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Lung cancer is one of the mostly deadly in the world, represents a therapeutic
problem. Although therapeutics for cancer such as chemotherapy, immunotherapy
and radio therapy, it shown considerable side effects. Once patients received therapy,
the death rate for lung cancers is significantly high. To overcome such a common
therapies, nanoparticle-mediated siRNA delivery strategies expect a latent way of
approach using selective silencing effect and non-viral vectors for reducing the
cytotoxicity. [1] In this paper, folate (FA) moiety as ligand conjugated poly(sorbitolco-PEI) (FPS) based gene transporter was designed by composing of low molecular
polyethylenimine (LMW PEI) and D-sorbitol with FA. Folate receptor frequently
overexpressed on the various cancer cells, and that means folate conjugated
nanoparticle can be effectively transported to selective cancer cells as ideal strategy
for improved gene therapy. [2] [3]
Additionally, We used the siOPA1 that have apoptosis effect through

mitochondria

fusion. OPA1 protein level stability is significantly improtant for maintaining normal
mitochondria cristae structure and function, for conservation of the inner membrane
structure and for protecting cells from apoptosis. Consequently, FPS/siOPA1
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indicated

high cell

viability, increased cellular uptake ability, to lung cancer

targeting in-vitro as well as in-vivo. [4]
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Introduction

Gene therapy has attracted a lot of attention as alternative countermeasure for
therapeutics of a wide range of cancers.Above others, considerable attention for
therapeutic strategy of lung cancer is on the increase. Lung cancer is the number one
cause of death in America and survival rate is still less than 15-20% according to
SEER Cancer Statistics Review (CSR). [5]
Ideal gene therapy is decided as the efficient and safe delivery of the therapeutic
gene, that is influenced by the carrier for gene delivery and its transfection efficiency.
There are two major types of carrier, and one of them is viral gene carriers. [6] [7]
Those were reported that have shown high transfection efficiencies, but their
characteristic such as size limitation, risk of immune response and associated
toxicities aren’t suitable as therapeutic aim. Therefore, non-viral carriers have
considered as attractive alternatives as compared with viral carriers for ideal gene
therapy. Among non-viral gene carriers.
Polyethlyenimine(PEI) has been widely used as standard due to it’s advantages
including in ease complex formation with genes, rapid endosomal escape by proton
sponge effect. However, PEI is barely suitable for carrier of gene therapy because
common PEI in gene therapy has still limitation such as high toxicity. [2]

To

overcome this obstacle, gene carrier have to chemically modify to enhance the
biocompatibility and its toxicity. Our group has previously developed a various of
PEI-mediated co-polymer including poly(sorbitol-co-PEI) ; PSMT, polymannitol,
polyglycerol and polylactitol . [8] [9] [10] [11] [12]
9

Above all, PSMT was synthesized for enhancing the cellular uptake ability and
biocompatibility, shown effect to transfection of gene for effective gene expression
and gene silencing by RNAi. Even though PEI-based carrier/siRNA complexes can
be shown latent possibility, those affect cancer cells as well as normal cells. [9]
To settle thus problem, carriers can be delivered to target cancer cells. If most of
nano-complexes can only be target to selective target cancer cells, side effects of
nano-complexes will be maximized an enhanced efficacy of anti cancer therapy.
Accordingly, our group has been designed the folate-conjugated PSMT for reduction
of unwanted effects. In the present research, ligand targeting using folate as the
ligand has emerged as a novel target moiety for cancer therapy. The merit used the
ligand is high expression rate of folate receptor(FR) in several cancers, also folate
have high binding affinity (Kd 0.01- 1 nM) for FR in lung cancers as well as other
types of cancer. [13] [14]
In addition, Folate have profitable advantages including in non-immunogenicity,
ease conjugation with other polymers and relatively low cost. Therefore, folate
conjugated targeting strategy could show potential in cancer therapy field. By using
thus advantages of folate in cancer-targeted gene delivery system, folate conjugated
PSMT (FPS) could enhance the efficacy of ligand targeting, could be selectively
enhanced in cancer cells compared to normal cells. We used siRNA which is
targeting one of the most significant proteins of mitochondrial dynamics; OPA1.
OPA1 plays a key role in regulating mitochondrial fusion process. Also degradation
of OPA1 leads to apoptosis of mitochondria, which also has an effect on cancer. [15]
In this paper, we loaded siOPA1 into PSMT conjugated with folic acid and
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investigated pre-clinic both in vitro and in vivo efficacy of siOPA1/FPS polymer as
a lung cancer treatment application.
On the wise, These ideal nano-particle / siRNA complexes can be represent a
potential new approach due to selective silencing effect of oncogenes and
expectation effectiveness of multi-functional nano-carrier for gene delivery, also
these strategy represents a new ideal trend in cancer therapy area.
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Review of Literature

1. General introduction
(1) General overview of gene therapy
Medicine is now preparing to undergo another epochal shift to an era in which genes
will be delivered routinely to cure or alleviate an array of inherited and acquired
diseases. [16] For instance, Cancer is one of the fatal diseases in worldwide. In all
types of cancers, some of the body cells divide in uncontrolled fashion without
stopping and spreads into surrounding tissues. The numerous research studies have
widely investigated various therapy strategies which includes chemotherapy,
immune therapy, radiotherapy and surgery. [17] In spite of development of novel
therapies, the cancer treatment frequently causes undesired effects such as nausea,
intense pain, vomiting, fatigue and other side effects. To provide alternatives to
traditional cancer therapies, one of the most promising strategies is gene therapy.
Gene therapy is not only useful in correcting genetic disorders but also other
disorders like myocardial infarction, stroke, cancer, and viral infections. [18]
Therefore, a wide variety of gene delivery systems have been developed already and
many are in the pace of development. [19] Figure 1. described about common
explanation of gene therapy and its usage.
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Figure 1. Common forms of gene therapy

There are a number of factors that could restrict efficient gene therapy. Therefore,
delivery system for in vitro and in vivo gene transfer should be described as a carrier
fulfilling several functions such as enabling delivery of genes into the target cells
and their nucleus, providing protection from gene degradation, and ensuring gene
transcription in the cell. During the last decades a long list of viral and non-viral
vectors have been developed to meet the requirements of ideal vector that allows
gene delivery to specific cell types, has a high gene transfer efficiency, produces
therapeutic levels of gene expression during long term periods, and minimizes the
generation of side effects. [16] [20]
In general, viral vectors are more effective for gene transfer due to unsurpassed
levels of transgene transfection efficacy, but have not been utilized as an all-utility
vector because of drawbacks such as nanoparticle formulation, storage difficulties,
limit in the size of carried gene, vector antigenicity, inflammation induced by the
vector, and possible insertional mutagenesis. [21] Viral vectors are also difficult to
13

produce on a large scale. As an alternation way of viral vectors, non-viral systems
have been investigated aggressively since, in 1999, a young patient died following
infusion of an adenoviral vector via the hepatic artery and also, in 2002, two patients
with X-linked severe combined immunodeficiency, those who treated with retroviral
vector gene therapy suffered from leukemia-like symptoms due to mutagenesis of
the retroviral DNA. [22]
Non-viral systems are relatively free from safety issue related to viral antigenicity,
which permit repetitive administration in clinical application and have an ability to
confer controlled levels of transgene expression in correct time and tissue.
[23]Despite the appeal of non-viral vectors, they pose several challenges including
lower transfection efficiency than viral vectors, high toxicity, and aggregated in
blood circulation. [23]To improve aforementioned disadvantages of non-viral
vectors, there are several studies have been carried out.

