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Biodistribution and pharmacokinetics

of Mad?2 siRNA-loaded EGFR-targeted
chitosan nanoparticles in cisplatin sensitive
and resistant lung cancer models

Background: The present study focuses on biodistribution profile and pharmacokinetic
parameters of EGFR-targeted chitosan nanoparticles (TG CS nanoparticles) for
siRNA/cisplatin combination therapy of lung cancer. Material & methods: Mad2
siRNA was encapsulated in EGFR targeted and nontargeted (NTG) CS nanoparticles
by electrostatic interaction. The biodistribution of the nanoparticles was assessed
qualitatively and quantitatively in cisplatin (DDP) sensitive and resistant lung cancer
xenograft model. Results: TG nanoparticles showed a consistent and preferential
tumor targeting ability with rapid clearance from the plasma to infiltrate and sustain
within the tumor up to 96 h. They exhibit a sixfold higher tumor targeting efficiency
compared with the NTG nanoparticles. Conclusion: TG nanoparticles present as an

attractive drug delivery platform for RNAi therapeutics against NSCLC.
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Lung cancer is one of the deadliest types of
malignancy worldwide, accounting for more
than one quarter of all cancer related deaths
with 85% of the cases being non-small-cell
lung cancer (NSCLC) [1]. Most cases of lung
cancer are diagnosed in their advanced stages,
compromising long-term survival (1-year
survival rate of ~10%) [2]. Platinum-based
therapy is the recommended first-line treat-
ment for advanced NSCLC. However, sys-
temic toxicity of platinates and development
of acquired drug resistance have become an
increasing problem in clinic, leading to high
rate of mortality in NSCLC [3]. As such,
there is an urgent need for development of
novel treatment approaches against NSCLC,
especially in improving clinical outcomes in
refractory disease. Some current therapies,
such as the use of taxanes and vinca alka-
loids; take advantage of those neoplastic cells
with high proliferation rate to inhibit their
division through targeting microtubules [4].

The disadvantage on this strategy is the
nonspecific toxicity, such as nerve damage,
associated with these drugs [5.6]. A promising
alternative is the use of molecular targeted
strategies to disrupt mitosis without inter-
fering with microtubule dynamics. As the
targeted proteins only intervene in actively
dividing cells, these strategies would not
affect nondividing cells thereby decreasing
the treatment-related adverse effects [7].

The mad2 gene is an essential component
of the mitotic checkpoint, a surveillance
mechanism that inhibits the metaphase-to-
anaphase transition whenever chromosomes
are not properly attached to the mitotic spin-
dle (8,9]. Overexpression of mad2 has been
observed in several types of cancer includ-
ing NSCLC, oral cancer, cervical carcino-
genesis and urothelial bladder cancer [10-13].
Mad2 depletion disrupts mitotic checkpoint
function leading to premature mitotic exit,
increased chromosome fragmentation and
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extensive cell death, and also sensitizes cancer cells to
anticancer drugs. (14-16]. We recently used RNA inter-
ference (RNAI) approach to highlight the potential of
mad?2 gene knockdown as antitumor therapeutic strat-
egy (14]. A major challenge in applying this technol-
ogy is to effectively deliver the small interfering RNAs
(siRNAs) to the tumor 772 vivo. Enzymatic degradation,
removal from circulation by renal excretion or mono-
nuclear phagocyte system (MPS), poor cellular uptake
and endosomal release are examples of physiological
barriers that siRNAs need to overcome [17,18]. Several
viral and nonviral delivery vectors, such as adenovirus,
polyplexes, liposomes, and micelles, amongst others,
have been developed to overcome these obstacles and
improve RNAI therapeutic efficacy i vivo [19-25).
Chitosan (CS) has gained increasing interest as
a safer and more cost-effective vehicle for delivery of
gene materials. The deacetylated derivative of chitin,
is one of the most abundant carbohydrate polymers
with several essential features that make it a use-
ful natural material for medical and pharmaceutical
applications [26]. As a random copolymer of poly(D-
glucosamine) and poly(acetyl-D-glucosamine), CS is
characterized by the degree of deacetylation and pri-
mary amine groups which, at low pH, are protonated
and afford water solubility and cationic properties [27].
The presence of positive charges on CS backbone is
related to its improved mucoadhesive properties and
hemostatic activity [28]. The polymer interacts with
membrane negative charges leading to a translocation
of tight junction proteins from the membrane to the
cytoskeleton, resulting in tight junction disruption
and enhanced permeability [29-31). Many reports have
shown that CS can be enzymatically degraded iz vivo
due to the cleavable glycosidic bonds, and has mini-
mal toxicity upon systemic administration [26]. CS has
been widely used as a nonviral gene carrier since it
can form complexes with nucleic acids by electrostatic
interactions (32]. This way, nucleic acids are protected
from nucleases and there is an increased efficiency of
gene delivery to the cells where these complexes can be
released from endosomes to enter the nucleus [14,32].
Chitosan may be delivered to the tumor tissues by
taking advantage of ‘leaky’ and heterogeneous vascu-
larization, which allows the migration of particles with
diameter around 200 nm into the surrounding tumor
region. Modifications such as anchoring poly(ethylene
glycol) (PEG) to the nanoparticle surface can be uti-
lized to prolong iz vive circulation and improve tumor
infileration. This process refers to the enhanced perme-
ability and retention (EPR) effect that allows for pas-
sive delivery of long circulating nanoparticle systems to
the solid tumor [3334]. Other surface alterations, such
as the incorporation of targeting moieties (e.g., anti-

bodies, proteins, polysaccharides, and small molecules)
provide enhanced efficacy and selectivity to tumor tis-
sue and cells, thereby enhancing specificity and reduc-
ing off-target effects. The active targeting approach
takes advantage of the overexpression of certain ligands
and receptors on the tumor cell surfaces that permit a
molecular recognition and a more efficient uptake of
functionalized nanoparticles [3s].

