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1.1 Background of gene therapy 

Tumors are widely acknowledged as a multifaceted group of diseases that manifest as 

the unrestrained proliferation of distinct aberrant cellular populations attributable to 

genomic mutations, ultimately culminating in the formation of metastatic foci in remote 

anatomical locales. As cancer has become one of the deadliest diseases in the world [1, 

2], finding efficient and non-toxic treatments is of great interest. Traditional therapeutic 

approaches such as surgery, chemotherapy, and irradiation often cause treatment failure, 

resulting in recurrence, metastasis, and even death [3, 4]. In contrast, gene therapy is a 

promising treatment that can achieve long-lasting or curative effects by inhibiting, 

adding, replacing, or editing genes in tumor cells to improve therapeutic outcomes [5].  

1.1.1 Gene therapy 

Genes are the basic unit of heredity and contain the genetic information of living 

organisms by transcribing from deoxyribonucleic acid (DNA) to messenger ribonucleic 

acid (mRNA) and then translating to protein to maintain basic life activities [6]. In 

disease conditions, mutations in genes, result in either decreased or anomalous protein 

expression. Gene therapies are generally aimed at replacing missing, mutated, or 

defective genes, correcting endogenous mutations, or altering cell function to correct 

the protein expression [7]. After decades of intensive research, many clinical products 

have been approved with more in the pipeline for the treatment of several diseases, 

including cancer [8-11], and it is poised to make a significant impact on medicine in the 

coming years (Table 1-1). The emerging field of gene therapy entails several 

approaches aiming at modulating gene activity, encompassing various techniques. The 

production of abnormal or deficient proteins in the body can be facilitated by direct 

transport of the gene such as plasmid DNA or mRNA. RNA interference (RNAi) 

technology can silence gene expression at the mRNA level. The CRISPR/Cas9 system 

embodies a versatile gene-editing technology capable of executing precise alterations 
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to genomic DNA, including excisions, insertions, and modifications of genetic elements. 

Table 1-1. Approved gene therapy products in cancer therapy within 20 years.  

Year  Trade name Manufacture Therapeutic indication Ref. 

2003 Gendicine  Shenzhen SiBiono 

GeneTech 

Head and neck squamous cell 

carcinoma (HNSCC) 

[12] 

2005 Oncorine  Shanghai 

Sunway Biotech 

Nasopharyngeal carcinoma [13] 

2010 Rexin-G Epeius 

Biotechnologies 

Metastatic solid tumors [14] 

2015 Imlygic  Amgen Melanoma [15] 

2017 Kymriah 

 

Novartis Relapsed B cell acute 

lymphoblastic leukemia 

[16] 

2017 Yescarta  

 

Kite Pharma 

(Gilead) 

Relapsed or Refractory large B 

cell lymphoma 

[17] 

2021 Breyanzi 

 

Celgene (Bristol 

Myers Squibb) 

Relapsed or refractory diffuse 

large B cell lymphoma; follicular 

lymphoma 

[18] 

2021 Abecma  bluebird bio Multiple myeloma [19] 

2021 Delytact (G47Δ) Daiichi Sankyo Malignant Glioma [20] 

2022 Carvykti 

 

Legend Biotech Relapsed or refractory multiple 

myeloma 

[21] 
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1.1.2 Barriers in gene delivery for cancer therapy 
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Figure 1-1. Barriers to successful in vivo delivery of nucleic acids using non-viral vectors [24]. 

Effective delivery of nucleic acid drugs requires overcoming multiple barriers, including serum 

endonuclease degradation, immune detection, renal clearance, and nonspecific interactions. In 

addition, they require extravasation from the bloodstream and targeting of specific tissues, 

effective cellular uptake, and endosomal escape, which can be facilitated through the use of 

specific ligands and carrier components. 

 

To achieve successful antitumor-based gene therapy, it is important to overcome 

biological barriers and ensure that nucleic acid drugs reach the targeted tumor site. This 

can be a challenging task after systematic administration, given the various obstacles 

that these gene vehicles need to overcome during their journey [22, 23]. For instance, 

as depicted in Figure 1-1, in order to prevent the breakdown of nucleus acids by serum 

endonucleases and avoid immune detection, nucleic acids need to be condensed. In 

addition, they must avoid renal clearance and prevent nonspecific interactions with 

other substances in the bloodstream. To reach the tumor tissue, the nucleus acid drugs 

need to extravasate from the bloodstream and mediate the cell internalization. However, 

nucleic acids face significant challenges in permeating cellular membranes due to their 

negative charge, high molecular weight, and hydrophilic nature. Moreover, once inside 

the cells, they must escape from the endo/lysosome to exert their activities. For instance, 

siRNA and miRNA mimics must be loaded into the RNA-induced silencing complex 

(RISC), while mRNA needs to be bound to the translation machinery. Additionally, 

DNA is transported into the cell nucleus to exert its therapeutic activity. Thus, gene 

therapy for tumors requires attention to these various biological and physiological 

hurdles to achieve successful treatment outcomes [24]. 

 

(1) Tumor extracellular microenvironment 

Acidosis represents a salient hallmark of neoplastic microenvironments, pervading the 

tumor tissue with profound effects on its biology and therapeutic response. The acidic 
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extracellular milieu of the tumor microenvironment, typified by a pH range of 6.1-7.0 

[25, 26], is closely intertwined with the aberrant metabolic phenotype of neoplastic cells, 

often referred to as the Warburg effect [27]. The Warburg hypothesis posited that 

neoplastic cells preferentially adopt anaerobic glycolysis over oxidative 

phosphorylation as their primary metabolic pathway, even in the presence of oxygen, 

owing to the compromised functionality of their mitochondria. This metabolic 

reprogramming confers an inherent proclivity for the generation of pyruvate-derived 

lactate via intensified anaerobic glycolysis, with the monocarboxylate transporter 

system facilitating the efflux of lactate into the extracellular compartment (Figure 1-2). 

The net result of this phenomenon is the imposition of an acidic microenvironment 

within the tumor microenvironment [28]. 
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Figure 1-2. Mechanism of Warburg effect in tumor or proliferating tissue. In cancer cells, 

glycolysis is facilitated by the upregulation of certain enzymes such as hexokinase and pyruvate 

kinase, which promote glucose uptake and pyruvate conversion, respectively. It also shows that 

the Warburg Effect can lead to the accumulation of metabolic intermediates such as lactate, 

which can be exported from cancer cells and contribute to the acidic microenvironment 

commonly observed in tumors.  

 

(2) Tumor intracellular microenvironment 

The successful intracellular delivery of nucleic acids encompasses a multi-step process, 

involving various stages from administration to distribution and cellular uptake. After 

internalization into the tumor cell, multiple intracellular obstacles must be surmounted 

to enable transcription and translation of exogenous genes. The primary hurdle in this 

process is presented by the endosomal compartment, which impedes intracellular 

trafficking of gene carriers. The mildly acidic early endosomes with a pH of 6.5, which 

ultimately lead to late endosomes (pH ~ 5.5) and lysosomes that exhibit lower pH levels 

(pH ~ 4.5) and potential enzymatic degradation [29]. The regulation of the acidic 

microenvironment within the endosome is governed by the functionality of ATP-

dependent proton pumps, specifically the V-type H+ ATPase and H+/Cl− exchangers [30]. 

In the majority of cases, confinement of internalized gene carriers within endocytic 

compartments leads to the degradation of both the carrier and its accompanying DNA 

in endosomal or lysosomal compartments. Endosomal escape represents a pivotal 

aspect to be taken into account during the design phase of non-viral gene carriers. A 

comprehensive comprehension of the underlying mechanisms facilitates the intelligent 

formulation of molecules that integrate ionizable groups possessing an optimal pKa. 

This strategic incorporation enables proficient interaction with the endosomal 

membrane, leading to effective destabilization. 
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1.2 Development of polymer-based gene delivery system for 

gene therapy  

1.2.1 Polymeric delivery systems for gene therapy 

In the pursuit of efficient gene therapy through systemic administrations, various gene 

delivery carriers have been developed [31-33]. Among them, nonviral gene carriers are 

extensively examined such as polymeric nanoparticles [34, 35], owing to their low host 

immunogenicity, low cost for large-scale manufacturing, and tunable surface 

modifications [36-38]. 

To facilitate complexation of the nucleic acid payload by electrostatic interaction 

with positively charged excipients into nanoparticles of a size suitable for 

internalization by cells and to guide intracellular trafficking of exogenous nucleic acids, 

various types of polymers have been explored, as listed in Figure 1-3. These polymers 

often consist of repeating single monomers with positively charged groups to 

complexes with negatively charged nucleic acids, thus condensing the nucleic acids into 

smaller-sized nanoparticles to protect them against nuclease attack and degradation. 

The earliest development, dating back to 1965, is diethylaminoethyl (DEAE) dextran 

for the use of transfection of poliovirus RNA and SV40 viral DNA [39, 40]. In addition, 

cationic polymers with amino acid backbones such as polylysine (PLL), poly-L-

ornithine (PLO), and poly-L-arginine (PLR) also had the potential to be used for the 

transfer of nucleic acids into cells [41-43]. Polymers with inherent endosomal escape 

ability to improve transfection efficiency are a milestone in the development of 

polymer-based gene delivery, and the most important representatives are 

polyethyleneimine (PEI) and polyamidoamine (PAMAM) dendrimer [44, 45].  
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Figure 1-3. Chemical structure of the polymers for gene delivery. {DEAE-dextran, 

diethylaminoethyl-dextran; PLL, poly-L-lysine; PLO, poly-L-ornithine; PLR, poly-L-arginine. 

Polyethylenimine in linear (L-PEI) or branched (B-PEI); poly(amidoamine) PAMAM 

dendrimer}. 

 

Among them, PEI is the most commonly employed agent for DNA/RNA 

transfection. It is available in two main forms, namely linear PEI (L-PEI) and branched 

PEI (B-PEI) [46]. A key characteristic of these molecules is their high cationic charge 

density, resulting from the presence of a protonable amino nitrogen atom every third 

atom. This attribute is particularly relevant since it plays a crucial role in the transfection 

process by facilitating the formation of complexes with negatively charged nucleic 

acids, leading to efficient gene delivery. Importantly, PEI exhibits a notable buffer 

capacity at low pH values of lysosomes due to its numerous nitrogen atoms. In 1997, 

Behr postulated the “proton-sponge” hypothesis, which suggests that the unprotonated 
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amines of PEI can absorb protons that are pumped into the lysosome [47]. This 

mechanism leads to an increased influx of Cl- ions, and water, which in combination 

with osmotic swelling and repulsion between protonated amine groups, causes the 

swelling of PEI and the eventual rupture of the lysosomal membrane. Consequently, the 

contents of the lysosome are released into the cytoplasm. This hypothesis provides a 

possible explanation for the remarkable efficiency of PEI in facilitating the delivery of 

nucleic acids into cells. Therefore, PEI is extensively employed for gene transfection 

and is currently considered the benchmark standard in all transfection experiments [48-

50]. 

However, cationic polymer gene vectors are known to possess some inherent 

drawbacks, including their non-degradability and toxicity, which is dependent on their 

molecular weight. PEI toxicity can result in apoptosis and necrosis, which may be 

attributed to the generation of defects in the cell surface, mitochondria, or nuclear 

membranes [51]. Moreover, PEI can inhibit mitochondrial ATP synthesis, which further 

contributes to its cytotoxic effects [52]. The innate immune system is also activated by 

cationic polymers such as PEI, PAMAM, and PLL, leading to in vivo complement 

activation. Hence, a thorough evaluation of the toxicological effects of these non-viral 

vectors is essential before their use in clinical settings. 

1.2.2 Polyplex micelle in gene delivery system 

To address the limitations associated with cationic polymeric gene delivery systems, a 

polyplex micelle delivery system was developed with the neutral hydrophilic shell 

polymer such as poly(ethylene glycol) (PEG) coated on the polyplexes, which can 

effectively shield their surface charge from the external environment and improve 

colloidal stability, ultimately reducing undesirable interactions and enhancing their 

circulation kinetics [53-55]. Moreover, the polyplex micelles (PMs) exhibit a distinctive 

core-shell arrangement, wherein nucleus acids undergo condensation through 

complexation with a cationic segment, leading to its packaging within a core 
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compartment. The advantageous structural attributes of PMs facilitate significant 

colloidal stability when present in a biological milieu, thereby bestowing therapeutic 

effects upon systematic administration. 

As mentioned above, PEG has been extensively investigated as a shielding agent 

and is widely employed in gene delivery systems [56-58]. It is a polyether compound 

composed of repeating ethoxy units resulting from the ring-opening polymerization of 

ethylene oxide. The hydrophilic characteristics of PEG chains grafted onto 

nanoparticles (NPs) generate a hydrated cloud that can effectively shield the surface of 

NPs from phenomenon such as aggregation, opsonization, and phagocytosis. This 

phenomenon referred to as the “stealth” property, significantly prolongs the circulation 

time of NPs [59]. PEGylated NPs with long-circulating properties have the potential to 

target tumors following systemic administration, owing to the enhanced permeability 

and retention (EPR) effect. Kissel and his co-workers revealed that upon administration 

of a high dose of PEGylated PEI, a more favorable organ deposition pattern was 

observed along with a significant reduction in acute in vivo toxicity [60]. Saltzman et 

al. found that PEGylation of poly(amine-co-ester) polyplexes can significantly improve 

the stability of the gene carriers to in vivo delivery of mRNA to the lung [61]. These 

publications highlighted the continued interest in using PEG as a tool to improve the 

efficacy and safety of gene delivery systems. 

