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ABSTRACT 

The objective of this dissertation is to develop a protein-based siRNA 

nanocomplex for the treatment of alcoholic liver fibrosis. Our laboratory recently 

discovered that silencing the poly (rC) binding protein 2 (PCBP2) gene in hepatic stellate 

cells (HSCs) leads to the reversal of the accumulated extracellular matrix. We therefore 

hypothesize that targeted delivery of the PCBP2 siRNA to HSCs could potentially treat 

liver fibrosis. Cholesterol and IGF2R (insulin growth factor 2 receptor) specific peptide 

were used as targeting ligands to deliver the siRNA to HSCs.  

In Chapter 1, we briefly introduced the background about RNA interference 

(RNAi), liver fibrogenesis, markers of liver fibrosis, and the role of PCBP2 in liver 

fibrogenesis.  We also presented the Statement of the Problems and Objectives.  

In chapter 2, we reviewed the avidin-biotin technology and its potential 

applications in nanotechnology, therapy and diagnosis. We also discussed the challenges 

and biological barriers for siRNA delivery.  

In Chapter 3, we rigorously investigated the intracellular barrier which is a rate 

limiting step for the silencing activity of siRNAs. Using streptavidin as the nanocomplex 

core, PCBP2 siRNA was delivered to HSC-T6 (hepatic stellate) cells. Intracellular fate of 

the nanocomplex components and PCBP2 siRNA was monitored. Fluorescent probes 

were tagged with the siRNA, protamine and streptavidin and analyzed under confocal 
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microscopy, flow cytometry and fluorescence spectroscopy. We discovered substantial 

exocytosis and localization of the siRNA in recycling organelles, such as recycling 

endosomes, endoplasmic reticulum and golgi apparatus. Streptavidin was found to be 

colocalized with the lysosomes and in some cases along with siRNA potentially leading 

to the lysosomal degradation. We found that the streptavidin, although, a very efficient 

delivery carrier has reduced silencing activity at higher incubation time intervals.  

In Chapter 4, we compared different variants of avidin such as avidin, neutravidin 

and streptavidin for in vitro activity and cellular uptake over the extended time interval. 

Addition of polyethylene glycol (PEG) spacer between the biotin and cholesterol ligand 

was done to improve the biodistribution of the nanocomplex. We tested the live imaging 

and post euthanized biodistribution of nanocomplexes and found it to be most distributed 

in liver in comparison to other variants of avidin. In vitro silencing activity and cellular 

uptake was also significantly higher in case of the neutravidin nanocomplex with 

negligible lysosomal colocalization and exocytosis.   

In Chapter 5, the neutravidin nanocomplex were further improved by using the 

IGF2R-specific peptide as a targeting ligand for hepatic stellate cells. The siRNA was 

also annealed to the peptide nucleic acid for attaching the biotin. PNA enhanced the 

serum stability of the siRNA and helped avoid the endonuclease and chemical reagent 

mediated degradation during biotin conjugation process. We developed the liver fibrosis 

model by injecting CCL4/olive oil intra-peritonealy for 4-5 weeks. We started the 

neutravidin-PCBP2 siRNA nanocomplex treatment at the beginning of 3rd week of the 

fibrosis induction to reverse the fibrosis. After the end of dosage regimen, the rats were 

euthanized and the analysis was performed for the liver fibrosis molecular markers. We 
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found that the neutravidin PCBP2 siRNA nanocomplex successfully reversed the liver 

fibrosis by significantly reducing the molecular markers of fibrosis and reduction in the 

type 1 collagen. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

RNAi therapeutics have proven to be one of the most potent forms of therapeutic 

modality for a wide spectrum of fatal diseases. One of the most rigorously investigated 

type of RNAi based therapeutics is siRNA. After reaching the target cell cytoplasm, 

single strand of the siRNA (antisense strand) binds to the RNA induced silencing 

complex (RISC) and inhibits the mRNA that translates the target protein. Efficient 

delivery of siRNA and sustained silencing activity remains the greatest challenge in its 

clinical translation. In this proposal, we are targeting liver fibrosis. After chronic liver 

injury, necrosis/apoptosis of hepatocytes and activation of hepatic stellate cells (HSC-T6) 

occur. Activation of hepatic stellate cells and apoptosis of hepatocytes results in the 

excessive collagen I protein secretion which further accumulates in extracellular matrix 