Table1. Advantages and disadvantages of viral vector and non-viral vector
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Likewise, non-viral vectors as carrier still need further investigation to overcome
relatively poor gene transfection efficiency and semi-specificity compared to viral
vectors. Therefore, researchers are grafting the targeting mode on the existing
method for high efficiency of non-viral vectors. These non-viral vectors can
selectively accumulate in tumors via enhanced permeability and retention effect
(EPR effect). If nanocarrier is able to avoid immune surveillance and have long
circulation times, the EPR effect will be optimal. As shown Fig 2. (A) passive
targeting : Nanocarriers selectively reaches to the tumor tissue via leaky vasculature.
[24]
Other small molecules (such as nanocarrier-mediated drug) can easily diffuse in and
out the tumor blood vessels, because of their small size and thus their effective
concentrations in the tumor could be decreased. [25] On the other hand, accumulated
nanocarriers by EPR effect can’t diffuse due to their size in blood stream. Once
passive targeting is based on drug accumulation in the sites around the tumors by
leaky vasculature. As previously stated, this phenomenon occurs the EPR effect,
becoming novel cancer targeting design for therapy. Although passive targeting is
novel targeting strategy, passive targeting have some limitations such as insufficient
localization of targeted system into cancer cells, down regulation of surface receptors.
[26] Thus, Active targeting strategy efficacy, specific selectivity as compared to the
passive targeting.
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Figure 2. Passive targeting and Active targeting

(2) Non-viral gene delivery vectors
Non-viral gene delivery systems generally classified as three categories; naked
DNA delivery, lipid-based delivery, and polymer-based delivery. Among those three
ways, the simplest methods of gene introduction are an injection of naked DNA into
target cells. [27] However, low transfection efficacy and short-term expression of
shuffling naked DNA have steered research toward the development of utilizing
various physical techniques including electroporation, microinjection, particle
bombardment, sonoporation, laser induced delivery, and bead transfection. By using
those

physical methods, majority of cells take in the target DNA molecule and no

requirement of selection of the transformed cells using antibiotic resistance or
herbicide resistance markers. Nevertheless, they are yet far from clinical use due to
damage of targeted cells. So, recently lipid-based and polymer-based non-viral gene
delivery using chemical and biological methods have emerged as alternatives to
naked DNA delivery or using physical methods. [28] Main methods of gene delivery
systems are described in figure 3.
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Figure 3. Main methods of gene delivery systems

2-1) Natural non-viral systems
2-1-1) Chitosan
Interest of chitosan (CT) as polymeric carrier for gene delivery have been increased
due to detailed research outcomes on gene delivery which is known to be an effective
expression of genes at experimental in-vitro and in-vivo studies. It has been also
considered as the suitable carrier for treating cancer since having the advantages of
low cytotoxicity, biocompatibility and biodegradability. [29]Chitosan can
spontaneously form polyplexes because of its cationic charge which can be
complexed with the negative charge of DNA and siRNA via electrostatic interaction.
[30]
Even if Chitosan was known as a good candidate for gene delivery due to its
advantages and it also may exhibit high binding affinity with gene due to their
characteristic, such as cationic charge density however it shows low transfection
efficiency and low cell specificity.(ref) Thus, chitosan for gene delivery needs
17

chemical modification as stable chitosan-based nanocomplex via chemical
modification or addition. [31]

2-1-2) Atelocollagen
Collagen is a fibered protein which plays a significant role in maintaining the
morphology of tissues and is categorized into several types. [32]One of those,
collagen type-1 is commonly used for various studies. However, therapeutic
application of collagen has a tough challenge due to its limitations such as immunereactivity and other miscellaneous complex contaminations. The immunogenicity of
collagen can be considerably solved by digestion with pepsin, such output of
digestion was called atelocollagen which can be obtained from collagen type1 by
pepsin treat. Atelocollagen was known as the first trial for gene delivery as a carrier
by virtue of unique characteristics including low immunogenicity and liquid/solid
status on the temperature change. [33] For instance, atelocollagen can be easily made
with the nucleic acid solution because it is liquid state at 40C. Also, its surface is
strong positive charge which can help complexation as a carrier for negatively
charged nucleic acids via the electrostatic interaction. [34] Finally, an advantage of
atelocollagen is adjustable size according to high and low concentration of
atelocollagen. Thus, atelocollagen/gene complexes are resistant to nucleases and can
be efficiently delivered into the target for long terms. [35]
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2-2) Lipid-based non-viral systems
Cationic liposomes generally composed of three parts including a hydrophobic lipid
anchor group (either a cholesterol group or fatty acid chains), a linker group such as
an ester, amide, or carbamate, which determines the chemical stability and
biodegradability of the lipid, and a positively charged head group, which interacts
with plasmid DNA and also plays a dominant role in transfection and cytotoxicity.
[36] Since the first result of successful in vitro transfection with cationic lipid
developed by Felgner in 1987, a large number of cationic lipids have been
synthesized and used for delivery of genetic materials into targeted cells during the
last several decades.
Neutral liposomes are generally used as DNA carriers and helpers of cationic
liposomes due to their non-toxic nature and high stability in serum. A positively
charged lipid is often mixed with a neutral co-lipid, also called helper lipid to
enhance the efficiency of gene transfer by stabilizing the liposome complex
(lipoplex). Dioleoylphosphatidyl ethanolamine (DOPE) or dioleoylphosphatidyl
choline (DOPC) is some commonly used neutral co-lipids. Interestingly, when
cationic liposomes are mixed with DNA, lipoplexes are formed with heterogeneous
morphologies. [37]Various cationic lipids have been developed to effectively
loading the genetic materials into body. Even the efficiency of both in vivo and in
vitro gene delivery using cationic liposomes is higher than that of pH sensitive
liposomes, the cationic liposomes get inactivated and unstable in the presence of
serum and exhibit cytotoxicity.[38] Due to reduced toxicity and interference from
serum proteins, pH-sensitive liposomes are considered as potential gene delivery
19

vehicles than the cationic liposomes.
In summary, liposomes are one of the most widely used as lipid-based vectors also
they can be directed to cells using monoclonal antibodies which recognize and bind
to the specific surface antigens of cells along with the liposomes. Furthermore,
liposomes can be prevented from destruction by the cell’s lysosomes by pre- treating
the cells with chemicals such as chloroquine, cytochalasin B, and colchicine.
However, liposome mediated transfer into the nucleus is still not completely
understood, so further studies re required.

Figure 4. The evolution and development for functional liposome. (a) A unilamellar
liposome consisting of a self-assembly of amphiphilic lipid molecules for trapping
hydrophobic molecules. (b) Ability for avoid immune cells. (c) A cationic liposome-DNA
complex consisting of an onion-like multiamellar structure with DNA (purple rods)
sandwitched between cationic membranes [39]
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2-3) Representative polymer-based non-viral systems
2-3-1) Poly(L-lysine) (PLL)
Even if Poly-L-lysine (PLL) has various advantages for gene delivery such as wide
selection of molecular size and shape, it has chronic drawbacks including poor
transfection efficiency and relatively high cytotoxicity. However, it could be
improved by linking of potential nanoparticles to the backbone such as PEG, mPEG
and PAMAM. [40] [41] Such a linking moieties have steadily received the attention
due to faculty for making fluxed form by itself of nano-sized particles which can be
facilitated for long circulation and low cytotoxicity. [42] Also, several biodegradable
poly-lysine conjugates have been synthesized for improvement the release ability of
gene.

2-3-2) Polyethylenimine (PEI)
Cationic polymers can be defined as macromolecules that bear positive charges and
most of them possess primary, secondary or tertiary amine functional groups, which
can be protonated. The cationic polymers are generally divided into three groups
according to their origin including natural, semi-synthetic and synthetic. [43]
Natural cationic polymers are derived from renewable sources and possess inherent
positive charges, which are biodegradable, presented low immunogenicity and low
toxicity. [44] Numerous natural cationic polymers have functional groups like
carboxylic acid groups that can be further modified to carry therapeutic molecules.
However, all those natural polymers usually require further modification in order to
improve cationic character and enhance transfection efficacy. [45]
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Semi-synthetic polymers are the group of cationic polymers, which have been
artificially modified natural compounds with polymerization methods. The most
well-known semi-synthetic non-viral system is chitosan derivatives-based polymer.
Interests of chitosan as polymeric carrier for gene delivery have been increased due
to effective expression of genes at experimental in-vitro and in-vivo studies. It has
been also considered as the suitable carrier for treating cancer since having the
advantages of low cytotoxicity, biocompatibility and biodegradability. Chitosan can
spontaneously form polyplexes because of its cationic charge which can be
complexed with the negative charge of DNA and siRNA via electrostatic interaction.
Even if Chitosan was known as a good candidate for gene delivery due to its
advantages and it also may exhibit high binding affinity with siRNA due to their
characteristic, such as cationic charge density however it shows low transfection
efficiency and low cell specificity. Thus, chitosan for gene delivery needs chemical
modification as stable chitosan-based nano-complex via chemical modification or
addition.
Synthetic polymers are valuable for therapeutic use since they can be produced in
a well-defined and controlled fashion, overcoming the greatest setback of natural
polymer: batch to batch variation. Synthetic polymers often exhibit increased
cytotoxicity due to the strong positive charge, but since they can be freely modified
in order to introduce desired properties, their biocompatibility can be improved, for
example by incorporation of biodegradable linkers and bioactive functionalities.
PEI is a cationic polymer widely used in synthetic nonviral transfection of genes
owing to its outstanding DNA entrapping characteristic and intrinsic endosomolytic
activity due to “proton sponge effect”. This hypothesis (proton sponge effect) is
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associated with the large buffering capacity of PEI and other polycations, which has
been interpreted to cause an increase in lysosomal pH even though no conclusive
proof has been provided. [46]
PEI-based homopolymers are classified by considering their molecular weight.
Also, the transfection efficacy and level of toxicity of PEI strongly depend on its
molecular weight (MW) as well as its structure. Although high molecular weight PEI
(HMW PEI), by forming stable polyplexes, is able to support entrapped genes against
degradation by lysosomal enzymes, its non-cleavable structure induces greater
cytotoxicity. [43]On the other hand, it has been demonstrated that low molecular
weight PEI has much less toxicity but very low transfection activity.