The application of PEGylation in gene delivery has yielded numerous favorable 

outcomes, while also highlighting certain possible downsides associated with its 

extensive use. One of these potential drawbacks is the presence of PEG-imparted charge 

shielding and steric hindrance to the polyplex surface, thereby hindering interactions 

with anionic molecules on the cell surface and reducing subsequent cellular uptake [62- 

64]. Consequently, the low cellular uptake and intracellular trafficking of gene carriers 

were observed. Moreover, the immunogenicity of PEG has garnered increased attention 

from researchers due to the observation of rapid clearance of PEGylated therapeutics 

upon repeated administrations, commonly referred to as the accelerated blood clearance 
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(ABC) phenomenon [65-67]. This phenomenon was initially discovered in PEGylated 

liposomes and was attributed to the occurrence of anti-PEG immunoglobulin M (IgM) 

in the spleen. The conundrum associated with the application of PEG in gene delivery 

systems has been coined as the “PEG dilemma”. Therefore, it is vital to create an 

alternative carrier system which can simultaneously exhibit the above requirements for 

gene carriers before and after cellular uptakes. 

Recently, polyzwitterions, possessing equivalent positive and negative charges, 

have emerged as a compelling alternative shielding material to PEG due to their 

remarkable ultra-hydrophilicity and anti-fouling characteristics [68, 69]. Zwitterions 

exhibited enhanced hydration via ionic solvation when compared to PEG, exhibiting 

antifouling performance for prolonged blood circulation. They demonstrated resistance 

to cell adhesion and were capable of evading immune responses, leading to reduced 

non-specific interactions with biological fluids such as serum or blood platelets [70]. 

Furthermore, the ability of polyzwitterions undergoing charge conversion in response 

to acidic conditions, such as those found in tumors and endosomes [71], provides a 

mechanism for transitioning from a stealthy to a sticky state, thereby facilitating the 

interaction with negatively charged phospholipids in cellular membranes. These traits 

made polyzwitterion a promising candidate for biomedical applications. In recent 

publications, Chen et al. reported a novel pH-responsive zwitterionic polymer, PEI-

poly(L-lysine)-poly(L-glutamic acid) (PELG), coating positively charged PEI/DNA 

complexes for gene delivery [72]. The resultant polyplexes demonstrated an intriguing 

ability to regain a positive charge in the acidic tumor microenvironments, leading to 

enhanced cellular uptake and elevated transfection efficiency. This study highlights the 

potential of pH-sensitive zwitterionic polymers as a promising platform for gene 

therapy applications.  

In our previous work, we developed a polyzwitterion, poly(N-{N’-[N’’-(2-

carboxyethyl)-2-aminoethyl]-2-aminoethyl}glutamide) [PGlu(DET-Car)], which has 

the pH-responsive net charge changeable ability [73]. The ethylenediamine moiety in 
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PGlu(DET-Car) displayed two distinct acid dissociation constant (pKa) values around 

8.9 and 6.5. Thus, the net charge of PGlu(DET-Car) is neutral in blood and healthy 

tissue (pH 7.4). In contrast, double protonation of the ethylenediamine moiety 

(NH2
+CH2CH2NH3

+) at the acidic milieu of the tumor extracellular environment turns 

its net charge positive, enabling enhanced interactions with anionic tumor tissue 

constituents for enhanced tumor cellular uptake (Figure 1-4). Indeed, the surface 

covering of nanocarriers with PGlu(DET-Car) fully exploited the advantage of these 

two characteristic pKa properties for responding to slight changes in the pH of healthy 

and tumor tissue, thereby exhibiting enhanced accumulation and deep penetration to 

hypoxic tumor regions [74]. Moreover, PGlu(DET-Car) modified lipid nanoparticle 

demonstrated enhanced cellular uptake in cancerous pH, high tumor accumulation, and 

significant tumor growth inhibition when encapsulated siPLK-1 [75].  

 

 

Figure 1-4. Illustration of PGlu(DET-Car)-based tumor delivery of the coated nanomaterials 

[76]. 

1.3 Philosophy of this research  

In the present study, we constructed PGlu(DET-Car) conjugated branched-PEI 

[PGlu(DET-Car)-bPEI)] to formulate a polyplex micelle (PM) based on polyion 
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complexation between pDNA and PGlu(DET-Car)-bPEI (Figure 1-5). PGlu(DET-Car) 

segment served as the outer shell of the PMs, exhibiting pH-responsive performance. 

Owing to the substantial protonation of the ethylenediamine groups in PGlu(DET-Car), 

the PM has the charge-conversion property that could switch its surface charge from 

neutral to positive as pH decrease. Following this electrostatic self-assembly, pDNA is 

packaged into a core compartment, and the PGlu(DET-Car) chains surround the core as 

a protective shell compartment. This distinctive core-shell architecture of PMs 

empowers pDNA protection against nucleases and proteins upon systemic 

administration. We systematically studied the charge switchability of PGlu(DET-Car) 

to slight pH changes for promoting cell-interactive properties and facilitating 

endo/lysosomal escape capability of PGlu(DET-Car) as a versatile shell material using 

the PM platform in a murine neuroblastoma cell line (Neuro-2A) and human hepatoma 

cell line (Huh-7 cell) line. We further extended our investigations on the utility of 

PGlu(DET-Car) surface-covered PM for establishing in vivo stealth properties, tumor-

interactive abilities, and gene transfection efficacies upon tail-vein intravenous 

injection in A/JJmsSlc (A/J) mice bearing Neuro-2A tumor model. Ultimately, 

PGlu(DET-Car) surface-shielded PM loading a therapeutic pDNA encoding sFlt-1 gene 

for antiangiogenesis therapy was challenged to systemic treatment of Neuro-2A, one of 

the most refractory solid tumors. Our data demonstrated that PGlu(DET-Car)-covered 

PM exhibited excellent stealth properties such as extended blood retention and low liver 

and spleen accumulation, tumor-interactive features for enabling enhanced tumor 

accumulation compared to counterpart PEG-shielded PM. These results highlighted the 

universality of the polyzwitterion-based design for constructing nano-carriers for future 

gene therapy. 
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Figure1-5. Stepwise pH-triggered charge conversion of PGlu(DET-Car)-coated polyplex 

micelle (PGDC PM) for the effective gene delivery. (a) Chemical structure of PGlu(DET-Car)-

bPEI conjugates and formation of the PGDC PM. (b) Protonation behavior and surface charge 

conversion of PGDC PM in the acid environment. (c) Illustration of the gene delivery strategy 

by PGDC PM after the i.v. injection. (1) During the blood circulation, the net neutral charge of 

the PGDC shell at physiological pH 7.4 provides anti-biofouling capabilities. (2) PGDC shell 

in the tumor extracellular milieu (pH 6.5) shifts its charge from neutral to mediumly cationic, 

inducing strong interactions with tumor tissue constituents and promoting cellular 

internalization of PGDC PM. (3) The cationic charge of the PGDC shell is further augmented 

in the endo-/lysosomal compartment (pH 5.5), facilitating the endosomal membrane disruption 

for the efficient gene transfection. 

1.4 Outline of the dissertation  

Chapter 2 encompassed the synthesis of the polyzwitterion-modified polymers and 

entailed an investigation into the protonation behavior of PGlu(DET-Car). Subsequently, 

Chapter 3 detailed the preparation and characterization of polyplex micelles (PMs) 
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utilizing the aforementioned synthesized polymers. Moving forward, Chapter 4 

focused on evaluating the in vitro gene delivery efficiency of PGDC PMs against 

murine neuroblastoma and human hepatoma cell lines, with the aim of establishing their 

potential as a versatile platform to facilitate cellular uptake and subsequent endosomal 

escape of nucleic acid-based therapeutics. Chapter 5 involved a comprehensive study 

of the in vivo biodistribution profile and gene transfection efficiency of the PMs, and 

further employed them for anti-angiogenic gene therapy in an in vivo cancer model. 

Finally, Chapter 6 provided a comprehensive conclusion and outlined future avenues 

of investigation to address the remaining challenges and enhance the current system. 
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2.1 Introduction 

In this research, the PEI was chosen for polyion complexes (polyplexes) formulation 

through electrostatic self-assembly between anionic nucleus acids and cationic 

polymers as the standard transfection material [1-3]. Meanwhile, PGlu(DET-Car) was 

selected as the pH-responsive polyzwitterion segment whereas the ethylenediamine-

based carboxy betaine underwent stepwise protonation as pH decreased [4-6]. At 

physiological conditions (pH 7.4), PGlu(DET-Car) exhibits a neutral net charge, thus it 

does not involve in the formation with negatively charged nucleic acids. The net charge 

of the PGlu(DET-Car) turns to cationic in response to an acidic environment allowing 

the interaction with negatively charged cell membranes for effective cellular uptake and 

endosomal escape. To make these two segments together, copper-free click chemistry 

allowing efficient and selective reactions between two types of moieties: azide and 

strained alkynes i.e., DBCO was introduced in this system [7].  

First, azide functionalized PGlu(DET-Car) [(N3-PGlu(DET-Car)] was obtained as 

our previous report [5]. The side chains of the N3-PBLG were modified with tert-butyl 

3-{[(2-aminoethyl)-2-aminoethyl]-amino}-propanoate via aminolysis, followed by 

elimination of the tert-butyl groups to yield N3-PGlu(DET-Car). Also, N3-PEG was 

used to investigate as a conventional control as it is widely used as the hydrophilic 

shielding material with non-ionic property. The molecular weight of PEG was selected 

based on the average value of the hydrodynamic sizes of the PGlu(DET-Car), using size 

exclusion chromatography. Then, PEI with DBCO terminus (PEI-DBCO) was prepared 

by a condensation reaction of the primary amine groups on bPEI (Mw = 25 kDa) and 

the DBCO-NHS while maintaining the stoichiometry ratio (i.e., 10/1 eq., primary amine 

basis). Subsequent click conjugation between N3-PGDC and DBCO-bPEI using the 

freeze-thaw technique [8]. Likewise, PEG-bPEI was also synthesized as a control 

polymer. Finally, to evaluate the biocompatibility of the polymers, their cytotoxicity 

was evaluated in two cell lines, i.e., Huh-7 (human hepatoma cell line) and Neuro2a 
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(murine neuroblastoma cell line). The cell viability assay was performed by using CCK 

assay to evaluate the cellular metabolic activity in cells [9]. In addition, a LDH assay 

was performed to assess the disruption of the cellular membrane after incubation with 

the polymers, to deepen the understanding of the interaction with the cellular membrane. 

2.2 Materials and Methods 

2.2.1 Materials 

γ-benzyl-L-glutamate N-carboxy anhydride (BLG-NCA) was purchased from Chuo 

Kaseihin Co., Inc. (Tokyo, Japan). Diethyl ether, dichloromethane (DCM), N, N-

Dimethylformamide (DMF), n-hexane, ethyl acetate, methanol (MeOH), 

diethylenetriamine (DET), 2-hydroxypridine, dimethyl sulfoxide (DMSO), 

tetrahydrofuran (THF), triethylamine (TEA), and ethanol were purchased from Wako 

Pure Chemical Industries, Ltd. (Osaka, Japan). 2-hydroxypyridine was obtained from 

Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Deuterated dimethyl sulfoxide 

(DMSO-d6) containing 1 v/v% tetramethyl silane (TMS) was purchased from 

Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA). Dibenzocyclooctyne-N-

hydroxysuccinimidyl ester (DBCO-NHS) was purchased from Click Chemistry Tools, 

Ltd. (Scottsdale, AZ, USA). PEI (25-kDa), 11-azido-3,6,9-trioxaundecan-1-amine, N3-

PEG (20-kDa), deuterium chloride (DCl) Dulbecco’s phosphate buffered saline (D-

PBS(−)), penicillin/streptomycin, Dulbecco Modified Eagle Medium (DMEM), Eagle's 

Minimum Essential Medium (EMEM), trypsin-EDTA, were purchased from Sigma 

Aldrich (St. Louis, MO, USA). Cell Counting Kit-8 (CCK) and Lactate dehydrogenase 

(LDH) Kit was purchased from Dojindo Molecular Technologies Co., Inc. (Kumamoto, 

Japan). 
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2.2.2 Synthesis of azide-terminated poly(γ-benzyl-L-glutamate) (N3-

PBLG) 

PBLG with azide functional group was synthesized by ring-opening polymerization of 

BLG-NCA with 11-azido-3,6,9-trioxaundecan-1-amine as the initiator (Scheme 2-1). 

Briefly, BLG-NCA (3.01 g, 11.4 mmol) was dissolved in DMF/DCM (1/4, v/v, 100 mL) 

mixture under Ar. Then, 11-azido-3,6,9-trioxaundecan-1-amine (20.5 mg, 0.095 mmol) 

was added to the reaction solution to initiate the ring-opening polymerization. After two 

days of reaction at room temperature, the reaction mixture was poured into an excess 

amount of n-hexane/ethyl acetate (3/2, v/v), and the precipitate was collected by 

filtration and dried under vacuum to obtain a white powder (2.43 g, yield 90%, Mn = 

14300, Mw/Mn = 1.20). The chemical structure of N3-PBLG was analyzed by 1H NMR 

using Bruker biospin AVANCE III 400 MHz (DMSO-d6, 25 °C). The reaction product 

was analyzed using SEC analysis equipped with an RI detector (RI 2075, JASCO, 

Tokyo, Japan) [column: superAW3000 (TOSOH, Tokyo, Japan), eluent: NMP with 50 

mM LiBr]. 

