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ABSTRACT 

Successful treatment of genetic diseases by gene therapy requires 

efficient delivery of therapeutic DNA into specific cells, followed by 

safe and long-term expression of the encoded gene product at 

physiologically relevant levels. Efficient translocation of transgene 

faces physical and metabolic barriers throughout its voyage to the 

nucleus of targeted cells. Crossing the biological barriers such as cell 

membrane, tumor mass and blood brain barrier (BBB) are challenging 

for effective and efficient gene therapy. Novel strategies and rational 

designing of polymeric vector can lead to the evolution of highly 

efficient and safe gene delivery carrier. This study uncovers the 

implications and applications of polyhydroxyl containing hyperosmotic 

polymers in crossing biological barriers for enhanced gene delivery. 

This dissertation aims to: 

(i) The synthesis of polymannitol- and polydixylitol-based vectors to 

utilize the osmotic activity due to hydroxyl groups for accelerated 

cellular uptake and enhanced gene transfection. Various endocytosis 
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inhibition studies verify the stimulation of caveolae and 

cyclooxygenase-2 (COX-2) - dependent endocytosis to be the main 

route of cellular internalization to account for enhanced transgene 

expression. 

(ii) The research introduces the application of polydixylitol based 

hyperosmotic polymer (PdXYP) in transmigrating BBB by intra-

arterial infusion of osmotic polyol by triggering cellular uptake via 

selective stimulation of caveolae-mediated endocytosis. In vitro BBB 

model and in vivo transfection results showed higher transfection 

efficiency in brain astrocytes. In vivo bioimaging and mechanistic 

investigation proved the potential of the system reaching deeper in to 

the tumor mass. 

(iii) A combination treatment that uses hyperosmotic non-viral vectors 

and nanopatterned matrix to promote gene delivery into cells indicates 

the importance of synergistic cues in designing non-viral gene delivery 

platforms and strategies for gene therapy. 

(iv) The delivery of therapeutic siRNA in cancer cells using 
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polymannitol-based vector (PMGT) exemplifies the vector as a strategy 

to inhibit tumor progression. c-Jun N-terminal kinase 2 (JNK2) is 

primarily responsible for the oncogenic transformation of the 

transcription factor c-Jun. Expression of the proto-oncogene c-Jun 

progresses the cell cycle from G1 to S phase, but when its expression 

becomes awry it leads to uncontrolled proliferation and angiogenesis. 

Delivering a JNK2 siRNA in tumor tissue was anticipated to reverse the 

condition with subsequent onset of apoptosis which predominantly 

requires an efficient delivering system capable of penetrating through 

the compact tumor mass. In the present study, it was demonstrated that 

PMGT with inherent hyperosmotic properties was able to penetrate 

through and deliver the siJNK2 in the subcutaneous tumor of xenograft 

mice. Hyperosmotic activity of polymannitol was shown to account for 

the enhanced therapeutic delivery both in vitro and in vivo because of 

the induction of COX-2 which firstly stimulates caveolin-1 for 

caveolae-mediated endocytosis of the polyplexes and secondly 

activates caspase-9 to induce apoptosis in cancer cells. Further 

suppression of JNK2 and hence c-Jun expression led to the inhibition of 

tumor growth in xenograft mice model. 



 

  iv 

Thus, the synthesis and application of hyperosmotic polymers 

demonstrated their facilitation in crossing the biological barriers by 

elevating the osmolarity of the extracellular matrix. 

 

Keywords: Hyperosmotic, Mannitol, Xylitol, siRNA, COX-2, 

Caveolae, Blood Brain Barrier 
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CHAPTER 1 

Gene Therapy: Introduction 

1.1 Description of gene therapy 

Gene-based therapy is the intentional modulation of gene expression in 

specific cells to treat pathological conditions. It is a set of strategies and 

experimental techniques to treat or prevent diseases at genetic level by 

introducing exogenous nucleic acids in to the host cells. Introducing a 

foreign gene in to the host cell can produce desired changes at the 

genetic level leading to exactly similar progeny forever. A variety of 

nucleic acids such as DNA, small interfering RNA (siRNA) and 

oligonucleotides have been delivered to activate or inactivate or 

knockdown the improperly functioning mutated genes at nuclear or 

cytoplasmic level. Gene therapy covers a broad spectrum of 

applications, from gene replacement for genetic or acquired diseases 

such as cancer, to vaccination, each with different requirements for 

gene delivery. For instance, addition of gene responsible for apoptosis 

in to cancer cells can cause programmed death of cancer cells. Genes 

that express differentiation related signaling molecules have potential to 
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initiate differentiation of stem cells into required lineages by 

osteogenesis, neurogenesis and angiogenesis etc. More recently the 

addition of Yamanaka factors (Oct4, Sox2, Klf4, c-myc) in to somatic 

cells produced induced pluripotent cells that made revolutionary 

development in the field of tissue engineering. Therefore, due to 

enormous number of therapeutic possibilities the potential of nucleic 

acid (DNA, siRNA) drugs in treating life threatening ailments has been 

realized and the gene therapy research has gained momentum. As 

therapeutic DNA cannot penetrate biological membranes it necessitates 

the formulation of gene delivery vector systems to deliver the gene that 

can express encoded proteins into target cells. Following are the 

governing steps that determine the potential of any gene delivery 

system. 

1) Nucleic acid binding and endurance against nuclease degradation 

2) Circumvent immune system of the body and overcome biological 

barriers 

3) Cellular uptake of vector and escape from endosomal degradation 

4) Unpacking of DNA from vector inside cytoplasm & nuclear 

translocation. 
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Thus, knowledge of the aforementioned transport barriers of gene 

delivery (Fig. 1.1) is important in developing and identifying 

therapeutically effective gene delivery vectors. 

1.2 Gene delivery vectors 

Modulation of gene expression is accomplished by introducing 

exogenous nucleic acids such as DNA, mRNA, siRNA, microRNA 

(miRNA) or antisense oligonucleotides [1]. To deliver exogenous genes 

at the desired location, a fundamental engineering challenge of gene-

based therapy is the development of safe and effective delivery vectors. 

Both viral [2, 3] and non-viral vectors are used for systemic delivery in 

clinical trials. Viral vectors have been widely investigated as vehicles 

for transgene delivery. Majority of clinical trials carried out so far have 

used adeno-associated virus (AAV), and vaccinia virus. However, they 

are plagued by the issues of recognition by the host’s immune defense 

mechanism and limited capacity of carrying genetic materials [4-7]. 

After the death of 18 year old patient Jesse Gelsinger in 1991 during 

gene therapy clinical trial of adenoviral vector, research progressed 

towards the less immunogenic non-viral vector systems [8, 9]. Other 

important reasons for switching towards non-viral vectors are the 

capacity of carrying low transgene size, relatively expensive production 
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of viral vectors and difficulty in scaling up. 

Non-viral gene therapy has the potential to address many of these 

limitations, particularly with respect to safety. Non-viral vectors such 

as cationic polymers have attracted more attention than viral vectors 

because of their immense chemical diversity and potential for 

functionalization. A diverse collection of synthetic vectors has been 

developed to bring therapeutic nucleic acids to their sites of action. 

Cationic molecules such as poly (L-lysine) (PLL) and polyethylenimine 

(PEI) have shown great ability to condense DNA and has been 

massively studied. Numerous modified variants of PLL with enhanced 

gene delivery properties have been reported [10, 11]. One example 

includes PLL covered with the hydrophilic polymer PEG, which is 

designed to minimize nonspecific interaction with serum components 

and thereby increase circulation time [12]. 

PEI and its derivatives are among the most studied polymeric materials 

for gene delivery [13, 14]. Amine groups present in PEI are responsible 

for its high charge density that aid in DNA condensation and buffering 

tendency during endosomal escape. The advancement in the study of 

PEI based vectors have shown that the transfection efficiency and 

cytotoxicity of PEI strongly depend on its structural properties such as 
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molecular weight and the linear versus the branched PEI [15]. Since, 

PEI has been known for its cytotoxicity, a series of modifications to 

PEI has been investigated. 

Many altered forms of PEI has been synthesized which includes its 

copolymerization with PEG for improved stability and biocompatibility, 

with polyols for biodegradability and accelerated uptake, degradable 

disulphide-crosslinked PEIs for reduced toxicity and alkylated PEI for 

increased potency [16-19]. Due to the major issue of cytotoxicity 

associated with PLL and PEI numerous other cationic polymers such as 

lipids [20], polymethacrylates [21, 22] polypeptides, celluloses [23], 

chitosan [24-26], dendrimers including polyamidoamine or PAMAM 

dendrimers [27], poly (vinyl pyrrolidone) and polyamine polymers [14] 

are under preclinical investigations. 

In brief, although a variety of effective polymeric non-viral vectors 

have been designed over past three decades, and much has been learned 

about their structure–function relationships [28], DNA-based drugs 

inherently pose greater delivery challenges including the difficulty of 

crossing the biological barrier and lower transfection efficiency. 

Investigations of the cellular itinerary of DNA vectorised by synthetic 

molecules have provided insight into the nature of potential barriers to 
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gene transfer [29]. The following sections describe some of the 

biological barriers towards the uptake of genes for their effective 

expression in the target cell. 

1.3 Biological barriers to gene delivery 

Successful gene therapy requires efficient delivery of therapeutic 

nucleic acids in to the targeted organs and cells, followed by the stable 

expression of delivered gene product at physiologically relevant level. 

The journey of the foreign genes requires overcoming numerous 

obstacles before they reach to the cell nucleus. These biological barriers 

can be broadly classified in to the extracellular barriers and intracellular 

barriers (Fig. 1.1). 

1.3.1 Extracellular barrier 

In vitro delivery  

Determination of in vitro gene delivery efficiency is the primary step 

towards the elimination of non-effective vectors amongst the probable 

lead vectors. Before coming in contact with the cellular environment, 

vector must have the propensity to bind with nucleic acids to form 

stable complexes [30]. 
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Fig. 1.1 A schematic overview of barriers to successful gene delivery of 

nucleic acids using non-viral vectors. 
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A loosely bound complex when added to the cell supplement medium, 

may get dismantled even before it reaches to the nucleus, as certain 

serum proteins can interfere with or prevent stable complex formation 

[31, 32]. The aggregation of the complexes in the cell nourishing 

medium is another hurdle that can diminish the efficiency of gene 

transporters [33]. Because aggregated complexes become larger and 

thus unsuitable for cellular internalization, the polyplex aggregation is 

one of the root causes for lower transfection efficiencies by non-viral 

gene delivery vectors. In case of cationic non-viral vectors which 

interact with negatively charged cell membrane due to their positive 

zeta potential may lead to higher cytotoxicity as a result of particle 

aggregation. Aggregated polyplexes due to very high cumulative 

positive charge may rupture the cell membrane ending up in high 

cytotoxic effect [34]. In some cases, aggregation of vector/DNA 

polyplexes may produce false positive results that will lead to the 

contradictory outcomes in vivo. During in vitro experiments the 

aggregated/sedimented vectors can interact with adherent cells, and 

thus may exhibit gene delivery. However, when the vector is applied in 

vivo, the polyplex aggregation results in poor transfection by means of 

sedimentation and clearance in systemic circulation. Therefore, in case 
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of cationic polymers, non-aggregation and the optimal zeta potential is 

the key factor for high cell viability and efficient delivery. 

Along with the proper vector design, optimal cell density, cell type and 

cell exposure time to vector are other important factors for in vitro gene 

delivery. The aforementioned hurdles can be easily manipulated and 

overcome with the proper vector design. 

In vivo delivery 

The biggest challenge in gene therapy is to overcome the in vivo gene 

delivery barriers. Regardless of the method by which a non-viral vector 

is administered in vivo (e.g., by inhalation, intramuscular injection, 

intravascular injection, etc.), it will unavoidably come in contact with 

the extracellular environment. Before reaching to the target organ it 

must cross several barriers that can result in rapid clearance and/or 

degradation of the vector [35]. Intravenously delivered naked DNA has 

been shown to have a very short half-life within serum, in the range of 

1.2 to 21 minutes due to its degradation by the endo- and exonuclease 

activity [36]. While neutral polyplexes undergoes self-aggregation, the 

cationic complexes form aggregates with serum proteins and 

subsequently gets cleared from the systemic circulation [37]. 
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Immediately after intravenous injection, delivery vehicles come in 

contact with the negatively charged blood components (erythrocytes, 

leukocytes, macrophages, and platelets), allowing for electrostatic 

interactions between cells and cationic vectors [38]. This electrostatic 

interaction leads to aggregation resulting in a large accumulation of 

polyplexes in the fine capillaries, where they eventually undergo 

clearance [39]. Furthermore, the systemic clearance of polyplexes is 

also dependent on their particle size [40]. However, the particle size 

restrictions have been dependent on the type of targeting tissue, in most 

of the cases optical mean particle size has been identified as 100 nm. 

Studies have shown that while the larger particles (~400 nm) cannot 

pass through the capillary gaps, the smaller particles (~70 nm) are more 

prone to renal excretion through glomeruli in the kidney [40]. Besides 

the above mentioned extracellular barriers which are common for most 

of the gene delivery vectors, problems that still remains are the organ 

and tissue specific biological barriers. For example in the lung, alveolar 

macrophage is regarded as a major barrier to both viral and non-viral 

delivery since this professional phagocytic cell "eats" up delivery 

agents before they can transfect any other cell type [41]. Blood brain 

barrier (BBB) and compact tumor masses are the typical examples of 
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the tissues that offer major extracellular impediment during in vivo 

gene delivery. The architecture of BBB, which is formed primarily of 

tight junctions between the cerebral capillary endothelium and 

surrounding perivascular elements, restricts the influx of molecules 

from blood stream into the brain [42] and makes it impermeable to 

most therapeutic molecules, including nucleic acids [43]. Similarly, a 

compact mass of tumor cells composed of approximately 50% tumor 

and stromal cells hinders the delivery of cancer therapeutics to deep-

seated cancer cells. Since gene needs to be delivered in to the deep 

seated cancer cells, it becomes necessary to overcome the compactness 

of tumor tissues. 

1.3.2 Intracellular barrier 

As soon as the gene loaded vector reaches in the proximity of cells, the 

challenges to cross various intracellular barriers begins. These barriers 

include binding to the cell surface, traversing the plasma membrane, 

escaping lysosomal degradation, and overcoming the nuclear envelope 

[44]. The appropriate design of a non-viral gene vector requires a 

complete understanding of the mechanisms by which they interact with 

the targeted cells, uptake pathways used for the internalization (Fig. 1.2) 
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and subsequent intracellular events before nuclear translocation [45, 

46]. 

Cellular uptake pathways  

Due to the large size and hydrophilic nature majority of non-viral 

vectors cannot cross the cell membrane barrier. It has been proved that 

endocytosis is the main machinery of cellular internalization for most 

of the non-viral vectors [36]. Endocytosis refers to the cellular uptake 

of macromolecules and solutes into membrane-bound vesicles derived 

by the cell membrane invagination and pinching off of the plasma 

membrane [47]. However, there are multiple mechanisms which govern 

endocytosis (Fig. 1.3). 

Vesicle fate and endosomal degradation 

Only a small fraction of internalized plasmid DNA penetrates in to the 

cytoplasm. Plasmid DNA encounters the diffusional and metabolic 

barriers of the cytoplasm, further decreasing the number of intact 

plasmid molecules reaching the nuclear pore complex (NPC) [49]. 

Irrespective of the mode of cellular uptake, vector/DNA complex will 

be localized within the endocytic vesicles which carries enzymes 

responsible for nucleic acid degradation [50].   



 

  13 

 

 

 

 

Fig. 1.2 Different uptake pathways in non-viral gene delivery. 
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Fig. 1.3 Intracellular nanocarrier trafficking following 

macropinocytosis, clathrin-mediated endocytosis and caveolae-

mediated endocytosis. (A) Macropinocytosis leads to the formation of a 

macropinosome, which is thought to eventually fuse with lysosomes or 

recycle its content to the surface. (B) Clathrin-mediated endocytosis of 

a nanocarrier leads to the formation of an early endosome, which is 

acidified and fuses with pre-lysosomal vesicles containing enzymes (in 

red) to give rise to a late endosome and finally a lysosome, an acidic 
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and enzyme-rich environment prone to nanocarrier and drug 

degradation. Unless a lysosomal delivery is desired, strategies for a 

cytosolic drug delivery by this route will focus on the drug escape from 

the endosome as early as possible. (C) Caveolae-mediated endocytosis 

of a nanocarrier gives rise to a caveolar vesicle that can be delivered to 

caveosome, avoiding a degradative acidic and enzyme-rich 

environment. Adopted from the reference [48]. 
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After endosome formation it undergoes rapid acidification (pH ~4.5) by 

ATPase proton pump enzymes and leads to the activation of 

degradative enzymes [51-54]. The trapped nanoplexes inside these 

endosomes must escape out in to the cytoplasm before they get 

degraded by the enzymes. Every non-viral gene delivery vehicle 

requires overcoming these derivative bags which is a most common 

limiting factor in the overall transfection efficiencies of designed 

vectors. 

Unpacking of DNA & nuclear translocation 

After releasing from the endosome, unloading of DNA from the vector 

is a prerequisite before its nuclear translocation. However, premature 

release of the DNA from the vector may expose the DNA to enzymatic 

degradation before expression can occur. The size of polyplex is much 

larger than the nuclear pore (~40 nm) therefore it cannot enter the 

nucleus. Moreover, if the non-viral vector enters the nucleus, it could 

potentially interfere with cellular transcription machinery thereby can 

reduce or prevent transgene expression. Therefore, it is suggested that 

the unpacking of DNA from the vector in cytoplasm is as important as 

its packing while developing a non-viral gene delivery vector. 
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Nuclear translocation of nucleic acid is the last step in the delivery of 

cargo. After the release of nanoplex in to the cytoplasm, nucleic acid 

must reach to its target nuclear compartment. The nuclear envelope that 

encapsulates the nucleus is an effective barrier to gene delivery [55-57] 

allowing only 1~10 % of the transfected plasmid to reach to the nucleus. 

In case of naked DNA, smaller fragments (<300 bp) can passively 

diffuse in to the nucleus. In most of the cases the nuclear translocation 

happens during cell division when nuclear envelope is temporarily 

disassembled and vector/DNA complexes can be sequestered within the 

daughter cell nuclei [58]. This is the basis of the ease with which 

conventional non-viral vectors transfect rapidly dividing immortalized 

cancer cell lines, but show only poor transfection rates in non-dividing 

cells. Since efficient transfection of slow dividing or terminally 

differentiated cells is required for in vivo human gene therapy of 

genetic diseases, there is considerable interest in improving the nuclear 

import efficiency of non-viral vectors. Overcoming nuclear 

translocation is poorly studied and requires more extensive research to 

investigate potential solutions (Table 1.1). 

1.4 Overcoming biological barriers 
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An ingenious gene transporter that can overcome above discussed 

barriers could be a major invention in the field of gene therapy. Over 

the decades, many successful strategies and techniques has been 

developed which helps to overcome these barriers [59]. A plethora of 

non-viral vectors (liposomes, cationic polymers, dendrimers etc.) have 

been synthesized and tried in animal models which claims to be 

unobstructed by at least some of these biological barriers. Recent 

research has focused on improving the efficiency of non-viral vectors 

through structural modifications and inclusion of specific functional 

groups to the carrier molecule. Current reports showcase the 

application of hyperosmotic polymers for traversing the compact blood 

brain barriers and tumor mass [60, 61]. In these studies, tissues were 

pretreated with hyperosmotic mannitol solution, which loosens tight 

junctions between cells of the BBB, and were then treated with various 

gene/drug delivery vehicles [62]. Therefore in recent studies the 

osmotically active compounds (glycerol, mannitol, sorbitol and xylitol) 

has been incorporated in to the vector backbone, making 

hyperosmoticity an integral part of vector for transmigration of nucleic 

acids through BBB and compact tumor mass [63-65].  
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Table 1.1 Biological Barriers, challenges and opportunities [88-95] 

Site Type of barrier Challenges Prospects 

Blood 

Circulation 

 

 

 

 

Capillary 

endothelium 

 

 

 

 

Tissue 

interstitium 

 

 

 

 

 

Cell 

membrane 

 

 

 

Endosome 

 

 

 

 

Cytoplasm 

 

 

 

 

Nucleus 

Blood nucleases 

Particle instability 

Clearance by 

microphages 

Capillary blockade 

Tissue specific 

characteristics: 

Continuous (skin, 

muscle), compact 

(BBB) 

 

Extracellular nucleases  

Poor distribution 

within tissue  

High hydrostatic 

pressure in tumors 

 

 

Poor cellular 

internalization 

 

 

 

Trafficking to 

lysosomes and 

consequent 

degradation 

 

Inefficient cytoplasmic 

transport 

Poor unloading of 

DNA and carrier 

 

Inefficient uptake in to 

the nucleus 

 

Protection of nucleic 

acids from nucleases 

Prevention of 

unwanted 

opsonization 

Extravasation  

Particularly in 

organs with 

continuous 

endothelia 

 

Protection of DNA 

from nucleases and 

unwanted binding 

 

 

 

 

Optimized physical 

properties for uptake  

 

 

 

Incorporate 

endosomolytic agent 

 

 

 

Optimize site of 

escape from  

vesicular system 

 

 

Designing DNA 

suitable for nuclear 

translocation 

Systemic delivery after 

I.V. injection 

Selectivity mediated by 

tissue specific promoters 

 

 

Delivery to hepatocytes 

Delivery to tumors, or at 

the site of angiogenesis 

Selective receptor 

mediated extravasation 

 

Direct intramuscular 

injection 

Direct injection in to 

tumors 

BBB opening by 

hyperosmotic polymers 

 

Receptor mediated 

endocytosis 

Modulation of cellular 

uptake 

 

Buffering capacity 
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To prevent non-specific interactions with blood and serum components, 

the vector can be shielded from the extracellular matrix by coupling of 

hydrophilic molecules such as polyethylene glycol (PEG) [66, 67]. 

Different types of targeting ligands such as peptides [68, 69] and 

vitamins [70-72] has been used for targeting specific tissue or organ. 

Two or more ligands including monoclonal antibodies and small 

molecules can also be used for highly specific targeting, particularly in 

case of cancer gene therapy [73, 74]. Some of the physical methods 

such as electroporation, particle bombardment and microbubble 

bursting by ultrasound can also be possible for direct cellular delivery 

[75-79]. As soon as the vector/DNA complex undergoes endocytosis it 

must escape endosomal degradation. Commonly used strategy for 

endosomal escape is the endosomal bursting before its maturation by 

endosomotropic agents that cause buffering of acidic environment 

inside the vesicles resulting in endosome bursting and release of vector 

[53, 80]. Polyethyleneimine based polymers are such examples which 

contain many titrable amine groups that become protonated in the low 

pH of endosomes, creating a passive chloride influx, in turn causing 

osmotic swelling and rupture of the endosome [81]. After endosomal 

escape it is necessary for the vector to release DNA, as vector itself 
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may prevent transgene expression. In general it is believed that the 

separation of DNA from the vector occurs as a result of competing 

electrostatic interaction/exchange between the DNA and various 

intracellular cations, anions, and DNA-binding proteins present inside 

the cell. Some researchers have shown the effect of degree of 

polymerization on the release of the DNA, with smaller polycations 

releasing DNA faster compared to the longer chains [82-84]. A number 

of other methods for enhancing nuclear import have been studied using 

cell’s nuclear import machinery. These approaches include complexing 

plasmid DNA with nuclear localizing signal (NLS) peptides, nuclear 

proteins or small molecule ligands. Due to the varied success of NLS 

peptides at promotion of nuclear import, it is still unclear if this will be 

a promising approach for gene therapy [85-87]. 

