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Abstract  

Lipid nanoparticles (LNPs) have been commonly used as a vehicle of 

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

modification of LNPs is one of the determinants on their delivery efficiency 

especially in the systemic administration. Poly(ethylene glycol) (PEG) 

modification of pharmaceutics, namely PEGylation, is the most common 

strategy to prolong circulation time. However, PEG shell potentially hinders the 

interaction with target cells and endosomal membrane. Lacking target ability, 

LNP would be difficult to deliver to target site. Here, we report a smart surface 

modification employing a charge-switchable ethylenediamine-based 

polycarboxybetaine for enhancing tumor accumulation via interaction with 

anionic tumorous tissue-constituents owing to selective switch to cationic 

charge in response to cancerous acidic pH. This polycarboxybetaine-modified 

LNP could enhance cellular uptake in cancerous pH, resulting in facilitated 

endosomal escape and gene knockdown efficiency. After systemic 

administration, the polycarboxybetaine-modified LNP accomplished higher 

tumor accumulation than positive control LNP in subcutaneous tumor models. 

The siPLK-1-encapsulated LNP thereby accomplished significant tumor growth 
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inhibition. This study demonstrates a promising potential of the pH-responsive 

polycarboxybetaine as the material modifying the surface of LNPs for efficient 

nucleic acid delivery. 

 

Keywords: 

Lipid nanoparticle; pH-Responsiveness; Polycarboxybetaine; siRNA  
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Chapter 1 Introduction 

1.1 Small interference RNA delivery in cancer therapy 

1.1.1 RNA interference (RNAi) and small interference RNA (siRNA) 

RNA interference mechanism was discovered in 1998 by Andrew Fire [1]. 

Andrew Fire and Craig C. Mello won the 2006 Nobel Prize for their great 

contribution to RNAi [1]. Transcriptional gene silencing was reported by Andrew 

Hamilton and David Baulcombe and in 1999 [2]. In 2001, Thomas Tuschl’s 

group successfully induced RNAi in mammalian cells with synthetic siRNAs [3]. 

siRNA is a double-stranded RNA (dsRNA) having the function of RNAi which 

suppress the expression of specific gene. The mechanism of gene silencing via 

suppression of translation is shown in Fig. 1.1. When dsRNA entered cytoplasm, 

Dicer which is an endoribonuclease would cut dsRNA to short interfering RNA 

(siRNA) [4]. Proteins such as ribonucleoprotein incorporate with siRNA to form 

RNA-Induced Silencing Complex (RISC) [5], and then siRNA is unwound to 

form single stranded siRNA which can recognize the complementary 

messenger (mRNA). mRNA cleavage was induced when single stranded siRNA 

binds to the target mRNA. 
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Figure 1.1 Mechanism of RNAi [6]. 

 

Gene silencing results from no translation of mRNA into amino acids and 

proteins due to the degradation of mRNA [6]. Therefore, siRNA can knockdown 

certain protein expression and is potential to highly expressed protein in cancer 

cell. 
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1.1.2 siRNA delivery and Lipid-based carrier 

siRNA became a potential treatment since tremendous progress in RNAi 

development. However, siRNA medicine has critical challenges including rapid 

degradation by RNases, quick clearance and poor cell penetration [7, 8] which 

cover up the powerful light of gene silencing. Besides the numerous in vivo 

barriers like clearance from immune system, the highly negative charge of 

siRNA generates the repulsion from similarly charged cell membrane as well as 

plasma membrane. Therefore, better carriers to protect siRNA and deliver to 

target site is a sine qua non for siRNA delivery. 

 

 
Figure 1.2 Schematic of different non-viral siRNA delivery vectors [9]. 

 

In recent years, nanocarriers have been widely used for siRNA delivery 
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(Fig. 1.2) such as virus vector, polymer complex and lipid nanoparticle (LNP) [9, 

10].  The advantages of nanoparticles in siRNA delivery are, for example, 

increasing stability, prolonged half-life in blood circulation and preferential tumor 

targeting by an Enhanced Permeation and Retention (EPR) effect especially for 

cancer therapy [11]. Among these nanocarriers, lipid-based nanoparticles were 

highlight as a lead system for siRNA delivery due to its low toxicity [12]. Lipid-

based nanoparticle systems have evolved substantially over the past two 

decades thanks to the biodegradable nature and low toxicity of the lipid 

materials [13]. In 2018, FDA approved the first-ever siRNA medicine, Patisiran 

(Onpattro®), for the treatment of polyneuropathy with hereditary transthyretin-

mediated amyloidosis, which represents a milestone in siRNA therapeutics [14, 

15]. Patisitan has ignited optimism about lipid-based nanoparticle as a potential 

siRNA delivery payload owing to its cleavable PEG-lipid PEG-DMG and newly 

ionizable lipid DLin-MC3-DMA (MC3). Cleavable PEG-DMG protected LNP 

during circulation [14, 15] and improved uptake through PEG cleavage [14, 15] 

to avoid PEG dilemma as described in chapter 1.2. When PEG dropped off, 

hydrophobic lipid shell could be adsorbed by Apolipoprotein E (ApoE) which is 

ligand for ApoE receptor in hepatocyte. MC3 had pKa 6.44 [16] to facilitate 

endosomal escape which will be further discuss in chapter 1.4.  
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Although siRNA has been considered one of the most noteworthy 

treatments which can regulate gene expression, the applications are limited due 

to lacking effective systems to deliver to target tissues other than liver. 

Researchers still have been trying to accomplish siRNA treatment in cancer 

therapy. 

 

1.2 Tumor targeting 

1.2.1 Blood clearance 

The main limitation of siRNA-encapsulated LNP delivery is inability to 

reach tumor sites due to nonspecific nanoparticle uptake by organs. The 

mononuclear phagocyte system (MPS) also known as the reticuloendothelial 

system (RES) consists of the phagocytic cells which accumulate in liver, spleen 

and lymph nodes [17, 18]. After administration of LNP, it would be immediately 

sequestered by MPS, which involves adsorption of plasma protein affected by 

particle size, hydrophobicity and surface chemistry [19, 20]. For instance, large 

nanocarrier (> 200 nm) was reported to highly accumulate in spleen and liver 

[18], and small particles (< 5 nm) would be quickly undergo renal clearance [21]. 

Highly cationic nanoparticles are rapidly cleared from blood circulation 

compared to slight negative and neutral particles [18, 22] despite the benefit of 
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positive charge to facilitated cellular uptake. 

 

 

 

Figure 1.3 PEGylation for MPS avoidance and prolonged circulation [18]. 

 

In addition to controlling characterizations of particle, one common strategy is 

grafting poly(ethylene glycol) (PEG) onto nanoparticle surface, also called 

PEGylation (Fig. 1.3), where ethylene glycol units form hydrating layer with 

water molecules which hinders protein adsorption and prevent clearance by 

MPS [23]. However, high density of PEG might lead to inefficient cellular uptake, 

which is called PEG dilemma [24, 25].  
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1.2.2 Passive targeting and EPR effect 

Nanoparticles can transport to tumor through leaky vessels by diffusion or 

convection as Fig. 1.4 showed, which termed “passive” mainly relies on tumor 

biology and characteristics of particle [26, 27]. Enhanced Permeation and 

Retention (EPR) effect, first discovered by Maeda in 1986 [28], has played an 

important role in retaining the therapeutic agent in cancer. In normal tissue, the 

junctions of endothelial cells are tight, and therapeutics are not allowed to 

transport across them as Fig. 1.5 showed. In contrast, aberrant vascular 

architecture creates a loose and leaky junction (Fig. 1.5) due to lacking 

lymphatic drainage and overproduction of vascular permeability factors which 

stimulates the extravasation within tumor tissue. The special phenomenon 

provides an opportunity for macromolecules like nanoparticles to accumulate in 

tumors [18, 26, 27, 29].  
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Figure 1.4 Illustration of tumor passive and active targeting [27] 

 

Generally, 10 to 100 nm particles were found efficient accumulation in animal 

model via passive target [29]. Indeed, transporting siRNA via EPR effect is 

sometimes not very effective due to the heterogeneity and EPR effect level 

among tumors which might be influenced by interstitial fluid pressure, vessel 

density and tumor type [30-34]. 
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Figure 1.5 Different endothelial cell junction between normal tissue and 
tumor tissue [35] 

 

Thus, the ability for pinpoint tumor targeting together with efficient nucleic acid 

transfection is essential for a successful LNP system. 

 

1.3 Tumor microenvironment 

1.3.1 Tumor acidic pH  

Tumor targeting can be improved through employing tumor-specific 

conditions. Extracellular acidic pH of tumor microenvironment is a prevalent 

characteristic which results from hypoxia as well as rapid glycolysis and lactate 

production  [36-40]. In proliferating cells such as tumor cells, the glucose 

uptake rate dramatically increases, and lactate is generated. This process, 

known as the Warburg Effect, has been documented for over 90 years [41].  
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Figure 1.6 An increase in the rate of glucose and favorable production of 
lactate uptake even in the presence of oxygen is defined as the Warburg 
Effect [41].  