 

Scheme 2-1. Synthetic procedures of N3-PBLG. 

2.2.3 Synthesis of tert-butyl 3-{[(2-aminoethyl)-2-aminoethyl]-amino}-

propanoate and tert-butyl 3-[(2-aminoethyl)-amino]-propanoate 

Tert-Butyl acrylate (5.75 g, 45 mmol) was dropwisely added into DET (25 g, 242.5 

mmol) and the reaction was stirred for 2 hours at room temperature (Scheme 2-2). After 

washing the reaction solution with sodium chloride solution three times to remove the 
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unreacted DET and drying by anhydrous sodium sulfate, the organic layer was 

evaporated and purified by column chromatography using MeOH/TEA (95/5, v/v) as 

an eluent to obtain tert-butyl 3-{[(2-aminoethyl)-2-aminoethyl]-amino}-propanoate as 

a colorless oil (3.1 g, 27%) and confirmed by 1H NMR using Bruker biospin AVANCE 

III 400 MHz (D2O/DCl (99.9/0.1(v/v), 25 °C)  

 

Scheme 2-2. Synthetic procedures of tert-butyl 3-{[(2-aminoethyl)-2-aminoethyl]-amino}-

propanoate. 

2.2.4 Synthesis of poly(N-{N’-[N’’-(2-carboxyethyl)-2-aminoethyl]-2-

aminoethyl}glutamide) [N3-PGlu(DET-Car)] 

The synthesis followed Scheme 2-3. PBLG (50 mg, 2.31 µmol, 0.23 mmol of the benzyl 

group) was dissolved in THF (2 mL), followed by the addition of 2-hydroxypyridine 

(107 mg, 1.12 mmol) and tert-butyl 3-{[(2-aminoethyl)-2-aminoethyl]-amino}-

propanoate (800 mg, 4.6 mmol). The reaction solution was stirred at room temperature 

overnight, and then acidified by 1 M HCl aq. for another two days. The obtained 

mixture was dialyzed against deionized water (molecular weight cut off: 8,000 Da) and 

lyophilized to obtain PGlu(DET-Car) as a white powder (51 mg, 79% yield). The 

structure of obtained PGlu(DET-Car) was confirmed via 1H NMR (400 MHz NMR 

Spectrometer Bruker Biospin AG AVANCE III, Billerica, MA, USA) in D2O at 25 °C 

and SEC analysis was performed by Jasco HPLC system [RI-detector, column: 

Superdex 200 increase 10/300 GL (GE healthcare life science, Buckinghamshire, UK), 

eluent: 10 mM HEPES buffer with 500 mM of NaCl at pH 7.4]. In addition, the 

protonation behavior of PGlu(DET-Car) was measured by an automatic titrator (COM-

1750, Hiranuma, Kyoto, Japan) according to the manufacturer’s protocol.  
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Scheme 2-3. Synthetic procedures of N3-PGlu(DET-Car). 

2.2.5 Synthesis of dibenzocyclooctyne modified polyethyleneimine 

(DBCO-bPEI) 

DBCO-bPEI was synthesized by the reaction between the primary amine of PEI and 

DBCO-NHS (Scheme. 2-4). In brief, PEI (53 mg, 5.3 µmol, equivalent to 41.5 µmol of 

primary amine, Mw=25k, Mn=10k) was dissolved in dry DMSO followed by the 

addition of TEA (4.19 mg, 41.5 µmol) and stirred for 30 min at room temperature. Then, 

DBCO-NHS (16.7 mg, 4.15 µmol) dissolved in dry DMSO (1 mL) was added to the 

reaction mixture. After overnight, the mixture was dialyzed against MeOH for 1 day 

and then changed the system to water for another 2 days, followed by lyophilization to 

obtain the PEI-DBCO conjugates. The successful conjugation of DBCO was confirmed 

by comparing the peak area corresponding to DBCO (δ = 7-8 ppm) and PEI (δ = 2.75-

3.75 ppm) in the 1H NMR spectrum. The modification degree of PEI-DBCO was 

further confirmed by UV spectroscopy (V-650, JASCO, Tokyo, Japan, λ = 294 nm). 

 

Scheme 2-4. Synthetic procedures of DBCO-bPEI. 
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2.2.6 Synthesis of PGlu(DET-Car)-bPEI 

In scheme 2-5, the N3-PGlu(DET-Car) (20 mg, 0.66 µmol) was dissolved in deionized 

water (1 mL) and mixed with PEI-DBCO (7.37 mg, 0.69 µmol, the DBCO group was 

1.05 equiv. to azide group) dissolved in deionized water (0.5 mL). To promote the 

copper-free click-reaction, the frozen and thaw method was used in this study [8]. After 

three times of freeze-thawing circles, the obtained PGlu(DET-Car)-bPEI was purified 

by centrifuge filtration (MCWO = 30k) at room temperature. Then, the final product 

(21 mg, 77% yield) was obtained by lyophilization and characterized by 1H NMR. 

 

Scheme 2-5. Synthetic procedures of PGlu(DET-Car)-bPEI. 

2.2.7 Synthesis of PEG-bPEI 

In scheme 2-6, the N3-PEG (15 mg, 0.75 µmol) was dissolved in deionized water (1 

mL) and mixed with PEI-DBCO (8.38 mg, 0.78 µmol, the DBCO group was 1.05 equiv. 
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to azide group) dissolved in deionized water (0.5 mL). To promote the copper-free 

click-reaction, the frozen and thaw method was used in this study [8]. After three times 

of freeze-thawing circles, the obtained PEI-PEG was purified by centrifuge filtration 

(MCWO = 30k) at room temperature. Then, the final product (14 mg, 67% yield) was 

obtained by lyophilization and characterized by 1H NMR. 

 

Scheme 2-6. Synthetic procedures of PEG-bPEI. 

2.2.8 Cytotoxicity study of polymers 

LDH assay and CCK assay were performed to study the in vitro cytotoxicity and 

viability of the polymers, respectively. Briefly, Huh-7 (5×103 cells/well) and Neuro-2A 

cells (5×103 cells/well) were seeded in 96-well plates. After overnight incubation, 

polymers were applied to the cells with different concentrations. After additional 48 h 

incubation, 100 μL of supernatant was transformed into another 96-well plates by 

adding 100 μL of LDH working solution and incubating in the dark for 30 minutes. 50 

μL stop solution was added and measured the absorbance at 490 nm by Tecan 

microplate reader (SPARK TKS01, TECAN, Zürich, Switzerland). After removing the 

supernatant, cells were washed with D-PBS(−) twice. The fresh medium containing 10% 

CCK reagent was added to the plates and incubated for 2 h at 37 ℃. The absorbance at 

450 nm was read by a Tecan microplate reader (SPARK TKS01, TECAN, Zürich, 

Switzerland). Cell cytotoxicity and viability were determined by the following 

equations: 

Cell cytotoxicity (%) = ([A]sample − [A]low)/([A]high − [A]low) × 100%, 

Where, [A]sample, [A]high, and [A]low represent the absorbance values of samples, high 

control groups, and low control groups, respectively. 
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Cell viability (%) = ([A]sample − [A]blank)/([A]control − [A]blank) × 100%, 

whereas, [A]sample, [A]control, and [A]blank are the absorbance values of the wells 

belonging to treated cells, non-treated cells, and culture media, respectively. 

2.3 Results and discussion 

2.3.1 Synthesis of N3-PBLG 

Successfully synthesis of N3-PBLG was confirmed by 1H NMR analysis with the 

degree of polymerization of 100 based on the peak intensity ratio between phenyl 

protons (-CH2C6H5, 7.1–7.3 ppm) in PBLG and oxyethylene protons (N3-CH2CH2-

(OCH2CH2)3-NH, 3.5 ppm) in the initiator (Figure 2-1). The molecular weight 

distribution (Mw/Mn), calculated through SEC analysis, was found to be 1.21 (Figure 

2-2). 

 

Figure 2-1. 1H NMR spectrum of N3-PBLG in DMSO-d6 at 25℃. 
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Figure 2-2. The GPC spectrum of retention time of N3-PBLG. 

2.3.2 Synthesis of N3-PGlu(DET-Car) 

The side chains of the N3-PBLG (polymerization degree = 100) were modified with 

tert-butyl 3-{[(2-aminoethyl)-2-aminoethyl]-amino}-propanoate via aminolysis, 

followed by elimination of the tert-butyl groups to yield N3-PGlu(DET-Car) as 

confirmed by 1H NMR analysis (Figure 2-3). The molecular weight (Mw) of N3-

PGlu(DET-Car) was found to be approximately 18,000 g/mol utilizing SEC with PEG 

as a standard. Using potentiometric titration assay, the protonation behavior of 

PGlu(DET-Car) was studied on the pKa and the degree of protonation ( ) (Table 2-1), 

where the ethylenediamine-based carboxybetaine group demonstrated three unique pKa 

values of 8.6, 6.2, and 4.5. As a result, the adoption of a gauche ring system by 

monoprotonated ethylenediamine and the subsequent substantial thermodynamic 

expenditure required to attain the preferred anti conformer of bi-protonated 

ethylenediamine in an acidic microenvironment [10, 11].  
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Figure 2-3. 1H NMR spectrum of N3-PGlu(DET-Car) in D2O at 25℃. 

Moreover, to comprehend the charge conversion behavior of N3-PGlu(DET-Car), 

the ratio of cationic charges to anionic charges (C/A) was analyzed from the /pH 

curves (Table 2-1). The C/A ratio of N3-PGlu(DET-Car) was 1.09 at pH 7.4, showing a 

neutral net charge. Moreover, the C/A ratio of N3-PGlu(DET-Car) increased to 1.39 at 

pH 6.5, suggesting that the net charge of N3-PGlu(DET-Car) switched its neutral 

property to cationic at tumorous pH. N3-PGlu(DET-Car) exhibited a C/A value of 1.84 

when exposed to pH 5.5, implying substantial protonation of the ethylenediamine 

groups in PGlu(DET-Car). 

 

Table 2-1. Chemical parameters of N3-PGlu(DET-Car) at different pH milieu. 

pKa1
[a] pKa2

[a] pKa3
[a] 

Protonation degree (%) [b] C/A ratio [c] 

pH 7.4 pH 6.5 pH 5.5 pH 7.4 pH 6.5 pH 5.5 

8.6 6.2 4.5 36.3 46.0 61.9 1.09 1.39 1.84 

[a] The pKa values of N3-PGlu(DET-Car) were determined by an acid-base titration curve in an 

aqueous solution. [b] The degree of protonation ( ) was determined from the titration curves 

measured by the potentiometric titration experiment. [c] C/A ratio is the ratio of cationic 

charges to anionic charges which was estimated from the /pH curves. 
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2.3.2 Synthesis of DBCO-bPEI 

PEI-DBCO was prepared by a condensation reaction of the primary amine groups on 

bPEI (Mw = 25 kDa) and the DBCO-NHS while maintaining the stoichiometry ratio 

(i.e., 10/1 eq., primary amine basis). The successful introduction of DBCO into the PEI 

was confirmed by 1H NMR analysis (Figure 2-4), from the peak intensity ratio of the 

phenyl protons in DBCO ((C4H4)2C7H2N-, δ = 7.4-7.7 ppm). The introduction ratio of 

DBCO/PEI on a single bPEI was calculated as 1.9 by UV spectroscopy. 

 

Figure 2-4. 1H NMR spectrum of DBCO-bPEI in D2O at 25℃. 

2.3.4 Synthesis of PGlu(DET-Car)-bPEI 

Subsequent click conjugation between N3-PGlu(DET-Car) and DBCO-bPEI using the 

freeze−thaw technique led to an almost quantitative formation of PGlu(DET-Car)-bPEI 

with evidence provided by 1H-NMR analysis (Figure 2-5). Likewise, PEG-bPEI (Mw 

of PEG is 20 kDa) was also synthesized as a control polymer and confirmed by 1H-

NMR analysis (Figure 2-6). 
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Figure 2-5. 1H NMR spectrum of PGlu(DET-Car)-bPEI in D2O at 25℃. 

 

Figure 2-6. 1H NMR spectrum of PEG-bPEI in D2O at 25℃. 

2.3.5 Biocompatibility study of polymers 
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Figure 2-7. In vitro biocompatibility of the polymers. (a) Viability and (b) cytotoxicity of the 

different concentrations of polymers incubated for 48 h in Huh-7 cell line. (c) Viability and (d) 

cytotoxicity of the different concentrations of polymers for 48 h in Neuro-2a cell line. The 

results are expressed as mean ± SEM. (n = 6). 

 

PEI is characterized by the presence of protonable amine groups at every third atom, 

which imparts high charge density and exceptional buffering capacity across a broad 

pH range [12]. Nevertheless, the high degree of protonation exhibited by PEI resulted 

in indiscriminate interactions and disruptions of lipid bilayers in cell membranes, 

leading to toxic effects [13]. Therefore, in this study, we modified PEI with 

polyzwitterion polymer PGlu(DET-Car) or PEG to reduce the cytotoxicity of the PEI. 