1.5 Scope of the dissertation 

Desired gene delivery vector should be capable of making stable 

complex with DNA, increase cellular uptake, overcome endosomal 

escape and help polyplex in nuclear translocation. An enormous 

amount of research has been conducted to develop highly efficient 

polymer based non-viral gene delivery vehicles. However, the cationic 

polymers are still having lower efficacy due to their incompetence to 
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cross biological barriers effectively. Other bottlenecks in gene delivery 

are vector cytotoxicity, cellular targeting and non-biodegradability of 

polymer after delivery of cargo. 

In conjunction with current efforts in the field of gene delivery, first 

objective of this dissertation is to develop the novel polymers which 

have low cytotoxicity and high transfection efficiency. The second 

objective is to modulate the cellular internalization pathways to 

accelerate polyplex uptake and endosomal escape. The final goal is to 

overcome the multiple barriers (extracellular and intracellular) of gene 

delivery by combining designed strategies. 

Chapter 2 of the dissertation describes the synthesis of osmotically 

active polymannitol based gene transporter that accelerates the cellular 

uptake process by caveolae and COX-2 mediated endocytosis. The 

study explains how the extracellular disturbances due to osmotic 

pressure can affect endocytosis mechanism and lead to increased 

uptake of polyplexes. 

Chapter 3 is the development of highly hyperosmotic polyxylitol based 

polymer that strengthens the concept of osmolarity driven enhancement 

in transfection efficiency of cationic polymers. This chapter also 
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suggests application of hyperosmotic polymers in crossing the blood 

brain barrier and compact tumor mass. 

Chapter 4 highlights the application of non-viral gene delivery in the 

field of tissue engineering. The study emphasizes on the synergistically 

enhanced gene transfection on nanopatterned matrix for osteogenic 

differentiation of alveolar bone mesenchymal stem cells. 

Chapter 5 discusses the applicability of polymannitol based polymer to 

deliver therapeutic JNK2 siRNA in cancer cells. A new probable 

mechanism of cellular uptake by hyperosmotic polymers has been 

proposed. 
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CHAPTER 2 

Efficient Transfection by Hyperosmotic 

Polymannitol-Based Gene Transporter through 

Regulation of Caveolae and COX-2 Induced 

Endocytosis 

2.1 Introduction 

It is widely accepted that non-viral vectors have become an important 

gene delivery tool primarily due to their safety concerns compared to 

the viral vectors which have immunological and potentially mutational 

disadvantages [28, 29]. Non-viral vectors with large DNA carrying 

capacity can be easily tailored to specific therapeutic needs, at the same 

time being cost effective for large scale production. Their major 

disadvantage of low transfection efficiency have been improved upon, 

however it should be noted that we are still far away from a system that 

could be considered as satisfactory [96, 97]. Since the inefficiency of 

these vectors in gene delivery can be attributed to specific hurdles or 

barriers on a systemic as well as sub cellular level, strategies to 

surmount these barriers will be of major interest [97, 98]. The success 
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of non-viral gene delivery system requires a rational strategy for 

overcoming the barriers such as crossing cell membrane and escaping 

from endosomes before lysosomal degradation [99]. Therefore the 

regulation of cellular uptake to cross cell membrane is one of the key 

strategies important for efficient gene transfection. Several strategies 

such as usage of cell penetrating peptides [100, 101] and exercising  

target specific ligands [102] are the common examples to overcome the 

cell membrane barrier. Besides these techniques the researchers are 

keen to discover innovative methods to manipulate and regulate the 

cellular uptake mechanism for better cellular delivery. 

In our recent studies we have tried to establish the concept of regulation 

of cellular uptake using hyperosmotically active polymers. Polymers 

containing multiple hydroxyl groups draw water molecules and create a 

hyperosmotic environment around the cell membrane which might play 

a role in regulation of cellular internalization mechanism. Our recent 

studies have shown the application of glycerol, sorbitol and mannitol-

based hyperosmotic polymers help in increasing the cellular uptake and 

enhanced transfection efficiency [63, 103, 104]. Although these 

previous studies draw attention to the application of osmotically active 

compounds in gene delivery systems, the actual mechanism and 
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regulation of cellular uptake is still obscure. 

Recently some papers have suggested that hydrophobic modifications 

have proven to effect the cellular uptake of polyplexes by their 

interactions with the lipid constituent of the cell membrane. 

Hydrophobic modifications have also been shown to improve the 

transfection efficiency of PEI by allowing effective interactions with 

the hydrophobic lipids in cellular membranes that facilitate the uptake 

and internalization of polyplexes. Hydrophobic modifications have also 

been known to bring an element of insolubility, which restricts the 

incorporation of a higher degree of hydrophobicity in the molecules. 

The inquisitiveness motivated us to synthesize a hyperosmotically 

active gene carrier using mannitol dimethacrylate (MDM) as a 

monomer having hydrophobic methyl groups, which was then cross 

linked with LMW bPEI (1.2 kDa) by Michael addition reaction to 

obtain polymannitol based gene transporter (PMGT). Since the route of 

endocytosis plays a pivotal role in determining intracellular fate of 

polyplexes, the various components of gene delivery vector modulating 

these routes could underscore the efficiency of their gene transportation. 

Accordingly, the various components of PMGT will be conceptually 

anticipated to contribute for efficient gene transportation. Free hydroxyl 
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groups in polymannitol backbone may serve for better DNA 

complexation and bring stability to the polyplexes due to intracellular 

hydrogen bonding. PMGT may also have impact on accelerating 

transfection process by initiating osmotically induced cellular 

internalization through stimulation of various signaling cascade. LMW 

bPEI cross linked with degradable ester linkages may reduce 

cytotoxicity by getting discharged into smaller fragments upon 

degradation. Moreover, the methyl groups of the mannitol 

dimethacrylate monomer would supposedly bring hydrophobicity to the 

polymer which led to the higher expectation for PMGT to increase 

transfection efficiency in comparison to polymannitol based gene 

transporter obtained by mannitol diacrylate (PMT) and LMW bPEI 

[103]. Hydrophobicity of the polyplexes enhanced its compatibility 

with plasma membrane through hydrophobic interactions and allows its 

smooth and unobstructed entry to improve gene transfection efficiency 

[105, 106]. Therefore, the hydrophobic property might help PMGT to 

interact with phospholipid bilayer of cell membrane and facilitate its 

cellular uptake. Hence, it was envisaged that PMGT might enjoy 

osmotic activity of mannitol in combination with hydrophobicity of 

methyl groups and high buffering capacity of bPEI to breach through 
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cell membrane and compact tumor cell mass for the delivery of 

therapeutic gene. Moreover, in the present study mechanistic 

investigations explored the effect of hyperosmotic stress and 

hydrophobic group on cellular machinery and how it may regulate the 

caveolae and COX-2 induced endocytosis leading to enhanced cellular 

uptake. 

2.2 Materials and Methods 

Materials 

bPEI (Mn: 1.2 kDa and 25 kDa), dimethyl sulfoxide (DMSO), 

methacryloyl chloride (MAC), D-mannitol, genistein, wortmannin, 

chlorpromazine, methyl-β-cyclodextrin, bafilomycin A1 and 3-(4, 5-

dimethyl thioazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) 

reagent were purchased from Sigma (St. Louis, Mo, USA). Luciferase 

reporter, pGL3- vector with SV-40 promoter and enhancer encoding 

firefly (Photonus pyralis) luciferase were obtained from Promega 

(Madison, WI, USA). Enhanced green fluorescent protein (EGFP) gene, 

was obtained from Clontech (Palo Alto, CA, USA). 

Tetramethylrhodamine isothiocyanate (TRITC) and YOYO-1 iodide 

fluorescent dyes were purchased from Molecular Probes, Invitrogen 
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(Oregon, USA) and plasmid purification kit was obtained from Qiagen, 

France. The concentration of purified DNA was determined at 260 nm 

UV absorbance. Non-specific scrambled siRNA (siScr), luciferase 

siRNA (siLuc) (Table 2.1) were purchased from Genolution 

Pharmacuticals, Inc. (Seoul, South Korea). All other chemicals used in 

this study were of analytical reagent grade. 

Cell culture and animal 

Human hepatocellular liver carcinoma cells (HepG2) and human cervix 

epithelial carcinoma cells (HeLa) were maintained in low glucose 

Dulbecco's Modified Eagle's Culture Medium (DMEM) (Sigma, USA) 

with 10% FBS. Adenocarcinoma human alveolar basal epithelial cells 

(A549) were maintained in Roswell Park Memorial Institute (RPMI)-

1640 culture medium supplemented with 10% heat-inactivated fetal 

bovine serum (FBS) Hyclone Laboratories, USA) and 1% antibiotic 

cocktail of streptomycin and penicillin. All cells were maintained under 

standard culture conditions of 37°C and 5% CO2.  

C57BL/6 mice were obtained from the breeding colony of Human 

Cancer Consortium National Cancer Institute (Frederick, MD, USA)  
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Table 2.1 siRNA sequences 

siRNA  Sense (5’→3’)  Anti-sense (5’→3’)  

siRNA 

scrambled  

CGUACGCGGAAUACU

UCGAUU  

UCGAAGUAUUCCGCGU

ACGUU  

siRNA 

Luciferase  

CUUACGCUGAGUACU

UCGAUU  

UCGAAGUACUCAGCGU

AAGUU  
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and kept in a laboratory animal facility maintained at 23 ± 2oC and 50 ± 

20% relative humidity under a 12 h light/dark cycle. All experimental 

protocols were reviewed and approved by Animal Care and Use 

Committee at Seoul National University (SNU-111216-4). 

Synthesis of polymannitol based gene transporter (PMGT) 

PMGT was synthesized in a two-step reaction in which mannitol was 

first esterified with methacryloyl chloride to form mannitol 

dimethacrylate (MDM) monomer, and then copolymerized with bPEI 

(1.2 kDa) by a Michael addition reaction to obtain PMGT. PMT was 

prepared by same method previously reported [103]. 

Synthesis of MDM 

Mannitol dimethacrylate (MDM) monomer was synthesized by reaction 

of mannitol with 2 equivalents of methacryloyl chloride. An emulsion 

was prepared by dissolving mannitol (1 g) in DMF (20 mL) and 

pyridine (10 mL) followed by drop wise addition of methacryloyl 

chloride solution (1.2 mL dissolved in 5mL DMF) at 4°Cwith constant 

stirring overnight. After reaction completion, HCl.pyridine salts were 

filtered and filtrate was dropped to diethylether. The product was 

precipitated in a syrupy liquid form and dried over vacuum. 
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Synthesis of PMGT 

PMGT was prepared by Michael addition reaction [107] between LMW 

bPEI and MDM. Briefly, the synthesized MDM (0.38 g) dissolved in 

DMSO (5 mL) was added drop wise to 1 equivalent of bPEI (1.2 kDa, 

dissolved in 10 mL DMSO) and reacted at 60°C with constant stirring 

for 24 h. After reaction completion, mixture was dialyzed using a 

Spectra/Por membrane (MWCO: 3500Da; Spectrum Medical Industries, 

Inc., Los Angeles, CA, USA) for 36 h at 4oC against distilled water. 

Finally, the synthesized polymer was lyophilized and stored at -70oC. 

Characterization of PMGT  

1H NMR spectra of MDM and PMGT in D2O were recorded using an 

Advanced 600 spectrometer (Bruker, Germany). The absolute 

molecular weight of PMGT was measured by gel permeation 

chromatography coupled with multiangle laser light scattering (GPC-

MALLS) using a Sodex OH pack SB-803 HQ (Phenomenex, Torrells, 

CA, USA) column (column temperature 25°C; flow rate 0.5 mL/min). 

Gel retardation assay 
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PMGT was complexed with DNA (0.1µg pGL3) at various N/P ratios 

(2, 3, 5, and 10) for 30 min at RT with the total volume adjusted to 20 

µL. 1X loading dye (Biosesang, Korea) was added, and the samples 

were resolved on a 0.8% agarose gel in 1X TAE buffer containing 

ethidium bromide (EtBr, 0.1 μg/mL). Gel electrophoresis was 

conducted at 100 V for 40 min in 1X TAE running buffer, and images 

were captured under ultraviolet illumination to assess DNA 

complexation ability of PMGT. 

Protection and release assay 

Ability of PMGT to protect condensed DNA against cytoplasmic 

nucleases was examined by treating PMGT/DNA complexes (N/P 20) 

with DNase I. PMGT/DNA complexes and free DNA were incubated 

separately with DNase I (1 µL, 50 units) in DNase/Mg2+ digestion 

buffer containing Tris-Cl (50 mM, pH 7.6) and MgCl2 (10 mM) at 

37°C for 30 min. The nucleases were inactivated by adding 5 µL 

EDTA (100 mM) followed by incubation at 70oC for 10 min and 

incubated for another 30 min at RT. Finally, protected DNA was 

released from the complexes with the addition of 5 µL 1wt% sodium 

dodecyl sulfate (SDS) in distilled water for 2 h. Released DNA was 
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detected by resolving on a 0.8% agarose gel (with 0.1 µg/mL EtBr) in 

1X TAE running buffer at 100 V for 40 min. 

Measurement of particle size and zeta potential 

A dynamic light scattering spectrophotometer (DLS 8000, Otsuka 

Electronics, Osaka, Japan) was used to measure the size and zeta 

potential of the PMGT/DNA complexes in comparison to the 

PEI25kDa/DNA complexes with 90° and 20° scattering angles at 25°C, 

respectively. The samples were incubated for 30 min in distilled water 

at N/P ratios of 10, 15, 20, and 25 with 40 µg/mL of final DNA 

concentration in a total volume of 1 mL. In order to investigate the 

effects of serum proteins on the stability of PMGT/DNA complexes 

(N/P 20) compared to PEI25kDa/DNA complexes (N/P 10), serum 

concentrations of 0%, 10%, 20%, and 30% were added to the prepared 

complexes and their sizes were then measured. 

Observation of PMGT/DNA nanoplexes 

The morphology and size of the PMGT/DNA (N/P 20) and 

PEI25kDa/DNA complexes (N/P 10) were confirmed by EF-TEM 

(LIBRA 120, Carl Zeiss, Germany). Polyplexes were loaded on a 

carbon grid, dried for 2 h, stained with 1% uranyl acetate for 10 s, 
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washed with distilled water, and dried for an additional 10 min. 

Samples were then analyzed under an electron microscope. Similarly, 

lyophilized PMGT/DNA and PEI 25kDa/DNA samples were 

resuspended in PBS and analyzed under electron microscope. 

Osmolarity of PMGT 

Osmolarity of aqueous solutions of mannitol, MDM and PMGT at 

various concentrations (2%, 3%, 5%, and 10%) were measured as 

mOsm using cryoscopic osmometer 030 (Ganatec, USA) and calculated 

as the depression in freezing point of solutions. 

Degradation study of PMGT polyplexes 

TRITC (25 μL, 1 mg/100 μL in DMF) was added to PMGT (1 mL, 10 

mg/mL in H2O) to block ∼1% of its total amines and stirred overnight. 

Unreacted TRITC was removed by washing with ethyl acetate (3 × 

2mL) which was then lyophilized and resuspended in water. A549 cells 

were transfected with TRITC-PMGT/DNA complexes (N/P 20). A Carl 

Zeiss LSM 710 inverted laser scanning confocal microscope was used 

to monitor its intracellular degradation after 3 h, 2 days, 5 days and 7 

days. Cell viability was also observed after 3 h, 2, 5, and 7 days of 

transfection by MTT assay as described in the following section. 
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Cytotoxicity of PMGT/DNA and PMT/DNA complexes 

PMGT in vitro cytotoxicity was evaluated by MTT assay in three cell 

lines (A549, HeLa, and HepG2) and compared with that of PMT and 

PEI25kDa. At monolayer confluency, cells were trypsinized and seeded 

in a 24-well plate at 10 x 104 initial cell density in 1 mL growth media 

and allowed to grow to 80% confluency prior to polyplex treatment. 

Cells were treated at various N/P ratios (10, 15, 20, and 25) in serum-

free medium that was changed with serum-containing medium after 3 h. 

Thirty-six hours later, 500 µL of MTT solution in 1X PBS (0.5 mg/mL) 

was added to each well and incubated for an additional 3 h. The 

medium was carefully aspirated, and left behind purple formazan 

crystals were dissolved in DMSO (500 µL). Dissolved formazan (100 

µL) from each well were transferred to 96-well plate and absorbance 

was measured at 540 nm using a VERSAmax tunable microplate reader 

(Sunnyvale, CA, USA). All experiments were conducted in triplicate. 

In vitro transfection in the absence and presence of serum 

Transfection studies were performed in A549, HeLa and HepG2 cells at 

an initial cell density of 10 x 104 in 24-well plate. At 80% cell 

confluency, PMGT/pGL3 (1 µg), and PEI25kDa/pGL3 polyplexes were 
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treated at various N/P ratios (10, 15, 20 and 25) in serum-free medium, 

which was exchanged with fresh medium containing serum (10% FBS) 

after 3 h. After 24 h of standard incubation conditions, luciferase assay 

was performed according to the manufacturer’s protocol. A 

chemiluminometer (Autolumat, LB953; EG&G Berthold, Germany) 

was used to measure relative light units (RLUs) normalized with 

protein concentration in the cell extract estimated using a BCA protein 

assay kit (Pierce Biotechnology, Rockford, IL, USA). The effect of 

serum on polyplex stability for its possible use in biological systems 

was investigated in the A549 cell line. At N/P 20, cells were transfected 

with 0%, 10%, 20%, and 30% serum concentrations in 24-well plate, 

and luciferase assay was performed as described above. Transfection 

activity was measured in triplicate as RLUs/mg protein. 

Flow cytometry measurement 

The percent transfection efficiency of PMGT/tGFP (1 µg) polyplexes in 

comparison with PEI25kDa/tGFP polyplexes was estimated by flow 

cytometry in A549 cells. Transfected cells were harvested with 0.25% 

trypsin/EDTA and washed twice with 1X PBS. Cells expressing GFP 

acquired from a total of 10,000 cells were scored through a FACS 

calibrator system (Becton-Dickinson, San Jose, CA, USA) to determine 
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the percent transfection. To demonstrate stable transfection by PMGT 

for in vivo suitability, A549 cells were incubated for 2, 3, and 5 days 

post-transfection and percentage transfection was quantified using 

FACS. 

Silencing efficiency of PMGT 

A549 cell were transfected with LipofectamineTM/pGL3 (1 µg) 

complexes in serum-free medium. After 3 h, the medium was aspirated 

and PMGT/siLuc or siScr (N/P 20) and PEI25k/siLuc or siScr 

complexes (N/P 10) were added containing 50, 75, 100 and 150 pM 

siRNA concentrations. Cells were incubated for additional 3 h, after 

which medium was replaced with complete medium containing 10% 

serum. Finally, 48 h later luciferase expression was measured by 

luciferase assay and normalized with the protein concentration in the 

cell extract. The luciferase silencing efficiency was calculated as the 

relative percentage of luciferase activity to the control cells without 

siRNA treatment. 

MTT assay was also performed to show no toxic effects of 

PMGT/siRNA complexes. The cytotoxicity of PMGT/siRNA (N/P 20) 

and PEI25k/siRNA complexes (N/P 10) was evaluated in A549 cells at 
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various siRNA concentrations of 50, 100, 150 pM. After 36 h MTT 

assay was performed as described in the following section. 

In vivo gene expression and bio-distribution of PMGT/DNA 

complexes 

Animal study was performed in wild type male C57BL/6 mice lungs (4 

mice /group) to analyze in vivo gene expression by aerosol delivery of 

polyplexes. Aerosol was prepared by complexing PMGT (N/P 20) with 

1 mg of turboGFP (tGFP) (Origene, Rockville, USA) and delivered to 

6-week old mice lungs by placing the mice inside a nose-only exposure 

chamber (NOEC; Dusturbo, Seoul, Korea) for 40 min. After 48 h, mice 

were sacrificed and lungs were perfused with phosphate-buffered-saline 

through trachea. Lungs were fixed in 4% paraformaldehyde for 12 h 

and then preserved in 30% sucrose for 48 h at 4oC. Lungs were 

embedded in a Tissue-TekOCT compound (Sakura, Torrance, CA, 

USA) at < 20°C. Cryostat was used to prepare 20 µm thick lung 

sections, mounted on slides and observed for tGFP expression using a 

ZeissLSM510 confocal microscope (Carl Zeiss, Inc.). 

For in vivo biodistribution analysis, PMGT (N/P 20) and PEI25kDa 

(N/P 10) were complexed with pGL3 (30 µg) in normal saline (final 
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volume 100 µL). Similarly, naked DNA in normal saline was used as a 

control. Complexes were delivered to 6-week old C57BL/6 mice 

intravenously (i.v.) through the tail vein using a 40 U insulin syringe (1 

mL with a needle size 0.30 x 8 mm). After four days of gene delivery, 

animals were sacrificed by cervical dislocation and all vital organs 

were dissected. Organs were washed with chilled normal saline, 

weighed, chopped, and suspended to 25% w/v homogenate in 2.5X cell 

lysis buffer (Promega, USA) and centrifuged (10,000 rpm, 10 min, 

4°C). Cell lysate (100 µL) from each sample was assayed for luciferase 

activity using a chemiluminometer. 

Mechanistic studies for high transfection efficiency by PMGT: 

Packed cell volume (PCV) test 

Osmotic activity of polymannitol in the PMGT backbone was measured 

by PCV test. Briefly, 2, 3, and 5 wt% mannitol in the PMGT were 

mixed with 10 x105 A549 cells in mini-PCV tubes, incubated for 10 

min and centrifuged at 4500 rpm for 1 min. Similar experiments were 

performed with same amount of pure mannitol as a control. A decrease 

in volume in PCV tube was calculated as percentage decrease in cell 

volume. 
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Effect of COX-2 inhibition on hyperosmotically driven transfection 

SC58236, a potent inhibitor of COX-2, was used to verify the 

relationship between PMGT hyperosmotic effect and COX-2 release. 

Different concentrations of SC58236 (0, 5, 10 and 20 µM/L) were 

prepared in serum free medium from the stock solution in DMSO. 

A549 cells were treated with SC58236 prior to transfection for 1, 2 and 

4 h, after which  PMGT/DNA (N/P 20) and PEI25kDa/DNA (N/P 10) 

polyplexes were added and transfection efficiency was measured 24 h 

later as RLUs/mg of protein by luciferase assay using above stated 

protocols. 

