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Abstract

The aim of this study was to assess the biodistribution and pharmacokinetics of epidermal growth
factor receptor (EGFR)-targeted polymer blend nanoparticles loaded with the anticancer drugs
lonidamine and paclitaxel. Plasma, tumor, and tissue distribution profiles were quantified in an
orthotopic animal model of multi-drug resistant (MDR) breast cancer and were compared to
treatment with non-targeted nanoparticles and to treatment with drug solution. Poly(D,L-lactide-
co-glycolide)/poly(ethylene glycol)/EGFR targeting peptide (PLGA/PEG/EFGR peptide)
construct was synthesized for incorporation in poly(e-caprolactone) (PCL) particles to achieve
active EGFR targeting. An isocratic HPLC method was developed to quantify lonidamine and
paclitaxel in mice plasma, tumors, and vital organs. The targeted nanoparticles demonstrated
superior pharmacokinetic profile relative to drug solution and non-targeted nanoparticles,
particularly for lonidamine delivery. The first target site of accumulation is the liver, followed by
the kidneys, and then the tumor mass; maximal tumor accumulation occurs at 3 hours post-
administration. Lonidamine/paclitaxel combination therapy administered via EGFR-targeted
polymer blend nanocarriers may become a viable platform for the future treatment of MDR
cancer.
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BACKGROUND

The development of multi-drug resistant (MDR) cancer is a barrier to the successful
treatment of many clinical cases of cancer. 176 MDR refers to a state of resilience against
structurally and/or functionally unrelated drugs; MDR can be intrinsic (innate) or acquired
through exposure to chemotherapeutic agents. 1 To increase survival potential many MDR
cancer cells over-express certain growth factors such as epidermal growth factor (EGF) and
corresponding receptors. 7 Epidermal growth factor receptor (EGFR) over-expression
results in receptor clustering, which makes these cells hyper-sensitive to EGFR activation
and maximizes the effect of EGF. As demonstrated in Figure 1, the current nanocarrier
system actively targets the MDR phenotype through the use of a targeting peptide on the
surface of the nanocarriers that binds to the EGFR receptor.

As many existing pharmaceutics are less than ideal with respect to parameters such as
toxicity and therapeutic index, there is a recognized need to improve these pharmacological
features through the design of effective drug delivery systems. The fundamental intent of
drug delivery systems is to improve the therapeutic index of biologically active agents 9.
The inherent properties of hanotechnology based drug delivery systems make them ideal
platforms for achieving this basic aim of drug delivery.

Nanocarriers can enable high drug loading and they can avoid clearance by the
reticuloendothelial system (RES). 10 A well established approach to decreasing RES
clearance while increasing the circulating plasma concentration and residence time of the
nanocarrier is to modify the surface of the nanocarrier with poly(ethylene glycol) (PEG)
chains. 11 Active targeting can help a nanocarrier system to overcome biological barriers
(active transport verses non-specific endocytosis), decrease the residual toxicity of a system,
and increase the therapeutic effect. 12 Multi-functionalization expands the capability of a
nanocarrier system where PEG modification, active targeting, multiple therapeutics, and
imaging modalities can be combined. 13

This work describes the pharmacokinetic profile and biodistribution of a novel drug delivery
system for the treatment of MDR cancer. A primary objective of this system is to actively
target EGFR, which is often over-expressed in MDR cancer. As demonstrated in Figure 1,
this is achieved by first grafting a PEG-maleimide residue onto poly(D,L-lactide-co-
glycolide) (PLGA) and subsequently grafting an EGFR-specific peptide onto the PEG to
create a PLGA-PEG-Peptide construct. This construct is then incorporated into the
nanoparticle formulation along with PLGA-PEG and poly(e-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.

The two therapeutic agents selected for combination therapy are paclitaxel and lonidamine.
Although paclitaxel is a common chemotherapeutic agent, 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. Furthermore,
combining lonidamine with a low dose of paclitaxel improves the efficacy of both agents.