 

Several functions have been hypothesized the Warburg Effect as Fig. 1.6 

shown, and these functions of the Warburg Effect for tumor growth even today 

remain unknown. In general, literature values of pH in the tumor area ranges 

from 6.5 to 7.0 [42]. Since tumoral microenvironment is slightly acidic, this 

property can be applied to nanoparticle delivery. 

 

1.4 Experiment design 

1.4.1 Tumor targeting via cancerous pH-responsive ethylenediamine-
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based polycarboxybetaine 

We previously reported an ethylenediamine-based polycarboxybetaine 

zwitterion [PGlu(DET-Car)] in 2018 which demonstrated enhanced tumor 

accumulation through its pH-regulated switch to net cationic, occurring 

selectively within acidic tumor tissue as well as prolonged blood circulation 

owing to its anti-fouling behavior [43] (Fig. 1.7). The two distinct pKa values of 

the ethylenediamine group in PGlu(DET-Car) side chains were confirmed to be 

around 6.3 and 9.0 [43], which is able to maintain net neutral charge at 

physiological pH (7.4) and protonate at cancerous pH (6.5).  

 

 
Figure 1.7 Charge switch property and protonated structure of the side 
chain in PGlu(DET-Car) [43]. 

 

 

In this research, we corroborated these pKa properties in siRNA-

encapsulated LNP, where they were determined to be near-neutral at 
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physiological pH (7.4) and switch to cationic at cancerous pH (6.5). As 

mentioned in chapter 1.2.1, neutrally charged nanoparticles possess longer 

circulation than cationic particles which facilitate cellular uptake through 

interaction with anionic cell membrane.  

 

 
Figure 1.8 PGlu(DET-Car) modified LNP. (A) Structure of DSPE-
PGlu(DET-Car)30, (B) Schematic illustration of siRNA-encapsulated 
PGlu(DET-Car)30 LNPs, (C) How PGlu(DET-Car)30 LNPs facilitate tumor 
accumulation through pH switchable property. 

 

As Fig. 1.8 showed, the LNP surface charge was designed to be near neutral 

in physiological pH, and switch to positive via bisprotonation of the 

polycarboxybetaine ethylenediamine moiety in the reduced pH. Moreover, as 
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mentioned in 1.2.1, hydrophilic property of polyzwitterion helps to hinder protein 

adsorption of MPS clearance, which was expected to prolong the circulation 

time and further facilitate tumor accumulation. 

 

1.4.2 Endosomal escape 

The use of pH-sensitive ionizable lipids which can be designed to exploit 

the differences in pH observed between physiological and tumorous pH is able 

to enhance tumor targeting [44].  

 

 

Figure 1.9 Mechanism of membrane disruptive effects of cationic lipids in 
endosome [45]. 

 

Similarly, ionizable lipids with a pKa < 6.5 are regularly utilized to improve 

endosomal escape via head group protonation within the acidic environment of 
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endosomes [44, 46]. As Fig. 1.9 showed, cationic lipids of LNP and anionic 

lipids present in the endosome adopt a cylindrical molecular shape. When 

cationic and anionic lipids are close together, ion pairs which are formed 

through the lipid combination adopt a cone molecular shape promoting the 

formation of non-bilayer phase which is associated with membrane disruption. 

Therefore, the positively charged surface of LNP owing to protonation of 

ethylenediamine moiety in response to acidic pH in the endosomal 

compartment enables electrostatic interaction with the endosomal membrane, 

allowing enhanced endosomal escape of siRNA through the membrane fusion 

mechanism. 

In 2020, application of ethylenediamine-based polycarboxybetaine to MRI 

contract agent was reported to showed tumor-specific activatable T2 MRI 

contrasting enhancement [47]. PGlu(DET-Car) is a one of the most promising 

polyzwitterion-based materials for enhanced tumor accumulation. This is the 

first instance of ethylenediamine-based polycarboxybetaine-modified LNP 

having cancerous pH-responsivity demonstrating siRNA delivery in vitro and in 

vivo. 
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Chapter 2 Synthesis of polyzwitterion modified lipid  

2.1 Introduction  

Synthesis methods of N3-PGlu(DET-CAR)30 was described in previous 

research [43]. The polyzwitterion PGlu(DET-CAR)30 contains an azido group, 

therefore, could be conjugated with dibenzocyclooctyne (DBCO)-bearing 

reagents through click chemistry as Fig. 2.1 showed [48, 49] without removing 

metal ions during reaction.  

 

Figure 2.1 Click reactivity of DBCO under different conditions [49]. 

 

DSPE-PEG4-DBCO is a commercial 1,2-Distearoyl-sn-glycero-3-

phosphorylethanolamine (DSPE) product containing DBCO moiety with PEG 

linker and phospholipid DSPE. Hence, DSPE-PEG4-DBCO was used to 
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prepare polyzwitterion modified lipid by conjugating to N3-PGlu(DET-CAR)30. 

 

2.2 Materials and methods 

Hydrophilic PGlu(DET-CAR)30 was dissolved in water (0.074 mmol) and 

DSPE-PEG4-DBCO was dissolved in dichloromethane (DCM) (0.111 mmol) 

followed by 48 h mixing at room temperature (r.t.). Next, unreacted DSPE-

PEG4-DBCO was removed by recrystallization with excess acetonitrile (AcN) 

for one day stirring. After discarding the supernatant, residue was washed with 

AcN and solvent was removed by centrifugation followed by decantation. The 

final product was obtained in vacuo (98% yield). The yield of DSPE-PGlu(DET-

CAR)30 was estimated to be ca. 87% evaluated by high performance liquid 

chromatography (HPLC) with 40% tetrahydrofuran (THF) of mobile phase. The 

chemical structure was confirmed by 1H NMR analysis using 0.65% deuterium 

chloride (DCl) in deuterium oxide (D2O) at r.t. (Fig. 2.2). 
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2.3. Results and discussion 

  

 
Figure 2.2 Analysis of DSPE-PGlu(DET-Car)30. (a) 1H NMR spectrum of 
PGlu(DET-Car) phospholipid and (b) HPLC data. 

 

As Fig. 2.2 (a) showed, each carbon had its corresponding peak and integral 

value (not shown) in NMR spectrum including the DBCO moiety as well as long 

carbon chain of lipid tails. In HPLC analysis, peptide bonds absorb light strongly 

generally at 210–220 nm [50]. Fig. 2.2 (b) showed the absorbance peak at 220 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 

Time (min) 
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nm indicating the DET-Car moiety of the DSPE-PGlu(DET-CAR)30. The DSPE-

PGlu(DET-CAR)30 contained hydrophobic lipid tails, therefore its peak (13.5 min) 

came after N3-PGlu(DET-CAR)30 (9 min), and the yield calculated by the integral 

of its area was about 87%. The 1H NMR spectrum together with HPLC data 

suggested the successful synthesis of DSPE-PGlu(DET-CAR)30. 

 

Chapter 3 Preparation/characterization of lipid nanoparticles 

3.1 Preparation of lipid nanoparticles 

3.1.1 Introduction  

3.1.1.1 Helper lipids 

LNPs are thought to be a safer vector owing to similar composition of cell 

membrane. To form LNPs, helper lipids play an important role to stabilize LNP 

and contribute to deliver efficiency [51]. Phospholipids are the most used as 

helper lipids such as distearoylphosphatidylcholine (DSPC), 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC), 1,2-Distearoyl-sn-glycero-3-

phosphorylethanolamine (DSPE) and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE) (Table 3.1). Phosphatidylethanolamines (PE) 

are found in all living cells [52]. Helper lipids containing double bond might 
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facilitate membrane fusion process [53, 54].  

 

Table 3.1 Chemical structure of phospholipids 
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DOPE 

 

 

Therefore, we used DOPE as helper lipid. Beside phospholipids, cholesterol is 

a crucial neutral helper lipid that influents the fluidity and contributes to stability 

[55]. The presence of cholesterol decreases the fluidity of LNP and therefore 

increase the stability of LNP. 

 

3.1.1.2 Cationic lipids for siRNA encapsulation 

Cationic lipids are used to electrostatically interact with negatively charged 

nucleic acids (Table 3.2) for nucleic acid delivery. 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) which is one of the most widely used 

cationic lipids is completely protonated at pH 7.4 [56].  

 

Table 3.2 Chemical structure of cationic lipids for siRNA encapsulation 
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DOTAP 

 

DODAP 

 

 

1,2-dioleoyl-3-dimethyaminopropane (DODAP) which has a pKa about 5.8 [16] 

is an ionizable lipid used in nucleic acid encapsulation [57]. Given that pH in the 

tumor area ranges from 6.5–7.0 [40], both DODAP and our polyzwitterion 

[PGlu(DET-Car)] would be protonated in response to the acidic tumoral pH. In 

order to assess whether PGlu(DET-Car) modified LNP could enhance tumor 

targeting and siRNA delivery efficiency, we used DOTAP to encapsulate siRNA 

to avoid the interference from the ionizable lipid DODAP. 