ELISA assay for determining COX-2 expression under hyperosmotic 

stress 

 8.8 cm2 culture dishes were seeded at 40 x 104 initial cell density and 

treated with PMGT/tGFP (N/P 20) and PEI 25k/tGFP (N/P 10) 

polyplexes. Cells were harvested at different time intervals (1h, 3h and 

6h) to obtain cell lysate. COX-2 sandwich ELISA (Pathscan, cell 

signaling technology, USA) was performed for the quantification of 

hyperosmotically induced COX-2 in cell lysates according to the 

manufacturer’s protocol and absorbance was measured at 450 nm. 
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COX-2 inhibition study by confocal microscopy 

A Carl Zeiss LSM 710 inverted laser scanning confocal microscope 

was used to monitor intracellular trafficking of TRITC-labeled PMGT 

and YOYO-1 labeled pDNA in A549 cells in the presence and absence 

of SC58236. pDNA (1 µg) was labeled with YOYO-1 iodide (2 μL, 1 

mM solution in DMSO) by stirring for 2h at 25 ± 1 °C in dark, and then 

stored at -20 °C.  A549 cells seeded in 6 well plate at 20 x 104 

cells/well were transfected with dual labeled PMGT/DNA complexes 

with and without SC58236. After 120 min of incubation, cells were 

washed with 1× PBS (3×500 μL) and fixed with 4% paraformaldehyde 

for 10 min at 4 °C. DAPI was used to counter-stain the nuclear DNA of 

fixed cells, and images were procured from confocal microscopy and 

quantified using custom designed MATLAB program. 

Endocytosis inhibition study 

The route of PMGT uptake was analyzed by inhibiting various 

endocytosis pathways and their subsequent effect on transfection was 

observed. 

Inhibition of caveolae-mediated endocytosis 
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Caveolae dependent endocytosis was investigated using the inhibitors 

β-methyl cyclodextrin (BMC) (2.5, 6.5 and 10 mg/mL) and genistein 

(100, 200 and 300 µM). After 1 h of incubation at 37°C with inhibitors 

A549 cells were transfected with PMGT/DNA complexes (N/P 20) in 

serum free medium. Luciferase activity was measured 24 h later as 

RLUs/mg of protein. 

Inhibition of clathrin and macropinocytosis-mediated endocytosis 

Chlorpromazine and wortmannin were used to investigate clathrin and 

macropinocytosis dependent endocytosis respectively. A549 cells were 

pre-treated with varying concentrations of chlorpromazine (1, 2 and 

3µg/mL) and wortmannin (50, 100 and 200 nM) in serum free medium 

and incubated for 1 h at 37°C before the addition of PMGT/DNA 

complexes (N/P 20). 

Proton sponge effect by PEI in PMGT 

A549 cells in 24-well plates (10 × 104cells/well initial cell density) at 

80% confluency were incubated with endosome proton pump inhibitor, 

bafilomycin A1 (a specific inhibitor of vacuolar type H+ - ATPase) 

(200 nm in DMSO) for 10 min just before transfection to ensure 

endosomal escape of PMGT. Inhibitor was aspirated followed by 
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PMGT/DNA (N/P 20) and PEI25kDa/DNA (N/P 10) complexes 

addition. Cells without bafilomycin A1 treatment were taken as control. 

The cells were measured for their luciferase activity in triplicate. 

2.3 Results 

Physicochemical characterization of synthesized PMGT 

Newly synthesized gene delivery carrier PMGT incorporates osmolyte 

properties of hydroxyl groups and hydrophobic methyl groups in the 

carrier. The primary hydroxyl groups of mannitol when reacted with 

methacryloyl chloride primarily led to the formation of 1, 6 

disubstituted mannitol dimethacrylate (MDM) due to higher reactivity 

of primary alcohols than secondary alcohols (Fig. 2.1). To avoid isomer 

formation and polysubstitution mannitol and methacryloyl chloride 

were reacted at 1:2 molar ratio. 1H NMR spectra of MDM showed 

intense peaks at 5.6-6.2 ppm representing protons in the vinyl group 

(Fig. 2.2A). Thereafter, MDM was cross-linked with LMW bPEI by 

Michael addition reaction to synthesize PMGT (Fig. 2.1) evidenced by 

1H NMR that showed disappearance of MDM vinyl proton peaks (Fig. 

2.2B). 
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Fig. 2.1 Reaction scheme for PMGT synthesis 
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Fig. 2.2 Characterization of PMGT copolymer: 1H-NMR spectra of (A) 

MDM in DMSO and (B) PMGT in D2O  
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The synthesized PMGT was characterized as a gene carrier; DNA 

condensation and protection ability; size, zeta potential and 

morphology of polyplexes; and osmolarity. The composition of 

mannitol in PMGT estimated by NMR was about 36.7 mol-% and the 

MW measured by GPC was 8500~8800 Da, which suggests appropriate 

size of the polymer necessary for effective binding with nucleic acids. 

Gel retardation assay further demonstrated the ability of PMGT to 

condense DNA by completely retarding its migration in the agarose gel 

at a lower N/P ratio of 3 (Fig. 2.3B), suggesting a high PMGT 

complexation capacity. Further, through DNA protection & release 

assay, PMGT showed to protect the complexed DNA as visible in lane 

4 of Fig. 2.3A, suggestion of its protection against intracellular DNase 

degradation contrary to the complete degradation of naked DNA (lane 

2, Fig. 2.3A). 

Electrostatic condensation of DNA with PMGT resulted in nanosized 

cationic particles suitable for cellular uptake when confirmed by 

dynamic light scattering spectrophotometer (DLS) and EF-TEM. DLS 

revealed a decreasing trend in PMGT/DNA nanoplex sizes from 200 to 

110 nm with increasing N/P ratios (Fig. 2.3C) due to stronger 

complexation with DNA. Zeta potential measurements also showed a 
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similar decreasing pattern with an increase in N/P ratios of the 

polyplexes (Fig. 2.3E). However, it is noteworthy that PMGT showed 

an initial decrease and then stable zeta potential at around +15 to +20 

mV, suggesting the role of polymannitol hydroxyl groups in shielding 

the surface charge of complexes probably due to the formation of 

hydrogen bonds between polymannitol and DNA leading to stable zeta 

potential contrary to increasing zeta potential of PEI25kDa/DNA 

complexes. A harmonized and stable charge density on PMGT 

polyplexes, achieved by LMW PEI and hydroxyl groups ensures 

interaction with anionic membrane proteins to initiate polyplex 

internalization. In addition, it also reduces cytotoxicity caused by high 

charge density leading to cell membrane rupture. The polyplex sizes 

estimated with increasing serum concentrations showed a continuous 

increase in the hydrodynamic diameter of PEI25kDa/DNA complexes 

due to aggregation with the negatively charged serum proteins making 

the polyplex sizes unsuitable for cellular uptake. 

Contrarily, PMGT/DNA complexes showed no significant increase in 

polyplex sizes, suggesting minimal interaction with serum proteins and 

favorable transfection (Fig. 2.3D). This stable behavior of polyplexes 

can be attributed to the hydroxyl groups of polymannitol backbone 
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which first shields the polyplexes by making intermolecular hydrogen 

bonds with DNA and secondly, its partial negative charges prevent 

their interaction with serum proteins by generating repulsion in an 

anionic environment. Therefore polyplexes maintain uniform size 

distribution throughout its voyage to the nucleus which is also apparent 

from the lower polydispersity index (PDI) of < 0.2 and EF-TEM 

images. Around 120 nm sizes of PMGT/DNA complexes taken before 

and after lyophilization showed well-defined spherical morphologies 

and no aggregation in comparison to PEI25kDa/DNA complexes (Fig. 

2.3F). Contrary to PEI25kDa/DNA complexes that underwent 

aggregation after lyophilization, the intact morphologies of 

PMGT/DNA complexes demonstrate their robustness and suitability for 

powder formulations in aerosol administration.  

Moreover, the intrinsic hyperosmotic property of PMGT was elucidated 

by measuring its osmolarity that tend to increase with the increase in its 

concentration (Table 2.2) due to polymannitol backbone. This reflects 

its tendency to induce hyperosmotic stress on the cells to accelerate the 

cellular uptake process. 
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Fig. 2.3 Physico-chemical characterization of PMGT copolymer. (A) 

DNA protection and release assay: DNA was released by adding 1% 

SDS to PMGT/pGL3 complexes at an N/P ratio of 20; (Lane 1) pGL3 

without DNase I, (Lane 2) pGL3 with DNase I, (Lane 3) PMGT/pGL3 

complexes without DNase I, and (Lane 4) PMGT/pGL3 complexes 

with DNase I. (B) Gel electrophoresis of PMGT/pGL3 (0.1 µg) 

complexes at various N/P ratios ranging from 2 to 10. Characterization 

of PMGT/DNA complexes: (C) particle sizes without serum, (D) 

particle sizes in various serum percentages, and (E) zeta potential (F) 

EF-TEM images of (i) PMGT/pGL3, (ii) lyophilized PMGT/pGL3, (iii) 

PEI 25k/pGL3, and  (iv) lyophilized PEI 25k/pGL3 complexes at N/P 

ratio of 20.(n = 3, error bar represents SD) (*p < 0.05; **p < 0.01; ***p 

< 0.001, one-way ANOVA).  
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Table 2.2 Osmolarity of aqueous solutions of pure mannitol, sorbitol, 

dixylitol and their corresponding diacrylates at various concentrations 

measured as mOsm, calculated from the depression in freezing point of 

solutions. 

 

  

 

Conc. 

Osmolarity [mOsm] 

Mannitol MDM PMGT PEI 

1.2 

kDa 

PMGT/DNA 

polyplex (N/P 

20) 

PEI/DNA 

polyplex 

(N/P 20) 

2% 144 61 69 0 70 8 

3% 267 104 111 14 101 26 

5% 391 142 151 25 139 33 

10% 788 299 332 56 273 65 
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In vitro cell viability and transfection efficiency of PMGT polyplexes 

Cell viability of PMGT/DNA complexes was estimated by MTT assay 

that showed about 95% cell viability in A549, HeLa, and HepG2 

mammalian carcinoma cell lines at various N/P ratios in comparison to 

PMT/DNA (~ 94%), PEI25k/DNA (~ 60%) and Lipofectamine/DNA 

(~ 70%) indicating that cell viability of the PMGT/DNA complexes 

was not much different from PMT/DNA complexes regardless of the 

hydrophobic methyl groups in the PMGT (Fig. 2.4). Fate of 

PMGT/DNA complexes was also observed under confocal microscopy 

after 3 h, 2, 5, and 7 days post-transfection which showed gradual 

disappearance of PMGT (Fig. 2.5A) to demonstrate its degradation 

tendency that accounts for higher cell viability (Fig. 2.5B) and 

biocompatibility. Issue of biodegradability is answered by the presence 

of degradable ester linkages (Fig. 2.1) between polymannitol and bPEI. 

Cleavage of these bonds inside the biological system leaves polymer 

into smaller fragments which can be easily exocytosed. 

In vitro PMGT/pGL3 transfection in A549, HeLa, and HepG2 cell lines 

showed higher transfection efficiency, particularly at N/P 15 & 20 due 

to its hyperosmotic behavior and hydrophobic methyl groups present in  
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Fig. 2.4 Cytotoxicity of PMGT/ pGL3 complexes compared to 

PMT/pGL3 and PEI25K /DNA complexes at various N/P ratios in 

different cell lines: (A) A549; (B) HeLa; and (C) HepG2 (n= 3, error 

bar represents SD) (*p < 0.05;**p < 0.01; ***p < 0.001, one-way 

ANOVA). 
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Fig. 2.5 In vitro degradation study of PMGT. (A) Confocal images 

showing PMGT (red) decreasing significantly after 2 days and 

drastically after 5 days (magnification:100X). (B) Cell viability after 3 

h, 2, 5, and 7 days in A549 cells (n = 3).  
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Fig. 2.6 Luciferase activity of PMGT/ pGL3 complexes without serum 

at various N/P ratios in different cell lines: (A) A549; (B) HeLa; and (C) 

HepG2 (D) Luciferase activity of PMGT/pGL3 complexes in various 

serum percentages in A549 cells (n= 3, error bar represents SD) (*p < 

0.05; **p < 0.01, ***p < 0.001, one-way ANOVA). (E) Transfection 

efficiency of PEI, PMT and PMGT by FACS analysis.  
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the PMGT rendering better cellular uptake. PMGT (N/P 20) resulted in 

a 15-20 fold increase in luciferase expression over PEI25kDa (N/P 10) 

and 5-6 fold increase over PMT (N/P 20) (Fig. 2.6A, B, C). Flow 

cytometry also recorded this crucial result of increased transfection 

efficiency of PMGT (35 - 40 %) over 8 – 10 % efficiency of PEI25kDa 

and 25-30% efficiency of PMT (Fig. 2.6E) which indicated the 

probable role of hydrophobic properties of PMGT in cellular uptake 

process. Moreover, transfection efficiency after 7 days dropped by only 

3-5 %, suggestion of stable transfection by PMGT (Fig. 2.6E). The 

crucial result is the increase in the transfection efficiency of PMGT 

over PMT. It is noteworthy that even at the same N/P ratios luciferase 

activity was higher for PMGT over PMT, clearly suggesting the 

advantageous role of hydrophobic methyl groups of PMGT assisting in 

cellular entry of PMGT though cell viability does not resulted in much 

differences. 

Transfection efficiency of PMGT in terms of siRNA delivery was also 

estimated by silencing luciferase expression using luciferase siRNA 

(siLuc). PMGT/siLuc showed an increased silencing efficiency 

reaching up to 90% in comparison to PEI25k/siLuc. The silencing 

activity becomes stable after 100 pM of siRNA concentration. As 
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expected non-specific scrambled siRNA (siScr) and naked siLuc 

exhibited negligible silencing (Fig.2.7). Cell viability assay of 

PMGT/siLuc verifies that the improved PMGT-mediated gene 

silencing was not affected by cytotoxicity (Fig. 2.8). 

Serum affects the transfection efficiency firstly by exhibiting an 

intrinsic DNase activity  to degrade the loosely bound DNA and 

secondly, by interacting with cationic polymer to cause polyplex 

aggregation [108]. The transfection results in the presence of serum 

demonstrated the effectiveness of PMGT in restraining the complexes 

from binding with serum proteins primarily due to the shielding effect 

of its hydroxyl groups, ensuring unaffected transfection up to 20% 

serum concentration (Fig. 2.6D). The results are in accordance with the 

aforementioned particle size measurements at various percent serum 

concentrations. Therefore, stable transfection over 7 days and 

unaffected gene expression in the presence of serum suggests 

possibility of its in vivo application. 

In vivo gene expression and biodistribution of PMGT/DNA 

complexes  

Non-invasive aerosol delivery was chosen over intravenous delivery for 
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Fig. 2.7 Silencing efficiency of PMGT/siLuc and PEI25k/siLuc 

complexes in A549 cells compared to the respective scrambled siRNA 

(siScr ) group (n = 3, error bar represents SD), (*p < 0.05; **p < 0.01, 

***p < 0.001, one-way ANOVA). 
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Fig. 2.8 Cytotoxicity of PMGT/siRNA and PEI25k/siRNA complexes 

at various siRNA concentrations in A549 cells. (n = 3, error bar 

represents SD) (*p < 0.05, one-way ANOVA). 
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expression of the target gene in respiratory system as it allows DNA 

deposition in the lungs at pulmonary region and prolongs DNA 

retention time, whereas intravenous gene delivery causes quick 

systemic distribution with a shorter half-life in the lungs [109]. 

Moreover, stability of PMGT/DNA nanoplexes even after 

lyophilization makes it suitable for aerosol application (Fig. 2.3F ii, iv). 

Aerosol administration of PMGT/tGFP complexes (N/P 20) in 

C57BL/6 mice lungs (n=4) showed enhanced tGFP expression in 

contrast to PEI25kDa/tGFP administered mice (Fig. 2.9A). 

Biodistribution of PMGT/pGL3 complexes in 6-week old C57BL/6 

mice showed the highest luciferase expression in spleen, followed by 

lung, brain and kidney, with negligible expression in liver and heart 

(Fig. 2.9B). Hyperosmoticity offered by polymannitol backbone 

enhanced cellular uptake, especially in the lung and brain, which 

typically allow restricted entry for therapeutics [110]. Immediately after 

i.v. injection, polyplexes tend to aggregate with blood cells and plasma 

components, resulting in accumulation of polyplexes in the fine 

capillaries of the lung [24, 97] where they extravasate into the lung 

tissues due to the hyperosmotic environment created by the polymer.  
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Fig. 2.9 In vivo biodistribution of PMGT. (A) Fluorescent microscopic 

images of in vivo tGFP expression after aerosol administration to mice 

(C57BL/6) lungs (n=4). Quadrants of control, PEI25k/tGFP and 

PMGT/tGFP showing (I) fluorescent, (II) merged and (III) phase 

contrast images respectively. (B) Graph showing biodistribution by 

luciferase expression in various organs after 3 days of intravenous 

injection in mice (C57BL/6).  
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Therefore, luciferase delivered by PMGT was much expressed in the 

mouse lung and brain in comparison to PEI25kDa. 

Hyperosmotic tendency of PMGT induces COX-2 expression 

Since mannitol’s hyperosmotic behavior is vastly used clinically in 

crossing the biological barriers [111], it necessitated to determine its 

retained hyperosmotic tendency in PMGT to deliver osmotic shocks to 

the cells [112]. A549 cells (10x105 cells/ PCV tube) treated with 

increasing concentrations of PMGT (2, 3, and 5 wt%) showed 7, 9, and 

14% decrease in cell volume, similar to the trend when treated with the 

same amount of pure mannitol to show 10, 15, and 22% decrease in cell 

volume (Fig. 2.10A). These results, in accordance with the osmometer 

measurements (Table 2.2) demonstrated that like pure mannitol, the 

incorporated polymannitol in PMGT has ability to squeeze out water 

from the cells owing to its hyperosmotic behavior, thereby assisting 

PMGT/DNA complexes to penetrate through the biological barriers. 

Elegant early findings reveal that under hypertonic conditions, osmotic 

equilibrium is regained by an intracellular accumulation of organic 

osmolytes via COX-2 induction [113]. 

In order to confirm whether COX-2 expression under PMGT induced 



 

  64 

 

Fig. 2.10 Mechanistic investigations for enhanced transfection of 

PMGT: (A) Effect of polymannitol’s hyperosmotic activity on packed 

cell volume (A) Bafilomycin A1 study, (C and D) Effect of COX-2 

inhibitions (at 1 and 4 h) by SC58236 on PMGT-mediated gene 

transfection. (n = 3, error bar represents SD)  (*p < 0.05, **p < 0.01; 

***p < 0.001, one-way ANOVA). (E) Confocal microscopic images of 

PMGT/DNA polyplexes showing uptake of nanoparticles. (I) In the 
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presence of COX-2 inhibitor SC58236; (II) In the absence of COX-2 

inhibitor SC58236. MATALB simulation tool is used to estimate the 

particles present inside the nucleus (blue). Quadrants showing pDNA 

labeled with YOYO-1(green) and nucleus (blue) and PMGT labeled 

with TRITC (red), overlaid pictures showing yellow color polyplex 

(green and red). MATLAB simulated pictures showing particles inside 

the nucleus as white. 
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hyperosmotic stress, COX-2 ELISA assay was performed. The results 

showed an increased concentration of COX-2 with time in cell lysates 

treated with PMGT polyplexes in comparison to PEI25kDa treated cell 

lysates, suggesting the role of hyperosmotic effect of hydroxyl groups 

in polymannitol backbone in encouraging the release of osmoprotectant 

COX-2 (Fig. 2.10B). A weak COX-2 expression induced by PEI25kDa 

might be a toxicity related inflammatory response. Hence the 

enhancement in transfection efficiency was probably due to the 

disturbed osmotic environment on the cell surface that increased 

cellular uptake of PMGT polyplexes via COX-2 induction. 

COX-2 induction enhances cellular uptake of PMGT/DNA complexes 

From the ELISA assay it was clear that COX-2 was induced due to 

hyperosmotic property of PMGT, but to elucidate the effect of COX-2 

induction on cellular uptake resulting in high transfection efficiency, 

COX-2 expression was inhibited by SC58236 as a COX-2 inhibitor and 

change in transfection activity was observed. A549 cells transfected 

with PMGT/DNA and PEI25k/DNA complexes in the presence of 

SC58236 showed a sudden decrease (~20 fold) in PMGT-mediated 

transfection at an inhibitor concentration of 5 µM which gradually 

decreased further in a dose dependent manner (Fig. 2.10C, D).  
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On the other hand, no significant inhibitor effect (even at 20 µM 

concentration) on PEI25kDa-mediated transfection activity was 

observed, suggesting that SC58236 only inhibits the COX-2-mediated 

PMGT accumulation and decelerates polyplex uptake mitigating the 

effect of polymannitol backbone. A slight decrease in PEI25kDa 

transfection after 4 h was probably due to stress induced cell death. The 

results clearly state a determining role of polymannitol backbone and 

induced COX-2 protein for enhanced transfection. 

Moreover, confocal images also confirmed that the internalization of 

PMGT/DNA polyplexes was decreased in the presence of SC58236 

from 15% to 3% due to inhibition of COX-2 showing its incapability to 

restore osmotic balance by polyplex internalization (Fig. 2.10E).  

COX-2 expression elicit caveolae-mediated endocytosis 

The mode of endocytosis to accumulate polyplexes was investigated 

using various inhibitors of caveolae (β-methyl cyclodextrin and 

genistein), clathrin (chlorpromazine), and macropinocytosis 

(wortmannin) and their effect on transfection efficiency of PMGT was 

carefully observed in A549 cells.   
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Fig. 2.11 Effect of inhibitors on transfection. (A) β-methyl cyclodextrin, 

(B) genistein, (C) chlorpromazine and (D) wortmannin. (n = 3, error 

bar represents SD) (E) Bafilomycin A1 (*p < 0.05, **p < 0.01; ***p < 

0.001, one-way ANOVA). 
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While inhibition of macropinocytosis and clathrin-mediated 

endocytosis demonstrated no decrease in the transfection efficiency of 

PMGT, depletion of cholesterol rafts in caveolae by genistein and β-

methyl cyclodextrin (BMC) caused a significant decrease in 

transfection, suggesting the role of caveolae-mediated endocytosis in 

the cellular uptake of PMGT/DNA complexes (Fig. 2.11), although the 

hydrophobic methyl groups in the PMGT did not affect the endocytosis 

pathway compared to the PMT ones 10. The caveolae pathway is likely 

to be initiated by PMGT due to the hyperosmotically induced COX-2 

for intracellular accumulation of PMGT polyplexes to restore osmotic 

equilibrium. 

Furthermore, PEI part in PMGT backbone are responsible for H+ 

absorption which leads to an influx of Cl- ions and water that causes the 

endosomes to swell and burst, a mechanism called proton sponge effect. 

Inhibition of vacuolar type H+ ATPases by bafilomycin A1 showed 

1000-folds decrease (N/P 20, Fig. 2.11E) in the transfection of PMGT, 

suggesting the ability of PMGT to escape endosomal degradation. The 

inhibitor prevented endosomal acidification and hence ceased its 

bursting to release the transporter. 
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2.4 Discussion 

Our findings show that, the inherent hyperosmotic properties of gene 

transporter can modify the internalization pathway by initiating cell 

signaling cascade. Therefore, interest aroused towards PMGT due to its 

combined hyperosmotic and hydrophobic properties. We sought that 

hyperosmotic polymannitol part with hydrophobic methyl groups in the 

PMGT could trail the gene transporter through membrane barrier. 

