5+0.7 2891 1.7+03

Figure 3. Nanoparticle characterization. Scanning electron micrographs of nontargeted polymer blend nanoparticles
(A) and targeted polymer blend nanopatrticles (B). Scale bar is 1 uM. The targeting construct (C) is incorporated in the
targeted nanocarriers so that the PLGA portion interacts with the PCL core while the PEG and EGFR-peptide
protrude from the surface of the particle. ESCA analysis of the surface of the nanocarriers (D) confirmed the presence
of the EGFR peptide (nitrogen) on the surface of the targeted nanoparticles while there was no detectable (n/d)

nitrogen on the nontargeted nanoparticles.

SEM images of the nontargeted and targeted nanoparticles
confirmed the nanometer scale of the particles (Figure 3A,B).
The targeting construct is depicted in Figure 3C. To confirm
that the EGFR peptide was on the surface of the nanopar-
ticles, electron spectroscopy for chemical analysis (ESCA)
was used to examine the surface of the particles at an
approximate depth of 50 A (~5 nm) (Figure 3D). The percent
composition of carbon and oxygen was similar for the
targeted and nontargeted nanoparticles, suggesting similar
PEG modifications and polymer compositions. However,
there was no detectable level of nitrogen on the surface of
the nontargeted nanoparticles whereas the targeted nanopar-
ticles had approximately 2% nitrogen composition. This
correlates to the total w/w ratio of the peptide in the targeted
nanoparticle formulation.

Drug Release Kinetics. An important characteristic of a
nanoparticle formulation is its drug release profile. Just as
drug release from common dosage forms can determine
clinical application, the release of drugs from a nanocarrier
system must be sustained to justify the system and ensure
the drug is released at the target site, not during systemic
circulation. The release of lonidamine and paclitaxel from
combination polymer blend nanoparticles (dual loaded),
singly loaded polymer blend nanoparticles (either paclitaxel
alone or lonidamine alone), targeted combination polymer
blend nanoparticles (dual loaded), targeted singly loaded
polymer blend nanoparticles (either paclitaxel alone or
lonidamine alone), and PEO-PCL nanoparticles was mea-
sured over the course of ten days (Figure 4). Paclitaxel

release is presented in the top panel of Figure 4 (Figure 4A,B)
while lonidamine release is depicted in the bottom panel
(Figure 4C,D) Release was measured both at physiological
pH 7.4 (Figure 4A,C) and at a pH common to the microen-
vironment of a tumor (6.5) (Figure 4B,D). The figure insets
represent the early time points (from O to 6 h).

As demonstrated by the early time points (Figure 4, insets),
none of the formulations exhibited burst release of lonidamine
at pH 7.4 (Figure 4C) and at pH 6.5 (Figure 4D). The release
kinetics of lonidamine from all three formulations did not
appear to be greatly affected by pH as the profiles were
similar for both pH 7.4 and pH 6.5. By 72 h, 100% of the
dose is released from both dual loaded polymer blend
nanoparticles and the singly loaded polymer blend nanopar-
ticles at pH 7.4 (the percentage of release after 72 h at pH
6.5 is slightly reduced to 93%). After 72 h only 58% of the
lonidamine dose has been released from the PEO-PCL
nanoparticles at pH 7.4 (57% at pH 6.5); complete release
from the PEO-PCL occurs after 144 h (both pH values). After
72 h only 39% of the total lonidamine dose was released
from the targeted, dual loaded polymer blend particles and
41% of total lonidamine was released by the targeted, singly
loaded polymer blend nanoparticles (neither of these values
changed in response to pH). The targeted nanoparticles
exhibited the most sustained release for lonidamine; 100%
of the total loaded lonidamine was released after 168 h for
the dual loaded formulation and after 192 h for the singly
loaded formulation (there was no change with a change in
pH). This prolonged release may be attributable to the spatial
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Figure 4. Drug release kinetics from nanocarriers. Drug release kinetics from the nanocarriers were measured up to
10 days. Panels (A) and (B) represent paclitaxel drug release at pH 7.4 and pH 6.5 respectively. Panels (C) and (D)
represent release of lonidamine at pH 7.4 and pH 6.5 respectively. Figure insets represent release from 15 min until

6 h.

interactions of the polymer/drug mixture in the nanoparticle
core, the density of the particle, and the surface protection
of the formulation. The PEO-PCL particles may be more
rigid and stable (owing to the B-block interaction of PEO
with PCL); this rigidity may enhance the association of
lonidamine with the polymers, and as PCL degradation is
very slow, this association may extend the release of the drug.
The targeted nanoparticles, on the other hand, have extensive
surface modification relative to the other formulations; this
may prolong their degradation. The targeted nanoparticles
may also have a very dense core of drug/PCL/PLGA tightly
packed by the peptide and PEG protrusions.