 

3.1.2 Materials and methods 

siRNA-loaded PGlu(DET-CAR)30 LNPs were prepared according to the 

tert-butanol (t-BuOH) dilution procedure employed by Sato et al [58]. Briefly, 

hydrophobic materials: DOPE, cholesterol and DOTAP in varying compositions 
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were dissolved in 200 μL of 90% t-BuOH solution. Separately, aqueous 

solutions of DSPE-PGlu(DET-Car)30 in various concentrations were each mixed 

with 20 μL 1 mg/mL siRNA buffered in pH 7.4 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), and the contents thoroughly mixed. 

The lipid mixtures were then added into HEPES buffer under vigorous stirring 

to facilitate formation of LNPs. t-BuOH was replaced by consecutive dilutions 

with phosphate buffered saline, (D-PBS(-) or PBS) followed by ultrafiltration. 

siRNA-loaded PEGylated LNPs or PEG LNPs were prepared as a control 

following the methods outlined above with N-(Methylpolyoxyethylene 

oxycarbonyl)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-PEG5k) 

(Fig. 3.1). Although DSPE-PEG5k and DSPE-PEG2k were 2 commonly 

commercial PEGylated lipids, the molecule weight of PEG5k is much closer to 

PGlu(DET-Car)30 than PEG2k, therefore, DSPE-PEG5k was used as surface 

modification material of control LNP. 
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Figure 3.1 Chemical structure of DSPE-PEG5k 

 

3.1.3 Results and discussion 

Considering protonated polyzwitterion might affect the siRNA 

encapsulation, lipid materials were mixed in HEPES buffer (pH 7.4) rather than 

acidic pH in which other methods prepare LNPs for effective encapsulation of 

cationic lipid and nucleic acids. Lipid solution is often lyophilized and hydrated 

in conventional methods. In this study, solvent was replaced with PBS during 

ultrafiltration, and consequently, LNPs dissolved in PBS can be directedly and 

immediately used in in vitro and in vivo experiments. LNPs were evaluated by 

a Zetasizer. Characterization results of LNPs was discussed in chapter 3.2. 
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3.2 Characterization of lipid nanoparticles 

3.2.1 Introduction  

Blood circulation of nanoparticle is influenced by such as particle shape, 

size and surface potential. First, particle size < 200 nm is small enough to leak 

to tumor via EPR effect and > 150 nm tends to accumulate in spleen and liver 

[18, 33, 59]. Therefore, size optimization of LNP is important for improved blood 

circulation time. In addition, the presence of high protein concentration may 

cause fracture or shrinkage of LNP structure [60, 61]. Hence, stability in serum 

is a crucial factor to make sure LNP would not be easily destroyed during 

circulation. Hydrodynamic diameter and size distribution of LNP were 

determined through monitoring Brownian Motion by dynamic laser scanning 

(DLS) in a Zetasizer. Serum stability was observed by size change within 48 h 

incubated in serum at 37°C.  

Stepwise protonation behavior of PGlu(DET-Car) in acidic cancerous pH 

leads to great change of surface charge from neutrality to positiveness. To 

evaluate the pH-responsive ability of LNPs, the ζ-potential of LNPs was 

determined through the electrophoretic mobility of the particles by laser doppler 

velocimetry in a Zetasizer.  

To assess whether siRNA was well-encapsulated in the LNPs, we used 
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RiboGreen® RNA reagent which is non-fluorescent when free in solution. Upon 

binding siRNA, the RNA bound RiboGreen® reagent would have an excitation 

~500nm and an emission ~525nm which can be detected by a microreader. 

 

3.2.2 Materials and methods 

3.2.2.1 Characterization of siRNA-loaded LNPs 

Hydrodynamic size, polydispersity (PDI), and ζ-potential of LNPs were 

determined using a Zetasizer. Size change with time in serum was evaluated 

through dispersing LNP in 50% fetal bovine serum (FBS) followed by incubation 

for 48 h in an incubator (37 °C, 5% CO2, 95% humidity). The morphology of 

LNP was observed using a transmission electron microscopy (TEM).  

 

3.2.2.2 Encapsulated Efficiency (EE%) 

siRNA encapsulation efficiency was determined by RNA quantification 

using the RiboGreen assay according to the manufacturer’s instructions. For 

determination of total siRNA, Quant-iT™ RiboGreen® RNA reagent was diluted 

with HEPES buffer (pH 7.4) containing 0.4% (v/v) Triton X-100 and 80 μg/mL 

dextran sulfate to form lysis buffer. This was subsequently mixed with the LNP 
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solution. For free siRNA determination, Quant-iT™ RiboGreen® RNA reagent 

was diluted with HEPES buffer (pH 7.4) and mixed with the LNP solution. The 

fluorescence of total and free siRNA was measured using a microplate reader 

(Ex: 480 nm, Em: 525nm). Separate calibration curves were constructed for 

each solution to account for the effects of Triton X-100 and dextran sulfate on 

fluorescence intensities. EE % was determined by the following equation. 

EE (%) = ([total siRNA– free siRNA] / total siRNA) × 100% 

 

3.2.2.3 ζ-potential 

ζ-potential of LNPs was measured using a Zetasizer when LNP dispersed 

in acetate buffer (pH 5.5), 2-(N-morpholino)ethanesulfonic acid (MES) buffer 

(pH 6.5), and HEPES buffer (pH 7.4).  

 

3.2.3 Results and discussion 

3.2.3.1 Particle size and serum stability 

DOTAP, DOPE, cholesterol and DSPE-PGlu(DET-CAR)30 at different 

composition were used to prepare siRNA-loaded DSPE-PGlu(DET-CAR)30 

modified LNPs (Table 3.3). To evaluate the pH-responsiveness of PGlu(DET-
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CAR)30 LNP, polyzwitterion modified LNP, we prepared the control LNP using 

commercial PEG lipid as mentioned in chapter 3.1.2. The control LNP was 

designed to have similar size as PGlu(DET-CAR)30 LNP using DOPE / 

cholesterol / DOTAP / DSPE-PEG5k (34% / 29% / 34% / 3%). The size 

distribution by intensity (Fig. 3.2 a) and average hydrodynamic diameter (Fig. 

3.2 b) of PGlu(DET-Car) LNP and control LNP are both 130 nm which is suitable 

for tumor delivery via EPR effect. 

 

Table 3.3 Characteristic of PGlu(DET-CAR)30 LNPs through different lipid 
composition with various molar ratios using DLS. 
 

Lipid Composition (%) 
Diameter a) PDI a) 

DOTAP DOPE Cholesterol PGlu(DET-CAR)30 
30 40 30 1 290 ± 1.3 0.199 ± 0.037 
40 30 30 1 270 ± 0.2 0.180 ± 0.001 
35 35 30 1 220 ± 2.0 0.144 ± 0.036 
34 34 30 2 160 ± 1.4 0.165 ± 0.016 
34 34 29 3 140 ± 0.1 0.195 ± 0.003 
32 32 28 7 130 ± 0.7 0.275 ± 0.004 

a) Determined by DLS 

 

We found that increased DSPE-PGlu(DET-CAR)30 ratio helps to formed smaller 

LNPs (Table 3.3). The optimized LNP containing 7% DSPE-PGlu(DET-CAR)30 

has a size of 130 nm which is suitable for passive accumulation into tumor 
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tissues via EPR effect while reducing high accumulation in spleen and liver via 

MPS clearance as mentioned in chapter 3.2.1.  

 

      
Figure 3.2 Characterization of siRNA-loaded PGlu(DET-CAR)30 LNP and 
control LNP. (a) Size distribution by intensity. (b) Hydrodynamic diameter 
(n=10). 

 

The morphology of LNPs was carried out by TEM as Fig. 3.3 showed. LNPs 

had spherical shape, and the size of LNPs observed in TEM image was slightly 

smaller than measured by DLS (Fig. 3.2) owing to the dehydration process in 

sample preparation. 
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Figure 3.3 TEM image of LNP. 

 

In conventional PEGylated LNP, PEG chains interact strongly with water 

molecules to form a hydration layer which can strengthen colloid stability and 

avoid protein adsorption [62, 63]. Besides, LNP size is predominantly controlled 

through modifying the molar ratio of PEG-lipid in formulation, as well as 

adjusting the chain length of individual PEG molecules [64]. Increased PEG 

lipid ratio results in reduction of LNP size [64]. We found that the size of 

PGlu(DET-CAR)30 LNPs was analogously controllable via differing ratios of 

PGlu(DET-Car)30 (Table 3.3).  

 

PGlu(DET-Car) Control LNP 
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Figure 3.4 Hydration layer formed by PEG and polyzwitterion [65]. 

 

The formulation of PGlu(DET-CAR)30 LNPs and control LNPs were comparable, 

and the obtained LNPs had analogous size; in addition, the size tuning was 

also available by changing mixing ratio of DSPE-PGlu(DET-Car)30, suggesting 

the facile preparation of PGlu(DET-CAR)30 LNPs similar to conventional control 

LNPs. As showed in Fig. 3.4, This may result from the formation of hydration 

layer owing to the interaction between water molecules and zwitterions [65]. 