Overexpression and activation of EGF receptors
(EGFRs) have been strongly indicated in tumori-
genesis, tumor growth, progression, invasiveness and
metastasis [3637]. Due to their high overexpression,
they have been extensively used as cancer cell selective
targeting receptor. We have previously used a synthetic
12 amino acids peptide that has demonstrated efficient
targeting of EGFR receptor and its targeting capabil-
ity has been successfully validated 77 vitro as well as
in vivo in various EGFR-overexpressing tumor cells
such as A549 [38-43]. Most importantly, this peptide is
capable of inducing nanoparticles cellular uptake with-
out activating EGFR signaling pathway and therefore
was included as targeting ligand in our formulation
approach [44].

We recently demonstrated efficient in vitro deliv-
ery and mad?2 gene silencing by siRNA encapsulated
in nontargeted (NTG) and EGFR-targeted (TG) CS-
based self-assembling nanoparticles system, in cisplatin
sensitive A549-WT and resistant A549-DDP NSCLC
cells [14].

Here, we have investigated the biodistribution pro-
file of these Mad2 siRNA (siMad2)-loaded TG and
NTG nanoparticles, in mice bearing subcutaneous,
cisplatin sensitive or resistant, human lung adeno-
carcinoma xenograft tumors. The differences in the
biodistribution and pharmacokinetics parameters
between TG and NTG nanoparticles has been studied
qualitatively and quantitatively.

Materials & methods

Materials

Chitosan (CS) with a viscosity-average molecular
weight of 55kDa and a degree of deacetylation of
75-85% was purchased from Sigma-Aldrich Inc.
(MO, USA). Fluorescent dye DyLight 680 NHS-Ester
and Pico-Green fluorescence reagent were obtained
from Life Technologies (CA, USA). Succinimidyl-
([N-maleimidopropionamido]-ethyleneglycol)  ester
(MAL-PEG,,-NHS, MW 2,000 Da) was purchased
from JenKem (TX, USA). EGFR specific peptide
was synthesized at Tufts University’s Peptide Synthe-
sis Core Facility (MA, USA). SiMad2 and its corre-
sponding scrambled siRNA were obtained from Santa
Cruz Biotechnology Inc. (TX, USA). All primers
were ordered from Eurofins Scientific (Luxembourg
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City, Luxembourg). AgPath-ID One step RT-PCR kit
was purchased from Thermo Scientific (IL, USA) to
perform RT-PCR. All other reagents were obtained
at high purity (>99%) from Sigma-Aldrich Inc. or
Thermo Scientific.

Cisplatin sensitive & resistant cell lines & tumor
models

Cisplatin sensitive (parenteral) NSCLC cell line
(A549-WT) was obtained from American Type Cul-
ture Collections (ATCC, VA, USA). Cisplatin resis-
tant NSCLC cell line (A549-DDP) was obtained
from our collaborator, Massachusetts General Hospi-
tal (MA, USA). Both cell lines were cultured at 37°C
in 5% CO, environment in DMEM/F12 medium
from Life Technologies supplemented with 10% fetal
bovine serum and penicillin/streptomycin (100 U/ml;
Thermo Fisher Scientific, MA, USA). A549-DDP were
cultured in the presence of 2 pg/ml cisplatin to main-
tain the drug resistance phenotype. Three days before
use, A549-DDP media was changed to a medium
without cisplatin.

Six weeks old female 7u/nu (athymic) mice, strain
CrTac:NCr-Foxnlnu from Taconic Biosciences, Inc.
(NY, USA), weighing approximately 20 g, were group-
housed upon arrival in the Division of Laboratory
Animal. The animals were allowed to acclimate for at
least 72 h prior to any experimentation, raised under
specific pathogen-free conditions, kept in individually
ventilated cage racks and supplied with sterile rodent
pellets and water ad libitum. Mice were housed under a
12 h light/dark cycle.

For A549-WT and A549-DDP tumor model devel-
opment, mice were injected subcutaneously with 3 x
106 cells in a mixture of 50 ul DMEM/F12 medium
and 50 pl Matrigel on the right flank, under mild
anesthesia. Tumor volume was measured with caliper
every 3 days and calculated by the modified ellipsoid

formula:
Tumor volume = %2 (length x width?)

Each study commenced when the tumors reached an
average size of 200 mm?® and the animals were ran-
domly assigning to a specific group. The animals were
monitored daily for food/water intake, body weight
and any physical signs of discomfort. In all the experi-
ments performed in this study, sample size was deter-
mined by power analysis using the software G*Power.

