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Gene  therapy  has  shown  a tremendous  potential  to  benefit  patients  in  a variety  of  disease  conditions.
However,  finding  a safe  and  effective  systemic  delivery  system  is  the major  obstacle  in  this  area.  Although
viral  vectors  showed  promise  for  high  transfection  rate,  the immunogenicity  associated  with  these  sys-
tems has  hindered  further  development.  As  an  alternative  to  viral  gene  delivery,  this  review  focuses  on
application  of  novel  safe and  effective  non-condensing  polymeric  systems  that  have  shown  high  trans-
gene  expression  when  administered  systemically  or  by the  oral  route.  Type  B gelatin-based  engineered
on-viral gene delivery
on-condensing polymers
ype B gelatin
anoparticles
anoparticles-in-microsphere oral system

NiMOS)

nanocarriers  were  evaluated  for passive  and  active  tumor-targeted  delivery  and  transfection  using  both
reporter  and  therapeutic  plasmid  DNA.  Additionally,  we  have  shown  that  nanoparticles-in-microsphere
oral system  (NiMOS)  can  efficiently  deliver  reporter  and  therapeutic  gene  constructs  in the  gastrointesti-
nal  tract.  Additionally,  there  has  been  a  significant  recent  interest  in  the  use  small  interfering  RNA  (siRNA)
as a  therapeutic  system  for  gene  silencing.  Both  gelatin  nanoparticles  and  NiMOS  have  shown  activity  in
systemic  and  oral  delivery  of  siRNA,  respectively.
© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Nucleic acid therapy holds significant promise in improving

induce the expression of therapeutic proteins and (2) provid-
ing antisense oligonucleotides or small interfering RNA (siRNA)
to interrupt the function of target genes, and trigger silencing.
linical outcomes for many acute and chronic diseases. This strat-
gy is based on two different paradigms: (1) introducing target
enes in the form of oligonucleotides or plasmids to recover or

∗ Corresponding author. Tel.: +1 617 373 3137; fax: +1 617 373 8886.
E-mail address: m.amiji@neu.edu (M.  Amiji).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.05.036
Although there have been many clinical trials of gene therapy for
diseases such as cancer, inflammation, and diabetes, there is still
no approved product in the United States at the present time.

Development of safe and effective vectors for delivery of nucleic
acid to the tissue and cell of interest has been a major barrier
to clinical translation of this very exciting experimental concept
(Hoag, 2005).

dx.doi.org/10.1016/j.ijpharm.2011.05.036
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:m.amiji@neu.edu
dx.doi.org/10.1016/j.ijpharm.2011.05.036
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Unlike most small molecule therapeutics, nucleic acid con-
tructs are large, hydrophilic, and negatively charged molecules.
n order to achieve therapeutic effect, these molecules need to
vercome the physical and biological barriers in the systemic cir-
ulation, reach the tissue and cell of interest, and survive the harsh
ntracellular environment. As of June 2010, there have been over
640 gene therapy clinical trials and among them, viral vectors
ere used in up to 68% of cases (Edelstein, 2010). Viral vectors
sually consist of viral capsids and viral genome. The therapeutic
ene cassette could be inserted into the viral genome to replace the
ative genes by recombination or introduced into the viral vector
s episomal genes (Thomas et al., 2003). During the treatment of
iral vectors, transduction happens, which indicate the infectious
rocess that functional genetic information could be introduced
nd expressed into the target cells (Thomas et al., 2003). Viral vec-
ors usually present high efficiency for infection and have broad
ropism, which make them to be the most prevailing vectors in
ene therapy (Thomas et al., 2003). However, many viral vectors
hat have a history of immunotoxicity and gene insertion into
he host chromosome. In September of 1999, University of Penn-
ylvania researchers and clinicians carried out an experimental
ene therapy study using adenovirus-based treatment for replace-
ent of ornithine transcarbamylase deficiency (Hollon, 2000). The

atient, an 18-year-old, Jesse Gelsinger had a fatal reaction due
o acute respiratory distress syndrome and an overwhelming sys-
emic inflammatory response, which was diagnosed to relate to
he immunogenic reaction to the large dose of adenoviral vector
Hollon, 2000). Since this tragic incident, the safety of viral vec-
ors has been a major limiting concern for their use in routine gene
herapy protocols. Additionally, viral vectors possess constraints of
ransgene size limits and quality-assured reproducible large-scale
roduction for clinical translation (Kay et al., 2001).

Non-viral gene delivery systems have received a lot of attention
ased on improved safety profile, but the efficiency of transfec-
ion is significantly less than that of viral counterparts. Non-viral

ethods generally include naked nucleic acid delivery, physical
ethods for nucleic acid delivery, condensing vector-based con-

tructs, and non-condensing vector-based constructs. Recently,
he use of condensing and non-condensing delivery vehicles have
eceived significant interest at the preclinical level (Li and Huang,
000). Cationic polymer and lipid molecules have the ability to neu-
ralize the negative charges of nucleic acids and form a condensed
lectrostatic complex, which are called polyplexes and lipoplexes,
espectively (Kabanov et al., 1998). With the electrostatic forces
etween the polymer and the nucleic acid, the complex could
aintain a stable and condensed nano-size structure, promote

ellular endocytosis, and possibly enhance transfection efficiency
f therapeutic genes (Kabanov et al., 1998). Although the con-
ensing vectors seem to be an excellent substitute for viral
ectors, some drawbacks inherent in the condensing system limit
heir application for systemic delivery. These include toxicity of
he cationic polymer or lipid, rapid clearance by the reticulo-
ndothelial (RES) system, inability of the complex to escape from
he endosome/lysosome compartments in the cells, and lack of
ntracellular unpacking of the nucleic acid construct from the elec-
rostatic complex (Merdan et al., 2002).

We and others have hypothesized that non-condensing lipid
nd polymeric nano-sized vectors can be engineered for tissue and
ell specific delivery and allow for enhanced transfection efficiency
ith significantly less toxicity concerns (Table 1). Non-condensing

ipids and polymers posses either a neutral or net negative charge.
lasmid DNA, siRNA, and oligonucleotide payload is encapsulated

ithin the system (e.g., liposomes or nanoparticles) either by phys-

cal entrapment of nucleic acid constructs within the matrix or
hrough hydrogen bonds between polymer and nucleic acid bases
Kommareddy et al., 2005; Lemieux et al., 2000). Physical encap-
armaceutics 427 (2012) 21– 34

sulation enables protection from the enzymes and other plasma
proteins during its transit from blood to the site of action. Cel-
lular uptake is facilitated since masking negative charge of DNA
prevents electrostatic repulsion between negatively charged DNA
and negatively charged cell surface. In contrast to condensing lipids
and polymers, absence of positive charges on non-condensing
systems limits its recognition by the mononuclear phagocyte sys-
tem and hence limits its early clearance (Morille et al., 2008;
Bhavsar and Amiji, 2007a).  In addition, opsonization by IgM and
innate immune response is not favored in case of non-condensing
polymers because of their neutral or slightly negatively charged
state (Morille et al., 2008; Bhavsar and Amiji, 2007a). This review
paper will focus on non-condensing polymeric nanoparticles and
microparticles that are used as vectors for gene therapy.