Therefore, in this system, LNP size is controllable through adjusting the 

proportion of DSPE-PGlu(DET-CAR)30. 
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Figure 3.5 Hydrodynamic change as time in the presence of serum (n=3). 

 

In real blood circulation, high protein concentration is possible to disturb 

LNP structure and reduce its stability [60, 61]. To evaluate whether LNP was 

stable in the presence of serum, we examined the size change for 48 h in high 

concentration of serum. The size of LNP would become a bit smaller in serum 

(100 nm) than in PBS (130 nm) (Fig. 3.2 and 3.5) because of the osmotic 

pressure [60]. As Fig. 3.5 showed, both PGlu(DET-CAR)30 LNP and control LNP 

had little change in size indicating that these LNPs were stable in the presence 

of serum. 

 

3.2.3.2 Encapsulated efficiency   

 EE% were determined by RiboGreen assay. As Fig. 3.6 showed, 

PGlu(DET-CAR)30 LNP as well as control LNP possessed high EE% (> 90%) 

PGlu(DET-Car) Control 

0 h          24 h         48 h 
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suggesting that siRNA was well encapsulated in LNPs via interaction with 

cationic lipid DOTAP.  

 

 
Figure 3.6 Encapsulated efficiency of LNPs determined by RiboGreen 
assay (n=10) 

 

The high siRNA encapsulation efficiency resulted from sufficient DOTAP 

with the ratio of positively chargeable polymer amine groups to negatively 

charged nucleic acid phosphate groups (ratio of N/P) 4. 

 

3.2.3.3 ζ-potential 

ζ-potential of LNPs were examined after confirming both PGlu(DET-CAR)30 

LNP and PEGylated control LNP having similar size, serum stability and same 

high EE%. As Fig. 3.7 showed, PGlu(DET-CAR)30 LNP was close to neutral at 
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pH 7.4, and switch to highly positive charge at pH 6.5 and 5.5 while control LNP 

showed little change. This increased ζ-potential of PGlu(DET-CAR)30 LNPs 

should be owing to bisprotonation of the ethylenediamine moieties of 

PGlu(DET-Car) (Fig. 1.8).  

 

 

Figure 3.7 ζ-potential of LNPs at pH 5.5, 6.5 and 7.4. 

 

Given the pH of the tumor microenvironment is about pH 6.5 and pH of 

endosome is about 5.5 [36, 66, 67], PGlu(DET-CAR)30 LNPs are expected to 

exert the facilitated cellular uptake and endosomal escape in response to acidic 

pH. 

 

PGlu(DET-Car) Control 
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Chapter 4 In vitro assessment 

4.1 Cellular uptake 

4.1.1 Introduction  

In the previous chapter, pH-responsive and charge-switchable property of 

PGlu(DET-CAR)30 LNP resulted from protonation of amino group was 

confirmed. In this chapter, in vitro assessment was conducted to evaluate the 

pH-dependent behaviors using cancer cell lines. We evaluated tumoral pH-

dependent cellular uptake of PGlu(DET-CAR)30 LNPs compared with 

PEGylated control LNP.  

Alexa647 which is a commercial pH-insensitive far-red–fluorescent dye is 

ideal for flow cytometry and stable signal generation in imaging. Moreover, the 

excitation wavelength of Alexa647 differs from RiboGreen, which avoid 

inaccurate quantification of EE%. LNPs encapsulating Alexa647-labeld siRNA 

were used to estimate whether siRNA-loaded LNPs were internalized.  

 

4.1.2 Materials and methods 

Murine colon cancer cells (CT26) and human ovarian carcinoma cells 

expressing the firefly luciferase gene (SKOV3-luc) were sub-cultured in 
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Dulbecco’s Modified Eagle Medium (DMEM) with 10% FBS and 1% penicillin 

and were maintained at 37 °C in an incubator (5% CO2, 95% humidified 

environment). 

Cells were seeded in a 24-well plate (5 × 104 cells/well). pH 6.5 DMEM was 

prepared by addition of diluted hydrochloric acid (HCl) at 37 °C followed by 

filtration with a 0.22 µM filter. After a 24 h incubation, the culture media was 

replaced with fresh media (pH 7.4 and 6.5) containing fluorescence labeled 

siRNA (Alexa647-siGL3)-loaded LNPs at a final concentration of 100 nM siRNA, 

followed by an additional 6 h incubation. Subsequently, cells were washed twice 

using PBS, detached with trypsin/EDTA, and suspended in media. The 

fluorescence intensity of cells was measured by a flow cytometer (FCM) (Ex: 

642 nm, Em: 661 nm).  

The values are expressed as the mean ± standard deviation (SD). 

Statistical analysis was conducted using Student’s t-test. A p value of < 0.05 

was considered statistically significant. 

 

4.1.3 Results and discussion 

We examined the cellular uptake of this newly tumoral pH-responsive 

surface modification onto LNP, in cancerous acidic pH through co-incubation of 
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CT26 or SKOV3-luc cell line with PGlu(DET-Car) LNP for 2 h and 6 h at pH 6.5 

and pH 7.4 medium.  

 
Figure 4.1 Cellular uptake of PGlu(DET-Car) LNP at pH 6.5 and 7.4. 2 h 
and 6 h incubation of Alexa647-siGL3 loaded PGlu(DET-Car) LNP with (a) 
SKOV3-luc and (b) CT26 cells.   

 

**** **** **** 
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As Fig. 4.1 showed, the fluorescence intensity (FI) of PGlu(DET-Car) LNP in 6 

h is higher than 2 h, which indicated that the time-dependent cellular uptake of 

PGlu(DET-Car) LNP. Furthermore, PGlu(DET-Car) LNP expressed significantly 

higher cellular uptake at pH 6.5 than pH 7.4 as Fig. 4.1 showed, which 

suggested that acidic pH-responsive property of PGlu(DET-Car) improved 

cellular uptake in cancerous environment (pH 6.5).  

The change in surface charge to cationic at tumoral pH 6.5 of PGlu(DET-

Car) LNP contributed to the observed increase in cellular uptake owing to the 

facilitated interaction between positively charged PGlu(DET-Car) LNP and 

negatively charged cell membrane. PGlu(DET-Car) LNP demonstrated 

significantly higher cellular uptake at pH 6.5 compared to pH 7.4 (Fig. 4.1). 

These results confirmed the cancerous pH-responsivity of PGlu(DET-Car) LNP 

even in protein-enriched biological conditions. 

 

4.2 Endosomal escape 

4.2.1 Introduction  

After confirming successful cellular uptake of LNPs and pH-dependent 

uptake property of PGlu(DET-CAR)30 LNPs, we examined the endosomal 

escape through subcellular distribution of LNPs by confocal laser scanning 
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microscope (CLSM) images.   

As described in chapter 1.1.1, siRNA needs to be released from vectors 

and then is able to recognize target mRNA. Beside the Alexa647 which is used 

to label siRNA, Hoechst 33342 which tends to bind to adenine–thymine-rich 

regions of DNA was used to distinguish condensed pycnotic nuclei. 

LysoTracker® probes are highly selective for acidic organelles such as 

endosomes and lysosomes, therefore were used to label endosomes. 

Endosomal escape was examined via colocalization of LysoTracker-stained 

organelles and Alexa647-siRNA. Colocalization can be explained as an 

existence of the signal at the same pixel location when examining multichannel 

fluorescence CLSM images [68]. Colocalization is typically shown by 

presenting a plate of three images consisting of green and red channels as well 

as a merged image where the channels are combined and overlapping pixels 

turn yellow. Note, it is estimated that less than 2% of the siRNA administered 

via LNPs escapes the endosomes to reach the cytosol [69, 70]. In addition, the 

fluorescence intensity of free Alexa647-siRNA is too week to see, but the 

fluorescence intensity of concentrated Alexa647-siRNA encapsulated inside 

LNPs can be observed in CLSM images. Indeed, endosomal escape 

assessment is difficult to determine. The efficiency of encapsulated siRNA 
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release from endosome was compared through colocalization ratio change with 

time. Generally, a major proportion of LNPs is endocytosed by cells in about 

half hour [69, 70]. Hence, we compared the colocalization ratio of Alexa647-

siRNA with LysoTracker-labeled organelles at time point 1 h and 8 h. 

To further examine endosomal escape, LNPs were co-incubated with 

calcein for 1.5 h. Calcein is a small membrane-impermeable dye which looks 

punctate when sequestered within endosomal/lysosomal compartments [71] 

and taken up by cells through endocytosis [72]. If calcein was uptaken, it could 

not pass through the plasma membrane. On the other hand, when calcein was 

released from endosome, it appears diffused green color in the whole cytosol. 

The diffusion of calcein into the cytosol represents the disruption of the 

endosomal membrane. 