MDM utilizes the formation of ester linkage between its allyl group and 

amines of the LMW bPEI by Michael addition reaction to polymerize 

into PMGT. The robustness of PMGT was demonstrated by its ability 

to protect nucleic acids against DNase degradation and its 

biocompatibility was assured by higher cell viability and degradation 

study. The nanosized structure (~150 nm) and stable surface charge of 

PMGT/DNA complexes make it suitable for trouble free cellular uptake. 

In addition, 20 folds higher luciferase expression of PMGT than 

PEI25kDa shows the importance of hydroxyl groups in inducing 

osmotic stress and other signaling molecules to accelerate uptake 

process. And, 5-6 folds higher luciferase expression of PMGT 

compared to PMT demonstrated the significance of hydrophobic 

methyl groups for smooth trans-membrane delivery of polyplexes 
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although the hydrophobic methyl groups in the PMGT did not affect 

cell viability. The methyl groups help in enhancing delivery by forming 

hydrophobic interactions with the lipid constituent of plasma 

membrane. The hydrophobic interactions of PMGT with plasma 

membrane in addition to electrostatic interactions smoothens the 

cellular internalization process. The enhancement in transfection 

efficiency compared to PMT and PEI25kDa is its most striking feature 

to suggest the combined role of hydrophobicity and hyperosmoticity in 

cellular uptake. 

Extracellular disturbances may have significant effect on cellular 

functions, transmembrane transport and endocytosis [114]. Depending 

upon the required cellular function, different endocytic routes regulate 

the fate of endosomes in co-operation with other signaling molecules. 

These routes include clathrin-mediated endocytosis, caveolae-mediated 

endocytosis, macropinocytosis and phagocytosis. An understanding of 

internalization through these multifaceted routes in response to a 

stimulus is essential since the internalization mode of polyplexes will 

have a direct impact on transfection efficiency [115]. Though polymers 

enter via both clathrin- and caveolae-mediated endocytosis [116, 117], 

inhibition studies revealed that hyperosmotic stimulus by PMGT 
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predominantly induced caveolae-mediated endocytosis. Since 

hyperosmotically active compounds selectively stimulate caveolae 

formation [104], we found that this stimulation is related with the up-

regulation of COX-2 inflammatory molecules. As caveolae are 

enriched with membranous enzymes and co-localized signaling 

molecules such as COX-2 [118], we speculate that depletion of 

caveolae lipid raft by inhibitor destroys its integrity and disrupts the co-

localized COX-2, resulting in complete gene expression failure (Fig. 

2.11). Membrane impermeable agents such as mannitol and NaCl 

increase intracellular COX-2 protein levels by exerting hypertonic 

effect. In a similar way, the hyperosmotic effect of PMGT induces 

COX–2 expression as an inflammatory response to regain equilibrium 

across the cell membrane. This leads to fast cellular uptake of 

hyperosmotic polyplexes via caveolae- mediated endocytosis resulting 

in enhanced transfection. A decrease in transfection activity of PMGT 

by COX-2 specific inhibitor (SC58236) suggests a close link between 

hyperosmotic effect and COX-2 induction. ELISA results also showed 

increased COX-2 expression with increase in polymannitol content. 

In addition, confocal studies in the presence of COX-2 inhibitor 

showed a reduction in the internalization of polyplexes compared to   
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Fig. 2.12 Diagrammatic representation of the proposed mechanism of 

PMGT internalization through co-localized COX-2 and caveolae-

mediated endocytosis 
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that in the absence of inhibitor. These results collectively illustrate that 

the PMGT’s hyperosmotic stimuli upregulates COX-2 expression and 

helps in increasing cellular uptake. As a general mechanism, COX-2 

enzyme generates an inflammatory response against hyperosmotic 

stimuli [119]. This response helps cells to escape apoptosis by 

regulating fast osmolyte internalization [120] for subduing cellular 

stress. Recent studies have reported that osmotic stimuli activate cell 

surface EGFR receptors that commence activation of downstream 

MAPKs. This ultimately signals an osmoprotectant (transcription factor) 

which induces cytoprotective COX-2 expression to ensure cell survival 

by enhancing cellular uptake [113, 119, 121-125].  

A pictorial representation of the PMGT uptake mechanism, illustrated 

in figure 2.12, articulates the cellular machinery involved in delivering 

a gene.  

2.5 Conclusion 

In conclusion, polymannitol-based gene transporter (PMGT) avails the 

hyperosmotic properties of polymannitol and hydrophobic effects of 

methyl groups as an integral part of the vector for better plasma 

membrane crossover leading to enhanced nucleic acid delivery. The 
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methyl groups help in improving delivery by hydrophobic interactions 

with the lipid component of plasma membrane. The polymannitol 

backbone through its hydroxyl groups corresponds to better DNA 

complexation and polyplex stability by forming hydrogen bonds that 

results in particle size of ~150 nm appropriate for cellular uptake. The 

robustness of PMGT was demonstrated by its ability to protect nucleic 

acids against DNase degradation and its biocompatibility was assured 

by higher cell viability. Mechanistic investigations revealed that 

cationic PMGT binds to the cell surface and generates a hyperosmotic 

environment at the extracellular side. This hyperosmotic stimulus was 

found to stimulate COX-2 induction which was responsible for 

enhancement in cellular uptake, as suggested by COX-2 inhibition, 

ELISA and confocal studies. In order to restore osmotic equilibrium 

across the cell membrane, COX-2 enhanced polyplex accumulation by 

activating caveolae-mediated endocytosis. The study illustrates 

increased cellular uptake and thus higher transfection efficiency by 

modulating the mode of internalization route through combined effect 

of hydrophobic and hyperosmotic properties of PMGT. Therefore, the 

attributes of PMGT demonstrated in the present study show its 
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potential applications in developing more profound gene and drug 

delivery systems. 
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CHAPTER 3 

Hyperosmotic Polydixylitol for Crossing Blood 

Brain Barrier and Nucleic Acid Delivery 

3.1 Introduction 

Brain represents a particularly inaccessible organ for the delivery of 

therapeutic molecules due to the presence of compact blood-brain-

barrier (BBB), which excludes the brain-specific delivery of 100% of 

large molecules and more than 98% of small therapeutic molecules 

[126, 127]. The architecture of BBB, which is formed primarily of tight 

junctions between the cerebral capillary endothelium and surrounding 

perivascular elements, restricts the influx of molecules from blood s

tream into the brain  [42] and makes it  impermeable to most 

therapeutic molecules, including nucleic acids [43]. Similarly, a 

compact mass of tumor cells composed of approximately 50% tumor 

and stromal cells hinders the delivery of cancer therapeutics to deep-

seated cancer cells [128, 129]. This compactness of biological tissues 

precludes pharmacotherapy or requires the use of invasive procedures 

to bypass the barrier [130]. Therefore, clinical translation of various 
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competent drugs and nucleic acid therapeutics has been obstructed 

by these biological barriers [131-134]. For instance, to deliver genes to 

neurons, viral vectors have been directly injected into selected regions 

of the brain because BBB impedes their entrance into the brain when 

delivered systemically [135]. However, using this invasive technique, 

transduction is limited to the injection site only [135]. Therefore, the 

search for ways to overcome these biological barriers to reach the 

specific site of action has been the major driving force for the 

significant development of delivery vectors [136] that will not only 

protect the therapeutic molecules from degradation in the biological 

milieu but also steer their cellular entry [127].  

Biological barriers can be globally disrupted by the intra-arterial 

infusion of osmotic agents, such as mannitol solution, to increase their 

permeability [135, 137]. A customarily applied method for penetration 

across biological barriers is the use of these hyperosmotic solutions, 

which elevates the blood plasma osmolality, resulting in an enhanced 

flow of water from tissues and thereby loosening the highly compact 

cell mass and facilitating the vector to cross the barriers and deliver the 

therapeutic molecules to cells, previously difficult to transfect [60]. 

Hence, the concept of combining osmotic BBB-opening with vectors to 
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achieve CNS gene-expression was proposed [61]. In these studies, 

tissues were pretreated with hyperosmotic mannitol solution, which 

loosens tight junctions between cells of BBB, and were then treated 

with various gene/drug delivery vehicles [62, 138]. However, the effect 

of mannitol solution is often temporary, vanishing after ~ 30 min, 

sometimes even before the drug or DNA crosses the barrier [139]. 

Moreover, even after overcoming the BBB, cell membrane barrier and 

endosomal trapping of the vector still remains challenging towards the 

successful delivery in brain cells. 

The development of an ingenious delivery vehicle may provide an 

important solution to overcome multiple barriers of cellular delivery. 

Our group recently proposed the use of mannitol and sorbitol -based 

gene transporters for enhanced transfection efficiency in cancer cells 

due to the presence of osmotically active hydroxyl groups [63-65]. The 

number and stereochemistry of the hydroxyl groups affects the 

hyperosmotic activity and intracellular behavior of gene transporters 

[140]. Therefore, it is expected that increasing the number of hydroxyl 

groups in the polymer backbone of gene transporter, would increase its 

hyperosmotic properties that could then facilitate their application in 

crossing the highly compact BBB. Because sugar alcohols possessing 
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eight hydroxyl groups are not commercially available, here we 

synthesized the highly hyperosmotic xylitol dimer as an analog of an 

octamer using the method presented in scheme 3.1. The current report 

showcases polydixylitol-based polymer (PdXYP), containing polyol 

groups as an integral part of the gene delivery vector capable of intra-

arterial infusion of osmotically active nanoplexes across the blood-

brain-barrier. Moreover, the mechanistic observation indicated directed 

cellular uptake by cells due to the stimulation of specific endocytosis 

pathways, resulting in a higher level of gene transfection efficiency. 

3.2 Materials and Methods 

Synthesis of Polydixylitol based gene transporter (PdXYP)  

(a) Synthesis of dXY: Xylitol was first converted into crystalline 

diacetone xylitol by the method used by Raymond and Hudson for the 

condensation of xylitol and acetone [141]. The terminal hydroxyl group 

of xylitol diacetone was reacted with trifluoromethane sulphonyl 

chloride to make TMSXD. TMSDX was reacted with Xy-Ac (1.2 eq) in 

presence of dry THF to form dXy-Ac in dry THF [142] and the product 

was finally converted in to dXY by acidic ring opening as described in 

a previous reported method [143]. 
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Synthesis of XYdAc: Mixture of 10.0 g. of crystalline Xylitol, 200mL of 

acetone, 20 g of anhydrous copper sulfate and 200ul of concentrated 

sulfuric acid was stirred for 48 hours at 35oC.  Copper sulfate was 

separated by filtration and the filtrate was stirred with 10 g. of powdery 

calcium hydroxide for one hour to neutralize the acid; the solids were 

removed by filtration and the solvent by distillation in vacuum. The 

syrupy residue, weighing 7g was obtained and crystallized by 

dissolving in hexane and cooling at -70oC . 

Synthesis of TMSXD: 2mL Trifluoromethanesulfonic anhydride 

(dissolved in 3mL DCM) was added drop wise to a solution of Xy-dAc 

(3g) and pyridine (2mL) in DCM (10 mL) at -30 °C. The reaction was 

stirred at -30 to -10 °C for 3 h after which time TLC (ethyl 

acetate/DCM, 1:1) showed the complete consumption of the starting 

material and the formation of one major product . The reaction was 

diluted with DCM (30 mL) and washed with HCl (2M, 20 mL), and the 

aqueous layer was extracted with DCM (3 x 20 mL). The combined 

organic layers washed with brine (30 mL), dried (magnesium sulfate) 

and concentrated under reduced pressure, compound is used without 

further purification for next step. 

Synthesis of dXYdAc: Xy-dAc (2.0 g) and sodium hydride (65% 
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suspension in oil, 0.6 g) were dissolved in dry tetrahydrofuran (THF, 50 

mL) at room temperature and then a solution of TMSXD (1.2 eq) in dry 

THF (25 mL) was added slowly. The mixture was stirred for 12 h at 

room temperature. The solution was diluted with EtOAc and washed 

with brine. After evaporating the solvent, the crude compound was 

purified through column chromatography (SiO2; CH2Cl2/EtOAc, 4:1) 

to yield a transparent liquid. 

Synthesis of dXY: dXYdAc was suspended in 2 M HCl (50 mL) and 

then MeOH was added to form a homogenous solution. The mixture 

was stirred at 90 oC for 6 h and then the solvent was evaporated under 

vacuum to yield the product. 

(b) Synthesis of dXYdA: Dixylitol diacrylate (dXYA) monomer was 

synthesized by esterification of dixylitol with 2 equivalents of acryloyl 

chloride. An emulsion was prepared by dissolving dixylitol (1 g) in 

DMF (20 mL) and pyridine (10 mL) followed by dropwise addition of 

acryloyl chloride solution (1.2 mL dissolved in 5 mL DMF) at 4 oC 

with constant stirring [64]. After reaction completion, HCl–pyridine 

salts were filtered and the filtrate was dropped into diethyl ether. The 

product was precipitated in as a syrupy liquid and dried under vacuum. 

(c) Synthesis of PdXYP: PdXYP was prepared by Michael addition 
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reaction between LMW bPEI (1.2 kDa) and dXYA. Briefly, the 

synthesized dXYdA (0.38 g in 5mL DMSO) was added dropwise to 1 

equivalent of bPEI (1.2 kDa, dissolved in 10 mL DMSO) and reacted at 

60 oC with constant stirring for 24 h. After reaction completion, mixture 

was dialyzed using a Spectra/Por membrane (MWCO: 3500 Da; 

Spectrum Medical Industries, Inc., Los Angeles, CA, USA) for 36 h at 

4 oC against distilled water. Finally, the synthesized polymer was 

lyophilized and stored at -70 oC. 

Characterization of PdXYP and PdXYP/DNA polyplexes 

1H NMR spectra dXY and PdXYP in D2O were recorded using 

Advanced 600 spectrometer (Bruker, Germany). The mass spectrum of 

the polymer was measured by Matrix-Assisted Laser Desorption 

Ionization Mass Spectrometer Voyager-DETM STR Biospectrometry 

Workstation, MALDI TOF-TOF 5800 System. The elemental 

composition (C, H, N and O) of the monomer and polymer was 

measured by Thermo Flash EA1112 Elemental Analyser. The absolute 

molecular weight of PdXYP polymer was measured by gel permeation 

chromatography coupled with multiangle laser light scattering (GPC-

MALLS) using a Sodex OH pack SB-803 HQ (Phenomenex, Torrells, 

CA, USA) column (column temperature 25°C; flow rate 0.5 mL/min). 
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PdXYP polymer was then complexed with DNA (0.1µg) at various N/P 

ratios (0.1, 0.5, 1, 2, 3, and 5) for 30 min at RT and resolved on a 0.8% 

agarose gel (with 0.1 µg/mL EtBr) casted in 1X TAE buffer at 100 V 

for 40 min in 0.5X TAE running buffer. Images were captured under 

ultraviolet illumination. For DNase protection assay, PdXYP/DNA (N/P 

20) polyplexes and free DNA were incubated with DNase I (1 µL, 50 

units) in DNase/Mg2+ digestion buffer at 37°C. After 30 min, DNase 

was inactivated by adding 5 µL EDTA (100 mM) at 70°C for 10 min 

and incubated for another 30 min at RT. Finally, the protected DNA was 

released from the complexes with the addition of 5 µL 1% sodium 

dodecyl sulfate (SDS) for 2 h and resolved on a 0.8% agarose gel (with 

0.1 µg/mL EtBr) in 0.5X TAE running buffer at 100 V for 40 min. 

PdXYP/DNA polyplexes were characterized using a transmission 

electron microscope (EF-TEM) (LIBRA 120, Carl Zeiss, Germany) and 

a dynamic light scattering spectrophotometer (DLS 8000, Otsuka 

Electronics, Osaka, Japan). The specimens for TEM were prepared by 

drop-coating the PdXYP/DNA (N/P 20) and PEI25k/DNA (N/P 10) 

polyplex dispersion onto a carbon grid and then dried for 2 h, after 

which it was stained with 1% uranyl acetate (10 s) and observed for its 

morphology. DLS samples were prepared at various N/P ratios (5, 10, 
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15, 20, 25, and 30) of PdXYP/DNA polyplexes with 40 µg/mL DNA 

and then measured for their hydrodynamic size and zeta potential with 

90° and 20° scattering angles at 25°C. 

Osmolarity measurement 

Osmolarity of aqueous solutions of sorbitol, mannitol, dixylitol, 

sorbitol diacrylate, mannitol diacrylate, dixylitol diacrylate and 

PdXYP/DNA polyplexes at various concentrations (2%, 3%, 5%, 10%) 

were measured as mOsm using a cryoscopic osmometer 030 (GANAte, 

USA) and calculated as depression in freezing point of solutions. 

Cell culture and animal studies 

Low passage human hepatocellular liver carcinoma (HepG2) cells, 

human cervix epithelial carcinoma (HeLa) cells and adenocarcinoma 

human alveolar basal epithelial (A549) cells were cultured in T-75 

culture flasks (Nunc, Thermo Scientific) in 15 mL complete medium 

containing low glucose Dulbecco's Modified Eagle's culture medium 

(DMEM) (Sigma, USA) for HepG2 and HeLa cells and Roswell Park 

Memorial Institute (RPMI)-1640 culture medium for A549 

supplemented with 10% heat-inactivated FBS (Hyclone Laboratories, 

USA) and 1% antibiotic cocktail of streptomycin and penicillin. 
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Primary rat astrocytes were maintained in DMEM F-12 medium 

supplemented with fetal bovine plasma derived serum (10%), heparin 

(1850 U/mL), bFGF (1.5 ng/mL), insulin (5 μg/mL)-transferrin (5 

μg/mL)-sodium selenite (5 ng/mL), hydrocortisone (500 nM) and 

gentamicin (50 μg/mL). Cells were maintained under standard culture 

conditions of 37oC and 5% CO2 for 4 or 5 days, with the culture 

duration selected to maintain cells under exponential growth and reach 

~80% confluency. Cells were then trypsinized, centrifuged at 1200 

RPM for 5 min to pellet cells and counted using hemocytometer to seed 

the cells for experimental assays. For animal study four weeks old nude 

Balb/c mice were obtained from Orient Bio Inc. (Republic of Korea) 

and kept in a laboratory animal facility maintained at 23 ± 2°C and 50 

± 20% relative humidity under a 12 h light/dark cycle. All experimental 

protocols were reviewed and approved by the Animal Care and Use 

Committee at Seoul National University (SNU-120409-3). 

In vitro transfection and cytotoxicity of PdXYP/DNA polyplexes 

Cytotoxicity of PdXYP/DNA and PEI25k/DNA polyplexes at various 

N/P ratios (5, 10, 15, 20, and 30) were measured in three cancer cell 

lines (A549, HeLa, and HepG2) and primary rat astrocytes by the 

reduction of a tetrazolium component (3-(4, 5-dimethylthiazol-2-yl)-2, 
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5-diphenyltetrazolium bromide, or MTT) (Sigma, St. Louis, Mo, USA) 

into insoluble purple colored formazan crystals by the mitochondria of 

the viable cells. Polyplex transfected cells that had been incubated in a 

24-well plate (10 x 104 initial cell density/well) for 36 h were then 

incubated with MTT reagent (0.5 mg/mL in 1X PBS) for 3 h, followed 

by the addition of DMSO (500 µL) to solubilize the colored crystals, 

and absorbance was measured at 540 nm using a SunriseTM TECAN 

ELISA reader (Grödig, Austria). 

A549, HeLa, HepG2 cells and primary rat astrocytes at 80% 

confluency (10 x 104 initial cell density/well) in a 24-well plate were 

transfected with PdXYP/pGL3 (1 µg) and PEI25k/pGL3 polyplexes at 

various N/P ratios (5, 10, 15, 20 and 30) in serum-free medium, which 

3 h later was exchanged with 10% serum containing medium . After 24 

h, luciferase assay was performed according to the manufacturer's 

protocol. A chemiluminometer (Autolumat, LB953; EG&G Berthold, 

Germany) was used to measure relative light units (RLUs) and 

normalized with protein concentration in the cell extract estimated 

using a BCA protein assay kit (Pierce Biotechnology, Rockford, IL, 

USA). Transfection activity was measured in triplicate as RLUs per mg 

protein. The % transfection efficiency of PdXYP/tGFP (1 µg) (N/P 20) 
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was measured and compared with PEI25k/tGFP (N/P 10) in A549 cells 

36 h post-transfection using flow cytometry (BD Biosciences, San Jose, 

CA, USA). Cell expressing GFP acquired from a total of 10000 cells 

were scored through a FACS calibrator. 

Degradation study 

TRITC (Molecular Probes, Invitrogen, Oregon, USA) (25μL, 1 mg/100 

μL in DMF) was added to PdXYP (1 mL, 10 mg/mL in H2O) to block 

~1% of its total amines, and the mixture was then stirred overnight 

(PdXYPT). Unreacted TRITC was removed by washing with ethyl 

acetate (3 x 2 mL), which was then lyophilized and resuspended in 

water. A549 cells (3 x 105 initial cell density/well) after 24 h of 

incubation in a cover glass bottom dish (SPL Lifesciences, Korea) were 

transfected with PdXYPT/DNA polyplexes and further incubated for 3 h, 

2 d, 3 d, 5 d, and 7 d to study the degradation profile of PdXYPT 

polyplexes. The transfected cells were washed 3 times with 1X PBS 

and then fixed with 4% paraformaldehyde for 10 min at 4°C. DAPI was 

used to counter-stain the nuclear DNA of fixed cells, and images were 

procured using a Carl Zeiss LSM 710 inverted laser scanning confocal 

microscope with ZEN software to monitor fluorescently labeled 

PdXYPT/DNA polyplexes inside the treated A549 cells. Cell viability 
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was also observed after 3 h, 2 d, 5 d, and 7 d of transfection by MTT 

assay. 

BBB transmigration assay 

Transmigration experiments were conducted on day 5 after the 

complete activation of BBB kit (Pharmacocell, Japan) when TEER 

values in each well were > 150 Ωxcm2. DNA was fluorescently labeled 

(tGFPF) with bisBenzimide H33258 (Sigma, USA). 1.2 mL media was 

added to the lower chamber and 0.3 mL media containing free tGFPF or 

PdXYP/tGFPF or PEI25k/tGFPF polyplexes were added to the upper 

chamber of the in vitro BBB kit and incubated at 37 °C for 3 h. 1 mL 

media was aspirated from the lower chamber and analyzed 

spectrofluorometrically to determine polyplex BBB-permeability assay. 

Inserts without cells on the transwell membrane were used as blanks. In 

other experiments upper chamber of BBB were added with free tGFP 

and PdXYP/tGFP polyplexes for 3 h. After 48 h the primary rat 

astrocytes in the lower chamber were analyzed for transfection 

efficiency using FACS and their lysates for western blot. 

Western blot analysis 

After transfection, cells were harvested and lysed with 1X RIPA lysis 
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buffer (Millipore, MA, USA). A BCA protein assay kit (Thermo 

scientific, MA, USA) was used to measure the protein concentrations. 