Synthesis of chitosan derivatives

For NTG and TG nanoparticles encapsulating Mad?2
siRNA, CS derivatives were synthesized as previously
described [14]. Briefly, to a 2 mg/ml CS solution in 2%

acetic acid, a 10% molar equivalent of Mal-PEG, -
NHS was added and left to react overnight at room tem-
perature. Dialysis (molecular weight cutoff - 10 kDa) in
water was performed in order to purify the conjugate.
Cysteine was reacted in excess under N2 environment,
to inactivate the maleimide group to obtain the NTG
CS derivative. The synthesis of TG CS derivative was
achieved by using a 17-amino acid peptide consisting
of 12-amino acid EGFR recognition peptide, four gly-
cine residues spacer and a terminal cysteine for conju-
gation via the thiol group (i.e., YHWYGYTPQWVI-
GGGG-C). The peptide was added in a twofold molar
excess to the CS derivative with a reactive maleimide
group and left to react overnight at 4°C in nitrogen
atmosphere to allow the cysteine group from the pep-
tide to react with the maleimide group. NTG and TG
derivatives were purified by dialysis (molecular weight
cutoff: 10 kDa) against water, freeze-dried and stored
at -20°C until their use. Degree of PEG substitution
on the CS backbone was estimated by NMR analy-
sis in D,O using 400 MHz 'H NMR spectroscopy
(Varian Inc., CA, USA).

Chitosan labeling with NIR dye for in vivo
imaging

Near-infrared (NIR) labeled CS was obtained by mix-
ing NTG CS derivative with the amine-reactive dye
DyLight 680 NHS-Ester (DL680) in an aqueous solu-
tions at an equivalent amount to achieve 5% substitu-
tion of the CS amine groups. DL680 is a near-infrared
imaging dye with 684/707 nm as excitation/emission
maxima.

After reacting overnight in the dark, the NIR deriv-
ative was dialyzed overnight using 10 kDa MW cut-off
membrane (Spectrapore, Spectrum Labs, CA, USA)
and freeze-dried. The degree of modification of the CS
backbone with the dye was estimated against a stan-
dard curve obtained from the absorbance of the known
concentrations of the dye measured at 680 nm.

siMad2-loaded chitosan nanoparticles

Both NTG and TG CS nanoparticles were obtained by
self-assembly in aqueous solution maintaining a N:P
ratio (ratio of CS bearing cationic amines to siRNA
bearing anionic phosphates) of 50. Independent of
the desired type of nanoparticles (NTG, TG or NIR-
labeled), CS derivative was dissolved in water (1 mg/
ml). SiMad2 was slowly added to this solution under
magnetic stirring and incubated for 30 min at room
temperature. This procedure allowed CS and siMad2
complexation and nanoparticles self-assembly prior to
use. If we intended to produce TG CS NPS, the ini-
tial mixture would be a 50% (w/w) mixture of CS-

PEG and CS-EGFR (1 mg/ml). In case of NIR-labeled
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nanoparticles, CS-PEG would be substituted by
NIR-labeled CS-PEG. For every study, nanoparticles
were freshly prepared and dissolved in PBS in order
to obtain a desired concentration and also achieve an
osmolarity of 300 mOsm/kg and a pH of 7.2.
Hydrodynamic diameter (particle size), surface
charge and polydispersity index (PDI) of freshly pre-
pared siMad2 loaded CS (CS-Mad2) nanoparticles
were measured using a ZetaSizer Nano ZS (Malvern
Instruments, Worcestershire, UK). Each sample was
obtained from four independent batches in different
days. They were diluted in PBS, analyzed in triplicate
at 25°C and the different parameters reported as mean
+ SD. The encapsulation efficiency (ratio of encapsu-
lated siRNA over total siRNA added) was determined
using Quant-iT Pico-Green kit (Life Technologies).

Whole body & ex vivo NIR imaging

A549-WT and A549-DDP tumor bearing mice were
intravenously injected into the lateral tail veins with
a dose of 3 mg/kg of siMad2 encapsulated in NIR
labeled TG and NTG CS nanoparticles (n = 4/group).
Intravenous injection was the route of nanoparticles
administration in all of the experiments in order to
avoid an absorption phase which would compromise
an accurate estimation of distribution and elimination
parameters [45]. Mice were imaged every 24 h until
96 h after the injection, to monitor the distribution of
the nanoparticles using Xenogen IVIS® Imaging Sys-
tem (Xenogen Corporation, CA, USA; Ex: 685 nm,
Em: 720 nm). Along with these formulations, free
NIR dye in PBS at identical concentration was also
injected into tumor bearing mice. For ex vivo imag-
ing, the same procedure was adapted but animals were
sacrificed at different time points. Tumor and major
organs (liver, spleen, kidneys, heart and lungs) were
collected for imaging purposes.

Quantitative analysis of siMad2 in blood &
tissues
siMad2 was encapsulated in NTG and TG CS
nanoparticles as described above and injected once at
time zero into A549-WT and A549-DDP tumor bear-
ing mice at 3 mg/kg (n = 5/group). At different time
points (12, 24, 48, 72, 96 and 120 h), animals were
sacrificed and blood samples, the major organs (liver,
spleen, lung, heart, kidney), and tumors were collected.
Blood samples from the facial vein were also collected
6 h after injection. Plasma was isolated from the blood
samples by centrifugation at 1200 g for 15 min at 4°C,
followed by siMad2 quantification.

Tumor and organs were homogenized in RNALater
solution in order to preserve RNA integrity and the
tissue lysates were diluted at 1:1000 dilution. Mad2

siRNA was then quantified in the samples based on an
antiprimer quenching PCR method (46]. The diluted
samples were used for subsequent annealing step fol-
lowed by qRT-PCR. The primers used were: Reverse:
5" GGA AGC CGA TGG CAG T; Forward: /56-
FAM/ - 5 ACT CCC TCC CTC GAT TTT CAA
TAT CAA AC; and antiprimer: 5" AAA TCG AGG
GAG GGA GT /3BHQ_1/.