Paclitaxel release kinetics were also sustained over the
course of several days for the five formulations (Figure
4A,B). None of the formulations exhibited burst release at
early time points at both pH 7.4 (Figure 4A, inset) and pH
6.5 (Figure 4B, inset). The dual loaded polymer blend
nanoparticles have a much greater retention of paclitaxel than
lonidamine; after 72 h at both pH 7.4 and pH 6.5, 100% of
lonidamine is released, whereas at 72 h only 52% of total
loaded paclitaxel is released (57% at pH 6.5). Singly loaded
lonidamine and paclitaxel polymer blend nanoparticles also
exhibit this retention difference. This could be due to the
bulkier structure of paclitaxel; it may be that paclitaxel is
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more tightly associated with the core polymers. One hundred
percent of the loaded paclitaxel dose is not released until
168 h for both the dual loaded and singly loaded polymer
blend nanoparticles at pH 7.4 (this value is the same for the
dual loaded polymer blend nanoparticles at pH 6.5 but is
reduced to 144 h for the singly loaded polymer blend
nanoparticles at pH 6.5). As with lonidamine, the PEO-PCL
nanoparticles demonstrate more prolonged release of pacli-
taxel; it is not until 216 h (at both pH values) that this
formulation releases 100% of the paclitaxel dose. Similar to
lonidamine release kinetics, the targeted formulations exhibit
sustained release for paclitaxel; it is not until 216 h that 100%
of the paclitaxel dose is released by the targeted formulations
(this is reduced to 192 h for the dual loaded targeted particles
at pH 6.5). The sustained release kinetics of lonidamine and
paclitaxel from the targeted combination polymer blend
nanoparticles ensures that the therapeutics will not completely
leach out of the particles during circulation, but will be
released once the particles are internalized and digested by
the target cells.

MDR and EGFR Expression in the Cell Panel. In
certain cancer cells, hypoxia has been shown to contribute
to MDR.”'®> We have conducted extensive analysis of the
relationship between hypoxia and MDR in this panel of cell
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Protein Expression

Figure 5. Protein expression analysis. Basal protein was
extracted from the panel of cell lines grown under
normoxic and hypoxic conditions (three and five days of
hypoxia). Protein was probed for expression of the
MDR marker, Pgp as well as for EGFR. f-actin was
used as a loading control.

lines (work submitted for publication). In the current study,
we used hypoxia to induce MDR in a panel of cell lines.
Pgp expression was used as a positive marker for MDR
(Figure 5). EGFR expression was also analyzed. As dem-
onstrated in Figure 5, hypoxia induced the expression of Pgp
in SKOV3 cells after 5 days of hypoxia and in MDA-MB-
231 cells after 3 days of hypoxic exposure. The OVCARS
cells appeared resistant to hypoxic induction of Pgp. The
established MDR cell line, SKOV3-TR cells, were a positive
control for Pgp expression. Hypoxia also increased the
expression of EGFR in the SKOV3 cell line and in the MDA-
MB-231 cell line. The OVCARS cells have a high basal level
of EGFR. The MDA-MB-435 cells were used as a negative
control for EGFR expression.

Cell Uptake of EGFR-Targeted Nanoparticles. To
confirm that the nanoparticles were being taken up by the
cells, nanoparticles were loaded with rhodamine 123 and
incubated with the panel of cells (SKOV3-TR, SKOV3,
MDA-MB-231, OVCARS, and MDA-MB-435 cells) under
normoxic and hypoxic conditions. At time intervals spanning
from 15 min to 6 h images of the cells were taken (Figures
6—10, panel A; only the 15 and 30 min time points are
shown) and the fluorescent intensity was quantified as a
percentage of the total administered dose (Figures 6—10,
panel B). The panel of cell lines were treated with targeted
nanoparticles (T), targeted nanoparticles in the presence of
competitive EGFR antibody (TC), nontargeted nanoparticles
(N), and nontargeted nanoparticles in the presence of
competitive EGFR antibody (NC). Cells were treated with
a 5 uM dose of the nanoparticles (relative to rhodamine
loading) and examined after 15 min of treatment, 30 min,
1 h, 2 h, 3h, and 6 h. Nuclei were stained with Hoechst
33342 (blue). For competitive studies, a 100-fold molar
excess of the EGFR antibody (relative to the peptide content
of the nanoparticle dose) was added to the cells 10 min before
treatment with the particles.

Figure 6A demonstrates the uptake in the MDR cells after
15 and 30 min of treatment. The cellular uptake after 15
and 30 min of treatment was also monitored in hypoxic and
normoxic derivatives of SKOV3 cells (Figure 7A), MDA-
MB-231 cells (Figure 8A), OVCARS cells (Figure 9A), and
MDA-MB-435 cells (Figure 10A). Although the microscopy
demonstrates the differences in uptake kinetics between the
different formulations and between the time points, the data
is qualitative and does not demonstrate clear differences
between the hypoxic and normoxic derivatives. As such,
quantitative nanoparticle uptake was measured on a Bio-
Tek Synergy HT plate reader, and the results are presented
in panel B of Figures 6—10.

The degree of targeted nanoparticle uptake at the early
time points (15 and 30 min) paralleled the expression level
of EGFR in the panel of cell lines. The highest expression
of EGFR was in the OVCARS normoxic and hypoxic
derivatives, followed by the SKOV3-TR cells and the
hypoxic MDA-MB- 231 cells, then the SKOV3 hypoxic
cells, the SKOV3 normoxic and MDA-MB231 normoxic
cells, and last the MDA-MB-435 cells which had no EGFR
expression. Inhibition of targeted nanoparticle uptake in the
presence of excess EGFR antibody is indicative of competi-
tive binding between the nanoparticles and the free antibody.
This inhibition was significant in all EGFR-expressing cell
lines after 15 and 30 min of treatment and also after 1 h of
treatment in the OVCARS derivatives (Figures 6—10). No
competition was observed in the EGFR-negative MDA-MB-
435 cell line (Figure 10). This competitive binding verifies
that the targeted nanoparticles are engaging the EGFR
receptor.