The biodistribution and pharmacokinetic parameters of a drug/drug delivery system can
determine the clinical success of the formulation. The biodistribution and pharmacokinetics
of nanoparticle delivered lonidamine are particularly important as lonidamine performed
poorly in clinical trials. The biodistribution and pharmacokinetics of lonidamine and
paclitaxel administered in EGFR-targeted nanoparticles was compared to administration of
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the drugs in non-targeted nanoparticles and to administration of the drugs in solution form.
Analysis was performed after 1 hour of administration, 3 hours, 6 hours, and 24 hours.

MATERIALS AND METHODS

Polymer and Peptide Conjugation

The synthesis, detailed methodology, and complete characterization of this nanocarrier
system is described in our previous publication. 14 For the synthesis of the PLGA-PEG-
peptide construct, an established EGFR specific peptide was used to achieve active targeting
with the nanoparticle formulation: YHWYGYTPQNVIGGGGC; 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. For the conjugation, 50:50
poly(DL-lactide-co-glycolide) (PLGA) with an inherent viscosity of 0.15-0.25 (Durect
Lactel® Adsorbable Polymers; Pelham, AL) was used. To synthesize the PLGA-PEG-
peptide targeting construct, amine-poly(ethylene glycol) PEG-maleimide (MW 2000;
JenKem Technology; Allen, TX) was used, while m-PEG-amine (MW 2000; LaysanBio;
Arab, AL) was used to create a (hon-targeted) PLGA-PEG construct.

Nanoparticle and Drug Solution Preparations

EGFR targeted and non-targeted polymer blend nanoparticles were synthesized using a
solvent displacement method. Poly(e-caprolactone) (average MW 14.8 kDa; Polysciences,
Inc., Warrington, PA) was used as the primary nanoparticle constituent. Briefly, the PLGA-
PEG-peptide conjugate (or the PLGA-PEG conjugate for non-targeted particles), PCL, and
therapeutic agents were dissolved in 2 mL 50/50 acetonitrile/DMF, and placed in a 37°C
water bath for 10 minutes to facilitate dissolution. This polymer/drug solution was added
dropwise to 20 mL distilled, deionized water while stirring. The preparation was covered
with aerated parafilm, allowed to stir overnight, centrifuged at 10,0009 for 30 minutes, and
then resuspended in deionized water. To synthesize targeted nanoparticles the PLGA-PEG-
peptide conjugate was added to the PCL nanoparticle formulation at 20% wi/w total polymer,
with an additional 10% w/w of PLGA-PEG conjugate. For the non-targeted nanoparticles,
the PLGA-PEG conjugate was added at a concentration of 20% w/w total polymer. Dual
agent loaded nanoparticles were synthesized with a 10:1 molar ratio of lonidamine to
paclitaxel. Scanning electron microscopy (SEM) images of the nanoparticles were obtained
using a Hitachi S-4800 microscope.

Drug solutions for animal treatments were prepared as Cremophor® EL (polyoxyethylated
castor oil) stocks. Each mL contained 3 mg paclitaxel, 12 mg lonidamine, 527 mg of
Cremophor® EL (BASF, Mount Olive, NJ, USA), and 49.7% (v/v) dehydrated alcohol, USP
(Thermo Fisher Scientific, Waltham, MA). Drug solutions for HPLC calibration were
prepared in 50:25:25 (v/v) methanol, acetonitrile, water mix. Docetaxel was used as an
internal standard at a concentration of 85 pug/ml. Lonidamine and paclitaxel standard curves
were prepared at the following concentrations; 200 pg/ml, 40 pug/ml, 8 pg/ml, 1.6 pg/mi,
0.32 pg/ml, 0.2 pg/ml, 0.16 pg/ml, 0.08 pg/ml, and 0.064 pg/ml. To determine the
extraction efficiency, organs and plasma from control mice (untreated) were spiked with
each concentration of lonidamine and paclitaxel used in the solution standard curve at pug/ml
or ug/g of tissue. The y-axis of each calibration curve (data not shown) was plotted as the
peak area of drug (lonidamine or paclitaxel) divided by the peak area of docetaxel, while the
x-axis was the concentration. The percent recovery was then determined by first dividing the
slope of calibration curve in spiked tissue by the slope of the standard curve of drug solution
and then multiplying this value by 100.
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Cell Culture and Hypoxia