2. Nanoparticles for tumor-targeted gene delivery

2.1. Passive and active tumor targeting

Tumor formation is related to abnormalities in the genetic
sequences and expression or suppression of oncogene or tumor
suppressor genes, which result from inherited or environment-
induced mutations. As cancer is a genetic disease, gene therapy
represents a promising treatment for tumor, with localized, sus-
tained gene expression in the target and low cytotoxicity to the
host. In order to deliver genes to tumor, the delivery system need
to recognize the host cells, avoid nonspecific binding and uptake,
resist degradation during the systemic circulation and after reach-
ing to the target cells, it should cross the cell membrane, afford
escape from endosomal/lysosomal compartment, release genes
from the complex and let the cargo to get into the nucleus or accom-
plish its function in the cytoplasm (e.g., for siRNA) (Amiji, 2005). For
targeting to specific tumor cells, delivery system is usually designed
based on passive or active targeting mechanism (Fig. 1).

Solid tumors are characterized with heterogeneous vasculature,
which has different size and distribution from the periphery to
the core region. Generally, due to the rapid growth of the tumor
mass, the vascular system usually has big gap junctions between
endothelial cells and lack of lymphatic drainage (Whitehead et al.,
2009). The pore size of endothelial junctions in tumor neovascula-
ture is between 100 nm and 780 nm,  which is significantly larger
than those on normal blood vessels (Yuan et al., 1994; Maeda
et al., 2000). Nanoparticles with size of up to 200 nm in diam-
eter and having hydrophilic surface, such as with poly(ethylene
glycol) (PEG) modification, tend to have a longer duration of cir-
culation in the blood stream and are able to reach the tumor
mass through exravasation at higher concentrations (Cho et al.,
2008) (shown in Fig. 1a). This unique pathophysiologic feature
is termed the “enhanced permeability and retention” (EPR) effect
and it was first shown by Matsumura and Maeda (1986) in pre-
clinical models with polymer-conjugated anticancer therapeutics.
Meanwhile, the microenvironment of tumor cells also present dif-
ferent properties compared to normal tissue. In order to proliferate,
cancer cells usually have a high metabolic rate, which uses aero-
bic glycolysis to obtain energy and resulting lactate produces an
acidic environment (Pelicano et al., 2006). pH responsive polymers
could help to stabilize the complex during normal physiological pH
and release genes in the slightly acidic tumor microenvironment
(Bulmus et al., 2003). Additional cancer cells express different lev-
els of enzymes and proteins, such as redox enzymes and glutathione

(Schafer and Buettner, 2001; Dong et al., 2010). Polymeric system
designed specifically to form disulfide crosslinks are susceptible
to glutathione-induced intracellular delivery of the encapsulated
payload in cancer cells (Bulmus et al., 2003).
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Table  1
Non-condensing polymers applied in gene delivery.

Polymer name Structure Characteristics Applications Refs.

Gelatin Biodegradable polymers
obtained from hydrolysis
of collagen. Gelatin is
considered as a (generally
recognized as safe) GRAS
excipient by FDA. Based on
the pH and isoelectric point
of different types of gelatin,
they could be either
negative or positive charge

Neutral or negative
charged gelatin can
physically encapsulate
plasmid DNA or siRNA
inside. By desolvation
method, gelatin
nanoparticles could be
formed and used for
therapeutic gene delivery
or gene silencing therapy

Kommareddy and Amiji
(2005), Magadala and
Amiji (2008),  Shah (2011),
Kriegel and Amiji (2011),
Administration (2006),
Ward and Courts (1977)

Hydroxyproryl-
methacrylate
copolymers (HPMA)

HPMA copolymers are
hydrophilic,
non-immunogenic and not
toxic. During the synthesis,
stimuli-sensitive bond or
different electrolyte could
be included to fulfill the
purpose of the delivery
system

Multivalent HPMA
copolymers were used to
stabilize DNA complex and
circulation of this system
has been improved. siRNA
could be conjugated to
HPMA copolymers to for
the delivery system

York et al. (2008, 2010),
Oupicky et al. (2002a,b)

Poly(�-caprolactone)
(PCL)

PCL is biodegradable
polyester, could interact
with nucleic acids
physically

PCL polymers are usually
conjugated with other
polymers such as
polyethylenimine to form
copolymer and enhance
the efficacy during gene
delivery

Liu et al. (2009), Shuai et al.
(2005),  Arote et al. (2007)

Poly(ethylene glycol)
(PEG)

PEG and derivatives are
neutral and hydrophilic
molecules with flexible
polymer chains. With two
ends susceptible to
modification, PEG could be
synthesized as mono,
homo- or heterofunctional
polymers

PEG is usually conjugated
on the surface of gene
delivery vectors to enhance
the accumulation for
anti-cancer treatment due
to EPR effect. Copolymers
could also be formed such
as poloxamer or poly(lactic
acid) (PLA) -PEG and
further used as a more
efficient gene delivery
system

Matsumura and Maeda
(1986),  Vila et al. (2005),
Vila et al. (2004),  Jung et al.
(2010), Kim et al. (2010),
Kunath et al. (2002), Vittaz
et al. (1996), Choi et al.
(2010)

Poly(d,l-lactide-co-
glycolide)
(PLG)

Copolymer synthesized by
polymerization of lactic
acid and glycolic acid. PLG,
as  a hydrophobic,
biodegradable and
biocompatible polymer,
could encapsulate with
nucleic acids physically.

PLG could form
microspheres or
nanoparticles with
emulsion method or spray
drying techniques. With
encapsulation of DNA, PLG
particles could be used as
DNA vaccines with
intravenous,
intraperitoneal or oral
administration. These
polymers could also serve
as therapeutic gene
delivery vectors.

Jones et al. (1997),
Mundargi et al. (2008),
Okada and Toguchi (1995),
Tahara et al. (2010), Walter
et al. (1999), Newman et al.
(2002),  Lima et al. (2003),
Abbas et al. (2008)
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Table  1 (Continued)

Polymer name Structure Characteristics Applications Refs.

Poloxamer (Pluronic®) Pluronic® block
copolymers are
amphiphilic molecules,
consisted of hydrophilic
ethylene oxide (EO) and
hydrophobic propylene
oxide (PO) with
PEO-PPO-PEO structure.
These polymers could self
assemble into micelles

By mixture of different
block copolymers,
Pluronic® could
encapsulate nucleic acids
into the micellar structure
by physical interaction and
protect them from the
enzyme digestion

Lemieux et al. (2000),
Alakhov et al. (2001),
Kabanov and Alakhov
(2002),  Batrakova and
Kabanov (2008)

Poly(N-vinyl
pyrrolidone) (PVP)

PVP is synthetic
hydrophilic homopolymer
with mild adhesive
properties. Although not
biodegradable, they are
biocompatible and proved
as a safe excipient. These
polymers could not form
either micelles or particles.
By binding to the base pairs
in the major groove of

P cou
cleic a

en bon

PVP is used to formulate
with plasmid DNA and use
as local and systemic
therapeutic gene delivery
vector or DNA vaccine
vector. Since these
polymers do not
particulate, this system is
susceptible to extracellular
degradation. Usually, PVP
is applied as a stabilizer in

