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Abstract 

 

At present, various diseases occur without an effective mode of treatment. The production 

of undesirable proteins leads to the onset of many diseases. For instance, an elevated 

expression of secreted protein acidic and rich in cysteine (SPARC) is linked with fibrosis 

and the inhibition of SPARC expression reduces fibrosis. This work reports on the 

successful development of an optimized multilayered nanoparticles (NPs) system, utilizing 

fibrosis as a model to evaluate the effectiveness of the system in releasing siRNA within 

cell cytoplasm and the suppression of protein production over 3 weeks. The significance 

of utilizing the layer by layer (LbL) system is to protect the siRNA from degradation by 

cellular enzymes and to increase its cell internalization property. The multilayered NPs 

system contains hydroxyapatite (HAp) NPs as the core material, with alternating layers of 

the cationic polyelectrolyte poly-L-arginine (PLR) and the SPARC siRNA. The 7 layered 

LbL NPs coated with PLR >70 000 Da and loaded with 3 layers of siRNA demonstrated 

the highest total siRNA content compared to other prototypes (lower PLR Mw and lesser 

siRNA layers) and it was employed for the subsequent in vitro tests. The 7 layered LbL 

NPs of HAp | PLR | siRNA | PLR | siRNA | PLR | siRNA | PLR configuration was 431.30 

nm in hydrodynamic diameter with positive surface charge of 42.13 mV. The in vitro study 

showed that the NPs treatment did not cause toxic effects to the Human retroperitoneal 

fibroblast (HuRPF) cells. The qualitative and quantitative cellular internalization of LbL 

NPs showed the presence of 6FAM GFP-labelled NPs in HuRPF cells over 21 days. 

Further, the 7L LbL NPs ability to escape from the endosome to release siRNA in the 

cytoplasm (site of action of siRNA) was investigated. The amount of free siRNA within 

HuRPF cells and the SPARC knockdown study were evaluated over 21 days. It is important 

to note that the siRNA was present within the cells and was able to elicit a significant 

SPARC knockdown activity over 21 days. Moreover, the siRNA release profile (within the 

cells and in PBS medium) showed similar release behavior over 21 days. This suggests the 

disassembly of LbL NPs through a layer by layer ‘onion effect’ (starting with the outermost 

layer) leading to the constant release of siRNA in the cell cytoplasm. This is the first time 

a study was done to investigate the multilayered delivery system releasing siRNA within 
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the cells/cytoplasm to cause an effective and prolonged gene silencing effect over 3 weeks 

with just a single application.  
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Lay Summary  

 

Currently, various diseases occur without an effective mode of treatment. Additionally, the 

huge production of certain proteins leads to continued persistence of some diseases. siRNA 

is a class of double-stranded RNA molecules that suppress the protein production but there 

is limitation due to the lack of suitable systems to deliver it safely into the cell cytoplasm 

for its mode of action. This work reports on the successful development of an optimized 

multilayered nanoparticles (NPs) system utilizing fibrosis as a model to study its 

effectiveness in releasing siRNA within cell cytoplasm and the suppression of protein 

production over 3 weeks. The multilayered NPs system utilizes HAp NPs as the core, with 

alternating layers of the polyelectrolyte (poly-L-arginine, PLR) and the SPARC (secreted 

protein acidic and rich in cysteine) siRNA. The advantages of utilizing the multilayered 

NPs system that has a positively charged outermost layer is to facilitate its entry into the 

cells and to protect the siRNA from degradation by biological molecules. The SPARC 

siRNA suppresses the production of SPARC protein (a protein responsible for the 

occurrence of fibrosis) and ensuring that only the SPARC protein is suppressed for 3 weeks. 

Studies conducted using in vitro (an artificial environment for the growth of cells) methods 

showed that a single application of the multilayered NPs system suppressed the SPARC 

protein production over 3 weeks. In addition, the NPs treatment did not cause toxic effects 

to the cells. The study focuses on the investigation of the siRNA amount released within 

the cell cytoplasm and the suppression of SPARC protein production over 3 weeks. The 

study concludes that the multilayered NPs system disassemble and release siRNA in the 

cell cytoplasm through a layer by layer ‘onion effect’ (starting with the outermost layer). 

This leads to the suppression of SPARC protein production over 3 weeks with just a single 

application. This is the first time a study was done to investigate the multilayered delivery 

system releasing siRNA within the cell cytoplasm to cause an effective and prolonged 

suppression of SPARC protein production over 3 weeks with just a single application.  
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Table 4.1: Parameters of the poly-L-arginine (PLR) used. Mw and Mn represents the 

weight average and the number average molecular weight respectively. PDI represents the 

polydispersity index and DP represents the degree of polymerization of the respective PLR.  
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Figure Captions   

 

Figure 2.1: Schematic of RNAi mechanism. dsRNA is cleaved into siRNA by Dicer which 

is then incorporated into RISC complex, followed by unwinding siRNA by Ago2. The 

sense strand would be removed, and the antisense strand cleaves corresponding mRNA 

targets to silence the gene expression [17]. [Taken from Cejka et al., 2006] 

 

Figure 2.2: Schematic of LbL NPs self-assembly synthesis process via electrostatic 

interactions. (A) Illustration of deposition of polyelectrolyte film. (B) Illustration of 

electrostatic interactions of the LbL synthesis [1]. [Taken from Geest et al., 2007]  

 

Figure 2.3: Illustration of PLR structure. PLR side chain guanidium group (consist of 

amine groups) comprise of a positive charge per repeating unit. It can be protonated at pH 

7.40, enabling the electrostatic interaction with negatively charged siRNA [2]. [Taken from 

Danani et al., 2017] 

 

Figure 2.4: Illustration of RNA polynucleotide chain. Phosphate groups along the strands 

of the siRNA backbone provides the siRNA with a negative charge per base. The PLR side 

chain guanidinium group bind to the negatively charged phosphate group along the strands 

of the siRNA backbone [2]. [Taken from Danani et al., 2017] 

 

Figure 4.1: XRD patterns of HAp (<200 nm) powder sample (blue) with the reference 

patterns (red) included. The percent crystallinity was found to be at 78.30 %. The sample 

was run for 55 minutes at room temperature over 2theta degree range of 0 - 120°. The data 

was collected and interpreted by Match! and TOPAS software from FACTS laboratory. 

 

Figure 4.2: Cumulative siRNA release profile of 3 layered LbL NPs loaded with different 

PLR Mw (PLR 5 – 15 kDa, PLR 15 – 70 kDa and PLR >70 kDa) in PBS (pH 7.40) medium 

over a period of 28 days. At the respective timepoint (days 1, 3, 5, 7, 14, 21 and 28), the 

samples were collected and measured with the microplate reader to observe the amount of 

6FAM siRNA release (compared against a series of 6FAM siRNA of known 



  Figure Captions 
 

xvi 
 

concentrations, with Ex/Em of 480/520 nm). The samples in the dialysis tubing that were 

submerged in the glass container was replenished with fresh 10 mL PBS (pH 7.40) for the 

subsequent timepoints. All samples were prepared and readings measured in triplicates. 

 

Figure 4.3: Cumulative siRNA percent release of 3 layered LbL NPs (loaded with different 

PLR Mw >70 kDa) in PBS (pH 7.40) medium over a period of 28 days. At the respective 

timepoint (days 1, 3, 5, 7, 14, 21 and 28), the samples were collected and measured with 

the microplate reader to observe the amount of 6FAM siRNA percent release (compared 

against a series of 6FAM siRNA of known concentrations, with Ex/Em of 480/520 nm). 

The samples in the dialysis tubing that were submerged in the glass container was 

replenished with fresh 10 mL PBS (pH 7.40) for the subsequent timepoints. All samples 

were prepared and readings measured in triplicates. 

 

Figure 4.4: Cumulative siRNA release profile of 3 layered, 5 layered and 7 layered LbL 

NPs (loaded with PLR Mw >70 kDa) in PBS (pH 7.40) medium over a period of 28 days. 

At the respective timepoint (days 1, 3, 5, 7, 14, 21 and 28), the samples were collected and 

measured with the microplate reader to observe the amount of 6FAM siRNA release 

(compared against a series of 6FAM siRNA of known concentrations, with Ex/Em of 

480/520 nm). The samples in the dialysis tubing that were submerged in the glass container 

was replenished with fresh 10 mL PBS (pH 7.40) for the subsequent timepoints. All 

samples were prepared and readings measured in triplicates. 

 

Figure 4.5: Cumulative siRNA percent release of 3, 5 and 7 layered LbL NPs (loaded with 

PLR Mw >70 kDa) in PBS (pH 7.40) medium over a period of 28 days. At the respective 

timepoint (days 1, 3, 5, 7, 14, 21 and 28), the samples were collected and measured with 

the microplate reader to observe the amount of 6FAM siRNA percent release (compared 

against a series of 6FAM siRNA of known concentrations, with Ex/Em of 480/520 nm). 

The samples in the dialysis tubing that were submerged in the glass container was 

replenished with fresh 10 mL PBS (pH 7.40) for the subsequent timepoints. All samples 

were prepared and readings measured in triplicates. 
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Figure 4.6: TEM images of (A) HAp only NPs, (B) 3 layered LbL NPs, (C) 5 layered LbL 

NPs and (D) 7 layered LbL NPs. 

 

Figure 4.7: MTT assay tracking the cell viability of 500 HuRPF cells after treatment with 

7 layered LbL NPs at dosages of 258 g, 129 g and 64.50 g over a span of 2 days 

(siSPARC = NPs loaded with SPARC siRNA). Measurements were taken using the 

microplate reader with an absorbance wavelength at 595 nm. All samples were prepared 

and readings measured in triplicates. 

 

Figure 4.8: Confocal microscopic images of the cellular entry of 7 layered LbL NPs with 

FITC-labelled HAp. (A) The cell nuclei were visualized by the staining of vectashield with 

DAPI. (B) Green fluorescence from the 7 layered LbL NPs with FITC-labelled HAp. (C) 

Brightfield image of the HuRPF cells. (D) Internalization of 7 layered LbL NPs with FITC-

labelled HAp in the HuRPF cells as shown in the overlay image. The images were taken at 

40X magnification and 4.3X zoom. The sample cells were compared against control cells 

(without NPs treatment). 

 

Figure 4.9: Flow cytometry analysis of HuRPF cells containing the 7 layered 6FAM 

siRNA loaded LbL NPs at the respective time interval of day 1, day 3, day 5, day 7, day 

14 and day 21. There were 80 % to 90 % of cells containing the 6FAM siRNA loaded LbL 

NPs for 7 days before a sudden drop was experienced in the cells containing the 6FAM 

siRNA loaded LbL NPs from day 7 to day 21. All samples were prepared and readings 

measured in triplicates. 

 

Figure 5.0: Effect of 6FAM siRNA in PBS and in the lysis buffer. The gradients (y = mx) 

remained similar for both the standard curve which suggest that the lysis buffer will not 

degrade the 6FAM siRNA. 

 

Figure 5.1: Graphical representation of the amount of free siRNA within cells (represented 

by the orange bar) after the treatment of 7 layered 6FAM siRNA loaded LbL NPs to HuRPF 

cells at the respective time interval of day 1, day 3, day 5, day 7, day 14 and day 21. The 
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siRNA remained in NPs (represented by the blue bar) and the siRNA consumed/degraded 

(represented by the grey bar) at each time interval could also be evaluated. The total amount 

of siRNA loaded in 50 000 HuRPF cells was 618.13 ( 3.97) pmol. The samples were 

collected and measured with the microplate reader (compared against a series of 6FAM 

siRNA of known concentrations, with Ex/Em of 480/520 nm). All samples were prepared 

and readings measured in triplicates. 

 

Figure 5.2: Immunoblotting analysis of 7 layered siRNA loaded LbL NPs in HuRPF cells 

at the respective time interval of day 1, day 3, day 5, day 7, day 14 and day 21. (A) Protein 

separation and antibody treatment over 21 days using Biorad Chemidoc system. siScram-

LbL was added into 50 000 HuRPF cells as a negative control in comparison with the 

siSparc-LbL sample that was added into 50 000 HuRPF cells. (B) Percentage knockdown 

of SPARC over 21 days. All samples were prepared and readings measured in triplicates. 

 

Figure 5.3: In vitro cumulative/consumed siRNA release profile within the cells and the 

cumulative siRNA release profile in PBS (pH 7.40) release medium. The release of siRNA 

in the cells was higher than the release of siRNA in PBS (pH 7.40) release medium. This 

could be due to certain interaction of the cellular components in the cytoplasm with the 

particle system. Hence, induces the higher release profile within the cells. However, the 

release behavior (within the cells and in PBS medium) were similar over 21 days. All 

samples were prepared and readings measured in triplicates. 

 

 

 

 



 

xix 
 





  Abbreviations 
 

xxi 
 

Abbreviations  

 

Ago2  Argonaute 2 

BMP-2 Bone morphogenetic protein 

CaCO3 Calcium carbonate 

CLSM Confocal Laser Scanning Microscope 

DOX  Doxorubicin 

DLS  Dynamic light scattering 

DDS  Drug delivery system 

ECM  Extracellular matrix 

ELS  Electrophoretic light scattering 

E.E.  Encapsulation efficiency 

FTIR  Fourier Transform Infrared Spectroscopy 

FITC  Fluorescein isothiocyanate 

FRET  Fluorescence resonance energy transfer 

GRAS Generally regarded as safe 

GFP  Green fluorescent protein 

GPC  Gel permeation chromatography 

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 

HAp   Hydroxyapatite 

HuRPF Human retroperitoneal fibroblast 

ICSD  Inorganic crystal structure database  

LbL  Layer by layer 

Mw  Molecular Weight 

NPs                Nanoparticles 

NaCl  Sodium chloride 

PLR  poly-L-arginine 

PEG  Polyethylene glycol 

PLL  poly-L-lysine 

PLH  poly-L-histidine 

PEI  Polyethyleneimine 



  Abbreviations 
 

xxii 
 

PBS   Phosphate buffered saline 

PE  Polyelectrolyte 

pI  Isoelectric point 

PSC  Pancreatic stellate cells 

PSS  Polystyrene sulfonate 

PAH  Poly-allyl amine hydrochloride 

RFP  Red fluorescent protein 

RNAi  RNA interference 

ROS              Reactive oxygen species 

RISC  RNA-induced silencing complex 

shRNA Short hairpin RNA 

SiO2  Silicon dioxide 

siRNA Small interfering RNA 

SPARC Secreted protein acidic and rich in cysteine  

SCMC Sodium carboxymethyl cellulose 

T2DM Type 2 diabetes mellitus 

TEM  Transmission electron microscopy 

TRITC Tetramethylrhodamine 

XRD  X-ray diffraction 

6-FAM 6-Carboxyfluorescein 

 

  



 
 

xxiii 
 



Introduction  Chapter 1 

1 

 

Chapter 1  

 

Introduction 

 

This chapter briefly introduces the significance of fabricating the layer 

by layer (LbL) polymeric nanoparticle (NPs) system utilizing RNAi 

therapy as an approach in combating against various diseases. 

Hydroxyapatite (HAp) NPs will be used as the core material of the LbL 

system, coated with poly-L-arginine (PLR) in its bilayer. siRNA will then 

be loaded in the LbL system which provides a safe and effective delivery 

of siRNA into the cells. It briefly describes the advantages of the system 

in delivering a sustained and extended release of siRNA in vitro for the 

efficient and prolonged gene silencing effect. Optimization of the LbL 

NPs system (i.e. the effect of PLR and siRNA amount, the different PLR 

Mw and the number of siRNA layers loaded on the LbL NPs system) could 

be done to increase the total siRNA content in the particles and extend 

its gene silencing effect. Following this, in vitro studies should be done 

to investigate the cellular internalization of the particles, the amount of 

free siRNA released within cells and the gene silencing effect of the LbL 

NPs for a period of 21 days.     

 

 

 

 

 

 

 



Introduction  Chapter 1 

2 

 

1.1 Background 

 

The discovery of RNA interference (RNAi) in the year 1998 by Fire et al. [1], and the proof  

by Elbashir et al. demonstrating the role of synthetic small interfering RNA (siRNA) 

resulting in sequence-specific knockdown of targeted gene in cultured mammalian cells [2], 

have led to extensive efforts in the development of siRNA therapeutics for the various 

prevention and treatment of disease targets. The therapeutic effect of synthetic siRNA 

usually lasts several weeks until the siRNA reaches the therapeutic threshold [3]. However, 

since siRNA are ‘naked’, they are subjected to degradation by endogenous enzymes such 

as nucleases inside the cell [4] and the negatively charged surfaces of the siRNA prevent 

their optimal cellular entry [5]. Thus, the administration and the incorporation of siRNAs in 

LbL NPs (with selection of biodegradable delivery system that exhibit low toxicity) can 

safely deliver and increase the transfection efficiency of siRNAs into the cell cytoplasm 

for their therapeutic treatment of various diseases [6].  

 

The utilization of core-shell NPs for drug delivery often show transient effects, for instance, 

Cao et al. reported that the drugs encapsulated in the Poly Lactic-co-Glycolic Acid (PLGA) 

core-shell NPs were observed to release more than 50 % of the drug within 12 hours in 

37 °C PBS (pH 7.40) release medium [7]. Furthermore, an article published by Fan et al. 

has shown that the rate of release for its raw anti-tumor drug doxorubicin (DOX) was 80.90 % 

within 6 hours in 37 °C PBS (pH 7.40) release medium, whereas the release of DOX 

encapsulated within alternate layers of the layer by layer (LbL) NPs resulted in a more 

sustained releasing rate under 60 % after 72 hours [8]. This suggests that the release behavior 

is dependent on the distribution of drugs and characteristics of the polymer/external 

polyelectrolyte (PE) shell used as the drug delivery carrier. Acharya and Park reviewed 

drug-eluting stents (DES) for drug delivery and proposed that the ability of sustained and 

prolonged release of drugs encapsulated in LbL NPs depends on the biodegradability of 

the polymer used [9]. The review also highlighted the controlled release of ionized drugs 

including nucleic acids (i.e. DNA and RNA) that has made recent advances in the layer by 

layer (LbL) assembly of NPs.  



Introduction  Chapter 1 

3 

 

The LbL approach allows the loading of charged drugs in its bilayers by electrostatic 

interactions between the alternation of cationic and anionic charged PE [10]. It was found 

that the multilayered NPs provided a sustained and prolonged release of drugs at 

physiological pH condition [11]. Another study by Lee et al. observed that the multilayered 

NPs fabricated with oppositely charged poly-L-lysine (PLL) and siRNA in its bilayers 

demonstrate gradual siRNA release due to the slow degradation of PLL [12]. This suggests 

that the polymer/external polyelectrolyte (PE) shell of the LbL NPs should be 

biodegradable for slow degradation of the PE layer in order to achieve a sustained and 

prolonged release of therapeutic agents under physiological pH condition. Furthermore, 

the same study also showed extended gene silencing effect with an increased number of 

siRNA layers loaded. Also, a study conducted by Eltoukhy et al. on the effect of polymer 

molecular weight (Mw) on DNA transfection in HeLa cells shows that the transfection 

activity increased with the polymer Mw and this could lead to the increase in gene silencing 

activity [13].  

 

Over the years, the LbL NPs incorporation of siRNA has been investigated to deduce the 

maximal duration of siRNA delivery in the cells. For instance, Castleberry et al. did a study 

on the degradation and sustained release profile of 3 layered LbL siRNA NPs and found 

that the release of siRNA from the NPs lasted for 10 days [14]. This suggests the possibility 

that with additional siRNA layers encapsulated on the LbL NPs, it could result in a more 

sustained and prolonged siRNA release profile in vitro. Thus, the duration of siRNA release 

could depend on the length of time needed for the therapeutic effects to actuate, thereby 

dictating the construction of respective number of layers of siRNA incorporated in the LbL 

NPs. 

 

Presently, various diseases occur without an effective mode of treatment and the huge 

production of certain proteins leads to continued persistence of some diseases. For instance, 

fibrosis occurs due to the excessive secretion and deposition of extracellular matrix (ECM) 

present in tissues that leads to the onset of various diseases such as interstitial pulmonary 

fibrosis, chronic inflammation and in diabetes [15]. An elevated expression of secreted 

protein acidic and rich in cysteine (SPARC) in fibrosis is often reported in various studies 
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and the inhibition of SPARC expression reduces fibrosis [16, 17]. Therefore, the problem of 

fibrosis could be overcome by using SPARC siRNA to silence SPARC gene in the 

cytoplasm (which will in turn control fibrosis) [18]. The layer by layer (LbL) self-assembly 

system could be used to load the anionic siRNA with alternating layers of cationic PE to 

protect the siRNA from degradation by cellular enzymes and to increase its internalization 

into cells. This is expected to reduce fibrosis by the sustained release behavior of the LbL 

system for an extended therapeutic delivery effect in vitro. In a previous study conducted 

by Tan et al., it was investigated that the LbL NPs system incorporating SPARC siRNA 

with alternating layers of poly-L-arginine (PLR) were coated efficiently onto HAp particles 

as the core material. It was found that the internalization into Human Foreskin Fibroblast 

(FibroGRO) cells was by endocytosis and the LbL NPs were able to escape from the 

endosomal complex into the cytoplasm for gene silencing of SPARC by 60 % (96 hours 

post NPs treatment) using one layer of SPARC siRNA loaded LbL system [19]. Furthermore, 

the LbL SPARC siRNA NPs system was proven to be non-toxic to FibroGRO cells which 

provides an optimistic approach as a safe and systemic delivery platform for the non-viral 

vector development of siRNA therapy that reduces the occurrence of fibrosis. 

 

In this thesis, the LbL NPs system incorporating SPARC siRNA was utilized to investigate 

the effects of some parameters of the LbL-coated HAp nanoparticles for increasing the 

total siRNA content to provide an efficient and prolonged gene silencing effect over 21 

days with a single application. It was found that the multilayered NPs coated with more 

layers of siRNA were able to maximize the total siRNA content and release the most 

amount of siRNA at each time interval for an extended period of time. Releasing more 

amount of siRNA at each time interval could result in a greater gene silencing effect to 

cause a significant amount of gene knockdown [20, 21]. Currently, there are limited studies 

done to evaluate the siRNA release within cells/cytoplasm to cause an efficient and 

prolonged gene silencing effect. Therefore, in vitro studies were done in this thesis to 

investigate the cellular internalization of LbL NPs, the disassembly of LbL NPs in the cells 

and the amount of siRNA release within cells, as well as to validate the efficient and 

prolonged release of siRNA to cause significant gene silencing effect over 21 days. 