The MDA-MB-231 cells were obtained from ATCC (Manassas, VA). Cells were incubated
at 37°C and maintained in RPMI-1640 media (Mediatech, Inc; Manassas, VA)
supplemented with 10% fetal bovine serum (Gemini Bio-products; West Sacramento, CA)
and 1% penicillin/streptomycin/amphotericin B mixture (Lonza; Walkersville, MD). To
create hypoxic conditions using low-oxygen gas; cell culture flasks were placed in a
modular incubation chamber (Billups-Rothenberg, Inc.; Del Mar, CA), flushed with a 0.5%
05, 5% CO», nitrogen balanced gas for five minutes, and incubated at 37°C for five days.

Orthotopic Tumor Model Development

The protocol for animal experiments described in this article was approved by Northeastern
University’s Institutional Animal Care and Use Committee. Female nu/nu mice were
obtained from Charles River Laboratories (Wilmington, MA) and were housed in sterile
cages on a 12:12 light/dark cycle with ad libitum acess to food and water. To establish the
xenografts, mice were anesthetized with isoflurane and approximately 2 million human
breast cancer cells suspended in a 100 pl of a 50:50 mix of matrigel and serum free medium
was injected into the mammary fat pad of the mice using pre-chilled, sterile syringes with 27
gauge, ¥2” needles. Tumor size was measured every other day using Vernier calipers in two
dimensions. Individual tumor volumes (V) were calculated using the formula V = [length x
(width)2]/2 where length is the longest diameter and width is the shortest diameter
perpendicular to length.

Treatment and Tissue Preparation

Once tumors reached 100 mm3, the animals were selected for experimental treatment. A
total of 48 mice were used to assess treatment in the pharmacokinetic study (not including
control mice). Mice were randomly allotted to the three treatment groups (paclitaxel and
lonidamine loaded EGFR-targeted nanoparticles, paclitaxel and lonidamine loaded non-
targeted nanoparticles, and paclitaxel and lonidamine solution). Each group was further
divided into four subgroups based on post-administration time points for analysis/animal
sacrifice (1 hour, 3 hours, 6 hours, and 24 hours). Data from all four subgroups (1 hour, 3
hours, 6 hours, and 24 hours) was used for plasma and tumor tissue biodistribution analysis
and to determine pharmacokinetic parameters; biodistribution in the vital organs was
conducted at 1 hour and 6 hours post-administration. Treatment was administered via tail
vein injection as a single 125 pL dose of 80 mg/kg lonidamine and 20 mg/kg paclitaxel.

At the established post-administration time points, 4 animals from each of the three
treatment groups were euthanized by carbon dioxide inhalation. Pre-sacrifice, blood samples
were collected from the mice via retro-orbital bleeding; approximately 200 uL of blood was
collected. Before bleeding, the mice were anesthetized by isoflurane inhalation. StatSpin®
Microtubes (StatSpin, Inc., Norwood, MA) and capillaries were used for blood collection,
and were immediately centrifuged for plasma collection. After euthanasia, the tumor mass,
liver, lungs, kidneys, spleen, and heart were harvested and weighed. Tissue and plasma
samples were then prepared with adaptations according to established methods for the
extraction of lonidamine in preparation for HPLC analysis 19. Organs were first spiked with
a solution of the docetaxel internal standard (85 pg/ml or per gram of tissue), then the
organs were homogenized in a 10:1 (v/w) ratio of buffer (10 mM Tris, ImM EDTA, and
10% (v/v) glycerol (pH 7.4)). Samples were then centrifuged for 15 minutes at 16,000g,
extracted with ethyl acetate at a 1:2 (v/v) ratio, evaporated under nitrogen, and resuspended
in 100l of 50:25:25 (v/v) methanol, acetonitrile, water. Plasma samples were collected
from the StatSpin® Microtubes and acidified with 1M HCL at a ratio of 1.5:1 (v/v). The
sample was then extracted with ethyl acetate at a (v/v) ratio of 1:1.3, evaporated under

Nanomedicine. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Milane et al.