Mumper et al. (1996,
1998),  Anwer et al. (1998),
Jin  et al. (2009),  Quezada
et al. (2002)

i
t
g
t
e

F
t
n
t
f

DNA, PV
with nu
hydrog

Even with passive targeting, most gene therapy vectors still face
ntrinsic limitation of this mechanism: lack of specificity. To solve
his problem, a variety of delivery systems are modified with tar-

eting moieties to improve active targeting. In order to achieve
umor-targeted delivery, we should explore several unique prop-
rties of cell surface to differentiate target cells population with

ig. 1. Passive targeting and active targeting strategies for anti-cancer gene therapy. For p
icles  accumulate in the tumor due to leaky vasculature and EPR effect. (b) Nanovectors
ucleic  acids. (c) Nanovectors with disulfide bond or other chemical structure react with h
argeting, the following strategies are usually applied. (d) With antibody conjugated on 

acilitated endocytosis and release cargo after endosome escape. (e) Receptor mediated e
ld associate
cids by
ds at pH 4–6

other formulations to
enhance the incorporation
with nucleic acids

normal cells. Based on the expression of antigen or receptors on
the tumor cells surface, antibodies or receptor’s substrate could be
conjugated on the delivery system, and help to target specifically

on the tumor cells (shown in Fig. 1d and e). Ideally, after target-
ing moiety interacting with cell surface, they should trigger the
internalization and endocytosis process (Cho et al., 2008). While

assive targeting, the following strategies are usually applied. (a) Pegylated nanopar-
 sensitive to low pH response to the acidic tumor microenvironment and release
igh level of glutathione or redox enzymes in tumor and release the cargo. For active
the surface of nanovectors, they could recognize tumor antigen and internalize by
ndocytosis help transport of nanovectors and transfer nucleic acids.
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J. Xu et al. / International Journa

electing the targeting moiety, all the above properties need to be
aken into consideration.

.2. Passive tumor targeting with PEG-modified gelatin
anoparticles

For passive targeting, there are several ways to achieve, such
s modification on the surface of polymeric nanoparticle with
ydrophilic polymer chain or cooperating environment sensitive
olymers into the nanoparticles. PEG or poly(ethylene oxide) (PEO),
ith a structure of HO–(CH2CH2O)n–CH2CH2–OH is a commonly
sed polymer for surface modification of long-circulating vesi-
les (Napper, 1983). With coating of PEG, it could form a dense
nd hydrophilic shell of long chains and protect the core from
nteracting with different solutes, especially on physiologic level,
on-specific hydrophobic interaction with the reticuloendothe-

ial system (RES) (Napper, 1983). This polymeric protection for
olid particles is termed as “steric stabilization” (Napper, 1983).
eanwhile, terminal hydroxyl group of PEG could be modified

nto different derivatives, which provides monofunctional, homo-
r hetero-bifunctional and even multi-arm PEG, capable for fur-
her conjugation of selected ligands (Kommareddy et al., 2005). To
um up, PEG modification of nanoparticles presents the following
dvantages: increasing the circulation time, stabilizing the thera-
eutic payload during transportation, decreasing RES accumulation
nd providing potential for conjugation of targeting moieties.

Gelatin is one of the most versatile natural biopolymer derived
rom collagen, and it has been widely used in food products and

edicines. With solvent displacement, type B gelatin, derived from
lkaline hydrolysis of collagen, which has an isoelectric point at
round 4.5–5.5, could physical encapsulate nucleic acid construct
t neutral pH. Furthermore, the physical encapsulation in gelatin
anoparticles preserves the supercoiled structure of the plasmid
NA and improves the transfection efficiency upon intracellular
elivery (Young et al., 2005).

Kaul and Amiji (2002) were the first to develop type B gelatin-
ased nanoparticles as non-condensing gene delivery systems for
umor-targeting by passive accumulation due to the EPR effect.
hey prepared the unmodified and PEG-modified gelatin nanopar-
icles by ethanol precipitation method, which gave them size in
he range of 200–500 nm.  Tetramethylrhodamine (TMR)-dextran, a
ydrophilic fluorescently labeled molecule, was first used as model
rug for in vitro cell uptake studies. The results showed that control
nd PEG-modified type B gelatin nanoparticles could be taken up
y cells through non-specific endocytosis (Kaul and Amiji, 2002).
onfocal fluorescence microscopy studies showed time-dependent

ntracellular localization of the nanoparticles and the results illus-
rated that PEG-modified gelatin nanoparticles were internalized
n NIH-3T3 murine fibroblast cells by non-specific endocytosis, and

ithin 12 h, the payload could be released and accumulated around
he perinuclear region. Plasmid DNA, encoding for enhanced green
uorescence protein (EGFP-N1), was encapsulated into the parti-
les during the precipitation process. After digestion with protease,
el electrophoresis analysis proved that the plasmid was  stably
ncapsulated at a high loading efficiency (>95% at 0.5% (w/v)).
n vitro transfection studies in NIH-3T3 cells confirmed the long-
asting transgene expression potential of PEG-modified type B
elatin nanoparticles as compared to other controls, including
ipofectin®, a cationic lipid transfection reagent that is commer-
ially available. Additionally, neither gelatin non PEG-modified
elatin nanoparticles showed any toxicity to the NIH-3T3 cells even
fter several days (Dong et al., 2010).
Following in vitro evaluations, the authors further examined the
iodistribution profiles of unmodified and PEG-modified 125Iodine

125I)-labeled gelatin nanoparticles following intravenous adminis-
ration through the tail vein in Lewis Lung carcinoma (LLC)-bearing
armaceutics 427 (2012) 21– 34 25

C57BL/6J mice. Periodically, the tumor-bearing mice were sacri-
ficed and the radioactivity levels in blood, tumor, and other highly
perfusing organs were measured. PEG-modified nanoparticles
showed long circulating properties in the blood and preferentially
accumulated in the tumor for up to 24 h post-administration. There
was also significant accumulation of the PEG-modified nanoparti-
cles in the liver. Conversely, unmodified nanoparticles were rapidly
cleaned from the circulation and remained mostly in the liver and
spleen. These results showed that PEG-modified gelatin nanopar-
ticles could be passively targeted to the tumor mass following
systemic administration and they could be an effective vector for
anti-cancer gene therapy (Kaul and Amiji, 2004).

Reporter plasmid DNA encoding �-galactosidase (pCMV-�) was
encapsulated into nanoparticles and used to validate the poten-
tial of PEG-modified system as a systemic gene delivery vector.
In vitro studies with LLC cells first illustrated that PEG-modified
gelatin nanoparticles are preferable vector for gene delivery, which
is on the basis of qualitative and quantitative analysis after transfec-
tion with reporter genes. The in vivo studies further demonstrated
that PEG-modified nanoparticles have the potential to be systemic
gene delivery vector, since it showed higher transfection with PEG-
modified system after intravenous administration than that after
intratumoral administration (Kaul and Amiji, 2005). The unique
physical, chemical, and biological properties of type B gelatin and
the “steric stabilization” property of PEG modification made these
nanoparticles a highly promising system for systemic gene delivery
to tumor mass.

2.3. Passive tumor targeting with PEG-modified thiolated gelatin
nanoparticles

Tumor cells usually present different physiological properties
as compared to normal cells. On the basis of these differences, one
could design delivery system to target the tumor mass and afford
greater cellular delivery. Glutathione (GSH) is a tripeptide, gener-
ally expressed in the cell cytoplasm and functions as an antioxidant
to prevent damage related to the reactive oxygen species (Navarro
et al., 1999). The intracellular GSH concentration (5–10 mM)  is
generally higher than the extracellular concentrations (1–10 �M).
While during active proliferation of tumor cells, GSH and perox-
ide levels are even higher in the cytoplasm (Navarro et al., 1999).
Introduction of thiol (i.e., SH) groups is a common modification that
can allow for intracellular delivery through the reduction disulfide
crosslinks.