To assess the biocompatibility of the modified polymers, in vitro evaluations were 

performed using the Huh-7 and Neuro-2a cell lines, and the cell viability was 

determined via CCK and LDH assays. PEI has been included as a control group. As 
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shown in Figure 2-7, the viability of two cell lines was observed to be significantly 

enhanced while cytotoxicity was reduced upon modification of PEI with either 

PGlu(DET-Car) or PEG, in comparison to the use of PEI polymer alone. This indicated 

the potential of PEI modification with polyzwitterion such as PGlu(DET-Car) as a 

promising strategy for improving cell viability and reducing cytotoxicity. Moreover, 

IC50 values were calculated from cell viability curves and summarized in Table 2-2. 

The IC50 values of PGlu(DET-Car)-bPEI and PEG-bPEI were found to be 17-29 and 

15-22 times higher than those of PEI in Huh-7 cells and Neuro-2a cells, respectively. 

These results suggest that PEI may have a stronger inhibitory effect on cell growth than 

the modified-PEI tested. 

 

Table 2-2. IC50 values of polymers in different cell lines. 

IC50 (µg/mL) PEI PGlu(DET-Car)-bPEI PEG-bPEI 

Huh-7 cell 6.09 106.9 90.2 

Neuro-2a cell 5.11 151.4 113.1 

 

2.4 Conclusion 

In this chapter, based on the PBLG backbone, I prepared the N3-PGlu(DET-Car) bearing 

ethylenediamine-based carboxybetaine moiety at the side chain. Through the 

investigation of the protonation behavior of N3-PGlu(DET-Car), it has been observed 

that this compound displays a regulated ionization of cationic groups, exhibiting pH-

responsive characteristics in a reversible manner. These findings hold potential for the 

advancement of the gene nanocarrier system as it is transported from the bloodstream 

to the tumor and finally into the intracellular endosomes, it undergoes a decrease in pH 

within the different physiological environments, dropping from 7.4 to 5.5. In parallel, 

N3-PEG, possessing a comparable molecular weight, has been utilized as a non-ionic 
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control within the study. 

Moreover, modified PEI with either N3-PGlu(DET-Car) or N3-PEG was 

synthesized, and studied their biocompatibility in vitro. PGlu(DET-Car)-bPEI and PEG-

bPEI demonstrated a substantial ability to mitigate the cellular membrane damage 

induced by the positively charged PEI in both Huh-7 and Neuro-2A cell lines, 

consequently leading to a notable reduction in the toxicity associated with PEI. These 

results highlight that the modification of PEI represents a valuable avenue for 

optimizing its properties, enabling safer and more effective utilization in both in vitro 

and in vivo applications. 
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3.1 Introduction 

Upon confirmation of successful polymer synthesis i.e., PGlu(DET-Car)-bPEI, PEG- 

bPEI, as detailed in Chapter 2, this chapter proceeded to investigate the formation and 

physicochemical characteristics of the produced PMs. This investigation aimed to shed 

light on the nature and behavior of the PMs under various conditions mimicking the 

different physiological environments in the body and to provide a better understanding 

of their potential applications and limitations. 

The present study utilized a micelle formation method that draws upon prior 

literature [1, 2], which established that electrostatic interaction between positively 

charged polymers and negatively charged nucleic acids can lead to self-assembly and 

the formation of stable micelles under aqueous solutions. In this study, the formation of 

the PMs was under physiological conditions (pH 7.4). This choice of conditions was 

informed by the observation that at this pH level, the C/A value of PGlu(DET-Car) 

equates to 1.09, rendering it uncharged at pH 7.4. Therefore, only the positively charged 

PEI was involved in the micelle formation process, with PGlu(DET-Car) serving as a 

protective outer shell for the micelle. The utilization of this approach allowed for a more 

nuanced understanding of the formation and behavior of the resulting micelles, and their 

potential applications in various contexts. Meanwhile, PEI-polyplex was employed as 

the control to assess the shielding potential, estimation of specific characteristics of 

PMs, and the specific parameters that undergo alterations as a result of modifications. 

In this chapter, the polyplex and PMs will be investigated to determine their 

hydrodynamic size, PDI, and stability under varying pH conditions. This inquiry was 

prompted by the significant role that nanoparticle size plays in blood circulation, as 

particle sizes less than 5 nm are rapidly eliminated through renal filtration and tend to 

extravasate into healthy tissues [3, 4]. Conversely, particles within the size range of 

approximately 15-200 nm have demonstrated the longest circulation times and the 

highest level of tumor permeability [5]. As such, understanding the size and stability of 
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the generated micelles will provide valuable insights into their potential efficacy and 

safety in various applications. 

In addition, the surface charge of polyplex and PMs will be investigated in this 

section. As previously discussed, the PGlu (DET-car) can regulate the ratio of cationic 

to anionic groups in response to changes in environmental pH representing a distinctive 

feature which is absent in PEG. With this in mind, the current study has undertaken an 

examination of the surface charge of the micelles generated and conducted tests to 

evaluate their charge response under varying pH conditions (pH 7.4, 6.5, and 5.5). 

These investigations were undertaken with the aim of providing critical insights that 

can inform subsequent cellular experiments and further our understanding of the 

potential of PMs in biomedical applications. 

3.2 Materials 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 2-(N-

morpholino)ethanesulfonic acid (MES) were obtained from Wako Pure Chemical 

Industries, Ltd. (Osaka, Japan). Buffered saline (D-PBS(−)) and sodium acetate buffer 

(3 mM, pH 5.2) were acquired from Sigma Aldrich (St. Louis, MO, USA). Luciferase 

(pCAG-Luc2 DNA) encoding gene inserted pCAcc vector under control of CAG 

promoter was provided by RIKEN Gene Bank (Tsukuba, Japan) and amplified in 

Escherichia coli DH5α cells and endotoxin-free pDNAs were got using the 

NucleoBond® Xtra Maxi EF Kit (MachereyeNagel GmbH & Co., Germany). 

3.3 Methods 

3.3.1 Amplification of plasmid DNA 

Stellar chemically competent Escherichia coli DH5α cells were thawed on ice. A 50 µL 

aliquot of cell suspension was subjected to transformation using 2 ng of pDNA solution, 
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immediately followed by transfer to an ice bath for a duration of 3 minutes. 

Subsequently, the cells were transferred to a 42°C heat block for 1 minute, then returned 

to the ice bath and allowed to incubate for an additional 1 minute. The transformed cells 

were then recovered by incubation in 900 µL of SOC medium at 37 ℃ for 30 minutes, 

with continuous shaking at 180 r/min. Following this, the cells were plated at various 

densities on LB-Agar plates supplemented with 50 µg/mL ampicillin and incubated 

overnight at 37 ℃. Single, isolated colonies were carefully selected and transferred to 

culture tubes containing 5 mL of LB broth supplemented with 50 µg/mL ampicillin. 

These cultures were then incubated under shaking conditions at 180 r/min for a period 

of 6 hours. The resulting pre-cultures were utilized to inoculate larger overnight cultures 

for subsequent maxiprep (2 L). pDNA extraction from E. coli was carried out using the 

NucleoBond® Xtra Maxi EF Kit, following the manufacturer's instructions. The 

concentration of the final pDNA samples was determined using a NanoDrop 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). 

3.3.2 Preparation of polyplexes and polyplex micelle (PMs) 

Polymers and Luc-pDNA were dissolved in HEPES buffer (pH 7.4, 10 mM) 

respectively. Polyplexes and PMs were prepared by adding a 1-unit volume of polymer 

solution to a 2-unit volume of pDNA solution under vortex mixing at different residual 

charge ratios ([N]/[P]), which is defined as [amino groups (N) in the bPEI]/[phosphate 

groups (P) in the pDNA]. The final pDNA concentration was adjusted to 33.3 µg/mL 

for in vitro experiments and 100 µg/mL for in vivo experiments. The obtained 

polyplexes and PMs were stored at 4 ℃ prior to use. 

3.3.3 Characterization by Dynamic Light Scattering (DLS) 

measurement   

Hydrodynamic diameter and polydispersity (PDI) of PMs and polyplexes were carried 

out by using Zetasizer Nano-ZS (Malvern Instruments Ltd., Worcestershire, UK) at 
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37 °C with a scattering angle of 173° at 25 °C. The stability of PMs in serum was 

evaluated with 10% FBS and incubating for 24 h or 48 h at 37 °C. In this study, the Z-

averaged hydrodynamic diameter [Dz] was calculated by the diffusion coefficient (DC) 

via the application of the Stokes-Einstein equation: Dz = KBT/3πηDc (KB: Boltzmann 

constant, T: temperature, and η: viscosity of polyplex solution). The PDI was 

determined by utilizing the second-order cumulant coefficient (µ2) and the average line 

width of an electric field autocorrelation function (Γ). 

3.3.4 DNA binding assay 

PMs containing 100 ng of pDNA and loading buffer were loaded onto 1% agarose gel. 

After electrophoresis (100 V, 30 min), the migrations of pDNA were visualized by 

SYBR® Safe DNA gel stain (Invitrogen, Waltham, MA, US) and ChemiDoc XRS Plus 

(Bio-Rad Laboratories, Inc., CA). 

3.3.5 Zeta-Potential measurement at different pH conditions 

The stepwise pH-responsive behavior of PMs and polyplexes was examined at different 

pH, i.e., physiological (pH 7.4), intra-tumoral (pH 6.5), and endo/lysosomal (pH 5.5) 

conditions. PMs and polyplexes incorporating Luc-pDNA were incubated in 10 mM 

HEPES buffer (pH 7.4), 10 mM MES buffer (pH 6.5), and 10 mM acetic acid (pH 5.5) 

buffer for 1 h, and ζ-potential values were determined by laser-Doppler electrophoretic 

light scattering (LD-ELS) (Malvern Instruments Ltd., Worcestershire, UK). The 

Smoluchowski equation (ζ = 4πηυ/ε ) was employed to calculate the ζ-potential, where 

η represents the viscosity of the solvent and ε refers to the dielectric constant of the 

solvent. 
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3.4 Results and discussion 

3.4.1 The formation of the polyplexes and PMs 

 

Figure 3-1. Physicochemical characteristics of PMs and polyplexes formulated at different N/P 

ratios. The intensity-weighted mean hydrodynamic diameters (Z-average, Dz) and PDI of (a) 
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PGDC PM, (b) PEG PMs, and (c) PEI-polyplexes at pH 7.4 (10 mM HEPES buffer). Data are 

expressed as mean ± SD. (n = 3). 

 

Vortex mixing of either PGlu(DET-Car)-bPEI or PEG-bPEI with pDNA at pH 7.4 (10 

mM HEPES buffer) at varying N/P ratios was used to create the PMs and were referred 

to as PGDC PMs and PEG PMs, respectively. While PEI-polyplexes were prepared as 

described above and employed as the control group. The formation of the PMs and 

polyplexes was confirmed by dynamic light scattering to assess the intensity-weighted 

mean hydrodynamic diameters (Z-average, Dz) and polydispersity indices (PDI). The 

Dz of PMs slowly declined with the increase in the N/P ratio from 1 to 5 and then 

became almost constant at N/P ratios from 10 to 20 with relatively narrow PDI values 

(Figure 3-1). The decreased size with increasing N/P ratios was due to the PMs being 

formulated through electrostatic interactions, thereby high N/P ratio increased cationic 

density resulting in the condensed structure of the PMs [7]. Moreover, with the same 

N/P ratio, the Dz of PMs was larger than the PEI- polyplexes, probably due to the 

polymer modification, facilitating the formation of a hydrogen layer between the 

polyzwitterion as well as PEG and water molecules in aqueous solution [8]. Agarose 

gel electrophoresis further revealed the formation and condensation efficiency of 

pDNA-incorporated PMs at pH 7.4 (Figure 3-2). Uncomplexed pDNA was not detected 

at the N/P ratio of ≥ 5, suggesting that pDNA could be effectively encapsulated at these 

N/P ratios.  
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Figure 3-2. Agarose gel electrophoresis at pH 7.4 (10 mM HEPES buffer). (a) PGDC PM. (b) 

PEG PM. The bands corresponding to uncomplexed pDNA are visible in the area bounded by 

the rectangular solid line. 

3.4.2 The stability of the PMs 

PGDC PM and PEG showed minimal changes in the hydrodynamic size PM after 

exposure to 10% FBS for 48 h which could be attributed to the shielding effect of 

PGlu(DET-Car) or PEG imparted by surface modifications. These modifications served 

as a protective barrier, effectively reducing the interaction between the charged PEI core 

and the proteins present in the FBS. Therefore, PGDC PM and PEG PM prevented 

protein adsorption and subsequent aggregation or degradation, thereby maintaining 

their structural integrity and stability. Moreover, the size of PGDC PM and PEG PM 

remains remarkably consistent under different pH conditions, demonstrating their 

robust stability over a wide pH range.  

 

 

Figure 3-3. Stability of the PMs. (a) Serum stability as time changes. (b) Stability as pH changes. 

Data are expressed as mean ± SD. (n = 3). 