Figure 5. Mechanism of proton sponge effect

2-3-3) Osmotic active poly-ol-based gene transporter
The decision on efficiency of transfection needs various elements such as nano
particle size, shape and surface of chemistry. These elements ultimately are related
to cellular uptake pathways. (ref)
In this regards, our group has previously designed osmolyte part of poly-ol
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composed degradable PEI part as controlling intracellular trafficking of gene
transporters including polysorbitol [47] , polymannitol [12], polyxylitol [11] and
polylactitol. Osmotic active molecules like poly-ol

have two momentous roles for

ideal gene delivery. Commonly, high positive charges cause the electrostatic
interaction with the negatively charged components of the cell membrane which can
effect disruption and damage of membrane. [11] In case of poly-ol, 4-6 Hydroxyl
groups in poly-ol backbone bring mighty intermolecular hydrogen bond which can
neutralize the surface charge of the other polymer as well as polyplexes. [47]
Therefore, our polyplexes have nearly neutral surface charge. It can also expect the
enhancement of cell viability. Another crucial role is the hyperosmotic function of
poly-ol based carrier, which can stimulate a caveolae-mediated endocytosis pathway.
[48]Also, enhanced transfection by ideal internalization of genes previously certified
via relevant papers. Definitely, poly-ol based polymers needs some necessity of
further modification for epitropy. However osmotic poly-ol based gene transporter
have to be considered as ideal candidates as polymer-based gene transporter.

2-4) Selection for ligand-conjugated polymeric systems
Cells expresses different kind of receptors on their surfaces and specific receptors
are situated on the specific types of cells to receive the nutrients from extracellular
environment. By utilizing this beauty of natural laws, the receptor structures can be
simulated with ligands or with drugs since ligands are having default affinity for
receptors. Hence, whenever ligand is used with therapeutic moiety, the resulting
complex or modified moiety will be reached at the site of action thus enhancing the
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bioavailability. In this section different ligands conjugated with genes for targeting
has been discussed which showed great potential in combating various disorders.

2-4-1) Folate (FA)
Folate (FA) is known as small targeting molecules, highly studied due to their
advantages such as low molecular weight (Mw 441.4), economical price, stable and
non-immunogenic. Above all, it has high binding affinity with folate-mediated
polymers. Generally, Folate Receptors (FR) are almost nonexistent in the normal
cells, highly over-expressed on the surface of majority cancers. [49]
It has indicated that using folate as a specific ligand is the noble strategy for
enhanced gene delivery. FA as ligand not only easily conjugate to carriers, but also
the strategy of folate-mediated siRNA delivery indicates potent candidates as one of
attractive therapeutics of cancers and also was able to expect improved gene
transfection efficiency of FA-mediated carrier. [50] [51] For some years ahead, folate
mediated nanoparticles as a carrier for tumor cells will be the multifunctional
therapeutic approach for chemotherapeutics.

2-4-2) Aptamer
As mentioned above, common chemotherapy always remains with few limitations
due to cytotoxicity on both tumor cells and normal cells simultaneously i.e.
unwanted effect on normal cells. Strategy for enhancing such limitation is to use
specific ligand linked nanoparticles, which can improve the specificity of delivery
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agents to the appropriated site. [52]
Aptamers are oligonucleotides which regarded as the smart ligand due to an
inexhaustible application and as in the following advantages. It can easily modify
the structures via chemical reactions due to their specific three-dimensional form,
bind to their targets with specificity and high affinity as well as ease in productivity,
diversity of the aptamer and low immunogenicity. Also, aptamer has been widely
studied for biological and therapeutic applications; drug delivery, co-delivery and
siRNA delivery. [53]

Figure 6. Recent studies with aptamer as ligands for siRNA delivery in targeting
delivery system types

Among these, siRNA delivery uses the strategy to cleave mRNA via a cytoplasmic
pathway known as RNAi. In spite of the unique strategy, siRNA based therapeutics
has been studied to improve for more safety and efficiency. The combination of
siRNA and aptamers as a smart ligand for targeted delivery to tumor cells, enhances
the therapeutic efficacy and decrease unwanted off-target effects of siRNA. [54]
As shown in Fig. 7, the concept of attaching siRNA to aptamers is simply as below.
First, non-covalent conjugation with siRNA- aptamers via streptavidin as a
connector takes place. Streptavidin is a tetrameric protein that has high affinity with
biotin.
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Figure 7. Concept of apamer conjugated siRNA

Such strategy of aptamer-siRNA chimera formation is a completely nucleotidebased approach for unique siRNA delivery because of its similar chemical
composition with siRNA which can easily be synthesized. So, Aptamer-siRNA
chimera has advantages like low cost, ease of in-vivo application and minimal
immunogenicity.

2-4-3) Anisamide
Most of the researchers have tried to improve cancer targeting gene delivery upon
the enhanced permeability and retention (EPR) effect. As you know, ligands in active
targeting are showing the high affinity with the relevant receptor of tumor cells. In
case of anisamide, it can be bind with the sigma receptors of various cancer cells
which provides selective cancer targeting delivery of genes. Thus, anisamide
conjugation with NPs for siRNA delivery will bring the possibility to enhance the
intracellular uptake ability. [55] In addition, widely used PEGylating strategy due to
surface charge, which has a role as the linker with targeting ligand such anisamide
to improve cell specific uptake. [56]
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2-4-4) Transferrin
Transferrin (TF) is one of the serum protein which is a natural macromolecule,
abundantly exists in blood. And TF can be circulated for a long time and facilitate
accumulation on tumor cells than other serum proteins. Therefore, TF is an ideal
candidate for ligand targeting because of unique advantages such as high affinity for
a relevant receptor and biocompatibility. Furthermore, TF has been widely studied
as ligand targeting moiety due to overexpressed transferrin receptors on the surface
of cancer cells such as breast, prostate and others. [57] Even though TF of wild type
haven’t enough binding affinity with negative charge of siRNA or DNA, can be
solved via chemical modification. For instance, can be used transferrin and polysiRNA and modified the primary amine of TF, as a result it produces a thiol-TF with
sulfhydryl group. It can target for resolving an insufficient affinity ability between
TF and siRNA. Thus, encapsulated siRNA (psi-tTF) leads to improved circulation
time and was protected from degradation. [58] [59]
Hence, modified TF-based poly siRNA formulation can be used as potential carrier
for siRNA delivery strategy like other ligands through its biocompatibility and long
circulation time, be considered an ideal candidate for siRNA delivery system for
cancer therapy.