Based on this delivery rationale, Kommareddy and Amiji (2005)
designed thiolated type B gelatin nanoparticles (SHGel) for sys-
temic gene delivery. Gelatin was first thiolated with different
concentration of 2-iminothiolane and after lyophilization, the thi-
olated gelatins were used to prepare nanoparticles by the solvent
displacement using ethanol. In cytotoxicity study, SHGel-20 (1 g
of gelatin modified with 20 mg  2-iminothiolane) with 6.08 mM/g
thiol groups, showed the highest cell viability out of all the thio-
lated gelatin nanoparticles and was selected for additional studies.
Release profiles in GSH containing phosphate buffer (pH 7.4) proved
that the thiolated gelatin nanoparticles showed a greater per-
cent release of the payload (fluorescein isothiocyanate-dextran)
as compared to the unmodified nanoparticles. Green fluorescent
protein (GFP) expressing plasmid DNA was encapsulated into
the nanoparticles and glyoxal was used to crosslink the system.
Both unmodified and thiolated type B gelatin nanoparticles were
internalized by NIH-3T3 cells and the expression profile of GFP
was analyzed by fluorescence microscopy and by flow cytometry.

Crosslinked SHGel-20 was  found to have greater transfection effi-
ciency as compared to all the other nanoparticle systems, including
Lipofectin®-complexed DNA. With this study, thiolation of gelatin
and formation of nanoparticles was found to be an effective strat-
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gy for intracellular GSH-induced DNA delivery (Kommareddy and
miji, 2005).

Furthermore, Kommareddy and Amiji evaluated methoxy-PEG-
uccinimidyl glutarate (mPEG-SG, MW 2 kDa) modified preformed
elatin and thiolated gelatin nanoparticles. Surface modification
ith PEG chains was confirmed with 2,4,6-trinitrobenzene sulfonic

cid (TNBS) assay and electron spectroscopy for chemical analy-
is (ESCA). Encapsulated plasmid DNA stability and release studies
ere performed in control and PEG modified nanoparticles and

he results showed that surface PEG modification of preformed
anoparticles did not affect the stability or release properties of
he payload. In vitro transfection studies with EGFP-N1 plasmid
NA encapsulated in gelatin (Gel), PEG-modified gelatin (PEG-
el), thiolated gelatin (SHGel), and PEG-modified thiolated gelatin

PEG-SHGel) nanoparticle formulations was evaluated in NIH-3T3
ells. Of all the different formulations tested, including Lipofectin®-
omplexed DNA, PEG-SHGel nanoparticles showed the highest GFP
xpression, which proved the ability of this system to efficiently
ransfect target cells in vitro and could be used as a promising gene
elivery vector in vivo (Kommareddy and Amiji, 2007a).

Before using the control and PEG modified nanoparticle systems
or in vivo gene therapy, biodistribution and pharmacokinetic anal-
sis were performed in orthotopic estrogen negative MDA-MB-435
uman breast adenocarcinoma-bearing female nu/nu (athymic)
ice. In this study, 2 �Ci dose of 111Indium- (111In)-labeled PEG-
el and PEG-SHGel nanoparticles were injected intravenously

hrough the tail vein in the tumor-bearing mice. At pre-determined
ime points, blood, tumor and highly perfusing organs were col-
ected from mice and analyzed for the radioactivity levels using

 gamma counter. The concentration of nanoparticle accumula-
ion was based on percent administered dose per gram of fluid or
issue. Non-linear pharmacokinetic analysis was performed with
lasma and tumor concentrations as a function of time to show
he variability in biodistribution profiles. Overall, PEG modified
anoparticles (i.e., PEG-Gel and PEG-SHGel) showed longer circula-
ion in blood and higher accumulation in the tumor as compared to
he unmodified nanoparticles (i.e., Gel and SHGel). Although a cer-
ain portion of radioactivity was found in the liver and spleen for all
reatments, surface modification with PEG significantly decreased
his non-specific uptake. Meanwhile, the pharmacokinetics analy-
is supported the above statement and also showed that PEG-SHGel
anoparticles had a higher tumor concentration and much longer
alf-life, which means that thiolation enhances nanoparticles’ sen-
itivity to the reducing environment of the tumor and may  enhance
elivery efficiency in tumor cells (Kommareddy and Amiji, 2007b).

Finally, to confirm the transfection of a therapeutic gene
onstruct in Gel, SHGel, PEG-Gel and PEG-SHGel nanoparticle
ormulations, plasmid DNA encoding for the soluble form of
he extracellular domain of vascular endothelial growth factor
eceptor-1 (VEGF-R1 or sFlt-1) was chosen for anti-angiogenesis
herapy. After obtaining a sample of sFlt-1 encoding plasmid DNA
rom Professor Kensuke Egashira at Kyushu University in Fukuoka,
apan, it was amplified in Escherichia coli, purified, and encapsu-
ated in the nanoparticle formulations. After confirmation of DNA
ncapsulation, MDA-MB-435 breast adenocarcinoma cells were
ransfected at a dose of 20 �g per 200,000 cells. The expressed
Flt-1 that was obtained from the cell culture media over a period
f up to 8 days was concentrated and measured by ELISA and
estern blot analysis. Of all the formulations tested, PEG-SHGel
roved to be the superior system for transfection of sFlt-1 express-

ng plasmid in MDA-MB-435 tumor cells. Following confirmation
f in vitro transfection potential with sFlt-1 expressing plasmid

NA, an orthotopic MDA-MB-435 breast adenocarcinoma model
as established in the mammary fat pad of female nu/nu mice.
nce the MDA-MB-435 tumor mass had reached approximately
0 mm3, the nude mice received a total of 60 �g dose divided in
armaceutics 427 (2012) 21– 34

three intervals at days 1, 3, and 5 by intravenous administration
in PEG-Gel and PEG-SHGel nanoparticle formulations. Only PEG
modified nanoparticles were used for in vivo transfection stud-
ies since the previous biodistribution analysis clearly showed that
unmodified Gel and SHGel nanoparticles accumulated primarily in
organs of the RES and did not reach the tumor mass. Naked and
Lipofectin®-condensed plasmid DNA were used as controls. Peri-
odically, the changes in tumor volume were measured for up to
40 days post-administration (Fig. 2). The tumor growth suppres-
sion analysis also confirmed that PEG-SHGel nanoparticles were
superior relative to all other formulations. After 40 days, tumor-
bearing mice were sacrificed and the tumor, liver, and other tissues
were analyzed for sFlt-1 expression and the excised tumor tissues
were also immunostained with CD-31 antibodies for microvessel
density analysis. ELISA and western blot have shown the similar
expression rates as the in vitro studies with PEG-SHGel nanopar-
ticles having the highest in vivo transfection potential relative to
other formulations. CD-31 immunostaining of tumor cryosection
showed that PEG-Gel and PEG-SHGel nanoparticles significantly
reduced the tumor microvessel density (Fig. 3) (Kommareddy and
Amiji, 2005).

On the basis of these results, it is evident that non-condensing
type B gelatin-based DNA delivery vehicle could be used as a
safe and effective vector for systemic administration of thera-
peutic genes to solid tumor. According to these studies, chemical
modification of polymers could significantly change the biologi-
cal properties of nanoparticles. Based on those passive targeting
mechanism, one could design similar strategies, such as PEG mod-
ification and thiolation, with other nanoparticles formulation, to
enhance passive targeting to tumor mass.