The degree of targeted nanoparticle uptake relative to
nontargeted nanoparticle uptake was also significant at the
early time points for all EGFR expressing cell lines. There
was no appreciable uptake of the nontargeted nanoparticles
in any cell line after 15 min of treatment. After 30 min of
treatment, nontargeted nanoparticle uptake ranged from
1.92% of the total administered dose (in the SKOV3
derivatives) to 2.20% (in the normoxic MDA-MB-435 cells).
There was no significance between the nontargeted nano-
particles in the presence and absence of free EGFR antibody
(Figures 6—10). As such, the groups treated with nontargeted
nanoparticles in the presence of competitive antibody were
excluded from the quantitative graphs (Panel B of Figures
6—10).

As indicated by the quantitative data, there was signifi-
cance between targeted nanoparticle uptake in normoxic and
hypoxic derivatives of the SKOV3 and MDA-MD-231 cells
after 30 min of treatment. The lack of significance at the 15
min time point may be because 15 min is not adequate time
to demonstrate a difference between the hypoxic and
normoxic uptake by saturating the receptors (although it is
adequate time to demonstrate a difference between the
nontargeted and targeted nanoparticles). At the 30 min time
point in the SKOV3 and MDA-MD-231 cell lines there was
no difference between the accumulation of targeted nano-
particles in normoxic cells and between targeted nanoparticles
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Figure 6. Nanoparticle uptake in SKOV3-TR cells. Panel A: Nanoparticle formulations were loaded with rhodamine
123 (green). SKOV3-TR cells were treated with targeted nanoparticles (T), targeted nanoparticles in the presence of
excess competitive EGFR antibody (TC), nontargeted nanoparticles (N), and nontargeted nanoparticles in the
presence of excess competitive EGFR antibody (NC). Cells were imaged after 15 and 30 min of treatment. Cell nuclei
were stained with Hoechst 33342 (blue). The fluorescent images represent a merge of the blue and green
fluorescence; corresponding DIC images are also shown. Targeted nanoparticle uptake is apparent at the early time
points and is blocked by the competitive antibody. Panel B: Cells were treated with the rhodamine 123 loaded
formulations, and the amount of rhodamine 123 taken up by the cells was quantified and converted to a percentage of
the administered dose. The SKOV3-TR cells were treated with nontargeted nanoparticles (white bar), nontargeted
nanoparticles in the presence of excess competitive EGFR antibody (black/white brick bar), targeted nanoparticles
(black bar), and targeted nanoparticles in the presence of excess competitive EGFR antibody (black/white speckled
bar). Cells were treated for 15 min, 30 min, 1 h, 2 h, 3 h, and 6 h. Fluorescence was quantified using a Bio-Tek
Synergy HT plate reader. Each treatment represents n = 8.

in the presence of competitive EGFR antibody under
normoxic conditions, and between nontargeted nanoparticles
under normoxic and hypoxic conditions. For the MDA-MB-
231 cell line there was also no difference between the uptake
of targeted nanoparticles under normoxic conditions and
targeted nanoparticles in the presence of competitive EGFR
antibody under hypoxic conditions. At this time point in these
cell lines, targeting enhances uptake proportionate to EGFR
expression.

The lack of significance between the uptake of targeted
nanoparticles in normoxic and hypoxic derivatives of the
OVCARS cells may be due to the excessively high basal
expression of EGFR in the normoxic derivatives. Targeting
does show a clear engagement of the EGFR receptor at 15

196 MOLECULAR PHARMACEUTICS VOL. 8, NO. 1

min (demonstrated by competitive binding) and enhanced
uptake relative to nontargeted nanoparticles at 15 min for
the SKOV3 cells and the MDA-MD-231 cells and up to the
1 h time point for the OVCARS cells.

The difference between nontargeted nanoparticle uptake
(no appreciable uptake) and targeted nanoparticle uptake at
the early time points indicates that the two different formula-
tions may engage in distinct mechanisms of uptake. It has
been established that nontargeted nanoparticles are internal-
ized via non-specific endocytosis.®"***~7* Most likely, the
EGFR targeted nanoparticles are internalized by mechanisms

(69) Akhtar, S.; Benter, I. F. Nonviral delivery of synthetic siRNAs
in vivo. J. Clin. Invest. 2007, 117 (12), 3623-3632.
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Figure 7. Nanoparticle uptake in SKOV3-WT and hypoxic cells. Panel A: Nanoparticle formulations were loaded with
rhodamine 123 (green). SKOV3 wild-type (WT) and hypoxic (HYP) cells were treated with targeted nanoparticles (T),
targeted nanoparticles in the presence of excess competitive EGFR antibody (TC), nontargeted nanoparticles (N), and
nontargeted nanoparticles in the presence of excess competitive EGFR antibody (NC). Cells were imaged after 15
and 30 min of treatment. Cell nuclei were stained with Hoechst 33342 (blue). The fluorescent images represent a
merge of the blue and green fluorescence; corresponding DIC images are also shown. Targeted nanoparticle uptake
is apparent at the early time points and is blocked by the competitive antibody. Panel B: Cells were treated with the
rhodamine 123 loaded formulations, and the amount of rhodamine 123 taken up by the cells was quantified and
converted to a percentage of the administered dose. Normoxic treatments are shown in black while the hypoxic
treatments are shown in blue. Cells were treated with the following nanoparticle formulations: nontargeted
nanoparticles (solid white bar for normoxic cells; solid blue bar for hypoxic cells), targeted nanoparticles (solid black
bar for normoxic cells; blue checkered bar for hypoxic cells), and targeted nanoparticles in the presence of excess
competitive EGFR antibody (black/white speckled bar for normoxic cells; blue diagonal line bar for hypoxic cells).
Cells were treated for 15 min, 30 min, 1 h, 2 h, 3 h, and 6 h. Fluorescence was quantified using a Bio-Tek Synergy
HT plate reader. Each treatment represents n = 8.