Equal amounts of the protein (25 µg) from each sample were separated 

by a Novex NuPAGE 4-12% SDS-PAGE gel (Life technologies, CA, 

USA), transferred to nitrocellulose membrane using iBlot (Invitrogen, 

USA) and then non-specific binding sites were pre-blocked with 5% 

skim milk for 1 h at RT. The membrane was washed and probed with 

anti-caveolin1 (Abcam, ab17052), anti-GFP (Santa Cruz, CA, USA) 

and anti-β-actin (Abfrontier, Seoul, Korea) antibodies (1:500 dilution) 

overnight at 4°C. Then, the membrane was incubated with secondary 

antibody (1:1000 dilution) conjugated with HRP (Invitrogen, CA, 

USA). Bands were captured using a ChemiDocTM XRS+ (Biorad, CA, 

USA) imaging system. The band intensities were analyzed 

quantitatively using ImageJ software (NIH, USA) and plotted as the 

mean pixel value. 

Tumor implantation, in vivo bioimaging and biodistribution 

Five weeks old nude Balb/c mice (male, 4 mice/group) were 

subcutaneously injected with 100 µL of a single cell suspension 

containing 3 x 106 A549 cells. When the tumor size reached 800-1000 

mm3, 100 µL of PdXYP/pGL3 (30 µg) complexes (N/P 20) in normal 
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saline was locally injected into the tumor. PEI25k/pGL3 (N/P 10) 

complexes prepared under identical conditions were used as vector 

control, while naked pGL3 was used as a negative control and the mice 

were bioimaged after 7 days. The IVIS Imaging system 100 (Xenogen) 

with Living Image software was used for in vivo bioimaging to analyze 

the luciferase expression. The mice were anaesthetized by 

intraperitoneal (IP) injection of a Zoletil (40 mg/kg): Rompun (10 

mg/kg) (4:1) mixture diluted 8 times in sterile 1X PBS. 200 μL of D-

luciferin (15 mg/mL stock solution in DPBS) for a 20 g mouse (3 

mg/mouse) was injected intraperitoneally and was quickly distributed 

throughout the body. Luciferase expressed in cells reacts with luciferin 

to emit luminescence, which was captured by the IVIS system to show 

images with intensity proportional to luciferase expression. Images 

were captured in the plateau phase which usually occurs after 15 min 

and lasts for 15-20 min. 

For in vivo biodistribution, 6 week old nude Balb/c mice (male, 4 

mice/group) were intravenously injected with 100 µL of PdXYP (N/P 

20) and PEI25k (N/P 10) polyplexes in normal saline. Naked pGL3 (30 

µg) was used as control. After 5 d, luciferase expression was monitored 

in various organs of mice using IVIS Imaging system. For luciferase 
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quantification different organs of mice were dissected out, weighed, 

homogenized, suspended to 25% w/v homogenate in 2.5X lysis buffer 

(Promega, USA) and protein concentration in cell lysates were 

estimated using chemiluminometer.  

Lipid raft co-localization study 

DNA (1 μg) was labeled with YOYO-1 iodide (2 μL, 1 mM in DMSO) 

by stirring for 2 h at 25°C in dark and stored at -20°C (DNAF). A549 

cells (3 x 105 initial cell density/well) after 24 h of incubation in a 

cover glass bottom dish (SPL Lifesciences, Korea) were transfected 

with PdXYP/DNAF and PEI25k/DNAF polyplexes and further 

incubated for 15, 30 min. Cells were rinsed with 1X PBS, fixed with 4% 

paraformaldehyde at 37°C for 10 min, washed twice with ice cold PBS 

and then permeabilized with ice-cold 0.2% Tween 20 (in PBS) for 10 

min. Non-specific binding was blocked using 10% BSA in 1X PBS for 

5 min at RT and then at 4°C for 1 h because cooling prevents 

endocytosis of antibodies. Lipid rafts of the fixed cells were then 

labeled using the orange-fluorescent Alexa Fluor 555 lipid raft labeling 

kit (Invitrogen) according to the recommended protocol. Nuclei were 

stained with DAPI (0.1 μg/mL) for 10 min and mounted with Aqua 

poly/mount (Polysciences, PA, USA). The images were procured from 
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confocal microscopy at 555/565 Abs/Em. 

Endocytosis inhibition study 

A549 cells were incubated with caveolae endocytosis inhibitor, β-

methyl cyclodextrin (BMC) (0, 2.5, 6.5, 10 mg/mL) for 1 h at 37°C and 

then transfected with PdXYP/DNA polyplexes. Similarly, A549 cells 

were incubated with endosome proton pump inhibitor, bafilomycin A1 

(200 nM) for 10 min and transfected with PdXYP/DNA and 

PEI25k/DNA polyplexes. Luciferase activities were measured as RLUs 

per mg protein. 

3.3 Results and Discussion 

We designed a novel gene delivery vector using a combination of 

appropriate polymer components that not only allows overcoming 

biological barriers but also enhances the cellular uptake for high 

transfection efficiency. We propose that (i) the polyol backbone of 

PdXYP can overcome BBB without affecting transendothelial electrical 

resistance (TEER) between blood and the brain, (ii) extracellular 

disturbances caused due to hyperosmotic polydixylitol can modulate 

the cellular uptake process overcoming the cell membrane barrier, and 

finally (iii) the LMW PEI component can synergistically overcome the  
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Scheme 3.1 Schematic representation for synthesis of dXY, dXYdA 

and PdXYP 
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endosomal barrier due to high buffering tendency, leading to the 

endosomal escape of PdXYP/DNA nanoplexes and enhancing their 

cellular bioavailability. 

Highly hyperosmotic gene delivery vector, PdXYP was synthesized in 

three steps. (i) Dixylitol (dXY) containing eight hydroxyl group was 

synthesized by xylitol dimerization for which xylitol and acetone were 

condensed into crystalline xylitol diacetone (Xy-dAc). The terminal 

hydroxyl group of Xy-dAc was then reacted with trifluoromethyl 

suphonyl chloride to make trifluoromethylsulphonyl xylitol diacetone 

(TMSXD). TMSXD was reacted with equal molar ratio of Xy-dAc in 

presence of dry THF to form xylitol diacetone dimer (dXy-dAc) [26]. 

dXy-dAc was finally converted into dXY by opening the rings in 

HCl/MeOH solution. 1H NMR of dXY showed peaks at 3.6-4.2 ppm 

representing –OH groups (Fig. 3.1). (ii) Thereafter, primary –OH 

groups of dXY were reacted with acryloyl chloride to form 1,8-

disubstituted dixylitol diacrylate (dXYdA) monomer (iii) In the last 

step dXYdA-PEI diblock copolymer, PdXYP was synthesized through 

the copolymerization of dXYdA and low-molecular-weight (LMW) 

PEI (1.2 kDa) via the Michael addition reaction [64, 70] (Scheme 3.1). 

1H NMR spectra of the final product showed the disappearance of allyl  
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Fig. 3.1 1HNMR of Xylitol dimer (dXY) in D2O 

 

 

Fig. 3.2 1HNMR of PdXYP in D2O 
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proton peaks confirming the successful synthesis of PdXYP (Fig. 3.2). 

MALDI-TOF-MS: m/z for dXYDA [M+] = 394.2 and PdXYP [M+] = 

11516.89 (Fig. 3.3, 3.4). The composition of dixylitol in PdXYP 

estimated by NMR was about 42 mol% and the MW measured by GPC 

was 12-13 kDa, which suggests appropriate size of the polymer for 

effective binding with DNA (Fig. 3.5A) and forming uniform, stable 

polyplexes (Fig. 3.6A). PdXYP was also shown to protect the 

complexed DNA, suggestive of therapeutic DNA protection against 

intracellular DNase degradation (Fig. 3.5 B). 

Particle size measurements of polyplexes using TEM and DLS 

indicated that PEI25k/DNA formed loose polyplexes with an average 

size of 250 nm. On the contrary, PdXYP/DNA formed compact and 

spherical polyplexes with a relatively homogeneous diameter of 

approximately 100 nm (Fig. 3.6A, B, and 3.7), an optimal size for 

cellular internalization. Moreover, PdXYP/DNA resulted in ~95% cell 

viability compared with the high toxicity of PEI25k/DNA and 

lipofectamine® /DNA polyplexes (Fig. 3.6C, 3.8). The lower 

cytotoxicity of PdXYP is due to the biodegradable ester linkages 

between polydixylitol and LMW PEI (Scheme 3.1) and its lower charge 

density (Fig. 3.6B) because of the formation of intra-molecular   
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Fig. 3.3 MS spectra of dXYdA 

 

 Fig. 3.4 MALDI-TOF-MS of PdXYP 



 

  99 

Elemental analysis PdXYP and dXYdA.  Elemental analysis of 

PdXYP found: C, 53.43; H, 11.03; N, 26.88; O, 8.66. Calcd. for 

C90H214N38O11: C, 53.92; H, 10.76; N, 26.55, O, 8.78 %. For 

dXYdA Elemental analysis found: C, 48.66; H, 6.81; O, 44.49. Calcd. 

for C16H26O11: C, 48.73; H, 6.65; O, 44.63% 

 

Fig. 3.5 Electrophoretic mobility shift assay. (A) Gel electrophoresis of 

PdXYP/DNA (0.1ug) complexes at various N/P ratios shows complete 

retardation at an N/P ratio of 3. (B) DNase protection and release assay. 

Complexed DNA with PdXYP (N/P 20) was released using 1% SDS. 

Lane 2 demonstrates protection of the complexed DNA, while Lane 4 

shows its complete degradation in the absence of PdXYP. 
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Fig. 3.6 Characterization of PdXYP/DNA polyplexes. (A) EF-TEM 

images of PdXYP/DNA (N/P 20) and PEI25k/DNA (N/P 10) 

polyplexes (scale bar: 200 nm). (B) DLS measurements of particle size 

and zeta potential of PdXYP/DNA and PEI25k/DNA polyplexes at 

various N/P ratios. (C) Cytotoxicity of PdXYP/DNA polyplexes (N/P 

20) in various cell lines (A549, HeLa, HepG2 and rat brain astrocytes) 

shows no cytotoxicity. (D) Luciferase activity of PdXYP/DNA (N/P 20) 

polyplexes in various cell lines shows 25-50 fold increase in 

transfection activity (n = 3, error bar represents SD) (*P < 0.05; **P < 

0.01, one-way ANOVA). 
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Fig. 3.7 Particle size and distribution measurement by Dynamic Light 

Scattering (DLS) 
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Fig. 3.8 Cytotoxicity of PdXYP/DNA complexes compared to 

PEI/DNA complexes at various N/P ratios in A549 cells (n=3, error bar 

represents SD) (*p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA) 
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hydrogen bonds by hydroxyl groups that shield the high surface charge 

of complexes [64].  

In addition, the degradable ester linkages in PdXYP backbone ensured 

a gradual disappearance of PdXYP after 3h, 2, 3, 5, and 7 days of 

transfection (Fig. 3.9) by hydrolyzing into smaller degradation products 

that can be exocytosed. Therefore, the occurrence of vesicles was 

observed to increase with time (maximum on day 5). This further 

increases the cell viability of PdXYP complexes (Fig.3.9) making the 

vector innocuous for nucleic acid delivery.  

Further, the transfection efficiency of PdXYP/DNA, as measured in 

three cancer cell lines (HeLa, HepG2 and A549 cells) and primary rat 

astrocytes, was markedly higher (25-50 fold) than those of 

PEI25k/DNA and lipofectamine® /DNA (Fig. 3.6D, 3.10B). FACS also 

recorded 47% transfection efficiency of PdXYP over 14% of PEI25k 

(Fig. 3.10A).  

Because the biological barriers are major impediment toward the non-

invasive delivery of therapeutic agents, we used an in vitro BBB model 

to determine the ability of hyperosmotic PdXYP/DNA polyplexes to 

transmigrate the blood-brain-barrier (Fig. 3.11A).  
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Fig. 3.9 Uptake and degradation of PdXYPT complexes in A549 cells. 

Confocal microscopic images of A549 cells with DAPI nuclear staining 

(blue), observed up to 7 days following transfection with TRITC-

labeled PdXYPT (red). PdXYPT after cellular uptake (3h) (scale bar: 10 

µm) is gradually degraded up to day 7, and the occurrence of vesicular 

structure represents the increased exocytosis of fragmented PdXYPT. 

Cytotoxicity measurements of PdXYPT/DNA (N/P 20) complexes by 

MTT assay after 3h, 2d, 5d and 7d of transfection in A549 cells show 

no cytotoxic effects. Statistical significance was determined using one-

way ANOVA (n=3, error bar represents SD). 
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Fig. 3.10 Transfection efficiency of PdXYP/DNA in A549 cells. (A) 

FACS studies showing 47% transfection efficiency of PdXYP/tGFP 

(N/P 20) over 14% of PEI/tGFP (N/P 10) complexes with 

corresponding transfection images. (B) Luciferase activity of 

PdXYP/pGL3 complexes at various N/P ratios (n=3, error bar 

represents SD) (**p < 0.01, one-way ANOVA). 
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Fig. 3.11 Transmigration of PdXYP/tGFPF polyplexes across the BBB 

model. (A) In vitro BBB model representing the transmigration of 

PdXYP/DNA polyplexes in blood-to-brain direction. (B) Fluorescence 

signal distribution of transmigrated tGFPF recovered on the brain side 

(lower chamber) following 3 h of treatment with PdXYP polyplexes 

and naked tGFPF show enhanced transmigration efficiency of PdXYP. 

(C) Transendothelial electrical resistance across BBB membrane before 

and after treatment with polyplexes show no functional damage of BBB 

with PdXYP (D) Permeability assay shows good BBB penetration 

ability of PdXYP/tGFPF polyplexes measured in terms of apparent 

permeability coefficient (Papp) (10-6 cm/s) (n = 3, error bar represents 

SD).  
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Our results show that after 3 h of incubation of PdXYP/tGFPF 

polyplexes in the upper chamber (blood side) of the BBB model, nearly 

73% of the original fluorescence was recovered in the lower chamber 

(brain side). Using similar conditions with naked tGFPF, only 13% of 

the original fluorescence was recovered (Fig. 3.11C). This result shows 

that the transmigration efficiency of DNA across the BBB increases 

significantly following its complexation with PdXYP. Furthermore, an 

immediate depression in TEER values within 15 min of PdXYP 

polyplexes addition indicates the loosening of BBB due to 

hyperosmotic stress allowing the polyplexes to pass through the barrier. 

However, 3 h later the original TEER was resumed to indicate the 

functional integrity of BBB and that no damage was caused by PdXYP 

polyplexes while traversing through this barrier (Fig. 3.11B). PEI25k 

polyplexes, on the other hand showed very low TEER measurements 

since their addition which was never resumed to indicate heavy 

functional damage to BBB due to cytotoxicity and therefore, was 

excluded in subsequent experiments to avoid false results. The 

penetration of PdXYP/DNA polyplexes through the brain endothelial 

and pericytes layer of BBB in a blood-to-brain direction was calculated 

as the apparent permeability coefficient Papp (10-6 cm/s) based on 
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Fick’s law using the equation: 

Papp (10-6 cm/s) = VA/A x [C]luminal x ∆[C]abluminal/∆t 

where VA: volume of abluminal chamber (cm3), A: membrane surface 

area (0.33 cm2), [C]L: initial luminal tracer concentration (ng/mL), [C]A: 

abluminal tracer concentration (ng/mL), ∆t: time of experiment (s). 

PdXYP showed a good permeability (Papp: 17) through the BBB as 

compared to low permeability of free DNA (Papp: 8) (Fig. 3.11D). In 

subsequent experiments, we evaluated the efficiency of PdXYP/tGFP 

polyplexes, added in upper chamber of BBB kit, to transfect astrocytes 

cells present in the lower chamber across the BBB. After 48 h, FACS 

and western blot analysis indicated that PdXYP polyplexes retains its 

function after BBB transmigration and showed 18.5% transfection 

activity in brain astrocytes (Fig. 3.12). In vivo bio-distribution analysis 

of PdXYP/pGL3 polyplexes after intravenous injection in six week old 

mice showed gene (luciferase) expression in various organs, including 

prominent expression in the brain, compared with that of PEI25k/DNA 

polyplexes (Fig. 3.13A, 3.14), indicating the effectiveness of 

hyperosmotic behavior of PdXYP in crossing BBB. 
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Fig. 3.12 Transfection efficiency of PdXYP/tGFP in astrocytes after 

crossing the BBB. (A) FACS analysis (B) Western blot analysis of GFP 

protein from the lysate of the transfected astrocytes after 48 h, showing 

a significant increase in GFP protein expression in cells treated with 

PdXYP/GFP complexes in contrast to the control. Data are shown as 

the mean ± SD of three independent experiments (*p < 0.05, one-way 

ANOVA).  
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Fig. 3.13 In vivo bioimaging showing luciferase expression in nude 

Balb/c mice (n = 4). (A) In vivo biodistribution after 5 days of 

intravenous injection of PdXYP/pGL3, PEI25k/pGL3 and naked pGL3. 

Red arrow representing luciferase expression in brain (B) After 7 days 

of local injection of PdXYP/pGL3, PEI25k/pGL3 and naked pGL3 in 

xenograft mice showed penetration capability of PdXYP in deeper 

tumor locations. 
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Fig. 3.14 In vivo biodistribution of PdXYP/DNA polyplexes in Balb/c 

mice (n=4) after 5 days of intravenous injection was analyzed as 

luciferase expression in various organs (error bar represents SD) (*p < 

0.05, **p < 0.01, one-way ANOVA).  
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Table 3.1 Osmolarity of aqueous solutions of pure mannitol, sorbitol, 

dixylitol and their corresponding diacrylates at various concentrations 

measured as mOsm, calculated from the depression in freezing point of 

solutions. 

Conc. Pure 

Sorbitol 

Pure 

Mannitol 

Pure 

Dixylitol 

Sorbitol-

diacrylate 

Mannitol-

diacrylate 

Dixylitol 

diacrylate 

PdXYP/DNA 

polyplexes 

2% 149 144 204 81 61 135 177 

3% 259 267 314 118 104 282 319 

5% 385 391 462 163 142 445 523 

10% 803 788 1021 334 299 876 899 
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Similar to the BBB, the compact tumor mass is also impermeable to 

most therapeutics due to compactness of the tissue and stromal cells. 

We designed an in vivo experiment to assess the transfection ability of 

PdXYP into a grown tumor of xenograft mouse. One week after the 

localized injection of PdXYP/pGL3 polyplexes in tumor, a very high 

luciferase expression was observed compared to that obtained with 

naked DNA and PEI25k (Fig. 3.13B). The results show the 

permeability of PdXYP to uniformly transfect in to the deeper locations 

in compact tumor tissues.  

The incorporation of osmolytes in their diacrylate forms (mannitol 

diacrylate, sorbitol diacrylate) into the vector backbone quenches their 

osmotic activity compared to their pure forms (mannitol, sorbitol) 

(Table 3.1). However, due to the presence of eight –OH groups in 

xylitol dimer, PdXYP backbone retains its osmolarity equivalent to that 

of clinically applied pure mannitol (Table 3.1) required for loosening of 

BBB. Moreover, this hyperosmotic PdXYP backbone delivers osmotic 

shocks to the cells, thereby assisting polyplexes not only to penetrate 

through the biological barriers but also enhance their uptake in 

astrocytes across BBB (Fig. 3.12) or deeper cells in compact tumor 

mass (Fig. 3.13B). Further investigations revealed that the extracellular 
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hyperosmotic environment led to the upregulation of caveolin-1 

expression (Fig. 3.15B) present in the membrane lipid rafts. The 

upregulation of caveolin-1 leads to the cellular uptake by caveolae-

mediated endocytosis (Fig. 3.16A) and therefore higher expression of 

transgene product was observed in transfected cells. The confocal 

microscopic images clearly elucidated the co-localization (yellow) of 

PdXYP/DNAF polyplexes (green) with the caveolin rich membrane 

lipid rafts (orange) (Fig. 3.15A) to suggest enhanced cellular uptake by 

hyperosmotically induced caveolae-mediated endocytosis. In addition, 

inhibition of endosomal H+-ATPases by bafilomycin A1 showed a 

1000-fold decrease in PdXYP transfection, suggesting the ability of 

PdXYP to escape endosomal degradation (Fig. 3.16B). 

3.4 Conclusion 

PdXYP presents a hybrid polymer that possesses hyperosmotic 

property of dixylitol as an integral part of the vector capable of 

traversing the compact biological barriers (BBB or dense tumor tissue), 

thereby significantly enhancing the transfection efficiency in vivo. No 

cytotoxicity or damage to BBB was observed as indicated by unaltered 

TEER values after 3 h of transfection, suggesting its innocuous profile 

for in vivo application. The polydixylitol backbone through its hydroxyl 
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Fig. 3.15 Mechanistic investigations for caveolae mediated endocytosis 

of PdXYP/DNA polyplexes in A549 cells. (A) Co-localization (yellow) 

of PdXYP/DNA polyplexes (green) with caveolin rich lipid rafts 

(orange) after 15 and 30 min of transfection suggests its caveolae-

mediated endocytosis (scale bar: 20μm). (B) Western blot analysis of 

caveolin-1 protein from the lysate of transfected A549 cells after 30 

min showing a significant increase in caveolin-1 protein expression in 

cells treated with PdXYP/DNA polyplexes in contrast to PEI25k/DNA. 

Data are shown as the mean±SD (**P < 0.01, one-way ANOVA). 
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Fig. 3.16 Endocytosis inhibition study. (A) B-methyl cyclodextrin 

inhibition at various concentration shows decreased luciferase 

expression suggesting caveolae mediated endocytosis of PdXYP/DNA 

polyplexes. (B) Vacuolar type H+ ATPase inhibition by Bafilomycin A1 

(200nM in DMSO) shows endosomal escape of PdXYP/DNA 

polyplexes, (error bar represents SD) (**p < 0.01, ***p < 0.001, one-

way ANOVA).  
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groups corresponds to better DNA complexation and polyplex stability 

by forming hydrogen bonds resulting in ~ 100 nm particle sizes 

appropriate for cellular delivery. Mechanistic studies revealed that 

PdXYP generates a strong hyperosmotic extracellular environment. 

This hyperosmotic stimulus selectively induces caveolin-1 expression 

resulting in enhanced cellular uptake by caveolae-mediated endocytosis 

and therefore PdXYP polyplexes were found co-localized with caveolin 

rich lipid rafts in cell membrane. This study illustrates increased 

cellular uptake and thus higher transfection efficiency in astrocyte 

across the BBB by transiently opening the barrier due to the 

hyperosmotic effect of PdXYP. With further success in xenograft mice 

model, we offer an efficient gene delivery vector to hyperosmotically 

transmigrate the biological barriers and increase the overall transfection 

efficiency of numerous brain-specific and cancer drugs non-invasively.  
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CHAPTER 4 

Synergistically Enhanced Gene Delivery by Non-

Viral Vector on Nanopatterned Matrix for 

Enhanced Osteogenesis of MSCs 

4.1 Introduction 

Gene delivery has been proposed as a potential therapy to treat 

various diseases through the insertion of the targeted genes into 

cells, yielding one of important keys in future medicine [144-146]. 