Page 5

nitrogen, and re-suspended in the initial plasma volume of 50:25:25 (v/v) methanol,
acetonitrile, water.

HPLC Method Development and Analysis

The HPLC method was developed as an adaptation of established methods for lonidamine
and paclitaxel quantification. An isocratic, reversed-phase HPLC method was developed
using a SunFire C1g Column (5 um particle size, 4.6x250 mm) (Waters; Milford, MA). The
system used was a Waters system (Separations Module, 2695; Waters Corporation, Milford,
MA\) consisting of two pumps, an autosampler, and UV-detector (Model 2487). The user
interface consisted of Waters Empower chromatography data software, which was used for
instrument management, data acquisition, and processing. The mobile phase consisted of
acetonitrile and water (51:49, v/v) containing 0.1% trifluoracetic acid. The column was
equilibrated at a flow rate of 1 mL/min. The elution was monitored at 230 nm. The sample
injection volume was 80 pl. HPLC glass vial inserts (Waters; Milford, MA) were used for
samples with low volume yields.

Pharmacokinetic Parameter Data Analysis

Pharmacokinetic parameters were determined by using a recently published, free Microsoft
Excel add-in, “PKSolver”. The specifications of this program as well as validation was
published in the January 2010 edition of Computer Methods and Programs in Biomedicine.
21 Non-compartmental analysis was used to determine the pharmacokinetic parameters.

Preparation of Dye-Loaded Nanoparticles and Animal Imaging

Nanoparticles were loaded at 1% w/w with the near IR fluorescent dye DiR (Invitrogen;
Carlsbad, CA). The loading efficiency of both non-targeted and targeted nanoparticles was
between 65-70% as determined by measuring the supernatant intensity of six nanoparticle
batches relative to a standard curve of DiR near infra-red fluorescence. There was also
minimal release of the dye from the nanoparticles in PBS for up to 24 hours. The
nanoparticles were administered at the same w/v ratio as the paclitaxel/lonidamine
combination nanocarriers (20 mg nanoparticle polymer/ 125 pl).

This study used 14 female athymic mice with 100 mm3 tumors established in the mammary
fat pad. Seven mice were injected with each formulation; non-targeted nanoparticles loaded
with DiR or EGFR-targeted nanoparticles loaded with DiR. Imaging was done at the
following post-administration time points; 15 minutes, 30 minutes, 1 hour, 2 hours, 3 hours,
4 hours, and 6 hours. At the established time points, mice were euthanized via carbon
dioxide inhalation and rapidly imaged using a Kodak FX Imaging Station (Rochester, NY).
Fluorescent fields were directly overlaid on the x-ray images using the Kodak software.

Statistical Analysis and Graphing

All graphs were made using GraphPad Prism® Software. The plasma concentration and
tumor concentration graphs were plotted as mean and coefficient of variation (%) values of
data obtained from HPLC analysis; the biodistribution data was plotted as mean and
standard deviation values. For each data point, n=4. GraphPad Prism® Software was also
used to analyze data and determine significance by using one-way ANOVA and Tukey's
Multiple Comparison Test.
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RESULTS

Nanoparticle Characterization

As demonstrated by the SEM images in Figure 1, both the targeted and the non-targeted
nanoparticles had a smooth spherical shape and an average size of 120-160 nm. The
nanoparticles were also characterized by dynamic light scattering, zeta potential
measurements, drug loading efficiency, drug release kinetics, ESCA surface analysis, and
EGFR-targeting ability; these results are described in our previous publication. 14