(space of disse).1 Due to injury, hepatocytes produce apoptotic bodies that are taken up 

by the hepatic stellate cells (HSCs) and kuppffer cells. This uptake promotes the HSC 

activation and T cells, B cells NK cells proliferation, resulting in the upregulation of 

cytokines like Transforming growth factor beta (TGF β), TNF α, IFN γ, IL 6, platelet 

derived growth factor (PDGF) etc 2-3. Activation of HSC-T6 is one of the most critical 

step of liver fibrosis and type I collagen over expression and accumulation. Fibrous scars 

are formed with the subsequent progression of hepatic fibrosis that deforms the hepatic 

architecture and compromises the liver function.4  
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Extracellular matrix is mainly composed for type I collagen protein. Over 

expression of α-complex protein 2 (αCP2) which is encoded by PCBP2 gene (poly (rC) 

binding protein 2) is critical for type I collagen accumulation. Silencing (inhibition) of 

PCBP2 with siRNA can be very effective and has shown promising effects for treatment 

of liver fibrosis 5. Efficient targeting of HSC-T6 (rat activated hepatic stellate cells) cells 

in-vitro and in-vivo is yet the biggest challenge regardless of the potency of PCBP2 

siRNA. Delivery of the drug to the fibrotic liver is also highly challenging as the portal 

pressure increases with more collagen around the sinusoidal space leading to even lower 

blood flow to the liver tissue and thus lower chance for the drug carrier to reach target 

site (HSCs).5 

Considering the sensitivity of siRNA to ubiquitous RNase, DNase, temperature, 

harsh pH and organic solvents, it is imperative to keep the formulation of siRNA in clean 

environment with minimum steps. Self-assembly is nature’s process where like attracts 

like.  Avidin-biotin interaction, one of the nature’s greatest non-covalent interaction are 

utilized for many biotech applications. Avidin-like proteins are also one of the most 

applicable modality in the field of nanotechnology. Avidin (AV)6 and its other analogues 

such as Streptavidin (SA)7 and Neutravidin (NA) due to their strong affinity toward 

biotin have been extensively utilized for drug delivery. These proteins are functionally 

analogous but have subtle physical, chemical and molecular differences contributing to 

their respective special characteristics. Biotinylation of the drug molecule will help it 

self-assemble to avidin with natural interaction without using any solvent. Avidin and 

analogous proteins not only act as the backbone for the biotin molecules but also assist in 

the organ and tissue uptake. 
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1.2 Statement of Problem 

 Despite tremendous efforts across the scientific world, there is no potential 

treatment of liver fibrosis in clinics. Liver tissue penetration of the drug carrier is highly 

difficult in fibrotic liver due to narrow endothelial fenestration and increased portal to 

central vein resistance due to collagen accumulation.8 

Biotinylated PCBP2 siRNA with a disulfide linker and biotinylated targeting 

ligand (cholesterol or IGF2R peptide) will have high affinity toward avidin like proteins. 

Using various molar ratios of each components, followed by rapid mixing, it will form 

uniform nanocomplexes. These nanocomplexes will be further condensed with the help 

of nucleotide condensing agent, protamine, at various N/P ratios. For targeting the 

nanocomplexes, it is essential to identify the most unique and highly expressing 

molecular receptor on hepatic stellate cells. Low density lipoprotein receptors (LDLRs) 

are present on all the cells especially in liver for the metabolism of the cholesterol.9-10 

Also, IGF2R (insulin growth factor II receptor) is another unique target. HSC-T6, over 

express LDLRs and IGF2R.11 We will use the biotinylated cholesterol and biotinylated 

IGF2R specific peptide, discovered by phage display 11, as targeting ligands to deliver 

siRNA to HSC-T6 cells. Nanocomplexes upon intravenous (i.v) administration will reach 

liver and specifically target the LDLRs and IGF2Rs on HSCs. After successful cellular 

uptake, we expect that nanocomplex will translocate to cytoplasm via escaping 

endosomes.12 Protamine will release form nanocomplex and siRNA in particular. 