2-4-5) RGD-peptides
Integrins are essential to cell adhesion receptors which have an important role in
cancer progression because several types of integrins over-expressed in various
tumor types and in such cases the αvβ3 integrin is highly overexpressed in various
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cancer cells. [60] The αvβ3 integrin can specifically recognize the short peptide
motif Arginine-Glycine-Aspartate (RGD) and can convey to target tumors via active
targeting. Using RGD peptides conjugated with various vectors including lipoplexes,
dendrimer and others for siRNA delivery have widely been received the scientific
attention. [61] [62]
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Materials and methods
1. Materials
Branched

PEI

1.2kDa,

Folate,

sorbitol

diacrylatev

(SDA),

dimethyl

sulfoxide(DMSO), DCC, N-hydroxyl succiamide(NHS), Acryloyl chloride
Dimethylformamide(DMF), were purchased from sigma-Aldrich (St.Louis, Mo,
USA), tetrazolium reagent(MTT), bafilomycin A1,
chloropromazine(CH), genestine(GE), wortmannin, were ordered from Sigma
Aldrich (St. Louis, Mo, USA), Roswell Park Memorial Institute(RPMI), Fetal
bovine sereum(FBS),Dulbecco’s modified Eagle’s medium(DMEM) and penicillin
/streptomycin were purchased from Hyclone (Logan, Utah) for in-vitro. 0.1U RNase
A was purchased from sigma-Aldrich(St.Louis, Mo, USA),

siOPA1 (siRNA)

was purchased from Bioneer company(Dae-jeon, South of Korea), pGL3 gene for
control vector, plasmide maxiprep kit for E.coli plasmid purification and luciferase
assay system for in vitro transfection study were purchased from Promega (Madison,
WI, USA),

2. Animals
K-rasLA1 lung cancer model mice were purchased from the Human Cancer
Consortium-National Cancer Institute (Frederick, MD, USA) and were cared
according to the regulations and policy for the care and use of laboratory animals
published by the Seoul National University. Animals were maintained in the
laboratory animal facility under a 12h light/dark cycle. Temperature was controlled
at 23℃±2℃ and 50%±10% humidity. For aerosol gene delivery, mice were
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exposed to the aerosol in a nose-only exposure chamber following previously
established methods. Twelve K-rasLA1 mice were randomly divided into three
groups of control, scrambled siRNA, and siOPA1. The mice were placed in a noseonly exposure chamber, and 30 ml of the FPS/siRNA complexes was inhaled via
aerosol delivery using a nebulizer for 30 min, twice per week for 4 weeks. Aerosol
delivery system of our group has been verified as an effective in vivo gene
transfection system through several papers [ref]. All experimental protocols were
reviewed and approved by the Animal Care and Use Committee of Seoul National
University. (SNU –160615-6)

3. Synthesis of poly(sorbitol-co-PEI) and polysorbitol-based
gene transprter (FPS)
Sorbitol diacrylate (SDA) was prepared by reaction between sorbitol and acryl
chloride for linkage with amine group of PEI(M.W 1.2kDa) according to our
previous paper. [PMID:26141346]. Folate(FA) was dissolved in 6ml of DMSO with
9.5mg(0.046mmol) of DCC added to that.After completion of synthesis, polymer
was dialyzed in D.W using Spectra/PorR membrane [molecular weight cut off
(MWCO) : 3500Da ; Spectrum Medical Industries, Inc, LosAngeles, CA, USA] at
4°C for 24h. Dialyzed FA/PSMT (FPS) was freeze and dried until completed
polymer condition. Then FPS polymer was stored at -70°C until next scheduled
experiments. FPS was characterized by using 1H NMR spectroscopy (Avace 600,
Bruker, Germany) for confirming the composition of the FA in PSMT.
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4. Characterization of FPS
FPS was characterized using a 1h NMR spectrometer(AVANCE 600, Burket 600mHz, Germany) for estimating the composition of FPS in PSMT. The molecular
wight of FPS was confirmed using a gelpermeation chromatography column(GPC)
with TSKgel G5000PWxl-TSKgel and G3000PWxl-C in fixed 45°C with a flow rate
of 1.0ml min and 0.1M NaNO3 was used as the mobile phase.

5. Measurement of particle sizes and zeta-potential and
observation of morphologies
Particle size and zeta-potential of FPS were measured using a dynamic light
scattering spectrophotometer(DLS) (Otsuka Electronics DLS-7000). FPS/siRNA
complexes were made at N/P ratio 5,10,15 and 20 with 50pmole luciferase siRNA
in 2ml of total volume for measuring the nanoparticle sizes. The morphology of the
FPS/siRNA(siOPA1) complexes were observed at N/P ratio 10 by energy-filtering
transmission electro microscopy (EF-TEM) (LIBRA 120, Carl Zeiss, Germany). The
complexes were prepared with double distilled water (DDW), that was put on a
copper grid. After drying the grid, that was confirmed by EF-TEM.
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6. Gel retardation assay
Gel retardation assay was performed by a common gel electrophoresis.
After complexation between pGL3 plasmid of 0.1µg and FPS, the siOPA1 and pGL3
gene condensation ability of the FPS co-polymer was confirmed by gel
electrophoretic technique according to various N/P (amine group of polymer /
phosphate of gene) ratio group from 1 to 20, the Complexation of FPS / siRNA (1ug)
were prepared as diluted in RNase-free DEPC-treated water and then incubation at
room temperature(RT) for 30min.

final volume was 15µL including agarose gel

loading dye(2µl) and ethidiumbromide(EtBr) (1µL / tube). To evaluate of release
ability and complexation, the FPS/siRNA complexes were loaded onto 2% agarose
gels and performed at 100V for 30min with Tris/Borate/EDTA (TBE) buffer.

7. Measurement of osmolarity
To measure osmolarity, prepared 50µL of samples including bPEI 1.2K ,PSMT and
FPS in DW with various concentration(mg/ml). Measurement was used by
cryoscopic osmometer (Osmomat 010, Gallay Medical & Scientific, Australia)

8. The protection and release assay of siRNA
siRNA protection in a RNase A environment and release of siRNA from polymer
complexes could be investigated by a gel electrophoresis process. FPS /
siRNA(control siRNA) complexes and naked siRNA (0.5ug) were separately
incubated for 30min at room temperature. 0.1U RNase A (0.2ul) was added to siRNA
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and FPS/siRNA complexes for 30min at 37°C prior to addition of glycerol. Each
group was loaded into 2% agarose gel in 1X TBE buffer.

9. Cell lines and Cell culture
Cell lines were used A549 cells(lung adenocarcinoma epithelial cells, human),
HepG2 cells(hepatocellular carcinoma, human) were cultured in Roswell Park
Memorial Institute Medium (RPMI 1640), 293T cells (embryonic kidne y cells,
hunan) were cultured in Dulbecco’s modified Eagle’s medium (DMEM). Culture
media contained inactivated FBS 10% with penicillin/streptomycin 1%. All cells
were cultured at 37°C in a humidified atmosphere containing 5% CO2 incubator.

10. In-vitro cell cytotoxicity with pGL3 gene and siOPA1
Cell viability of three different cell lines (A549, HepG2 and 293T) was measured
with MTT assay. Cells were seeded at a density 1 x 105 cells/well in a 24-well plate
and grown to 70% for 24h. Then incubated with various ratio PEI, PSMT and FPS
/ pGL3 gene (0.5µg/ml) complexes in the 500 µl media without serum for 24h. On
the other hand, polymers / siOPA1 complexes incubated with polymer/siOPA1
complxes in the 500µl media without serum for 48h and 72h. After incubation,
MTT reagent (0.5mg/ml ) added to relevant well in culture medium for 4h for
reaction. After 4h, media was aspirated carefully and DMSO was added to each
well to dissolve purple formazan, transferred to 96-well plates and optical density
was measured at 535-540nm using a VERSAmax tunable micro-plate reader
(Sunnyvale, USA). The results were converted into % viability by using the
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absorbance from untreated wells as a reference (100%), and expressing the
absorbance obtained from the treatment groups as a percentage of the reference
value.

11. In vitro transfection efficiency with pGL3 gene luciferase
siRNA
Transfection efficiency (in-vitro) in three different cell lines (A549, HepG2 and
293T) was measured by luciferase assay. Cells were seeded at density of 1 x 105
cells/ml and grown to 70~80% confluence in 24-well plates as MTT assay.
Luciferase positive control siRNA were complexed with FPS,PSMT and PEI at
vairou ratio. Serum-free media containing complexes were added to each well and
incubated for 4h. Media were replaced with the Serum with media and incubated
for 24h. In case of used siRNA, incubated for 48h. After aspirating the media, 1x
passive lysis buffer 100µl was added to each well. Luciferase assay was performed
according to the manufacturer’s instruction (luciferase assay system protocolPromega). Luciferase activity was detected using luminometer (Infinite®200 PRO,
TECAN, Switzerland) to measure relative light units (RLU), which were
normalized via measured total protein by a BCA protein assay.

12. Competition assay
Competition assay was performed to confirm the lung cancer targeting efficacy of
FPS / siRNA complexes at an N/P ratio 10. A549 cells were seeded at density of of
1 x 105./ml and incubated for 18-20h to obtain 80-90% confluence in 24-well plate.
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Before transfection of FPS / siRNA complexes, folate as a competitor was prepared
by dissolving in serum-free media with various concentrations (0mM, 10mM, 20mM,
30mM) and treated to each well and incubated for 30min. As referred to earlier, the
transfection of FPS /siRNA complexes was performed and luciferase activity was
confirmed by same method with in-vitro cell transfection process.