Currently, non-viral gene vectors are commonly suggested as a 

suitable gene delivery system toward clinical applications due to 

safety concerns compared to viral gene vectors which may induce 

unwanted immune responses or aberrant gene expressions [70, 

146, 147]. To facilitate entry of the targeted genes to cells using 

non-viral vectors, positively charged materials, such as 

polyethylenimine (PEI), chitosan, and cationic liposome, 

condense negatively charged DNA to form nanoplexes. And then, 

the nanoplexes can usually be delivered into host cells through 

endocytosis [70, 148]. Although the non-viral gene delivery 
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systems hold great potentials, the low efficiency of gene 

transfection still remains a major limitation. 

To overcome this considerable challenge on the use of non-viral 

gene vectors, the current efforts are mainly focused on the design 

and manipulation of new materials (e.g., synthetics of novel non-

viral gene vectors) [70, 148]. On the other hand, the recent studies 

suggest that gene transfection efficiency is also regulated by 

extracellular environments including stiffness [149, 150], cell 

adhesion domains [151, 152], and topography [153, 154] of cell 

culture substrates. For example, Leong’s group reported that 

microscale pitted substrate topographies could enhance the 

Lipofectamine-based gene transfection in fibroblasts probably by 

modulating cell-substrate interactions [153], providing an 

important insight into the new strategies to improve efficiency of 

gene transfection with non-viral gene vectors. Although these 

studies have provided important insights into surface topographies 

as an enabling tool for enhanced gene transfection, further 

progress is required for harnessing their potential application in 

gene delivery and regenerative medicine. 
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Bone defects are still highly common pathological problems in the 

world, requiring approximately 2.2 million orthopaedic 

procedures worldwide every year [155]. In spite of the availability 

of surgical treatments using alloplastic materials or autologous 

and allogeneic tissues, the regeneration of large bone defects 

remains one of the most critical orthopaedic diseases [156, 157]. It 

has recently been reported that the osteogenesis of human MSCs 

(hMSCs) was greatly enhanced by introduction of BMP-2 genes 

responsible for mineralization of MSCs in to bone cells [158, 159]. 

Therefore, an important strategy in the field of tissue engineering 

and regenerative medicine strategy is to develop an effective 

platform to improve stem cell functions by synergistic effect of 

efficient gene transfer and surface nanotopographies. Designing 

an effective material-based platform is an important part of 

regenerative medicine because such platforms can control or 

improve cellular functions, as well as construct artificial tissues 

for tissue regeneration. Stem cell-based bone tissue engineering 

provides a strategy for creating new functional bone constructs by 

combining stem cells with delivery of specific osteogenesis 

promoting genes [156]. Here, we propose a rational design for 
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engineering platforms for stem cell-based bone tissue engineering 

using the combination of tissue-mimetic nanotopography and gene 

delivery using BMP plasmid. We hypothesized that the bone 

tissue-like matrix nanotopography and enhanced BMP delivery 

would regulate the structure and functions of stem cells for 

osteogenic differentiation. To address this challenge, we prepared 

precisely defined bone-mimetic nanotopography using ultraviolet 

(UV)-assisted capillary force lithography (CFL) [160] and used 

for investigated how this platform synergistically influenced the 

function of hMSCs and enhanced Gene delivery with the goal of 

promoting a more osteogenic phenotype. 

4.2 Materials and Methods 

Fabrication of nanopatterned matrix 

The nanopatterned matrix was fabricated using UV-assisted capillary 

force lithography. Regularly spaced polyurethane acrylate (PUA) 

nanogrooves with the width of 550 were replicated from the pre-

prepared silicon masters over a large area of 25 × 25 mm2. The silicon 

masters had been prepared by standard photolithography and dry 

etching. In the replication step, a UV-curable PUA precursor (Minuta 
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Tech., South Korea) was drop-dispensed onto the master and brought 

into contact with a 100 μm-thick polyethylene terephthalate (PET) film 

(SKC Inc., South Korea) as a backing plane. After subsequent 

irradiation of UV for few tens of seconds, a negative PUA replica was 

formed on the PET film. Then the same replication process was 

performed onto a cleaned cover slip using the replicated PUA pattern as 

a mold. The flat and patterned surfaces were generated on the same 

cover slip in order to maintain the same experimental conditions. The 

fabricated samples were coated with gold and imaged by a FESEM 

(JEOL, JSM-5410LV, Japan) at an accelerating voltage of 2 kV. 

Preparation of non-viral vectors 

Lipofectamine and branched polyethylenimine (bPEI) (1.2 or 25 k) 

were purchased from Sigma (St. Louis, MO, USA). PMGT was 

synthesized in a two-step reaction in which mannitol was first esterified 

with methacryloyl chloride to form mannitol dimethacrylate (MDM) 

monomer, and then copolymerized with bPEI (1.2 kDa) by a Michael 

addition reaction to obtain PMGT.  Mannitol dimethacrylate (MDM) 

monomer was synthesized by reaction of mannitol with 2 equivalents 

of methacryloyl chloride. An emulsion was prepared by dissolving 

mannitol (1 g) in DMF (20 mL) and pyridine (10 mL) followed by drop 
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wise addition of methacryloyl chloride solution (1.2 mL dissolved in 

5mL DMF) at 4°C with constant stirring overnight. After reaction 

completion, HCl.pyridine salts were filtered and filtrate was dropped to 

diethylether. The product was precipitated in a syrupy liquid form and 

dried over vacuum. PMGT was prepared by Michael addition reaction 

between LMW bPEI and MDM. Briefly, the synthesized MDM (0.38 g) 

dissolved in DMSO (5 mL) was added drop wise to 1 equivalent of 

bPEI (1.2 kDa, dissolved in 10 mL DMSO) and reacted at 60°C with 

constant stirring for 24 h. After reaction completion, mixture was 

dialyzed using a Spectra/Por membrane (MWCO: 3500Da; Spectrum 

Medical Industries, Inc., Los Angeles, CA, USA) for 36 h at 4°C 

against distilled water. Finally, the synthesized polymer was lyophilized 

and stored at -70°C. 

Cell culture 

Human mesenchymal stem cells (MSCs) were obtained from the Ajou 

University School of Medicine (Suwon, Korea). NIH3T3 fibroblasts, 

human lung cancer A549 cells, and MSCs were cultured Dulbecco’s 

modified Eagle medium (DMEM, Gibco-BRL, Grand Island, NY, USA) 

supplemented with 10% fetal bovine serum (FBS, Gibco, Milan, Italy) 

and 1% penicillin-streptomycin (Gibco, Milan, Italy) at 37°C in a 5% 
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CO2 atmosphere. A high density of cells during plating (10 × 104 

cells/cm2) was used for all experiments. 

MTS assay 

Cells were grown on the substrates. The MTS (Promega, Madison, WI, 

USA) solution was added to each well. After a 4 h incubation at 37°C 

in the dark, the absorbance was measured at 490 nm using a Power 

Wave X Microplate ELISA Reader (Bio-TeK Instruments, Winoski, VT, 

USA). All experiments were repeated 3 times. 

Alizarin staining 

ABMSCs were cultured for 21 days on the substrata in osteogenic 

differentiation media. The degree of mineralization was measured by 

Alizarin Red S (Sigma–Aldrich) staining of ABMSCs cultured on the 

substrata, and this measurement was used for quantification of the 

osteogenic differentiation of hMSCs. The cells stained with Alizarin 

Red S were destained with cetylpyridinium chloride (Sigma–Aldrich), 

and then the extracted stains were measured using an ELISA reader 

(VERSAMAX reader, Molecular Devices, Sunnyvale) at 540 nm. The 

immunofluorescent staining of osteocalcin (OCN; osteogenesis marker) 

of cells was also used to show the osteogenesis of ABMSCs on 
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substrata. 

Transfection study 

Cells (10 × 104 cells/cm2) were cultured on the flat and nanopatterned 

matrix. At 80% cell confluency, Lipofectamine, PEI, and PMGT were 

treated with pGL3 (1 µg) to form nanoplexes in serum free medium, 

which was exchanged with fresh medium containing serum (10% FBS) 

after 3 h. The PEI (N/P 10) and PMGT (N/P 20) were used, which 

showed best performance on gene transfection in the preliminary study. 

After 24 h of standard incubation conditions, luciferase assay was 

performed according to the manufacturer’s protocol. A 

chemiluminometer (Autolumat, LB953; EG&G Berthold, Germany) 

was used to measure relative light units (RLUs) normalized with 

protein concentration in the cell extract estimated using a BCA protein 

assay kit (Pierce Biotechnology, Rockford, IL, USA). Transfection 

activity was measured in triplicate as RLUs/mg protein. To observe the 

gene transfection efficiency in cells on the nanopatterned matrix, the 

green fluorescent protein (GFP) plasmid was obtained from Clontech 

(Palo Alto, CA, USA). NIH3T3 fibroblasts were cultured with 

PMGT/tGFP (1 µg) polyplexes and the transfected cells were observed 

using confocal microscopy. 
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4.3 Results and Discussion 

 In conjunction with current efforts, here, we propose a rational 

design for non-viral gene delivery platforms using the 

combination of appropriate non-viral gene vectors and 

nanopatterned matrix, which can synergistically enhance the 

efficiency of gene delivery. We hypothesized that (i) the 

nanoplexes would be more exposed to the cells by the 

nanotopography-controlled cell adhesion and (ii) the efficiency of 

gene delivery into the cells on nanopatterned matrix could be 

influenced according to the different types of non-viral gene 

vectors (Fig. 4.1a). 

To address this challenge, we prepared a highly aligned 

nanopatterned matrix and a flat substrate as a control using 

ultraviolet-assisted capillary force lithography with polyurethane 

acrylate for cell culture [154, 161-163]. As shown in Fig. 4.1b, the 

550 nm-wide nanogrooves (600 nm-deep) with inter-groove 

distances of 550 nm and the flat patterned substrate were 

fabricated onto glass coverslips. It was shown that the structures 

were well-defined with high physical integrity and uniformity 

over an area of 2.5×2.5 cm2. 
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Fig. 4.1 (a) Rational design for gene delivery platforms using non-viral 

gene vectors and nanopatterned matrix. (b) SEM images of flat and 

highly aligned nanopatterned matrix. (c) Representative merged picture 

of immunofluorescent images (F-actin (red); vinculin (green); DAPI 

(blue) and phase-contrast images of NIH3T3 fibroblasts cultured on flat 

or nanopatterned surfaces on one substrate. (d) Quantification of cell 

body. The 100 cells were used for quantification. Error bars represent 

the SD about the means.  
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To investigate the effects of highly aligned nanotopography in 

terms of cell adhesion and shape, we cultured NIH3T3 fibroblasts 

on the substrates for 12 h. The immunofluorescence staining 

analysis clearly showed that the cell adhesion was greatly 

influenced as supported by the aligned cell shape (i.e., both 

cytoskeletal and nucleus structure) in response to the 

nanotopography (Fig. 4.1c). To investigate the controlled cell 

shape on the nanopatterned matrix in further detail, the 

quantitative analysis was performed (Fig. 4.1d). Interestingly, it 

was found that the perimeter of cell body was much larger on the 

nanopatterned matrix than that on the flat substrate, whereas the 

nanotopography cues did not much influence the cell area. 

Therefore, we conjectured that the enhanced cell perimeter on the 

nanopatterned matrix could have an important influence on 

sensitivity to the gene transfection efficiency. Namely, it was 

expected that the nanotopography-induced cell shape could allow 

for effective exposure to the non-viral gene vectors. 

 The interaction between nanopatterned matrix and non-viral gene 

vectors on the gene transfection efficiency in NIH3T3 fibroblasts 

was investigated using three types of non-viral vectors as follows: 
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Lipofectamine, PEI, and polymannitol based gene transporter 

(PMGT). It is noted that Lipofectamine and PEI are known as one 

of representative non-viral gene vectors which can form DNA 

complexes with cationic lipid (i.e., lipoplex) and positively 

charged polymer (i.e., polyplex), respectively. PMGT is a 

modified PEI-based non-viral gene vector (Fig. 4.2) that can use 

the hyperosmoticity contributed by polymannitol backbone 

leading to accelerated cellular uptake and enhanced gene 

transfection compared to the PEI [64]. 

To verify the hypothesis that the bone tissue-like nanopatterned matrix 

and BMP gene together can enhance the osteogenesis of ABMSCs, we 

first analyzed ABMSCs osteogenesis by mineralization. We cultured 

ABMSCs on the anisotropically nanopatterned and flat substrata in 

osteogenic induction media and transfected with PMGT/pBMP 

polyplexes. After 3 weeks the Alizarin Red S staining shown in figure 

4.3 demonstrated that the calcium expression levels were higher on the 

nanopatterned substrata than on the flat substratum and cells transfected 

with BMP gene showed even higher osteogenic differentiation (Fig. 

4.4).  
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Fig. 4.2 TEM images of PEI/pGL3 and PMGT/pGL3 complexes. 
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Fig. 4.3 Alizarin staining of ABMSC’s cultured on flat and 

nanopatterned surfaces showing osteogenic differentiation after 3 

weeks. Images showing highest alizarin staining in cells grown on 

nanopatterned matrix combined with PMGT/pBMP transfection.  
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Fig. 4.4 Quantification of the degree of mineralization as 

measured by Alizarin staining. Error bars represent the SD about 

the mean (n = 3 for each group). 
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The cell viability on the systems was checked before investigating the 

gene transfection efficiency. We cultured NIH3T3 fibroblasts on the 

substrates for 12 h, and then the cells were exposed to the non-viral 

gene vectors for 3 h. As shown in Fig 4.5a, the nanotopographical 

property of substrates did not much influence the cell viability, whereas 

PMGT in both nanopatterned matrix and flat substrate showed the 

lowest cytotoxic effects compared to other materials. This indicates that 

the property of non-viral gene vectors is very important in reducing the 

cytotoxicity.  

Next, the gene transfection efficiency was investigated.  NIH3T3 

fibroblasts were cultured primarily on the substrates for 12 h. The 

vectors were complexed with DNA (pGL3), and then they were added 

into the cells on the substrates. After 24 h of additional cell culture, the 

gene transfection was checked using luciferase assay. Two notable 

findings were derived from this experiment. First, regardless of any 

vector types used, the gene transfection efficiency was much higher on 

the nanopatterned matrix than that on the flat substrate (Fig. 4.5b). In 

particular, when the PMGT was used, the luciferase activity of cells on 

the nanopatterned matrix was approximately 4.5-times higher than that 

on the flat substrate (Fig. 4.6). 
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Fig. 4.5 (a) Quantification of cell viability after cell culture on the 

substrates (flat and nanopattern) with Lipofectamine, PEI, and PMGT 

(n=3 for each group). The viability was normalized with the cell 

viability on tissue culture polystyrene (TCPS). (b) Gene transfection of 

vector/DNA complexes in NIH3T3 fibroblasts cultured on substrates 

(n=3 for each group). 
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Second, the property of vectors greatly influenced the gene 

transfection efficiency, especially in the nanopatterned matrix 

than the flat substrate (Fig. 4.5b). For example, when the flat 

substrate was used, the luciferase activity of cells transfected with 

PMGT was approximately 60-times higher than that with PEI. On 

the other hand, the nanopatterned matrix induced approximately 

270-times of an increase when PMGT was used instead of PEI. 

Namely, we can synergistically improve the gene transfection 

efficiency by the use of suitable non-viral gene vectors and 

nanotopography-based substrates. To verify this observation again, 

we cultured NIH3T3 fibroblasts with PMGT/tGFP polyplexes. As 

shown in Fig. 4.7, the highly increased green fluorescence was 

observed on the nanopatterned matrix than that on the flat 

substrate, indicating the enhanced gene transfection efficiency due 

to nanotopography-induced cell adhesion. 

 It has been widely discussed that the specialized gene delivery 

could be an essential strategy for cancer therapy or stem cell-

based therapy [70, 71, 164, 165]. In this regard, designing 

efficient gene delivery platforms for cancer and stem cells is also 

one of the major challenges. Thus, we expanded our strategy  
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Fig. 4.6 Quantitative analysis of the data on gene transfection of 

vector/pGL3 complexes in various cells (Figs. 4.5 and 4.8). The values 

indicate the increased rate of gene transfection in flat vs. nanopatterned 

substrates. 
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Fig. 4.7 Representative fluorescent images of cultured NIH3T3 

fibroblasts on substrates transfected with PMGT/tGFP complexes 

shows enhanced transfection on the nanopatterned matrix. 
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proposed in this study by using cancer and stem cells. To this end, 

we cultured human lung cancer A549 cells and human 

mesenchymal stem cells (MSCs) on the flat substrate and the 

nanopatterned matrix for 12 h, respectively. Then, the nanoplexes 

(i.e., pGL3 with Lipofectamine, PEI, and PMGT) were added into 

the cells on the substrates to investigate the effects of 

nanotopography and gene vectors on gene transfection efficiency 

in cancer and stem cells. After 24 h of culture more, we performed 

the luciferase assay, which clearly showed that the gene 

transfection efficiency was greatly enhanced on the nanopatterned 

matrix in both the A549 cells and MSCs, regardless of the vector 

types used (Fig, 4.8). In particular, we learned that the gene 

transfection efficiency in both cells was the highest when PMGT 

was used with the nanopatterned matrix (Figs. 4.8 and 4.6), 

suggesting the importance of using suitable non-viral vectors in 

combination with nanotopography for improving gene 

transfection efficiency in cancer and stem cell. 

Taken together, our results indicate that the nanopatterned matrix 

may have great potentials to enhance the gene transfection 

efficiency via non-viral vectors in various cell types including  
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Fig. 4.8 Gene transfection of various vector/DNA complexes in A549 

cancer cells and MSCs cultured on substrates (n=3 for each group). The 

vector/pGL3 complexes were used. 
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normal, cancer, and stem cells. Based on our experimental 

observations in this study, we report two notable findings (Figs, 

4.5 and 4.8): (i) although the nanopatterned matrix could enhance 

the gene transfection efficiency in all types of cells compared to 

the flat substrate, regardless of the vector types, it could be further 

enhanced by the suitable combination of  nanotopography and 

non-viral vector (i.e., nanopatterned matrix and PMGT in this 

study) and (ii) the nanopatterned matrix in particular promotes the 

transfection efficiency in cancer cells compared to that in normal 

or stem cells (i.e., A549 cells > NIH3T3 fibroblasts > MSCs in 

this study). 

We discuss the following key question here: how does the 

nanopatterned matrix enhance the gene transfection efficiency via 

non-viral vectors? Although a detailed study should be performed, 

we propose two considerable major factors and their roles: 

nanotopography-mediated (1) cellular shape and (2) uptake (Fig. 

4.9). (1) Basically, we speculated that the nanotopography-

induced cellular shape would be an essential factor for the 

efficiency of gene delivery via non-viral gene vectors. Kong’s 

group recently reported that the cell area of NIH3T3 fibroblasts 
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Fig. 4.9 A hypothetical model showing enhanced gene transfection via 

non-viral gene vectors on highly aligned nanopatterned matrix. 
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expanded with increasing substrate stiffness, which eventually 

enhanced the gene transfection efficiency [150]. In this study, 

while the aligned nanopatterned matrix did not quite influence the 

average of cell area, the cell perimeter was sensitively increased 

by the nanopatterned matrix than that on the flat substrate (Fig. 

4.1d). In addition, the nanoplexes could be located between the 

nanopatterns, allowing meeting them into the cell adhesion area. 

Together, these factors collectively provided cells more 

opportunities to be exposed to the nanoplexes for enhancing gene 

delivery efficiency via non-viral gene vectors. 

(2) We suggest that the highly aligned structures in both cell body 

and nucleus by the nanopatterned matrix (Fig. 4.1c) would 

influence the cellular uptake of nanoplexes for the efficiency of 

gene delivery. Although the exact mechanism is unclear, it has 

been known that the body or nuclear shapes can modulate the 

exogenous gene expression [150, 153, 166]. In this work, 

compared to Lipofectamine or PEI, PMGT dramatically enhanced 

the gene transfection on the nanopatterned matrix than on the flat 

substrate (Figs. 4.5 and 4.8). Note that PMGT can lead accelerated 

cellular uptake than PEI or Lipofectamine [64]. In addition, the 
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transfection efficiency was much higher in the cancer cells than 

normal or stem cells, regardless of types of gene vectors (Fig. 4.8). 

Therefore, the modulated cellular activity (e.g., endocytosis) by 

the changed cell structures on nanopatterned matrix may affect the 

enhanced transfection efficiency, but further detailed studies 

should be performed for understanding this mechanism. 

We would like to re-emphasize our findings that the highly 

aligned nanopatterned matrix and non-viral vectors can 

synergistically enhance the efficiency of gene delivery. This, 

therefore, suggests that there will be a further opportunity to 

improve gene transfection efficiency by designing efficient 

nanotopography-based substrates and non-viral vectors as well as 

in combination with microfluidic-based platforms. We also 

believe that our simple strategy may represent a significant 

progression for the design and manipulation of platforms in the 

various research fields. For example, this strategy could be used 

for enhancing stem cell functions (e.g., efficient delivery of small 

molecules to control stem cell differentiation) or for scaffold 

fabrication toward tissue regeneration. 
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4.4 Conclusion 

In conclusion, we have proposed a conceptual design of platform that 

nanopatterned matrix and non-viral vectors could promote the gene 

transfection efficiency by their synergistic cues. The nanotopography-

induced cell adhesion can provide unique opportunity to enhance the 

gene transfection via non-viral vectors, which would suggest that the 

nanotopography definition of substrate and non-viral vectors should be 

considered in the design and manipulation of gene delivery systems for 

gene medicine as well as for stem cell and regenerative medicine. 
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CHAPTER 5 

Silencing of JNK2 by Polymannitol-Based 

Transporter via COX-2 Mediated Endocytosis 

5.1 Introduction 

Potential of nucleic acid as drugs in treating genetically aberrant 

conditions using either DNA- or RNA-based therapeutics has given 

momentum to the development of various gene delivery methods that 

not only carry multiple therapeutic payloads but also facilitate delivery 

into specific sites across compact tissues and tumor masses [28, 167]. 

For an effective gene therapy in cancer therapeutics, a deeper 

understanding of cancer cell behavior and its intracellular signaling is 

required to strategically tailor a delivering vector. An insight to the 

tumor cell behavior may help the vector to target the major cause 

responsible for abnormal growth and thereby assist in cessation of 

tumor cell proliferation. 

No doubt that tumor formation is a complex process and most of which 

are due to proto-oncogenic transformation that leads to the abnormal 

overexpression of oncogenes. Studies have shown that the proto-
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oncogene c-Jun  is normally required for cell cycle progression from 

G1 to S phase by regulating the transcriptional level of cyclin D1, but 

under diseased condition it is associated with uncontrolled proliferation 

and angiogenesis [168], and also inhibits apoptosis by downregulating 

p53 and p21 [169, 170]. This oncogenic transformation of transcription 

factor c-Jun requires N terminal  phosphorylation of its transactivation 

domain at serine 63 and 73 by c-Jun N-terminal kinases (JNKs) [171, 

172]. JNKs are a family of stress related kinases. Hence, JNK mediated 

activation of c-jun are responsive to stress stimuli to protect the cells 

against stress induced apoptosis [169]. Therefore, suppressing the N-

terminal phosphorylation of c-Jun by delivering JNK siRNA is 

expected to inhibit tumor growth and proliferation via inducing 

apoptosis. 