The procedure was performed according to the pre-
viously optimized protocol published by our group [47].
Briefly, 6 pl of diluted tissue sample was mixed with
18 ul of 100 nM reverse primer, and put through a
cycle of denaturation by incubating at 95°C for 5 min
and another cycle of annealing for 2 min at each tem-
perature of 80, 70, 60 and 45°C. From this mixture,
3.5 ul were used and mixed with 8.5 pl from a AgPath-
ID One step RT-PCR master mix constituted by the
following components: RT-PCR buffer (6.25 ml),
forward primer (10 mmol/l, 0.12 ml), reverse primer
(10 mmol/l, 0.12 ml), antiprimer (100 mmol/l,
0.12 ml), 25 U RT-PCR enzyme (0.5 ml) and water
(1.5 ml). The PCR conditions were as follows: 50°C
(10 min), 9°C (10 min), 40 cycles, 95°C (15 s), 45°C
(60 s). Using lysate from untreated mouse tissue and
spiked with known siRNA concentrations, we were
able to do a standard curve and quantify. The quanti-
tated siRNA in each tissue was then normalized toward
the percentage of input dose per volume of plasma or
per mass of tissue.

Quantitative pharmacokinetic analysis

SiMad2 plasma pharmacokinetic parameters and
organs exposure were determined by noncompartmen-
tal analysis using Phoenix® WinNonLin® version 1.3
software (Certara, MO, USA). Plasma half-life (HL)
was calculated by log-linearly fitting the three last time
points. The maximum observed concentration (C_ )
and the last observed concentration (C ) were calcu-
lated as the mean of observed concentrations at the time
when the mean concentration was the highest, and at
the last time point respectively. Exposure, quantified
as area under concentrations versus time curve from
time zero to the last collection time (i.e., AUC_ ), was
calculated using the linear trapezoidal method. AUC
extrapolated to infinity (AUCo0) was the sum of AUC,__
and C__/(In2/HL). The associated standard error of
the mean was estimated using equations provided by
Nedelman and Jia, and later corrected by Holder [48.49].
The mean residence time was calculated as the ratio of
AUMCo (Area under the first moment (time * con-
centration) versus time curve) and AUCoo. Clearance
(CL) was calculated as the ratio of dose (100%ID) and
AUC. The volume of distribution at the steady-state
(Vss), in other words, at the time when equilibrium is
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Table 1. Near-infrared dye-loaded chitosan nanoparticles characterization.

Size (nm) = SD PDI = SD

NTG 106.8 = 2.1 0.551 £ 0.10
NTG-DL680 113.1 £ 5.3 0.472 + 0.53
TG 227.3+ 1.8 0.362 +0.02
TG-DL680 230.1+£4.1 0.341 +0.21

NTG: Nontargeted; PDI: Polydispersity index; SD: Standard deviation; TG: Targeted; WT: Wild-type.

Zeta potential (mV) siMad2 encapsulation
= SD efficiency (%)

+35.6 £3.5 105.1+4

+32.8+2.4 101.6 + 2.3
+28.3+2.0 99.5+24

+29.9+2.9 97.5+3.3

reached for exchanges between distribution compart-
ments, was calculated using the formula: Vss = CL *
mean residence time. Noncompartmental analysis for
sparse data being a naive pooled method, no variabil-
ity could be estimated for pharmacokinetic parameters.
Tumor targeting efficiency was evaluated by comparing
tumor exposure to plasma exposure, and to the sum of
other organs’ exposure. For each time-point and each
condition, five animals were used.

Data analysis

With the exception of the quantitative pharmacokinetic
analysis, statistical analyses were performed using
GraphPad Prism software (CA, USA). Paired compari-
sons were performed by Student’s t-test. A p-value of
0.05 was considered to be statistically significant. Data
presented are means + standard deviation.

Results & discussion

In our previous in vitro studies, we designed and
prepared EGFR targeted chitosan nanoparticles as a
delivery system for Mad2 siRNA in lung adenocarci-
noma cells [14]. This nanoparticles were modified with
PEG in order to provide a hydrophilic shielding and
attain passive targeting to tumor site. NTG and TG
nanoparticles loaded with siMad2 were able to effi-
ciently silence mad2 gene, leading to increased cyto-
toxicity by induction of apoptosis [14]. In the current
study, our goal was to evaluate the biodistribution pat-
tern of these two types of CS nanoparticles in a sub-
cutaneous xenograft model of human drug sensitive
A549-WT and platinum resistant A549-DDP tumors.
A 3 mg/kg dose of siMad2 was used for all the experi-
ments to ascertain accurate and consistent quantitative
detection of the siRNA from various tissues samples.

Whole body & ex vivo qualitative
biodistribution studies

Qualitative nanoparticles biodistribution studies were
evaluated using an NIR dye, DL680, covalently bound
to the CS skeleton. Due to the dye’s strong signal, CS
was modified in a very low percentage (4%) which did
not significantly impact the nanoparticles characteris-

tics (Table 1). Both TG and NTG particles were pre-

pared and used to encapsulate siMad2 using the same
method, independently of the presence or absence of
conjugated dye. NIR labeled CS/siRNA nanoparticles
were intravenously injected via tail vein in A549-WT
and A549-DDP tumor bearing mice at a single dose
of 3 mg/kg of siMad2. Mice were imaged at differ-
ent time points and the NIR signal was measured to
capture the whole-body distribution pattern. Using the
same conditions, a different set of animals were sac-
rificed and their major organs collected and imaged.
Although studies were performed in A549-WT and
A549-DDP tumor bearing mice, the results were iden-
tical in both models and even though we will refer to
the results from the A549-WT model, the conclusions
apply to both tumor models.