2.4. Active targeting with EGFR targeting peptide-modified
gelatin nanoparticles

Although passive tumor targeting with PEG surface modification
and stimuli-responsive mechanisms can provide some preferential
accumulation in tumor mass and allow for intracellular delivery,
there are certain tumors that do not have adequate vascularity or
these nanoparticles may  not penetrate deep into the tumor mass.
Passively targeted PEG-Gel and PEG-SHGel nanoparticles also were
found to accumulate in the liver, which resulted in high levels of
sFl-1 transfection in this organ (Kommareddy and Amiji, 2007c).
Actively targeted delivery, based on surface functionalization with
a specific bio-recognizable molecule, can further facilitate accumu-
lation in the tumor mass and also reduce non-specific accumulation
in RES organs.

One example of active targeting non-condensing gene delivery
system is based on human epidermal receptor (HER) targeting pep-
tide functionalized type B gelatin nanoparticles system developed
by Magadala and Amiji (2008).  In this system, a heterobifunc-
tional PEG derivative, maleimide-PEG-succinimidyl carboxymethyl
(MAL-PEG-SCM, MW 2 kDa), was  first anchored on the surface of
gelatin nanoparticles through the amine reactive SCM functionality
and the maleimide functional group was available to react with four
HER targeting peptides that had a terminal cysteine residue. This
approach allowed for surface modification of gelatin nanoparticles
with HER peptides through a flexible PEG spacer (Fig. 4). Following
confirmation of epidermal growth factor receptor (EGFR, erbB-1)
over-expression in a several pancreatic adenocarcinoma cell lines,
which is correlated to metastasis and resistance (Tobita et al., 2003),
Panc-1 cells were used to evaluate in vitro delivery efficiency and

transfection using reported plasmid expressing GFP. One of the four
peptides tested with the sequence YHWYGYTPQNVI was found to
be the best for EGFR-specific delivery of nanoparticles in Panc-1
cells.
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Fig. 2. In vivo antitumor efficacy studies of expressed sFlt-1 in orthotopic MDA-MB-435 human breast adenocarcinoma-bearing female Nu/Nu mice. PEG-Gel and PEG-SHGel
nanoparticles, with sFlt-1 encoding plasmid DNA, were administered intravenously to tumor-bearing mice at a plasmid DNA dose of 20 �g three times every other day.
Untreated animals and those receiving naked plasmid DNA served as controls. Tumor volume changes were measured daily following administration of the plasmid DNA.
T , mea
w erapy
R mare

p
t
p
p
t
w
n
r
D
e
w
t
n
c
g
t
i

3
g

3

c
i
2
t
t
c
a
o
o
i
a
t
h
c
i
i

he  naked plasmid DNA-treated and -untreated animals were used as controls. N = 6
ith  PEG-Gel treated (non-parametric t-test). At the time of killing (40 days post-th
eprinted with permission of Macmillan Publishers Ltd.: Cancer Gene Therapy (Kom

Following confirmation of lack of toxicity of control and EGFR
eptide-modified type B nanoparticles, the efficacy of this sys-
em as gene delivery vehicle was evaluated with GFP-expressing
lasmid in Panc-1 cells. The cells were transfected with 20 �g
lasmid DNA dose per 200,000 cells for up to 96 h. The qualita-
ive fluorescence microscopy and quantitative flow cytometric as
ell as GFP-specific ELISA results showed that the EGFR targeted
anoparticle formulations showed highest transgene expression
elative to all the other controls, including Lipofectin®-condensed
NA (Fig. 5) (Magadala and Amiji, 2008). The enhanced transgene
xpression was attributed to the surface presence of EGFR peptide,
hich triggers rapid internalization by facilitated endocytosis and

hen quickly releases the cargo in the cells. EGFR-targeted gelatin
anoparticles showed superior DNA delivery in pancreatic cancer
ells in vitro, which makes this system a potential treatment for
ene therapy in vivo. Further in vivo study needs to be done to show
he safety and efficacy especially with a therapeutic gene construct
n the treatment of pancreatic cancer.

. Nanoparticles-in-microsphere oral system (NiMOS) for
ene delivery

.1. Oral gene therapy

Gene delivery through oral route seems very attractive as
ompared to other more invasive routes due to the ease of admin-
stration and very high patient compliance (Bhavsar and Amiji,
007a). Efficient oral delivery can provide sustained production of
herapeutic proteins at the disease site in the gastrointestinal (GI)
ract. Large surface area of GI tract and a large number of stem
ells in the intestinal crypts often help to improve the DNA uptake
nd transgene expression resulting in sustained local production
f therapeutic proteins. This has significant promise for treatment
f local diseases such as infections, gastric and duodenal ulcers,
nflammatory bowel disease, and GI cancer. In addition, oral DNA
dministration also allows access to the luminal side of the intes-
ine for treatment of regional disorders. The efficient oral delivery

as significant potential for administration of DNA vaccines that
an provide both mucosal and systemic immunity. The mucosal
mmune system is geared not only to protect against antigenic entry
nto the systemic immune system, but also to be unresponsive to
n ± S.D. *P < 0.01 as compared with naked plasmid DNA treated, #P < 0.01 compared
), the tumor masses from control and test animals were surgically excised.
ddy and Amiji, 2007b), copyright (2007).

food antigens (Roy et al., 1999). Lastly, oral DNA delivery can also
provide region-specific transfection and protein expression that
can be absorbed for systemic therapy.

Although there are many potential applications of oral gene
therapy, the delivery of gene construct in the GI tract is
extremely challenging due extracellular and intracellular barri-
ers. The extracellular barriers include various anatomical (mucus
and epithelial layer) and physiological constraints (varying pH,
degrading enzymes, etc.) exhibited throughout by the tract. In addi-
tion, once the DNA reaches the intended cell of interest, uptake,
endosomal/lyosomal escape, and efficient nuclear entry for pro-
tein expression remain an additional challenge to successful gene
therapy.

To overcome the delivery barrier, a number of investigators have
relied on polymeric microparticle or nanoparticle systems to carry
the plasmid DNA. Poly(d,l-lactide-co-glycolid) (PLGA) and chitosan
are examples of synthetic and natural polymers, respectively, that
have received significant attention in oral DNA delivery (Jones et al.,
1997). Both of these polymers in microparticulate formulations
have been used predominantly for oral vaccination that targets the
M-cells in the Peyer’s patch region of the small intestine.