 



Introduction  Chapter 1 

5 

 

1.2 Problem Statement 

 

A number of therapeutic gene silencing agents based on siRNA have been discovered. 

However, their prolonged action inside diseased cells have been limited to a few hours or 

days due to lack of control over their release. This thesis describes and validates the 

fabrication of layer by layer (LbL) NPs system incorporating multiple layers of siRNA to 

effectively deliver siRNA into the cells for an efficient and prolonged gene silencing effect. 

 

1.3 Hypothesis 

 

Varying the characteristics of the poly-L-arginine used in the layers of an LbL-coated 

hydroxyapatite nanoparticle leads to high loadings of siRNA and to extended duration of 

release of the siRNA. 

 

1.4 Objective and Scope 

 

The objective of this study is to quantify the effects of some parameters of the LbL-coated 

hydroxyapatite (HAp) nanoparticles on the following: 

(a)  siRNA loading per particle 

(b) Prolonged release of the loaded siRNA in vitro and inside cells 

(c) Prolonged gene silencing effect in cells in vitro  

 

HAp will be used as the anionic core material of the LbL system. Poly-L-arginine (PLR) 

will be used as the positively charged linear polymer layer in the synthesis of the LbL 

nanoparticles (NPs) followed by the loading of negatively charged SPARC siRNA layer to 

generate the LbL NPs system. Human retroperitoneal fibroblast (HuRPF) cells will be used 

for the in vitro tests. The focus of this study illustrates the effectiveness of the optimized 

particle designed as a siRNA delivery vehicle with a prolonged effect over 21 days. 
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1.5 Dissertation Overview 

 

The dissertation is organized into the following 6 chapters.  

 

Chapter 1 briefly introduces the significance of fabricating and optimizing the layer by 

layer (LbL) polymeric nanoparticle (NPs) system utilizing RNAi therapy to safely deliver 

siRNA into cells for the efficient and prolonged gene silencing effect. This chapter briefly 

describes the in vitro studies to be done for investigating the cellular internalization of LbL 

NPs, how LbL NPs breakdown in the cells, the amount of siRNA released within cells and 

the efficient and prolonged release of siRNA which enables the significant gene silencing 

effect over 21 days. The hypothesis, objective and scope are presented in this chapter. 

 

Chapter 2 summarizes the background and current research related to the work in this thesis. 

The chapter discusses the use of RNAi technology and provides detailed information on 

the advantages of utilizing the LbL NPs system as an ideal siRNA delivery carrier. It 

addresses the current research and challenges of fibrosis which will be used as a model to 

study the effectiveness of the LbL NPs system. This chapter also describes the advantages 

of using the various reagents for the fabrication of the LbL delivery system. The effects of 

the various parameters on the cellular internalization and release profile of LbL NPs in 

vitro (both in PBS medium and in the cells) for extended gene knockdown will also be 

discussed. 

 

Chapter 3 defines the materials and methods adopted in this thesis. 

 

Chapter 4 reports the results and discussion on the characterization and optimization of the 

LbL NPs with the aim of maximizing the total amount of siRNA that can be loaded in the 

LbL NPs system to cause an effective and prolonged gene silencing effect over 21 days. 

The effect on the amount of poly-L-arginine (PLR) and siRNA on LbL NPs were evaluated 

and it was found that there was no significant difference to the total amount of siRNA 

content in the particles. Following this, the effect on the fabrication of LbL NPs with 

different PLR molecular weight (Mw) was carried out. It was observed that the particles 
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coated with the highest PLR Mw showed the most amount of total siRNA content and 

released the fastest and highest amount of siRNA (in PBS medium) at each time interval 

over 28 days. Moving on, the NPs coated with the highest PLR Mw was further optimized 

with additional layers of siRNA loading. It was found that the LbL NPs loaded with the 

greatest number of siRNA layers exhibited the most amount of total siRNA content and 

released the fastest and highest amount of siRNA (in PBS medium) at each time interval 

over 28 days. The optimized multilayered NPs were tested for their cell viability followed 

by investigating the particles’ internalization into cells. Finally, the study proceeded to find 

out the amount of free siRNA and its release within the cells, as well as the gene silencing 

effect of utilizing the LbL NPs system incorporating the RNAi technology. It was observed 

that the LbL NPs system was able to effectively deliver siRNA into the cells, where the 

siRNA escaped from the endosome into the cytoplasm, to cause a significant amount of 

gene silencing effect over 21 days. All in all, the study shows that the developed 

multilayered siRNA loaded particle could sustained release of siRNA within the cytoplasm 

and elicit prolonged gene silencing effect with just a single application over 3 weeks.   

 

Chapter 5 proposes the future possibility of utilizing the multilayered NPs system by 

modification of the HAp core material to increase the overall negative surface potential. 

The increased negative surface potential of the core material could in turn allow the binding 

of more cationic poly-L-arginine (PLR) layers, hence compensating the loss of the PLR 

layers from the necessary washing steps during the fabrication process. The chapter also 

proposes the utilization of the designed system to incorporate other types of therapeutic 

agents (i.e. loading of different kind of siRNA) for gene silencing of a wide variety of 

diseases with just a single application. Further investigations could be done to examine the 

mRNA levels in the cell cytoplasm which could correlate with the gene knockdown study. 

In vivo studies could also be done to test the effect of the LbL NPs system on diseased 

animals and the possibility of introducing this system into clinical trials in future.  

 

Chapter 6 presents the conclusion from all the above findings and to extend the focus on 

when and how the nanoparticles release siRNA within cells and their correlation with the 

efficient and prolonged gene silencing effect for a period of 21 days. The chapter also 
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concludes that further investigations on the future work of utilizing the same multilayered 

NPs system will be fruitful. 

 

1.6 Findings and Outcomes/Originality 

 

This research has led to several novel outcomes: 

1. Fabricated an optimized layer by layer NPs system incorporating RNAi therapy to 

maximize the loading of total siRNA content in the particles. To safely deliver siRNA 

into HuRPF cells for the efficient and prolonged gene silencing effect over 21 days 

with just a single application. 

2. The release profile of the LbL NPs loaded with siRNA was done to observe its release 

behavior in PBS medium and in the HuRPF cells. The amount of siRNA within cells 

was evaluated and it was shown to correlate with the amount of gene knockdown over 

21 days. This provides an insight on the prolonged gene silencing effect. 

3. The flexibility to modify the LbL NPs system to cater to different disease targets. 
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Chapter 2  

 

Literature Review  

 

This review discusses the fabrication of layer by layer (LbL) 

nanoparticles (NPs) system incorporating RNAi technology, with the 

effects of various parameters on the cellular entry and release profile of 

LbL NPs in vitro (both in PBS medium and inside the cells) for an 

efficient and prolonged gene knockdown effect. This chapter also 

addresses the current research and challenges of fibrosis which will be 

used as a model to study the effectiveness of the LbL NPs system. 
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2.1 The occurrence of fibrosis  

 

Fibrosis is the development of excessive connective tissues that cause scarring and affect 

organs of the body and the skin. There is a wide variety of fibrotic diseases, including 

atherosclerosis, asthma, cirrhosis and diabetes mellitus [1]. For instance, diabetes mellitus 

is currently one of the main causes of concern affecting public health globally. That is 

characterized by a group of metabolic diseases due to hyperglycemia as the body is unable 

to produce insulin and consequently, leads to abnormally high levels of glucose in the 

bloodstream. As the disease progresses, it results in chronic hyperglycemia that leads to 

failure and damage of various organs such as the eyes, kidney and heart in the long-term 

[2]. Epidemiological researchers have reported that 285 million people worldwide were 

diagnosed with diabetes in the year 2010, and the disease is expected to increase by the 

year 2030 to 439 million people worldwide [3].  

 

An example of such fibrosis is type 2 diabetes mellitus (T2DM) which usually occurs as a 

result of the dysfunction of pancreatic -cells in the body due to the lack of insulin 

production. The body is resistant to the effects of insulin and do not respond or produce 

enough insulin to regulate the normal homeostasis processes. Hence, this leads to the build-

up of glucose in the bloodstream [4]. Islet fibrosis happens when clusters of cells in the 

pancreas experienced an inflammatory reaction that leads to an excessive deposition of 

extracellular matrix components. Islet fibrosis was observed in rat models and in T2DM 

patients. Pancreatic stellate cells (PSC) were found located in the islets in which PSC 

activation is associated with the length of islet fibrosis [5, 6]. The activation of PSC occurs 

when it is transformed from an inactive state to an activated form, which is responsible for 

the production of extracellular matrix (ECM) proteins such as collagens, elastin, 

fibronectins, etc. [7]. Therefore, PSC in its activated form would lead to the synthesis of 

ECM proteins and upregulate a variety of factors to cause the occurrence of fibrosis in islet 

cells.  

 

2.1.1 Therapies for fibrosis and its limitations 

 



Literature Review  Chapter 2 

5 

 

Over the years, there have been a wide variety of drugs developed as anti-fibrotic agents. 

The TGF pathway is known to be the main mediator of fibrosis initiation in various 

fibrotic diseases and an antagonism of this pathway is essential for the treatment of fibrosis 

[8, 9]. Another example as mentioned earlier was the pancreatic stellate cells (PSCs), among 

other factors such as insulitis and islet inflammation, are associated with fibrosis in diabetes 

mellitus [10]. Researchers have been studying the effects of using anti-fibrotic agents, gene 

therapy and receptor antagonist to counter the activation of PSCs, inflammation and 

fibrosis in islet and -cells. For instance, Lee et al. conducted a study on rat PSCs cultured 

with high glucose content for 4 days. It was found that there was an increase in cell 

proliferation rates and also in the release of collagen. However, treatment with Pirfenidone 

(anti-fibrotic agent) was found to attenuate these effects, and also in the in vivo study it 

showed that the rats injected with Pirfenidone exhibited a lower degree of islet fibrosis in 

comparison with control rats [6]. Another in vivo study conducted by Lacraz et al. found 

that certain genes involved in endothelial cell activation, inflammation, etc., showed an 

upregulation in islet cells. However, a downregulation of the genes was observed after 

interleukin-1 (IL-1) receptor antagonist (IL-1Ra) treatment. This means that IL-1Ra could 

be used to counter the effect of inflammation on islet endothelial cell, and hence mediate 

fibrosis [11].  

 

However, despite the use of anti-fibrotic agents, gene therapy and receptor antagonist could 

aid in the anti-fibrotic activities, they might not result in a controlled and prolonged effect 

of the therapeutics. For instance, the use of unmodified siRNA may be able to elicit a gene 

silencing effect but it is fragile and subjected to degradation by nucleases, and with their 

negatively charged surface it prevents the optimal entry into the cells. Therefore, it is 

unable to sustain and prolong these therapeutic activities [12, 13]. 

 

2.1.2 Proposed idea to overcome the limitations 

 

The aim of this project is to focus on the effect of various parameters in the construction 

of a layer by layer (LbL) technique and with the incorporation of RNA interference (RNAi) 

technology, that provides a more efficient and prolonged therapeutic effect over an 
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extended period of 3 weeks. siRNA is fragile and is subjected to degradation by cellular 

nucleases, coupled with their negatively charged surface it prevents the optimal 

internalization into cells. The LbL nanoparticles (NPs) system is an important technique to 

be applied in this project such that the system will serve as a delivery carrier, transporting 

the siRNA safely into the cells/cytoplasm to initiate gene silencing. The LbL NPs system 

contains a core material which will be fabricated with the alternating layers of positively 

charged polyelectrolyte and the negatively charged siRNA.  

 

With utilizing the LbL NPs system, a greater amount of polyelectrolyte and siRNA could 

be loaded in the NPs per layer to examine a potential increase in the total siRNA content. 

The NPs fabricated could be coated with different PLR molecular weight (Mw) and also 

with the additional layers of siRNA to maximize its total siRNA loading capacity. The 

siRNA release behavior (in PBS release medium) could be evaluated. A greater amount of 

total siRNA content in the LbL NPs could lead to a higher and faster siRNA release. This 

would result in an efficient and prolonged therapeutic effect, reducing the number of NPs 

treatment to the cells. More siRNA could be packed in between the layers of the NPs with 

a single application. It is important to carry out this study so as to maximize the NPs ability 

to cause an efficient and prolonged gene silencing effect with low toxicity in a single 

application. This could be further validated by the observation of the NPs cellular 

internalization and its ability to escape from the endosome to the cell cytoplasm, releasing 

the siRNA for its mode of action. Most NPs are found to accumulate in lysosomes and get 

digested if they are unable to escape from the endosomes [14]. Hence, by utilizing the LbL 

system, the outermost polyelectrolyte layer which is highly positively charged, could 

protect the NPs from lysosomal enzymes through extensive pore formation [15]. 

Investigations on the amount of siRNA release (within cells/cytoplasm) could be evaluated. 

Consequently, the effectiveness of the NPs system could be examined by the ability of the 

system in causing a prolonged and significant gene silencing effect over 3 weeks. 

 

This project will utilize siRNA as the therapeutic agent loaded in the LbL NPs system 

because it has a huge potential to revolutionize the therapy catered for various diseases. 
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2.2 RNA interference (RNAi) technology  

 

2.2.1  Mechanism of RNAi  

 

Gene therapy reduces the occurrence of various diseases, through silencing of gene 

expression using the RNAi technology. This technology is widely known to be an intrinsic 

cellular process in post-transcriptional gene silencing with therapeutic ability. RNAi plays 

a role as the key pathway in eukaryotic cells that is triggered by double-stranded (ds) RNA. 

In turn, they are cleaved into siRNA (small dsRNAs, 20-24 base-pairs in length) by the 

Dicer9 enzyme. Once siRNA is found to be present in cytoplasm of the cell, it will be 

incorporated into the RNA-induced silencing complex (RISC) in which the multifunctional 

protein, Argonaute 2 (Ago2, found within RISC), would unwind the siRNA for the 

antisense strand to cleave the corresponding mRNA targets which silences their gene 

expression. The sense strand of siRNA is removed for degradation by cellular nucleases 

[16].  
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Figure 2.1: Schematic of RNAi mechanism. dsRNA is cleaved into siRNA by Dicer which is then 

incorporated into RISC complex, followed by unwinding siRNA by Ago2. The sense strand would 

be removed, and the antisense strand cleaves corresponding mRNA targets to silence the gene 

expression [17]. [Taken from Cejka et al., 2006]  

 

2.2.2 Advantages and limitations of RNAi technology  

  

Due to its highly specific targeting of genes, RNAi technology has been used to elucidate 

the roles of individual genes that is involved, especially in diseases. The development of 

siRNA (specifically target the mRNA for degradation) and shRNA (RNA molecule used 

for targeted gene silencing) libraries allowed the systematic gene analysis. This is required 

for various disease processes including cancer which silences the expression of genes. For 

instance, Rho GTPases (molecular switches controlling variety of signaling transduction 

pathways in all eukaryotic cells) contributes to various processes that would lead to the 

progression to cancer, such as the promotion of cancer proliferation, survival, invasion and 
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metastasis [18]. Pille et al. has demonstrated in a study that the anti-RhoA and anti-RhoC 

siRNA have inhibited cell proliferation and invasion more effectively as compared to 

conventional drugs in vitro and in vivo [19].  

  

However, there are also limitations in using RNAi technology such as its off-target effect 

in which the anti-sense strength might actually interact with other non-targeted strands with 

similar sequences. This in turn leads to the unintended silencing of non-targeted genes. 

This could be improved by the design of siRNA incorporating various siRNA duplexes for 

the silencing of the target gene of interest [20]. Unmodified siRNA could also trigger an 

activation of the body’s immune system and leads to the uncontrolled release of cytokines 

and other immune-inflammatory effects. Nevertheless, this could be abrogated by a 

chemical modification of siRNA with the selective use of modified 2’-O-methyl (2’OMe) 

nucleotides [21]. ‘Naked’ siRNA would usually be degraded in vivo and would not be able 

to enter into cells due to its large size [22] and negative charged surface [23]. Therefore, a 

vector or drug delivery system could be introduced to encapsulate and deliver the siRNA 

into cells safely and to release its content for therapeutic purposes.  

 

2.2.3 Delivery systems for RNAi based gene therapy  

 

Modified ‘naked’ siRNA can be transferred into cells directly by injection. However, 

multiple injections would be needed to achieve a higher percentage of total transgenic 

expression. Further, despite being a safe and simple method, it has a low gene delivery 

efficiency and accordingly it is more applicable for use in vaccination than the use as a 

siRNA therapeutics in the treatment of diseases [24, 25].  

 

There are other delivery systems available for RNAi based gene therapy. They can be in 

the form of viral vectors (utilizing viruses such as retrovirus, adenovirus, lentivirus, etc.) 

which is one of the most successful systems available to date [26]. The genomes of the 

viruses have been modified to make them safe and also some viral vectors have been 

designed with specific receptors that allows the transfer of transgenes to specific cells [27]. 

However, since these vectors originate from viruses, there are still concerns regarding their 
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immunogenic and inflammatory effects. Therefore, where clinical applicability is 

concerned, non-viral vectors would still make a better choice as a siRNA delivery system 

as compared to viral vectors. 

 

Cationic lipids and cationic polymers are the more frequently used non-viral vectors. 

Cationic lipids consist of a positively charged head group that binds with negatively 

charged phosphate group in nucleic acids, forming the lipoplexes [28, 29]. However, its 

neutralization and rapid elimination from the bloodstream are some drawbacks of this 

delivery system [30]. Cationic lipids usually accumulate in the Reticuloendothelial System 

(RES, primary organs associated includes the liver and spleen) and they are prone to 

clearance by immune cells such as macrophages [31]. Furthermore, the cells present in the 

RES are part of the innate immune system and this has raised questions on whether the 

macrophage saturation by cationic lipids will induce immunosuppression and increase the 

risk of infections [30, 32]. Conjugating the hydrophilic polymer polyethylene glycol (PEG) 

to the lipid membrane is a strategy to improve its blood circulation times and prevent the 

clearance by RES [33, 34]. PEGylation creates a concentration of highly hydrated groups 

which sterically prevents the hydrophobic and electrostatic reactions with the plasma 

proteins/cells, hence it reduces liposomal uptake by RES [34]. However, there are studies 

showing that the use of PEG could minimize but does not completely overcome the 

liposomal uptake by RES [35, 36]. In a recent study by Nunes et al. showed that the use of 

PEG coating on the liposomes did not result in a better in vivo profile [37]. The in vivo assay 

showed similar blood clearance and accumulation of the liposomes by RES.  

 

Cationic polymers such as poly-L-arginine (PLR) and poly-L-lysine (PLL) are widely 

studied polymers with net positive charges. As the molecular weight of these polymers 

increases, they form more stable complexes, which leads to an increase in polymer 

adsorption [38]. Polyethyleneimine (PEI) is another cationic polymer that has low 

cytotoxicity,  high transfection activity in vitro, with the ability to form toroidal polyplex 

NPs that are stable and would not form aggregates in physiological conditions [39]. 

Furthermore, cationic polymers were found to exhibit ‘proton-sponge’ effects with high 

buffer capacities over a broad range of pH (pH 5 to pH 8). This causes the rupture of 
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endosomes, allowing the NPs to escape into the cytoplasm, releasing the nucleic acids for 

their mode of action [40, 41].  

  

2.3 Layer by layer (LbL) nanoparticles (NPs)  

 

2.3.1 LbL NPs synthesis  

 

The LbL NPs synthesis is a well-established technique that provides a wide range of 

applications such as the utilization as a drug delivery system to protect and transport 

therapeutic agents (i.e. siRNA) into the cells, in tissue engineering and in biomimetics 

research [42, 43]. The LbL self-assembly technique is mainly driven by electrostatic 

interactions, that was first described in 1966 by Iler [44], between oppositely charged 

polyelectrolytes (PE) on a charged core template NPs, such as polymers, silica, liposomes, 

etc. [45]. Apart from the electrostatic interactions, the LbL self-assembly can also be driven 

by hydrogen bonding, covalent bonding, van der Waals forces and bio-specific interactions 

[46]. The LbL NPs allows the discovery of new NPs with tunable interactions between cells 

and particles. It also generates a NPs system that enables the sustained release of drugs and 

siRNA. Further, the thickness of PE used for the formation of LbL NPs would provide 

information on the final size of LbL NPs. 

 

To synthesize the LbL NPs, a charged core template NP would be immersed in the 

oppositely charged PE solution. After a certain amount of time, the first layer would be 

coated onto the core. The NPs would undergo washing steps to remove excess PEs that are 

uncoated. After that, the PE coated core NPs would then be immersed into the second PE 

having an opposite surface charge to the previous PE, thus reversing the NPs surface 

charges. This process would be repeated to achieve the desired layer by layer configuration. 

(An illustration of the LbL NPs synthesis is shown in Figure 2.2) 
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Figure 2.2: Schematic of LbL NPs self-assembly synthesis process via electrostatic interactions. 

(A) Illustration of deposition of polyelectrolyte film. (B) Illustration of electrostatic interactions of 

the LbL synthesis [47]. [Taken from Geest et al., 2007]  

 

2.3.2 Advantages of LbL NPs self-assembly technique  

  

The LbL NPs self-assembly technique has been widely used since its discovery, and it has 

also evolved into the synthesis of novel materials that can be utilized in a wide variety of 

applications [48]. Additionally, studies have shown that drug loading is dependent on the 

pH of the solution during the self-assembly process and this could be further tuned 

according to the drug loaded. This suggests that in order to achieve a stable system, the 

optimal pH condition of synthesizing the NPs is important for the success of the fabrication 

process [49]. Finally, the use of LbL NPs system helps to aid in the encapsulation of various 

therapeutics which in turn increases the potency of drugs administered and eliminates drug 

resistance. Further, as the synthesis is usually carried out in an aqueous medium, there is 

very little mechanical force exerted onto the drug or nucleic acid and consequently, they 

will not be degraded in the process [50]. Given the versatility of this technique, it has been 

utilized in many different areas, especially in medicine to control and sustain the release of 

therapeutic drugs. 
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2.3.3 Application of LbL NPs: Recent development on HER2 gene silencing 

  

Various studies have employed the LbL NPs technique for gene therapies. The most recent 

findings by Bozdogan et al. were arrived at by utilizing this technique to fabricate a siRNA 

nanocarrier system which consists of the core diphenylalaninamide (FFA) NPs for the 

silencing of the HER2 gene (commonly overexpressed in breast cancer). The FFA NPs was 

fabricated with poly-L-lysine (PLL) which is a positively charged polyelectrolyte that 

increases the stability of core FFA NPs at physiological pH and temperature. The PLL 

coated NPs were then fabricated with the next layer of polyanionic HER2 siRNA, which 

were again coated with a second layer of PLL to protect the siRNA and to achieve effective 

cellular internalization [51]. TEM analysis showed that the size of the FFA NPs was 460 nm 

with spherical shape morphology. This value corresponded to the dynamic light scattering 

(DLS) measurement for their mean size to be at 470 nm with zeta potential measurements 

against water (pH 7) at -13.60  6.40 mV. The gene expression analysis experiment was 

carried out on two different gene carrier formulations (Batch 1: FFA NPs | PLL | HER2 

siRNA | PLL, and, Batch 2: FFA NPs | PLL | HER2 siRNA) to test for their respective 

abilities to silence HER2 gene in BT-474 breast cancer cell line. It was observed that the 

gene carrier formulation for Batch 1 results in greater gene silencing as compared to the 

Batch 2 formulation. This is also validated by previous studies showing that highly 

positively charged NPs will have a better gene silencing effect [52-54]. This indicates that 

with the second layer of PLL encapsulating the siRNA, there will be more efficient cellular 

internalization of NPs because the cellular membrane is negatively charged. Also, the 

positively charged PLL is able to protect and assist the siRNA cellular internalization and 

its subsequent release into the cytoplasm through endosomal escape. Therefore, it was 

concluded that this LbL NPs system has the potential to specifically target the 

overexpression of the HER2 gene using RNAi technology. 