However, JNKs (JNK1, JNK2, and JNK3) tend to have contradictory 

cellular responses, to induce apoptosis on one side and enhancing cell 

survival and proliferation on the other side. Their opposing behavior 

can be attributed to the activation of large number of different 

substrates based on specific stimulus, cell type, and temporal aspects 

[173]. One of the major substrates of JNK mediated phosphorylation is 

c-Jun which is a component of AP-1 transcription factor. 
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Phosphorylation of c-Jun by JNKs directly increases the transcriptional 

activity of AP-1, which is involved in neoplastic transformation to 

promote tumor progression and metastasis [174]. Many tumors have 

been reported to constitutively express JNKs as JNKs activation and c-

Jun phosphorylation are required for initial oncogenic transformation 

[173]. It has been reported that amongst three, JNK2 is the primary 

positive regulator of c-Jun expression and proliferation [175]. 

Therefore, inhibition of JNK2 activation caused growth arrest and 

apoptosis in some of the tumors [176] supporting that JNK2 is the main 

active JNK present in tumor cells as a potential oncokinase whose 

suppression may retard tumor growth. 

Though the selection of an appropriate siRNA is the most important 

part of gene silencing technology, the need of an efficient vector that 

can protect siRNAs in the biological milieu where they are vulnerable 

for degradation by endogenous nucleases is equally important as well 

[127]. We recently developed polymannitol based gene transporter 

(PMGT) synthesized from mannitol dimethacrylate and low molecular 

weight branched polyethylenimine (1.2 kDa). PMGT enjoys osmotic 

activity of mannitol in combination with high buffering capacity of 

bPEI. Owing to hyperosmoticity and hydrophobicity as its inherent 
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properties, PMGT has accelerated the cellular uptake process to many 

folds [177]. Its hyperosmotic behavior has shown to modulate the 

cellular uptake mechanism by regulating cyclooxygenase-2 (COX-2) 

enzyme which induces caveolae mediated endocytosis thereby 

overcoming cell membrane barrier. Therefore, it was hypothesized that 

due to its hyperosmotic property it may also approach the compactly 

situated cells in a tumor mass to deliver therapeutic molecules. It may 

elevate blood plasma osmolality, resulting in enhanced out flow of 

water from tissues, thereby loosening the cell mass and facilitating the 

transporter to reach deep seated cells. A further higher transfection 

efficiency of PMGT is also contributed by its hydrophobic methyl 

groups which interact with phospholipid bilayer of plasma membrane 

facilitating smooth polyplex internalization inside the cell [105]. 

Moreover, hydroxyl groups in a polymer may serve different functions 

and alter polymer properties depending upon their number, ratio and 

stereochemistry [140]. In accordance, it was reported that hydroxyl 

groups of polymannitol backbone served for better complexation, 

polyplex stability, non-aggregation, lower polydispersity and higher 

transfection efficiency even in the presence of serum [177].  
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In this paper, we introduce a nanotechnology-based, potential approach 

for gene silencing-mediated cancer therapy. We demonstrate that 

PMGT electrostatically complexed with JNK2 siRNA molecules can be 

used to knockdown the overexpression of JNK2 which is responsible 

for progression and metastasis of cancer to arrest tumor growth both in 

vitro and in vivo. Since the route of endocytosis plays a pivotal role in 

determining intracellular fate of polyplexes, the various components of 

PMGT vector modulating these routes is expected to underscore the 

efficiency of siRNA transportation. The mechanism of tumor 

retardation by PMGT mediated JNK2 siRNA delivery was well studied 

to show the involvement of caspase-9 in inducing apoptosis mediated 

by COX-2 signaling. Therefore, based on the current study, inference 

was drawn that the hyperosmoticity generated by PMGT stimulates 

COX-2 expression that firstly induces polyplex internalization by 

initiating caveolae formation and later induces apoptosis by stimulating 

caspase-9 in tumor cells. In addition, PMGT efficiently delivered 

siRNA that helped in silencing JNK2 expression and hence tumor arrest. 

The triple action performed by PMGT intrigued to investigate the exact 

mechanism of cellular entry of polyplex and exhibiting gene silencing. 

5.2 Materials and Methods 
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Materials 

Branched PEI (Mn: 1.2 kDa and 25 kDa), dimethyl sulfoxide (DMSO), 

methacryloyl chloride (MAC), D-mannitol, genistein, wortmannin, 

chlorpromazine, methyl-β-cyclodextrin, and 3-(4, 5-dimethyl thioazol-

2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) reagent were purchased 

from Sigma (St. Louis, Mo, USA). Tetramethylrhodamine 

isothiocyanate (TRITC) fluorescent dye was purchased from Molecular 

Probes, Invitrogen, Oregon, USA. Nonspecific scrambled siRNA 

(siScr), GFP siRNA (siGFP), luciferase siRNA (siLuc) (Table 5.1) 

were purchased from Genolution Pharmaceuticals, Inc. (Seoul, South 

Korea). JNK2 siRNA (siJNK2), JNK2 antibody, COX-2 antibody, 

caspase-9 antibody were purchased from Santa Cruz biotechnology, Inc 

(CA, USA) and caveolin-1 antibody was purchased from Abcam. All 

other chemicals used in this study were of analytical reagent grade.  

Synthesis and characterization of PMGT & PMGT/siRNA complexes 

Mannitol dimethacrylate (MDM) monomer was obtained by reacting 

mannitol with 2 equivalents of methacryloyl chloride in DMF at 4°C. 

Thereafter, via a Michael addition reaction [107] bPEI (1.2 kDa) was 

copolymerized with MDM in anhydrous DMSO at 60°C to synthesize 
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Table 5.1 siRNA sequences 

siRNA  Sense (5’→3’)  Anti-sense (5’→3’)  

siRNA 

scrambled  

CGUACGCGGAAUACUU

CGAUU  

UCGAAGUAUUCCGCG

UACGUU  

 

siRNA 

GFP  

 

GUUCAGCGUGUCCGGC

GAGUU  

 

CUCGCCGGACACGCUG

AACUU  

 

siRNA 

Luciferase  

 

CUUACGCUGAGUACUU

CGAUU  

 

UCGAAGUACUCAGCGU

AAGUU  
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polymannitol based gene transporter (PMGT) [177] as shown in Fig. 

2.1. The cationic PMGT polymer at N/P 20 and PEI25k  at N/P 10 

were then electrostatically bound with siRNA (100 pM) in ultra-pure 

molecular grade water (WelGENE, S. Korea) (30 min incubation at RT) 

to form PMGT/siRNA and PEI25k/siRNA polyplexes. Polyplexes were 

characterized using a transmission electron microscope (EF-TEM) 

(LIBRA 120, Carl Zeiss, Germany) and a dynamic light scattering 

spectrophotometer (DLS 8000, Otsuka Electronics, Osaka, Japan). The 

specimens for TEM were prepared by drop-coating the PMGT/siRNA 

(N/P 20) and PEI25k/siRNA (N/P 10) polyplexes dispersion onto a 

carbon grid and then dried for 2 h, after which they were stained with 1% 

uranyl acetate (10 s) and observed for their morphology. DLS samples 

were prepared at various N/P ratios (5, 10, 20, and 30) of 

PMGT/siRNA and PEI25k/siRNA polyplexes with 40 µg/mL siRNA 

and then measured for their hydrodynamic size and zeta potential with 

90° and 20° scattering angles at 25°C. 

Electrophoretic mobility shift assay 

For siRNA retardation assay, PMGT was complexed with siRNA (1 µg) 

for 30 min at RT at various N/P ratios (0.5, 1, 2, 3, and 5). The 

complexed samples and equivalent amounts of free siRNA with 1X 
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loading dye (Biosesang, Korea) were added in individual wells in a 2% 

agarose gel (with 0.1 µg/mL EtBr) casted in 1X TAE buffer. The 

samples were resolved for 40 min in 0.5X TAE running buffer at 100 V, 

and images were captured under ultraviolet illumination. For RNAse 

protection assay, PMGT/siRNA (N/P 20) polyplexes and free siRNA 

were incubated with RNase (1 µg/µL) at 37°C. After 30 min, RNase 

was inactivated by adding 5 µL EDTA (100 mM) at 70°C for 10 min 

and incubated for another 30 min at RT. Finally, the protected siRNA 

was released from the complexes with the addition of 5 µL 1% sodium 

dodecyl sulfate (SDS) for 2 h and resolved on a 2% agarose gel (with 

0.1 µg/mL EtBr) in 0.5X TAE running buffer at 100 V for 40 min. 

Osmolarity of PMGT/siRNA complexes 

Osmolarity of aqueous solution of mannitol, PMGT and PMGT/siRNA 

complexes at various concentrations (2%, 3%, 5%, and 10%) were 

measured as mOsm using cryoscopic osmometer 030, Ganatec and 

calculated from the depression in freezing point of solutions. 

Confocal microscopy 

TRITC (Molecular Probes, Invitrogen, Oregon, USA) (25 μL, 1 

mg/100 μL in DMF) was added to PMGT (1 mL, 10 mg/mL in H2O) to 
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block ~1% of its total amines, and the mixture was then stirred 

overnight (PMGTT). Unreacted TRITC was removed by washing with 

ethyl acetate (3 x 2 mL), which was then lyophilized and resuspended 

in water. A549 cells were seeded at a density of 3 x 105 cells/well in a 

cover glass bottom dish (SPL Lifesciences, Korea) and incubated for 24 

h in humidified chamber. Cells were transfected with PMGTT/siRNA 

complexes and further incubated for 3 h, 2 d, 3 d, 5 d, and 7 d to study 

the degradation profile of PMGT polyplexes. The transfected A549 

cells with fluorescently labeled complexes were washed 3 times with 

1X PBS and then fixed with 4% paraformaldehyde for 10 min at 4°C. 

DAPI was used to counter-stain the nuclear DNA of fixed cells, and 

images were procured using a Leica SP8 X STED super-resolution 

laser scanning confocal microscope to monitor fluorescently labeled 

PMGTT/siRNA complexes inside the treated A549 cells. 

Cell culture and animals  

Low passage adenocarcinoma human alveolar basal epithelial (A549) 

cells were cultured in T-75 culture flasks (Nunc, Thermo Scientific) in 

15 mL complete medium containing Roswell Park Memorial Institute 

(RPMI)-1640 (HyClone Laboratories, USA) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS, HyClone Laboratories, USA) 
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and 1% antibiotic cocktail of streptomycin and penicillin. Cells were 

maintained under standard culture conditions of 37°C and 5% CO2 for 

4 or 5 days, with the culture duration selected to maintain cells under 

exponential growth and reach ~80% confluency. Cells were then 

trypsinized, centrifuged at 1200 RPM for 5 min to pellet cells and 

counted using hemocytometer to seed the cells for experimental assays.  

For animal study four weeks old nude Balb/c mice were obtained from 

Orient Bio Inc. (Republic of Korea) and kept in a laboratory animal 

facility maintained at 23 ± 2°C and 50 ± 20% relative humidity under a 

12 h light/dark cycle. All experimental protocols were reviewed and 

approved by the Animal Care and Use Committee at Seoul National 

University (SNU-120409-3). 

Cell viability assay 

Cytotoxicity of PMGT/siRNA (N/P 20) and PEI25k/siRNA (N/P 10) 

polyplexes at various siRNA concentrations (0, 50, 100, 150 pM) and 

after different incubation times (3 h, 2 d, 5 d, 7d) were measured by the 

reduction of a tetrazolium component (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide, or MTT) (Sigma, St. Louis, Mo, 

USA) into insoluble purple colored formazan crystals by the 
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mitochondria of the viable cells. Polyplex transfected A549 cells that 

had been incubated in a 24-well plate (10 x 104 initial cell density/well) 

for 48 h were then incubated with MTT reagent (0.5 mg/mL in 1X PBS) 

for 3 h, followed by the addition of DMSO (500 µL) to solubilize the 

colored crystals, and absorbance was measured at 540 nm using a 

SunriseTM TECAN ELISA reader (Grödig, Austria). 

In vitro GFP silencing efficiency of PMGT 

A549 cells at 70% confluency (3 x 105 initial cell density/well) in a 6-

well plate were transfected with Lipofectamine/tGFP (1 µg) complex in 

serum-free medium according to the manufacturer's protocol 

(Invitrogen, Oregon, USA). After 3 hours, the medium was replaced 

with fresh serum-free RPMI-1640 medium with the PMGT/siGFP 

complex (N/P 20) containing 100 pM of siRNA. The silencing 

efficiency was then compared with that of PEI25k/siGFP (N/P 10) 

mediated silencing. After 3 hours of incubation, the medium was again 

replaced with 10% serum-containing medium. After an additional 48 h, 

the silencing efficiency was measured using flow cytometry (BD 

Biosciences, San Jose, CA, USA). The percentage of GFP silencing in 

the cells treated with PMGT/siGFP complexes was calculated after 

normalizing the results with respective mock-treated cells and then 
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compared to the silencing of the PMGT/siScr-treated group. 

Nonspecific scrambled siRNA (siScr) and GFP siRNA (siGFP) were 

purchased from Genolution Pharmaceuticals, Inc. (Seoul, South Korea). 

Transfection for RNAi silencing of JNK2 

A549 cells were cultured according to standard techniques as described 

above. Cells were seeded at a density of 3 x 105 cells/well in a 6-well 

plate; and after 24 h (70% confluent) were transfected with 

PMGT/siJNK2 complexes. The JNK2 siRNA (siJNK2) (Santa Cruz 

biotechnology, Inc, CA, USA) was reconstituted in ultra-pure water 

(DNase/RNase free) and mixed with PMGT at an N/P ratio of 20 to a 

final concentration of 100 pM of JNK2 siRNA. After 30 min of 

incubation, A549 cells were transfected for 3 h in serum-free medium. 

PEI25k (N/P 10) was used as positive control, whereas naked siJNK2 

and scrambled sequence (siScr) negative controls were used in all 

experiments. For assessment of JNK2 knockdown, 48 h post-

transfection total RNA was isolated from cells using Absolutely RNA 

Miniprep kit (Agilent Tech., CA, USA), and real-time quantitative PCR 

(Q-PCR) was performed for JNK2. Extracted RNA was reverse 

transcribed to cDNA using the Omniscript RT kit (Qiagen, Germany) 

with omniscript reverse transcriptase (Qiagen) and a random primer 
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(Invitrogen, MA, USA). The relative abundance of each mRNA species 

was quantified by qPCR using the hJNK2 5’-

GAAATGGTCCTCCATAA-3’ (forward) and 5’-

ACTGCTGCATCTGAAGGC-3’ (reverse) and hGAPDH 5’-

GCCCAATACGACCAAATCC-3’ (forward) and 5’-

AGTCAGCCGCATCTTCTT-3’ (reverse) specific primers from 

Cosmogenetech, Seoul, Korea. PCR mixtures were prepared with 2X 

Prime Q-Mastermix containing 2X SYBR®  Green I (Genet Bio, 

Nonsan, Korea) according to the manufacturer's protocol. Q-PCR was 

performed in quadruplicate for each group, with GAPDH as reference 

gene, using an iCycler Optical Module (BioRad, CA, USA) starting 

with 10 min of pre-incubation at 95°C followed by 45 amplification 

cycles with an annealing temperature at 60°C. 

Western blot analysis 

At 48 h post-transfection, cells were harvested and lysed with 1X RIPA 

lysis buffer (Millipore, MA, USA). A BCA protein assay kit (Thermo 

scientific, MA, USA) was used to measure the protein concentrations. 

Equal amounts of the protein (25 µg) from each sample were separated 

by a Novex NuPAGE 4-12% SDS-PAGE gel (Life technologies, CA, 

USA), transferred to nitrocellulose membrane using iBlot (Invitrogen, 
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USA) and then non-specific binding sites were pre-blocked with 5% 

skim milk for 1 h at RT. The membrane was washed and probed with 

anti-JNK2 (Santa Cruz Biotechnology Inc., CA, USA) and anti-β-actin 

(Abfrontier, Seoul, Korea) antibodies (1:500 dilution) overnight at 4°C. 

Then, the membrane was incubated with secondary antibody (1:1000 

dilution) conjugated with HRP (Invitrogen, Carlsbad, CA, USA). Bands 

were captured using a ChemiDocTM XRS+ (Biorad, CA, USA) imaging 

system. The band intensities were analyzed quantitatively using ImageJ 

software (NIH, USA) and plotted as the mean pixel value. 

Immunocytochemistry (ICC) 

A549 cells were seeded in an 8-well chamber slide (Lab Tek, Sigma, 

USA) at 5 x 104 initial cell density/well and transfected with the 

PMGT/siJNK2 complexes together with the positive controls. After 48 

h, cells were rinsed in 1X PBS and fixed with 4% paraformaldehyde at 

37°C for 10 min. After fixation, cells were washed twice with ice cold 

PBS and then permeabilized with ice-cold 0.2% Tween 20 in PBS for 

10 min. Non-specific binding was blocked using 10% BSA in 1X PBS 

for 5 min at RT and then at 4°C for 1 h because cooling prevents 

endocytosis of antibodies. Cells were incubated with JNK2 antibody 

(Santa Cruz Biotechnology Inc., CA, USA) diluted in 3% BSA (1:50 
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dilution) at 4°C overnight. After washing several times with PBS, cells 

were incubated with fluorophore-conjugated secondary antibodies 

diluted in 3% BSA (1:100 dilution) for 2 h at RT away from light. 

Nuclei were stained with DAPI (0.1 μg/mL) for 10 min and mounted 

with Aqua poly/mount (Polysciences, PA, USA). The images were 

procured from Nikon eclipse Ti inverted fluorescence microscope 

system (Tokyo, Japan). 

In vitro and in vivo TUNEL assay 

The transfected A549 cells in the 8-well chamber slide and the in vivo 

treated tumor sections were analyzed for apoptotic death using a 

DeadEnd colorimetric TUNEL (TdT mediated dUTP nick end labeling) 

system from Promega, USA, which end-labels the fragmented DNA of 

apoptotic cells. The paraffin embedded tissue sections were 

deparaffinized using xylene and rehydrated by sequentially immersing 

the slides into 100%, 95%, 85%, 70%, and 50% ethanol. The tissue 

sections and the cultured cells were fixed with 4% paraformaldehyde 

for 25 min at RT and washed twice with PBS. The tissue cells and 

cultured cells were then permeabilized using proteinase K (20 μg/mL) 

and 0.2% Triton X-100 respectively, for 10 min at RT and rinsed twice 

with PBS. Biotinylated nucleotides were incorporated at the 3’-OH 
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DNA ends using a recombinant terminal deoxynucleotidyl transferase, 

(rTdT) enzyme. Horseradish peroxidase-conjugated streptavidin was 

then bound to biotinylated nucleotides, which were detected with 

hydrogen peroxide and diaminobenzimide (DAB). The images were 

captured using a light microscope. Cells treated with DNase I to induce 

DNA strand breaks were used as a positive control.  

Tumor implantation and in vivo JNK2 suppression  

Five weeks old nude Balb/c mice (male, 4 mice/group) were 

subcutaneously injected with 100 µL of a single cell suspension 

containing 3 x 106 A549 cells. The treatment of tumors with siJNK2 

was started after 1 month when the tumor size reached 800-1000 mm3 

as measured by Vernier caliper. Tumor volume was calculated by using 

its mean diameter and applying the formula m = 0.5 x a x b2, where a 

and b are the smallest and largest diameters, respectively. 100 µL of 

PMGT/siJNK2 (30 µg) complexes (N/P 20) in normal saline was 

injected directly into the tumor at an interval of 48 h, which continued 

for one month. PEI25k/siJNK2 (N/P 10) complexes prepared under 

identical conditions were used as vector controls, and normal saline 

was used as a negative control. After treatment over one month, the 

tumors were dissected, chopped, and homogenized, and the protein 
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concentrations of the lysates were measured. Equal amounts of protein 

(25 μg) were separated by SDS-PAGE and transferred onto a 

nitrocellulose membrane for immunoblot analysis.  

Immunohistochemistry (IHC) 

The dissected tumors were fixed in 10% neutral buffered formalin and 

embedded in paraffin wax. Tissue sections (4-12 μm thick) were 

prepared using a microtome and placed on positively charged slides 

and dried in an oven at 60°C. The slides were then deparaffinized, 

rehydrated and processed for antigen retrieval using 10 mM sodium 

citrate buffer, pH 6.0 at 95-100°C. Immunostaining with JNK2 

antibody (1:50 dilution) was performed using a mouse specific 

HRP/DAB detection IHC kit (Abcam, Cambridge, UK). Harris 

hematoxylin solution (Sigma) was used to stain the nuclei, and images 

were taken using a light microscope.  

COX-2 ELISA assay 

A549 cells were seeded in 8.8 cm2 culture dishes (40 x 104 initial cell 

density/dish) and treated with PMGT/siJNK2 (N/P 20) and 

PEI25k/siJNK2 (N/P 10) complexes. Cells were harvested at different 

time intervals (1h, 3h and 6h) to obtain cell lysate containing expressed 
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proteins. COX-2 ELISA (Pathscan, cell signaling technology, USA) 

was performed according to manufacturer’s protocol and absorbance 

was measured at 450 nm. 

Co-localization of COX-2 and caveolin-1  

After 120 min of transfection with naked siJNK2, PMGT/siJNK2 (N/P 

20) and PEI25k/siJNK2 (N/P 10) complexes, A549 cells were washed 

with PBS and fixed with 4% paraformaldehyde for 15 min at RT. After 

washing with PBS cells were permeabilized with ice cold 0.2% Tween 

20 for 10 min at RT. The cells were then washed and blocked with 10% 

BSA for 1 h at RT. Rabbit COX-2 and mouse Cav-1 IgG antibodies 

(1:50 dilution in 10% BSA) were added and incubated at 4°C overnight. 

The cells were washed 5 times with PBS and incubated with anti-rabbit 

FITC and anti-mouse RITC antibodies (Invitrogen, Oregon, USA) 

respectively for 1 h at RT. Then washed with PBS 5 times and 

incubated with DAPI for 10 min. After washing it once with PBS 

antifade aqua mount (Polysciences, PA, USA) was added and images 

were captured under confocal microscope. 

Expression of COX-2, caveolin-1and caspase-9  
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A549 cells transfected with PMGT/siJNK2 (N/P 20) and 

PEI25k/siJNK2 (N/P 10) complexes were lysed after 3 h and protein 

concentration was measured. Equal amounts of protein (25 µg) were 

separated on SDS-PAGE and transferred on nitrocellulose membrane to 

analyze the immunoblot for the expression of COX-2, caveolin-1 and 

caspase-9 proteins using their respective antibodies at 1:500 dilutions. 

Statistical analysis 

Data are expressed as mean ± SD of 3 independent experiments unless 

stated otherwise. Statistical analysis was performed by one-way 

ANOVA (OriginPro 9.0 software) in conjunction with Bonferroni’s test 

for the comparison of means of different groups. A value of P < 0.05 

was considered statistically significant. 