similar to endogenous EGFR substrates (EGF). Studies have substrate are internalized via a process characteristic to this
shown that, after endogenous substrate binding to EGFR and protein tyrosine kinase.”*’> This characterized receptor/
by environmental activation (radiation), EGFR and the bound substrate internalization is a rapid process, occurring within
10 to 20 min of EGFR stimulation.”” This process is more

(70) Gratton, S. E.; Ropp, P. A.; Pohlhaus, P. D.; Luft, J. C.; Madden, similar to a flip-flop mechanism than to a membrane budding
V. I.; Napier, M. E.; DeSimone, J. M. The effect of particle design process.”*”> As the EGFR-targeted nanoparticles are an

on cellular internalization pathways. Proc. Natl. Acad. Sci. U.S.A.
2008, 705 (33), 11613-11618.

(71) Kingsley, J. D.; Dou, H.; Morehead, J.; Rabinow, B.; Gendelman,
H. E.; Destache, C. J. Nanotechnology: a focus on nanoparticles
as a drug delivery system. J. Neuroimmune Pharmacol. 2006, 1

extension of an EGFR substrate (the peptide), the mechanism
of targeted nanoparticle uptake is most likely via the receptor/
substrate internalization process.

(3), 340-350. (73) Xu, Z. P.; Niebert, M.; Porazik, K.; Walker, T. L.; Cooper, H. M.;

(72) Moghimi, S. M.; Hunter, A. C.; Murray, J. C. Nanomedicine: Middelberg, A. P.; Gray, P. P.; Bartlett, P. F.; Lu, G. Q.
current status and future prospects. FASEB J. 2005, 19 (3), 311- Subcellular compartment targeting of layered double hydroxide
330. nanoparticles. J. Controlled Release 2008, 130 (1), 86-94.
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Figure 8. Nanoparticle uptake in MDA-MB-231-WT and hypoxic cells. Panel A: Nanoparticle formulations were loaded
with rhodamine 123 (green). MDA-MB-231 wild-type (WT) and hypoxic (HYP) cells were treated with targeted
nanoparticles (T), targeted nanoparticles in the presence of excess competitive EGFR antibody (TC), nontargeted
nanoparticles (N), and nontargeted nanoparticles in the presence of excess competitive EGFR antibody (NC). Cells
were imaged after 15 and 30 min of treatment. Cell nuclei were stained with Hoechst 33342 (blue). The fluorescent
images represent a merge of the blue and green fluorescence; corresponding DIC images are also shown. Targeted
nanoparticle uptake is apparent at the early time points and is blocked by the competitive antibody. Panel B: Cells
were treated with the rhodamine 123 loaded formulations, and the amount of rhodamine 123 taken up by the cells
was quantified and converted to a percentage of the administered dose. Normoxic treatments are shown in black
while the hypoxic treatments are shown in blue. Cells were treated with the following nanoparticle formulations;
nontargeted nanopatrticles (solid white bar for normoxic cells; solid blue bar for hypoxic cells), targeted nanoparticles
(solid black bar for normoxic cells; blue checkered bar for hypoxic cells), and targeted nanoparticles in the presence
of excess competitive EGFR antibody (black/white speckled bar for normoxic cells; blue diagonal line bar for hypoxic
cells). Cells were treated for 15 min, 30 min, 1 h, 2 h, 3 h, and 6 h. Fluorescence was quantified using a Bio-Tek
Synergy HT plate reader. Each treatment represents n = 8.

After one hour of treatment for every cell line (except the
highly EGFR expressing OVCARS derivatives), there is no
significance between the targeted and nontargeted nanopar-
ticle uptake (Figures 6—10, panel B). This suggests that the
kinetic differences between nonspecific endocytosis and

(74) Dittmann, K.; Mayer, C.; Kehlbach, R.; Rodemann, H. P.
Radiation-induced caveolin-1 associated EGFR internalization is
linked with nuclear EGFR transport and activation of DNA-PK.
Mol. Cancer 2008, 7, 69.

(75) Orth, J. D.; Krueger, E. W.; Weller, S. G.; McNiven, M. A. A
novel endocytic mechanism of epidermal growth factor receptor
sequestration and internalization. Cancer Res. 2006, 66 (7), 3603—
3610.
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receptor/substrate internalization are normalizing. Also at this
time point, there is no observed competition between the
targeted nanoparticles and the free antibody in all cell lines

(76) Aller, S. G.; Yu, J.; Ward, A.; Weng, Y.; Chittaboina, S.; Zhuo,
R.; Harrell, P. M.; Trinh, Y. T.; Zhang, Q.; Urbatsch, I. L.; Chang,
G. Structure of P-glycoprotein reveals a molecular basis for poly-
specific drug binding. Science 2009, 323, 1718-1722 (PDB ID:
3G61). RCSB Protein Data Bank: 2009.