Analysis of Lonidamine and Paclitaxel

Using this HPLC method, the retention time of docetaxel was approximately 14.5 minutes,
while it was approximately 21.4 minutes for lonidamine, and approximately 17.8 minutes
for paclitaxel. Figure 2.A. and 2.B. presents the chromatographs of the highest (200 pg/ml)
and lowest (64 ng/ml) concentration of lonidamine detectable in solution. Figure 2.E. is the
chromatograph of docetaxel, the internal standard, at a concentration of 85 pg/ml. Figure
2.C. and 2.D. presents the chromatographs of the highest (200 pg/ml) and lowest (160 ng/
ml) concentration of paclitaxel detectable in solution. The lowest detectable concentration of
lonidamine was 64 ng/ml (0.064 pg/ml); this represents 0.004% of the total administered
dose of lonidamine. The lowest detectable concentration of paclitaxel was 160 ng/ml (0.16
pg/ml); this represents 0.04% of the total administered dose of paclitaxel. The percent
recovery values from each tissue are listed in Figure 2.F; all values were at or above 87%.
There was no significance between the percent drug recovery from the three treatment
groups; as such, only the values for targeted nanoparticles are shown in Figure 2.

Biodistribution and Pharmacokinetics Analysis

The plasma concentrations of lonidamine and paclitaxel over the time course of 1 to 24
hours are plotted in Figure 3.A. At 1 hour, 3 hours, and 6 hours post-administration, there
was no significance between the plasma concentration of drug solutions and nanoparticles.
However, only lonidamine delivered in targeted nanoparticles and non-targeted
nanoparticles was detectable after 24 hours. Both drugs and all formulations follow the
pattern of an initially high plasma concentration (at 1 hour post-administration) with a steep
decline at 3 hours and 6 hours post-administration. The tumor concentrations of lonidamine
and paclitaxel administered as a drug solution, in EGFR-targeted nanocarriers, and in non-
targeted nanocarriers are depicted in Figure 3.B. At 1 hour post administration there were
low concentrations of both lonidamine and paclitaxel for each treatment. At three hours
post-administration there was a steep increase for both the lonidamine and paclitaxel
concentrations for both the non-targeted and targeted nanoparticles; whereas 1 hour was the
Tmax for drug solution and by three hours post-administration there was a decline in both the
paclitaxel and lonidamine concentration. As indicated by the asterisk in Figure 3.B., there
was significance between the concentration of lonidamine and paclitaxel administered as
solution and the concentration of both drugs administered in non-targeted nanoparticles and
in targeted nanoparticles at the three hour time point. There was no significance, however,
between either nanoparticle formulation. At six hours post-administration the level of
lonidamine administered as solution was below the detection limit of the HPLC method
while the paclitaxel concentration approached the limit of detection. At six hours post-
administration there was a decline in the concentrations of both drugs for both nanoparticle
formulations, and this decline continued until 24 hours post-administration. From this data,
it appears that both the non-targeted and the targeted nanoparticles are effective at increasing
the tumor concentration of paclitaxel and lonidamine relative to drug solution.

The pharmacokinetic parameters for both plasma and tumor data are presented in Table 1
and Table 2, respectively. Nine parameters were calculated; the terminal elimination rate
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constant (A;), the half-life (T,), the time of maximal concentration (Tmax), the maximal
concentration (Cpax), the area under the curve (AUC (.c), the area under the moment curve
(AUMCy.c0), the mean residence time (MRTg.c), the total body clearance (Cly), and the
volume of distribution (Vg). The asterisk symbols (*) represent significance between drug
solution and either non-targeted nanoparticles or targeted nanoparticles, while the double
dagger symbols (1) represent significance between the two nanoparticle formulations. As
demonstrated, there was significance for the A, between paclitaxel administered in solution
and paclitaxel administered in both nanoparticle systems. There was no significance
between the plasma T, of paclitaxel solution compared to nanoparticle treatments yet there
was significance between the plasma Ty, of lonidamine solution (1.67 hours) and lonidamine
administered in EGFR-targeted nanoparticles (4.16 hours). There was significance between
the plasma AUC j.coVvalues of paclitaxel in solution and paclitaxel delivered in non-targeted
nanoparticles. There was also significance between the plasma AUC _ovalues of
lonidamine in solution and lonidamine delivered in both nanoparticle formulations as well as
significance between the two nanoparticle formulations. For both drugs, there was
significance between solution drugs and nanoparticle delivered drugs as well as significance
between the two nanoparticle formulations for the AUMC g.coVvalues. The only significance
for the MRT.c Was between lonidamine in solution and lonidamine delivered in targeted
nanoparticles. The MRTy_« of paclitaxel ranged from 1.62 hours (solution) to 2.75 hours
(non-targeted nanoparticles), while the MRTy_ of lonidamine ranged from 2.36 hours
(solution) to 4.38 hours (targeted nanoparticles). Collectively, nanoparticle delivery
increases the plasma AUC .o and plasma AUMC (_ofor both drugs and the targeted
nanoparticles increase the plasma MRT(.« and Ty, of lonidamine relative to lonidamine
administered as solution.