3.2. NiMOS for oral gene delivery

Bhavsar and Amiji (2007b) developed a unique multicom-
partmental oral DNA delivery system based on encapsulation of
type B gelatin nanoparticles in poly(epsilon-caprolactone) (PCL)
microsphere. This delivery system was termed “nanoparticles-in-
microsphere oral system” or NiMOS. Based on the success of using
non-condensing type B gelatin nanoparticles for systemic gene
therapy, it was  envisioned that this formulation would also be suit-
able for oral gene delivery if the payload can efficiently reach the
cell of interest. As such, DNA-encapsulated gelatin nanoparticles
were further encapsulated in PCL microspheres to protect against
premature pH- or enzyme-induced degradation of the matrix and
the payload in the GI tract (Fig. 6) (Jones et al., 1997). PCL is a
biocompatible and biodegradable polymer which has been used

in various medical and pharmaceutical applications. Additionally,
PCL is known be degraded by lipases, which are abundantly present
in the small and large intestine. Using a statistical factorial design
optimization approach, NiMOS of 1–5 �m in diameter were for-
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Fig. 3. Antiangiogenic effect of expressed sFlt-1 in orthotopic MDA-MB-435 human breast adenocarcinoma-bearing female Nu/Nu mice. Tumor microvessels were detected
and  quantified by CD-31 (PECAM-1) antibody staining of tumor cryosections after harvesting the tissue at the time of killing (40 days post-therapy). (a) Quantitative analysis
of  microvessel density in tumor cryosections from animals receiving 20 �g of plasmid DNA dose every other day for 3 days in PEG-Gel and PEG-SHGel nanoparticles. Untreated
animals and those receiving naked plasmid DNA served as controls. The results represent an average of total number of blood vessels counted in at least three fields per tissue
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D-31  immunostaining images of tumor cryosections from the control and treated 

eprinted with permission of Macmillan Publishers Ltd.: Cancer Gene Therapy (Kom

ulated by a “double emulsion-like” technique with encapsulated
ype B gelatin nanoparticles of 200 nm diameter (Bhavsar and Amiji,
007b; Bhavsar et al., 2006). As such, NiMOs were believed to
e able to protect orally administered DNA during transit from
he stomach and release the nanoparticles in the small and large
ntestine. These DNA-containing gelatin nanoparticles then get
nternalized by enterocytes or other cells of the GI lumen for trans-
ection of the encoded protein.

Following oral administration of reporter plasmid DNA encod-
ng GFP or beta-galactosidase in NiMOS to fasted Sprague-Dawley
ats, there was significant GFP and beta-galactosidase expression in
he small and large intestine as area compared to controls includ-
ng DNA-encapsulated type B gelatin nanoparticles (Bhavsar and
miji, 2007b). The oral biodistribution studies with 111In-labeled
elatin nanoparticles and NiMOS showed clear accumulation in the

mall and large intestines at later time points (after 6 h), which was
elieved to be important for optimization DNA transfection in the

ower part of the GI tract. Following confirmation of transfection
ith reporter plasmid in both naïve and 1,4,6, trinitrobenezene sul-
ls are used as control. N = 9 fields of observation, mean ± S.D. P < 0.01 (ANOVA). (b)
ls.
ddy and Amiji, 2007b), copyright (2007).

fonic acid (TNBS)-induced colitis model established in Balb/c mice,
the colitis group was  treated with anti-inflammatory murine IL-10
(mIL-10) expressing plasmid DNA in NiMOS (Bhavsar and Amiji,
2008).

3.3. IL-10 gene therapy for inflammatory bowel disease

Inflammatory bowel disease (IBD) is a chronic condition that
involves the inflammation of mucosal layer of the GI tract. Evi-
dence supports that it could be mainly coming from genetically
determined dysregulation of the mucosal immune response to
luminal antigens. The normal mucosal layer of intestine generally
shows a balance between endogenous pro- and anti-inflammatory
cytokines. Pathogenesis of IBD seem to cause excess production of
pro-inflammatory and deficiency in anti-inflammatory cytokines.

Evidence suggests that the IL-10 is known to play an important role
in the immunological balance of mucosal immune system and its
expression seems to inhibit the production of pro-inflammatory
cytokines and chemokines, thus inhibiting antigen presentation (Li
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ig. 4. (a) Chemical reaction scheme illustrating surface modification of type B gela
 poly(ethylene glycol) (PEG) spacer and (b) scanning electron microscopy of contro
eprinted with permission of The AAPS Journal (Magadala and Amiji, 2008), copyri

nd He, 2004; Lindsay et al., 2002, 2004). In order to tilt the balance
oward an anti-inflammatory state, mIL-10 expressing plasmid was
ncapsulated in NiMOS. Following characterization of the formu-
ation for DNA loading, release, and stability, a dose of 100 �g per
nimal was administered in NiMOS orally to TNBS-induced acute

olitis bearing Balb/c mice. Control animals received no treatment,
aked mIL-10 expressing plasmid, or mIL-10 plasmid encapsulated

n gelatin nanoparticles.

ig. 5. Quantitative and qualitative in vitro enhanced green fluorescence protein (GFP
anoparticles, poly(ethylene glycol)-modified gelatin nanoparticles (PEG-Gel NP), and e
el  NP) in Panc-1 human pancreatic adenocarcinoma cells. Quantitative analysis was  p
ifferent time points from 24 to 96 h post-transfection. (c) Qualitative analysis of GFP tran
ere  treated with the plasmid DNA dose of 20 �g per 200,000 cells for a period of 4 h, foll

f  regular cell culture medium. Epifluorescence microscopy images were obtained at ×4
egative control, while the commercial cationic lipid-based DNA transfection reagent, Lip
eprinted with permission of The AAPS Journal (Magadala and Amiji, 2008), copyright (2
noparticles with epidermal growth factor receptor (EGFR) binding peptide through
-modified, and EGFR-targeted gelatin nanoparticles.

008).

When administered orally, the mice that received mIL-10
expressing plasmid DNA in NiMOS showed significantly higher
mRNA and protein levels as compared to control groups including
the group that received mIL-10 expressing plasmid DNA in gelatin
nanoparticles (Bhavsar and Amiji, 2008). The therapeutic benefits

were exhibited by significantly reduced levels of pro-inflammatory
cytokines such as IL-1a, IL-1b, IFN-gamma, TNF-alpha, and IL-12
(Bhavsar and Amiji, 2008). Along with the reduction of these, there

) transgene expression efficiency studies in control (unmodified) type B gelatin
pidermal growth factor receptor (EGFR)-targeted gelatin nanoparticles (Peptide-
erformed by (a) flow cytometry and (b) enzyme-linked immunoassay for GFP at
sfection was  performed by epifluorescence microscopy after 48 h. The Panc-1 cells
owed by washing with sterile phosphate-buffered saline (pH 7.4) and replacement
0 original magnification. Cells treated with blank gelatin nanoparticles served as a
ofectin® , was  used as a positive control.

008).
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Fig. 6. Schematic illustration showing the cross-sectional view of nanoparticles-in-microsphere oral system (NiMOS). On the left is the scanning electron microscopy (SEM)
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mage  of gelatin nanoparticles, which are less than 200 nm in diameter, and can ph
mage of 2–5 �m NiMOS with the overall DNA encapsulation efficiency of ∼46%.
eprinted with permission of Macmillan Publishers Ltd: Gene Therapy (Bhavsar an

as also significant reduction of chemokines demonstrated (MCP-

, MIP-1a). Additional more dramatic effect of transfected mIL-10
ctivity was evident from the gain in body weight in the animals to
ear baseline levels in naïve (no colitis) animals. In contrast, the
ontrol animals with TNBS colitis lost almost 30% of their body

ig. 7. Changes in body weight, clinical activity score, and the lengths and weights of colon
NA  in nanoparticles-in-microsphere oral system (NiMOS). The body weight change was

he  course of 8 days (a). The clinical activity scores in control and treatment animals as
onsistency (b). Additionally, the colon length (c) and colon weights (d) were also measu
anoparticles or NiMOS. Mean ± S.D. (n = 4).
eprinted with permission of Macmillan Publishers Ltd: Gene Therapy (Bhavsar and Ami
ly encapsulate plasmid DNA at a loading efficiency of >93%. On the right is the SEM

ji, 2008), copyright (2008).

weight a few days and had to be sacrificed. The NiMOS treated

group also had a restoration of colon length and corresponding
colon weight back to the baseline levels in the absence of acute
colitis (Fig. 7). Lastly, the excess IL-10 production also reduced the
cellular infiltration demonstrated by colonic tissue myeloperoxi-

ic tissue upon oral administration of murine interleukin (IL)-10-expressing plasmid
 used as a marker of therapeutic efficacy achieved with locally expressed IL-10 over

 measured using an aggregate of body weight changes, rectal bleeding and stool
red. Each conscious animal received a 100 �g oral dose of pORF5-mIL-10 in gelatin

ji, 2008), copyright (2008).
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ase activity and histology. The results of this study showed, for
he first time, the potential of oral therapeutic gene delivery for
reatment of acute colitis using biocompatible and biodegradable
iMOS.