Disulfide bond between the biotin and siRNA will be reduced by the cytoplasmic 

glutathione resulting in the release of free siRNA to perform silencing activity. 
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1.3 Objectives 

The objectives of the dissertation are: 

1. To develop, characterize and optimize protein-based PCBP2 siRNA nanocomplexes. 

We will fabricate the nanocomplex using biotinylated PCBP2 siRNA, streptavidin and 

biotinylated cholesterol. We will then evaluate the intracellular trafficking and delivery 

obstacles of the siRNA nanocomplex by confocal microscopy and flow cytometry. We 

will also monitor the intracellular fate of the multiple components of the nanocomplex 

and evaluate the exocytosis of the nanocomplex.  

2. To compare different avidin protein variants for the efficient delivery of the siRNA to 

the hepatic stellate cells and fibrotic liver. Cholesterol will be utilized as the targeting 

ligand in the nanocomplex. We will evaluate the comparative physico-chemical 

characteristics, particle size, serum stability, silencing activity, cellular uptake, 

exocytosis, apoptosis, inflammatory cytokine release and in vivo biodistribution. 

3. To design and develop neutravidin-based siRNA nanocomplex with the help of 

IGF2R-specific peptide to target hepatic stellate cells. We will noncovalently attach 

biotin to the siRNA using PNA as a linker. We will optimize the peptide to PCBP2 

siRNA ratio and evaluate the morphological characteristics such as particle size and zeta 

potential. We will also examine the serum stability, cellular uptake of various ratios to 

determine the best candidate to perform in vivo studies. 

4. To evaluate the anti-fibrotic activity of the PCBP2 siRNA nanocomplex in Sprague 

Dawley rats with carbon tetrachloride- induced liver fibrosis. We will treat the fibrotic 

rats with the PCBP2 siRNA nanocomplex and examine the serum and liver tissues for the 
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liver fibrosis markers such as ALT, AST, hydroxyproline, Type I, III and IV collagen to 

evaluate the amelioration of liver fibrosis.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 The Principles and Applications of Avidin-Based Nanoparticles in Drug Delivery 

and Diagnosis 

Avidin-biotin interaction is one of the strongest non-covalent interactions in the 

nature. Avidin and its analogues have therefore been extensively utilized as probes and 

affinity matrices for a wide variety of applications in biochemical assays, diagnosis, 

affinity purification, and drug delivery. Recently, there has been a growing interest in 

exploring this non-covalent interaction in nanoscale drug delivery systems for 

pharmaceutical agents, including small molecules, proteins, vaccines, monoclonal 

antibodies, and nucleic acids. Particularly, the ease of fabrication without losing the 

chemical and biological properties of the coupled moieties makes the avidin-biotin 

system a versatile platform for nanotechnology. In addition, avidin-based nanoparticles 

have been investigated as diagnostic systems for various tumors and surface antigens. In 

this review, we will highlight the various fabrication principles and biomedical 

applications of avidin-based nanoparticles in drug delivery and diagnosis. The structures 

and biochemical properties of avidin, biotin and their respective analogues will also be 

discussed. 

  

2.1.1 Introduction to the Avidin - Biotin Technology 
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Avidin

Nanotechnology holds the greatest potential and promise for biomedical research. 

Significant progress has been achieved in nanotechnology across a wide spectrum of 

fields from applied physics to biotechnology to medicine. Naturally occurring 

interactions are the crux for such innovations and have been explored for various 

nanoscale applications to achieve uncountable scientific goals.13 As one of the strongest 

non-covalent interactions in the nature, the avidin-biotin interaction has been utilized in 

nanoscale drug delivery systems for pharmaceutical agents, including small molecules, 

proteins, vaccines, monoclonal antibodies, and nucleic acids (Fig. 1).  