Tokyo Institute of Technology 

52 

 

3.4.3 The pH responsiveness of the PMs 

 

Figure 3-4. pH responsiveness of the PMs. Zeta-potential measurements of (a) PGDC PMs, (b) 

PEG PMs, and (c) PEI-polyplexes which were incubated in 10 mM HEPES buffer (pH 7.4), 10 

mM MES buffer (pH 6.5), and 10 mM acetic acid (pH 5.5) buffer. Data are expressed as mean 

S.D. (n = 3).  
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Zeta (ζ)-potential values were evaluated in order to track the pH-triggered charge-

conversion on the PMs and polyplexes surface. At pH 7.4, the ζ-potential of all PMs 

and polyplexes parallelly increased with altering the N/P ratio, possibly due to the high 

density of cationic charge binding to negatively charged pDNA (Figure 3-4). Over the 

N/P ratio 20, excess polymers in the formation of the PGDC PM displayed a positive 

charge. Meanwhile, PEG PMs also showed positive charges at pH 7.4 at the N/P ratios 

ranging from 5 to 20. Simultaneously, our observations revealed that despite PEI-

polyplexes displaying higher surface charges (+ 15.90 ~ + 33.47 mV), either PGDC 

PMs or PEG PMs exhibited varied degrees of surface charge reduction with the same 

N/P ratio at pH 7.4. This decline in zeta-potential could be attributed to the shielding 

effect facilitated by the presence of PGDC or PEG shell, which effectively neutralized 

the surplus positive charges associated with PEI-polyplexes. 

Then, the ζ-potential of PMs and polyplexes in acidic environments (pH 6.5 and 

pH 5.5) was evaluated. When exposed to pH 6.5, the ζ-potential of PGDC PMs at each 

N/P ratio was noticeably increased and then substantially enhanced upon pH 5.5 

(Figure 3-4, a), suggesting the stepwise pH-switchable charge conversion property of 

PGDC PMs. Notably, PGDC PMs showed charge conversion from negative or neutrally 

charged at pH 7.4 to positive at pH 6.5 and 5.5 at N/P 10 and 15. On the contrary, the 

control PEG PMs and PEI-polyplexes did not show such charge-conversional property 

regardless of the pH change (Figure 3-4, b and c). 

The pH-responsive charge conversion of PMs at the N/P ratio of 15 was 

systematically examined through time-dependent monitoring under varying pH 

conditions (Figure 3-5). Incubation of the PMs at different pH environments allowed 

for the investigation of charge dynamics. At pH 7.4, both PGDC PM and PEG PM 

exhibited a sustained negative ζ-potential over the entire 120-minute incubation period. 

This observation indicates the stability of the shielding to PEI within the physiological 

pH range. In contrast, at pH 6.5, the initially negative 𝜁-potential of PGDC PM rapidly 

transitioned to positive values, ultimately reaching approximately +6.8 mV. However, 
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PEG PM did not show such a change in surface potential during the incubation time. 

 

 

Figure 3-5. Time-dependent change in 𝜁-potential of PMs at N/P 15. (a) PGDC PM and (b) 

PEG PM at pH 7.4 (circle) and 6.5 (square). Data are expressed as mean ± S.D. (n = 3). 

3.5 Conclusion 

In this chapter, the PMs were formulated by mixing the pDNA and polymer solution at 

varying N/P ratios, which effectively condensed pDNA over N/P ratio 5. DLS 

measurements revealed all PMs exhibited uniformed hydrodynamic sizes ranging from 

82~135 nm with relatively narrow PDI. I found that PGDC PMs prepared with high 

N/P values from 10 to 20 exhibited the efficient PM formation and condensation of 

pDNA at pH 7.4. Importantly, PGDC PM which processed a controlled ionization of 

cationic moieties exhibited pH-responsive performance in a reversible manner. This 

stepwise protonation behavior of PGlu(DET-Car) might supply the potential of the 

charge-switchable property to PMs, but the appropriate tuning of parameters such as 

N/P ratio and ζ-potential is critical to realize the high in vitro and in vivo performances. 

The C/A ratio of PGlu(DET-Car) was 1.09 at pH 7.4 which then increased to 1.39 at pH 

6.5, suggesting that PGlu(DET-Car) switches its neutral property to cationic at 

tumorous pH. When exposed to pH 5.5, PGlu(DET-Car) exhibited a C/A value of 1.84, 

suggesting substantial protonation of the ethylenediamine groups in PGlu(DET-Car). 

This stepwise increase in the ζ-potential of PGDC PMs with varying N/P rations was 
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attributed to the progressive protonation of the ethylenediamine-based carboxybetaine 

group with regard to the decrease in pH. r, PGDC PM prepared at the N/P ratio of 15 

represented a desirable characteristic that the ζ-potential values switched from negative 

at pH 7.4 to positive at pH 6.5. The value of ζ-potential was further amplified at pH 5.5. 

This charge-conversion behavior of PGDC PM should be applied for recognizing the 

narrow pH window in the route of gene delivery, i.e., tumor microenvironment (pH 6.5) 

and endosomes (pH 5.5).  

The PGDC and PEG PMs together displayed nearly constant Dz values and 

desirable pH-triggered charge-conversion behavior when they were produced at the N/P 

ratio above 5 (Figures 3-1 and 3-4). Therefore, in the subsequent in vitro investigation, 

we utilized these PMs of N/P ratios of 10, 15, and 20. 
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4.1 Introduction 

In the previous chapter, the PGDC PMs displayed nearly constant Dz values and 

desirable pH-triggered charge-conversion behavior when they were produced at the N/P 

ratio above 5 (Figures 3-1 and 3-4). Therefore, in this chapter’s in vitro investigations, 

we utilized these N/P ratios of 10, 15, and 20. 

The in vitro gene transfection of PMs via luciferase assay was first evaluated at 

pH 7.4 and pH 6.5 culture medium, mimicking physiological and tumorous pH 

conditions. Here, PEI-polyplexes were also examined as the positive control. The cell 

lines used in this experiment were Huh-7 (human hepatoma cell line) and Neuro-2A 

(murine neuroblastoma cell line), while the Neuro-2A made subcutaneous tumor model 

mice in the subsequent in vivo experiments. The transfection-mediated cytotoxicity was 

also performed to confirm the biocompatibility of all PMs and PEI-polyplexes by using 

CCK assay.  

The degree of transfection efficiency is significantly impacted by the intracellular 

trafficking profile [1, 2]. Thus, to understand how a pH drop from 7.4 to 6.5 contributed 

to the transfection activity, we assessed the cellular uptake of PMs prepared at the 

optimized N/P ratio of 15. Cellular uptake efficiency was quantified in Neuro-2A cells 

and Huh-7 cultured at pH 7.4 and 6.5 by calculating the fluorescence intensity of whole-

cell lysate by using a microplate reader as well as observation of the intracellular 

fluorescence signals by utilizing CLSM. 

The PMs that were trapped in the endosome were eventually subjected to 

enzymatic degradation [3, 4]. Therefore, PM with sufficient endosomal escape activity 

is beneficial for efficient intracellular delivery. We evaluated the endosomal escape 

capability of PMs by using CLSM at pH 6.5 after 24 and 48 h incubation of Cy5-labeled 

pDNA (red) packaged PMs, followed by staining endo/lysosomes with LysoTracker 

(green), which visualized pDNA entrapped within the endo/lysosomal compartments as 

colocalization (yellow). We also quantified the percentage of cells that exhibited 
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endosomal escape in response to charge conversion of PGDC PM in the endosomal pH 

5.5 using a calcein assay.  

4.2 Materials  

Dulbecco’s phosphate-buffered saline (D-PBS(−)), LysoTracker Red DND-99, Hoechst 

33342, Dulbecco’s modified Eagle’s medium (DMEM), Eagle's Minimum Essential 

Medium (EMEM), trypsin-EDTA, sodium acetate buffer (3 mM, pH 5.2) and Micro 

BCATM Protein Assay Reagent Kit solution were acquired from Sigma Aldrich (St. 

Louis, MO, USA). Fetal Bovine Serum (FBS) was procured from Biosera Co., Ltd. 

(Caille, France). Cell Counting Kit-8 (CCK) was purchased from Dojindo Molecular 

Technologies Inc. (Kumamoto, Japan). Cell culture lysis buffer and Luciferase Assay 

System Kit were obtained from Promega Co. (Madison, WI). Luciferase (pCAG-Luc2 

DNA) and soluble fms-like tyrosine kinase-1 (pCAG-sFlt-1) encoding gene inserted 

pCAcc vector under control of CAG promoter were provided by RIKEN Gene Bank 

(Tsukuba, Japan) and amplified in Escherichia coli DH5α cells and endotoxin-free 

pDNAs were got using the NucleoBond® Xtra Maxi EF Kit (MachereyeNagel GmbH 

& Co., Germany). pDNA was labeled with Cy5 using the Label IT Tracker® 

Intracellular Nucleic Acid Localization Kit obtained from Mirus Bio Corp. (Madison, 

WI) following the manufacturer’s instructions. 

4.3 Cell lines 

Murine neuroblastoma (Neuro-2A) cells and human hepatocarcinoma (Huh-7) cells 

were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and 

cultured in EMEM medium and DMEM medium respectively. All media were 

supplemented with 10% FBS and 100 U/mL penicillin. The cultured cells were grown 

at 37 °C in a 5% CO2 humidified atmosphere. 
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4.4 Methods 

4.4.1 Label the pDNA with Cy5  

Luc2-pDNA was labeled with Cy5 following the manufacturer’s protocol with minor 

modifications. Luc2-pDNA (1 mg/mL) was reacted with the label reagents and 

incubated in the dark at 37°C for 1 hour. Then, 5 M NaCl and ice-cold 100% ethanol 

were added to the reaction mixture for another 30 minutes of incubation at -20°C. After 

that, the reaction solution was centrifuged at full speed (15,000 rpm) for 20 minutes to 

remove the supernatant. The blue color precipitate was washed with 70% ethanol and 

centrifuged at full speed for an additional 15 minutes. After removing all traces of 

ethanol, the sediment was resuspended with 100 µL sterile water, and quantified the 

concentration of Cy5-labeled DNA was with Nanodrop and fluorescence intensity by 

Nanodrop ND-3300 Fluorospectrometer. 

4.4.2 In vitro evaluation of sFlt-1 expression by delivering Flt-1 pDNA 

To study the expression of sFlt-1 proteins in vitro, Neuro-2A cells (2×104 cells/well) 

were seeded into each well of the 24-well plates and incubated overnight. Thereafter, 

the medium was replaced with fresh medium containing free pDNA, PEG PM, and 

PGDC PM at an N/P ratio of 15 containing 1 µg sFlt-1 pDNA. After 48 h incubation, 

the cell culture medium was collected and centrifuged at 3500 rpm for 10 min to collect 

the expressed sFlt-1 proteins. The sFlt-1 protein expression was measured by ELISA 

kit.  

4.4.3 In vitro gene transfection of PMs via luciferase assay 

Neuro-2A cells (2×104 cells/well) and Huh-7 (1×104 cells) were seeded on 24-well 

plates in a medium containing 10% FBS. After 24 h incubation, the medium was 

replaced with the fresh one, and PM solution containing 1 μg of Luc-pDNA was added 
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to each well. The cells were cultured for 48 h with replacing the culture medium at 24 

h time point. Then the cells were washed with D-PBS(−) twice and lysed by the cell 

culture lysis buffer for 30 min. After this, the luciferase activity of the cell lysate was 

determined by Luciferase Assay Kit and Luminometer Glomax 96 (Promega Co., 

Madison, WI). The results were expressed in terms of relative light units per mg protein. 

CCK and LDH assay was used to assess transfection-mediated cytotoxicity according 

to the manufacturer’s instructions.  

4.4.4 Cellular uptake  

For quantitative analysis of cellular uptakes, the cells (5×103 cells/well) were seeded in 

a 96-well plate. The culture medium was replaced by a fresh medium (pH 7.4 and 6.5) 

with PM solutions containing 250 ng of Cy5-labeled pDNA. After 24 h incubation, the 

cells were lysed with cell culture lysis buffer (100 µL). After additional 30 minutes of 

incubation, the fluorescence intensity of each lysate was measured using a microplate 

reader (SPARK TKS01, TECAN, Zürich, Switzerland, Ex/Em: 640/680 nm) to 

calculate the amount of Cy5-labeled pDNA in the cells.  

To examine the intracellular uptake efficiency, Neuro-2A cells (5×104 cells) and 

Huh-7 cells (2×104 cells) were seeded on a 35-mm glass-based dish (Iwaki, Japan) and 

treated with a fresh medium (pH 7.4 and 6.5) containing PM solution with 4 μg of Cy5-

labeled pDNA. After 24 h incubation, the cells were washed with D-PBS(−) twice and 

the nuclei were stained with Hoechst 33342. Confocal laser scanning microscopy 

(CLSM: LSM710, Carl Zeiss AG, Oberkochen, Germany) was used to observe the 

intracellular uptake of Cy5-labeled pDNA. CLSM images were used to quantify 

intracellular fluorescence intensity (n = 30 cells). 

4.4.5 Endosomal escape via co-colocalization  

Neuro-2A cells (5×104 cells) and Huh-7 cells (2×104 cells) were seeded on a 35-mm 

glass-based dish (Iwaki, Japan). The cells were treated with a fresh medium containing 
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PM solution with 4 μg of Cy5-labeled pDNA. After 24 h or 48 h incubation, the cells 

were washed twice with D-PBS(−), and the distribution of Cy5-labeled pDNA was 

examined using CLSM with co-staining of endo/lysosomes by LysoTracker Red DND-

99 (50 nM). Hoechst 33342 was also used to stain the cell nuclei. ZEN software was 

used to calculate the colocalization ratio of Cy5-labeled pDNA and late-end lysosomes. 