Within the first 12 h post-injection, a very strong
NIR signal was observed throughout the whole body
of animals injected with both systems, and only
after 24 h the signal started to accumulate in certain
areas (Figure 1). The whole body images (Figure 1A)
show a strong signal at 24 h for both TG and NTG
nanoparticles in the liver and kidneys, which are the
significant sites of CS nanoparticles accumulation and
metabolism, mainly when using CS of low molecu-
lar weight (s0]. Tumors show nanoparticle accumula-
tion, and the signal appeared to be stronger for TG
nanoparticles compared with the NTG nanoparticles,
particularly in posterior view images. Due to the lim-
ited depth penetration of the optical source through
the tissue in the whole body imaging, mice were sac-
rificed and the organs were excised for ex vivo imag-
ing. Previous annotations were confirmed by ex vivo
fluorescent imaging where liver showed a strong signal
until 48 h, while kidneys demonstrate higher accu-
mulation throughout but mainly within the first 48 h
(Figure 1C). These results are supported by the fact that
CS has been described to have relatively long circula-
tion time [50,51]. Contrarily, heart, lungs and spleen
did not show any nanoparticles accumulation with the
only exception being lungs that show low signal with
TG nanoparticles at 72 h which could be due to some
contamination during tissue collection, but a very low
signal is detected. The excised tumors showed a strong
signal after 24 h post-injection for both nanoparticles,
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Figure 1. Whole body and ex vivo optical imaging of near-IR labeled chitosan/siMad2 nanoparticles in mice A549-WT tumor bearing
mice for up to 96 h. Prelabeled chitosan with a near-infrared Cy 5.5 dye was used to encapsulate siMad2 using a N:P ratio of 50:1.
A549 tumor bearing mice were injected once in a concentration of 3 mg/kg of siMad2 encapsulated in nontargeted (NTG) or targeted
(TG) CS nanoparticles. (A-B) Mice were imaged at different time points up to 96 h, on their posterior and lateral view using IVIS live
imaging system. In these images we have two representative animals although a total of four animals per tumor model were used.
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Figure 1. Whole body and ex vivo optical imaging of near-IR labeled chitosan/siMad2 nanoparticles in mice A549-WT tumor bearing
mice for up to 96 h (cont.). A solution of free dye was also administered at equivalent concentration but it was only detected until 2
h after injection. Yellow arrow indicates tumor localization. (C) Ex vivo NIR images of major tissues excised from A549 tumor bearing

mice at different time points post-injection.
NTG: Nontargeted; TG: Targeted; WT: Wild-type.

although TG nanoparticles seemed to show a stronger
signal at 48 h. For the following time points, both sys-
tems seemed to have similar signal intensity and they
reach their maximum at 96 h. Although both NTG
and TG nanoparticles have shown a high level of sig-
nal in the tumor site, the imaging technique is not
sensitive enough to discern an improvement in tumor
accumulation due to the presence of EGFR targeting
peptide. In spite of this, both nanoparticle systems
presented better delivery efficiency compared with free
dye, which was not detected within the tumor. The
body distribution of free NIR dye was monitored in
order to ensure that the signal seen for NTG and TG
nanoparticles was due to intact nanoparticles and not
due to free dye released from nanoparticles. At 24 h,
there was no detectable fluorescence signal in any of the
mice injected with free dye and therefore mice had to
be imaged at 1 and 2 h post-injection (Figure 1B). The
rapid in vivo signal decrease of free NIR imaging dye
could be attributed to fluorescence quenching in physi-
ological environments and also indicative of a rapid
hepatic clearance from the systemic circulation [s2-54].
Nanoparticles allow a long circulation of the dye, pro-
viding it with an effective shielding and preserving its
fluorescence [55]. An increased circulation associated
with small sizes is beneficial since the nanoparticles
will be able to extravasate across the fenestrated endo-
thelium of the cancer vasculature and accumulate in
tumor tissue through the EPR effect 34].

Plasma pharmacokinetic analysis

SiMad2 encapsulated in NTG or TG CS nanopar-
ticles were administered by intravenous injection at a
single dose of 3 mg/kg in mice bearing A549-WT and
A549-DDP tumors. Later Mad2 siRNA was quanti-
fied in different organs, tumor and plasma, using the
antiprimer quenching based RT-PCR method [46].
Data were processed and expressed as percentage of
the injected dose per ml of plasma or mg of tissue (%
ID/ml or % ID/mg). For all conditions, siMad2 was
detected in plasma up to 48 h after administration.
This long circulation could be related to the presence
of positive charges on CS structure. These charges can
interact with negative charges on red blood cell mem-
branes and allow the nanoparticles to circulate in the
bloodstream for long periods of time [5657]. SiMad2
concentrations were below the limit of quantification
at 72 h post-injection. Regarding siRNA concentration
in plasma in A549-WT tumor model (Figure 2A), both

NTG and TG nanoparticles produced similar concen-
trations after 6 h, but then concentrations decreased
faster for TG nanoparticles than for NTG nanopar-
ticles, with concentrations at 12 and 24 h being sig-
nificantly lower for TG nanoparticles. A similar trend
was obtained in A549-DDP tumor model (Figure 2B)
where siMad2 being at a similar concentration at 6 h
for both type of particles and significantly lower for
TG nanoparticles at 12 and 48 h.