. Nanoparticles for systemic siRNA delivery

.1. Extracellular and intracellular barriers to siRNA delivery

First discovered by Fire and Mello, RNA interference has
merged as a powerful post-transcriptional gene silencing
pproach. This strategy is especially appealing for therapeutic tar-
ets that are difficult for development of small molecule drugs.
owever, like other nucleic acid therapies, delivery of siRNA
uplexes to the target tissue and subsequently cellular internation-
lization and availability in the cytosol for effective binding to RISC
or mRNA degradation is a major hurdle before this experimental
pproach can be translated for routine clinical use (Domniska and
ykxhoorn, 2010).

Systemically administered siRNA faces multiple challenges in
he extracellular environment and various barriers for the intra-
ellular uptake before it reaches the site of action from its site of
dministration (Xie et al., 2006). Following intravenous adminis-
ration, large hydrophilic siRNA molecules are unstable in serum
nd rapidly degraded by nucleases and cleared from the body pre-
ominantly by the renal excretion route (Layzer et al., 2004). There

s also non-specific distribution of these siRNAs throughout the
ody, which decreases to some extent the local concentration in
he disease area. To reach the target cell, these siRNAs also need
o overcome the blood vessel endothelial wall and multiple tissue
arriers (Au et al., 2001; Jang et al., 2003; Wang et al., 2010). The
egatively charged siRNA molecules also do not efficiently cross
iological membranes. For the small fraction of administered dose
hat reaches the cell of interest, intact siRNA molecules need to
fficiently escape from the endosome/lysosome compartments for
inding with RISC and exert biological function (Au et al., 2001).
aked siRNA duplexes can be administered locally in select areas
f the body (e.g., eyes) (de Fougerolles et al., 2007); however, they
re not effective when administered systemically. As such, it is crit-
cal to develop safe and effective siRNA delivery vehicle in order to
ealize the tremendous clinical promise of RNA interference ther-
py.

Unlike plasmid DNA, siRNA duplexes need to be delivered to
he cytosol for therapeutic effect. Due to the fact that one anti-
ense strand can bind with multiple mRNA molecules, there is
remendous potency and nanomolar doses are effective for in vitro
nd in vivo silencing effects (Domniska and Dykxhoorn, 2010). An
deal siRNA delivery system, therefore, should protect the labile
ayload from degradation in the systemic circulation and afford
issue- and cell-specific targeted delivery. Phagocytic cells, such
s macrophages and monocytes, generally act as a significant
mmunological barrier as they are highly efficient in removing any
oreign material including certain therapeutic nanocomplexes and

acromolecules. The cells of the mononuclear phagocytic system
lso non-specifically bind to the unwanted negatively charged cells
o ultimately cause toxicity (Omidi et al., 2005; Pecot et al., 2011). As
reviously described, the PEG modification minimizes RES uptake
nd help the particle to accumulate at tumor site (Whitehead et al.,
009).

Once the siRNA molecules reach the cell of interest, the
arrier should be efficiently internalized and escape the endo-

ome/lyososome compartments. If the carrier/siRNA system is
ositively charged, it interacts with the negatively charged cell
embrane to form endocytic vesicle, although it involves addi-

ional non-specific interaction with other cells leading to toxicity.
armaceutics 427 (2012) 21– 34 31

Alternatively, ligands or antibodies can be attached on the surface
of the carriers to promote a specific receptor mediated endocytosis.
If this complex unable to escape the endosome, it ultimately traf-
fics through the compartments and fuses with lysosomes, where
it is subjected to the low pH and enzyme-induced degradative
conditions. In those cases, extra help is provided to disrupt the
endosome membrane by having fusogenic peptide or pH-sensitive
polymer/lipid backbone. Additionally, the delivery vehicle should
afford release of intact siRNA duplex for binding to RISC (Cho et al.,
2008; Domniska and Dykxhoorn, 2010). Above all, the delivery sys-
tem should be safe to administer to patients on a chronic basis and
allow for reproducible quality-assured large-scale manufacturing
(Leng et al., 2009).

4.2. Gelatin nanoparticles for HIF-1  ̨ gene silencing

Shah and Amiji used the unmodified or PEG-modified gelatin
nanoparticles that were previously developed in their lab (Kaul
and Amiji, 2002), for successful encapsulation and intracellular
delivery of siRNA. Surface PEG modification was used to impart
long-circulating properties and efficient delivery following non-
specific endocytosis to HIF-1  ̨ activated tumor cells. As previously
stated, at neutral pH, the uncharged gelatin particles trap siRNA by
physical encapsulation (Kaul and Amiji, 2002). The encapsulated
siRNA was shown to be stable even in RNAse rich environment. Fol-
lowing encapsulation of HIF-1  ̨ siRNA in these particles, these were
used to down-regulate the overly expressed HIF-1  ̨ in cancer cells.
HIF-1  ̨ is known to activate the transcription of many genes that
involve in propagation and progression of cancerous cells under
hypoxic conditions. Several studies confirm that HIF-1  ̨ is present
in many late stage aggressive carcinomas and over-expression of
HIF-1  ̨ is correlated with poor prognosis and decreased survival
(Koukourakis et al., 2002). Meanwhile, expression level of HIF-1˛
is also found to be related with expression of angiogenic mark-
ers such as VEGF and metastatic markers such as MMPs  and Ki67
(Koukourakis et al., 2002; Harris, 2002; Ryan et al., 1998). It was also
observed that the expression levels of HIF-1˛, VEGF, MMP2  and 9
were increased significantly under hypoxic conditions compared to
their levels under normal conditions (Carmeliet et al., 1998). Fol-
lowing treatment of HIF-1  ̨ loaded Gelatin or PEG-modified gelatin
particles in HIF-1  ̨ over expressed SKOV3 or MDA-MB-231 cells,
it has demonstrated significant down regulation of HIF-1  ̨ (Shah,
2011). With the decreased levels of HIF-1˛, the downstream mark-
ers VEGF, MMP2  and MMP9  were significantly reduced (Shah, 2011)
which may  indicate the reversal of the aggressive phenotype of the
tumors with HIF-1  ̨ knockdown, thus this treatment could offer a
great potential for the therapy of aggressive tumors.