 

2.3.4 LbL NPs used for RNAi based gene therapy 

  

RNAi based gene therapy was extensively studied in the past decades for its advantages in 

the treatment of various diseases. The LbL NPs system has the advantage of ensuring the 
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subsequent re-administration of siRNA based on RNAi gene therapy, by utilizing its ability 

to form multilayered complexes. This allows for a more controlled and prolonged gene 

silencing effect. A study conducted by Lee et al. described the fabrication of a multilayered 

NPs system incorporating siRNA for evaluating its gene silencing effect for a prolonged 

period [55]. The study showed that the multilayered NPs were efficiently internalized into 

the MDA-MB231 cells by endocytosis and the NPs are gradually releasing siRNA 

following the degradation of the polypeptide layers. The experiment lasts for 10 days and 

the gene silencing was still effective even after the cells have undergone cell division. This 

suggest the ability of LbL NPs system utilizing RNAi gene therapy to cause a prolonged 

gene silencing effect. However, the study did not report on the number of siRNA layers 

that was incorporated in the multilayered NPs system that causes the prolonged gene 

knockdown. It would also be interesting to know the amount of siRNA that is present inside 

the cells at each time interval for a better correlation between the effectiveness of the NPs 

system and the subsequent gene silencing effect.  

  

The LbL technique allows the control over the film thickness and the controlled release of 

the therapeutic agent. This was believed that it may correspond to the 

degradation/defoliation of the layers from the top-down [56]. Therefore, the consistent 

release of the therapeutic agent at the stipulated time intervals. Hence, with the advantages 

of the LbL NPs system incorporating the RNAi technology, the multilayered NPs system 

will be utilized in this thesis as the carrier for gene therapy for at least two reasons. First, 

this system has the ability to protect the siRNA. Second, this system is able to achieve an 

effective cellular internalization that in turn enables a controlled release and prolonged 

gene silencing effect. 

  

2.4 Design of LbL nanoparticles  

 

2.4.1 Selection of anionic core material  

  

Existing studies on LbL NPs utilizes various core materials to act as the drug delivery 

carrier and some of the selection criteria of such core material would be for instance, in the 
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case of this thesis, to have a sufficient negative charge surface so that it will be able to bind 

to the positively charged PEs. Some of the core materials commonly used includes HAp 

NPs, silicon dioxide NPs, and calcium carbonate (CaCO3) NPs. For instance, a study by 

Peng et al. utilized multilayered CaCO3 NPs to encapsulate the anti-cancer drug known as 

etoposide. In that study, it shows that the encapsulated etoposide multilayered NPs were 

able to achieve a fast and stable release of the drug in response to extra- and intra- cellular 

stimulus of the acidic environment of tumor cells, and this pH-dependent release is desired 

for targeting the low pH environment of tumor cells [57]. However, Kim et al. conducted 

the cytotoxicity study and observed that CaCO3 NPs were shown to exhibit cytotoxicity 

due to the generation of reactive oxygen species (ROS) which causes membrane damage 

under in vitro conditions [58].  

 

Silicon dioxide (SiO2) is classified as a ‘generally regarded as safe’ (GRAS) agent by the 

FDA. Coupled with its biocompatibility and biodegradability, it is one of the commonly 

used templates for various applications such as in consumer products and the biomedical 

field [59-61]. However, a recent research study indicated the cytotoxicity of SiO2 NPs on 

neural stem cells and the exposure of the cells to SiO2 NPs results in apoptosis. This inhibits 

cell proliferation and causes the swelling of the mitochondria where the mitochondria are 

the major organelle that would clear ROS from the cell. As such, it is evaluated that the 

damage to the mitochondria caused by SiO2 NPs would lead to ROS accumulation which 

consequently results in its cytotoxicity effect [62].  

 

HAp is made up of the main inorganic component of bones and teeth, with similar chemical 

and structure as bone minerals. HAp is biocompatible, biodegradable and various research 

studies have indicated that it exhibits low levels of toxicity (although the current knowledge 

on the exact toxicity of HAp NPs is still unknown) [63, 64]. An in vitro study done to 

investigate the toxicity of HAp NPs of various concentrations was conducted and it was 

found that the highest concentration of HAp NPs used (at 1000 g cm-2) exhibited toxic 

effects. Hence, this indicates that the toxic effect of HAp NPs is dose-dependent [65]. 

Nevertheless, another research study conducted by Liu et al. showed that there were no 

accumulative toxicity effects observed in rabbit models after the intravenous injection of 
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HAp NPs and it was therefore suggested that utilizing HAp as a drug carrier in small 

dosages is safe [66]. Furthermore, initial studies on the cell toxicity of HAp NPs observed 

the movements of these particles in vitro and found that the HAp NPs were dissolved within 

the lysosomes within 1 day of internalization into cells [67].  

  

Therefore, HAp (having negative electrostatic surface potential) was chosen to be used as 

the core template material in this thesis for the synthesis of LbL NPs due to its slow 

dissolution, biocompatibility and low toxicity levels that makes it a promising biomaterial 

as the drug delivery carrier. Further, it is becoming an important material with extensive 

use in a variety of research studies [68, 69]. 

 

2.4.2 Selection of cationic polyelectrolyte (PE) 

 

The cationic polyelectrolytes (PEs) are positively charged layers of the LbL NPs system 

which includes polypeptides such as poly-L-arginine (PLR), poly-L-lysine (PLL) and poly-

L-histidine (PLH). In this thesis, the positively charged PLR of various molecular weights 

(according to the information provided by the supplier) – PLR 5000 – 15 000 Da, 15 000 

– 70 000 Da and >70 000 Da will be used to evaluate its effect on the release profile of 

siRNA from the LbL NPs. The repeating units of PLR bear an electrolyte group such that 

when PLR of a higher Mw is coated on the NPs, the number of ‘n’ repeats increases. With 

more repeating units of the PLR, the overall positive charges of the PE could increase. 

With higher PLR MW used, a higher amount of siRNA could be loaded in the NPs and with 

stronger siRNA compaction ability. An illustration of the structure of PLR and its charge 

location is shown in Figure 2.3.  
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Figure 2.3: Illustration of PLR structure. PLR side chain guanidium group (consist of amine 

groups) comprise of a positive charge per repeating unit. It can be protonated at pH 7.40, enabling 

the electrostatic interaction with negatively charged siRNA [70]. [Taken from Danani et al., 2017]  

 

Additionally, PLR is biodegradable [71], has low levels of toxicity and is known to possess 

a high loading capacity for siRNA (approximately 3500 siRNA molecules per NPs layer), 

and to be stable at pH 7.40 in PBS buffer over a prolonged period of time with 30% 

siRNA release over the first 24 hours [72]. PLR coated particles have also been observed to 

possess a higher transfection efficiency as compared to PLL and PLH. Further, with their 

low cytotoxicity, these PLR coated particles would facilitate the cellular entry of LbL NPs 

while maintaining the viability of cells [73-75]. The unique features of PLR would hence 

allow it to protect and provide sustained and prolonged release of siRNA into the cytoplasm, 

as well as to silence the gene. This would consequently lead to the decrease in occurrence 

of the targeted disease.  

 

2.4.3 Selection of SPARC siRNA and its association with fibrosis  

 

The layers of positively charged polyelectrolytes would be alternated in the bilayers with 

negatively charged siRNA to silence the SPARC gene which associated with various 

fibrotic diseases. SPARC (secreted protein acidic and rich in cysteine), also known as 

osteonectin or BM-40, is a 32 to 35 kDa multifunctional collagen-interacting protein [76]. 

An elevated level of SPARC gene expression has been described in various types of 

fibrosis and the inhibition of SPARC gene expression has been found to reduce type I 

collagen expression, which in turn leads to a decrease in fibrosis [77-79]. The gene silencing 

of SPARC takes place at the mRNA process in the cytoplasm. Hence, SPARC siRNA 

should be present in this compartment to cause gene silencing, and the ability of the LbL 

NPs to escape from endo-lysosomal complex is essential for the successful delivery of 

siRNA into the cytoplasm [80, 81]. 

  

An emphasis has to be made that the inhibition of SPARC gene would only reduce the 

spike in collagen expression in respond to an injury and not completely cease the 
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production of collagen in the biological system as a certain amount of collagen is still 

needed to maintain the structural integrity of fibroblast cells [82]. Hence, targeting the 

SPARC gene is an indirect means of reducing collagen levels but at the same time 

maintaining a certain level of collagen production in the biological system. For instance, a 

study by Zhou et al. observed that the overexpression of SPARC, COL1A2, COL3A1 and 

CTGF is present in the fibroblast cells of patients with Systemic Sclerosis (SS), and the use 

of siRNA to inhibit SPARC showed a reduction in the collagen levels [83]. This further 

illustrates that the overproduction of collagen in fibroblast cells can be attenuated through 

the silencing of SPARC.  

 

The phosphate groups along the strands of the siRNA backbone provides the siRNA with 

a negative charge per base. ‘Naked’ siRNA is fragile and subjected to degradation by 

nucleases. Furthermore, they are large in size with negatively charged surface which 

prevents their optimal internalization into the cells. Thus, the incorporation of SPARC 

siRNA in LbL NPs with positively charged PEs is required to protect the siRNA, thereby 

enabling a more efficient and successful cellular internalization, as well as achieving a 

prolonged gene silencing effect. The PLR side chain guanidinium group binds to the 

negatively charged phosphate group along the strands of the siRNA backbone. This 

facilitates the fabrication of the LbL NPs incorporating siRNA, protecting it from 

degradation by nucleases and transporting the siRNA into the cytoplasm for the gene 

silencing of SPARC. An illustration of the structure of siRNA and its charge location is 

shown in Figure 2.4. 
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Figure 2.4: Illustration of RNA polynucleotide chain. Phosphate groups along the strands of the 

siRNA backbone provides the siRNA with a negative charge per base. The PLR side chain 

guanidinium group bind to the negatively charged phosphate group along the strands of the siRNA 

backbone [70]. [Taken from Danani et al., 2017] 

 

2.4.4 Optimal pH conditions for fabrication of LbL NPs  

  

The pH value present in the medium used for the LbL synthesis of the polyelectrolyte (PE) 

bilayers could affect its properties and functionality. Various reviews have investigated on 

how certain stimuli, such as the pH value of the medium used for LbL NPs synthesis can 

influence factors such as the cell adhesion capability, thickness, and overall surface 

potential of the PE. This will in turn determine the success of LbL NPs coating [84, 85]. For 

instance, Salvi et al. have reported that the LbL assembly of PEs (using poly-L-histidine 

and poly (methacrylic acid)) coatings over the bone morphogenetic protein (BMP-2). A pH 

dependent release behavior was observed with stable coatings at pH 6 to 7 while the 

samples that was prepared at more basic pH resulted in a decrease in surface energy. In this 
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regard, a low surface energy would result in poor adhesion capability while a higher surface 

energy would provide better adhesion capability [86].  

 

To determine the pH value for the fabrication of LbL NPs, we could first investigate the 

acid dissociation constant (pKa) values of the selected PE (poly-L-arginine, PLR). 

Arginine is an amino acid that consists of the carboxyl group with pKa of 2.17, amine 

group with pKa of 9.04, the R-group side chain having a pKa of 12.48, and the isoelectric 

point (pI) of arginine could be calculated using these values. The pKa values that oscillate 

its charges between -1 to +1 will be used for the calculation since the pI represents the pH 

at which the amino acid does not migrate in an electric field as its net charge is zero. At 

pKa of 9.04, the charge is at +1 to 0 while at pKa of 12.48, the charge is at 0 to -1. As such, 

by using these pKa values, the pI of arginine will be 10.76. Therefore, utilizing the pH 

value below 10.76 will result in a higher incidence of protonation which explains the 

positively charged surface on arginine (i.e. at pH 7.40) as it becomes protonated due to 

increased amount of H+ ion concentration in the solution. This facilitates a strong 

electrostatic interaction between the alternate depositions of the layers, forming the LbL 

NPs configuration of HAp | PLR | siRNA | PLR. For instance, as in the case of pH 7.40, at 

pH 5 the incidence of protonation is expected to be much higher and this will cause the 

surface charge density to be even more positive. However, since the dominant driving force 

behind the LbL self-assembly is electrostatic interactions, the decrease in pH value will 

result in drastic changes and studies have shown that the LbL NPs tend to break down more 

easily under acidic conditions (i.e. pH 5) than under weak basic conditions (i.e. pH 7.40) 

[87]. Hence, a higher incidence of protonation caused by the decrease in pH may disturb the 

configuration of the LbL NPs system. As the outer layer starts acquiring higher charge 

density, the electrostatic forces may cause the LbL configuration to disintegrate. Due to 

this instability, it may cause a burst release of siRNA from the LbL NPs. For these reasons, 

it can be theorized that the fabrication of LbL NPs will be more stable at pH 7.40. Also, S. 

Nimesh et al. studied the pH dependent release of the encapsulant from the nanoparticles. 

It was observed that the rate of release of the encapsulant from the nanoparticles were 

slower in pH condition higher and lower than 7.40, with the fastest rate of release at pH 
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7.40. The authors claimed that the nanoparticles swell in aqueous dispersion and the 

swelling reaches its maximum at physiological pH [88].  

 

2.5 Disassembly of LbL NPs for investigating total siRNA content 

 

Following the fabrication of LbL NPs incorporating siRNA, it is imperative to know the 

total amount of siRNA in the particles. Several reports have utilized trypsin (a serine 

protease that hydrolyzes proteins at carboxyl side of amino acids lysine and arginine) to 

disassemble the LbL NPs system. For instance, a study was conducted to formulate a 

nanocarrier system that consisted of diphenylalaninamide (FFA) NPs coated with poly-L-

lysine (PLL), made of amino acid lysine, incorporating siRNA to form the 3 layered FFA 

| PLL | siRNA | PLL NPs complex. 0.25% trypsin-EDTA was utilized to assess the 

enzymatic effect of trypsin-EDTA on the LbL system and it was observed that the trypsin-

EDTA degrades the LbL NPs by digesting the surrounding polyelectrolyte layer [51]. In 

another study by Radhakrishnan and Raichur, dextran-TRITC labelled microcapsules were 

treated with trypsin-EDTA and this resulted in the rupturing and release of loaded dextran-

labelled TRITC as shown from their scanning electron microscope (SEM) images [89]. 

Furthermore, it was also observed that the hollow microcapsule with arginine and 

chondroitin sulfate disintegrated and releases the drugs after treatment with trypsin-EDTA 

[90].  

 

Therefore, poly-L-arginine (PLR) which is made of the amino acid, arginine, could be 

degraded by proteases such as trypsin. Hence, 0.25 % trypsin-EDTA could be used in this 

project for the disassembly of LbL NPs to find out the amount of total siRNA content 

encapsulated. This can be determined by incubating the LbL NPs with the 0.25 % trypsin-

EDTA overnight (to ensure a complete breakdown of the LbL NPs). On the following day, 

the LbL NPs will be spun down to measure the supernatant containing 6FAM-labelled 

siRNA with the microplate reader for the total siRNA content in the NPs. In addition, 

siRNA was not found to be degraded by trypsin-EDTA after the disintegration of the LbL 

system as observed by Vaissiere et al [91]. Hence, this affirms that the true amount of total 

siRNA is measurable by the microplate reader. All the samples will be compared against a 
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series of 6FAM siRNA standard curve (Tecan measurements to be taken of 6FAM siRNA 

of known concentrations). 

 

2.6 siRNA release of NPs fabricated with different PLR MW 

 

There are various poly-L-arginine (PLR) molecular weight (MW) commercially available 

in the market currently. In this thesis, the LbL NPs system could be coated with the 

different PLR MW (PLR 5000 – 15 000 Da, PLR 15 000 – 70 000 Da and PLR >70 000 

Da) to find out the total siRNA contents and the in vitro siRNA release profile (in PBS 

medium at pH 7.40) of the respective particles over the stipulated time intervals. The pH 

value at 7.40 mimics the physiological conditions in the cytoplasm [92] and that the swelling 

of NPs reaches its maximum at physiological pH [88].  

 

For instance, a study was conducted by Qi Lan et al. which observed the in vitro release 

behavior of microcapsules (incorporating bovine hemoglobin (Hb), with the different poly-

L-arginine (PLR) molecular weight (MW) forming the polymeric membrane) in PBS 

medium of neutral pH over 24 hours. The release profile shows that the microcapsules 

based on the different PLR MW (125 kDa, 35.50 kDa and 13.30 kDa) coating shared the 

same release trend and the final cumulative release reached almost 100% over 24 hours [93]. 

This indicates an obvious burst release of Hb in the study. This could be beneficial for their 

application in the encapsulation of protein-based drugs (i.e. the need to immediately 

replenish the deficient protein in the body). 

 

With reference to the above study as an example, in vitro investigation on the controlled 

and prolonged release behavior of the respective particles coated with different PLR MW 

in PBS medium (pH 7.40) could be carried out. PLR MW of >70 000 Da was later selected 

for used as the polyelectrolyte in the bilayers of LbL NPs system. 
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2.7 siRNA Release of NPs fabricated with additional siRNA layers 

 

With the NPs coated with PLR MW >70 000 Da, a 3 layered NPs (containing 1 layer of 

siRNA), 5 layered NPs (containing 2 layers of siRNA) and 7 layered NPs (containing 3 

layers of siRNA) system could be formulated to find out the total siRNA contents and the 

in vitro siRNA release profile  (in PBS medium at pH 7.40) of the respective particles over 

the stipulated time intervals. 

 

In a study by Lee et al., gold nanoparticles (AuNPs) coated with alternating layers of poly-

L-lysine (PLL) and siRNA were fabricated into 3 layered NPs (containing 1 layer of 

siRNA), 5 layered NPs (containing 2 layers of siRNA) and 7 layered NPs (containing 3 

layers of siRNA) [94]. These 3 batches of NPs were then subjected to the release study which 

took about 3 days for the siRNA to be fully released from the 3 layered NPs, 4 days for 

siRNA to be fully released from 5 layered NPs and 5 days for siRNA to be fully released 

from 7 layered NPs. This was due to the slow degradation of PLL which led to the gradual 

release of the incorporated siRNA over an extended period. This validates that the amount 

of siRNA release depends on the number of layers of siRNA loaded in the NPs and that 

more siRNA could be carried on a single particle by multiple layering. Further, with more 

siRNA being carried on a single particle, an extended gene silencing effect could be 

obtained with just a single application. 

 

An in vitro investigation on the controlled and prolonged release behavior of the 3, 5 and 

7 layered NPs in PBS medium (pH 7.40) could be carried out. The 7 layered NPs system 

was later selected for use in subsequent studies of the thesis. Further, in comparison of the 

proposed layer by layer NPs system with the study that has previously been reported by 

Lee et al. (with coating of PLL in the bilayer of the multilayered NPs system), the proposed 

system (with coating of PLR in the bilayer of the multilayered NPs system) would be 

expected to result in a better transfection outcome. As reported by Zhou et al., PLR is 

known to possess a high loading capacity for siRNA (approximately 3500 siRNA 

molecules per NPs layer), and to be stable at pH 7.40 in PBS buffer over a prolonged period 

of time with 30% siRNA release over the first 24 hours [72]. Investigation was done in this 
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study and it was found that significant amount of siRNA was still present in the 7 layered 

NPs system even at day 21. Whereas, there was a complete release of siRNA from the 

PLL-coated 7 layered NPs over just a period of 5 days as reported by Lee et al. The PLR 

coated particles have also been observed to possess a higher transfection efficiency as 

compared to PLL [95]. With a higher transfection efficiency, PLR would be able to protect 

and provide sustained and prolonged release of siRNA into the cytoplasm, as well as to 

silence the gene. 

 

All in all, it is important to note that an initial burst release would tend to happen for most 

controlled release formulations. In which, immediately after placement of the system in the 

release medium an initial large bolus of drug would be released before the rate of release 

reaches a stable profile. The initial burst release can have both positive and also negative 

consequences, depending on the application. For instance, at the beginning of wound 

treatment, an initial burst release of the drugs would be desirable to provide an immediate 

relief [96] (in this case, a non-linear release profile would be wanted). However, some 

researchers would tend to avoid having burst release because the initial high release rate 

could lead to the concentrations of drug to fall near or above the toxic level in vivo [97, 98] 

(in this case, a linear release profile would be wanted). In any case, after the presence of 

an initial burst release, it should be followed by prolonged release to promote healing 

gradually. An ideal prolonged release profile would be one that delivers drug in intervals 

over an extended period of time. The active ingredients would be released slowly and to 

provide a continuous supply of drug over a prolonged or an extended period. Again, as 

mentioned with examples above, it depends on the application of each individual to 

determine whether if a linear or non-linear profile is desired. 