AUC,  is an important pharmacokinetic parameter
that expresses the concentration of the siRNA in the
interstitium as a function of time [58]. This parameter
reflects the tissue degree of exposure to siRNA and also
its clearance from the body. AUC,__ was significantly
higher in NTG nanoparticles than in TG nanoparti-
cles, independent of the tumor models (Figure 3). This
observation was consistent with the observed kinet-
ics and exposures. The clearance of TG nanoparticles
was higher than the clearance of NTG nanoparticles
for both models studied, leading to a shorter mean
residence time in the body (Table 2). Accordingly, C
value was lower for TG nanoparticles than for NTG

last

nanoparticles, while C_ values were similar. The vol-
ume of distribution appeared reduced by the targeting
peptide in the A549-DDP model only. Surprisingly,
halflife calculated from the last three time points
showed no clear difference between nanoparticles.
This might be ascribed to the small number of time
points, which would not enable the characterization
of a biphasic kinetics and a relevant elimination half-
life. Overall, the addition of EGFR targeting peptide
induced a significantly higher exposure to tumor tissue,
which is in line with most published results 41,59,60].

Tumor & other tissue pharmacokinetic analysis

Whole body images were informative regarding the
nanoparticles biodistribution and ex vivo imaging
allowed to identify the most exposed organs, but results
needed to be confirmed by quantitative measurements.
In A549-WT model treated with NTG nanoparticles,
the concentrations at 12 h were the highest in kid-
neys, followed by liver, tumor, heart, spleen and lungs
(Figure 4A). At 24 h, the order was slightly different,
with tumor displaying the highest concentration, fol-
lowed by kidneys, spleen, liver, heart and lungs. The
addition of the targeting peptide increased siMad2
concentration in tumor (significantly at 24, 72 and 96
h), but also in liver and kidneys. A significant decrease
was seen in spleen and heart at early time points with
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Figure 2. Plasma concentrations of siMad2 (%ID/ml) + SD versus time (h) in A549-WT (A) and A549-DDP (B) tumor
models, after IV injection of NTG and TG nanoparticles at 3 mg/kg equivalent siRNA. n = 5 mice.

*p < 0.05; **p < 0.01; ***p < 0.001 (t-test TG vs NTG).

DDP: Cisplatin; NTG: Nontargeted; SD: Standard deviation; TG: Targeted; WT: Wild-type.

TG nanoparticles, but not maintained later. No signif-
icant changes were observed in lungs. Interestingly, the
quantitative approach allowed to observe differences,
for which imaging was not sensitive enough. The
quantitative approach also showed that tumor con-
centrations were peaking at 24 h and then decreasing,
while ex vivo images suggested an increase of concen-

trations until 96 h. It is important to take into account
that in one study we are quantifying siMad2 while in
the imaging studies, we have labeled CS nanoparticles.
Also, siMad2 is rapidly used by the cellular silenc-
ing mechanism once in the cytoplasm while the fate
of CS molecule is unsatisfactorily understood [17]. In
the A549-DDP tumor model (Figure 4B), the trends
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were very similar to the A549-WT model. However,
a few differences could be observed. First, with NTG
nanoparticles, concentration in spleen was not lower
than in tumor at 12 h, and was higher than in heart.
At 24 h, concentration in kidney was still higher than
in tumor, and spleen was also less exposed than, in
A549-WT model. When comparing TG to NTG par-
ticles, the most striking differences were a much higher
increase of tumor concentrations, while liver and kid-
ney concentrations were lower at 12 h by the addition
of the targeted peptide. These results enhance the
influence of active targeting on increasing target-site
accumulation.

For some of the organs, it was not possible to prop-
erly estimate a log-linear terminal phase half-life and a
mean residence time, due to an unclear decrease slope.
For example, due to concentrations measurements
variability, the spleen concentration at 120 h in the
A549-WT model after NTG nanoparticles adminis-
tration was higher than earlier concentrations in the
same conditions. In order to compare the residence
times for the different conditions, we chose to use an
indirect parameter for residence time, which was avail-
able for all conditions, in other words, the C_/C_
ratio (Table 3). In plasma, the ratio was lower for TG
particles, suggesting a faster elimination and a shorter
residence time, which is in line with the PK para-
meters (Table 2). In tumor, the ratio was particularly
low compared with other tissues, suggesting a rapid
clearance of siMad2 from the tumor. This might be
due to consumption of the siRNA by its target, leading
to a ‘target-mediated drug disposition’. The differences
were rarely significant between TG and NTG parti-
cles, except for kidney and spleen in A549 model where
the ratio was significantly lower for TG particles, and
for plasma and heart in A549-DDP model where the
ratio was significantly lower and higher respectively.
The clearest difference between nanoparticle types,

;
i3 160- . bbTe

AUC,__ (hx%ID/ml

T
A549 A549-DDP
Tumor models

Figure 3. Plasma exposure to siMad2 over the duration
of the study. AUC_, +SE (in h*%ID/ml of plasma)

for A549-WT and A549-DDP tumor models, after IV
injection of NTG and TG nanoparticles at 3 mg/kg
equivalent siRNA. n = 5 mice.