The following equation was used to analyze 30 individual cells: 

Colocalization ratio = Number of yellow pixels/All the number of yellow and red pixels 

4.4.6 Endosomal escape via calcein assay 

Neuro-2A cells (1×104 cells) and Huh-7 (5×103 cells) were seeded on Lab-Tak® 

chambered #1.0 Borosilicate Coverglass System (NUNC, Rochester, NY, US). After 

overnight incubation, the medium was replaced with 200 µL fresh medium containing 

250 µM calcein (Dojindo, Kumamoto, Japan) and 30 µL PMs containing 1 μg of Cy5-

labeled pDNA. After 2 h incubation, the medium was washed with D-PBS(−) twice, 

and stained the nuclei using Hoechst 33342. The endosome escape was evaluated by 

confocal laser scanning microscopy (CLSM: LSM710, Carl Zeiss AG, Oberkochen, 

Germany) at the excitation wavelengths of 405 nm for Hoechst33342 and 488 nm for 

calcein (Ar laser). 
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4.5 Results and discussion 

4.5.1 In vitro gene transfection of PMs 

 

Figure 4-1. Transfection performance of PMs. Gene expression effectiveness of PGDC PMs, 

PEG PMs, and PEI-polyplexes formulated at varying N/P ratios against (a) Neuro-2A cells and 

(b) Huh-7 cells cultured at pH 7.4 and 6.5 (n = 6). pDNA encoding luciferase (pCAG-Luc2) 

was used in these experiments. (1 µg of pDNA/well). Data are expressed as mean ± SD, ****p 

< 0.0001 (Two-way ANOVA with Tukey's multiple comparisons test). 

 

In vitro gene transfection efficiency of PMs loaded with pDNA encoding a luciferase 

(Luc) reporter protein in Neuro-2A and Huh-7 cell lines was evaluated under the 

different pH conditions (pH 7.4 and pH 6.5) (Figure 4-1). Here, PEI-polyplex was also 

examined as a positive control. The Luc expression was gradually increased with the 

increment of the N/P ratios in all the formulations at pH 7.4 and pH 6.5. Notably, 

regardless of the N/P ratios, PGDC PM exhibited drastic enhancement (2.3−5.7 fold) in 

Luc expression efficiency at pH 6.5 compared to that observed at pH 7.4. Such pH-

responsiveness in Luc expression was not observed for PEI-polyplex and PEG PM. 

These results suggested that the PGDC shell might contribute to the pH-responsive gene 

expression of PGDC PM. Regarding the gene expression level, PEG PM showed 

significantly lower Luc expression compared with other formulations, suggesting PEG 
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shell might attenuate the gene expression. On the other hand, PGDC PM showed 

appreciably higher gene expression even compared with PEI-polyplex at 7.4. These 

results suggested that the charge-conversional property of PGDC in response to pH 6.5 

can enhance the expression ability of PMs. 

Transfection-mediated cytotoxicity was also examined by measuring 

dehydrogenase activity, which is directly related to the quantity of living cells with an 

equivalent pDNA dose (1 µg/well) used in the transfection assay. Both PGDC and PEG 

PMs of all examined N/P ratios exhibited a negligible decrease in cell viability 

compared to PEI-polyplexes (Figure 4-2). PEI-polyplex demonstrated the N/P ratio-

dependent reduction in cell viability. Thus, the enhanced transfection efficiencies of 

cationic polyplexes with increasing the N/P ratios were accompanied by an increment 

in the cytotoxicity. In contrast, both PEG and PGDC PMs showed no obvious 

cytotoxicity up to the N/P ratio of 15 regardless of the N/P ratio-dependent enhancement 

in the gene transfection (Figure 4-1). Hence, in the subsequent in vitro analyses and in 

vivo systemic gene delivery investigations, we fixed the N/P ratio at 15 for the 

preparation of PMs.  

 

 

Figure 4-2. Transfection-mediated cytotoxicity. Cell viability of PGDC PMs, PEG PMs, and 

PEI-polyplexes formulated at varying N/P ratios against (a) Neuro-2A cells and (b) Huh-7 cells 
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cultured at pH 7.4 and 6.5 (n = 6). pDNA encoding luciferase (pCAG-Luc2) was used in these 

experiments. (1 µg of pDNA/well). Data are expressed as mean ± SD, ****p < 0.0001 (Two-

way ANOVA with Tukey's multiple comparisons test). 

 

Furthermore, the results obtained from the in vitro experiment of sFlt-1 

introduction provide support for the promotion of the expression capability of PMs by 

PGDC in response to tumorous pH, as determined by the previously optimized N/P ratio 

discussed earlier (Figure 4-3). 

 

 

Figure 4-3. Effect of culture medium pH on sFlt-1 expression by ELISA. Samples were 

incubated in Neuro-2A cells for 48 h at pH 7.4 and 6.5 while the sFlt-1 level in naked pDNA at 

pH 7.4 was defined as 1. Data are expressed as mean ± SEM. (n = 6). **p < 0.01 (two-tailed 

Student’s t-test). Using ELISA buffer, the cultured medium’s total protein concentration was 

increased to 2.5 mg/mL. 

 

4.5.2 Cellular uptake 

The cellular absorption and uptake are prerequisites for gene transfection, we assessed 
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the cellular uptake of PMs prepared at an N/P ratio of 15 at pH 7.4 and 6.5 in Neuro-

2A and Huh-7 cell lines. The cellular uptake efficiency was quantified by measuring 

the fluorescence intensity of Cy5-labeled pDNA in the whole-cell lysate by using a 

microplate reader. As depicted in Figure 4-4, PGDC PM demonstrated higher cellular 

uptake at pH 6.5 compared to pH 7.4, while PEG PM displayed similar cellular uptake 

efficiency despite pH values in both cell lines.  

 

Figure 4-4. Cellular uptake efficiency. PGDC and PEG PMs loading Cy5-labeled pDNA in (a) 

Neuro-2A cells and (b) Huh-7 cells cultured at pH 7.4 and 6.5 at a dose of 0.25 µg Cy5-pDNA 

after 24 h incubation. Data are expressed as mean ± SD (n = 6). ****p < 0.0001 (two-tailed 

Student’s t-test). 

 

Of note, the fluorescence in this experiment includes both internalized PM and 

cellular membrane-bound PM. Taking this into account, we also quantified the 
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intracellular fluorescence signals by utilizing CLSM. In PGDC PM snap shots, the cells 

cultured at pH 6.5 displayed high-intensity red pixels (Cy5-pDNA) in the cytoplasm, 

while the cells cultured at pH 7.4 displayed low-intensity red pixels. In contrast, PEG 

PM-treated cells cultured at pH 7.4 and 6.5 displayed similar red pixels (Figure 4-5, a 

and c). It was revealed by corresponding fluorescence quantification from the CLSM 

images that the cells treated with PGDC PM exhibited higher Cy5 fluorescence 

intensity than that of PEG PM when pH decreased from 7.4 to 6.5, suggesting that the 

increased positive charge of the PGDC shell at acidic pH 6.5 could enhance 

internalization of PGDC PM (Figure 4-5, b and d). Thus, the cationic charge-

conversion ability of the PGDC shell can facilitate cellular uptake and concomitant 

internalization of PGDC PM selectively in the acidic tumor microenvironment (pH 6.5). 

 

 

Figure 4-5. Internalization of PGDC and PEG PMs. CLSM images showing the 

intracellular pDNA delivery in (a) Neuro-2A and (c) Huh-7 cell lines. Scale bar = 10 

µm. Quantification of intracellular fluorescence intensity of Cy5-pDNA in the CLSM 

images in (b) Neuro-2A and (d) Huh-7 cell lines (n = 30 cells). Data are expressed as 

mean ± SD, *p < 0.05, ***p < 0.001 (Two-way ANOVA with Tukey's multiple 
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comparisons test). 

 

4.5.3 Endosomal escape 

 

Figure 4-6. Assessment of endosomal escape of PMs cultured at pH 6.5. (c) (d) CLSM pictures 

showing the intracellular distribution of PMs loading Cy5-labeled pDNA after 24 and 48 hr 

incubation in (a) Neuro-2A and (c) Huh-7 cell lines, Scale bar = 10 µm. Red: Cy5-labeled 

pDNA; Green: late endo/lysosomes (LysoTracker Green); Yellow: colocalization between Cy5-

labeled pDNA and DNA endo/lysosomes; Blue: nuclei (Hoechst 33342). Colocalization ratio 

of Cy5-labeled pDNA with late endo/lysosome after 24 and 48 h of PM incubation in (b) Neuro-

2A and (d) Huh-7 cell lines (n = 30 cells). A decrease in the colocalization ratio indicates an 

endosomal escape. Data are expressed as mean ± SD, ****p < 0.0001 (Two-way ANOVA with 

Tukey's multiple comparisons test). 
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We evaluated the endosomal escape capability of PMs by using CLSM. Both cell lines 

were incubated with Cy5-labeled pDNA (red) packaged PMs at pH 6.5 for 24 and 48 h, 

followed by staining endo/lysosomes with LysoTracker (green) to visualize pDNA 

entrapped within the endo/lysosomal compartments as colocalization (yellow). Also, 

the colocalization ratio of Cy5-labeled pDNA with endo/lysosomes in the CLSM 

images was quantified to estimate the endosome escape potential of PMs (Figure 4-6, 

b and d). PEG PM showed comparable yellow pixels at both 24 and 48 h-post 

incubation (Figure 4-6, a and c), indicating that many portions of PEG PM were stuck 

in the endo/lysosomes. On the contrary, PGDC PM showed more red pixels after 48 h 

when compared to 24h (Figure 4-6, a and c). Consistently, the colocalization ratio of 

PGDC PM significantly decreased after 48 h (Figure 4-6, b and d). These results 

suggest that a substantial portion of Cy5-labeled pDNA might be delivered to the 

cytoplasm by PGDC PM.  

Calcein is a well-known “cell membrane impermeable dye” and is internalized 

into the cells through co-endocytosis with PM [5]. When calcein is released into the 

cytosol accompanied by the endosomal membrane rupture, diffused fluorescence can 

be observed throughout the cell. On the other hand, endosomal entrapment is indicated 

by punctate fluorescence because calcein is trapped inside the endosome for an 

extended period of time [6]. As shown in Figure 4-7, a and c, PGDC PM displayed 

diffused fluorescence in the cytosol, suggesting that the PGDC PM could be escaped 

from the endosome. In contrast, PEG PM failed to show punctate fluorescence 

indicating ineffective endosomal escape, therefore, exhibited punctate fluorescence due 

to the lack of pH-responsive characteristics in the PEG shell (Figure 4-7, b and d).  
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Figure 4-7. Calcein leakage assay for quantification of the percentage of cells showing endosomal 

escape. Cytosolic distribution of calcein at 2 h coincubation of calcein and PM in (a) Neuro-2A and 

(c) Huh-7 cell lines. Green: calcein; Blue: nuclei (Hoechst 33342). Endosomal escape is indicated 

by diffuse fluorescence throughout the cell, whereas punctate fluorescence represents endosomal 

trapping. Percentage of cells showing endosomal escape (diffused fluorescence) and endosomal 

trapping (punctate fluorescence) of (b) Neuro-2A and (d) Huh-7 cell lines as quantified from CLSM 

images (n = 114 cells). Scale bar = 10 µm. Data are expressed as mean ± SD. 

 

4.6 Conclusion 

With the above-optimized formulation (N/P = 15), positively charged PGDC PM (+ 6.8 
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mV) at pH 6.5 promoted electrostatic interactions with the negatively charged cell 

membrane, resulting in the enhanced uptake and concomitant internalization of PGDC 

PM in the acidic tumor microenvironment (Figures 4-4 and 4-5). Interestingly, PGDC 

PMs at the N/P ratios up to 15 did not cause transfection-related cell damage even at 

pH 6.5 (Figure 4-2), although the PGDC shell is assumed to act as a cationic polymer. 

This phenomenon may be attributed to its low cation density (C/A value: 1.39) and 

inherent lower cytotoxicity compared with PEI. Additionally, PGDC PM was shown to 

enhance the endosomal escape, as observed by the consistent results in the 

colocalization study of Cy5-labeled pDNA with endo-/lysosomes (Figure 4-6) and the 

calcein assay (Figure 4-7). This was due to the increment in the cationic charge density 

of the PGDC shell (value shifts from 1.39 to 1.84), which provides + 15 mV of ζ-

potential for PGDC PM at pH 5.5 in the endo-/lysosomal compartment-mimicking 

conditions. Namely, the electrostatic interactions between PGDC PM and the 

negatively charged endo-/lysosomal membrane might contribute to the endosomal 

membrane destabilization in addition to the proton sponge effect. Contrarily, the PEG 

shell prevented the interactions with the negatively charged membranes, leading to low 

cellular uptake and endosomal escape of PEG PM. Moreover, the Luc expression is 

known to be closely interrelated with the intracellular trafficking profile of the PMs [1, 

2]. Our PGDC PMs showed enhanced transfection efficiency at pH 6.5 compared to pH 

7.4, while other control groups showed no difference, as evidenced by delivering Luc-

pDNA into Neuro-2A cells (Figure 4-1). Overall, we revealed the stepwise charge-

switchable property of PGDC PM, thereby facilitating the cellular uptake and 

endosomal escape, leading to the enhanced gene transfection in vitro. 
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5.1 Introduction 

The prior chapter conducted that PGDC PMs featuring pH-responsive characteristics 

exhibited superior cellular uptake and enhanced endosomal escape, resulting in 

improved gene transfection outcomes. Building upon this foundation, the current study 

investigated the potential of these micelles in vivo using A/J mice bearing Neuro-2A 

tumors. Given the known high toxicity of PEI, the chapter eschewed the use of this 

compound as a control group. The findings of this inquiry will provide valuable insights 

into the potential applications of PGDC-based micelles in biomedical research and 

practice. 