 

4.2.2 Materials and methods 

4.2.2.1 Co-localization of siRNA in endosome/lysosome 

CT26 cells (1 × 105 cells/dish) and SKOV3-luc (5 × 105 cells/dish) were 

seeded in 35-mm glass dishes with DMEM containing 10% FBS and 1% 

penicillin for 24 h incubation. The cells were treated with fresh media at pH 6.5 

containing Alexa647-siGL3-loaded LNPs at a final concentration of 100 nM 
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siRNA, followed by an additional 1 h and 8 h incubation. The cells were 

subsequently washed twice using PBS. The cells were stained by 

LysoTracker® Red DND-99 (50 nM) for 30 min and by Hoechst33342 (10 μg/mL) 

for 5 min. The cells were washed with PBS twice after each staining step and 

were then observed using a confocal laser scanning microscope (CLSM) at 

excitation wavelengths 405 nm for Hoechst33342, 561 nm for Lysotracker Red 

DND-99 and 633 nm for Alexa-647 siRNA-loaded LNPs. The co-localization 

ratio was calculated by ZEN software for LSM710. 

 

4.2.2.2 Calcein release assay 

SKOV3-luc and CT26 cells were seeded overnight at a density of 5,000 

cells/well in DMEM containing 10% FBS and 1% penicillin in Lab-Tek® 

Chambered #1.0 Borosilicate Coverglass wells. Cells were washed using PBS, 

and media were replaced with fresh media (pH 6.5) containing 250 μM calcein  

and Alexa647-siGL3-loaded LNPs at an siRNA dose of 100 nM, followed by 1.5 

h-incubation. Endosomal escape of LNPs was observed in DMEM using a 

CLSM at excitation wavelengths 405 nm for Hoechst33342 and 488 nm for 

calcein. 
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4.2.3 Results and discussion 

4.2.3.1 Co-localization of siRNA in endosome/lysosome 

We investigated the endosomal escape by subcellular distribution using 

CLSM image with 1 h and 8 h treatment of LNPs at pH 6.5 (Fig. 4.2).  

 
Figure 4.2 Assessment of endosomal escape. (a) CLSM image and (b) co-
localization ratio of Alexa647-siGL3 and lyso/endosome in CT26 and 
SKOV3-luc. The cells were co-incubated with Alexa647-siGL3 loaded LNP 
for 1 h or 8 h at pH 6.5. Green, blue and red represent Lyso Tracker Red 
stained organelles, Hoechst 33342 stained nuclei and Alexa647-labeled 
siRNA. The results are shown as the mean ± S.D. (CT26: n = 23, SKOV3-
luc: n = 17) Each result is expressed as the mean ± S.D., and ** p<0.01, 
**** p<0.0001 was considered significant. 

 

PGlu(DET-Car) 

PGlu(DET-Car) 

PGlu(DET-Car) 
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Blue color is the nuclei, green color represents endosome/lysosome and red 

color shows Alexa-647. Yellow color exhibits the colocalization of Alexa-647-

siRNA in endosome/lysosome as described in chapter 4.2.1.  

In 1 h incubation, PGlu(DET-CAR)30 LNP showed greater co-localization 

ratio of Alexa647-siRNA with Lyso Tracker Red stained organelles than control 

LNP (Fig. 4.2 b) in both CT26 and SKOV3-luc indicating that the rapid 

endocytosis of acidic pH-responsive PGlu(DET-CAR)30 LNP compared to 

control LNP. After 8 h, co-localization ratio of PGlu(DET-CAR)30 LNP 

significantly decreased and control LNP significantly increased regardless of 

cell line (Fig. 4.2 b) suggesting that PGlu(DET-CAR)30 LNP led to efficient 

release of siRNA from endosome compared to control LNP. 

 

4.2.3.2 Calcein release assay 

To double check endosomal escape, siRNA-encapsulated LNPs were co-

incubated with calcein for 1.5 h. As shown in Fig. 4.3, control LNPs showed 

punctuate calcein fluorescence demonstrated that calcein remained trapped 

inside endosomes. By contrast, PGlu(DET-CAR)30 LNPs at pH 6.5 exhibited 

distinct diffusion of calcein to cytosol, which was observed in both CT26 and 

SKOV3-luc cells, indicating the successful endosomal escape. Together with 
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co-localization results, the internalized cationic LNPs caused by acidic pH-

responsive PGlu(DET-Car) might efficiently induce endosomal escape through 

enhanced electrostatic interaction between the cationic LNP surface and the 

anionic endosomal membrane because of more acidic endosomal environment 

[66], as the ζ-potential measurement indicated an appreciable positive charge 

of PGlu(DET-CAR)30 LNPs in acidic environment (Fig. 3.7), while ζ-potential of 

control LNPs remained almost neutral.  

 

 
Figure 4.3 Cytosolic localization of calcein in SKOV3-luc and CT 26. The 
cells were incubated at pH 6.5 with the respective LNP solutions (100 nM 
of Alexa647-siGL3) for 1.5 h at 37 oC. The pictures show calcein (green), 
and nuclei stained by Hoechst 33342 (blue). Scale bar (white) = 10 μm. 
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Taken together, these results corroborate the more efficient endosomal escape 

capacity possessed by pH-responsive PGlu(DET-CAR)30 LNPs compared to 

control LNPs. 

 

4.3 Cytotoxicity 

4.3.1 Introduction 

In general, 24-96 h is the ideal periods for accessing siRNA knockdown in 

cell culture [73]. However, incubation in acidic media or treatment with highly 

positively charged particle might cause cytotoxicity. Therefore, we examined 

the cytotoxicity of LNPs for 24 h. We checked the cell viability among non-

treatment (NT), PGlu(DET-CAR)30 LNP and control LNP groups. 

 

4.3.2 Materials and methods 

SKOV3-luc cells were seeded in 96-well plates at a density of 2,500 

cells/well with DMEM containing 10% FBS and 1% penicillin. After a 24 h 

incubation, cells were treated with fresh media (pH 6.5 or 7.4) containing siGL3-

encapsulated LNPs at a final concentration of 100 nM siGL3. After 24 h 

incubation, a cell viability assay was performed using Cell Counting Kit-8. 

Absorbance at 450 nm was detected with a microplate absorbance reader. Cell 

viability was determined by the following equation: 
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Cell viability (%) = ([A]test − [A]blank)/([A]control − [A]blank) × 100%, 

where [A]test, [A]control, and [A]blank are the absorbance values of the wells 

belonging to treated cells, non-treated cells (pH 7.4), and empty media, 

respectively. 

 

4.3.3 Results and discussion 

 

 
Figure 4.4. Cytotoxicity evaluation. Cell viability post-24 h within siGL3-
encapsulated PGlu(DET-CAR)30 LNPs, siGL3- encapsulated control LNPs, 
and non-treatment groups in SKOV3-luc at 100 nM dose siRNA at pH 7.4 
and pH 6.5 (n=6). 

 

As Fig. 4.4 showed, all groups had >90% cell viability in post-24 h 

treatment. In addition, there was no big difference of cell viability among 
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PGlu(DET-CAR)30 LNP, control LNP and NT suggesting that the cytotoxicity 

from acidic pH and positively charged PGlu(DET-CAR)30 LNP could be ignored.  

 

4.4 In vitro gene silencing 

4.3.1 Introduction 

 We had already confirmed successful cellular uptake and endosomal 

escape of LNPs and further confirmed the pH-responsive ability of PGlu(DET-

CAR)30 LNP having efficient cellular uptake and endosomal escape owing to 

the facilitated membrane-membrane interaction between cationic LNP and 

anionic plasma membrane (Fig. 4.1-4.3). As described in chapter 1.1.1, siRNA 

targets to mRNA and induces mRNA degradation which results in knockdown 

of gene expression. 

Therefore, we examined the gene silencing activity of PGlu(DET-CAR)30 LNP 

in this chapter. Here, we used SKOV3-luc cells which express the firefly 

luciferase gene and siGL3-encapsulated PGlu(DET-CAR)30 LNP to knockdown 

the luciferase activity. This method is known as luciferase reporter assay which 

is used to determine whether a protein of interest regulates a particular gene at 

the transcription level [74, 75]. According to the knockdown the activity of 

luciferase compared to NT and control LNP, we could understand the gene 
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silencing activity of PGlu(DET-CAR)30 LNP. 

 

4.3.2 Materials and methods 

SKOV3-luc cells were seeded in 24-well plate (5 × 104 cells/well) in DMEM 

containing 10% FBS and 1% penicillin followed by a 24 h incubation. After 

washing twice with PBS, the cells were treated with pH 6.5 media containing 

siGL3-loaded LNPs at a final concentration of 100 nM siRNA. After a 6 h 

incubation, subsequently, the media was replaced by fresh DMEM containing 

10% FBS and 1 % penicillin, and the cells were allowed to incubate for a further 

24 h. Following media removal and washing with PBS, cells were lysed by 

Passive Lysis Buffer for 30 min incubation, after which the supernatant was 

transferred to 96-well white plates, and finally subjected to treatment with 

luciferin. A microplate luminometer was used to measure relative luminescence 

units (RUL) of cells. Gene silencing efficiency was calculated based on the 

reduction in RLU compared with non-treatment (NT) cells. 

The values are expressed as the mean ± standard deviation (SD). 