(77) Bayrhuber, M.; Meins, T.; Habeck, M.; Becker, S.; Giller, K.;
Villinger, S.; Vonrhein, C.; Griesinger, C.; Zweckstetter, M.; Zeth,
K. Structure of the Human Voltage-Dependent Anion Channel.
Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 15370-15375 (PDB ID:
2JK4). RCSB Protein Data Bank: 2008.
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Figure 9. Nanoparticle uptake in OVCAR5-WT and hypoxic cells. Panel A: Nanoparticle formulations were loaded with
rhodamine 123 (green). OVCARS5 wild-type (WT) and hypoxic (HYP) cells were treated with targeted nanoparticles
(T), targeted nanoparticles in the presence of excess competitive EGFR antibody (TC), nontargeted nanoparticles (N),
and nontargeted nanoparticles in the presence of excess competitive EGFR antibody (NC). Cells were imaged after
15 and 30 min of treatment. Cell nuclei were stained with Hoechst 33342 (blue). The fluorescent images represent a
merge of the blue and green fluorescence; corresponding DIC images are also shown. Targeted nanoparticle uptake
is apparent at the early time points and is blocked by the competitive antibody. Panel B: Cells were treated with the
rhodamine 123 loaded formulations, and the amount of rhodamine 123 taken up by the cells was quantified and
converted to a percentage of the administered dose. Normoxic treatments are shown in black while the hypoxic
treatments are shown in blue. Cells were treated with the following nanoparticle formulations; nontargeted
nanoparticles (solid white bar for normoxic cells; solid blue bar for hypoxic cells), targeted nanoparticles (solid black
bar for normoxic cells; blue checkered bar for hypoxic cells), and targeted nanoparticles in the presence of excess
competitive EGFR antibody (black/white speckled bar for normoxic cells; blue diagonal line bar for hypoxic cells).
Cells were treated for 15 min, 30 min, 1 h, 2 h, 3 h, and 6 h. Fluorescence was quantified using a Bio-Tek Synergy
HT plate reader. Each treatment represents n = 8.

(again, except for the OVCARS derivatives). It is possible endocytosis masks any kinetic differences due to competitive
that, after 1 h, the free antibody has already engaged EGFR receptor/substrate internalization.

receptors and been internalized, restoring the receptors for The uptake studies verify that cellular uptake kinetics are
targeted nanoparticle binding. It is also likely that after 1 h undoubtedly cell-type specific. However, there is a general

of treatment uptake of all formulations by non-specific

(79) Card, P. B.; Erbel, P. J.; Gardner, K. H. Structural Basis of ARNT

(78) Bruncko, M.; Oost, T. K.; Belli, B. A.; Ding, H.; Joseph, M. K.; PAS-B Dimerization: Use of a Common Beta-sheet Interface for
Kunzer, A.; Martineau, D.; McClellan, W. J.; Mitten, M.; Ng, Hetero- and Homodimerization. J. Mol. Biol. 2005, 353, 664—
S. C.; Nimmer, P. M.; Oltersdorf, T.; Park, C. M.; Petros, A. M.; 677 (PDB ID: 1X00). RCSB Protein Data Bank: 2005.
Shoemaker, A. R.; Song, X.; Wang, X.; Wendt, M. D.; Zhang, (80) Hon, W. C.; Wilson, M. L.; Harlos, K.; Claridge, T. D.; Schofield,
H.; Fesik, S. W.; Rosenberg, S. H.; Elmore, S. W. Studies Leading C.J.; Pugh, C. W.; Maxwell, P. H.; Ratcliffe, P. J.; Stuart, D. L.;
to Potent, Dual Inhibitors of Bcl-2 and Bcel-xL. J. Med. Chem. Jones, E. Y. Structural basis for the recognition of hydroxyproline
2007, 50, 641-662 (PDB ID: 2021). RCSB Protein Data Bank: in HIF-1 alpha by pVHL. Nature 2002, 417, 975-978 (PDB ID:
2007. 1LQB). RCSB Protein Data Bank: 2002.
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Figure 10. Nanoparticle uptake in MDA-MB-435-WT and hypoxic cells. Panel A: Nanoparticle formulations were loaded
with rhodamine 123 (green). MDA-MB-435 wild-type (WT) and hypoxic (HYP) cells were treated with targeted nanoparticles
(T), targeted nanoparticles in the presence of excess competitive EGFR antibody (TC), nontargeted nanoparticles (N), and
nontargeted nanoparticles in the presence of excess competitive EGFR antibody (NC). Cells were imaged after 15 and 30
min of treatment. Cell nuclei were stained with Hoechst 33342 (blue). The fluorescent images represent a merge of the
blue and green fluorescence; corresponding DIC images are also shown. There is no apparent difference between the
targeted and nontargeted nanoparticle uptake in this EGFR-negative cell line. Antibody/nanoparticle competition was also
not apparent. Panel B: Cells were treated with the rhodamine 123 loaded formulations, and the amount of rhodamine 123
taken up by the cells was quantified and converted to a percentage of the administered dose. Normoxic treatments are
shown in black while the hypoxic treatments are shown in blue. Cells were treated with the following nanoparticle
formulations; nontargeted nanoparticles (solid white bar for normoxic cells; solid blue bar for hypoxic cells), targeted
nanoparticles (solid black bar for normoxic cells; blue checkered bar for hypoxic cells), and targeted nanoparticles in the
presence of excess competitive EGFR antibody (black/white speckled bar for normoxic cells; blue diagonal line bar for
hypoxic cells). Cells were treated for 15 min, 30 min, 1 h, 2 h, 3 h, and 6 h. Fluorescence was quantified using a Bio-Tek
Synergy HT plate reader. Each treatment represents n = 8.