 

2.8 Nanoparticles entry into cells 

 

Once nanoparticles reached the exterior of cell membrane, they interact with components 

of the extracellular matrix (ECM) and enter into the cell primarily through endocytosis, 

which is usually classified into phagocytosis and pinocytosis. Phagocytosis occurs mainly 

in phagocytes (i.e. macrophages and neutrophils) [99]. Pinocytosis is found to be present in 



Literature Review  Chapter 2 

25 

 

all cell types in four different forms, for example, in clathrin-dependent endocytosis, 

caveolin-dependent endocytosis, clathrin/caveolae-independent endocytosis and 

micropinocytosis [100, 101]. Currently, a majority of the reports propose that positively-

charged nanoparticles mainly enter into the cells through clathrin-dependent endocytosis 

and the electrostatic interactions between the nanoparticles and cell membrane initiates the 

cellular entry [102]. After the electrostatic interactions, clathrin-1 (cytosolic protein) at the 

cell membrane polymerizes to allow the internalization of nanoparticles [101]. Subsequently, 

nanoparticles are wrapped into the cells and the vesicle is pinched off through the activity 

of GTPase, dynamin, to form clathrin coated vesicles (CCV) [103]. The CCVs then move 

into the cells by the regulation of actin cytoskeleton. Within the cells, the clathrin coat is 

shed off and the vesicles fuses with early endosomes and will in turn be sorted into the 

endo-lysosomal complex [101]. Nanoparticles usually accumulate in the lysosomes and are 

degraded by lysosomal enzymes. However, it was reported that positively-charged 

nanoparticles could escape from endosomes to enter into the cytoplasm after cellular 

internalization due to the ‘proton-sponge’ effect [40, 41]. Hence, the surface charge of 

nanoparticles has a dominant effect on the cellular entry and intracellular fate. This is 

essential as the LbL NPs incorporated with siRNA must escape from the endosomes into 

the cytoplasm in order to release the siRNA for gene silencing as the mRNA of the targeted 

protein is found in the cytoplasm. 

 

There are other physicochemical properties of nanoparticles that could affect their cellular 

internalization. For instance, the NPs’ size and shape could determine whether it is able to 

enter the vesicles. For example, it was reported that smaller-sized particles are able to 

undergo cellular entry significantly faster as compared to bigger-sized particles [104]. From 

the reports, it was also shown that the rod-shaped NPs undergo lower cellular entry as 

compared to the spherical-shaped NPs which could be due to the membrane wrapping of 

rod-shaped NPs since that takes longer than in the case of spherical NPs [105, 106]. 

Additionally, once NPs are in contact with biological fluids, they acquire a surface layer 

made up of proteins and other biomolecules on the NPs’ surfaces, known as protein corona. 

This is an important consideration for NPs’ interactions with cells. For instance, whether 

the NPs will be able to internalize into the cells and the subsequent biological processes. 
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Notably, when cells are exposed to NPs, they will ‘visualize’ the NPs/protein corona 

complexes but not the true form of the NPs itself [107, 108]. The composition of protein corona 

can change over time and it depends on factors such as the NPs’ material, size and surface 

properties [109-112]. Xia et al. have conducted an investigation on the forces that are involved 

in biological molecules adsorption to the NPs and a weighted nano-descriptor algorithm 

was developed to deduce the contributions of hydrogen bonding, polarizability, lone-pair 

interactions, London dispersion and Coulomb forces [113]. However, there has not been any 

clear findings on the chemical properties that govern the binding of protein to NPs. 

 

2.9 Quantification of siRNA LbL NPs in vitro  

 

2.9.1 Quantification of free siRNA/drugs inside the cells 

 

Besides studying the siRNA LbL NPs release profile in PBS (pH 7.40) medium which 

mimic the physiological condition present in the cytoplasm of the cell, it is also interesting 

to know the amount of free siRNA that has been released inside the cells, its duration of 

release and whether the LbL NPs releases siRNA by degradation from the layer by layer 

‘onion effect’ or by the diffusional effect. Further, other than quantifying free siRNA inside 

the cells, the amount that is still retained within the particle can also be evaluated.  

 

The layer by layer self-assembly technique of nanoparticles fabrication with alternating 

charges of polyelectrolyte layers provides an opportunity for the release of siRNA or drugs 

in a controlled manner. This is due to the ability of LbL NPs having high drug loading 

capacity and the potential of enhancing the stealth properties of nanoparticles. Most studies 

focus on the release of drugs from LbL NPs in vitro, in PBS buffer and in Fetal Bovine 

Serum (FBS) medium. Further, in vitro cell culture studies was conducted to check on the 

cytotoxic effect of the particles and its cellular entry [114, 115]. There are limited studies 

conducted on the quantification of total amount of free siRNA inside the cells. In spite of 

that, a study conducted by Hermle et al. have transfected the 293T cells (Human 

Embryonic Kidney 293 cells, containing SV40 T-antigens) with plasmid HIV (tagged with 

a fluorescence dye) and at the stipulated time intervals, the medium was removed and the 
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cells were washed with PBS and incubated in cell lysis buffer for 10 min at room 

temperature [116]. The cell debris was removed by centrifugation and the supernatant was 

taken for fluorescence measurement using a multi-plate reader. This would consequently 

allow the quantification of the release of fluorescence labelled plasmid HIV inside the cells 

over the stipulated time intervals of the study.  

 

However, the study conducted by Hermle et al. did not correlate the release of fluorescence 

labelled plasmid HIV inside the cells with the total amount of cellular internalization of 

plasmid HIV. In such a case, the study will not have a thorough understanding on when 

and how much of the total amount of plasmid HIV has been taken up into the cells and also 

how much of the total amount is released inside the cells over the stipulated time intervals. 

Furthermore, there were no experiments conducted to check whether the cell lysis buffer 

used will have any effect on the plasmid HIV. 

 

There are various positive points of quantifying the total amount of free siRNA or drugs 

inside the cells. First, it allows for a fundamental understanding of the LbL NPs delivery 

system and the ability to control and manipulate the delivery of siRNA or drugs in the cells. 

Further, the number of therapeutic agents that has been released from the particle and how 

much of such siRNA or drugs is still retained within could be evaluated. Consequently, 

this provide a thorough understanding of the LbL NPs system, its interaction within the 

cells and whether the quantity of therapeutic agent used is able to cause an effect to the 

cells. This could in turn resolve any complications to the biological system which leads to 

the onset of various diseases. However, there are also some negative points in quantifying 

the total amount of free siRNA or drugs, such as whether the methods used (i.e. using cell 

lysis buffer to break open the cells in order to quantify the amount of free siRNA within 

the cells) will have any effect on the siRNA and the LbL NPs system. Hence, studies can 

be done to track the NPs cellular internalization process, to quantify the amount of siRNA 

that has been released from the particle in vitro (within the cells) and the amount that is 

still retained within. Hence, experiments could be conducted to evaluate these negative 

points. In this regard, it is prudent to make sure that the cell lysis buffer will not degrade 
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the siRNA and the LbL NPs system before proceeding with this method of quantifying free 

siRNA inside the cells. 

 

Lastly, this thesis is done to observe and investigate the profile of free siRNA release once 

the LbL NPs enter into the cell, how the LbL NPs release the free siRNA, and whether if 

it exhibits the layer by layer ‘onion effect’ as illustrated by Tan et al. on the utilization of 

the Forster Resonance Energy Transfer (FRET) study. In that study, the defoliation and 

release experiments conducted gave rise to the observation in respect of the LbL NPs 

breakdown behavior inside the cells and suggested that the particles disassemble through 

the layer by layer ‘onion effect’, starting with the outermost layers [15]. From these findings, 

the FRET study utilized a FRET pair to evaluate the release behavior of a five-layered LbL 

NPs system (containing 2 layers of siRNA) and the duration for the 2 layers of siRNA to 

disassemble from the LbL nanoparticles inside the cells. The siRNA and adjacent Poly-L-

Arginine (PLR) layers were tagged with the FRET pair fluorophores and it was found that 

by day 9, most of the outermost PLR layer has been detached from the outermost siRNA 

layer. The same was observed for the innermost siRNA and PLR layers. Thus, this affirms 

the notion that the outermost layer of siRNA disassembles first followed by the innermost 

layer of siRNA. 

 

Therefore, with information from the FRET study conducted by Tan et al., further 

evaluation of the LbL NPs inside the cells could be conducted to find out whether the 

nanoparticles are constantly releasing free siRNA inside the cells. A timepoint study of 

quantifying the amount of free siRNA inside the cells can be evaluated by lysing the cells 

using the lysis buffer method, comparing it with the percentage of cells that has taken up 

the 6FAM-labelled siRNA NPs and conducting the knockdown study to assess the effect 

of the SPARC siRNA inside the cells. These results could be further analyzed to provide a 

deeper understanding of the LbL siRNA delivery system in vitro.  
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Chapter 3  

 

Experimental Methodology  

 

This chapter defines the materials and methods adopted to address the 

problem statement of this thesis, with explanation on the rationale for 

selection of various materials, the equipment and techniques used in this 

thesis. Characterization studies of the LbL NPs will be carried out by the 

use of Malvern Zetasizer for their surface charges and size. X-ray 

powder diffraction (XRD) was utilized to determine the elemental 

composition and percent crystallinity of the core material. Gel 

permeation chromatography (GPC) was employed for the average 

molecular weight (MW) distribution of the polyelectrolytes in solution. 

Transmission Electron Microscopy (TEM) will be done to observe the 

NPs shape morphology. The effect of poly-L-arginine (PLR) and siRNA 

amount on the LbL NPs would be evaluated to determine the total siRNA 

content encapsulated. The release behavior of LbL NPs coated with 

different PLR MW, and the release behavior of LbL NPs coated with 

additional siRNA layers will be measured by using the microplate reader. 

In vitro studies on the qualitative and quantitative cellular 

internalization of the LbL NPs, the amount of free siRNA within cells and 

the percentage knockdown of SPARC will also be assessed.         
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3.1 Materials 

 

HAp, Ca5(OH)(PO4)3, nanopowder of size <200 nm, poly-L-arginine hydrochloride (PLR) 

with Mw 5000 – 15 000 Da, 15 000 – 70 000 Da and >70 000 Da and phosphate buffered 

saline (PBS) powder (pH 7.40) were procured from Sigma-Aldrich (USA). 0.25 % Trypsin-

EDTA, RPMI 1640 cell culture media, Brazilian Fetal Bovine Serum (FBS) and 

Penicillin/Streptomycin (antibiotics) were procured from SPD Scientific (Biomedia, 

Singapore). Negative Control Scrambled siRNA, SPARC siRNA and 6FAM GFP labelled 

SPARC siRNA with Mw of 13369 g/mol (sense: AAC AAG ACC UUC GAC UCU UUC, 

anti-sense: GGA AGA GUC GAA GGU CUU GUU) were procured from Simply Science 

(Bioneer, South Korea).  

 

3.2 Methods 

 

3.2.1 Preparation of LbL NPs  

 

The fabrication of LbL NPs was based on a previously established method [1]. 0.10 M of 

sodium chloride (NaCl) was prepared and filtered using the 0.20 m sterile filter unit prior 

to the synthesis of LbL NPs. The desired amount of poly-L-arginine (PLR) was weighed 

out and dissolved in 0.10 M NaCl. It was then filtered using 0.20 m sterile syringe filter 

in order to prepare sterile PLR solution of 0.50 mg/mL. The HAp nanoparticles (NPs) was 

weighed out and re-suspended in 1 mL of 0.10 M NaCl as a washing step prior to coating 

the next layer of PLR on it. The HAp NPs suspension was added to the 0.50 mg/mL of 

PLR solution (with volume ratio of 1:10) followed by maximum vortex mixing and 

sonication for 10 minutes. PLR coated HAp NPs were then centrifuged at 12000 rpm for 5 

minutes in order to remove unbound PLR and HAp, then it was re-suspended in 0.10 M 

NaCl. For each layers of SPARC siRNA, 1.20 nmol of siRNA (for every 1 mg worth of 

HAp) was used for coating the siRNA layer. PLR coated HAp NPs were added into the 

SPARC siRNA coating solution (with volume ratio of 1:10) followed by an hour of 

maximum vortex mixing.  
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The NPs were then washed with 0.10 M NaCl and the coating steps were repeated to 

achieve particles of the desired LbL NPs configuration. After the fabrication of the LbL 

NPs, the particles were re-dispersed in sterile 0.10 M of NaCl (25 L of 0.10 M NaCl for 

every 1 mg worth of HAp used) and stored in 4 °C before use. The LbL NPs loaded with 

siSPARC will be termed siSPARC-LbL and those loaded with siSCRAM will be termed 

siSCRAM-LbL. 

 

3.2.2 Size and zeta potential measurements  

 

Characterization of the LbL NPs using the Malvern zetasizer (Malvern Instruments, Nano 

2000, UK) is essential to find out the size and zeta potential of the NPs. Malvern Zetasizer 

works by employing dynamic light scattering (DLS) and electrophoretic light scattering 

(ELS) technique to determine the size and zeta potential of particles or polymers in a 

solution. The size of NPs provides the information on whether the NPs are within the 

optimal size for cellular entry. DLS from the zetasizer measures the Brownian motion of 

particles in the solution in which upon irradiation, the monochromatic light is scattered and 

the intensity of light is detected and relates this to the size of the particles [2]. If the size of 

the particle is large, the Brownian motion will be slower and vice versa. The zeta potential 

measurements taken after the synthesis of every layer provides information on whether if 

the oppositely charged layers has electrostatically self-assembled during the LbL NPs 

fabrication process. The overall net surface charge of the LbL NPs should be highly 

positively charged since the outermost layer is composed of PLR, which allows the 

electrostatic interaction between the LbL NPs to the negatively charged cellular membrane. 

ELS from the zetasizer measures the zeta potential of the particle in a suspension by the 

determination of its electrophoretic mobility in which the particles would move towards 

the opposite chargers of the electrodes and the velocity is determined which in turn can be 

related to the zeta potential of the particle [3].  
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3.2.3 X-ray powder diffraction (XRD) 

 

X-ray Powder Diffraction (XRD) is a common technique utilized to observe the crystal 

structure, atomic spacing, elemental composition and percent crystallinity of the material. 

XRD works on the basis of constructive interference of monochromatic X-rays and the 

crystalline sample, the X-rays will be produced by the cathode ray tube that is filtered to 

create monochromatic radiation that will be directed towards the sample and the 

constructive interference would be produced once the incident rays interacts with the 

sample and the diffracted X-rays will then be detected [4]. The goniometer present in the 

XRD instrument would be used to rotate the sample in the path of the X-ray beam and to 

maintain the angle, whereas the X-ray detector collects the diffracted X-rays and rotates at 

an angle of 2theta degree. Studies have observed the relationship between degree of 

crystallinity and the mechanical properties (i.e. strength, toughness, crack propagation 

resistance, etc.) of the material, for instance, the greater the crystallinity would result in a 

hard and strong material, this is because crystallinity reduces the degree of freedom in the 

movement of its molecular chains [5]. However, although the greater the crystallinity makes 

a material stronger, but it will also make it brittle if the material is fully crystalline [6].  

 

The XRD (Panalytical X’Pert Pro, UK) instrument is equipped with Cu-K radiation 

operated at 40 kV and 30 mA with vertical high precision goniometer and X’Celerator 

detector was utilized to find out the elemental composition and percent crystallinity of HAp 

material. The HAp powder sample were placed into the sample holder and pressed with 

microscope slide to make a smooth flat surface for analysis with the instrument, it was run 

for 55 minutes at room temperature over 2theta degree range of 0 - 120° and the data was 

collected after that. The Match! software was used to identify the space group of HAp in 

which the elemental composition of the sample can then be retrieved from the inorganic 

crystal structure database (ICSD). Reference patterns of HAp were also included in the 

sample data to ensure that the elemental composition of HAp is correctly identified. The 

percent crystallinity of HAp was calculated by using the TOPAS software in which the 

area under the diffraction peak is divided by the area under the amorphous hump.  
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3.2.4 Gel permeation chromatography (GPC) 

 

Gel permeation chromatography (GPC) is a method used for the determination of average 

molecular weight distribution of a polymer in solution (known as the mobile phase or 

eluent). GPC separates the polymer based on their size and this is done by injecting a small 

amount of the polymer solution into a set of columns packed with porous beads. The larger 

molecules will elute faster than the smaller molecules as the latter can penetrate the pores 

due to their smaller size. Detectors will be attached to the output of the columns for analysis 

of the polymers. For analysis of linear polymers, the Differential Refractive Index (DRI) 

will be employed, while for branched polymers, at least two detectors will be required for 

their analysis for instance the viscometer (VIS) or a low angle laser light scattering 

(LALLS) detector. The calibration standards will also be loaded in the system to be 

measured for generating the calibration curve which can then be compared to the Mw 

measurement of the polymer sample [7].  

 

This experiment was done to find out the average molecular weight distribution of the three 

different Mw of poly-L-arginine (PLR) in solution. The eluent used for GPC (Agilent 1260 

Infinity GPC/SEC system, USA) measurement of PLR was based on a previously 

established method [8]. The eluent was prepared which consist of 0.10 % trifluoroacetic 

acid (TFA), 45 % acetonitrile (ACN) and the remaining with autoclaved DI water, and the 

pH value adjusted to pH 2. The columns used was PL aquagel-OH 30 and PL aquagel-OH 

40 (Mw range from combining both columns is 100 g/mol to 200,000 g/mol) and the 

calibration standards used is the Agilent EasiVial PEG/PEO 2mL pre-weighed calibration 

kit (Mw range from 100 g/mol to 1,200,000 g/mol) from Agilent Technologies (USA). 

Before running the samples, the columns were flushed with autoclaved DI water overnight, 

followed by the eluent on the next day. This is to wash down any particles or debris left 

inside the column. The eluent was then used for calibrating the system first, before the start 

of the sample measurements. 1 mg of the PLR samples were weighed out, dissolved in 2 

mL of the eluent and filtered with the 0.22 m PES syringe filter, and the PEG/PEO 

calibration standards were dissolved in 2 mL of the eluent. After calibrating the system, 
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the sample measurement was started with a flow rate of 1 mL/min and each sample 

(including the standards) were run over 21 minutes with injection volume of 50 L.  

 

3.2.5 Effect of poly-L-arginine (PLR) and siRNA amount on LbL NPs  

 

The Nanodrop spectrophotometer system were utilized to measure the total siRNA amount 

present in the LbL NPs fabricated with different loadings of PLR and siRNA. This system 

is typically used for the quantification of nucleic acid amongst other applications, and it 

makes use of the sample retention system that relies on surface tension properties of the 

samples to be measured [9]. In this thesis, LbL NPs were fabricated with different amount 

of PLR loadings of the following configuration: HAp | PLR (0.50 mg) | SPARC siRNA 

(1.20 nmol) | PLR (0.50 mg), HAp | PLR (2 mg) | SPARC siRNA | PLR (0.50 mg) and 

HAp | PLR (0.50 mg) | SPARC siRNA | PLR (2 mg). Also, the LbL NPs were fabricated 

with an increased amount of siRNA loading per layer of the following configuration: HAp 

| PLR (0.50 mg) | SPARC siRNA (1.20 nmol) | PLR (0.50 mg) and HAp | PLR (0.50 mg) 

| SPARC siRNA (2.40 nmol) | PLR (0.50 mg). 

 

The rational of conducting this experiment is the speculation that by increasing the amount 

of PLR and siRNA loading per layer, it could increase the total amount of siRNA content 

in the LbL NPs. 25 L (for 1 mg worth of HA) of the respective fabricated LbL NPs was 

dispersed in 300 L of 0.25 % Trypsin-EDTA medium and samples were placed in 

thermoshaker, shaking overnight at 1500 rpm at 37 °C. On the following day, the samples 

were spun down and the supernatant was measured for total amount of siRNA content 

present in the respective particles with the Nanodrop system (Thermo Scientific, 

Nanodrop One, Microvolume UV-VS Spectrophotometer, USA). 

 

3.3 Release behavior of LbL NPs   

 

The release behavior of GFP labelled 6FAM SPARC siRNA LbL NPs was conducted by 

the use of the microplate reader (iControl Tecan Infinite 200, Austria), with Ex/Em of 

480/520 nm. It is a multifunctional instrument that takes measurements of absorbance, 
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fluorescence and luminescence of the samples, and it is usually used to quantify proteins, 

expression of genes and various metabolic processes [10]. All sample measurements 

utilizing the Tecan microplate reader will be compared against a series of 6FAM siRNA 

standard curve (Tecan measurements to be taken of 6FAM siRNA of known 

concentrations).  

 

3.3.1 siRNA release behavior of NPs fabricated with different PLR MW 

 

The nanoparticles were fabricated with PLR MW 5000 – 15 000 Da, 15 000 – 70 000 Da 

and >70 000 Da in the 3 layered LbL NPs system. 25 L (for 1 mg worth of HA) of the 

respective LbL NPs was dispersed in 300 L of 0.25 % Trypsin-EDTA medium to test for 

the total siRNA amount. The respective samples were placed in the thermoshaker, shaking 

overnight at 1500 rpm at 37 °C. On the following day, the samples were spun down and 

the supernatant was measured for the total siRNA amount using the microplate reader.  

 

Release study of the respective LbL NPs will be conducted using MWCO of 100 kD 

dialysis tubing placed in a glass container filled with 10 mL of PBS (pH 7.40). The glass 

container was placed in the thermoshaker, shaking overnight at 50 rpm at 37 °C over a 

period of 28 days with the stipulated time intervals of day 1, day 3, day 5, day 7, day 14, 

day 21 and day 28. At the respective time interval, readings were measured using the 

microplate reader and the glass container were replenished with fresh 10 mL PBS (pH 7.40) 

for the subsequent timepoints.  

 

The rational for conducting this experiment is to find out if there will be a greater amount 

of total siRNA loaded in the 3 layered NPs coated with PLR MW >70 000 Da. This could 

in turn lead to a higher amount of release at the respective time interval, as compared to 

the 3 layered NPs coated with PLR MW 5000 – 15 000 Da and 15 000 – 70 000 Da. A 

higher molecular weight of PLR would mean that there will be a greater number of 

repeating units. Therefore, this could increase the overall net positive charges of the 

polyelectrolyte layer. Also, this in turn would allow more siRNA to be loaded in the LbL 

NPs. Based on the total amount of siRNA content and the release profile of the respective 
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LbL NPs, PLR MW of >70 000 Da was decided to be used as the polyelectrolyte in the 

bilayers of the LbL NPs system. 

 

3.3.2 siRNA release behavior of NPs fabricated with additional siRNA layers 

 

The nanoparticles are fabricated with PLR Mw >70 000 Da in 3 layered (containing 1 layer 

of siRNA), 5 layered (containing 2 layers of siRNA) and 7 layered (containing 3 layers of 

siRNA) LbL NPs system. 25 L (for 1 mg worth of HA) of the respective LbL NPs was 

dispersed in 300 L of 0.25 % Trypsin-EDTA medium to test for the total siRNA content. 

The respective samples were placed in the thermoshaker, shaking overnight at 1500 rpm at 

37 °C. On the following day, the samples were spun down and the supernatant was 

measured for the total siRNA content in the respective LbL NPs using the microplate reader.  