13. Effect of cellular uptake inhibitors on transfection
efficiency
To verify endocytosis pathway mechanism of FPS/siRNA complexes, A549 cells
were seeded at 1 x 105cells/ml and grown to 70~80% confluence in 24-well plate.
CH, M-β-CD,GE and WO) were known as cellular uptake inhibitor, prepared by
dissolving in DMSO, then mixed with serum free media at various concentrations
and treated to the cells. After incubation 1h at 37°C in a humidified atmosphere of
5% CO2, PEI/siRNA, PSMT/siRNA and FPS/siRNA complexes at N/P 20 were
added and incubated without eliminating inhibitors for 4h. Effects of cellular
uptake inhibitors were investigated by measuring luciferase activity in triplicate.

14. Effect of bafilomycin A1 on transfection efficiency
A549 cells were seeded at density of 1 x 105 cells/ml and incubated for 18-20h to
obtain 70~80% confluence in 24-well plate. Before transfection with Pei/siRNA,
PSMT/siRNA and FPS/siRNA complexes at N/P 20, bafilomycin A1 (200nM,
250µl/well) as an inhibitor of vacuolar-type H+-ATPase (V-ATPase) was treated to
the cells for 15min. Luciferase activity was measured as described above.
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15. In vitro Western blot of OPA1 protein
The OPA1 protein(50ug) were separated on SDS-PAGE and transferred to the
nitrocellulose membranes using a wet transfer method on 12V for 1h and the
membranes were pre-blocked for 1h in Tris-buffered saline(TBS) + Tween 20
solution containing 5% skimmed milk overnight at 4℃ with agitation. Subsequently,
incubated with base-1 IgG (rabbit polyclonal antibody) or gapdh IgG (rabbit
polyclonal antivbody) overnight at 4℃. After washing by TBS+Tween 20 for 15min,
goat anti-rabbit IgG-HRP was treated and incubated for 1h with agitation. The bands
of interest were detected with CCD cameral gel documentation system(chemidoc;
Bio-rad, USA)

16. In vitro apoptosis of OPA1 protein
The Annexin V-FITC Apoptosis Detection Kit I (Koma Biotech, Seoul, Korea) was
used to detect apoptosis by flow cytometry. After treatment of Polymer/siRNA
complexes, fluorescence intensity in the cells was measured using FACS AriaII flow
cytometer (BD, Franklin Lakes, NJ, USA). Early-stage apoptotic cells were annexin
V positive, and PI negative. Late-stage apoptotic cells were annexin V positive, and
PI positive. Necrotic cells were annexin V negative, and PI positive.

17. In vivo Aerosol delivery
All animals used in this study were maintained under animal protocols of Seoul
National University guidelines and the study was approved by the Seoul National
University Institutional Animal Care and Use Committee (SNUIACUC, Seoul,
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Korea). Breeding K-rasLA1 mice, which are an accepted model of human non-small
cell lung cancer, were obtained from Human Cancer Consortium-National Cancer
Institute (Frederick, MD) and kept in the laboratory animal facility with temperature
and relative humidity maintained at 23 ± 2 °C and 40 ± 20 %, respectively, under a
12-hour light/dark cycle. Experiments were performed on 8-week-old female KrasLA1 mice (n = 6 per group). The control group (Con) was untreated. The other two
groups were exposed to an aerosol containing polymer with siSCR and siOPA1. The
K-rasLA1 mice exposed to siRNA complexes were placed in a nose-only exposure
chamber twice a week for 4weeks.
Scrambled siRNA (sense: 5’-CGUACGCGGAAUACUUCGAUU-3’;
antisense: 5’-UCGAAGUAUUCCGCGUACGUU-3’) and
mouse siOPA1 (sense: 5’-GAG GAUAGCUUGAGGGUUA-3’; antisense: 5’UAACCCUCAAGCUAUCCUC-3’) were used for experiment. At the end of study,
the mice were sacrificed and the lungs were carefully collected. During necropsy,
the neoplastic lesions of lung surfaces were carefully counted under a microscope.
Simultaneously, the lungs were fixed in 10 % formalin for histopathological
examination. After experiments, remaining lungs were stored at −70 °C for further
analysis

18. Western blot Analysis
Lungs were homogenized, and protein concentrations were measured with a BCA
protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). An equal amount
of protein (25 mg) was separated onto a SDS-containing gel. Appropriate primary
antibodies were purchased from Actin-HRP (Santa Cruz Biotechnology, Santa Cruz,
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CA, USA) and OPA1 (BD Biosciences, San Jose, CA, USA). Secondary antibodies
conjugated with horseradish peroxidase (Life Technologies, Grand Island, NY, USA)
were applied according to the manufacturer’s protocols. Quantification of the
proteins were obtained with the CS analyzer 3.0 program (ATTO, Tokyo, Japan).

19. Histopathology
The lung tissue were collected and fixed in 10 % formalin. After paraffin
embedding, tissue sections were cut at a thickness of 4 µm and transferred to a slide
using microtome blade (Leica Biosystems, Nussloch, Germany). For histological
analysis, the tissue sections were routinely processed and stained with hematoxylin
and eosin. Sections were deparaffinized, rehydrated, antigens were retrieved, and
endogenous peroxidase was quenched for immunohistochemistry. Primary and
secondary antibodies and 3, 3’-diaminobenzidine (DAB) were applied accordingly
(Life Technologies). Slides were reviewed using a microscope.

20. Statistical analysis
All in vitro data presented as the mean ±SEM, and stastical differences among treat
groups were analyzed by one-way analysis of variance (ANOVA) was performed
using a Bonferroni’s post test. (Graphpad software prism6, SanDiego, CA, USA). *
p < 0.1 was considered a significant and ** p < 0.05 and *** p < 0.01 were
considered highly siginificant compared with the corresponding control.
All in vivo data statistics was performed using analysis of Student’s t-test with
Microsoft Excel program (Redmond, WA, USA). All data were compared with
corresponding values (P < 0.05 was considered statistically significant).
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Results and Discussion

1. Synthesis and characterization of PSMT and FPS
As shown in Fig. 8, sorbitol diacrylate(SDA) was prepared by reaction of sorbitol
and acryl chloride under molar ratio of 1:2 in the presence of pyridine at 4℃ for
24h. Diacrylation can be introduced to only 1 and 6 positions of the hydroxyl groups
of sorbitol because these positions of primary alcohols are more reactive than the
hydroxyl groups of secondary alcohols, PSMT was successfully prepared from SDA
and LMW PEI (MW:1.2kDa) in anhydrous DMF at 80℃ for 24h. Finally, amide
group of SDA and amine group of LMW PEI successfully formed ester linkages. [9]
[47]
FA prepared for activation by using DCC, NHS solutions at 4℃ as shown Fig.9
After activation, FA was directly conjugated with PSMT. The synthesis of FPS can
be confirmed by assessing 1H NMR of the peaks of vinyl groups in primary alcohol
position of SDA(δ:3.1–4.1)-backbone and PEI(δ:2.4-2.8) in FPS.(Fig.10). The
reaction scheme of the FPS polymers, and functional parts are described in Fig.2.
The compositions of PEI, SDA and FA were estimated 52.7%, 44.2% and 3.1 mol%
by analyzing 1H NMR. For accuracy, measured the molecular weight of FPS by GPC
was 10,951 Da as shown in Table 2.
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Figure 8. Schematic illustration of PSMT synthesis

Figure 9. Schematic illustration of FPS synthesis.
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Figure 10. 1H NMR spectra PEI, SDA and FA in FPS.