trend of increasing particle uptake in each cell line from 15
min until 6 h, at which point between 80% of the total
administered dose (for the MDA-MB-231 normoxic cells
treated with targeted nanoparticles in the presence of
competitive antibody) and 100% of the administered dose
(for the OVCARS5 hypoxic derivatives treated with nontar-

geted nanoparticles) had been taken up. Interestingly, there
does not appear to be any appreciable nanoparticle uptake
in the MDA-MB-231 cells between 2 and 3 h (Figure 8).
The MDA-MB-231 cells may reach a saturation threshold
(after 2 h) at which point the cell increases metabolism of
the internalized particles and vesicles and restores phospho-

(81) Nury, H.; Dahout-Gonzalez, C.; Trezeguet, V.; Lauquin, G.;
Brandolin, G.; Pebay-Peyroula, E. Structural Basis for Lipid-
Mediated Interactions between Mitochondrial Adp/ATP Carrier
Monomers. FEBS Lett. 2005, 579, 6031 (PDB ID: 2C3E). RCSB
Protein Data Bank: 2005.
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(82) Rabeh, W. M.; Zhu, H.; Nedyalkova, L.; Tempel, W.; Wasney,
G.; Landry, R.; Vedadi, M.; Arrowsmith, C. H.; Edwards, A. M.;
Sundstrom, M.; Weigelt, J.; Bochkarev, A.; Park, H. Structural
Genomics Consortium (SGC) Crystal structure of human hex-
okinase II (PDB ID: 2NZT). RCSB Protein Data Bank: 2006.
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lipids to the cell membrane, apparently ceasing additional
uptake, before resuming internalization at a slower rate. This
would explain the dramatic increase in particle uptake
between 1 and 2 h (an average of 39% of the total dose),
the lack of change between 2 and 3 h, and the subsequent
slow uptake between 3 and 6 h (an average rate of 10% total
dose per hour). Also of note, the MDA-MB-435 cells appear
to have a slower initiation of particle uptake. After two hours
of treatment approximately 35% of the administered dose
was taken up by the MDA-MB-435 cells, which is 10%
lower than uptake by the SKOV3 derivatives (with no
significance between the nanoparticle formulations). For each
cell line, the particle uptake kinetics visualized during
microscopy (Figures 6—10, panel A) were consistent with
the kinetics observed in quantifying cumulative nanoparticle
uptake (Figures 6—10, panel B) and confirmed interaction
of the targeted nanoparticles with the EGFR receptor.

It is not unusual that the benefit of active targeting was
only demonstrated during the early time points. This analysis
was done in a stationary cell culture system where saturation
(even by nontargeted nanoparticles) is fairly rapid and
inevitable as particle uptake becomes dominated by non-
specific endocytosis. However, an in vivo study would be
expected to demonstrate the true potential of a targeted
nanocarrier system. We have also completed in vivo studies
which show improved pharmacokinetic parameters and
enhanced efficacy of this targeted system (work to be
published).

(83) Ramaen, O.; Leulliot, N.; Sizun, C.; Ulryck, N.; Pamlard, O.;
Lallemand, J.-Y.; Van Tilbeurgh, H.; Jacquet, E. Structure of the
Human Multidrug Resistance Protein 1 Nucleotide Binding
Domain 1 Bound to Mg(2+)/ATP Reveals a Non-Productive
Catalytic Site. J. Mol. Biol. 2006, 359, 940 (PDB ID: 2CBZ).
RCSB Protein Data Bank: 2006.

(84) Read, J. A.; Winter, V. J.; Eszes, C. M.; Sessions, R. B.; Brady,
R. L. Structural basis for altered activity of M- and H-isozyme
forms of human lactate dehydrogenase. Proteins 2001, 43, 175—
185 (PDB ID: 110Z). RCSB Protein Data Bank: 2001.

(85) Verdon, G.; Albers, S. V.; Dijkstra, B. W.; Driessen, A. J.;
Thunnissen, A. M. Crystal structures of the ATPase subunit of
the glucose ABC transporter from Sulfolobus solfataricus: nucle-
otide-free and nucleotide-bound conformations. J. Mol. Biol. 2003,
330, 343-358 (PDB ID: 10XT). RCSB Protein Data Bank: 2003.

(86) Yun, C.-H.; Boggon, T. J.; Li, Y.; Woo, S.; Greulich, H.;
Meyerson, M.; Eck, M. J. Structures of Lung Cancer-Derived Egfr
Mutants and Inhibitor Complexes: Mechanism of Activation and
Insights Into Differential Inhibitor Sensitivity. Cancer Cell 2007,
11,217 (PDB ID: 2ITY). RCSB Protein Data Bank: 2007.

(87) Eder, M.; Fritz-Wolf, K.; Kabsch, W.; Wallimann, T.; Schlattner,
U. Crystal Structure of Human Ubiquitous Mitochondrial Creatine
Kinase. Proteins: Struct., Funct., Genet. 2000, 39, 216 (PDB ID:
1QK1). RCSB Protein Data Bank: 2000.

(88) Rastogi, V. K.; Girvin, M. E. Structural changes linked to proton
translocation by subunit ¢ of the ATP synthase. Nature 1999, 402,
263-268 (PDB ID: 1C17). RCSB Protein Data Bank: 1999.

(89) Schlatter, D.; Thoma, R.; Kueng, E.; Stihle, M.; Mueller, F.;
Boroni, E.; Hennig, M. Crystal Engineering Yields Crystals of
Cyclophilin D Diffracting to 1.7 A Resolution. Acta Crystallogr.,
Sect. D 2005, 61, 513 (PDB ID: 2BIT). RCSB Protein Data Bank:
2005.