The tumor pharmacokinetic parameters are listed in Table 2. There was a significant
decrease in the tumor A, between paclitaxel and lonidamine administered in nanoparticle
form relative to drug solution. The targeted nanoparticles increased the tumor Ty, for
paclitaxel to 8.24 hours (p<0.0001) relative to solution (1.31 hours) while the non-targeted
nanoparticles increased the Ty, to 5.92 hours (p<0.05). The targeted nanoparticles also
increased the tumor T, of lonidamine to 5.39 hours (p<0.05) while the Ty, of lonidamine in
solution was 1.09 hours. Nanoparticle delivery increased the tumor Cyax Of lonidamine from
1.15 pg/ml for solution to 7.38 pg/ml (p<0.0001) for targeted nanoparticle delivery, and to
5.68 ug/ml (p<0.0001) for non-targeted nanoparticle delivery. Both nanoparticle
formulations significantly increased the tumor AUC . for lonidamine (relative to solution)
while only the targeted nanoparticles significantly increased the AUC (.o for paclitaxel
relative to solution. Both nanoparticle formulations increased the tumor AUMC (.o for both
drugs relative to drug solution. The targeted nanoparticles significantly increased the tumor
MRT (.0 Of paclitaxel from 2.15 hours for solution to 11.45 hours (p<0.0001) while the non-
targeted nanoparticles increased this time to 7.75 hours (p<0.0001). The targeted
nanoparticles also significantly increased the tumor MRT (.o Of lonidamine from 1.94 hours
for solution to 7.25 hours (p<0.0001). Both nanoparticle formulations significantly
decreased the Cl; and V4 for lonidamine. Collectively, the non-targeted nanoparticles
decrease the tumor A, of paclitaxel and lonidamine, increase the tumor T, and MRT.co Of
paclitaxel, increase the Cpyax Of lonidamine, decrease the Cl; and V4 of lonidamine, and
increase the AUMC (.o for both paclitaxel and lonidamine relative to drug solution. The
targeted nanoparticles decrease the tumor A, of paclitaxel and lonidamine, increase the
tumor T, and tumor MRT.c Of both drugs, increase the Cpax Of lonidamine, increase the
AUC (.00 and AUMC (.o for both drugs, and decrease the Cl; and V4 of lonidamine relative
to drug solution. Both nanoparticle formulations improve the tumor pharmacokinetic
parameters relative to drug solution, with the targeted nanoparticles providing a slight
advantage for the pharmacokinetic parameters of combination therapy relative to the non-
targeted nanoparticles (T, AUCq.co, AUMCq.c0, and MRT(.o0).
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The biodistribution of lonidamine and paclitaxel at one hour post-administration and six
hours post-administration are graphed in Figure 3.C. and Figure 3.D.. The organs analyzed
include the liver, lung, kidney, spleen, and heart. There was no significance between
solution and nanoparticle treatments for both drugs, at both time points, in all of the organs.