 

Release study of the respective LbL NPs will be conducted using MWCO of 100kD 

dialysis tubing placed in a glass container filled with 10 mL of PBS (pH 7.40). The glass 

container was placed in the thermoshaker, shaking overnight at 50 rpm at 37 °C over a 

period of 28 days with the stipulated time interval of day 1, day 3, day 5, day 7, day 14, 

day 21 and day 28. At the respective time interval, readings were measured using the 

microplate reader and the glass container were replenished with fresh 10 mL PBS (pH 7.40) 

for the subsequent timepoints.  

 

The rational for conducting this experiment is to find out if there will be a higher amount 

of total siRNA loaded in the 7 layered NPs (containing 3 layers of siRNA). Hence, in turn 

could lead to a higher amount of release at the respective time interval, as compared to the 

3 and 5 layered NPs. Additional layers of siRNA loaded in the LbL NPs could increase the 

total amount of siRNA content in the LbL NPs. Based on the total amount of siRNA content 

and the release profile of the respective LbL NPs, the 7 layered LbL NPs was decided to 

be used for the subsequent in vitro studies. 
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3.4 Transmission electron microscope (TEM) imaging 

  

To affirm the shape morphology of the NPs, the fabrication of various batches of LbL NPs 

(HAp core material, 3 layered, 5 layered and 7 layered) was imaged by Transmission 

Electron Microscopy (TEM) (Carl Zeiss Libra 120 Plus, Germany). TEM utilizes the 

transmission of focused beam of highly energetic electrons to examine samples, producing 

a high resolution of image that will be reflected onto the screen as compared to the 

conventional light microscopy, hence making it an essential equipment for imaging 

nanomaterials to acquire qualitative and quantitative analysis of NPs such as the surface 

features and shape morphology [11]. Samples were prepared in the dilution of 1:100 by 

adding a drop of sample onto the copper grid and drying overnight before taking the TEM 

images.  

 

3.5 In vitro toxicity study 

 

MTT (methyl-thiazolyldiphenyl-tetrazolium bromide, Sigma-Aldrich, USA) assay, a cell 

viability assay, is done to assess the viability of cells after treatment with NPs. Actively 

respiring cells will convert the water-soluble MTT to an insoluble purple formazan which 

can be solubilized with the addition of DMSO and the fluorescence can then be determined. 

500 HuRPF cells were cultured in the 96-wells transparent plate, incubated overnight at 

37 °C with 5 % CO2. On the next day, HuRPF cells was washed with PBS and the respective 

concentration of the 7 layered siRNA LbL NPs (with concentration of 258 g, 129 g and 

64.50 g) was added into the cells. The HuRPF cells were then incubated with the NPs for 

24- and 48- hours intervals. At the respective time interval, the cells were assayed for their 

cell viability with MTT by washing the cells with PBS and 10 L of the MTT supplemented 

with 190 L of PBS was added into each well. After incubation with MTT for 4 hours, at 

37 °C with 5 % CO2, the medium was removed and the cells with the purple formazan 

crystals were dissolved in DMSO. The fluorescence intensities of the cells were then 

measured using the microplate reader with an absorbance wavelength of 595 nm. The 

viability of cells was then calculated in comparison with the control (cells without 

treatment of NPs).  
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3.6 In vitro cellular entry of LbL NPs 

 

3.6.1 Cell cultures 

 

The Human retroperitoneal fibroblast (HuRPF) cells used in the cell studies were cultured 

using RPMI 1640 medium supplemented with 10 % FBS and 1 % antibiotics. The cells 

were then cultured in the incubator at 37 °C with 5 % CO2 and cultured until confluent 

before they were used for in vitro studies. The samples (cells treated with NPs) were 

compared against control cells (cells without NPs treatment) for all cell related experiments, 

whereas for immunoblotting assay the cells will be treated with siSPARC (LbL NPs loaded 

with SPARC siRNA) and siSCRAM (LbL NPs loaded with SCRAM siRNA as a negative 

control). All sample measurements involving the use of Tecan microplate reader for 

measuring the amount of 6FAM siRNA will be compared against a series of 6FAM siRNA 

standard curve (Tecan measurements to be taken of 6FAM siRNA of known 

concentrations), with Ex/Em of 480/520 nm. 

 

3.6.2 In vitro qualitative cellular entry of LbL NPs 

 

For the qualitative study, the aim of this experiment is to find out whether if the 7 layered 

LbL NPs are able to internalize into the cells. 5000 HuRPF cells were cultured in the 

covered glass chamber system (Thermo Scientific, Nunc, LAB-TEK II Chambered 

Coverglass, USA) at 37 °C with 5 % CO2. After 24 hours of incubation, the HuRPF cells 

was washed with PBS and 0.80 L of the 7 layered FITC-labelled HAp LbL NPs were 

added into the chambers. The cells were incubated with the NPs overnight at 37 °C with 

5 % CO2. The cells were washed with PBS on the following day then fixed with 4 % 

paraformaldehyde (PFA), and incubated at 37 °C with 5 % CO2 for 10 mins. The 4 % PFA 

was then removed and replaced with vectashield with DAPI (Vector Laboratories, USA). 

It was incubated for 4 hours at 37 °C with 5 % CO2 to stain the cell nuclei. Following this, 

the cells will be ready for observation using the confocal-laser scanning microscope 

(CLSM, Leica TCS SP8, Germany) with FITC Ex/Em of 495 nm/519 nm (at magnification 
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of 40X, Zoom 4.3). The samples were compared against the control cells (without any 

treatment of particles). 

 

3.6.3 In vitro quantitative cellular entry of LbL NPs 

 

For the quantitative study, the aim of this experiment is to find out the percentage of cells 

with the 7 layered 6FAM-labelled siRNA LbL NPs over various time intervals of day 1, 

day 3, day 5, day 7, day 14 and day 21. 50 000 HuRPF cells were cultured in the 6-wells 

plate, incubated at 37 °C with 5 % CO2. After 24 hours of incubation, the HuRPF cells was 

washed with PBS and 8 L of the 7 layered 6FAM-labelled siRNA LbL NPs were added 

into the wells. The cells were incubated with the NPs at 37 °C with 5 % CO2, and they were 

washed with PBS at the respective time intervals then trypsinized and incubated with 0.40 % 

Trypan blue (Sigma-Aldrich, USA) for 7 minutes at room temperature. Trypan blue is used 

to quench the surface fluorescence surrounding the cells so that the measurements taken 

will only reflect the true fluorescence emission from within the cells. The cells will then be 

spun down at 650 RCF for 5 minutes at 10 °C. Following this, the supernatant was removed 

and the cell pellet was resuspended in PBS and aliquot into the 96-wells transparent plate 

for quantitative analysis using the Guava easyCyte Flow Cytometry System. The flow 

cytometry measures forward and side scattering of light by the cells. A laser beam will be 

used as the light source to shine upon the cell suspension. As the cell suspension passes 

through the laser beam, the light will be scattered. Based on the granularity and size of the 

cell, the direction of light scattering differs. A detector placed in front of the laser beam 

measures the forward scattering (FS) of light and the side detectors measures the side 

scattering (SS) of light. The FSC measures amount of laser beam that passes around the 

cell which provides the relative size of the cell. The SSC measures amount of laser beam 

that bounces off of the materials inside the cells. Any laser light of the similar wavelength 

of the laser that bounces off of the materials inside the cells will be collected and recorded 

as the SSC. The data will then be analyzed using the GuavaExpress Pro software (EMD 

Millipore, USA). The samples were compared against the control cells (without treatment 

of NPs). 
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3.7 Evaluate the amount of free siRNA within HuRPF cells 

 

From the qualitative and the quantitative cellular entry of the 7 layered LbL NPs, further 

investigation was done to observe the amount of free siRNA that is found within the HuRPF 

cells. This is essential to know so that the amount of free siRNA within the cells/cytoplasm 

at the respective time intervals (day 1, day 3, day 5, day 7, day 14 and day 21) could be 

utilized as a correlation to the percentage gene silencing of SPARC. Also, this information 

is important as the siRNA release behavior within the cells could then be attained, and also 

the information on the remaining amount of siRNA that is not present in the cytoplasm 

(amount of SPARC siRNA that is retained in the NPs and the amount of siRNA that is 

consumed/degraded) could also be elucidated. The siRNA release behavior within the cells 

could also be used to correlate with the siRNA release behavior in PBS medium (at pH 

7.40). This is to observe whether if the release of siRNA in PBS medium (at pH 7.40) is 

similar to the release of siRNA within cells.  

 

50 000 HuRPF cells were cultured in the 6-wells plate, incubated at 37 °C with 5 % CO2. 

After 24 hours of incubation, the HuRPF cells was washed with PBS and 8 L of the 7 

layered 6FAM-labelled siRNA LbL NPs were added into the wells. The cells were 

incubated with the NPs at 37 °C with 5 % CO2, and at the respective time intervals they 

were washed with PBS. The PBS was then removed completely and the cells were 

incubated for 10 minutes with 150 L of cell lysis buffer (to lyze the cells and break open 

the cell membrane to release the free siRNA found within the cells). Following this, the 

cells will be scratched and aliquot into a 2 mL microcentrifuge tube, 150 L of PBS would 

then be added and vortex to mix well (to prevent any prolonged effect of the lysis buffer 

on the LbL NPs configuration from within the cells). The samples will then be incubated 

for 5 minutes at room temperature and after that to be spun down at 15,000 rpm at 10 °C 

for 5 minutes. The supernatant which contains the free siRNA will be aliquot into the 96-

wells black plate to measure using the microplate reader (Ex/Em = 480/520 nm) for the 

amount of free siRNA within the cells at the respective time interval as compared to the 

control cells (without treatment of NPs). The cell pellet (contains lyzed cell membrane and 

the remaining NPs) will be dispersed in 0.25 % trypsin-EDTA, shaking overnight using the 
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thermoshaker at 37 °C, to break open the LbL NPs and then to measure using the microplate 

reader (Ex/Em = 480/520 nm) for the remaining siRNA on the NPs (of the respective time 

intervals) at the following day. All samples will be compared against a series of 6FAM 

siRNA standard curve (Tecan measurements to be taken of 6FAM siRNA of known 

concentrations).   

 

Xupeng Mu et al. evaluated the encapsulation efficiency of siRNA for their PEG-

LP/siRNA NPs by measuring the amount of unencapsulated siRNA in the supernatant, in 

which the NPs complex fabricated with the 6FAM-labelled siRNA were spun down and 

the supernatant (containing unencapsulated siRNA) was measured using the microplate 

reader (Ex/Em = 480/520 nm) [12]. Hence, with reference to the article, it can be assured 

that in my experiment, the lyzed cells which contains the remaining NPs are being spun 

down. The measurement of the supernatant will be the true value of the free siRNA within 

the cells. 

 

3.8 Immunoblotting assay 

 

Immunoblotting assay is performed to find out the percentage of SPARC knockdown after 

administering the HuRPF cells with the 7 layered LbL NPs (siSPARC-LbL and siSCRAM-

LbL) for the stipulated time intervals (day 1, day 3, day 5, day 7, day 14 and day 21). 50 

000 HuRPF cells were cultured in the 6-wells plate, incubated at 37 °C with 5 % CO2. After 

24 hours of incubation, the HuRPF cells were washed with PBS and 8 L of the respective 

7 layered SPARC-siRNA LbL (siSPARC-LbL) NPs and 7 layered SCRAM-siRNA LbL 

(siSCRAM-LbL) NPs (negative control) were added into the wells. The cells were 

incubated with the respective NPs at 37 °C with 5 % CO2, and at the respective time 

intervals they were washed with PBS. The PBS was then removed completely followed by 

the protein extraction of the HuRPF cells treated with siSPARC-LbL and siSCRAM-LbL. 

The measurement of the protein concentration present in the respective samples were 

compared with the bovine serum albumin, BSA (Sigma-Aldrich, USA) standards of known 

concentrations using the microplate reader with an absorbance wavelength of 595 nm. 

Antibodies against SPARC were purchased from Santa Cruz Biotechnology (California, 
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USA). Horseradish peroxidase-conjugated secondary antibodies were from Jackson 

ImmunoResearch Laboratories (Pennsylvania, USA). Normalization to check for the 

variation in loading of the samples was performed using GAPDH (Santa Cruz 

Biotechnology, California, USA) as the housekeeping protein. 
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Chapter 4  

 

Results and Discussion 

 

The chapter reports the characterization and optimization of the layer by 

layer (LbL) nanoparticles (NPs) system. The aim of this study is to 

maximize the total amount of siRNA that can be loaded in the LbL NPs 

system to cause an effective and prolonged gene silencing effect over 21 

days. Various parameters of the LbL NPs system were evaluated and it 

was observed that the particles coated with the highest PLR molecular 

weight (Mw) and optimized with additional siRNA layers contained the 

greatest total siRNA content. These particles were also observed to 

release the highest amount of siRNA (in PBS medium, pH 7.40). The 

selected multilayered NPs system was tested for its cell viability and the 

particles cellular internalization was investigated. Finally, the study 

proceeded to investigate the amount of free siRNA released within cells 

and also on their gene silencing effect. It was observed that the system 

was able to effectively deliver siRNA into the cells/cytoplasm to cause an 

efficient and prolonged gene silencing effect over 21 days.  
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4.1 Introduction  

 

The aim of the report is to maximize the total siRNA content encapsulated in the 

multilayered nanoparticles (NPs) system to cause an effective and prolonged gene silencing 

effect. Characterization of the NPs to examine their size and zeta potential were measured 

utilizing the Malvern zetasizer. X-ray diffraction (XRD) was employed to identify the 

percent crystallinity present in the HAp core material. Gel permeation chromatography 

(GPC) was carried out to determine the average molecular weight distribution of the poly-

L-arginine (PLR) polyelectrolyte in solution. Transmission Electron Microscopy (TEM) 

imaging was done to confirm the shape morphology of the particles. Cell viability assay 

was investigated to assess the toxicity of the LbL NPs system. Following that, to increase 

the amount of siRNA loaded within the particle, different PLR/siRNA coating amount were 

investigated. The release behavior of the LbL NPs system loaded with PLR of different Mw 

and the system loaded with additional siRNA layers will be investigated. This is to observe 

and select the optimal NPs system that releases the most siRNA at each time interval (over 

28 days). The NPs system that is selected will then be used for the subsequent in vitro 

studies. In vitro qualitative and quantitative cellular internalization studies will be carried 

out to observe the LbL NPs internalization into HuRPF cells. The amount of free siRNA 

within the HuRPF cells and the amount of SPARC knockdown in HuRPF cells over 21 

days were evaluated.   

 

4.2 Characterization studies of LbL NPs   

  

4.2.1 X-ray powder diffraction (XRD) 

 

The XRD technique was utilized to evaluate the elemental composition and percent 

crystallinity of the HAp core material. The data was collected and interpreted by Match! 

and TOPAS software from the FACTS laboratory.  

The XRD data processed with Match! showed that HAp was made up of calcium (Ca), 

phosphorus (P), oxygen (O) and hydrogen (H). The respective elements and intensities 
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match the reference pattern of HAp as retrieved from the ICSD database (ICSD entry no.: 

04-010-6315).  

The percent crystallinity of HAp was calculated by the TOPAS software to be at 78.30 % 

by dividing the area under the diffraction peak by the area under the amorphous hump. 

Figure 4.1 below illustrates the XRD patterns of the HAp (<200 nm) powder sample: 

 

 

 

Figure 4.1: XRD patterns of HAp (<200 nm) powder sample (blue) with the reference patterns 

(red) included. The percent crystallinity was found to be at 78.30 %. The sample was run for 55 

minutes at room temperature over 2theta degree range of 0 - 120°. The data was collected and 

interpreted by Match! and TOPAS software from the FACTS laboratory. 

 

From Figure 4.1, it was ascertained that the HAp nanopowder [Ca5(OH)(PO4)3] procured 

from Sigma-Aldrich (USA) consists of the exact elemental compositions as HAp according 

to the XRD data. Furthermore, the percent crystallinity of HAp core material was found to 

be at 78.30 %, which indicates that the material was mainly crystalline. This is a 
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characteristic of a hard and strong material. The remaining 21.70 % of the sample was 

found to be amorphous, indicating that there are portions of the constituents in the material 

arranged in a disorderly manner. The amorphous regions allow the material to be more 

flexible and soluble than their crystalline counterparts. Hence, the crystalline regions 

provide HAp with high mechanical strength while the amorphous regions enhance the 

flexibility and solubility of the material. These properties allow HAp to undergo the various 

processing steps (i.e. maximum speed used on vortex mixer) during the layer by layer 

fabrication preventing the deformation of the particles. 

 

4.2.2 Gel permeation chromatography (GPC) 

 

Gel permeation chromatography (GPC) was carried out to determine the average molecular 

weight distribution of the various poly-L-arginine (PLR) (procured from Sigma-Aldrich). 

PLR molecular weight (with the analysis provided by Sigma-Aldrich) of 5000 – 15 000 

Da, 15 000 – 70 000 Da and >70 000 Da was used in this study. The average molecular 

weight analysis on the various PLR polyelectrolytes was determined by using the Agilent 

1260 Infinity GPC/SEC system (with comparison against the Agilent EasiVial PEG/PEO 

standard calibration kit). The average molecular weight (Mw) distribution of PLR, the 

calculated PDI, degree of polymerization (DP) and charge per molecule of the respective 

PLR is as illustrated in Table 4.1 below: 

 

Table 4.1: Parameters of the poly-L-arginine (PLR) used. Mw and Mn represents the weight 

average and the number average molecular weight respectively. PDI represents the polydispersity 

index and DP represents the degree of polymerization of the respective PLR.  



Results and Discussion  Chapter 4 

61 

 

 

*Determined by GPC.  

 

The same kind of polymer can differ largely in terms of molecular weight solely due to the 

different number of repeating units. Hence, the molecular weight of polymers is given as 

averages determined by the GPC system. There are two commonly determined values by 

GPC: the weight average molecular weight (Mw) which is calculated from the weight 

fraction distribution of molecules with different sizes. As the larger molecules weigh more 

than the smaller molecules, the calculated weight average Mw would be skewed towards 

the higher Mw of macromolecules in the sample that contributes to the averaging process 

while it puts aside those with a smaller Mw. This means that a very small amount of the 

larger molecules can have a huge influence towards the weight average Mw calculation of 

the sample. The number average molecular weight (Mn) as determined by GPC takes into 

account all the molecules of the polymer (all molecular weights contribute significantly) 

in the averaging process (in which the total weight of the molecules in the sample is divided 

by the total number of molecules that the sample contains). The Mn takes into consideration 

the total number of molecules regardless of size that are present in the sample  [1]. Therefore, 

the weight average Mw is always greater than the number average molecular weight (Mn) 

since it takes into consideration not only the number of molecules of each of the polymer 

present in the sample, but also the mass of the respective polymers. 

 

Table 4.1 shows the Mw and Mn determined by GPC for the various PLR used in this study. 

The Mw for PLR 5000 – 15 000 Da was found to be at 10053  23.64 Da, with Mn of 7584 
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 3962.20 Da. The Mw for PLR 15 000 – 70 000 Da was found to be at 37649.67  3796.37 

Da, with Mn of 31066.67  3559.24 Da. The Mw for PLR >70 000 Da was found to be at 

166090.70  766.55 Da, with Mn of 48540  12852.99 Da.  

 

The degree of polymerization (DP) relates to the average number of the monomer unit in 

the polymer chain and it is calculated by dividing the number average molecular weight 

(Mn) of the polymer by the molecular weight of a single repeating unit/monomer. The 

molecular weight of L-arginine is 157 Da. The formula to calculate the DP of its respective 

polymer is as given below: 

 

 

 

The relation between DP and molecular weight (Mn) of the polymer is given by the 

multiplication of DP and the molecular weight of a single repeating unit/monomer [2]. DP 

relates to the average numbers of the repeated monomer unit, with each unit carrying one 

positive charge in the guanidinium group. This in turn correlates to the number of charges 

per molecule of the respective PLR which will be further explained in the later part of this 

section with regards to the values calculated from Table 4.1. Chain entanglement (ability 

of polymer chains to become entangled with one another) is another important factor 

contributing to the physical properties of the polymer. The degree of chain entanglement 

increases as the polymer chain gets longer or as the molecular weight of the polymer 

increases, which contributes to its strength and flexibility [3]. Whereas, a shorter polymer 

chain is weak and brittle but it becomes strong and pliable above certain length. This is a 

factor that could be taken into consideration in deciding the most suitable type of PLR (i.e. 

based on the length of polymer chain and molecular weight) to be used. This ensures the 

ability of the PLR to exhibit strong nucleic acid binding and promotes efficient cellular 

entry. It was observed that a minimum of 4 to 8 PLR repeating units were needed to 

effectively condense nucleic acids and to trigger the cellular internalization (an increase in 

the repeating units would lead to an increase in transfection efficiency) [4]. 

 

DP of PLR = 
Mn of PLR 

157 Da 
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PLR >70 000 Da showed the highest DP at 309 among the three different PLR Mw 

polypeptides as listed in Table 4.1. Since the DP corresponds to the number of positive 

charges on the polymer, this means that there are 309 positive charges on the PLR >70 000 

Da polypeptide. This also meant that PLR >70 000 Da has the longest polymer chain 

(compared to the repeating units of the lower PLR Mw). This increases its nucleic acid 

binding ability, increasing the total siRNA content in the particles. This also helps in 

condensing the nucleic acids (i.e. siRNA) more effectively, hence reducing the overall 

particle size. Smaller-sized particles can undergo cellular entry significantly faster as 

compared to bigger-sized particles, to trigger an increased transfection efficiency. Being 

the highest PLR Mw, the chain entanglement of PLR >70 000 Da would be greater which 

gives the polymer more strength and flexibility. 

 

With the information listed in Table 4.1, the charge per molecule of PLR can be calculated 

based on the ratio of charge per molecule of PLR and of the siRNA. For instance, PLR >70 

000 Da had a total number of 309 positive charges per molecule and siRNA (consist of 21 

base-pairs) possess 1 negative charge per base/molecule at its phosphate group. Hence, for 

a double helix siRNA there would be a total number of 42 negative charges per molecule 

of siRNA. From this, the ratio of the charge per molecule of PLR >70 000 Da to the charge 

per molecule of siRNA would be 7:1. This means that each molecule of PLR is able to bind 

to 7 molecules of siRNA. Similarly, for PLR 15 000 – 70 000 Da, there are a total number 

of 198 positive charges per molecule. Therefore, the ratio of the charge per molecule of 

PLR 15 000 – 70 000 Da to the charge per molecule of siRNA would be 5:1, meaning that 

each molecule of PLR is able to bind to 5 molecules of siRNA. For the PLR 5000 – 15 000 

Da, there are a total number of 48 positive charges per molecule, so the ratio of the charge 

per molecule of PLR 5000 – 15 000 Da to the charge per molecule of siRNA would be 1:1. 