 

Figure 1. Avidin biotin technology and application in nanotechnology, therapeutics 
and diagnosis. 
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Avidin is a basic tetrameric glycoprotein composed of four identical subunits, 

each binds to biotin with high specificity and affinity (Kd ~10-15 M).13 Avidin is 

originally derived from the eggs of avian species, reptiles and amphibians. Avidin-biotin 

interaction is considered one of the most specific and stable non-covalent interactions, 

which is about 103 to 106 times higher than an antigen-antibody interaction.14 Several 

genetically and chemically engineered avidin and its analogues have been studied to 

improve the functional and structural characteristics of avidins.15 The biggest advantage 

of this system is its high affinity interaction, which is robust and stable against 

manipulation, proteolytic enzymes, temperature, pH, harsh organic reagents, and other 

denaturing reagents.16-17 Therefore, the avidin-biotin interaction serves as a great tool in 

the biomedical and nanotechnological applications. On the other hand, biotin-based 

conjugates are easy to synthesize and have less impact on the activity of the 

biomolecules. 

Compared to other covalent and non-covalent interactions, the avidin-biotin 

system provides enormous advantages such as amplification of weak signals, efficient 

operation and robust stability. Therefore, avidin has been a very versatile modality in the 

field of biotechnology, especially biochemical assays and affinity purification, over four 

decades. Tremendous efforts have also been converged to utilize the inherent properties 

of avidin in biotechnology medicines, and some of them have been evaluated in clinical 

studies.18 Recently, the avidin-biotin technology underwent a renaissance in nanoscale 

drug delivery and diagnostics. Targeting ligands or imaging agents can be easily coupled 

to nanocarriers via the avidin-biotin linkage. For example, PMA hydrogel capsule 

functionalized with biotin forms a stable nanocomplex with avidin-coupled antibodies 
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and improved its cellular uptake in cancer cells.19 Liposomes modified with biotinylated 

polyethylene glycol can attract a layer of neutravidin on the surface to resist nonspecific 

binding to serum proteins, thus leading to prolonged circulation time.20 Microbubbles 

coupled with RGD peptide via avidin-biotin linkage were developed for the detection of 

Hep-2 related tumor angiogenesis.21 Neutravidin conjugated superparamagnetic iron 

oxide nanoparticles have also been explored as an imaging agent for rhodopsin 

degeneration.22 More recently, avidin-based nanotechnology has found its applications in 

tissue engineering and cellular regeneration.23-24 In one  such study, an avidin-biotin 

system was used to improve osteoblast-like cell adhesion to a highly porous calcium 

phosphate glass scaffold for bone tissue engineering.24  

2.1.2 Structure and Physical-Chemical Properties of Avidin 

Avidin is a basic (pI ~10), highly stable, tetrameric glycoprotein (molecular weight 

66-69 kDa) that contains terminal N-acetyl glucosamine and mannose moieties.25 Each of 

the four subunits contains 128 amino acids and binds to biotin with high specificity and 

affinity (Kd ~10-15 M).26 The subunit is composed of eight antiparallel β-strands that form 

a β-barrel, whose wide end binds to biotin.27 The avidin-biotin interaction is 

approximately 103 to 106 times higher than an antibody-antigen interaction. However, 

avidin may have a high degree of nonspecific binding in vivo due to its basic pI and 

glycosylation. Rigorous efforts have been made to study the structural properties of 

avidin using x-ray analysis of its 3D structure to improve its stability and functional 

properties.28-29 Investigators have successfully generated several chimeric avidin 

analogues with better thermal stability and resistance toward proteolytic enzymes. 29-30 
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On the other hand, the strong interaction between avidin and biotin may pose a 

limitation in releasing the tagged biomolecules from the biotin or avidin. Reversibility of 

the avidin-biotin interaction can be achieved by addition of a highly concentrated biotin 

solution. Researchers have also developed biotin analogues that have slightly low affinity 

toward avidin in comparison to biotin. For example, desthiobiotin can be easily released 

from avidin by addition of a moderately concentrated biotin solution.31 Another method 

is to insert a cleavable linker, such as a stimuli-responsive linker, between biomolecules 

and the biotin or avidin. It is noteworthy to mention that chemical modification of the 

biomolecules may compromise their activities.32 

2.1.2 Avidin Analogues 

Despite its enormous advantages and wide applicability, avidin has several 

limitations including non-specific binding and possible immunogenicity. To circumvent 