5.3 Results  

siRNA transport efficiency of PMGT 

Electrophoretic mobility shift assay demonstrated a high complexation 

ability of PMGT with siRNA by completely retarding its migration in 

the agarose gel at a lower N/P ratio of 3 (Fig. 5.1A). Ability of PMGT 

to also protect the complexed siRNA was further demonstrated by 
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RNAse protection & release assay as visible in lane 2 of figure 5.1B to 

suggest its protection against intracellular RNase degradation contrary 

to the complete degradation of free siRNA (lane 4). Electrostatic 

condensation of siRNA with PMGT resulted in nanosized cationic 

particles suitable for cellular uptake, as confirmed by DLS and EF-

TEM. PMGT/siRNA nanoplex sizes decreased from 180 to 110 nm 

with increasing N/P ratios (Fig. 5.1D) due to stronger complexation. On 

the other hand, initial decrease and then stability in zeta potential at 

around +17 to +21 mV with increasing N/P ratios (Fig. 5.1E) suggest 

the role of polymannitol hydroxyl groups in shielding the surface 

charge of complexes by the formation of hydrogen bonds leading to 

stable zeta potential contrary to PEI25k/siRNA complexes. An 

optimum charge density on PMGT polyplex ensures interaction with 

anionic membrane proteins to initiate their internalization and also 

reduces its cytotoxicity caused due to high charge density that leads to 

cell membrane rupture [178]. This stable behavior of polyplexes can be 

attributed to the hydroxyl groups of polymannitol backbone which 

shields the polyplex by making intermolecular hydrogen bonds with 

DNA [179]. Therefore polyplex maintain uniform size distribution 

throughout its voyage to the nucleus which is also apparent from the 
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Fig. 5.1 Physicochemical characterization of PMGT/siRNA complexes. 

(A) Electrophoretic mobility shift assay of PMGT/siRNA (0.1 μg) 

complexes at various N/P ratios (0.5, 1, 2, 3, and 5) shows complete 

siRNA retardation at an N/P ratio of 3. (B) RNase protection and 

release assay. Complexed siRNA with PMGT (N/P 20) was released 

using 1% SDS: (Lane 1) PMGT/siRNA complexes without RNase; 

(Lane 2) PMGT/siRNA complexes with RNase (1 µg/µL) demonstrates 

the protection of the siRNA; (Lane 3) free siRNA without RNase; 

(Lane 4) free siRNA with RNase (1 µg/µL) shows its complete 

degradation. (C) EF-TEM image of PMGT/siRNA (N/P 20) and 

PEI25k/siRNA complexes shows PMGT particle size ~110 nm (scale 

bar: 200 nm). (D) Particle size and (E) zeta potential of PMGT/siRNA 
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complexes at various N/P ratios (5, 10, 20, and 30) shows its size ~150 

nm and zeta potential + 18 mV (n = 3, error bar represents SD) (*P < 

0.05, **P < 0.01; one-way ANOVA).  
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polydispersity index (PDI) of < 0.2 and EF-TEM images (Fig. 5.1C). A 

well-defined spherical morphologies and no aggregation, in comparison 

to PEI25k/siRNA was observed under electron microscope to 

demonstrate their robustness. 

The osmolarity of PMGT/siRNA complexes though less than pure 

PMGT, tend to increase with the increase in its concentration (Table 

2.1) reflecting its tendency to induce hyperosmotic stress on the cells.  

The lower surface charge and non-aggregation of the PMGT complexes 

with siRNA does not intend to disrupt the integrity of the cell 

membrane surface [180, 181] which results in higher cell viability of 

PMGT/siRNA complexes (> 95%) in comparison to PEI25k/siRNA 

(~70%) complexes (Fig. 5.2C) in A549 cells. In addition, the presence 

of degradable ester linkages in PMGT backbone (Fig. 2.1) ensured a 

gradual disappearance of PMGT after 3 h, 2, 3, 5, and 7 days of 

transfection (Fig. 5.2A) by hydrolyzing into smaller degradation 

products that can be exocytosed [177]. Therefore, the occurrence of 

vesicles was observed to increase with time (maximum on day 5). This 

further increases the cell viability of PMGT complexes (Fig. 5.2B) and 

makes it innocuous for cellular uptake. The gene silencing efficiency of 

vectors was analyzed by suppressing transgenic GFP expression in  
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Fig. 5.2 Degradation and cell viability study. (A) Study of 

PMGTT/siRNA nanoplex uptake and degradation in A549 cells. 

Confocal microscopic images of A549 cells with DAPI nuclear staining 

(blue), observed up to 7 days following transfection with TRITC-

labeled PMGTT (red). PMGTT after cellular uptake (3 h) is gradually 

degraded up to day 7 (scale bar: 10 μm), and the occurrence of 

vesicular structures represents the increased exocytosis of fragmented 

PMGTT. (B) Cytotoxicity measurements of PMGTT/siRNA (N/P 20) 

complexes by MTT assay after 3 h, 2d, 5d, and 7d of transfection in 

A549 cells show no cytotoxic effects. (C) Cytotoxicity of 

PMGT/siRNA complexes at various siRNA concentrations (0, 50, 100, 

150 pM) show no cytotoxicity. (n = 3, error bar represents SD) 

(*P < 0.05; **P < 0.01, one-way ANOVA).  
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Fig. 5.3 GFP silencing efficiency of PMGT/siRNA complexes in A549 

cells. The pre-transfected GFP gene was silenced using siGFP (100 pM) 

complexed with PMGT (N/P 20), and transgene expression was 

measured using FACS. The percentage GFP silencing was calculated in 

reference to the control cells without siGFP treatment, and the 

maximum silencing was found to be mediated by PMGT (70%). (n = 3, 

error bar represents SD) (***P < 0.001, one-way ANOVA). 

Corresponding transfection images were taken with a Nikon 

fluorescence microscope (scale bar: 500 μm) to show maximum GFP 

suppression by PMGT mediated siGFP delivery.  
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A549 cells. PMGT/siGFP exhibited 72% GFP silencing in comparison 

to 40% by PEI25k/siGFP and negligible by naked siGFP and 

complexes with non-specific scrambled siRNA (siScr) (Fig. 5.3). 

PMGT efficiently delivers siRNA to silence JNK2 expression  

JNK2 suppression by PMGT/siJNK2 was observed in A549 cells up to 

48 h post-transfection using quantitative real time (Q)-PCR which 

showed a remarkable suppression of JNK2 (~90%) in comparison to 

PEI25k/siJNK2 (57%) (Fig. 5.4B), indicating an enhanced gene 

silencing efficiency. Further, western blot showed that PMGT mediated 

delivery of siJNK2 resulted in ~45% knockdown of JNK2 protein 

expression, which was higher than that obtained by PEI25k/siJNK2 

(~23%) polyplexes in reference to the control after 48 h (Fig. 5.4A). 

Immunocytochemical analysis also showed the suppressed gene 

expression of JNK2 by PMGT/siJNK2 treatment (Fig. 5.4C). The 

crucial result is the increased gene silencing efficiency of PMGT over 

PEI25k, which is indicative of the involvement of hyperosmoticity in 

internalization of the polyplex. 
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Fig. 5.4 JNK2 gene silencing efficiency of PMGT/siJNK2 complexes. 

(A) Western blot analysis of JNK2 protein from the lysate of 

transfected A549 cells after 48 h showing no change in β-actin protein 

expression and a significant decrease in JNK2 protein expression in 

cells treated with PMGT/siJNK2 complexes in contrast to other treated 

controls. Densitometric analysis of the JNK2 protein band in reference 

to the untreated control cells (100% JNK2 expression) shows a 45% 

decrease in JNK2 expression in PMGT/siJNK2 treated cells. Data are 

shown as the mean ± SD of 3 independent experiments (**P < 0.01; 

***P < 0.001, one-way ANOVA). (B) JNK2 gene expression monitored 
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at 48 h post-transfection in A549 cells using quantitative real-time PCR 

(Q-PCR). Maximum JNK2 suppression (~90%) was observed by 

PMGT/siJNK2 complexes. Data are expressed as the mean ± SEM of 3 

experiments. Statistical significance was determined using one-way 

ANOVA (***P < 0.001). (C) Immunocytochemical analysis shows least 

JNK2 expression (red) in PMGT-treated A549 cells in comparison to 

PEI25k-treated and control cells after 48 h of transfection (scale bar: 

500 μm). 
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Knockdown of JNK2 expression resulted in increased apoptotic 

events 

To determine the cause of the decline in growth of PMGT/siJNK2-

treated cell populations, we first examined the effect on cell DNA 

synthesis. We observed no differences in ethynyl deoxyuridine (EdU) 

incorporation relative to the number of viable cells among any of the 

treatment groups (data not shown); therefore, the reduction in growth of 

PMGT/siJNK2-treated cells could not be explained by an inhibition of 

DNA replication.  

Cells treated with PMGT/siJNK2 revealed features consistent with 

apoptosis, including cell rounding, membrane blebbing, and 

detachment from the tissue culture dish. Loss of nuclear disintegration 

is the characteristic feature of apoptotic cells [182, 183].Therefore, 

enumeration of apoptosis in the treated cancer cells was done using 

colorimetric TUNEL assay, where the ends of the apoptosis-induced 

DNA strand breaks were labeled and detected as dark brown stained 

nuclei. The results showed higher DNA fragmentation (dark brown) in 

PMGT/siJNK2 treated cells than the cells treated with PEI25k/siJNK2 

and the controls (Fig. 5.5).  
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Fig. 5.5 Effect of JNK2 knockdown on the behavior of A549 cells. 

TUNEL assay in A549 cells for the comparison of apoptotic events in 

the various treatment groups shows the maximum apoptosis induction 

in the PMGT-mediated siJNK2 delivery; apoptosis is represented by 

brown stained nuclei (scale bar: 500 μm). 
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Induction of caspase-9  

Overexpression of caspase-9 and its activation is known to induce 

apoptosis [184]. The PMGT/siJNK2 transfected A549 cells showed 

enhanced expression of apoptosis-related caspase-9 in comparison to 

the other control cells (Fig. 5.6) to suggest its contribution towards 

apoptotic cells death. 

COX-2 stimulation 

COX-2 ELISA reports that PMGT instigated increased COX-2 

expression compared to PEI25k due to hyperosmotic effect of hydroxyl 

groups (Fig. 5.7A). PEI’s toxicity to the cell membrane might have 

induced a weak COX-2 expression as an inflammatory response after 1 

h of transfection but later remained constant. However, PMGT 

complexes constantly induced the increased expression of COX-2 with 

time. The western blot of COX-2 after 3 h of transfection also shows 

increased COX-2 expression in PMGT/siJNK2 treated cells (Fig. 5.7B). 

These results suggest accelerated internalization to be encouraged by 

release of osmoprotectant COX-2. 
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Fig. 5.6 Western blot analysis of caspase-9 protein from the lysate of 

transfected A549 cells after 3 h showing no change in β-actin protein 

expression and a significant increase in caspase-9 protein expression in 

cells treated with PMGT/siJNK2 complexes in contrast to other treated 

controls. Data are shown as the mean ± SD of 3 independent 

experiments (**P < 0.01; ***P < 0.001, one-way ANOVA). 
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Fig. 5.7 Mechanistic investigations for enhanced transfection of PMGT. 

(A) COX-2 ELISA assay estimating protein expression at different time 

intervals (1 h, 3 h, 6 h) induced by PMGT (N/P 20) and PEI25k (N/P 

10) polyplexes. (B) Western blot analysis of COX-2 protein from the 

lysate of transfected A549 cells after 3 h showing no change in β-actin 

protein expression and a significant increase in COX-2 protein 

expression in cells treated with PMGT/siJNK2 complexes in contrast to 

other treated controls. Data are shown as the mean ± SD of 3 

independent experiments (error bar represents SD) (**p < 0.01; ***p < 

0.001, one-way ANOVA). 
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Induction of caveolin-1  

The western blot results of protein lysates after 3 h of transfection 

revealed that the extracellular hyperosmotic environment induced by 

PMGT/siJNK2 complexes led to the upregulation of caveolin-1 

expression (Fig. 5.8). The upregulation of caveolin-1 leads to the 

cellular uptake by caveolae-mediated endocytosis and therefore higher 

suppression of JNK2 was observed in transfected cells. 

Colocalization of COX-2 and caveolin-1  

The up-regulation of caveolin-1 suggests internalization of 

PMGT/siJNK2 complexes primarily through caveolae-mediated 

endocytosis. In addition, elegant early findings reveal that under 

hypertonic conditions, osmotic equilibrium is regained by an 

intracellular accumulation of organic osmolytes via COX-2 induction 

[113]. Therefore, the confocal images show colocalization of COX-2 

(green) with caveolin-1 (red) after 120 min of transfection with 

PMGT/siJNK2 complexes (Fig. 5.9), suggesting the role of osmotic 

effect of polymannitol in PMGT in increasing the rate of caveolae-

mediated endocytosis by COX-2 induction for intracellular 

accumulation of PMGT complexes to restore osmotic equilibrium.  



 

  180 

 

Fig. 5.8 Western blot analysis of caveolin-1 protein from the lysate of 

transfected A549 cells after 3 h showing no change in β-actin protein 

expression and a significant increase in caveolin-1 protein expression in 

cells treated with PMGT/siJNK2 complexes in contrast to other treated 

controls. Data are shown as the mean ± SD of 3 independent 

experiments (error bar represents SD) (*p < 0.05, **p < 0.01; one-way 

ANOVA).  
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Fig. 5.9 Co-localization study of caveolin-1 (Cav-1) (red) with COX-2 

(green) in post-transfected A549 cells, showed maximum co-

localization with PMGT/siJNK2 treated cells in contrast to the control 

suggesting COX-2 stimulation and induction of caveolae-mediated 

endocytosis upon hyperosmotic stress by PMGT (scale bar: 10 μm). 
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In contrast, naked siJNK2 and PEI25k/siJNK2 complexes not only 

showed less colocalized proteins, but also resulted in lower induction of 

COX-2 and caveolin-1 proteins (less intense fluorescence). 

PMGT-mediated knockdown of JNK2 retarded tumor growth in 

xenograft mice 

Instead of systemic, local administration of siRNA avoids the obstacles 

of low bioavailability, systemic toxicity, rapid excretion and inefficient 

targeting [185]. 

Therefore, the subcutaneous tumor (~1000 mm3) bearing xenograft 

mice were treated with the local administration of PMGT/siJNK2 after 

every 48 h until 1 month. A decrease in JNK2 expression in PMGT 

treated group (56%) (Fig. 5.10) demonstrated tumor growth inhibition, 

in contrast to the PEI25k (20% decrease) treated cells where they failed 

to suppress JNK2 expression, certainly due to their lower gene 

transport efficiency. Immunohistochemical analysis also showed 

decreased brown staining of the JNK2 protein throughout the tumor 

section of PMGT/siJNK2-treated group (Fig. 5.11). The effect of JNK2 

suppression in PMGT/siJNK2-treated tumor is also seen as the 

presence of apoptotic cells in tumor section (Fig. 5.12) which suggests  
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Fig. 5.10 Effect of JNK2 silencing on tumor growth and proliferation in 

xenograft mice (n = 4). Western blot analysis of the tumor mass after 1 

month of treatment shows suppressed JNK2 expression in PMGT-

mediated treated tumor. Data are shown as the mean ± SD of 3 

independent experiments (**P < 0.01; ***P < 0.001, one-way ANOVA).  
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Fig. 5.11 Immunohistochemistry of the formalin fixed tumor sections 

(scale bar: 500 μm) show decreased staining in PMGT treated tumor 

section, suggesting suppression of JNk2 gene expression. 
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Fig. 5.12 In vivo TUNEL assay of formalin fixed tumor sections show a 

high level of apoptotic events occurring in PMGT/siJNK2 treated 

tumors in xenograft mice (n = 4) (scale bar: 500 μm). 
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the significance of JNK2 inactivation in treating cancer and 

applicability of hyperosmotic vector in enhancing siJNK2 delivery.  

5.4 Discussion 

Our findings show that, the inherent hyperosmotic property of gene 

transporter can modify and accelerate the cellular uptake process by 

initiating cell signaling events resulting in enhancement of transfection 

efficiency in cancer cells. This mechanism was thereafter utilized to 

achieve JNK2 silencing as a potential therapeutic measure for treatment 

of cancer.  Using polymannitol, modified into a polymer, PMGT, we 

sought that polymannitol could trail the gene transporter to osmotic 

stress induced intracellular route. PMGT complexes with siRNA form 

particles with size <200 nm which predominantly contribute to the 

trouble free cellular uptake [186]. The polymannitol backbone in 

PMGT played a crucial role in maintaining a stable zeta potential with 

increasing N/P ratios due to the formation of inter-molecular hydrogen 

bonds. Despite the lower surface charge, the high transfection and 

silencing activity of PMGT is its most striking feature.  

JNKs are group of kinase proteins that are involved in the activation of 

c-Jun transcription factors which is required in the cell cycle from the 
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G1 to S phase [168, 171, 172]. On oncogenic transformation, c-Jun 

remains constantly activated primarily by JNK2 leading to 

tumorigenesis [175]. Therefore, therapeutic manipulation of JNK2 

raised exciting opportunities as well as challenges in the path of cancer 

gene therapy. Inhibition of c-Jun activation due to JNK2 knockdown by 

enhanced delivery of JNK2 siRNA via PMGT is anticipated to retard 

tumor growth. A pictorial representation of the PMGT mediated JNK2 

silencing, illustrated in Fig. 5.13, articulates the cellular machinery 

involved in inhibiting tumor growth and progression. 

The JNK2 silencing consequently results in apoptotic cancer cell death 

(Fig. 5.5). The obtained in vivo results illustrate that the inactivation of 

JNK2 in situ can bring about substantial decrease in JNK2 expression 

of the cancer cells. We may infer that antagonizing JNK2 function 

radically inhibits tumor growth and that this effect is enhanced by 

delivery with hyperosmotic PMGT compared to other non-

hyperosmotic vectors. 

The mechanism of PMGT mediated JNK2 silencing was demonstrated 

to occur via COX-2 induced caveolae-mediated endocytosis. The 

cumulative results of COX-2 ELISA, caveoin-1 induction and 

colocalization of COX-2 and caveolin-1 suggest the pivotal role of   
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PMGT induced hyperosmotic stress in selectively increasing the 

cellular uptake of complexes by triggering caveolae endocytic route in 

order to restore homeostasis. Caveolae are cholesterol rich pits 

involved in endocytosis, transcytosis, and numerous signal transduction 

pathways. Caveolae is formed by the oligomerization and association 

of caveolin proteins with cholesterol rich lipid raft domains. 

Transmission of signal from extracellular to intracellular compartment 

has been proposed to be the primary function of caveolae [187]. 

Therefore, the extracellular hyperosmotic environment created by 

PMGT induces caveolae formation for cellular uptake mediated by the 

co-localized COX-2. COX–2 expression is induced as an inflammatory 

response to regain equilibrium across the cell membrane which leads to 

fast cellular uptake of hyperosmotic polymer via caveolae mediated 

endocytosis resulting in enhanced silencing efficiency.  

5.5 Conclusion 

In conclusion, polymannitol based gene transporter avails the 

hyperosmotic properties of mannitol as an integral part of the vector for 

enhanced and fast nucleic acid delivery. The polymannitol backbone in 

PMGT via its hydroxyl groups corresponds to better DNA 

complexation ability and polyplex stability with particle size of 150 nm 
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desirable for cellular uptake. The ester linkage between PEI and MDM 

corresponds to degradability of PMGT and hence lower cytotoxicity in 

comparison to 25kD bPEI. Accelerated uptake of polyplexes due to the 

hyperosmotic property of polymannitol leading to increased 

transfection efficiency was demonstrated by confocal studies. 

Moreover, mechanistic investigation showed COX-2 driven accelerated 

uptake of polyplexes via caveolae mediated endocytosis as a response 

to extracellular osmotic changes. Co-localization of COX-2 in the 

caveolar pits gave a plausible explanation for association of COX-2 and 

caveolae in rapid internalization of polyplexes. Silencing JNK2 

function in cancer cells in vitro and in xenograft mice showed 

detrimental effect on tumor growth with subsequent onset of apoptosis. 

These results demonstrated and envision the potential application of 

PMGT in developing a profound gene and drug delivery system. 
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CHAPTER 6 

Summary 

The effectivity of competent gene delivery vectors can only be 

evaluated if in addition to modulating its cellular uptake, it is equally 

capable of penetrating through the compact tissues (biological barriers) 

to reach the target cells. The greatest impediment in gene therapy is to 

target the vector to the exact site of action for which it needs to cross 

various extracellular and intracellular barriers. Nanotherapeutics 

promises to provide a common platform for combining various 

therapeutic characteristics into a single vector. In this research study, 

the hyperosmotic behavior due to the insertion of alcohol groups in 

vector backbone was utilized to enhance the transfection activity of the 

vector. It was also observed that increasing the number of monomeric –

OH groups elevate the hyperosmotic tendency of the polymeric gene 

transporter to several folds and subsequently enhance transfection 

capability. Polymannitol- (PMGT) and polydixylitol-based (PdXYP) 

vectors were thoroughly studied for their capability in crossing the 

blood-brain-barrier (BBB) using in vitro BBB model and compact mass 

of tumor cells in xenograft mice. The four free –OH groups of 
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monomeric mannitol dimethacrylate (MDM) in PMGT backbone is 

responsible for its hyperosmoticity. And, the six free –OH groups of 

dixylitol diacrylate (dXdA) monomer in PdXYP polymer backbone 

elevates its hyperosmotic activity even further in comparison to that of 

PMGT. MDM and dXdA monomers were reacted with non-toxic LMW 

bPEI (1.2 kDa) by Michael addition reaction to synthesize their 

respective polymers (PMGT and PdXYP) with inherent hyperosmotic 

properties. The backbone of the hyperosmotic polymeric vectors 

through their hydroxyl groups corresponds to better complexation with 

therapeutic nucleic acids (of ~100 nm size) and polyplex stability by 

forming inter-molecular hydrogen bonds. This inter-molecular 

hydrogen bonding shields the polyplex surface from non-specific 

interactions with the blood serum proteins which facilitates its quick 

penetration through compact tissues into the target cells. The 

endosomal escape of the polyplexes is ensured by their high buffering 

tendency via proton sponge effect. Moreover, the polymers do not 

threat cytotoxicity due the presence of degradable ester linkages 

between the LMW bPEI (1.2 kDa) and monomers. 

The tight junctions of BBB or compact tumor mass are impermeable to 

most of the competent therapeutic drugs and preclude pharmacotherapy. 
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However, the hyperosmotic vectors facilitate in crossing these barriers 

due to the increased blood plasma osmolality resulting in an enhanced 

flow of water from tissues and loosening the tissue compactness. 

The probable mechanism for osmolality induced uptake of vectors was 

also investigated and the up-regulation of an osmoprotectant, 

cyclooxygenase-2 (COX-2) was found to be the key regulator to 

enforce the caveolae-mediated vector entry into the cells. The 

polyplexes generate an extracellular hyperosmotic environment. In 

order to restore the osmotic equilibrium across the cell membrane, the 

osmoprotectant molecule COX-2 is induced. COX-2 further stimulates 

caveolin-1 proteins which associate with the membrane lipid rafts to 

endocytose the polyplexes. This is how the hyperosmotic polyplexes 

gain safe entry into the cells and consequently transgene expression is 

enhanced. 

This study demonstrates that the use of hyperosmotic vectors owing to 

flexibility in their synthesis and capabilities promises their varied 

potential applications in treating brain related disorders by penetrating 

through the BBB, or in cancer gene therapy, or in the field of 

regenerative medicine. 
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