*p < 0.05; **p < 0.01; ***p < 0.001 (t-test TG vs NTG).
AUC__: Area under the concentration versus time
curve until the last time point; DDP: Cisplatin;

NTG: Nontargeted; SE: Standard error; TG: Targeted;
WT: Wild-type.

confirmed in both models, was a decrease of the C__/
C, ., ratio in spleen for TG vs NTG nanoparticles, sug-
gesting that the targeting peptide might increase the
clearance of the siRNA from the spleen.

Regarding the global exposure of the various tissues
to siRNA over the study course (estimated as AUC ),
it appeared in both tumor models that kidneys were
the most exposed to siRNA, followed by tumor, liver,
spleen, heart, and lungs, when NTG nanoparticles were
used (Figure 5). Introduction of the targeting peptide
significantly increased exposure of tumor, liver, and
kidneys for both models, of heart and lungs in A549-
DDP model only, and significantly decreased spleen
exposure in both models. In A549-DDP model, the

enhancement of tumor exposure was far higher than in

Table 2. Plasma PK parameters calculated by noncompartmental analysis using Phoenix WinNonLin

software.
A549-NTG A549-TG A549 DDP-NTG A549 DDP-TG
HL (h) 19.5 22.6 234 241
Cmax (SE) (%ID/ml) 4.73 (0.23) 5.02 (0.10) 6.10 (0.40) 5.25(0.12)
Clast (%ID/ml) 0.970 0.588 1.388 0.459
AUCw (h x%ID/ml) 168 122 205 143
MRT (h) 26.1 20.9 30.7 16.0
CL (ml/h) 0.595 0.817 0.489 0.700
Vss (ml) 15.5 171 15.0 11.2
AUC~: Area under the time-concentration curve from time zero to infinity; CL: Total body clearance; C_ : Concentration at the last time-
point; C__: Maximum observed concentration; DDP: Cisplatin; HL: Half-life of the log-linear terminal part of the curve; MRT: Mean residence
time; NTG: Nontargeted; SE: Standard error of the mean; TG: Targeted; Vss: Volume of distribution at the steady-state.
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Figure 4. Biodistribution in tumor and major organs. Organ concentrations of siMad2 (%ID/mg of tissue) + SD at various times after
injection (from 12 to 120 h) in A549-WT (A) and A549-DDP (B) tumor models, after IV injection of NTG and TG nanoparticles at 3 mg/
kg equivalent siRNA. n = 5 mice.

*p < 0.05; **p < 0.01; ***p < 0.001 (t-test TG vs NTG).

DDP: Cisplatin; ID: Injected dose; NTG: Nontargeted; TG: Targeted.

A549-WT model and this influence was felt not only
in a higher tumor accumulation but also in a lower
accumulation in other tissues. The difference between
the tumor models can be ascribed to the slightly higher
vascularization that had been detected in the A549-
DDP model. Indeed, a higher permeability of the
tumor allows nanoparticles to travel more deeply into
the tumor tissues after extravasation [61]. Another rea-
son that could contribute to such difference and prob-
ably more significantly, is the EGFR expression levels in
these two models. We have used flow cytometry to mea-
sure EGFR) cell surface expression levels on A549-W'T
and A549-DDP and results showed that the cisplatin
resistant cell line, A549-DDP has a significantly higher

expression. This fact is of great influence on the amount
of nanoparticles being taken up by tumor cells.

Evaluation of the tumor targeting efficiency

Since not only tumor exposure but also other main
organs exposure was increased by the presence of
targeting peptide, especially in A549-WT; we calcu-
lated a new parameter, the targeting efficiency (TE).
With this parameter we wanted to check if the pres-
ence of the peptide in the TG nanoparticles was able
to increase tumor exposure, in other words, the abil-
ity of the particle to deliver the siRNA preferably to
the tumor than to other tissues. TE was calculated as
the ratio of tumor exposure versus plasma exposure or
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Table 3. Ratio of the last time-point concentration (C__) versus the maximum concentration reached

), expressed in% (SD).

over the duration of the study (C

max

C../C,,.. (%) (SD)

A549-WT NTG A549-WT TG A549-DDP NTG A549-DDP TG
Plasma 21.1 (6.4) 11.9 (4.7) 22.7 (0.6) 8.71 (3.11)***
Tumor 8.62 (6.73) 0.619 (0.195) 0.452 (0.269) 0.544 (0.346)
Liver 20.8 (5.4) 15.1 (0.7) 9.07 (3.05) 11.8 (1.1)
Kidney 11.8 (2.8) 6.92 (1.15) * 7.19 (1.32) 7.11 (0.98)
Spleen 33.3 (13.5) 1.50 (0.12) ** 11.0 (12.0) 1.84 (0.66)
Heart 6.89 (6.06) 16.5 (5.5) 19.8 (6.9) 50.3 (16.0) *
Lung 13.1 (6.7) 15.6 (6.7) 11.4 (5.8) 6.77 (1.73)
n =5 mice.
*p < 0.05; **p < 0.01; ***p < 0.001 (t-test TG vs NTG).
C,.- Last time-point concentration; C __: Maximum concentration reached over the duration of the study; DDP: Cisplatin; NTG: Nontargeted;
SD: Standard deviation; TG: Targeted; WT: Wild-type.

nontarget organs exposure. In all conditions, plasma
was far more exposed than tumor, the ratio reaching
a maximum of 3.16% (Figure 6A). However, TE was
significantly increased by the targeting strategy in
both models, a 3.4-fold increase in A549-WT and 5.5
in A549-DDP model. It is apparent that the presence
of the peptide in the TG nanoparticles has assisted the

process of concentrating them into the cancer tissue in
comparison to the NTG nanoparticles. We should also
keep in mind that both nanoparticles are PEGylated,
which by itself promotes tumor accumulation based
on the EPR effect [34]. Many studies have associated
PEG with greater tumor uptake and longer circulation
time (62,63]. Besides, PEG contributes to increased par-

1.8
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ta *
=]
2 1.2 —
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Figure 5. Tissues exposure to siMad2 over the duration of the study. AUC__, +SE (in h x%ID/mg of tissue) for A549-WT and A549-DDP
tumor models, after IV injection of NTG and TG nanoparticles at 3 mg/kg equivalent siRNA.n = 5 mice.