Table 2. Molecular weight of PSMT and FPS measured using GPC
Name

Mn(Daltons)

Mw(Daltons)

Polydispersity

PSMT

3,578

8,496

2.374656

FPS

4,612

10,951

2.415416

Mn (number average mol weight) and Mw (weight average mol weight)

2. Physicochemical characteristics of FPS/DNA complexes
The particle size and surface charge of polymers for carrier are significantly
important in gene delivery system because those have determinant factors of
distribution and toxicity. [63] FPS/DNA complexes were measured using an
exclusive instrument.
The particle sizes of FPS/DNA complexes were ranged from 186.5 to 230.6nm
(Table 3). The Sizes were slowly increased with the increase of N/P ratios due to
hydroxyl groups of SDA inducing repulsive force. The particle sizes of FPS/DNA
complexes at N/P ratio 20 monitored by energy-filtering transmission electro42

microscopy (EF-TEM) are significantly similar to those measured by dynamic light
scattering and also revealed that the particles are compact and spherical in shape
shown in Fig.11. [63]
The zeta-potential of FPS/DNA complexes ranged from +8.0 to +13.1 mv (Table 3)
which is significantly lower than PEI/DNA complexes because the hydroxyl group
of SDA neutralize the positive charge of LMW PEI, it means that will be expected
the low cell cytotoxicity. Commonly, the zeta-potential above ±30mv is known as
stable in suspension as the surface charge prevents cohesion [64]
Table 3. Size and zeta potential of FPS/DNA complexes
N/P

N/P

Size(nm)

Zeta potential(mV)

ratio

PEI/DNA

FPS/DNA

ratio

PEI/DNA

FPS/DNA

5

96.1±4.5

230.6±1.5

5

26.5±1.2

13.1±2.1

10

88.3±5.8

228.4±3.3

10

33.6±2.8

9.9±3.4

20

67.3±4.2

200.7±5.2

20

47.6±4.2

8.4±4.5

30

40.6±2.9

187.5±1.6

30

49.2±3.2

8.0±1.6

200nm
Figure 11. Transmission electron microscope (TEM) image of FPS/DNA complexes
(N/P 20)
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Gel retardation assay conducted for evaluation the electrostatic interaction and
condensation with cationic FPS and negatively charged DNA. As a result of
electrophoresis, confirmed no band by perfect neutralization and condensation at N/P
ratio 1 (Fig.12), it means that electrostatic self-assembly of FPS/DNA complexes
can be successfully verified as non-viral vectors systems.

DNA

1

5

10

20

Figure 12. Gel electrophoresis of FPS/DNA complexes at various N/P ratios

In our reported papers, polyol-based gene transporter had important role as selective
pathway via caveolae-meditaed endocytosis pathway by their characteristic
osmlatiry. In this regard, osmolarity of FPS/DNA complexe was measured and by
osmometer (Gallay Medical & Scientific, Osmomat 010) by various concentrations
of polysorbitol. As shown Fig.13, the osmolarity of FPS/DNA increased depending
on concentration of sorbitol increased. This results presented that the FPS/DNA
complexes have the osmotic strength by hydroxyl group of SDA. The osmolarity of
FPS is 2.4- and 5.7- fold higher than bPEI 1.2kDa at concentration 50 and 250mg/ml,
was similar with proven PSMT.
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Figure 13. Osmolarity of PEI 1.2 kDa, PSMT and FPS measured by osmometer

3. In vitro cytotoxicity of FPS/DNA complexes
Non-viral vectors for gene delivery have to meet the safety requirement due to their
obstacle in clinical application. In this regard, in vitro cytotoxicity study conducted
using A549, HepG2 and 293T cell lines by MTT assay principle. As above
mentioned, we used low molecular weight(LMW) PEI instead of high molecular
weight(HMW) PEI because some studies indicated that HMW PEI/gene complexes
can be induced cell dysfunction with high densities of amine group of PEI, it means
that dependent on the molecular weight of PEI. [65] Amine group of LMW PEI
connected with amide group of SDA by ester linkage, negative charge of hydroxyl
group of SDA contribute to quench the positive charges of PEI, which brings up the
advantages including in improvement of the cell viability. The results showed that
the FPS/DNA complexes were significantly less cytotoxic in there different cell lines
(A549, HepG2 and 293T) at various N/P ratios (Fig.14) than LMW PEI. Particularly,
FPS/DNA complexes
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Figure 14. Cytotoxicity of FPS/DNA and PEI/DNA complexes was measured by MTT
assay method in (A)A549 cells, (B)HepG2 cells, and (C)293T cells. [n=3, one-way
ANOVA, error bar represents standard deviation; * p < 0.1 ; ** p < 0.05 ; *** P < 0.01,
compared to that of FPS/DNA complexes and control(PEI)].

4. In vitro transfection efficiency of FPS/DNA complexes
As mentioned above, non-viral vectors for gene delivery have assignments such as
insufficient transfection efficiency compared to viral vectors. To confirm in vitro
transfection ability of FPS, we delivered pGL3 luciferase reporter plasmids using
PEI, PSMT, FPS and Lipofectamine 2000 in identical cell lines with MTT assay. As
shown in Fig. 15 , the transfection efficiency of FPS/DNA complexes showed
remarkably higher transfection efficiency than PEI/pDNA complexes, particularly at
N/P 20 and 30 because of its hyperosmotic behavior of FPS resulting in better
loading capability of DNA. These results indicate the potential usage of FPS as
applications in gene therapy field.
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Figure 15. In vitro transfection efficiency of FPS/DNA complexes. PEI, PSMT , FPS and
Lipofectamine 2000 were complexed with pGL3 gene at various N/P ratios and
transfected in (A) A549 cells, (B) HepG2 cells (C) 293T cells without serum. Chemo
luminescence was measured 24h after transfection and normalized with the amount of
protein (n = 3, one-way ANOVA, * p < 0.1 ; ** p < 0.05 ; *** p < 0.01 ; compared to that
of PEI/DNA complexes)

5. Physiochemical characterization of FPS/siRNA complexes
As mentioned above, the particle size and zeta potential of vectors make decision as
an ideal carrier for gene delivery. FPS/siRNA complexes were much smaller than
FPS/DNA (Table.3) polymer ranged from 145.2 to 192.4nm (Table.4) implying
more suitable for gene delivery. Also, the particle sizes of FPS/siRNA complexes at
N/P ratio 20 monitored by TEM and in order to confirm the values of polymer DLS
were carried out (Figure.16). The zeta potential of FPS/siRNA complexes were
ranged from +7.4 to +16.8mv (Table 3), which is significantly lower than PEI/DNA
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complexes. It means that positive charge of FPS/siRNA polymers was neutralized
by hydroxyl group of SDA.
The significant in vitro results of FPS-mediated plasmid DNA delivery, particularly
less cytotoxicity and enhanced transfection efficiency encouraged us to explore
further experiments to transfer siRNA by using our polymer. Gel retardation assay
confirmed the siRNA complexation by FPS. As shown in Fig.17, no siRNA was
observed by perfect neutralization and condensation from an N/P ratio 1. Also, a
siRNA protection and release assay was carried out under RNase environment to
determine whether siRNA complexation with FPS would be protected from the
enzymatic degradation. Compared with siRNA directly exposed to RNase A, siRNA
connected to FPS was unchanged, indicating that genetic cargo can be safely
protected and easily released from FPS complexes.
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Table 4. Size and zeta potential of FPS/DNA complexes
FPS/siRNA

N/P
ratio

PEI/DNA

FPS/DNA

56.1±4.1

192.4±5.6

5

26.5±1.2

16.8±2.1

10

48.8±3.2

185.2±6.2

10

33.6±2.8

11.9±3.4

20

57.5±4.3

176.8±3.7

20

47.6±4.2

8.2±3.5

145.2±2.6

30

49.2±3.2

7.4±1.6

N/P
ratio

PEI/siRNA

5

30

Size(nm)

42.6±5.7

Zeta potential(mV)

0.5 um

Figue 16. Transmission electron microscope (TEM) image of FPS/DNA complexes (N/P
20)

Figure 17. Gel retardation and siRNA protection assay (A) gel electrophoresis of
FPS/siRNA complexes at various N/P ratio (0.1,1.5.10 and 20). (B) siRNA was released
from by FPS/siRNA complexes by SDS.
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6. In vitro transfection efficiency of FPS/siRNA complexes
Toxicity is one of the major serious stumbling blocks to use both viral and non-viral
vectors as clinical treatments for human diseases. In this regard, in vitro cytotoxicity
of our vector was evaluated on the three different cell lines (A549, HepG2, and 293T
cells) using a MTT assay. Cells were treated with various N/P ratios (5, 10, 20 and
30) of FPS/siRNA complexes, PEI/siRNA, and PSMT/siRNA polymers for 48h and
72h. Our results (Figure.18) showed that the FPS/siRNA complexes were less
cytotoxic compared to PEI (25 KDa) in broad N/P ratios both after treating 48h and
72h implying that negative charge of 4-hydroxyl groups of poly-sorbitol part in FPS
may be attributed to neutralize the positive charges of PEI part in FPS, which may
bring a multifunctional effect on the improvement of cell viability.
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Figure 18. Cytotoxicity of PEI/siRNA complexes, PSMT/siRNA complexes and
FPS/siRNA complexes was measured by MTT assay method in A549 cells, HepG2 cells,
and 293T cells after 48h and 72h. [n = 3, one-way ANOVA, * p < 0.1 ; ** p < 0.05 ; ***
p < 0.01, compared to that of FPS/sIRNA complexes with control(PEI)].