Qualitative Biodistribution Analysis

To further assess the biodistribution of the nanoparticles, a qualitative imaging study was
completed using 14 mice. Non-targeted and targeted nanoparticles loaded with DiR (near-
IR) dye were administered via tail vein injection and the biodistribution was visualized after
15 minutes, 30 minutes, 1 hour, 2 hours, 3 hours, 4 hours, and 6 hours. The top panel of
Figure 4 represents the biodistribution of non-targeted nanoparticles while the
biodistribution of the targeted nanoparticles is represented in the bottom panel. The highest
near-1R intensity (5806) is indicated by white regions while purple represents an intensity of
zero as indicated by the color-scale. For each time point, there does not appear to be a
significant difference between the biodistribution of the non-targeted and targeted
nanoparticles. At each time point there is also a relatively high accumulation of the dye in
the tail; this is most likely due to residual nanoparticles at the site of administration that did
not enter the tail vein. At 15 minutes, there is a slight accumulation of fluorescence in the
mid-abdominal/liver region (blue). By 30 minutes there is apparent liver accumulation
(higher for the non-targeted nanoparticles), with some off-target accumulation of the
targeted nanoparticles. By one hour there is much higher liver accumulation of both
nanocarriers. By two hours there is apparent kidney accumulation with a slight accumulation
in the tumor (breast tissue). By three hours there is higher tumor accumulation for both
formulations and low kidney accumulation for the non-targeted nanoparticles. This high
level of tumor accumulation is sustained at four hours but is substantially decreased by six
hours. This study provides some insight to the behavior of the nanoparticles in vivo and is
comparable to the biodistribution of the drugs measured using HPLC. The first target site of
accumulation is the liver, followed by the kidneys, and then the tumor mass. This study was
conducted as a visual complement to the quantitative HPLC study.

DISCUSSION

The mechanisms of targeting nanocarriers to a particular disease are generally categorized as
either active or passive targeting strategies. 12 Active targeting involves the use of disease-
specific targeting ligands such as antibodies (antigen targeting), lectins (carbohydrate
targeting), and peptides (receptor targeting). 12 Active targeting has the ability to improve
the therapeutic index of biologically active agents by increasing target-site accumulation and
by improving the pharmacokinetics of the system/drugs.

In this study, both the non-targeted and the targeted nanoparticles provided a biodistribution
and pharmacokinetic advantage relative to drug solution. The quantitative and qualitative
biodistribution profiles of both nanoparticle formulations were almost identical. This
illustrates that the minute difference between the two formulations (approximately 2%
surface modification with the EGFR peptide) is not enough to alter the biodistribution of the
polymer blend nanocarriers. This peptide modification was, however, enough to alter the
pharmacokinetic profile of the nanocarriers. For the tumor pharmacokinetics, relative to
drug solution, both nanoparticle formulations; decreased the 2, for both drugs, increased the
Ty, and MRTq.c0 Of paclitaxel, increased the Cp,x 0f lonidamine, and decreased the Cl; and
V4 of lonidamine. On the other hand, only the targeted nanoparticles (not the non-targeted
nanoparticles), significantly increased the plasma and tumor half-life and mean residence
time of lonidamine. The primary advantage of EGFR-targeted nanoparticles relative to non-
targeted nanoparticles is an improvement in lonidamine pharmacokinetics, in both the
plasma and tumor tissue.
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In this study, active targeting is beneficial for lonidamine delivery. This result is very
important to consider when designing and evaluating drug delivery systems, as active
targeting may confer a clinical advantage for the delivery of some agents while it may not
lead to any improvement for other pharmaceuticals. Active targeting does not guarantee
improved pharmacokinetics. However, for this particular combination therapy, active EGFR
targeting improves the pharmacokinetics of the system relative to both drug solution and
non-targeted nanoparticles.

An important and often overlooked aspect of active targeting is the clinical translation. For
the successful transition of actively targeted nanocarriers from the bench-top to the clinic,

there must also be paralleled progression in the clinical characterization of tumors. Before

administering a targeted therapy, the phenotype of a patients tumor must be characterized;

i.e. EGFR positive or negative. Unfortunately, relative to the rapid rate of actively-targeted
treatment development, the progress in improving tumor phenotyping has been slow. This
progress is vital to the application of targeted therapies.