*p < 0.05; **p < 0.01; ***p < 0.001 (t-test TG vs NTG).
AUC,__:

last”

Area under the concentration versus time curve until the last time point; DDP: Cisplatin; NTG: Nontargeted; TG: Targeted.
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Figure 6. Targeting efficiency. Ratio (expressed in%)
+ SE of tumor exposure versus plasma exposure (A) or
versus the sum of nontarget organs exposure (liver,
kidney, spleen, heart, lung) for A549-WT and A549-
DDP tumor models, after IV injection of NTG and TG
nanoparticles at 3 mg/kg equivalent siRNA.

n =5 mice.

*p < 0.05; **p < 0.01; ***p < 0.001 (t-test TG vs NTG).
DDP: Cisplatin; NTG: Nontargeted; SE: standard error;
TG: Targeted.

ticle hydrophilicity, stability, avoidance of plasma pro-
tein identification and escape from opsonization and
clearance [64].

When comparing tumor exposure to the sum of other
organs exposure (Figure 6B), we observed that TE was
high, with tumor exposure ranging between 28.3 and
49.0% of the global organ exposure. TE was increased
by the targeting strategy in both models, increasing from
28.3 to 31.0% in A549 model, and from 34.8 to 49.0%
in A549-DDP model. However, the difference was
statistically significant only in the A549-DDP model.
These results confirm the influence of EGFR-peptide
targeted nanoparticles to target the cancer cells, which
is in agreement with previous studies from our group
where the same peptide was successfully used [40,65,66].

Based only on the imaging data, the targeting effect
could not be clearly detected from the whole body and
ex vivo images. These comes from the fact that near-IR
images are not sensitive enough to allow for visualiza-
tion of the difference that was later detected from the
quantitative data. Based on the siMad2 quantification
study, we could conclude that the presence of the tar-
geting peptide leads to a significant decrease in plasma
exposure of targeted nanoparticles and a higher target-
ing efficiency, in other words, a higher tumor exposure
to Mad2 siRNA associated to no or a moderate increase
of off-target organs exposure. The advantage of the
targeting strategy was particularly clear for the A549-
DDP model, with a higher increase of tumor exposure
and targeting efficiency, probably due in some part to
its higher EGFR cell surface expression levels.

Conclusion

The imaging and distribution studies together with the
pharmacokinetic parameters showed that the tested CS
formulations were efficient in delivering siMad2 to the
tumor tissue in both models. In both tumor models,
the addition of the targeting peptide resulted in a higher
clearance, reflecting a faster elimination from the organ-
ism, leading to decreased plasma concentrations. Since
tumor exposure was simultaneously increased, the tar-
geting strategy proved efficient in both models to favor
the entry of the siRNA inside the tumor. However, the
entry of the siRNA was also increased in other tissues.
Calculating the ratio of tumor exposure versus nontarget
organs exposure, we proved that the tumor targeting effi-
ciency was enhanced by the EGFR peptide, giving a spe-
cific advantage for delivery to the tumor when compared
with other tissues, particularly in A549-DDP model.
With an increased tumor targeting efficiency demon-
strated 77 vivo and an efficient induction of apoptosis
shown 77 vitro, our targeted delivery strategy proved to
be a promising approach for NSCLC therapy 77 vivo [14].
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To view the supplementary data that accompany this paper
please visit the journal website at: http://www.futuremedi-
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Executive summary

targeted (TG) CS nanoparticles.

quenching based PCR method.

e We have developed an EGF receptor (EGFR) targeted chitosan (CS) nanoparticle system for efficient delivery of
siRNA targeted against mitotic checkpoint gene mad2.

e Pharmacokinetics and biodistribution was assessed in A549-WT and cisplatin resistant A549-DDP tumor-
bearing mice after intravenous delivery of 3 mg/kg dose of siMad2 encapsulated in nontargeted (NTG) or

¢ Qualitative biodistribution profile based on near-IR labeled CS nanoparticles showed a long-lasting exposure
of the tumor (up to 96 h) to the nanoparticles, independent of the tumor model or targeting property.
e A quantitative pharmacokinetic study was performed based on siMad2 quantification using an antiprimer

Noncompartmental analysis for both tumor models showed that the presence of targeting peptide leads to a
significant decrease in plasma exposure of targeted nanoparticles.

The targeting strategy led to a higher targeting efficiency, in other words, a higher tumor exposure to Mad2
siRNA associated to no or a moderate increase of off-target organs exposure. The advantage of the targeting

targeting efficiency.

tumors in vivo.

strategy was particularly clear for the A549-DDP model, with a higher increase of tumor exposure and

e We conclude that our targeted siRNA delivery strategy is a promising approach to efficiently treat NSCLC
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