Statistical analysis was conducted using one-way ANOVA with Tukey's multiple 

comparisons test. A p value of < 0.05 was considered statistically significant. 
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4.3.3 Results and discussion 

In vitro gene silencing activity of siGL3-encapsulated PGlu(DET-CAR)30 

LNPs was investigated in SKOV3-luc cells using a luciferase assay as Fig. 4.5 

showed. In spite of the fact that both PDGC LNPs and the control LNPs 

exhibited the gene silencing, the PGlu(DET-CAR)30 LNPs showed a 

significantly enhanced reduction due to the charge-switchable property. This 

result is in good agreement with the facilitated cellular uptake and endosomal 

escape as demonstrated in Fig. 4.1-4.3.  

 

 
Figure 4.5 In vitro gene silencing efficiency of LNPs by luciferase assay. 
SKOV3-luc cells were treated with siGL3-encapsulated PGlu(DET-Car)30 
LNP and non-pH-responsive control LNP at pH 6.5 for 6 h followed by 
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incubation in fresh media for another 24 h. The siRNA dose was 100 nM. 
The results are shown as the mean ± S.D. (n = 7), **** p < 0.0001 (Tukey's 
multiple comparisons test). 

 

The pH-dependent protonation of the amino groups of DET-Car within the 

endosomal lumen may result in osmotic swelling and subsequent endosome 

disruption via proton sponge effect [76]. As Fig. 4.6 showed, proton sponge 

effect results in lysosomal swelling and rupture, with materials released into the 

cytosol [77]. 

 

 
Figure 4.6. Schematic illustration of the proton sponge effect leading to 
endosomal escape for cationic nanoparticles [77]. 
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Thus, the ionizable PGlu(DET-Car)30 LNP achieved more efficient gene 

knockdown in cells compared with control LNP. As a consequence, the higher 

in vitro gene knockdown was found for acidic pH-responsive PGlu(DET-CAR)30 

LNPs in comparison with control LNPs (Fig.4.5).  

 

Chapter 5 In vivo assessment  

5.1 Biodistribution 

5.1.1 Introduction 

 In last chapter, we confirmed the efficient cellular uptake, endosomal 

escape as well as gene silencing activity of cancerous pH-responsive 

PGlu(DET-CAR)30 LNP over non-pH-responsive control LNP, which resulted 

from charge switchable nature of polyzwitterion modified onto LNP surface. In 

the in vitro assessment, we mimicked the cancerous environments through 

adjusting the pH of culture media. In this chapter, we examined the differences 

of in vivo behavior of PGlu(DET-CAR)30 LNP in comparison with control LNP. 

 Once LNP has entered the vascular system, it is distributed throughout the 

body fluids according to the physiochemical properties of the LNP and its ability 
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to penetrate the barriers as describe in chapter 1.2. Therefore, we evaluate the 

biodistribution which means the transfer of LNPs after intravenous (i.v.) 

administration. 

 In biodistribution study, we checked the fluoresce intensity of Alexa647-

labeled siRNA distributed in blood, tumor, liver, spleen, kidney, lung and heart. 

Note, the fluorescence of Alexa647-siRNA encapsulated inside LNP was too 

week to detect (Data were not showed). Nevertheless, detergent was 

necessary to destroy the LNP membrane to release the siRNA. Here, we used 

sodium dodecyl sulfate (SDS) dissolved in t-BuOH aqueous solution as 

demulsification agent. Li et. al., reported similar methods of demulsification 

agent used in biodistribution study of liposome [78]. 

 

5.1.2 Materials and methods 

BALB/c (female, 4 weeks old) were obtained from Charles River 

Laboratories Japan Inc. All animal experiments were approved by the Animal 

Care and Use Committee and performed in accordance with the Guidelines for 

the Care and Use of Laboratory Animals set forth by Tokyo Institute of 

Technology.  

A subcutaneous CT26 bearing model was built through subcutaneously 
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inoculating CT26 cells (5 × 105 cells per mouse) into BALB/c mice. When the 

tumor size reached approximately 200 mm3, Alexa-647-labeled siGL3-loaded 

PGlu(DET-CAR)30 LNPs and control LNPs were intravenously (i.v.) injected into 

mice (siRNA dose: 0.5 mg/kg). After 1 h, 6 h, and 24 h post-administration, 

blood was obtained from the inferior vena cava and then was heparinized. The 

tumors and other organs were collected and subsequently homogenized in lysis 

buffer, followed by centrifugation. The mice were then euthanized. Blood was 

collected and subsequently homogenized in lysis buffer, followed by 

centrifugation. After demulsification through mixing of supernatant with 3% SDS 

in 60% t-BuOH solution, the fluorescence intensity of Alexa-647-labeled siRNA 

in the plasma was measured by a microplate reader (Ex: 630 nm, Em: 690nm). 

The tumor accumulation of Alexa-647-labeled siGL3-loaded PGlu(DET-CAR)30 

LNPs and control LNPs was also studied with subcutaneous SKOV3-luc tumor 

models that were prepared by subcutaneous inoculation of SKOV3-luc cells (5 

× 106 cells per mouse) into BALB/c nude mice. When the tumor size reached 

approximately 200 mm3, PGlu(DET-CAR)30 LNPs and control LNPs were 

intravenously injected and the tumor accumulation of siRNA at 6 and 24 h post-

administration was evaluated in a similar manner as described above. 

The values are expressed as the mean ± standard error of mean (SEM). 
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Statistical analysis was conducted using two-way ANOVA with Sidak’s multiple 

comparisons test. A p value of < 0.05 was considered statistically significant. 

 

5.1.3 Results and discussion 

 

 
Figure 5.1 Biodistribution in CT26 subcutaneous models after i.v. 
administration of Alexa647-siGL3-loaded PGlu(DET-CAR)30 and control 
LNPs (a) Blood circulation. (b) Tumor accumulation. Other organs 
accumulation of (c) PGlu(DET-CAR)30 LNPs and (d) control LNPs. (n=3, 
two-way ANOVA with Sidak’s multiple comparisons test). Each result is 
expressed as the mean ± SEM, and ****p<0.0001 was considered 
significant. 

 

The in vivo biodistribution of Alexa647-siGL3-encapsulated PGlu(DET-

PGlu(DET-Car) Control DET-Car Control PGlu(DET-Car) 
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CAR)30 LNP and PEGylated control LNP was assessed using a CT26 tumor-

bearing mouse model as Fig. 5.1 showed. 

Cancerous pH-responsive PGlu(DET-CAR)30 LNP exhibited prolonged 

blood circulation and significantly higher tumor accumulation compared with 

control LNP (Fig. 5.1 a-b). It is worth mentioning that PGlu(DET-CAR)30 LNP 

was able to maintain the greatly higher tumor retention level after 24 h while 

control LNP showed a sharp decline 6 h later. Meanwhile, both PGlu(DET-

CAR)30 LNP and control LNP demonstrated considerable accumulation within 

liver and spleen as Fig. 5.1 c-d showed, suggesting that their mechanism of 

clearance may be mediated by the MPS as described in chapter 1.2. However, 

PGlu(DET-Car)30 modified LNP showed an apparently lower retention n in 

spleen than PEG modified LNP (Fig. 5.1 c-d). Although the mechanism of 

relatively low splenic accumulation of PGlu(DET-CAR)30 LNP is still under 

investigation, the surface modification of PGlu(DET-Car)30 onto LNP might 

cause distinct accumulation behavior in spleen probably due to the stealth 

ability difference of surface material. Thus, the sustained tumor accumulation 

behavior of PGlu(DET-CAR)30 LNP is assumed to be due to the cationic charge 

of PGlu(DET-CAR)30 LNP within cancerous pH as well as prolonged blood 

circulation.  



 

 68 

PGlu(DET-CAR)30 LNP showed prolonged blood circulation (Fig. 5.1 a), as 

polycarboxybetaine-coated liposomes demonstrated the longevity in the blood 

circulation [79]. As discussed in chapter 3.2.3.1, the anti-fouling property of 

polyzwitterions attributes to their formation of hydration layers with water 

molecules based in ion-dipole interactions [80, 81]. The polyzwitterion structure 

of PGlu(DET-Car)30 might influence the affinity to serum proteins in bloodstream, 

in which further understanding the relationship between the physicochemical 

characteristics of PGlu(DET-CAR)30 LNPs and their in vivo behavior will be 

required.  

Once PGlu(DET-CAR)30 LNP was protonated in response to acidic pH, the 

strong electrostatic interaction of PGlu(DET-CAR)30 LNP with the negatively 

charged cell membranes of the cancer cells led to the extended intratumoral 

retention. Such a process is not readily available to non-pH-responsive control 

LNP, which consequently experience only a transient sojourn in cancer tissue. 

 

5.2 In vivo gene silencing  

5.2.1 Introduction 

 In vitro gene silencing (chapter 4.3) together with tumor accumulation 

(chapter 5.1) results indicate the in vivo availability of PGlu(DET-Car) modified 
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LNP in nucleic acid delivery. In this chapter, we examined the in vivo gene 

silencing activity of this novel siRNA carrier PGlu(DET-CAR)30 LNP. We applied 

luciferases activity and reverse transcription polymerase chain reaction (RT-

PCR) to evaluate the in vivo knockdown ability of LNPs via protein and mRNA 

level.  