In this chapter, we initially examine the biodistribution profile and gene expression 

of the PMs in vivo. Moreover, the enhanced tumor accumulation and tumor-specific 

gene expression by PGDC PM motivated us to examine the therapeutic ability of PGDC 

PM. The adopted method in this study is the antiangiogenic gene therapy using pDNA 

encoding soluble fms-like tyrosine kinase-1 (sFlt-1) [also known as soluble vascular 

endothelial growth factor receptor-1 (sVEGFR-1)], which traps vascular endothelial 

growth factor (VEGF) to prevent the formation of tumor vessels [1-4]. Finally, 

assessments of the biocompatibility of the PMs were conducted to facilitate the optimal 

utilization in future biological contexts. 

5.2 Materials 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were obtained from 

Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Dulbecco’s phosphate-buffered 

saline (D-PBS(−)) and Micro BCATM Protein Assay Reagent Kit solution were acquired 

from Sigma Aldrich (St. Louis, MO, USA). Cell culture lysis buffer and Luciferase 

Assay System Kit were obtained from Promega Co. (Madison, WI). Soluble fms-like 

tyrosine kinase-1 (pCAG-sFlt-1) encoding gene inserted pCAcc vector under control of 
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CAG promoter was provided by RIKEN Gene Bank (Tsukuba, Japan) and amplified in 

Escherichia coli DH5α cells and endotoxin-free pDNAs were got using the 

NucleoBond® Xtra Maxi EF Kit (MachereyeNagel GmbH & Co., Germany). A mouse 

vascular endothelial growth factor (VEGF) enzyme-linked immunosorbent assay 

(ELISA) Kit was obtained from Proteintech Group, Inc. (Chicago, IL). The anti-platelet 

endothelial cell adhesion molecule-1 (PECAM-1, CD31) rabbit monoclonal antibody 

(ab182981) and goat anti-rabbit IgG H&L (Alexa Fluor® 488) (ab150077) were 

purchased from Abcam (Cambridge, UK). 

5.3 Animals  

A/JJmsSlc (A/J) mice were obtained from Japan SLC, Inc. (Shizuoka, Japan). The 

Animal Care and Use Committee of the Tokyo Institute of Technology (Yokohama, 

Japan) and the Animal Committee of the Innovation Center of NanoMedicine (iCONM, 

Kawasaki, Japan) approved all animal experiments and performed following the 

Guidelines for the Care and Use of Laboratory Animals as stated by Tokyo Institute of 

Technology and iCONM. 

5.4 Methods 

5.4.1 Establishment of subcutaneous tumor model 

Neuro-2A cells (1 X 105 cell in 100 µL D-PBS(−)) were subcutaneously implanted into 

the right flank of female A/J mice, aged 6 ~ 8 weeks. The subsequent measurement of 

tumor volume was conducted by applying the equation “a X b²/2”, wherein “a” 

represents the largest diameter observed and “b” denotes the smallest diameter. 

5.4.2 In vivo biodistribution 

Subcutaneous Neuro-2A tumor models in A/J mice (female, 6 weeks, 18–20 g, n = 3) 
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were treated with a single intravenous injection with Cy5-labeled pCAG-Luc2 (20 µg 

in 200 ml of 10 mM HEPES containing 150 mM NaCl) by tail vein to assess the 

biodistribution profile. The mice were sacrificed 1, 6, and 24 h after administration. The 

tumors and other organs were excised, washed with D-PBS(−), and weighed after 

extracting excess fluid. The entire sample was homogenized in a passive lysis buffer, 

followed by centrifugation. Blood was drawn from the inferior vena cava, heparinized, 

and centrifuged to obtain the plasma. The supernatants were poured into black 96-well 

plates, and the fluorescence of Cy5 was measured with the fluorophotometer (Ex/Em: 

640/680 nm, Spark TKS01, TECAN, Zürich, Switzerland). The data on blood 

circulation and organ accumulation as % dose/ mL blood or % dose/g tissue which was 

calculated by the following equations: 

% dose/mL blood = {sample count/[sample volume (mL) × injected count]} × 100% 

% dose/g of tissue = {sample count/[sample weight (g) × injected count]} × 100% 

5.4.3 In vivo gene transfection assay via luciferase activity 

To examine in vivo gene transfection, A/J mice bearing Neuro-2A tumor (200 mm3 of 

tumor size) were intravenously injected with Luc2-pDNA loaded PMs (20 µg in 200 

ml of 10 mM HEPES containing 150 mM NaCl) or the buffer or the buffer (10 mM 

HEPES buffer containing 150 mM NaCl). Tumors were harvested and homogenized 

with passive lysis buffer after 48 hours. The analysis was conducted using the 

Luciferase Assay System. The Micro BCA Protein Assay Reagent Kit’s measurement 

of the total amount of protein in the homogenates was used to standardize the 

luminescence intensity values. 

5.4.4 Tumor growth suppression experiment 

A/J mice bearing Neuro-2A tumor (n = 5, 30 mm3 of tumor size) were treated with PMs 

loading sFlt-1 pDNA (20 µg in 200 ml of 10 mM HEPES containing 150 mM NaCl) 

were intravenously injected into the tail vein three times at a 3-day interval (days 1, 4, 
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and 7). Likewise, the HEPES buffer (10 mM, pH 7.4) treated group was employed as a 

control. Anti-tumor efficacy was assessed by measuring the tumor size (V), which was 

estimated using the following equation:  

V = a × b2/2 

where a and b are the major and minor axes of the tumor measured using a microcaliper 

every two days. 

5.4.5 In vivo evaluation of sFlt-1 expression 

The in vivo expression of the Flt-1 protein was investigated in the A/J mice bearing 

Neuro-2A tumor (n = 5, 200 mm3 of tumor size). After being intravenously injected 

with PMs loading sFlt-1 pDNA at a dose of 20 µg pDNA/mouse or HEPES buffer (10 

mM, pH 7.4) for 48 h, the mice were sacrificed and the plasma, tumors, and other main 

organs were collected to observe the Flt-1 level by employing the ELISA kit. 

5.4.6 Histological analysis 

The tumors and organs were fixed with 4% paraformaldehyde, embedded with paraffin, 

and sliced into 5 μm by using a cryostat microtome (Leica Biosystems RM2245, 

Germany). For immunofluorescence staining, the vasculature or the tumor sections 

were stained with rabbit monoclonal antibody against mouse PECAM-1 (1/2000 

dilution), followed by incubation with Alexa Fluor 488-conjugated goat anti-rabbit IgG 

secondary antibody (1/500 dilution). The nuclei were stained with DAPI. Finally, the 

slides were mounted with an antifade mounting medium (Vector Laboratories, Inc., 

U.S.) and analyzed using CLSM (LSM710, Carl Zeiss AG, Oberkochen, Germany). 

The vascular density was quantified by measuring the percentage area of PECAM-1-

positive green pixels per image with 15 snap-shots for each sample from CLSM images 

by using Image J software. In addition, the sections of normal organs were stained with 

hematoxylin and eosin (H&E) and observed using an optical microscope. Additionally, 

the sections of normal organs were stained with hematoxylin and eosin (H&E) and 
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observed using an optical microscope (Leica DMI6000 B) for Histomorphological 

analysis. 

5.4.7 Ex vivo Hemolysis assay 

Mouse blood was collected and washed with D-PBS(−) twice. Red blood cell (RBCs) 

suspension was prepared by adding 500 µL blood into 9.5 mL D-PBS(−) buffer. One 

volume of positive control (TritonX-100), negative control (HEPES buffer, pH 7.4), 

and PMs samples were added to 10 volumes of RBC suspension and incubated at 37℃ 

for 2 h. After centrifugation, UV absorption was measured at 541 nm. The final 

concentration of pDNA was adjusted to 10 µg/mL, which is the same as the calculated 

concentration of pDNA in the blood when the dose of 20 µg pDNA was evenly 

distributed in 2 mL of mouse blood.  

5.4.8 Blood test 

A/J mice (female, 6 weeks, 18-20 g) were intravenously injected with PMs (20 µg in 

200 µL of 10 mM HEPES containing 150 mM NaCl) following the schedule of tumor 

therapeutic regimen with three times injections. Blood was collected 48 h after the final 

injection, and blood parameters including blood urea nitrogen (BUN), blood urea 

dehydrogenase (LDH), aspartate aminotransferase (AST), alanine aminotransferase 

(ALT), and creatinine (Cre) in the acquired plasma were evaluated using a DRI-CHEM 

7000i system (Fujifilm, Tokyo, Japan). 

5.5 Results and discussion  

5.5.1 In vivo biodistribution 

One of the important characteristics of systemically injectable gene carriers is 

prolonged blood retention which allows effective tumor accumulation through leaky 

vasculature [5, 6]. To assess the clearance of PMs from the blood compartment, Cy5-
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pDNA loaded PMs were intravenously injected into mice subcutaneously inoculated 

with Neuro-2A murine neuroblastoma (150 mm3 of tumor size). By measuring the Cy5-

fluorescence intensity, the blood retention was expressed as a percentage of injected 

dose (% dose/mL Blood). PGDC PM showed more prolonged blood circulation 

compared to PEG PM (Figure 5-1, a). With regard to the accumulation in major organs 

(Figure 5-1, c), PGDC PM showed significantly less accumulation in the liver after 1 

h and then in the spleen after 6 h in comparison with PEG PM. These results might be 

attributed to an excellent antifouling property of the PGDC shell at pH 7.4, avoiding 

interactions with biological molecules and subsequent recognition by the 

reticuloendothelial system (RES). Regarding the tumor accumulation of PMs, PGDC 

PM exhibited an approximately 4-fold higher accumulation (6% dose/g tumor) 

compared to PEG PM (1.6% dose/g tumor) at 6 h post-injection, maintaining 

significantly superior tumor accumulation until 24 h (Figure 5-1, b). 

The superior blood retention, reduced liver and spleen accumulation, and 

enhanced tumor accumulation of PGDC PM over PEG PM were consistent with our 

previous results for PGDC-coated quantum dots, gold nanoparticles (AuNPs), and lipid 

nanoparticles [7-9]. The stealth property of the PGDC shell was assumed to be due to 

the superhydrophilic nature of carboxy betaine-based PGlu(DET-Car) shell-forming 

hydration sheaths as previously reported [10, 11]. This stealthiness in the circulation 

should contribute to escape from the adsorption against biological substances including 

low-density lipoprotein receptors (LDLRs) and scavenger receptors (SRs) on organs 

[12, 13], which accounts for the reduced accumulation in the liver and kidney (Figure 

5-1, c). It is known that PEG-modified carriers showed relatively higher uptake by 

hepatocytes (highly expressed LDLRs) as well as SR-enriched macrophages in splenic 

red pulp [14]. On the other hand, the tumor-selective cationic charge derivatization of 

our PGDC shell in response to external tumoral pH (~ 6.5) should play a pivotal role in 

the enhanced tumor accumulation of PGDC PM. It is assumed that both PEG and PGDC 

PMs might accumulate in the tumor in a passive manner via permeable tumor 
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vasculature; nevertheless, PGDC PM showed remarkably higher tumor accumulation 

compared with PEG PM. We hypothesize that PEG PM could not be retained in the 

tumor tissue due to its weak interaction with tumorous tissues, so some portions of PM 

might go back to the bloodstream or be cleared from the tumor to the lymphatic system. 

In contrast, the PGDC shell could become cationic specifically under acidic tumor 

microenvironment, leading to improved tumor retention and promoted cellular 

internalization. It is worth mentioning that we previously demonstrated the deep tumor 

tissue penetration of PGDC-coated AuNPs reaching the hypoxia in contrast with PEG-

coated AuNPs localized at perivascular regions in the tumor [8]. Owing to these unique 

properties of the PGDC shell, PGDC PM may have achieved better cancer 

accumulation than PEG PM. 

 

 

Figure 5-1. In vivo biodistribution and gene transfection efficiency of PMs in mice bearing 

subcutaneously inoculated Neuro-2A tumor after intravenous injection (tumor volume ~150 

mm3). (a) Blood circulation profile. (b) Tumor accumulation level. (c) Accumulation of PGDC 

PM and PEG PM in major organs. Data are expressed as mean ± SD. (n = 3). *p < 0.1, **p < 
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0.01, and ****p < 0.0001 (Two-way ANOVA with Sidak’s multiple comparisons test). PMs 

loading Cy5-labeled pDNA were injected (20 µg/mouse). 

 

5.5.2 In vivo gene transfection assay via luciferase activity 

We assessed the in vivo transfection performance of PGDC PM loading pCAG-Luc2 

DNA in the tumor (~ 150 mm3 of tumor size) and major organs in comparison to the 

PEG PM and buffer injected group (10 mM HEPES buffer containing 150 mM NaCl) 

at 48 h post-injection by measuring the luciferase activity. Mice injected with PGDC 

PM revealed significantly higher Luc expression selectively in the tumor tissue 

compared to mice injected with PEG PM and buffer (Figure 5-2). Such enhanced 

tumor-specific gene expression by PGDC PM was explained by the enhanced tumor 

accumulation as well as endosomal escape brought about by acidic pH-promoted 

cationization of the PGDC shell as described in Chapter 4. Additionally, despite the 

appreciable accumulation of PGDC and PEG PMs in the liver and spleen (Figure 5-1, 

c), both PMs did not display gene transfer activity in those organs (Figure 5-2). 