these limitations, tremendous efforts have been devoted to discovering and engineering 

superior variants of avidin by genetic modification or discovering a completely new 

source, e.g., a different species.31  

The most widely used analogue of avidin is streptavidin. Derived from 

Streptomyces avidinii, streptavidin is a ~56 kDa non-glycosylated tetrameric protein that 

binds to four biotins with a Kd of ~10-14 M.33 Homologs of streptavidin have been 

discovered from other species, including fungus, bacteria, chickens and frogs.34 Similar 

to avidin, streptavidin is also resistant to denaturing agents, temperature, pH and 

proteolytic enzymes. Despite having a tertiary/quaternary structure and amino acid 

arrangement similar to those of avidin, streptavidin only shows a moderate sequence 

homology level of ~30% sequence identity and 40% similarity with avidin.35-36 
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Moreover, streptavidin is non-glycosylated and has a slightly acidic pI of ~5-6.37-38  Due 

to its different physical-chemical properties, streptavidin shows an in vivo tissue 

distribution and clearance profile very different from those of avidin.38 Furthermore, 

streptavidin protects the biotinyl esters from hydrolysis, whereas avidin augments this 

hydrolysis.35 A variety of genetically engineered streptavidins such as Strep-Tactin have 

been developed to exploit the outstanding specificity of the genetically encodable peptide 

Strep-tag II. 39 Strep-tag II has been used for protein purification and detection 40 as well 

as in numerous in vivo applications.41-43 

Neutravidin is another commonly used avidin analogue. It is the deglycosylated 

derivative of avidin and has a molecular weight of ~60 KDa. In the absence of the 

carbohydrate moieties, the pI of neutravidin is only slightly acidic (~6.3), which prevents 

its nonspecific binding to cell surfaces and proteins.44-45 As a result, neutravidin can be 

coated on the surface of quantum nanorods to stabilize them and prevent aggregation.46 In 

addition, neutravidin has been utilized as a bridge between biotinylated moieties and 

biotin-coated surfaces for the detection of protein-specific antibodies.47  

Bradavidin II is a relatively new avidin analogue that was isolated from 

Bradyrhizobium japonicum, a nitrogen-fixing bacteria found in the root nodules of the 

soybean plant.48 Bradavidin II shows a moderate amino acid similarity with avidin (38%) 

and streptavidin (32%), but exhibits the same biotin binding affinity as avidin. Compared 

to streptavidin, bradavidin II could be a better choice for therapeutic applications because 

it is less immunogenic. The physical-chemical properties of avidin, neutravidin, 

streptavidin and bradavidin are summarized in Table 1.   
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Table 1. Physical-Chemical Properties of Avidin and Derivatives 

 

Most of the avidin analogues have a similar tetrameric structure, which is beneficial 

to high amplification of a desired signal. On the other hand, the tetrameric assembly may 

affect the accuracy of binding quantitation due to the uncertainty of the precise binding 

stoichiometry and possible crosslinking. As a result, avidin analogues, such as hoefavidin 

and rhizavidin, which have dimeric arrangement are of interest. 49 50 Their tertiary 

topologies remain the same as avidin.  

Other recombinant or naturally occurring avidin include Tamavidin 2 (Pleurotus 

cornucopiae)51, Shwanavidin (Shewanella denitrificans)52, Switchavidin (chicken avidin 

mutant)53, Zebavidin (Zebrafish)54. 

2.1.3 Biotin and Analogues 

  Biotin is a vitamin also known as vitamin H, vitamin B7 or co-enzyme R. Biotin 

is composed of a tetrahydrothiophene ring fused to a ureido (tetrahydroimidizalone) ring. 