7. In vitro luciferase silencing of FPS/siRNA complexes
For the silencing efficacy of FPS as a shuffling control siRNA, FPS/siLuciferase
complexes were transfected in A549 cells, HepG2 cells, and 293T cells for 48h and
analyzed via bioluminescence method. As shown in Fig.19, the increase of
Luciferase silencing efficiencies was observed by increasing the N/P ratio of
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nanoparticles. In the case of A549 cells, targeting reporter protein Luciferase using
anti-Luciferase siRNA with FPS and PSMT carriers showed efficient silencing
compared to PEI25K and Lipofectamine2000 with luciferase siRNA in a broad range
of N/P ratio (5-30). At N/P ratio 20 of FPS/luciferase siRNA complexes showed 1.8
folds higher silencing efficacy than that of PEI25K. Also, silencing efficacy at N/P
ratio 30 of FPS/luciferase siRNA complexes showed 3 folds and 2times higher than
that of Lipofectamine2000 and PEI 25k respectively. At all N/P ratio of
polymer/siRNA complexes, FPS displayed superior transfer efficiency over PEI25K
carrier. These results indicate FPS as a potential siRNA transfer carrier and also
highlight the importance of proper N/P ratio in down-regulated of target protein.

Figure 19. PEI, PSMT, FPS and Lipofectamine 2000 were complexed with luciferase
siRNA at various N/P ratios and transfected in (A) A549 cells (B) HepG2 cells and (C)
293T cells without serum. Chemo-luminescence was measured 48h after transfection
and normalized with the amount of protein. [n = 3, one-way ANOVA ; * p < 0.1 ;
< 0.05 ;

** p

*** p < 0.01 ; compared to that of FPS/siRNA complexes and control groups ].
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8. Competition assay of FPS/siRNA complexes
To investigate the uptake mechanism of FPS through interactions between folic acid
parts in the FPS and folate receptors in lung cancer cells, a competition assay was
conducted by adding broad concentrations of free folate (0,0.01,0.1, and 1mg/ml) as
a competitor. As shown in Fig.20, pre-treatment of free folic acids at concentrations
of 0.01, 0.1 and 1mg/ml showed drastically decreased luciferase activity of FPS by
#,# and # times in comparison with that of the control group. This result indicates
that cellular uptake of FPS/siRNA complexes is mediated by receptor-mediated
endocytosis via interaction of FPS ligands to FPS receptors.
1×109

FPS/siRNA

RLU/mg of protein

1×108
1×107

***

***

0.1

1

1×106
1×105
1×104

siRNA

0

0.01

Folate concentration (mg/ml)

Figure 20. Competition assay of FPS/luciferase siRNA complxes on A549cells prepared
at an N/P ratio of 20 by adding free folate (0,0.01,0.1, and 1mg/ml) as a competitor.
Luminescence was measured 48h after transfection and normalized with the amount of
protein. [n = 3, one-way ANOVA * p

<

0.1 ;

** p

to the FPS/sIRNA complexes at free folate (0 mM)].
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< 0.05 ;

***p < 0.01, compared

9. Mechanism of gene delivery by FPS
It became evident that modification of polymers with ligands to internalizable
receptors results in achieving cell specificity and receptor-mediated internalization
into the target cell. [66] To reveal pathways of FPS/siRNA complexes penetration,
three different types of inhibitors of different endocytosis pathways were carried out.
The transfection efficiency of FPS, PEI, and PSMT/siRNA complexes were
investigated in the presence Chloro-promazine(CH) as an inhibitor of clathrin
endocytosis, Genistein(GE) as an inhibitor of caveolae endocytosis, and
Wortmannin(WO) as inhibitor of fluid-phase endocytosis. [67] As shown in Fig..21,
treatment of CH and GE, drastically decreased the transfection level of FPS/siRNA
complexes compared with PEI/siRNA complexes depending on increasing
concentration, which strongly suggests that both caveolae endocytosis and clathrin
endocytosis were largely contributed to entry FPS/siRNA polyplexes into lung
cancer cells. In contrast, treatment of WO shows a little decreased of the permeability
of FPS/siRNA complexes than that of PEI/siRNA implying FPS/siRNA complexes
are less dependent on the fluid-phase endocytosis pathway than other pathways.
These results suggest potential application of FPS polymer as an effective gene
carrier by protecting the lysosomal degradation fate of internalization, due to
selectively internalized of hyperosmotic FPS polymer by caveolae endocytosis.
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Figure 21. Endocytosis inhibitors on transfection efficiency of FPS/siRNA complexes.
Cells pre-incubated with various amount of chloropromazine, genistein, and
wortmannin were transfected with PEI, PSMT, and FPS/siRNA complexes (N/P ratio
10) and luciferase assay was conducted. (n = 3, one-way ANOVA ; * p < 0.1 ;

** p <

0.05 ; *** p < 0.01, compared to that of control without inhibitor).

10. Proton sponge effect of the PEI part in FPS
After cellular internalization, intracellular barriers such as safely releasing of the
vector into the cytoplasm from endosome can be a major bottleneck for the efficiency
of gene delivery system. Therefore, PEI has drawn the most attention as the potential
cationic non-viral vectors due to its specific ability; "proton sponge effect". [64] This
hypothesis suggests that buffering capacity of PEI during the acidification of the
endosome results in entering chloride anions to maintain the electro-neutrality, which
finally led to osmotic swelling and rupture of endosomes prior to fusion with
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lysosomes. [68]
To assume the proton sponge effect of FPS, we transfected FPS/siRNA complexes
at an N/P ratio 20 in the A549 cells after pre-treatment of 200nM of bafilomycin A1
as a specific vacuolar type H+ ATPase inhibitor. Figure 22 shows that using 200nM
bafilomycin A1 significantly reduced the transfection efficiency of FPS/siRNA
polyplexes and PEI/siRNA complexes by 25 folds and 40 folds respectively
compared to complexes without treatment. This result strongly suggested that proton
sponge effect of PEI part of polymer contributed to endosomal escape of FPS/DNA
complexes.
Without bafilomycin A1

With bafilomycin A1

***

***

PSMT

FPS

Cell viability(%)

1×109

***

1×108
1×107
1×106

*

1×105
1×104
1×103

siRNA

PEI

N/P ratio

Figure 22. Effect of Bafilomycin A1 and endocytosis inhibitors on transfection efficiency
of FPS/siRNA complexes in A549 cells. 200 nM of bafilomycin A1. PEI/pGL3,
PSMT/pGL3 and FPS/pGL3 complexes (N/P = 20) were transfected and the luciferase
expression was checked. (n = 3, , one-way ANOVA ; *p < 0.1 ;

** p < 0.05 ;

***p <

0.01 compared to that of control without inhibitor.

11. In vitro western blot of OPA1 protein
We targeted OPA1 gene known as the members of the dynamin family, which has
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an effect on the morphology of mitochondria by regulating mitochondrial fusion
process. Several studies indicated that the mutation of OPA1 triggers fragmentation
of the mitochondrial tubules, which results in the mitochondrial apoptosis. [4]
Furthermore, as for the hypothesis called "Warburg effect", abnormal activity of
mitochondrial would have negative influences on cancer cells, because their peculiar
metabolism depends on aerobic glycolysis. [15] [69] [70] Thus, we assume that
regulating OPA1 expression in genetic level could be regarded as a promising
method for efficient treatment of cancer. To investigate whether silencing OPA1 with
siRNA in A549 cells induces apoptosis and alters mitochondrial activity in lung
cancers, A549 cells were transfected with FPS/OPA1 siRNA complexes and western
blot analysis was performed to quantify protein expression levels of OPA1. Post 48h transfection, the results showed significant reduction in OPA1 protein levels with
both PSMT/siRNA and FPS/siRNA treatments by 55%, and 68% respectively. After
calculating densitometry analysis of bands-of-interest, these results of western blot
analysis clearly indicate excellent delivery efficiency of FPS carrier for therapeutic
gene delivery by triggering silencing capabilities of siOPA1. (Figure.23)
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Figure 23. Western blot analysis of siOPA1, (A) The blots were probed with antibodies
as indicated ,(B) The bands of interest were further analyzed by densitometer. 200 nM
of bafilomycin A1. PEI/pGL3, PSMT/pGL3 and FPS/pGL3 complexes (N/P = 20) were
transfected and the luciferase expression was checked. (n = 3, one-way ANOVA,; * p <
0.1 ;