This means that each molecule of PLR is able to bind to 1 molecule of siRNA. Thus, 

PLR >70 000 Da has the ability to bind to more siRNA as compared to the PLR 

polypeptides with a lower Mw as listed in Table 4.1. This explains the capability for the 

LbL NPs coated with PLR >70 000 Da to possess the highest amount of total siRNA 

content, which will be evaluated with experimental data under the section of 4.2.4 below.  
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4.2.3 Effect of poly-L-arginine (PLR) and siRNA amount on LbL NPs 

 

It was hypothesized that loading different amounts of PLR in each layer and an increased 

amount of siRNA per layer would lead to a higher total siRNA content in the LbL NPs. To 

affirm this, 3 layered LbL NPs (using PLR >70 000 Da) were fabricated with different 

amounts of PLR loading (0.50 mg and 2 mg of PLR in either the inner or outer layer of the 

NPs) and with an increased amount of siRNA loading per layer (1.20 nmol and 2.40 nmol 

of siRNA per layer of the NPs). The particles fabricated were of the following 

configurations as illustrated in Table 4.2 below with their respective size and zeta potential 

of the LbL NPs, and also for the total amount of siRNA content in the respective LbL NPs 

configurations: 

 

Table 4.2: Total amount of siRNA content, size and zeta potential of the LbL NPs with different 

amount of PLR loaded and with an increased amount of siRNA loaded per layer.   

 

* LbL NPs coated with different amounts of PLR. ^ LbL NPs loaded with different amounts of 

siRNA.  

 

Table 4.2 shows that the size and zeta potential did not increase when more amount of PLR 

was loaded in the LbL NPs system. The size of HAp was 184.83 ( 7.08) nm with zeta 

potential of -1.56 ( 0.04) mV. The size and zeta potential of NPs loaded with more amount 

of PLR did not increase probably because of the maximum neutralization of the HAp 
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charge. Hence, there was no changes in the size and zeta potential when an increased 

amount of PLR was loaded.  

 

In order to compare and verify the total siRNA amount present in the particles, the total 

siRNA contents of the various particles were released and quantified with Nanodrop. 

Briefly, 1 mg of each of the particles were dispersed in 0.25 % trypsin-EDTA solution, 

vortexed then shaken at 1500 rpm overnight at 37 °C in the thermoshaker to disassemble 

the particles (releasing all the siRNA contents). The anova statistical analysis was carried 

out to compare the total amount of siRNA present in the various particles loaded with 1.20 

nmol of siRNA and different amounts of PLR, as listed in Table 4.2 (denoted by *). The 

p-value was found to be 0.22, which implies there were no significant differences. 

Therefore, this concludes that more PLR coating on the LbL NPs will not affect the 

thickness and loading of siRNA in the particles. Further, 0.50 mg of PLR coating per layer 

for every 1 mg of HAp used was the optimized amount for maximum PLR coating on the 

LbL NPs. Hence, 0.50 mg of PLR per layer would be used for the fabrication of the LbL 

NPs in the subsequent studies.  

 

As observed from Table 4.2, the size of the NPs did not increase with more amount of 

siRNA loaded in the LbL NPs and the zeta potential did not increase for the NPs loaded 

with higher amount of siRNA. It could be due to the washing steps during the LbL NPs 

fabrication to wash away uncoated PLR before the fabrication of the next layer onto the 

NPs. In the process, certain amounts of PLR could have been washed away (which is also 

reported in literatures regarding the loss of composites by the many necessary washing 

steps during the layer by layer fabrication [5]). Hence, the PLR that have been coated onto 

the NPs binds to only 1.20 nmol of siRNA and the remaining uncoated siRNA could have 

been washed away before the fabrication of the next layer of PLR.  

 

In order to verify that the amount of total siRNA content present in the particles are similar, 

the total siRNA contents of the various particles were released and quantified with 

Nanodrop. The anova statistical analysis was carried out and the p-value was found to be 

at 0.64, in which a p-value >0.05 means that the data has no significant differences. 
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Therefore, this concludes that by loading more amount of siRNA in each siRNA layer did 

not increase the total siRNA content in the particle and that the coating amount of 1.20 

nmol siRNA used was apparently the optimal amount for siRNA loading. Additionally, it 

was reported that the LbL NPs loaded with 1.20 nmol siRNA is sufficient to elicit gene 

silencing effect for a minimum period of 2 weeks [6], and the aim of this thesis is to 

ultimately deliver a sufficient amount of siRNA into the cell cytoplasm to cause an efficient 

and prolonged gene silencing effect. Hence, 1.20 nmol siRNA per layer would be used for 

the fabrication of the LbL NPs in the subsequent studies. 

 

4.2.4 Effect of poly-L-arginine (PLR) Mw on LbL NPs 

 

Since the effect of poly-L-arginine (PLR) and siRNA amount did not show significant 

increase to the total siRNA content in the LbL NPs, further investigations were done to 

coat the LbL NPs with different PLR molecular weight (PLR 5000 – 15000 Da, PLR 15 

000 – 70 000 Da and PLR >70 000 Da) for increasing the total siRNA content in the 

particles. This is to validate if there will be any effect on the LbL NPs by using different 

PLR Mw possessing different degree of polymerization. 

 

According to the GPC data from Table 4.1, it was observed that PLR >70 000 Da shows 

the highest degree of polymerization (DP) at 309 among the three different PLR Mw 

polypeptides and that for every 1 molecule of PLR >70 000 Da, it could bind to 7 molecules 

of siRNA (based on calculations). Also, it was mentioned in literatures that the degree of 

chain entanglement increases as the polymer chain/repeating units gets longer, contributing 

to the strength and flexibility of the polymer. The polymer with the longest chain length 

will be able to increase its nucleic acid (i.e. siRNA) binding ability. Therefore, referring 

back to Table 4.1, PLR >70 000 Da seems to be the best candidate (as compared to PLR 

5000 – 15 000 Da and PLR 15 000 – 70 000 Da) for the ability to bind to more amount of 

siRNA which could increase the overall total amount of siRNA in the LbL NPs. To affirm 

this, 3 layered LbL NPs were fabricated with different PLR Mw which were of the following 

configurations as illustrated in Table 4.3 below with their respective size and zeta potential 
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of the LbL NPs, and also for the total amount of siRNA content in the respective LbL NPs 

configurations: 

 

Table 4.3: Total amount of siRNA content, size and zeta potential of the LbL NPs coated with 

different PLR Mw per layer.   

 

Table 4.3 shows that the size of the NPs decreases with higher PLR Mw coated on the LbL 

NPs but the zeta potential did not increase when PLR 5000 – 15 000 Da and PLR 15 000 

– 70 000 Da was coated on the LbL NPs system. However, the zeta potential for LbL NPs 

coated with PLR >70 000 Da increased as compared to the LbL NPs coated with PLR 5000 

– 15 000 Da and PLR 15 000 – 70 000 Da. This would further validate the GPC data and 

explanation from Table 4.1 that PLR >70 000 Da having more repeating units (possessing 

the highest DP) and thus the longer polymer chain (as compared to PLR 5000 – 15 000 Da 

and PLR 15 000 – 70 000 Da) is able to increase its ability to bind to more siRNA through 

electrostatic interactions and to condense the siRNA more effectively which reduces the 

overall particle size as shown from Table 4.3 with the size of 314.03  4.23 nm for 3 layered 

NPs coated with PLR >70 000 Da.  

 

Experiments were done to compare and verify if the total amount of siRNA present in the 

3 layered LbL NPs coated with PLR >70 000 Da contains the most siRNA (as compared 

to the 3 layered LbL NPs coated with PLR 5000 – 15 000 Da and PLR 15 000 – 70 000 

Da). The total siRNA contents of the various particles were released and quantified with 

the microplate reader (the siRNA used in this experiment will be labelled with 6FAM GFP) 

and the samples are compared against a series of 6FAM siRNA of known concentrations, 
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with Ex/Em of 480/520 nm. The anova statistical analysis was carried out to compare the 

three particles coated with different PLR Mw and the p-value was found to be at 0.01, in 

which a p-value <0.05 means that the data has significant differences. 

 

However, the total amount of siRNA content for 3 layered LbL NPs coated with PLR 5000 

– 15 000 Da and PLR 15 000 – 70 000 Da does not show significant differences as it could 

be due to their low DP. The lower Mw of PLR which possess a lower DP results in a 

decrease on its nucleic acid binding ability, thus the lesser total siRNA content in the 

particles. Furthermore, PLR 5000 – 15 000 Da possessing the shortest repeating units 

would have a decreased ability to bind and condense the siRNA layer effectively. Hence, 

making the larger sized particle at 445.67 ( 1.88) nm as compared to the particle coated 

with PLR 15 000 – 70 000 Da with the size of 394.27 ( 13.80) nm.  

 

All in all, the 3 layered LbL NPs coated with PLR >70 000 Da has longer repeating units 

which can bind to more amount of siRNA (1 molecule of PLR can bind to 7 molecules of 

siRNA) hence the highest amount of total siRNA content at 584.32 ( 3.33) pmol as 

compared to the 3 layered LbL NPs coated with PLR 5000 – 15 000 Da  (1 molecule of 

PLR can bind to 1 molecule of siRNA) with total siRNA content of 495.72 ( 29.77) pmol 

and the 3 layered LbL NPs coated with PLR 15 000 – 70 000 Da (1 molecule of PLR can 

bind to 5 molecules of siRNA) with total siRNA content of 519.81 ( 22.48) pmol. 

However, before deciding on the PLR Mw that should be used for coating on the LbL NPs 

for subsequent in vitro studies, the release behavior (in PBS medium) of the particles coated 

with the different PLR Mw were investigated as shown in 4.2.6. 

 

4.2.5 Effect of additional siRNA layer on LbL NPs  

 

In order to further increase siRNA loading in the particles to achieve a more prolonged and 

sustained gene silencing effect, additional layers of siRNA can be fabricated on the LbL 

NPs system. The LbL NPs coated with PLR >70 000 Da and loaded with increasing layers 

of 6FAM-labelled siRNA was fabricated in 3 layered LbL NPs configuration (containing 

1 layer of siRNA), 5 layered LbL NPs configuration (containing 2 layers of siRNA) and 7 
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layered LbL NPs configuration (containing 3 layers of siRNA). The size, zeta potential and 

the total amount of siRNA content in the respective LbL NPs configurations are shown in 

Table 4.4: 

 

Table 4.4: Total amount of siRNA content, size and zeta potential of the 3, 5 and 7 layered LbL 

NPs coated with PLR >70 000 Da. 

 

From Table 4.4, it is observed that there was a slight increase in size and zeta potential with 

additional layers of siRNA fabricated on the LbL NPs. The size of 3 layered NPs 

(containing 1 layer of siRNA) was 314.03 ( 4.23) nm, 5 layered NPs (containing 2 layers 

of siRNA) was 421.63 ( 1.12) nm and the 7 layered NPs (containing 3 layers of siRNA) 

was 431.30 ( 1.25) nm. The zeta potential of 3 layered NPs was 38.80 ( 0.10) nm, 5 

layered NPs was 40.53 ( 0.23) nm and the 7 layered NPs was 42.13 ( 2.12) nm. The 

slight increase in size and zeta potential was a result of additional layers coated on the LbL 

NPs.  

 

In order to compare and verify the total siRNA amount present in the 3 layered, 5 layered 

and 7 layered LbL NPs as shown in Table 4.4, the total siRNA contents of the various 

particles were released and quantified with the microplate reader (the siRNA used in this 

experiment was labelled with 6FAM GFP and the samples were compared against a series 

of 6FAM siRNA of known concentrations, with Ex/Em of 480/520 nm). The anova 

statistical analysis shows that the 3, 5 and 7 layered LbL NPs has significant differences 

(p-value = 0.004) in their total siRNA content. The 3 layered (3L) LbL NPs had an average 

amount of 584.32 ( 3.33) pmol of total siRNA content, 5 layered (5L) LbL NPs had an 
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average amount of 976.00 ( 16.63) pmol of total siRNA content and the 7 layered (7L) 

LbL NPs had an average amount of 1112.94 ( 14.28) pmol of total siRNA content.  

 

The results show that 7L LbL NPs have 14.03 % more siRNA content than the 5L LbL 

NPs while the 7L LbL NPs have 90.47 % more siRNA content than the 3L LbL NPs. Hence, 

it could be deduced that 7L LbL NPs which contains 3 layers of siRNA have the highest 

content of total siRNA in the LbL NPs as compared to the 5L and 3L LbL NPs having 2 

layers and 1 layer of siRNA respectively. High siRNA content in the LbL NPs could 

possibly deliver efficient and prolonged gene silencing effect. However, before deciding 

on which of the multilayered LbL NPs that should be used for subsequent in vitro studies 

for an efficient and prolonged gene silencing effect, the release behavior (in PBS medium) 

of the particles coated with 1 layer of siRNA (3L LbL NPs), 2 layers of siRNA (5L LbL 

NPs) and 3 layers of siRNA (7L LbL NPs) were investigated as shown in 4.2.7. 

 

4.2.6 siRNA release behavior of NPs fabricated with different PLR MW 

  

The fabrication of 3 layered LbL NPs loaded with different PLR Mw (PLR 5000 – 15 000 

Da, PLR 15 000 – 70 000 Da and PLR >70 000 Da) as discussed in 4.2.4 were utilized for 

the study on the 6FAM-labelled siRNA release behavior over 28 days. The release study 

was conducted using MWCO of 100kD dialysis tubing containing 1mg HAp worth of the 

respective particle samples and was placed in a glass container filled with 10 mL of PBS 

(pH 7.40). The glass container was placed in the thermoshaker, shaking overnight at 50 

rpm at 37 °C over a period of 28 days with the stipulated time intervals of day 1, day 3, 

day 5, day 7, day 14, day 21 and day 28. At the respective time intervals, readings were 

measured using the microplate reader (compared against a series of 6FAM siRNA of 

known concentrations, with Ex/Em of 480/520 nm) and the glass container were 

replenished with fresh 10 mL PBS (pH 7.40) for the subsequent timepoints.  

 

The cumulative release profile of 3 layered LbL NPs loaded with different PLR Mw (PLR 

5 – 15 kDa, PLR 15 – 70 kDa and PLR >70 kDa) are as illustrated in Figure 4.2 below: 
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Figure 4.2: Cumulative siRNA release profile of 3 layered LbL NPs loaded with different PLR Mw 

(PLR 5 – 15 kDa, PLR 15 – 70 kDa and PLR >70 kDa) in PBS (pH 7.40) medium over a period of 

28 days. At the respective timepoint (days 1, 3, 5, 7, 14, 21 and 28), the samples were collected and 

measured with the microplate reader to observe the amount of 6FAM siRNA release (compared 

against a series of 6FAM siRNA of known concentrations, with Ex/Em of 480/520 nm). The 

samples in the dialysis tubing that were submerged in the glass container was replenished with 

fresh 10 mL PBS (pH 7.40) for the subsequent timepoints. All samples were prepared and readings 

measured in triplicates. 

 

The 6FAM siRNA release profile as observed from Figure 4.2 shows that the particles 

loaded with different PLR Mw (PLR 5 – 15 kDa, PLR 15 – 70 kDa and PLR >70 kDa) 

exhibits gradual release of siRNA over 28 days. From Figure 4.2, the initial burst release 

of 6FAM siRNA for all the respective 3 layered LbL NPs loaded with different PLR Mw 

were observed at day 1. However, the burst release of 6FAM siRNA at day 1 for the 3 

layered LbL NPs loaded with PLR 5 – 15 kDa were 9.60 ( 1.04) pmol which was 1.94 % 

of the total amount of siRNA loaded. The burst release of 6FAM siRNA at day 1 for the 3 

layered LbL NPs loaded with PLR 15 – 70 kDa were 14.40 ( 0.90) pmol which was 2.77 % 
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of the total amount of siRNA loaded. The burst release of 6FAM siRNA at day 1 for the 3 

layered LbL NPs loaded with PLR >70 kDa were 15.30 ( 0.90) pmol which was 2.62 % 

of the total amount of siRNA loaded. This showed that the initial burst release of siRNA 

at day 1 did not cause a huge amount of siRNA release all at once and the respective NPs 

were still able to release siRNA gradually over 28 days.  

 

The 3 layered LbL NPs loaded with PLR 5 – 15 kDa released an average of 82.19 ( 3.36) 

pmol of 6FAM siRNA while the 3 layered LbL NPs loaded with PLR 15 – 70 kDa released 

an average of 125.93 ( 2.57) pmol of 6FAM siRNA and the 3 layered LbL NPs loaded 

with PLR >70 kDa released an average of 156.01 ( 2.89) pmol of 6FAM siRNA by day 

28. The anova statistical analysis was conducted and the p-value is 0.01 which indicates 

that there is significant difference in the amount of siRNA release of the 3 layered LbL 

NPs loaded with different PLR Mw. This showed that the 3 layered LbL NPs loaded with 

PLR >70 kDa has a higher amount of siRNA release over 28 days as compared to the 3 

layered LbL NPs loaded with PLR 5 – 15 kDa and PLR 15 – 70 kDa respectively.  

 

Figure 4.3 below illustrates the cumulative siRNA percent release of the 3 layered NPs 

loaded with different PLR Mw: 
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Figure 4.3: Cumulative siRNA percent release of 3 layered LbL NPs (loaded with different PLR 

Mw) in PBS (pH 7.40) medium over a period of 28 days. At the respective timepoint (days 1, 3, 5, 

7, 14, 21 and 28), the samples were collected and measured with the microplate reader to observe 

the amount of 6FAM siRNA percent release (compared against a series of 6FAM siRNA of known 

concentrations, with Ex/Em of 480/520 nm). The samples in the dialysis tubing that were 

submerged in the glass container was replenished with fresh 10 mL PBS (pH 7.40) for the 

subsequent timepoints. All samples were prepared and readings measured in triplicates. 

 

Figure 4.3 shows the cumulative siRNA percent release of 3 layered LbL NPs loaded with 

various PLR Mw in PBS (pH 7.40). The 3 layered NPs loaded with PLR 5 – 15 kDa releases 

siRNA at 16.58 ( 0.68) %, 3 layered NPs loaded with PLR 15 – 70 kDa releases siRNA 

at 24.23 ( 0.49) % and the 3 layered NPs loaded with PLR >70 kDa releases siRNA at 

26.70 ( 0.50) % by day 28. This shows that the 3 layered NPs loaded with various PLR 

Mw could potentially be longer than 28 days. The anova statistical analysis was conducted 

and the p-value is 0.01 which indicates that there is significant difference in the percentage 

siRNA release of the 3 layered LbL NPs loaded with various PLR Mw.  
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The 3 layered LbL NPs loaded with PLR >70 kDa would be the preferred particle to be 

used for the subsequent studies due to the fact that it had the ability to bind to more siRNA 

during the layer by layer fabrication. In the process, it could load the most amount of total 

siRNA content in the particle, hence resulting in the release of more amount of siRNA at 

each time interval. Releasing more amount of siRNA at each time interval could benefit 

the ultimate aim of achieving a more effective gene silencing effect [7, 8].  

 

4.2.7 siRNA release behavior of NPs fabricated with additional siRNA layers 

 

The fabrication of 3 layered (containing 1 layer of siRNA), 5 layered (containing 2 layers 

of siRNA) and 7 layered (containing 3 layers of siRNA) LbL NPs loaded with PLR >70 

000 Da as discussed in 4.2.5 were utilized for the study on the 6FAM-labelled siRNA 

release behavior over 28 days.  

 

The cumulative release profile of 3 layered, 5 layered and 7 layered LbL NPs are as 

illustrated in Figure 4.4 below: 
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Figure 4.4: Cumulative siRNA release profile of 3 layered, 5 layered and 7 layered LbL NPs 

(loaded with PLR Mw >70 kDa) in PBS (pH 7.40) medium over a period of 28 days. At the 

respective timepoint (days 1, 3, 5, 7, 14, 21 and 28), the samples were collected and measured with 

the microplate reader to observe the amount of 6FAM siRNA release (compared against a series of 

6FAM siRNA of known concentrations, with Ex/Em = 480/520 nm). The samples in the dialysis 

tubing that were submerged in the glass container was replenished with fresh 10 mL PBS (pH 7.40) 

for the subsequent timepoints. All samples were prepared and readings measured in triplicates. 

 

The 6FAM siRNA release profile as observed from Figure 4.4 shows that the 3 layered, 5 

layered and 7 layered LbL NPs exhibit gradual release of siRNA over 28 days. From Figure 

4.4, the initial burst release of 6FAM siRNA for the 3 layered, 5 layered and 7 layered LbL 

NPs were observed at day 1. However, the burst release of 6FAM siRNA at day 1 for the 

3 layered LbL NPs were 15.30 ( 0.90) pmol which was 2.62 % of the total amount of 

siRNA loaded. The burst release of 6FAM siRNA at day 1 for the 5 layered LbL NPs were 

24.59 ( 1.37) pmol which was 2.52 % of the total amount of siRNA loaded. The burst 

release of 6FAM siRNA at day 1 for the 7 layered LbL NPs were 25.20 ( 0.00) pmol 

which was 2.26 % of the total amount of siRNA loaded. This showed that the initial burst 

release of siRNA at day 1 did not cause a huge amount of siRNA release all at once and 

the respective NPs were still able to release siRNA gradually over 28 days. The similar 

burst release of siRNA observed on day 1 could be attributed to the degradation of the 

outermost PLR layer, releasing the outermost siRNA layer, which could have happened at 

the same pace. Also, the strong binding efficiency between the negatively charged siRNA 

and the highly positively charged PLR layer results in the low initial burst release of the 3, 

5 and 7 layered LbL NPs. 

 

The 3 layered LbL NPs (containing 1 layer of siRNA) released an average of 156.01 ( 

2.89) pmol of siRNA, the 5 layered LbL NPs (containing 2 layers of siRNA) released an 

average of 206.77 ( 3.91) pmol of siRNA while the 7 layered LbL NPs (containing 3 

layers of siRNA) released an average of 233.85 ( 2.04) pmol of siRNA by day 28. The 

anova statistical analysis shows that the 3, 5 and 7 layered LbL NPs has significant 
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differences (p-value = 0.01) in their release profile. This showed that the 7 layered LbL 

NPs has a higher amount of siRNA release over 28 days as compared to the 3 layered LbL 

NPs and the 5 layered LbL NPs.  