In bioluminescence approach, the whole animal bioluminescence imaging 

can be observed by in vivo imaging system (IVIS) with the intraperitoneal (i.p.) 

injection of luciferin. We compared the reduction level of luminous intensity 

between 24 h and 0 h after 24 h post-i.v. injection of siGL3-encapsulated LNPs. 

Polymerase chain reaction (PCR) is a widely used method to rapidly 

amplifier a very small sample of DNA. For mRNA detection, reverse 

transcription (RT) of RNA into DNA is necessary. The technique combining 

reverse transcription with PCR called RT-PCR.  
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Figure 5.2 Mechanism of SYBR green used in PCR. SYBR green binds to 
all double-stranded DNA and emits a fluorescent signal. In its unbound 
state, SYBR green does not fluoresce [82]. 

 

SYBR green was applied to quantify the amplification level of mRNA in RT-PCR. 

As Fig. 5.2 showed, SYBR green binds to double-stranded DNA instead of 

single-stranded nucleic acids. Monitoring the amplification reaction using 

fluorescence is called real-time PCR or quantitative PCR. In qPCR, cycle of 

threshold (Ct) represents the amplification cycle of threshold, which is now 

commonly used in SARS-CoV-2 viral load determination [83]. Briefly, The Ct 

value increases with a decreasing amount of template, that is decreasing 

amount of target mRNA. Since Ct is a relative measure of the concentration of 

target template, control group (NT) is necessary to compare the Ct value of 
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sample and control. In order to make sure same volume of i.v. administration in 

each sample, NT group was i.v. injected D-PBS(-). 

 

5.2.2 Materials and methods 

5.2.2.1 In vivo gene knockdown via bioluminescence 

Subcutaneous SKOV3-luc bearing mice (100 mm3 of tumor size) were 

received i.p. injection of 6 mg VivoGloTM Luciferin and imaged by IVIS as 0 h 

time point. Then mice were i.v. injected siGL3-loaded LNPs at siRNA dose of 

0.6 mg/kg or D-PBS(-) followed by i.p. injected same dose of luciferin and 

imaged by IVIS as 24 h time point. Gene knockdown as determined as inhibition 

of radiant efficiency of each group in 24 h compared to radiant efficiency in 0 h. 

Radiant efficiency measurement of the tumor luminescence was automatically 

assigned by the Live Image software used for image processing.  

 

5.2.2.2 In vivo gene silencing via RT-PCR 

Subcutaneous SKOV3-luc bearing mice (100 mm3 of tumor size) were 

received i.v. injection of siGL3-loaded LNPs at siRNA dose of 0.5 mg/kg or PBS. 

After 24 h, 30 mg of tumor tissue was homogenized and RNA was isolated 
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using a RNeasy Protect Mini Kit according to the manufacturer’s instructions. 

DNase I was used to remove DNA contamination followed by reverse 

transcription (RT) of the total RNA (5 μg for each sample) with PrimeScript RT 

reagent Kit with an oligo-dT primer. PCR were performed by PIKOREAL 96 

Real-Time PCR System. The reaction mixtures contained 2 μg of cDNA with 

appropriate primer pairs and FastStart Universal SYBR Green Master. GL3 

levels were calculated by the comparative Ct method using GAPDH as 

endogenous housekeeping genes. The value for non-treated cells was set to 1. 

The following primer pairs were used: GL3: 5′-

TGAGTACTTCGAAATGTCCGTTC-3′ (forward); 5′-

GTATTCAGCCCATATCGTTTCAT-3′ (reverse); GAPDH: 5′ -

CCTCTGACTTCAACAGCGAC-3′ (forward); 5′ -

GCCACATACCAGGAAATGAG-3′ (reverse). 

 

5.2.3 Results and discussion 

 



 

 73 

 
Figure 5.3 In vivo gene silencing assessment of PGlu(DET-CAR)30 LNP. 
Gene knockdown ability was examined by (a) bioluminescent (n = 5) and 
(b) RT-PCR (n = 3) after 24 h post-i.v. injection of siGL3-encapsulated 
PGlu(DET-Car)30 LNP and D-PBS(-). Each result is expressed as the mean 
± S.E.M., * p < 0.05 (Student’s t-test). 

 

As Fig. 5.3 showed, the reduction of luciferase activity and mRNA 

expression suggested the in vivo gene silencing ability of PGlu(DET-CAR)30 

LNP via both bioluminescence and RT-PCR approaches in comparison with D-

PBS(-) group. As Fig. 5.3 a showed, 24 h post-i.v. injection of siGL3-

encapsulated PGlu(DET-CAR)30 LNP led to the decreased radiant efficiency. 
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On the other hand, the slightly increased radiant efficiency of D-PBS(-) group 

(Fig. 5.3 a) possibly resulted from rapidly abnormal growth of cancer cells. Fig. 

5.3 b shows the reduction of relative mRNA expression after 24 h post-i.v. 

injection of siGL3-encapsulated PGlu(DET-CAR)30 LNP. Note, the average 

relative mRNA expression of D-PBS(-) group (slightly more than 1 ) (Fig. 5.3 b) 

was associated with calculation of comparative Ct method ( 2−ΔΔCt method). The 

Ct value of siGL3 and GAPDH of D-PBS(-) group was very close. The ΔCt of 

D-PBS(-) group calculated from the Ct difference between siGL3 and GAPDH 

was very slightly negative.  

As described in chapter 1, siRNA carrier needs to pass through layers of 

barriers before it finally reaches cytosol. As Fig. 5.1 showed, the tumor 

accumulation of PGlu(DET-CAR)30 LNP was about 1%. Besides, it is estimated 

that less than 2% of the siRNA administered via LNPs reaches the cytosol [69, 

70]. Although it was difficult to estimate the anti-tumor effect of PGlu(DET-

CAR)30 LNP through in vivo gene silencing results which was one-time 

administration (Fig. 5.3), the in vivo knockdown ability in both mRNA and protein 

level together with biodistribution results (Fig. 5.1) indicated the potential of 

PGlu(DET-CAR)30 LNP in nucleic acid delivery. 
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5.3 Anti-tumor effect 

5.3.1 Introduction 

In previous chapter, we confirmed the in vivo gene knockdown ability as 

described in chapter 5.2 via reduction of luciferase activity and mRNA 

expression compared to D-PBS(-) treatment (Fig. 5.2 ). After certifying the 

tumor accumulation and in vivo gene silencing activity of PGlu(DET-CAR)30 LNP, 

the anti-tumor effect was examined using siPLK1-encapsulated LNPs in 

SKOV3-luc tumor-bearing mice. siPLK1 has been shown to interfere with 

mitosis and suppress proliferation of human cancer cells [84] The suppression 

of tumor growth can be evaluated through periodic i.v. administration of siPLK1-

encapsulated PGlu(DET-CAR)30 LNP.  

 

5.3.2 Materials and methods 

Anti-tumor study was evaluated using a SKOV3-luc tumor-bearing model, 

prepared as described above. When tumors reached 25 mm3, mice were i.v. 

injected siPLK1-encapsulated PGlu(DET-CAR)30 LNP and control LNP (siRNA 

dose: 2.5 mg/kg) every other day. The tumor volume (V) was calculated using 

the following equation. 

V (mm3) =ab2/2, 
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where a and b are the major and minor axes of the tumor, respectively. Mice 

were euthanized upon tumor growth to 200 mm3. 

The values are expressed as the mean ± standard error of mean (SEM). 

Statistical analysis was conducted using two-way ANOVA with Tukey's multiple 

comparisons test. A p value of < 0.05 was considered statistically significant. 

 

5.3.3 Results and discussion 

siPLK1-encapsulated LNPs at a dose of 2.5 mg/kg siPLK1 were 

administrated through periodic i.v. injection as shown in Fig. 5.4 a. In 

comparison with both siPLK1-encapsulated control LNP and NT groups, 

siPLK1-encapsulated PGlu(DET-Car)30 LNP significantly suppressed tumor 

growth without loss of the body weight (Fig. 5.4 b-c). The pH-responsive 

property and slower clearance of PGlu(DET-Car)30 LNP (Fig. 5.1) led to 

enhanced tumor accumulation compared to control LNP, and therefore resulted 

in siRNA delivery at a level adequate for tumor growth suppression. 
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Figure 5.4 Anti-tumor effect. (a) Scheme of therapeutic regimen. (b) Tumor 
suppression effect and (v) mouse body weight change during periodic i.v. 
administration of siPLK1-loaded LNPs. Each point is expressed as the 
mean ± S.E.M. (n = 4), ** p < 0.01, and *** p < 0.001 (two-way ANOVA with 
Tukey's multiple comparisons test). 

 

Despite the fact that tumor suppression efficacy lasted less than 2 weeks 

possibly due to the rapid growth nature of tumor cells (Fig. 5.4 b), tumor 

suppression effect of PGlu(DET-Car)30 LNP was promising in comparison with 

control LNP. Moreover, PEGylated nanoparticles have been reported to be 

rapidly removed from circulation upon administration of subsequent doses [85]. 