Table 2. 1Csy Values From Paclitaxel Treatment

cell line condition treatment ICso (uM)
SKOV3-TR MDR NP 1.011 £ 0.009
SKOV3-TR MDR SOL 0.950 + 0.021
SKOV3 normoxic NP 0.011 £ 0.004
SKOV3 normoxic SOL 0.012 &+ 0.006
SKOV3 hypoxic NP 0.791 £ 0.040
SKOV3 hypoxic SOL 0.770 £ 0.067
MDA-MB-231 normoxic NP 0.012 £+ 0.004
MDA-MB-231 normoxic SOL 0.013 £+ 0.006
MDA-MB-231 hypoxic NP 0.845 + 0.049
MDA-MB-231 hypoxic SOL 0.840 + 0.051
OVCAR5 normoxic NP 0.003 + 0.003
OVCAR5 normoxic SOL 0.004 + 0.003
OVCAR5 hypoxic NP 0.038 £+ 0.015
OVCAR5 hypoxic SOL 0.083 + 0.038

Efficacy of Combination Therapy. To determine the
optimal combination of lonidamine and paclitaxel, a dose
response study was conducted in three cell lines (SKOV3
ovarian cancer cells, MDA-MB-231 breast cancer cells, and
OVCARS ovarian cancer cells) under normoxic and hypoxic
conditions as well as in MDR cells (SKOV3-TR ovarian
cancer cells). Cells were treated with drug loaded nanopar-
ticle formulations and with solution forms of the drugs. First,
single agent treatment was examined (data not shown). Dose
response to paclitaxel encapsulated in nanoparticles and
paclitaxel solution was measured over the range of 0.001
uM to 10 uM. The cells that were the most resistant to
paclitaxel were the MDR cells (SKOV3-TR), the hypoxic
SKOV3 cells, and the hypoxic MDA-MB-231 cells. The
OVCARS cells were the most sensitive to paclitaxel. As
paclitaxel is a Pgp substrate, these responses can be correlated
with the expression profile of Pgp in the cells (Figure 5).
Hypoxia induced the expression of Pgp in SKOV3 and
MDA-MB-231 cells (which are the most resistant, second
to the MDR cells), yet the OVCARS cells did not express
basal levels of Pgp and expression was not induced by
hypoxia (most sensitive to paclitaxel).

The ICs, values for paclitaxel treatment are listed in Table
2. The ICsy values for MDR SKOV3 cells treated with
nanoparticle formulations of paclitaxel are 92 times the ICs,
values for the wild-type, normoxic SKOV3 cells with similar
treatment; the MDR cells treated with paclitaxel solution had
an ICsy value 79 times that of wild-type normoxic cells
treated with solution. While the ICs, values for the hypoxic
SKOV3 cells are 72 times that of the wild-type, normoxic
SKOV3 cells treated with nanoparticle encapsulated pacli-
taxel and the hypoxic SKOV3 cells treated with solution have
an ICsy value 64 times that of wild-type normoxic SKOV3
cells treated with paclitaxel solution. This increased ICs,
value in hypoxic cells verifies the dynamic cellular trans-
formation that occurs during hypoxia, shifting the cells
toward a MDR character (portrayed in Figure 5). Likewise,
the ICs, for hypoxic MDA-MB-231 cells treated with
nanoparticle paclitaxel is 70 times that of the wild-type,
normoxic cells treated with the formulation and hypoxic
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Figure 11. Lonidamine and paclitaxel combination therapy. A panel of seven cell lines was used to evaluate the efficacy of
combination lonidamine/paclitaxel therapy. The cell lines included SKOV3-TR cells, SKOV3 wild-type cells (WT), SKOV3
hypoxic cells (HYP), MDA-MB-231 wild-type cells, MDA-MB-231 hypoxic cells, OVCARS5 wild-type cells, and OVCAR5
hypoxic cells. (A) Each cell line was treated with EGFR-targeted lonidamine/paclitaxel loaded nanoparticles (EGFR-targeted
LON/PTX NP; black and white checkered bar) and with lonidamine/paclitaxel solution (LON/PTX Sol; solid white bar). All
treatment doses were 10 uM lonidamine and 1 uM paclitaxel. Combination therapy dramatically reduced the cell viability for
all cell lines to below 10% cell viability for all cell lines treated with the combination nanoparticles and to approximately 5%
cell viability for the wild-type SKOV3 and MDA-MB-231 cells. Each treatment represents n = 7. (B) Combination paclitaxel/
lonidamine treatment with 10 xM lonidamine and 1 uM paclitaxel was compared to treatment with 1 x«M paclitaxel alone (in
nanoparticle and solution forms). The panel of cells were treated with EGFR-targeted lonidamine/paclitaxel loaded
nanoparticles (EGFR-Targeted LON/PTX NP; black and white checkered bar), lonidamine/paclitaxel solution (LON/PTX
Sol; gray checkered bar), paclitaxel nanoparticles (PTX NP; solid black bar), and paclitaxel solution (PTX Sol; solid white
bar). As illustrated, 1 uM paclitaxel is the approximate ICs, for the MDR SKOV3-TR cells and for the hypoxic SKOV3 cells
and the hypoxic MDA-MB-231 cells. This is reduced by 40% when combined with lonidamine treatment. Each treatment
represents n=7.