 

Figure 4.5 below illustrates the cumulative siRNA percent release of the 3, 5 and 7 layered 

NPs: 

 

Figure 4.5: Cumulative siRNA percent release of 3, 5 and 7 layered LbL NPs (loaded with PLR 

Mw >70 kDa) in PBS (pH 7.40) medium over a period of 28 days. At the respective timepoint (days 

1, 3, 5, 7, 14, 21 and 28), the samples were collected and measured with the microplate reader to 

observe the amount of 6FAM siRNA percent release (compared against a series of 6FAM siRNA 

of known concentrations, with Ex/Em of 480/520 nm). The samples in the dialysis tubing that were 

submerged in the glass container was replenished with fresh 10 mL PBS (pH 7.40) for the 

subsequent timepoints. All samples were prepared and readings measured in triplicates. 
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Figure 4.5 shows the cumulative siRNA percent release of the 3, 5 and 7 layered LbL NPs 

in PBS (pH 7.40). The 3 layered NPs releases siRNA at 26.70 ( 0.50) %, 5 layered NPs 

releases siRNA at 21.09 ( 0.47) % and the 7 layered NPs loaded with PLR >70 kDa 

releases siRNA at 21.01 ( 0.18) % by day 28. This shows that the cumulative siRNA 

percent release of 3, 5 and 7 layered NPs could potentially be longer than 28 days. The 

anova statistical analysis was conducted and the p-value is 0.89 for the percent release of 

3 layered, 5 layered and 7 layered NPs which means that there were no significant 

difference comparing the 3, 5 and 7 layered NPs. There was no significant difference as 

well for the percent release comparing the 3 layered and 5 layered NPs with p-value of 0.82 

and the percent release of 5 layered and 7 layered NPs with p-value of 0.96. This could be 

due to the total percentage of siRNA release per layer, as the percentage contribution by 

each layer would decrease inverse proportionally with the increase in the number of layers. 

Also, as observed from the graph, the 3 layered NPs releases a higher percentage of siRNA 

as compared to the 5 layered and 7 layered NPs over 28 days. Hence, this could further 

validate the percentage contribution by each layer decreasing inverse proportionally with 

the increase in number of siRNA layers loaded in the NPs. Since the 3 layered NPs consist 

of only 1 layer of siRNA, the percentage of siRNA release would be exhausted first before 

the 5 layered NPs (containing 2 layers of siRNA) and the 7 layered NPs (containing 3 

layers of siRNA). 

 

All in all, the 7 layered LbL NPs would be the preferred particle to be used for the 

subsequent in vitro studies because it could load the most amount of total siRNA content 

in the particle. This could be due to the 7 layered NPs having 3 layers of siRNA in the LbL 

NPs which further increases the total amount of siRNA content in the particle, hence 

resulting in the release of more amount of siRNA at each time interval. Releasing more 

amount of siRNA at each time interval could benefit the ultimate aim of achieving a more 

effective gene silencing effect [7, 8]. This further affirms that by fabricating additional layers 

of siRNA on the LbL NPs system, it increases the total siRNA content in the particles, 

releases a higher amount of siRNA at each time intervals which could potentially achieve 

a more extended and effective gene knockdown in-vitro. 
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4.2.8 Transmission electron microscope (TEM) imaging  

 

To observe the shape morphology of the fabricated LbL NPs, TEM imaging was employed. 

The images of HAp (core material) NPs, 3 layered, 5 layered and 7 layered LbL NPs were 

as shown in Figure 4.6 below: 

 

 

 

Figure 4.6: TEM images of (A) HAp only NPs, (B) 3 layered LbL NPs, (C) 5 layered LbL NPs 

and (D) 7 layered LbL NPs. 
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The TEM images as observed from Figure 4.6 show that the NPs are in spherical shape 

morphology which would lead to a higher cellular entry as compared with NPs of other 

shape morphology due to the membrane wrapping that occurs during the nanoparticles 

entry into the cells as mentioned in the literatures [9, 10]. 

 

4.3 In vitro toxicity study 

 

In order to assess the cell viability on Human Retroperitoneal Fibroblast (HuRPF) cells 

treated with 7 layered LbL NPs, MTT (methyl-thiazolyldiphenyl-tetrazolium bromide) 

assay was employed. This is to ensure that the 7 layered LbL NPs will not exhibit toxic 

effects on the HuRPF cells before the start of any cell related experiments for the 

subsequent in vitro studies. Based on a previous study, 108 g of the particles was selected 

as the dosage for their in vivo experiments (treatment for every 30 000 cells after dispersing 

NPs in 5 L PBS), which takes into consideration the maximum amount that could be 

injected into the subconjunctival of mouse models [6, 11]. However, in this study, in vitro 

experiments will only be conducted using HuRPF cells (not taking into consideration the 

maximum volume of the NPs treated to the cells). Hence, based on the previous study on 

utilizing 30 000 cells which were dispersed in 5 L PBS, the subsequent in vitro 

experiments in the current study utilizing 50 000 HuRPF cells would have to be treated 

with 8 L of the 7L LbL NPs. With that, from freeze drying of the 7 layered LbL NPs 

utilizing 2 mg worth of HAp (which is equivalent to 50 L of 7L LbL NPs) was then 

weighed. The weight of 7L LbL NPs was found to be at 8.07*10-4 g. Since 8 L of the 7L 

LbL NPs will be used, therefore 129 g of the particles (dispersed in 8 L cell culture 

medium) will be the selected dosage for subsequent in vitro studies. 

 

For the MTT cell viability study, the 7 layered LbL NPs were added to 500 HuRPF cells 

at varying doses of 258 g, 129 g and 64.5 g. The cells were then incubated with the 

NPs over a span of 2 days (24- and 48-hour time intervals). At the respective time intervals, 

the cells were assayed for their cell viability with MTT by measuring the fluorescence 

intensities of the cells using the microplate reader with an absorbance wavelength of 595 
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nm. The viability of cells was then calculated in comparison with the control (cells without 

treatment of NPs). The data is shown in Figure 4.7 below: 

 

 

 

Figure 4.7: MTT assay tracking the cell viability of 500 HuRPF cells after treatment with 7 layered 

LbL NPs at dosages of 258 g, 129 g and 64.5 g over a span of 2 days (siSPARC = NPs loaded 

with SPARC siRNA). Measurements were taken using the microplate reader with an absorbance 

wavelength at 595 nm. All samples were prepared and readings measured in triplicates. 

 

From Figure 4.7, it was observed that the 7 layered LbL NPs incubated with the various 

dosages did not exhibit any toxic effects on the HuRPF cells over the span of 2 days (24- 

and 48-hour time intervals). Therefore, 129 g of the particles (dispersed in 8 L cell 

culture medium) will be safe to use as the selected dosage for subsequent in vitro studies. 
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4.4  In vitro cellular entry of LbL NPs  

 

After selecting the dosage of 7L LbL NPs treatment for HuRPF cells and made sure that it 

will not elicit toxic effects to the cells, further cell related experiments could be initiated. 

In order to check whether if the particles are able to enter into the cells, confocal laser 

scanning microscopy (CLSM) was employed as the in vitro qualitative study of LbL NPs 

cellular internalization. 12.9 g (based on the selected dosage of 129 g 7L LbL NPs 

treatment to 50 000 HuRPF cells) of the 7 layered FITC-labelled HAp LbL NPs were added 

to 5000 HuRPF cells in the 4-wells covered glass chambers and incubated overnight at 

37 °C with 5 % CO2. The samples were then imaged after 24 hours of incubation to observe 

the internalization of NPs in HuRPF cells and the samples were compared against the 

control cells (without NPs treatment). 

 

Following this, Guava flow cytometry will be conducted for the quantification of 7L 6FAM 

siRNA loaded LbL NPs internalization into the HuRPF cells over various time intervals of 

day 1, day 3, day 5, day 7, day 14 and day 21. 129 g of the 7L 6FAM-labelled siRNA LbL 

NPs was added to 50 000 HuRPF cells and at the respective time interval, the cells were 

trypsinized and incubated with 0.40 % trypan blue for 7 minutes at room temperature. Next, 

the cells will be spun down at 650 RCF for 5 minutes at 10 °C. The supernatant was then 

removed and the cell pellet was resuspended in PBS and quantified using the Guava flow 

cytometry. Trypan blue was used to quench the fluorescence present in dead cells and the 

6FAM fluorescence that are bound onto the surface of HuRPF cells. Since trypan blue is 

unable to penetrate into live cells, hence the flow cytometry system will only pick up and 

measure the true 6FAM fluorescence signal within the cells (which in turn corresponds to 

the quantity of particles in the HuRPF cells) at the various time intervals. The samples were 

compared against the control cells (without any treatment of particles). 

 

With the qualitative and quantitative study, it provides an insight of ensuring that the 

particles have indeed entered into the cells and to provide the percentage of cells with the 

7L LbL 6FAM siRNA loaded NPs over the various time intervals. Following this, further 
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in vitro studies could be done to quantify the amount of free siRNA release within the cells 

and also the gene knockdown efficiency over 21 days.  

 

4.4.1 In vitro qualitative cellular entry of LbL NPs 

 

The CLSM images for in vitro qualitative cellular internalization of the 7 layered LbL NPs 

with FITC-labelled HAp internalization into HuRPF cells and the control cells (without 

NPs treatment) were as illustrated in Figure 4.8 below:  

 

 

 

 

Figure 4.8: Confocal microscopic images of the cellular entry of 7 layered LbL NPs with FITC-

labelled HAp and the control cells (without NPs treatment). (A) The cell nuclei were visualized by 

the staining of vectashield with DAPI. (B) Green fluorescence from the 7 layered LbL NPs with 

FITC-labelled HAp. (C) Brightfield image of the HuRPF cells. (D) Internalization of 7 layered LbL 

NPs with FITC-labelled HAp in the HuRPF cells as shown in the overlay image. (E-H) Control 

cells (without NPs treatment). The respective images of the blue channel, green channel, brightfield 

image and overlay image are presented. All the images were taken at 40X magnification and 4.3X 

zoom. The sample cells were compared against control cells (without NPs treatment). 
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In order to verify the cellular entry of the particles, 7 layered LbL NPs with FITC-labelled 

HAp were added to HuRPF cells and incubated overnight. The cells were then imaged on 

the next day by CLSM and the internalization of particles were observed showing green 

FITC signals.  

 

4.4.2 In vitro quantitative cellular entry of LbL NPs 

 

The in vitro quantitative cellular entry of 7 layered 6FAM siRNA loaded LbL NPs was 

done to investigate the percentage of cells containing the 7 layered 6FAM siRNA loaded 

LbL NPs over various time intervals of day 1, day 3, day 5, day 7, day 14 and day 21. 

Figure 4.9 below shows the flow cytometry analysis of the percentage of cells containing 

the 7 layered 6FAM siRNA loaded LbL NPs over 21 days: 
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Figure 4.9: Flow cytometry analysis of HuRPF cells containing the 7 layered 6FAM siRNA loaded 

LbL NPs at the respective time interval of day 1, day 3, day 5, day 7, day 14 and day 21. There 

were 80 % to 90 % of cells containing the 6FAM siRNA loaded LbL NPs for 7 days before a sudden 

drop was experienced in the cells containing the 6FAM siRNA loaded LbL NPs from day 7 to day 

21. All samples were prepared and readings measured in triplicates. 

 

Prior to the flow cytometry test, trypan blue was added to the HuRPF cells to quench the 

fluorescence present in dead cells and the particles bound onto the cell surface. Hence, the 

flow cytometer would only measure the fluorescence signal within the cells. The presence 

of LbL NPs within the cells indicate the successful cellular entry of LbL NPs.  

 

From Figure 4.9, it shows that the percentage of cells containing LbL NPs were of similar 

amounts (80 % to 90 %) from day 1 to day 7. From the data, it was evident that the particles 

fabricated could easily penetrate the fibroblast cells as seen in the extremely high 

percentage of cells with particles just one day post particle dosing. That could be attributed 

to the highly positive PLR external coatings of the particles, enabling efficient attraction 

towards the negatively charged cellular membranes and subsequent entry into the cells. 

The high percentage of cells containing the particles within the first 7 days could be due to 

dynamic cellular internalization of the 7L 6FAM siRNA loaded LbL NPs which could 

already be significantly observed within the first hour post incubation [12, 13].  

 

From the data, it was then observed that there was a sudden drop (from day 7 to day 21) in 

the percentage of cells with the LbL NPs at about 70 % on day 14 and a further drop at 

about 40 % on day 21. There could be two major reasons attributing to the dip in percentage 

cells with particles. Firstly, the drop could be due to loss in the HAp NPs. Upon successful 

cellular entry into the fibroblast cells, possibly via endocytosis, most of the particles could 

have ended up within early endosomes with slightly acidic pH environment internally. 

These endosomes will eventually mature into late endosomes with increasing pH internally 

and fuse with enzymes enriched lysosomes. Hence, to escape digestion, most of the highly 

positive charged LbL NPs could accumulate within the endosomes and collectively weaken 
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the endosomal membranes to form pores big enough for their escape into the cytoplasm. 

Understandably, some of the particles could have been unable to escape and eventually got 

digested by the lysosomes, contributing to the loss in particles within the cell population. 

Another possible reason for loss in the HAp NPs could be that some of the siRNA released 

has been utilized for gene silencing. The particles that manage to escape the endosomes 

will start releasing siRNA once in the cytoplasm. These siRNA available within the 

cytoplasm could complementarily bind to mRNA to inhibit protein synthesis. More siRNA 

could have also been utilized for gene silencing when cells regenerate mRNA in response 

to the dip in mRNA levels within them.   

 

Secondly, another reason for the dip in percentage of cells with particles could be due to 

cell division. A review by Treuel et al. states that the NPs dilution effect that occurs during 

cell division will distribute the particles from the parent cells to the daughter cells (the 

presence of NPs within cells will be split between the daughter cells). There are 4 phases 

in the cell cycle during which the cell grows or undergo cell division. The G1/post-mitotic 

phase (initiation of cell growth), the S/synthesis phase (replication of DNA), the G2 phase 

(period of cell growth and synthesis of proteins in preparation of mitosis), and the 

M/mitotic phase (period of cell division). The authors has observed that once after the cell 

division phase (with NPs exposure), the cells showed a reduced NPs concentration as 

compared to other phases, and when the cells that have divided began populating the S 

phase, the NPs concentration within the cells were found to be reduced again [14]. Therefore, 

in relation to the current study, it further explains the sudden drop in the percentage of 

HuRPF cells containing 6FAM fluorescence from day 7 to day 21. Further in vitro 

experiments such as the amount of free siRNA presence within the cells and the percentage 

of SPARC knockdown over a 21 days period were investigated.  

 

4.5  Amount of free siRNA within HuRPF cells and immunoblotting assay 

 

The quantitative cell penetration study showed the percentage of cells with particles over 

21 days. However, it does not provide information on the amount of NPs/siRNA within the 

cells. It will be interesting to find out the amount of free siRNA that are present within the 
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cells over 21 days and whether the siRNA is being used up for gene silencing of SPARC. 

Also, the amount of siRNA that is remaining in the particles can also be evaluated. By 

investigating the amount of free siRNA within the cells for the respective time interval, 

coupled with the immunoblotting assay to find out whether siRNA was being used up for 

gene silencing, it could shed light on when and how the multilayered nanoparticles 

internalize into cells to release free siRNA within cells. The behavior of free siRNA release 

inside the cells as compared with the behavior of siRNA release in PBS medium (pH 7.40) 

could also be investigated.   

 

In this study, the cell lysis buffer would be utilized to break down the cell membrane, 

releasing the free siRNA within cells which will be measured over 21 days. Furthermore, 

in a study conducted by Lakatos et al. have also utilized lysis buffer in their experiments 

to incubate labelled RNAs in the lysis buffer for various tests (i.e. electrophoretic mobility 

shift assays) [15]. Before proceeding with the experiment to examine the amount of free 

siRNA within cells, preliminary tests have to be done to ensure that the lysis buffer will 

not degrade the siRNA and also the LbL NPs system. Figure 5.0 below shows the standard 

curve for both the 6FAM siRNA dispersed in PBS medium and also in the lysis buffer. The 

gradients (y = mx) obtained from both the standard curve remained similar which suggest 

that the lysis buffer will not degrade the 6FAM siRNA.  
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Figure 5.0: Effect of 6FAM siRNA in PBS and in the lysis buffer. The gradients (y = mx) remained 

similar for both the standard curve which suggest that the lysis buffer will not degrade the 6FAM 

siRNA. 

 

Next, the 3 layered LbL NPs loaded with 1 layer of 6FAM siRNA was fabricated and 

immediately digested in lysis buffer, and incubated in two different batches. One of the 

batches was incubated in lysis buffer for 5 minutes while the other batch was incubated in 

lysis buffer for 10 minutes, at room temperature. Both of the batches were then spun down 

at 15 000 rpm for 5 minutes and the supernatant collected for measurements using the 

microplate reader (Ex/Em = 480/520 nm). All samples were measured and compared 

against the control (lysis buffer only). Anova statistical analysis is employed to find out if 

there were any significant differences between the control (containing lysis buffer only) 

and the 3L LbL NPs loaded with 6FAM siRNA incubated in lysis buffer for 5 minutes and 

for 10 minutes. The results showed that the incubation of particles in lysis buffer for 5 

minutes did not show any significant differences (p value = 0.59) between the control (lysis 

buffer only) and sample (incubation of NPs in lysis buffer for 5 minutes). The incubation 

of particles in lysis buffer for 5 minutes achieved an average measured fluorescence 

intensity of 44.33 ( 0.58) a.u. for the control and 44.67 ( 2.52) a.u. for the sample 

respectively. The incubation of particles in lysis buffer for 10 minutes also did not show 

any significant differences (p value = 0.09) between the control (lysis buffer only) and 

sample (incubation of NPs in lysis buffer for 10 minutes), with the average measured 

fluorescence intensity of 44.33 ( 0.58) a.u. for the control and the average measured 

fluorescence intensity of 39.33 ( 1.53) a.u. for the sample. 

 

Following this, it affirms that the lysis buffer will not degrade the siRNA and the LbL NPs 

system. Hence, the experiment was initiated to evaluate the amount of free siRNA within 

cells by using lysis buffer to break up the cell membrane releasing the free siRNA within 

cells at the stipulated time interval of day 1, day 3, day 5, day 7, day 14 and day 21. 8 L 

of the 7 layered 6FAM siRNA loaded LbL NPs were added into 50 000 HuRPF cells which 

was cultured in 6-wells plate and incubated at 37 °C with 5 % CO2. The HuRPF cells were 

then processed and the cell membrane were lysed to retrieve the free siRNA at the 
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respective time intervals (compared against the control cells, without any treatment of 

particles) which were measured by the microplate reader (Ex/Em = 480/520). All samples 

were compared against a series of 6FAM siRNA standard curve (Tecan measurements to 

be taken of 6FAM siRNA of known concentrations). After the measurement of free siRNA 

within the cells, the cell pellets containing the remaining NPs will be dispersed in 0.25 % 

trypsin-EDTA, shaking overnight using the thermoshaker at 37 °C. This would disassemble 

the LbL NPs system for measuring the remaining siRNA on the particles (Ex/Em = 480/520) 

at the respective time interval. Figure 5.1 below illustrates the data on the amount of free 

siRNA within cells, the amount of siRNA remained in the NPs and also the calculated 

amount of siRNA that were being consumed/degraded over 21 days. The total amount of 

loaded siRNA was 618.13 ( 3.97) pmol.  
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Figure 5.1: Graphical representation of the amount of free siRNA within cells (represented by the 

orange bar) after the treatment of 7 layered 6FAM siRNA loaded LbL NPs to HuRPF cells at the 

respective time interval of day 1, day 3, day 5, day 7, day 14 and day 21. The siRNA remained in 

NPs (represented by the blue bar) and the siRNA consumed/degraded (represented by the grey bar) 

at each time interval could also be evaluated. The total amount of siRNA loaded in 50 000 HuRPF 

cells was 618.13 ( 3.97) pmol. The samples were collected and measured with the microplate 

reader (compared against a series of 6FAM siRNA of known concentrations, with Ex/Em of 

480/520 nm). All samples were prepared and readings measured in triplicates. 

 

Thereafter, the immunoblotting assay was employed to assess the percentage of SPARC 

knockdown over the stipulated time interval of day 1, day 3, day 5, day 7, day 14 and day 

21. This would correlate to the amount of free siRNA within cytoplasm (site of action for 
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gene silencing) over 21 days. 8 L of the respective 7 layered SPARC-siRNA loaded LbL 

NPs (siSparc-LbL) and the 7 layered SCRAM-siRNA loaded LbL NPs as the negative 

control (siScram-LbL) were added into 50 000 HuRPF cells which was cultured in 6-wells 

plate and incubated at 37 °C with 5 % CO2. Figure 5.2 (A) below illustrates the protein 

separation and antibody treatment over 21 days using the Biorad Chemidoc system. It 

showed the intensity of the respective SPARC protein bands (43 kDa) with the siScram-

LbL negative control compared against the siSparc-LbL samples which were normalized 

against the GAPDH housekeeping protein (37 kDa) to correct for variation in loading. 

Figure 5.2 (B) illustrates the percentage knockdown of SPARC over 21 days. 
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Figure 5.2: Immunoblotting analysis of 7 layered siRNA loaded LbL NPs in HuRPF cells at the 

respective time interval of day 1, day 3, day 5, day 7, day 14 and day 21. (A) Protein separation 

and antibody treatment over 21 days using Biorad Chemidoc system. siScram-LbL was added into 

50 000 HuRPF cells as a negative control in comparison with the siSparc-LbL sample that was 

added into 50 000 HuRPF cells. (B) Percentage knockdown of SPARC over 21 days. All samples 

were prepared and readings measured in triplicates. 

 

Figure 5.1 shows the amount of free siRNA that was present within the cells over 21 days. 

The amount of free siRNA present within the cells on day 1 was 46.06 ( 4.98) %. As 
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mentioned previously, after the particles has entered into the cells (endocytosis), they will 

most probably end up in endosomes which will eventually fuse with lysosomes to digest 

any foreign materials. Most of the particles could escape from the endosomes via pore 

formation (highly positively charged particles) [6]. These particles would finally end up in 

the cytoplasm to start release free siRNA. The amount of free siRNA within the cytoplasm 

on day 1 was only 46.06 ( 4.98) % probably because some of the particles could still be 

trying to escape from the endosomes while some were still dynamically entering the cells. 