** p < 0.05 ;

*** p < 0.01, compared to that of FPS/sIRNA complexes with other

groups.
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Figure 24. Schematic illustration of FPS-mediated transfection.
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12. In vitro apoptosis of OPA1 protein
Silencing OPA1 with siRNA in A549 cells induces apoptosis and necrosis. Staining
A549 cells, which were treated with FPS/siOPA1, FPS/siSCR and siOPA1 for 24h
then combined with annexin V and PI, allows the distinction among living cells,
early apoptotic cells, late apoptotic cells, and apoptotic necrotic cells. Our results
show that after one day post-treatment, approximately 50% A549 cells showed
apoptosis with FPS/siOPA1 treatment and also 30% of cells showed necrosis.
Interestingly, compared to the results of FPS/siOPA1, less than 20% of A549 cells
displayed either apoptosis or necrosis treated with FPS/siSCR or siOPA1. (Fig. 25)
These results present FPS as a potential siRNA delivery vehicle and also highlight
siOPA1 as a proper cargo which induced apoptosis effect.

Figure 25. Measurement of induced apoptosis by siOPA1, All groups combined
annexin-V and viability dyes PI in A549 cells.
59

13. Anti-cancer effect of FPS/siOPA1 complexes
Based on in vitro results, the aerosol delivery of gene is a possible method to target
lung cancer cells for in vivo experiment. The anatomical structure and location of the
lungs make instant access of genetic cargos transported by inhalation way with a
high and safe loading efficient. [71] To evaluate whether knockdown of OPA1 have
possibility as anti-cancer therapy through apoptotic cell death. Exposure of
FPS/siOPA1 complexes in K-rasLA1 lung cancer model mice. [72]
As shown in Fig. 26, significant anticancer effects of FPS/siOPA1 complexes in the
lungs through aerosol inhalation were observed without toxicity, induced high
transfection efficiency with significantly decreased tumor formation. Also FPS copolymer could be a good siRNA carrier in aerosol-administered lung cancer gene
therapy, also these results suggest that knockdown of OPA1 caused suppress tumor
progression to lung adenocarcinoma.
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Figure 26. Therapeutic efficiency of FPS as aerosol gene delivery carrier in lung tumor
bearing K-rasLA1 mice. Aerosol delivery FPS/siOPA1 significantly inhibited lung tumor
numbers ; (A) A decrease in the number and size of tumor nodules were found during
gross morphological observations. (B) The total number of tumors decreased
significantly in the FPS/siOPA1-delivered group. (red circle represents tumor tissues).
(C) The control group and FPS/siSCR group showed severe thickening of alveolar septa
with invasive growth and loss of normal lung structure, whereas the FPS/siOPA1 group
showed a smaller tumorigenic region. (D) Immunohistochemistry reconfirmed downregulation of OPA1 in tumor-bearing lungs of FPS/siOPA1-delivered mice.

(E)

Western blot analysis of OPA1 protein expression in the lungs and bands-of-interest
were further analyzed by densitometer, confirmed down-regulation of OPA1
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14. Conclusions
We designed a new non-viral vector FPS compose of PEI, poly-sorbitol and Folate
as advanced gene delivery system. According to this paper, the FPS reveals various
ideal fectures : (1) Saves the time by ease synthesis steps (2) Suitability of particle
size for gene delivery (3) significantly low cytotoxicity by adoping low MW PEI,
ester-linkage with amide groups of SDA (4) ideal transfection efficiency by the
synergistic effect of backbones in FPS (5) Rapid endosomal escape of genes causes
a gene degradation by proton sponge effect by PEI part. (Fig. 22) Most importantly,
FPS was able to loading siRNA such as siLuciferase and siOPA efficiently. In the
case of both in vitro and in vivo western blot analysis indicated that FPS/siOPA1 had
obviously higher silencing effect of OPA1 gene expression compared to other
nanoparticles and could be able to use as a therapeutic application for treating lung
cancer. Our FPS/siOPA1 delivery systems based on biocompatible, low
cytotoxic ,and biodegradable carriers with antitumor fuctions are expected to even
further expand into the biomedical fields as a novel and versatile approaches in the
future.
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Summary in Korean

전 세계적으로 암으로 인한 사망률 중에서 1위인 폐암의 경우, 여성보다는
남성이 발병률이 높은 현실이다. 폐암을 치료하는 방법으로는 화학적인 요법,
방사선 요법 그리고 수술요법으로 크게 3가지로 나눠지며, 이 치료방법은
단독으로

쓰이는

경우도

있는

반면에

보통은

병용하여

치료하는

경우가

대부분이다. 하지만 통상적인 치료에 수반하는 부작용이 있으며, 다른 암에
비해 폐암의 예후가 좋지 않으며 전 세계적으로 5년 발병 후 생존율은 5%에
그친다. 그에 반해, 유전자 치료는 질병의 근원을 치료하거나 치료를 위한
모델을 개발하기 위해 유전자 발현체계를 이용하여 유전자 또는 유전자가
이입된 세포를 사람의 체내로 질병 부위에 전달하는 제반 기술로 정의 될 수
있다. 그 중에서 암세포에 유전자나 약물을 표적 지향적으로 전달하는 방법은
수 년 전부터 암 관련 연구분야에서 각광을 받고 있으며, siRNA를 이용하는
안티센스 요법은 유전자의 발현을 억제하는 전략으로 유전자치료 분야에서
가장 큰 관심을 받고 있다. 그 중에서 능동적 표적 지향(active targeting) 전략은
암세포에서 발현되는 특정 수용체에 선택적으로 전달을 가능할 수 있도록
고분자 벡터에 리간드를 결합시켜 전달효율을 높이고, 다른 정상세포에 대한
독성을 낮추는 방법을 통해 효율적인 암 치료 목적의 치료전략을 세우고자
한다.

또한

유전자의

발현을

억제하는
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안티센스

요법으로

특정

siRNA를

이용하여 더욱 다기능적인 유전자 전달체를 개발 및 규명하고자 한다.
이에 암세포에 발현되는 많은 수용체 중에서 엽산 수용체로의 능동적 표적
지향을 하기 위해 기존의 연구실에서 개발한 삼투활성과 양성자 스펀지 효과의
기전을 지닌 Poly(sorbitol-co-PEI) (PSMT)와 공중합체 시켜 합성함으로써 새로운
천연물

유리의

물질을

이용한

다기능성

고분자

유전자

전달체

[Folate-

conjugated-poly(sorbitol)-co-PEI](FPS)을 구축하였다.
이는 기존의 비 바이러스성 유전자 전달체에 비해 뛰어난 생체 안전성을
가지며, 리간드를 사용함으로써 능동적 표적지향이 가능하고, 기존의 PSMT의
구성물질인 D-sorbitol의 뛰어난 삼투성으로 인한 세포 내부의 라이소좀 분해
회피 기전을 선택적으로 이용 가능해졌으며, PEI의 양성자 스펀지 효과로 인해
전달하고자 하는 유전자가 엔도좀을 빠르게 탈출하여 세포질로 방출 되도록
유도가

가능해지도록

고안하였다.

이에

기존의

바이러스성

벡터에

비해

비바이러스성 전달체는 전달효율이 다소 떨어지는 한계점을 극복 하였다. 또한
유전자

전달체/siOPA1

복합체를

에어로졸

전달을

통한

동물실험을

진행하였으며, 이로 인한 마우스의 폐의 종양의 수가 감소하는 것을 확인하였고,
유전자 억제 수준 및 치료효과를 규명하고자 추가적인 연구가 진행 중이다.
개발한 새로운 유전자 전달체 (FPS)는 폐암뿐만 아니라 다양한 치료목적의
유전자를 전달하고자 하는 연구에 확대 적용될 수 있으며, 이에 유전자 발현을
조절함으로써 질병의 근원을 치료할 수 있다는 가능성과 더불어 관련 연구에
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잠재적인 효과를 가져올 것이라고 판단된다.

주요어 : 엽산, 솔비톨, 폴리에틸렌이민, 카비올레 세포내 이입, 유전자 전달체
학
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