4.3. NiMOS for TNF-  ̨ gene silencing in inflammatory bowel
disease

Bhavsar and Amiji (2007b) have recently extended the appli-
cation of NiMOS for oral delivery siRNA duplexes for treatment
of inflammatory bowel disease (IBD). For these studies, siRNA
was encapsulated in the type B gelatin nanoparticles, which were
further encased in PCL microspheres. Specifically, the gene for pro-
inflammatory cytokine, tumor necrosis factor (TNF-�),  which is
known to be up-regulated in the IBD, was  selected as a target for
siRNA delivery. Unlike plain gelatin particles, the NiMOS resided
longer time in small and large intestine and efficiently accumu-
lated and released the siRNA at the inflamed site (Bhavsar and
Amiji, 2007b). Acute colitis was established using dextran sul-

fate sodium (DSS) exposure to the Balb/c mice in their drinking
water. NiMOS with TNF-� silencing siRNA was orally adminis-
tered along with blank NiMOS and NiMOS with a scrambled siRNA
duplexes as controls. Successful delivery was  shown by efficient
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ene silencing in the large intestine, demonstrated by decreased
olonic levels of TNF-� and other pro-inflammatory cytokines such
s IL-1 �, IFN-� and chemokines (MCP-1) in mice treated with TNF-
/NiMOS compared to the other groups (Kriegel and Amiji, 2011).
hile the group that had DSS treatment, blank NiMOS or scramble

iRNA/NiMOS treatment exhibited clear signs of inflammation by
istological analysis, the tissues collected from the NiMOS/TNF-�
reated group showed no signs of any inflammation or disruption of
ealthy tissue morphology (Kriegel and Amiji, 2011). The mice that
ad NiMOS/TNF-� also demonstrated Increase in body weights and
olon length along with reduced myeloperoxidase activity com-
ared to a significant reduction in colon length reported with DSS

nduction (Kriegel and Amiji, 2011). Mice treated with blank NiMOS
nd scramble siRNA/NiMOS, also exhibited statistically significant
hortening just like the DSS treatment (Kriegel and Amiji, 2011).

hile the mice in all the treatment groups lost body weight until
he last dose of treatment, the recovery was significantly faster in

ice that had NiMOS/TNF-� treatment compared to all the other
roups. Myeloperoxidases are the index markers of inflammation
nd the down regulation of these markers in NiMOS/TNF-� treated
roup compared to all the other groups further support less inflam-
ation in mice in this group. These results all together suggest the

otential of NiMOS as an oral therapeutic option for treatment of
BD.

. Conclusions

Tremendous progress has been achieved in the development
f non-condensing delivery systems during the last decade. More
olymers have been utilized as non-condensing systems for gene
elivery based on “physical encapsulation”. Besides, for both
atural and synthetic polymers, safety, biodegradability and bio-
ompatibility are the obligatory requirements in the selection
f non-condensing polymers. Mainly, “physical encapsulation”
elates to the following criteria. Firstly, hydrophilic polymers,
uch as gelatin could be used as a non-condensing system. Dur-
ng desolvation step, gelatin polymers would particulate to avoid
ydrophobic interaction and nucleic acids tend to escape from the
rganic solvent to hydrophilic compartment, which helps them
o get into gelatin nanoparticles (Young et al., 2005). Secondly,
olymers with hydrogen donors and acceptors could form non-
ondensing system. For example, poly(N-vinyl pyrrolidone) could
ind to the base pairs in the major groove of DNA and associate
ith nucleic acids by hydrogen bonds at pH 4–6 (Mumper et al.,

996). Lastly, for hydrophobic polymers, if they could form emul-
ions, they would also have the potential to form non-condensing
ystem. For poly(d,l-lactide-co-glycolide), polymers and nucleic
cids were dissolved into different phases. With emulsion method,
ucleic acids in aqueous phase could embed in the organic phase
olymer and form microspheres or nanoparticles (Mundargi et al.,
008). For polymers with above characteristics, further researches
ould be done to investigate the ability of these polymers as gene
elivery vectors.

Although non-condensing polymers have shown certain encap-
ulation with nucleic acids, compared to viral vectors and cationic
olymers, they still need to improve transfection efficiency and
fficacy. Two main strategies have been applied during the devel-
pment: passive targeting and active targeting. Pegylation is a
ommonly used passive targeting strategy, which conjugate PEG
n the surface or out-layer of nanoparticles. Besides this, stimuli-
esponsive chemical modification is also generally applied. Lin and

l-Sayed et al. have developed a cationic copolymer system for
ucleic acids delivery, with pH-sensitive ethyl acrylic acid (EAA)
onomers (Lin et al., 2010). With this system, they have shown that

his system is stable at physical pH and could successfully silence
armaceutics 427 (2012) 21– 34

target after administration of nanoparticles into cells. Similar pH-
sensitive monomers could also be conjugated into non-condensing
copolymers. Meanwhile, disulfide crosslinks have been modified
to response to high level of glutathione in cytoplasm (Navarro
et al., 1999). Regarding to active targeting, antibodies and recep-
tor specific peptides are conjugated on the surface of vectors.
By association to the specific antigens or receptors on the target
cells, nanoparticles could specifically enter cells through receptor
mediated pathway and release the cargo into the target cell by
endocytosis. In order to further improve the efficacy of gene deliv-
ery systems, more recent studies combine different strategies into
the same system and produce multi-targeting delivery system. York
et al. have developed a HPMA copolymer system with multiconju-
gation of folate ligand, a cancer cell targeting moiety and siRNA
(York et al., 2010). With similar design, 3 or even more strategies
could be incorporated together into the same system for develop a
more efficient non-condensing system.

Furthermore, oral administration of non-condensing system has
shown a strong promise. Properties of previous delivery systems
have limited gene therapy to systemic and parenteral administra-
tion. However, NiMOS system successfully delivered the plasmid
DNA and siRNA into intestinal cells and accomplished gene deliv-
ery by oral administration. NiMOS system is based on blend of
two polymers (Bhavsar and Amiji, 2007b; Kriegel and Amiji, 2011).
By using PCL polymer as outer layer, nucleic acids loaded gelatin
nanoparticles could get protected from the gastric environment
and transported to intestines. With mixture of different polymers,
better encapsulation could be achieved (Csaba et al., 2005), dual or
multiple protections could be secured to ensure the stabilization of
nucleic acids during delivery and new administration type such as
oral dosage form could also be established.

Vila et al. synthesized a copolymer poly(lactic acid)(PLA)-PEG
and used this copolymer for intranasal gene delivery (Vila et al.,
2004, 2005). By incorporating the advantages of these two non-
condensing polymers, the new copolymer system could efficiently
encapsulate the plasmid DNA and circulate for longer time to trig-
ger the systemic immune response. Another group, Mao  et al. have
produced a triblock copolymer system, consisting of monomethoxy
poly(ethylene glycol), poly(�-caprolactone) and poly(2-ami<!– no-
mfc  –>noe<!– /no-mfc –>thyl ethylene phosphate) (Mao  et al.,
2011). They used these positive charged copolymers to self-
assemble and encapsulate siRNA, successfully delivered them to
tumor and, down-regulated acid ceramidase genes to ultimately
inhibit tumor growth (Mao  et al., 2011). In their system, they
enhanced the siRNA loading with positive charged portion, poly(2-
ami<!– no-mfc –>noe<!– /no-mfc –>thyl ethylene phosphate) and
prevent recognition by the mononuclear phagocyte system and
early clearance by the shield of PEG chain. By synthesizing new
copolymers, advantages of having different polymers could be col-
lected and better delivery systems could be further established.

Although non-condensing polymers are not efficient enough to
replace other gene delivery system for now, multiple techniques
could be applied to improve these systems. The research on non-
condensing gene therapy will move on with increased knowledge
and innovative delivery strategies. With continuous development,
non-condensing gene therapy will eventually lead toward better
treatments for many diseases.
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