The remaining siRNA (37.63 ( 3.89) %) could be accounted for in the LbL NPs 

(unreleased). The unaccounted siRNA (16.31 ( 6.30) %) could be due to the digestion by 

lysosomes or could have been utilized for gene silencing. As seen from Figure 5.2 (B), the 

knockdown of SPARC was already 20.82 ( 2.87) % at day 1. This amount of gene 

silencing is considered impressive considering that it was only one day post particle dosing 

where a lot of particles are still trying to dynamically enter into the cells and some other 

particles trying to escape from endosomes.  

 

Following this, the amount of free siRNA on day 3 has increased to 59.29 ( 1.81) % 

probably because most particles should have escaped from the endosome into the 

cytoplasm, actively releasing free siRNA. The release of free siRNA on day 3 was the 

highest and the remaining siRNA (unreleased) has reduced to 18.91 ( 3.19) %. With a 

higher level of free siRNA in the cytoplasm, it could logically result in more gene silencing 

effect. Indeed, according to the immunoblotting assay, there was an increase in the 

knockdown activity. The knockdown of SPARC increased to 29.80 ( 3.72) % on day 3. 

The unaccounted siRNA (digestion by lysosome or consumed for gene silencing) increased 

slightly as compared to day 1 at 21.80 ( 3.65) %. As most particles that could escape from 

the endosomes into the cytoplasm should have already done so by day 3, the increase in 

percent of unaccounted siRNA compared to day 1 should largely be due to siRNA 

consumed for gene silencing. This correlates to the slight increase in the knockdown of 

SPARC.  

 

The amount of free siRNA on day 5 has dropped to 47.93 ( 1.93) %. This slight drop in 

the free siRNA level could be due to particles (released into the cytoplasm) releasing 
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siRNA slower than siRNA that was utilized for the knockdown effect. The remaining 

siRNA (unreleased) in the LbL NPs has further reduced to 8.01 ( 0.53) % on day 5. The 

level of free siRNA available in the cytoplasm on day 5 was still relatively high to elicit an 

extensive gene silencing of SPARC. Indeed, according to the immunoblotting assay, the 

percentage of SPARC knockdown has increased extensively to 45.97 ( 9.64) % on day 5. 

In addition, the unaccounted siRNA (digestion by lysosome or consumed for gene 

silencing) increased further as compared to day 3 at 44.07 ( 2.00) %. The large increase 

should largely be attributed to more siRNA consumed for gene silencing activity. This 

correlates to the extensive knockdown of SPARC which was the highest in fact throughout 

the 21 days gene silencing study.  

 

Figure 5.1 shows that there was a drastic drop in the amount of free siRNA on day 7 at 

27.82 ( 2.81) %. This could be due to cell division and mRNA (messenger RNA, RNA 

molecules that direct protein synthesis) regeneration. As it was already day 7 into the study, 

cell division should have at least occurred once for every cell. During cell division, parent 

cells which contain particle and free siRNA could inherit them to their daughter cells. 

Hence, the same amount of particles/siRNA was then split into many cells (NPs dilution 

effect). That could result in some cells having undetectably small amounts of siRNA out 

of the detectable range of the microplate reader used. The mRNA regeneration in the cells 

occur periodically to replenish mRNA levels within cells for protein synthesis. Since it has 

been already 7 days, it was likely that mRNA regeneration has occurred at least once. The 

spike in mRNA could reduce the free siRNA levels in the cells largely. Another reason for 

the dip in free siRNA levels in the cells at day 7 could be due to disassembly behavior of 

the particles within the cells. 

 

After the cellular entry and the endosomal escape of LbL NPs, the outermost PLR layer 

would be degraded gradually, exposing the outermost siRNA layer to the cytoplasm [6]. 

The siRNA layer would then continuously release siRNA into the cytoplasm. It was 

estimated that by day 7, most of the siRNA from the outermost siRNA layer could be close 

to exhaustion, probably contributing to the drastic decrease in free siRNA level by day 7. 
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The adjacent PLR layer must first be degraded before the inner second siRNA layer could 

be expose to further release siRNA into the cytoplasm. 

 

Nonetheless, the level of free siRNA in the cytoplasm on day 7 were still high enough to 

elicit significant gene silencing of SPARC as proven by the immunoblotting assay from 

Figure 5.2 (B), showing the percentage of SPARC knockdown of 25.76 ( 7.21) % on day 

7. The unaccounted siRNA (digestion by lysosome or consumed for gene silencing) further 

increased as compared to day 5 at 61.21 ( 3.66) %. This correlates to the existing gene 

silencing of SPARC. 

 

There was a further decrease in the amount of free siRNA on day 14 at 9.43 ( 0.65) % and 

on day 21 at 2.79 ( 0.17) %. It was probably because within this period, a few rounds of 

cell division and mRNA regeneration could have happened, leading to the drop in the 

amount of siRNA at day 14 and day 21 as explained above. However, it is important to 

note that remarkably, there was still free siRNA present within the cytoplasm even at day 

14 and day 21 into the study. Hence, gene silencing of SPARC could be still sustained. This 

is evident from the immunoblotting assay from Figure 5.2 (B) which shows percentage of 

SPARC knockdown at 35.95 ( 4.26) % on day 14 and 33.17 ( 4.54) % on day 21. The 

increased in gene silencing percent from day 7 could be due to the inner siRNA layer of 

the particles being exposed to the cytoplasm, sustaining siRNA release to prolong 

knockdown of SPARC on day 14 and day 21. The percentage of SPARC knockdown was 

not only consistent at 35.95 ( 4.26) % on day 14 and at 33.17 ( 4.54) % on day 21, but 

also extensive considering that it was already three weeks into the study conducted with a 

single dosage of particles. This evidently showed that the developed multilayered siRNA 

loaded particle could indeed sustained release of siRNA within the cytoplasm and elicit 

prolonged gene silencing effect with just a single application over 3 weeks. The 

unaccounted siRNA (digestion by lysosome or consumed for gene silencing) on day 14 

and day 21 further increased as compared to day 7 at 89.05 ( 0.87) % and 96.36 ( 0.94) 

% respectively. This correlates to the significant gene silencing of SPARC. 
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All in all, it is important to note that a total amount of 618.13 ( 3.97) pmol of siRNA was 

loaded in the 7 layered NPs system. Over the 21 days period of the study, free siRNA was 

found to be present in the cells/cytoplasm which leads to a significant percentage of SPARC 

knockdown. The reason to such an observation could be due to the material properties of 

PLR (which was coated in the bilayers of the LbL NPs system). PLR has unique properties 

such as possessing a high loading capacity for siRNA, has a high transfection efficiency 

and also it is highly positively charged. Therefore, it could protect the NPs from lysosomal 

enzymes through extensive pore formation [6] which allows the NPs to escape from the 

endosome to the cell cytoplasm, to provide sustained and prolonged release of siRNA for 

its mode of action (to silence the gene of interest). 

 

The release profile of siRNA within the cells at the respective time interval of day 1, day 

3, day 5, day 7, day 14 and day 21 could also be evaluated. The amount of siRNA that were 

consumed/degraded (refer to Figure 5.1) can be calculated from the subtraction of ‘the 

amount of free siRNA within cells’ with ‘the amount of siRNA remaining in the LbL NPs’ 

by 100 %.  

 

The calculated cumulative/consumed percentage siRNA release profile within the cells on 

day 1 was 62.37 ( 3.89) %, followed by an increase to 81.09 ( 3.19) % on day 3 and 

91.99 ( 0.53) % on day 5. There was a drop in the release profile at 89.03 ( 2.33) % on 

day 7 but the release profile increased on day 14 at 98.48 ( 0.13) % and remained similar 

at 99.15 ( 0.68) % on day 21.  

 

The in vitro siRNA release profile within the cells could be compared with the siRNA 

release profile in PBS (pH 7.40) release medium from Figure 4.4. The cumulative 

percentage of siRNA release in PBS (pH 7.40) release medium on day 1 was 2.26 ( 0.00) 

%, followed by 5.00 ( 0.08) % on day 3, 7.18 ( 0.09) % on day 5, 8.70 ( 0.12) % on 

day 7, 11.27 ( 0.13) % on day 14 and 15.54 ( 0.17) % on day 21. The respective graphical 

representation for the cumulative/consumed percentage siRNA release profile within the 

cells and the cumulative percentage of siRNA release in PBS (pH 7.40) release medium is 

shown in Figure 5.3 below:  
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Figure 5.3: In vitro cumulative/consumed siRNA release profile within the cells and the 

cumulative siRNA release profile in PBS (pH 7.40) release medium. The release of siRNA in the 

cells was higher than the release of siRNA in PBS (pH 7.40) release medium. This could be due to 

certain interaction of the cellular components in the cytoplasm with the particle system. Hence, 

induces the higher release profile within the cells. However, the release behavior (within the cells 

and in PBS medium) were similar over 21 days. All samples were prepared and readings measured 

in triplicates. 

 

Figure 5.3 shows that the in vitro cumulative/consumed siRNA release within the cells 

were higher than the cumulative release of siRNA in PBS (pH 7.40) release medium. This 

could be due to the cellular entry and the endosomal escape of LbL NPs resulting in faster 

defoliation of the outermost PLR layer, exposing the outermost siRNA layer to the 

cytoplasm and continuously release siRNA. In a study conducted by Jaganathan et al., an 

investigation was done to observe the release profile of LbL siRNA nanovectors (SNV) in 
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simulated cytoplasmic and endosomal environments. It was found that the various cellular 

components present in the cells (cell cytoplasm consists of the fluid known as cytosol and 

also various ions and organic molecules, salts, enzymes and organelles) might have 

induced the higher amount of siRNA release in the cytoplasm simulated environment [16]. 

It was suggested that the cytoplasm is a highly reductive environment and the components 

from SNV may undergo redox reactions which trigger the release of siRNA from particles 

[17, 18]. The higher cumulative/consumed siRNA release profile within the cells is essential 

as the amount of free siRNA (observed from Figure 5.1) found within the cells could then 

be utilized for a significant gene silencing effect as observed in Figure 5.2. 

  

The cumulative/consumed siRNA release profile within cells showed (taking into 

consideration the amount of siRNA consumed/degraded) an increase in the release of 

siRNA from day 1 to day 5 but experienced a drop in the release profile from day 5 to day 

7. This could be further explained from the previous data from Figure 5.1 and Figure 5.2 

that during the first 5 days, NPs could have internalized into the cells (escaping from 

endosome into the cytoplasm) releasing free siRNA in the cytoplasm. The free siRNA 

present in the cytoplasm could be used for the knockdown of SPARC, with the most 

knockdown effect observed on day 5. From day 5 to day 7, the drop in the release profile 

could be due to cell division and the mRNA regeneration process that were occurring. 

Hence, leading to the lower amount of siRNA within the cells and also the drastic drop in 

the amount of SPARC knockdown. Also, on day 7 the outermost siRNA layer of the NPs 

could have been defoliated/exhausted, leading to the decrease in siRNA release within 

cells. This can be referred to the defoliation study previously conducted by Tan et. al. in 

which the authors found that the LbL NPs have been detached from the system by day 9 

starting from the outermost layer which suggests LbL NPs disassembly through the layer 

by layer ‘onion effect’ [6]. From the current study, it proves that the outermost layer of the 

LbL NPs could be defoliated/exhausted before day 9. The siRNA release profile within 

cells has increased from day 7 to day 21. This observation could indicate that the inner 

layer of siRNA could be exposed to the cytoplasm and also it is important to note that the 

amount of free siRNA within cells at day 14 and day 21 could still cause a significant 

knockdown of SPARC. Furthermore, the siRNA release profile within cells at day 14 and 
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day 21 remained similar and the knockdown activity shows similar percentage of SPARC 

gene silencing as well. This suggest the potential of the LbL NPs system in achieving a 

sustained release of free siRNA in the cytoplasm at day 14 and day 21. 

 

Further, the cumulative/consumed percent siRNA release within cells could be correlated 

to the cumulative percent siRNA release in PBS (pH 7.40) based on the steepness of their 

respective release profile. From Figure 5.3, the respective release profile experienced the 

same steepness from day 1 to day 5. The LbL NPs could have entered into cells and was 

releasing siRNA as observed from the release profile of the cumulative/consumed percent 

siRNA release within cells. Whereas the siRNA release in PBS (pH 7.40) was observed 

that the outermost siRNA layer could be exposed and released into the PBS medium from 

day 1 to day 5. However, the release profile was shifted from day 5 to day 7 for both the 

cumulative/consumed percent siRNA release within cells and the cumulative percent 

siRNA release in PBS (pH 7.40). The cell division and mRNA regeneration could be 

happening between day 5 to day 7 for the cumulative/consumed percent siRNA release 

within cells. Whereas the outermost layer of the LbL NPs could have been 

defoliated/exhausted between day 5 to day 7 as observed from the shift in the release profile 

of the cumulative percent siRNA release in PBS (pH 7.40). Following this, from day 7 to 

day 21, the release profile of the cumulative/consumed percent siRNA release within cells 

and the release profile of the cumulative percent siRNA release in PBS (pH 7.40) have 

both increased. This could indicate that most of the outermost layer of the LbL NPs has 

been detached, exposing the inner siRNA layer in the cells and also in the PBS (pH 7.40) 

medium. 

 

This indicates that the 7 layered LbL NPs (containing 3 layers of siRNA) could enter into 

cells, escaping from endosome into the cytoplasm to release siRNA via the disassembly of 

LbL NPs through a layer by layer ‘onion effect’ (starting with the outermost layer). Hence, 

leading to the efficient and prolonged gene silencing effect over 21 days with just a single 

application. This serve to advance the field of non-viral gene therapy as the multilayered 

NPs system could be utilized as a suitable vector to increase the delivery efficiency and 

prolong its effect to combat against various diseases (i.e. fibrosis) that requires sustained 
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intervention. Further, according to a previous study by Tan et al., the NPs were investigated 

for their release profile in a release medium (PBS pH 7.40)[6] but the study was lacking as 

the release environment/behavior in PBS medium might not be similar to the environment 

inside the cells since proteins, ions and organic molecules would be present. Also, there 

were no studies done to elucidate the amount of siRNA release inside the cells over the 

stipulated time intervals. Here, for the first time, the study was done to provide 

comprehensive investigation on the multilayered delivery system releasing siRNA inside 

the cells/cytoplasm to cause an effective and prolonged gene silencing effect over 21 days 

with just a single application.  
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Chapter 5   

  

Future Work   

 

Moving forward, the modification of HAp NPs could be employed to increase 

the overall negative surface potential of the core material. This is to 

compensate the loss of subsequent polyelectrolyte layer from the necessary 

washing steps during the fabrication process. In this thesis, the designed 

multilayered LbL NPs system is loaded with SPARC siRNA which has the 

potential to reduce fibrosis as discussed from various studies. The designed 

layer by layer NPs system could be utilized to deliver other types of 

therapeutic agents (such as a different kind of siRNA) for gene silencing. The 

NPs system could also be loaded with the different types of siRNA per layer 

to target the many undesirable proteins which may be produced sequentially 

over the stipulated time intervals with just a single application. From the gene 

knockdown effect as observed in this thesis, further experiments could be 

carried out to correlate with the data. For instance, to examine the mRNA 

levels in the cell cytoplasm at the respective time interval by utilizing the 

quantitative PCR (QPCR) technique. This information should show a 

correlation with the gene knockdown study. With a higher amount of 

knockdown activity in the cell cytoplasm, the mRNA level is expected to 

decrease. In vivo studies could be investigated to observe the effect of the 

multilayered LbL NPs on diseased animals and if the results are desirable, the 

multilayered LbL NPs system could potentially be introduced into the clinical 

trials in future. 
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5.1 Modification of HAp core material to increase polyelectrolyte loading 

 

The increase in the number of siRNA layers proves that more siRNA can be loaded in the 

LbL NPs which results in a higher, prolonged and sustained rate of release. Modifications 

to the HAp core material could be incorporated in the current system to further improve 

the loading of the polyelectrolyte layer which might be loss due to the necessary washing 

steps during the fabrication process. For instance, by increasing the net negative surface 

potential of the core material, HAp NPs could potentially attract more positively charged 

PLR polyelectrolytes. Hence, this could balance out the loss of certain amount of the PLR 

layer during the fabrication process. An increase in the positively charged polyelectrolyte 

layer could in turn further increase the total siRNA capacity in the LbL NPs system. This 

could also compensate the loss of certain amount of siRNA during the washing steps. HAp 

NPs could be coated with sodium carboxymethyl cellulose, SCMC (a polymer with highly 

net negatively charged surface potential) for this purpose [1]. Building upon this proposition, 

HAp NPs could be coated with SCMC and subject to zeta potential and size measurement 

followed by the subsequent fabrication steps to form the 7 layered SCMC-coated HAp LbL 

NPs.  

 

5.2 Fabrication of multilayered NPs loaded with different types of siRNA per layer 

 

In the current study, the multilayered NPs system were loaded with SPARC siRNA to cause 

the gene silencing of SPARC which in turn would lead to the reduction of fibrosis at the 

site of injury. However, in order to target the many undesirable proteins which may be 

produced sequentially over different time intervals, various types of siRNA could be loaded 

into each layer of the multilayered NPs system. This could be done to target various 

diseases at the same time with just a single application. For instance, the various 

undesirable protein interactions (such as amyloid fibers and oligomers) causes the onset of 

several diseases such as Huntington’s disease, cystic fibrosis and Alzheimer’s disease [2-4]. 

The amyloid precursor protein (APP) and -secretase activity have been found to associate 

with the various neurodegenerative diseases and the amyloid precursor protein (APP) 

siRNA and -secretase siRNA were found to initiate the gene silencing of APP and -
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secretase [5, 6]. Hence, the multilayered NPs system can be employed to load the respective 

siRNA into each of the layers to target against the undesired proteins over the stipulated 

time intervals. The flexibility and effectiveness of the multilayered NPs system to cater to 

a wide variety of applications would enhance its significance in nanomedicine. 

 

5.3 Investigation by quantification of mRNA 

 

In this study, the 7 layered LbL NPs (siSparc-LbL and siScram-LbL) was utilized to 

investigate the effect of siRNA release within the cell cytoplasm to cause a significant gene 

silencing effect over 21 days. The same experiment (utilizing the 7 layered siSparc-LbL 

and 7 layered siScram-LbL) should be repeated for the quantification of mRNA which can 

be measured by utilizing the quantitative PCR (qPCR) technique. qPCR is a technique used 

for the quantification of nucleic acids (i.e. messenger RNA, mRNA) in a sample and it 

allows the mRNA to be screened concurrently [7]. This information is important as it could 

in turn be correlated to the amount of gene knockdown in the cell cytoplasm. The mRNA 

level in the cell cytoplasm is expected to be decreased with a higher amount of the 

knockdown activity. The correlation between these experiments would further affirm the 

effectiveness of the 7 layered LbL NPs system by releasing siRNA consistently in the cell 

cytoplasm for a prolonged gene silencing effect. 

 

5.4 In vivo studies on diseased models 

 

Various particle characterization and in vitro studies has been employed to increase the 

total siRNA loading capacity and to evaluate the effectiveness of the 7 layered LbL NPs 

system. The investigations from these studies showed that it is possible to increase the 

loading of therapeutic agents by the simple modification of the particle system. Also, the 

particle system was observed to exhibit prolonged release of siRNA in vitro (both in PBS 

medium and within the cells). The effectiveness of the multilayered NPs system was 

validated by the ability to cause an efficient and prolonged knockdown effect over 21 days. 

Therefore, in vivo experiments should be performed to test the effect of the same 

multilayered NPs system on diseased animal model. For instance, since mouse and humans 
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share the similar genomes [8], in vivo studies could be carried out using mouse models. This 

is to investigate the efficacy of the particle system to deliver siRNA in living organism as 

compared to the in vitro studies. Other observations from the in vivo studies can be 

evaluated as well, such as the murine toxicology and pharmacology studies to ensure safe 

dosages of the therapeutic agents administered. If the in vivo studies using the 7 layered 

LbL NPs system is successful, the system could potentially be introduced into the clinical 

trials in future. 

 

5.5 Conclusion 

 

The interim conclusion to this thesis by fabricating the LbL NPs system utilizing HAp NPs 

as the core material, with PLR as the polyelectrolyte (PE) layer, is based on the experiments 

motivated at incorporating more SPARC siRNA into the system. The ultimate aim is to 

maximize the total siRNA loading capacity and to achieve an effective and prolonged gene 

silencing of SPARC. The effect of PLR and siRNA amount on the LbL NPs did not show 

significant difference to the total siRNA content. The utilization of different PLR Mw 

shows that the 3 layered NPs loaded with PLR >70 000 Da exhibits the highest total siRNA 

content. Additional siRNA layer was coated on the LbL NPs system. It was observed that 

the 7 layered NPs containing 3 layers of siRNA showed the highest total siRNA content. 

This suggest that the additional siRNA layers can help in maximizing the total siRNA 

content in the LbL NPs system. TEM images reveal that the NPs are morphologically 

spherical and the cell viability assay suggest that the dosage selected were not toxic to 

HuRPF cells. The release study in PBS medium (pH 7.40) over 28 days concludes the 

highest release amount and fastest release rate in the 3 layered NPs loaded with PLR >70 

000 Da. The 3, 5 and 7 layered NPs loaded with PLR >70 000 Da was examined for their 

release profile over 28 days in PBS medium (pH 7.40). The 7 layered NPs exhibits the 

highest release amount and fastest release rate. Releasing more amount of siRNA at each 

time interval could result in a more effective and prolonged gene silencing effect. With 

that, the 7 layered NPs system was selected as the optimal particle to be used for subsequent 

in vitro experiments. The particles internalization into HuRPF cells was confirmed by 

CLSM. The flow cytometry shows the percentage of cells containing LbL 6FAM-siRNA 
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NPs detected within the cells over 21 days. Following this, the amount of free siRNA 

release within cells and also the gene knockdown efficiency was investigated over 21 days. 

The data shows that the amount of free siRNA release within cells causes an efficient and 

prolonged gene silencing of SPARC over 21 days. This validates the effectiveness of the 7 

layered LbL NPs system which has the potential in delivering an efficient and prolonged 

gene silencing effect for 21 days with just a single application. The flexibility and 

effectiveness of the multilayered NPs system could be utilized to cater to various disease 

targets. For instance, the modification of HAp NPs could be employed to increase the 

overall negative surface potential of the core material. The designed particle could be used 

to deliver other types of therapeutic agents (such as a different kind of siRNA) for gene 

silencing. It could also be loaded with different types of siRNA per layer to target against 

the many undesirable proteins with just a single application. Further studies to investigate 

the mRNA levels in cell cytoplasm should be examined which could in turn correlate with 

the gene knockdown study. In vivo studies should be employed to test the effect of the 

multilayered NPs system on diseased animals and if the results are desirable, it could 

potentially enter into clinical trials. 
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