MDA-MB-231 cells treated with solution paclitaxel had an
ICs 65 times that of wild-type, normoxic breast cancer cells
treated with solution. Yet, the ICs, of the hypoxic OVCARS
cells treated with paclitaxel nanoparticles was only 13 times
that of the wild-type, normoxic, OVCARS cells treated with
the same formulation and the ICs; of the hypoxic OVCARS
cells treated with paclitaxel solution was 20 times that of
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the wild-type, normoxic OVCARS cells treated with solution
paclitaxel. This minimal increase in ICs, values for the
OVCARS cells subjected to hypoxia coincides with the lack
of hypoxic transformation in the OVCARS cells demon-
strated by the protein analysis (Figure 5). The ICs, values
again clarify that hypoxia seemed effective in inducing MDR
character in the SKOV3 cells and in the MDA-MB-231 cells,
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articles

yet this selection pressure did not reach the threshold for
transforming OVCARS5 cells. Lonidamine treatment alone
had very little effect at 1 4M and 10 uM doses and for most
cells did not even reach an ICsy value with a 100 4uM dose
(data not shown). The response of the different cell types to
lonidamine is also consistent with the protein expression
profile and glycolytic character of the cells (previous work
submitted for publication). The OVCARS cells had extremely
low glycolytic character, and as lonidamine is a hexokinase-2
inhibitor, lonidamine alone had very little effect even at a
100 uM dose.

Based on the dose response of single agents, doses of 0.1
uM paclitaxel (below the IC5, of MDR and hypoxic cells),
1 uM (the approximate ICs, of MDR and hypoxic cells),
and 10 uM paclitaxel (above the ICsy of MDR and hypoxic
cells) were selected for a combination study with 1, 10, and
100 M lonidamine (data not shown). As a result of the dose
responses of the cell lines to paclitaxel/lonidamine combina-
tion treatment, 1 uM paclitaxel and 10 M lonidamine were
selected as the optimal dose combination. This dose enhanced
the efficacy of both drugs in the MDR cell line and in the
hypoxic and normoxic SKOV3 and MDA-MB-231 cells.

After selection of the optimal dose combination, EGFR-targeted
nanoparticles dual loaded with lonidamine and paclitaxel at a dose
ratio of 10:1 were synthesized using PCL, the PLGA-PEG
conjugate (10% w/w) and the PLGA-PEG-EGFR peptide construct
(20% wiw). Cells were treated with the nanoparticles at a dose of
1 uM paclitaxel/10 M lonidamine, and viability was assessed after
five days of treatment (Figure 11). Treatment with the lonidamine/
paclitaxel loaded EGFR targeted nanoparticles resulted in less than
10% cell viability for all cell lines and less than 5% cell viability
for the wild-type, normoxic SKOV3 and MDA-MB-231 cells
(Figure 11A). For all cell lines, there was significance between
the EGFR-targeted combination blend nanoparticles and drug
solution (Figure 11A). This enhanced efficacy is most likely due
to the sustained drug release from the nanoparticles.

Treatment with the dual loaded lonidamine/paclitaxel
EGFR-targeted nanoparticles was compared to treatment with
nanoparticles only loaded with paclitaxel; also, treatment with
a solution combination of lonidamine and paclitaxel was
compared to treatment with paclitaxel solution alone (Figure
11B). Combination treatment was at a dose of 1 uM
paclitaxel and 10 uM lonidamine; this was compared to
treatment with 1 uM paclitaxel alone. Combination treatment
with lonidamine/paclitaxel nanoparticles enhanced the cell
kill efficacy relative to treatment with paclitaxel nanoparticles
(extremely significant, p < 0.0001, for the MDR, all hypoxic

cell derivatives, and the normoxic MDA-MB-231 cells; and
significant, p < 0.05, for the SKOV3 wild-type normoxic
cells and the OVCARS wild-type normoxic cells). Solution
treatment with a combination of lonidamine and paclitaxel
enhanced the cell kill efficacy relative to treatment with
paclitaxel solution alone for all cell lines except for the wild-
type, normoxic OVCARS cells (significant at p < 0.0001,
for the SKOV3 hypoxic cells and for the MDA-MB-231
normoxic cells; very significant, p < 0.01, for the MDR and
MDA-MB-231 hypoxic cells; significant, p < 0.05, for the
SKOV3 normoxic cells and for the OVCARS hypoxic cells;
and not significant for the OVCARS normoxic cells). As
previously mentioned, the decreased response of the OVCARS
normoxic cells to lonidamine is most likely due to the lower
glycolytic character of these cells. For the hypoxic and
normoxic SKOV3 and MDA-MB-231 cells as well as for
the MDR cells, combination treatment with lonidamine and
paclitaxel at the dose ratio of 10 M lonidamine: 1 uM
paclitaxel greatly enhances the cell kill efficacy relative to
treatment with 1 uM paclitaxel alone (Figure 11B).

Conclusions

This novel drug delivery system achieves the functional
goals of the system; improved efficacy with combination
therapy and active EGFR targeting. The nanocarriers are
capable of appreciable drug encapsulation and sustained drug
release. ESCA analysis confirmed that the surface of the
nanocarriers was modified with the targeting construct. This
was further confirmed with the demonstrated targeting of
the nanocarriers in the panel of cell lines; uptake kinetics
emulated the expression of EGFR in the cell lines and
competitive inhibition by an EGFR antibody was apparent.
Combination therapy with 1 uM paclitaxel and 10 uM
lonidamine resulted in 5—10% cell viability whereas treat-
ment with 1 M paclitaxel alone was the approximate ICs,
of the MDR cells. This drug delivery system is a well-
characterized platform for the delivery of paclitaxel and
lonidamine to treat MDR cancer.
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