Although we did not investigate whether repeated injection of PGlu(DET-Car)30 

LNP would cause quick blood clearance, PGlu(DET-Car)30 LNP significantly 

improved tumor growth suppression over control LNP. As described in chapter 
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5.1, anti-fouling property of polyzwitterion further enhanced the anti-tumor effect 

of PGlu(DET-Car)30 LNP.  

Considering the tumor accumulation as Fig. 5.1 a showed, half-life of 

PGlu(DET-Car) LNP was estimated to be 24 h. Administration of 2.5 mg/kg 

every other day (Fig. 5.4 a and c) seemed to be insufficient for SKOV3-luc 

model. However, current limitation of this system is that siRNA-encapsulated 

LNP prepared by alcohol dilution method could not scale-up. Microfluidic device 

such as NanoAssemblr™ might be a good platform to scale-up the LNP 

preparation.  

In summary, we demonstrated that PGlu(DET-Car) modified LNP showed 

cancerous pH-responsive enhancement in cellular uptake, endosomal escape 

and gene silencing in vitro and enabled successful delivery of therapeutic 

siRNA in the subcutaneous tumor models. These results strongly signify the 

utility of PGlu(DET-Car) as a smart surface modification material for systemic 

delivery of siRNA payloads to malignant tumors.  
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Chapter 6 Conclusion & Future perspective 

6.1 Conclusion 

 In current nucleic acid encapsulated LNP system, there is no suitable 

carrier that possess both tumor targeting and gene delivery ability. Although 

more and more ionizable lipids were developed to enhance gene transfer 

efficiency, PEGylation which is necessary for circulation limits the delivery to 

tumor, not to mention the fact that those ionizable lipids used in commercial 

drug are all under patent protection.  

In this study, we successfully constructed a cancerous pH-responsive 

siRNA-encapsulated LNP system for effective tumor accumulation and nucleic 

acid delivery over PEGylated control LNP. siRNA-encapsulated PGlu(DET-

CAR)30 LNP expressed fine-tuned charge-responsive ability, high 

encapsulation efficiency as well as good serum stability. Moreover, PGlu(DET-

CAR)30 LNP also showed superior cellular uptake and endosomal escape 

especially at cancerous pH (6.5) compared to control group. Importantly, 

PGlu(DET-CAR)30 LNP revealed successful gene silencing both in vitro and in 

vivo. Neutrality in physiological, cationic charge in tumor acidic 

microenvironment as well as anti-biofouling property of PGlu(DET-Car) 
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contributed to high tumor accumulation and extended blood circulation.  

Most important of all, owing to these advantages, periodic i.v. 

administration of siPLK1-encapsulated LNP successfully inhibited tumor growth 

in comparison to control LNP. These results demonstrate that this smart pH-

responsive polyzwitterion-modified LNP system is an excellent candidate to be 

a novel biomaterial for gene cancer therapy.  

 

6.2 Future perspective 

 We demonstrated that cancerous pH-responsive PGlu(DET-Car) modified 

LNP achieved better tumor accumulation, blood circulation and gene silencing 

than control LNP. However, there are still limitations existed in this system.  

First of all, the tumor retention of PGlu(DET-CAR)30 LNP (1 %) is still not 

high enough. Since zwitterion interacts with water molecular via ionic bond, and 

surface modification of zwitterionic polymer that forms hydration layer stabilize 

LNP structure and prevent protein adsorption. It is worthy to further optimizing 

this system through increasing polymer chain (degree of polymer > 30) to 

strengthen the stealth effect of hydration layer and membrane-membrane 

interaction between polyzwitterion and plasma membrane.  

Secondly, clarifying the mechanism of low splenic accumulation and long 
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blood circulation of PGlu(DET-CAR)30 LNP over PEGylated control group are 

meaningful to understand the in vivo behavior of PGlu(DET-Car) especially in 

the unique anti-fouling property. Besides, investigating the immune response of 

PGlu(DET-Car) surface modification is crucial for future clinical application.  

Furthermore, scale-up the LNP preparation is essential for the whole LNP 

trials especially for in vivo assessments which needs much higher siRNA dose 

than in vitro assessments. Owing to the global demand for SARS-CoV-2. mRNA 

vaccine production, Pfizer/BioNTech and Moderna used a microfluidics-based 

production such as the NanoAssemblr® (Precision Nanosystems, Vancouver, 

BC, Canada) platforms [86]. In addition to the scale-up process, microfluidic 

device also helps to form smaller particle size and polydispersity due to the 

advantages of the use of strictly laminar flow, short molecular diffusion 

distances as well as low energy consumption [86]. Current siRNA-encapsulated 

PGlu(DET-Car) LNP system prepared by t-BuOH dilution is a diamond in the 

rough. Optimization through microfluidic device has great potentialities to yield 

more suitable LNP with small and uniform particle. It is excited to see the future 

application of PGlu(DET-Car) LNP in a wide variety of nucleic acid delivery. 
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Appendix  

Reagent information 

DCM, AcN, THF, HEPES, MES, sodium acetate, HCl and SDS were 

purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). DSPE-

PEG4-DBCO was purchased from BroadPharm (San Diego, CA, USA). 

Cholesterol, DOPE and DOTAP were purchased from AvantiPolar Lipids Inc. 

(Alabaster, AL, USA). DSPE-PEG5k, DSPE-PGlu(DET-Car)30 was obtained from 

NOF Corporation (Tokyo, Japan). D-PBS(-) and t-BuOH were purchased from 

Nacalai Tesque Inc (Kyoto, Japan). RiboGreen® RNA reagent, LysoTracker 

Red DND-99 and Hoechst 33342 were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). siRNA against luciferase (siGL3, sense: 5′-

CUUACGCUGAGUACUUCG AdTdT-3; antisense: 5′-

UCGAAGUACUCAGCGUAAGdTdT-3′), Alexa647-labeled siRNA (Alexa647-

siGL3, sense: 5′-CUUACGCUGAGUACUUCG AdTdT-3′; antisense: 5′- 

Alexa647-UCGAAGUACUCAGCGUAAGdTdT-3′), and siRNA against polo-like 

kinase-1 (siPLK1, sense: 5′-AGAUCACCCUCCUUAAAUAUU-3′; antisense: 

5′-UAUUUAAGGAGGGUGAUCUUU-3′) were synthesized by GeneDesign, 

Inc. (Osaka, Japan). Calcein and Cell Counting Kit-8 was obtained from Dojindo, 
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Kumamoto, Japan. Passive Lysis Buffer and VivoGloTM Luciferin were 

purchased from Promega Corporation, Madison, WI, USA. RNeasy Protect Mini 

Kit was obtained from QIAGEN, Hilden, Germany. DNase I and PrimeScript RT 

reagent Kit were purchased from Takara Bio Inc. Shiga, Japan. Triton X-100, 

dextran sulfate, FBS, DMEM, penicillin, trypsin/EDTA, and SYBR Green Master 

was obtained from Merck Millipore, Burlington, MA, USA. 

 

Cell lines and animals 

SKOV3-luc were provided by the Japanese Collection of Research 

Bioresources (JCRB) Cell Bank through the National Institutes of Biomedical 

Innovation, Health and Nutrition (Osaka, Japan). CT26 were purchased from 

ATCC (Manassas, VA, USA). Cells were sub-cultured in DMEM with 10% FBS 

and 1% penicillin, and were maintained at 37 °C in an incubator (5% CO2, 95% 

humidified environment). BALB/c and BALB/c nude mice (female, 4 weeks old) 

were obtained from Japan SLC Inc. (Hamamatsu, Japan). All animal 

experiments were approved by the Animal Care and Use Committee and 

performed in accordance with the Guidelines for the Care and Use of 

Laboratory Animals set forth by Tokyo Institute of Technology.  
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Equipment information 

Nuclear Magnetic Resonance:  

400 MHz NMR Spectrometer Bruker Biospin AG AVANCE III, Billerica, MA, 

USA. 

High Performance Liquid Chromatography:  

Jasco HPLC system equipped with UV detector (240 nm), Tokyo, Japan. 

HPLC Column:  

Inertsil WP300 C18 (4.6 × 250 mm) GL science 

Zetasizer:  

Zetasizer Nano-ZS90, Malvern, UK. 

Transmission Electron microscopy: 

JEM-1010BS, JEOL, Tokyo, Japan. 

Microplate Reader:  

SPARK TKS01, TECAN, Zürich, Switzerland. 

Flow Cytometer:  

Guava® easyCyteTM, Malvern, UK. 

Confocal Laser Scanning Microscope:  

LSM710, Carl Zeiss AG, Oberkochen, Germany. 

Microplate Absorbance Reader:  
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iMark™ Microplate Absorbance Reader, Bio-Rad Laboratories, Inc., Hercules, 

CA, USA.  

Luminometer:  

GloMax® 96 Microplate Luminometer, Promega Corporation, Madison, WI, 

USA. 

In Vivo Imaging System:  

IVIS® Spectrum In Vivo Imaging System, Perkin Elmer, Waltham, MA, USA. 

RT-PCR: 

PIKOREAL 96 Real-Time PCR System, Thermo Scientific™, Waltham, MA, 

USA. 
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