Presumably, the active deoxyribonuclease activity in the liver and spleen is likely the 

cause of the low hepatic and splenic Luc expression [15]. 
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Figure 5-2. In vivo Luc expression. PMs loading pCAG-Luc2 DNA were injected (20 µg/mouse) 

and the Luc expression was quantified at 48 h-post; injection. Data are expressed as mean ± 

standard error of the mean (SEM) (n = 7). **p < 0.01 and ***p < 0.001 (One-way ANOVA with 

Tukey's multiple comparisons test).  

 

5.5.3. Anti-tumor effect 

We prepared PGDC and PEG PMs loading the pDNA encoding sFlt-1 (pCAG-sFlt-1) 

and studied their antiangiogenic performance against mice bearing subcutaneously 

inoculated murine neuroblastoma Neuro-2A cells (Figure 5-3, a). PGDC PM 

significantly suppressed the tumor growth progression compared to the PEG PM, naked 

pCAG-sFlt-1, and buffer-treated groups (Figure 5-3, b), indicating the potential of 

PGDC PM as a promising gene delivery platform for systemic gene therapy. Meanwhile, 

no apparent body weight loss was detected in all groups (Figure 5-3, c).  
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Figure 5-3. In vivo therapeutic performance of PMs loading pCAG-sFlt1 and naked pCAG-

sFlt1 (20 µg/mouse) against subcutaneous Neuro-2A tumor after tail vein injection (tumor size 

~50 mm3 on day 1). In all the tests, tumor-bearing mice treated with 10 mM HEPES buffer (pH 

7.4) with 150 mM NaCl were used as a control group. (a) Timeline showing the establishment 

of the tumor and therapeutic regimen. (b) Profiles for preventing tumor growth showing the 

relative size of subcutaneous Neuro-2A tumors. On days 1, 4, and 7, mice were received 

injections of PMs by tail vein (marked by black arrows). (c) Body weight change during the 

tumor growth suppression study. Data are expressed as mean ± SD (n = 5). *p < 0.01, and ****p 

< 0.0001 (Two-way ANOVA with Tukey's multiple comparisons test). 
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5.5.4 In vivo evaluation of sFlt-1 expression 

 

Figure 5-4. Antiangiogenesis assessment of tumor growth suppression experiment. (a) 

Quantification of the Flt-1 expression level (expressed sFlt-1 plus naturally existing Flt-1) in 

tumor tissue lysates at 48 h-post i.v. injection of the samples using the ELISA test. The total 

protein concentration of the tissue lysates was adjusted using ELISA buffer to 5 mg/mL. ***p 

< 0.001, ****p < 0.0001 (One-way ANOVA with Tukey's multiple comparisons test). (b) 

CLSM images representing PECAM-1 positive vasculature (green) in the tumor tissue 

cryosections (blue: nuclei). Scale bar = 50 µm. (c) Percentage area of tumor vasculature by 

quantifying PECAM-1 positive signals from CLSM images (n = 15). Data are expressed as 

mean ± SD. **p < 0.01, ***p < 0.001 (One-way ANOVA with Tukey's multiple comparisons 

test). 

 

To verify the effectiveness of antiangiogenesis [2-4], we then quantified the Flt-1 level 

(expressed sFlt-1 plus inherently existing Flt-1) in the tumor and other major organs by 

using ELISA. PGDC PM-administered groups exhibited a significantly higher level of 

Flt-1 in the tumor compared to the other treated groups (Figure 5-4, a), whereas no 

noticeable difference was observed in the other major organs (Figure 5-5). The 
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enhanced expression of sFlt-1 by PGDC PM is consistent with the above-mentioned 

Luc expression (Figure 5-2). Additionally, substantially decreased tumor microvessel 

density following treatment, as measured by immunofluorescent labeling of vascular 

endothelial cells using an anti-PECAM-1 antibody (Figure 5-4, b and c), provided 

further evidence of the antiangiogenic action of expressed sFlt-1. Notably, PGDC PM-

administered mice group showed a significantly lowered PECAM-1 positive area 

compared to the PEG PM-injected mice group. These investigations confirmed that the 

obtained tumor growth inhibition was unquestionably due to the expressed sFlt-1 

suppressing tumor microvessel formation. These results validate the universality of our 

strategy that pH-triggered behavior of PGDC PM promotes tumor accumulation and 

retention, subsequently facilitating internalization, endosomal escape, and gene 

transfection in the tumor cells toward cancer gene therapy. 

 

 

Figure 5-5. Quantification of the Flt-1 expression level in the plasma and lysates of major 

organs. Flt-1 expression of (a) plasma, (b) heart, (c)liver, (d)spleen (e) lung, and (f) kidney from 

the mice bearing subcutaneous Neuro-2A tumor measured by using ELISA assay after 48 h of 

tail vein injection of the samples. The expression of sFlt-1 and endogenous Flt-1 levels together 

make up the Flt-1 level. Using ELISA buffer, the protein content in the tissue and plasma lysates 

was increased to 5 mg/mL. Data are expressed as mean ± SEM. (n = 5). 
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5.5.5. Safety assessment of PMs 

 

Figure 5-6. Hemolytic activity of PMs using ex vivo hemolysis assay. Mouse red blood cells 

were incubated with Triton X-100 (a positive control), 10 mM HEPES buffer (pH 7.4) 

containing 150 mM NaCl (a negative control), PGDC PM (N/P = 15), and PEG PM (N/P = 15) 

for 2 h at 37°C. (a) The hemolysis percentage. The release of hemoglobin was spectroscopically 

quantified. Data are expressed as mean ± SD. (n = 4). ****p < 0.0001 (ANOVA followed by 

Tukey’s test). (b) Photographs of incubated samples after centrifugation at 2000× g for 5 min. 

Red supernatants in tubes suggest hemoglobin release as a result of red blood cell destruction. 

 

Minimal toxicity, besides maximized therapeutic efficacy, is important in developing 

clinically applicable gene delivery systems [16]. Considering the assumption that the 

PGDC PM might meet the blood cells in the tumor area or might leak into the 

bloodstream after cationic derivatization in the acidic milieu of the tumor, we evaluated 

the hemolytic activity, toxicity bioindicators, and tissue toxicity in major organs for 

PGDC and PEG PMs. No ex vivo hemolysis activity was observed in both PGDC or 

PEG PMs after incubating with red blood cell suspension at 37°C for 2 hours (Figure 

5-6). Twenty-four hours after systemic administration of PGDC and PEG PMs, blood 

parameters such as lactate dehydrogenase (LDH), liver damage makers [aspartate 

aminotransaminase (AST), and alanine aminotransferase (ALT)], and kidney function 
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markers [blood urea nitrogen (BUN), and creatinine (Cre)], were maintained the same 

level as those of the control group (Figure 5-7). Furthermore, H&E staining showed 

that there are no pathological changes in major organs treated by both PGDC and PEG 

PMs (Figure 5-8), indicating the good biocompatibility of PGDC PM formulations for 

gene delivery applications regardless of their unique pH-responsive behavior. 

 

 

Figure 5-7. Changes in toxicity markers of the plasma after intravenous injection of PMs. (a) 

Lactate dehydrogenase (LDH), (b) Aspartate transaminase (AST), (c) Alanine transaminase 

(ALT), (d) Blood urea nitrogen (BUN), and (e) Creatinine (CRE). Blood was obtained 24 h 

after the injection and centrifuged at 2000× g for 5 min to obtain the plasma. Data are expressed 

as mean ± SD. (n = 4). 
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Figure 5-8. Hematoxylin and eosin (H&E) staining of major organs. The organs were from 

Neuro-2A tumor-bearing mice after the treatment for 14 days as illustrated in the timeline of 

Figure 6. Scale bar = 50 µm. 

5.6 Conclusion 

This chapter demonstrated the potential of PGDC-based micelles as promising carriers 

for gene delivery by investigating the in vivo potential of PGDC PM using A/J mice 

bearing Neuro-2A tumors. First, we focused on the biodistribution profile and gene 

expression of the PGDC micelles in vivo. These results revealed enhanced tumor 

accumulation and tumor-specific gene expression, further highlighting the potential of 

PGDC micelles as effective carriers for targeted gene delivery. 

The therapeutic capabilities of PGDC PM by using sFlt-1 DNA shed light on the 

potential of PGDC PM as a vehicle for delivering therapeutic genes and exerting 

antiangiogenic effects. By trapping vascular endothelial growth factor (VEGF), this 

gene therapy approach aimed to prevent the formation of tumor vessels. Finally, we 

conducted comprehensive assessments of the biocompatibility of the PGDC PM to 

ensure its optimal utilization in future biological contexts. These evaluations are crucial 
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for considering the clinical translation and practical applications of PGDC-based 

micelles in gene therapy and other biomedical fields. 

Overall, the in vivo performance of PGDC PM has provided valuable insights into 

the potential applications of PGDC-based micelles in gene delivery and therapy. The 

findings contribute to the growing body of knowledge in the field of nanomedicine, 

emphasizing the importance of pH-responsive carriers in improving gene transfection 

efficiency and targeting specific tissues or diseases. The outcomes of this research open 

up new avenues for further investigations and potential advancements in the 

development of safe and effective gene delivery systems. 
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6.1. Summary of the present study 

Gene therapy poses significant obstacles, primarily centered around the effective 

delivery of therapeutic genes to the cytosol within tumor cells [1, 2]. A commonly 

employed approach involves surface modification of nanocarriers using polyethylene 

glycol (PEG), which facilitates tumor targeting via the leaky tumor vasculature and 

imparts stealth functionality [3, 4]. However, PEGylation has been observed to hinder 

the internalization of gene carriers into cancer cells, resulting in reduced cellular uptake 

and compromised gene transfection efficiency [5]. In order to circumvent these 

unfavorable influences associated with PEGylation, this study aimed to develop a pH-

responsive polyzwitterion-coated micelle, incorporating PGlu(DET-Car)-bPEI (PGDC 

PM) to address the contradictory requirements of biocompatibility during blood 

circulation and enhanced cellular interactions at the tumor site. This system overcomes 

the limitations of conventional PEG-coated systems, commonly associated with the 

“PEG dilemma”.  

The developed pH-responsive core-shell gene delivery system, referred to as 

PGDC PM, exhibits the remarkable capability to sense the specific pH range within 

diverse physiological conditions within the body. Consequently, this system is 

anticipated to demonstrate distinct and unique biological functionalities, including:  

(1) The PGDC shell exhibits a neutral charge (– 2.08 mV) at pH 7.4, leading to 

prolonged blood circulation (pH 7.4);  

(2) Following tumor accumulation via leaky vasculature, the PGDC shell becomes 

slightly cationic (+ 6.80 mV) at pH 6.5, promoting the interaction with the anionic cell 

membrane, resulting in improved tumor retention and cellular internalization; 

(3) In the endo-/lysosomal compartment (pH 5.5), the cationic charge of the PGDC 

shell is augmented (+ 15.3 mV), facilitating endosomal escape. Indeed, after systemic 

administration, PGDC PM accomplished prolonged blood circulation, higher tumor 

accumulation, and enhanced gene transfer activity than PEG PM in subcutaneous tumor 
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models.  

The utility of PGDC PM loading the sFlt-1 DNA was also demonstrated by 

successful tumor antiangiogenesis therapy. 

6.2 Future perspective  

Our novel design of pH-responsive polyzwitterion covered polyplex micelle exhibits a 

remarkable potency as a replacement for PEG-based delivery systems, and can be 

effectively employed for delivering various nucleic acid medicines, including mRNA, 

siRNA, to treat intractable diseases. Moreover, further investigation is warranted to 

achieve precise control over the pH responsiveness of delivery systems. This can 

involve understanding the factors influencing the protonation behavior of amine groups, 

such as molecular structure, pKa values, and local environment. By tailoring these 

parameters, it becomes possible to optimize the pH-triggered release kinetics and ensure 

efficient drug delivery at specific target sites. Advanced characterization techniques and 

computational modeling can aid in elucidating the underlying mechanisms and guiding 

the design of more sophisticated pH-responsive systems. 

Furthermore, in order to deepen our comprehension of the behavior exhibited by 

pH-responsive polymers within diverse acidic environments, there is a need for more 

intricate and nuanced insights. Acquiring such invaluable knowledge will empower us 

to devise similar drug delivery systems that can effectively tackle the challenges 

associated with diseases manifesting in acidic environments, extending beyond the 

realm of tumors. Notably, the presence of acidity can be discerned in the cutaneous 

epidermis as well as at sites of inflammation [6, 7]. For example, in the context of 

rheumatoid arthritis, characterized by joint inflammation and heightened acidity levels, 

the utilization of a pH-responsive nanoparticle holds the potential for targeted drug 

delivery directly to the affected joint tissue [8, 9]. Similarly, in cases of ischemic stroke, 

where cerebral tissue sustains damage due to oxygen and nutrient deprivation, resulting 
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in the formation of an acidic microenvironment, an acidity-responsive nanoparticle has 

the potential to facilitate the delivery of therapeutic agents or drugs precisely to the 

affected brain tissue [10]. 
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