In summary, an isocratic HPLC method was developed for the detection and quantification
of lonidamine and paclitaxel in mice plasma, tumor tissue, liver, kidney, lung, spleen, and
heart. The method was used to compare combination therapy with lonidamine/paclitaxel
solution, EGFR-targeted nanoparticles loaded with lonidamine and paclitaxel, and non-
targeted nanoparticles. Both nanocarrier formulations demonstrated improved
biodistribution and pharmacokinetic parameters relative to drug solution. However, the
targeted nanoparticles provided a slight advantage over the non-targeted nanoparticles with
regard to some key pharmacokinetic parameters (T, AUCp.co, AUMCq.c0, and MRTg.c0).
A qualitative imaging study of targeted and non-targeted nanoparticles loaded with a near-
IR dye demonstrated that the nanocarrier biodistribution profiles progress from liver
accumulation, to kidney accumulation, and finally to tumor accumulation; with maximal
tumor accumulation between 3-4 hours post-administration. These studies demonstrate that
non-targeted and targeted nanoparticles improve the pharmacokinetics of lonidamine/
paclitaxel combination therapy relative to solution treatment, and that EGFR-targeted
nanoparticles improve the plasma and tumor half-life and mean residence time of
lonidamine relative to non-targeted nanoparticles. This drug delivery system may be a
promising platform for the future treatment of MDR cancer.
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Figure 1.

Schematic illustration of EGFR-targeted polymeric nanocarriers and scanning electron

micrographs (SEM) of targeted polymer blend nanoparticles (A) and control (non-targeted)
polymer blend nanoparticles (B). The scale bar in the SEM images is 2 UM. The nanocarrier

Nanomedicine. Author manuscript; available in PMC 2012 August 1.

schema is a simplification of conjugation chemistry to illustrate terminal drug release and
the use of maleimide as a linker for peptide addition (amine-PEG-maleimide was used).
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Figure 2.

Reverse phase HPLC analysis of lonidamine and paclitaxel. Docetaxel was used as an
internal standard (85 pg/ml). The large green arrow represents the docetaxel primary peak
(14.478-14.807), the small green arrow represents the secondary docetaxel peak (25.897-
26.430), the large orange arrow represents the primary lonidamine peak (21.331-21.453),
and the large blue arrow represents the primary paclitaxel peak (17.747-17.819).
Nanoparticle encapsulation did not alter any drug peaks. As indicated in panel A and C, the
highest dose of both lonidamine and paclitaxel (200 pg/ml) were detected with this method.
The lower limit of detection for lonidamine was 64 ng/ml (panel B) while the lower limit of
paclitaxel detection was 160 ng/ml (panel D). Panel E demonstrates the docetaxel spectra.
Panel F displays the percent drug recovery values for EGFR-targeted nanoparticles in the
seven tissues examined.
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Figure 3.

Plasma and tumor drug concentrations versus time profiles and tissue biodistribution. Mice
were treated with either lonidamine/paclitaxel drug solution, non-targeted nanoparticles
loaded with lonidamine and paclitaxel, or targeted nanoparticles loaded with lonidamine and
paclitaxel. After 1 hour, 3 hours, 6 hours, and 24 hours drug concentrations in the plasma
(Panel A) and tumors (Panel B) was measured. Each data point represents an n=4 and is
graphed as mean and %CV. As indicated by the asterisk in Panel B, for both drugs, there
was significance between solution administration and administration with both nanocarrier
formulations at the three hour time point (**p<0.01, *p<0.05). The biodistribution of
lonidamine (Panel C) and paclitaxel (Panel D) at one hour post-administration and six
hours post-administration was quantified in the liver, lung, kidney, spleen, and heart of the
three treatment groups. Each bar represents an n=4 graphed as the mean and SD.

Nanomedicine. Author manuscript; available in PMC 2012 August 1.
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Figure 4.

Biodistribution of Non-targeted and Targeted Nanoparticles Loaded with DiR. Each image
represents an overlay of the X-ray and fluorescent fields. The intensity of each fluorescent
region corresponds to the scale on the right hand side, with the white regions displaying the
highest intensity and the purple regions representing an intensity of zero (background);
purple regions (background) surround most regions of interest. The organs are labeled as
follows; L = Liver, K = Kidney, and T = Tumor.
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