It plays a key role in cell signaling and acts as a cellular growth promoter. Biotin receptor 

(sodium-dependent multivitamin transporter and high-affinity biotin transporter) is 

Properties Avidin Neutravidin Streptavidin 

Origin Chicken egg Avidin 
Streptomyces 

avidinii 

Molecular Weight 

(KDa) 
67 60 53 

Iso-electric Point 10 6.5 5.5-6.5 

Specificity Low Highest High 

Biotin Binding site 4 4 4 



13 
 

widely expressed in nearly all living cells. Moreover, its expression in dividing cancer 

cells is higher than in normal cells, making biotin a potential targeting moiety for cancer 

therapeutics.55 Extensive effort has therefore been made to develop biotin-based 

platforms for tumor targeting and diagnosis.56  

The functional groups of biotin have been chemically modified to synthesize biotin 

analogues, such as iminobiotin, ethylbiotin, desthiobiotin, biotin-carbamate, and biotin-

carbonate for various applications.57 Chemical modification of biotin may affect its 

affinity toward avidin. For example, iminobiotin shows pH-dependent Kd values. Its Kd is 

3.5×10-11 M at basic pH but lower than 10-3 M at acidic pH (3-4).58 

Apart from biotin, strep-tag (Trp-Ser-His-Pro-Gln-Phe-Glu-Lys) is a peptide that 

shows high affinity (Kd 2.7×10-4 M) to streptavidin.59 It has been used in a variety of 

nanotechnology and biotechnology applications 60-61. Recombinant proteins of interest 

can be easily fused to strep-tag for protein purification and other applications. 

Researchers have also discovered other variants of strep-tags, strep-tag I and strep-tag II, 

with higher affinities. The strep-tag I (Ac-Trp-Ser-His-Pro-Gln-Phe-Glu-Lys) and strep-

tag II (Trp-Ser-His-Pro-Gln-Phe-Glu-Lys) peptides bind to streptavidin with a Kd of 

37×10-6M and 72×10-6M, respectively.62 

2.1.4 Applications in Nanoscale Delivery Systems 

2.1.4.1 Nucleic Acid Delivery 

Nucleic acids, including plasmid DNA, siRNA, miRNA, aptamers, and 

oligonucleotides have been extensively explored as therapeutic agents for a wide variety 

of diseases, and some of them have been applied clinically. Their negative charge and 

poor stability are the two major hurdles that prevent nucleic acids from reaching their full 
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potential as therapeutics. Although viral vectors are generally effective for nucleic acid 

delivery, virus-associated safety concerns make non-viral systems better candidates for 

therapeutic applications. Numerous non-viral platforms, especially nanoscale delivery 

systems including liposomes, peptide nanocomplex, polymer-based nanoparticles, and 

inorganic nanoparticles, have been rigorously developed for nucleic acid delivery over 

the past two decades. 

Nano-formulations for the delivery of siRNA face tremendous challenges, including 

aggregation, short systemic half-life and low cellular uptake 63-65. Protein-based delivery 

can efficiently counter such shortcomings. For the delivery of siRNA-like negatively 

charged molecules, cationic proteins, peptides or polymers are recommended for use. 

These counter-ions produce a high likelihood of nanocomplex aggregation. In a related 

study, neutravidin was utilized to deliver siRNA to podocytes by conjugation of a 

monovalent IgG (mIgG) to neutravidin through a sulfhydryl group (Fig. 2A). Here, 

instead of the biotinyation of the siRNA, protamine (a cationic protein) was linked to 

biotin that was coupled to the neutravidin tag on the mIgG. Cationic protamine therefore 

condenses multiple siRNA molecules and delivers the complex to the target podocytes. 

Within 30 min of incubation, the IgG with siRNA was detectable in the cytoplasm. This 

delivery system showed a tremendous reduction (greater than 80%) in the expression of 

the target protein (p57/Kip2) compared to the control 66. 
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Figure 2. Drug delivery and therapeutic applications of avidin-biotin technology 
(A)Biotin modified anti podocyte antibody coupled with biotinylated Protamine with the 
Neutravidin bridge. Negatively charged siRNA molecules bind to the positively charged 
protamine. The modified antibody delivers bound siRNA to the target podocyte. (B) 
Biotinylated siRNA delivery with the help of biotinylated ligand; (C) Plasmonic hollow 
gold nanoshells (HGN) decorated with siRNA molecules via thiol bond and overcoated 
with streptavidin to further attach TAT protein. Upon irradiation with biocompatible near 
infrared (NIR) light (~800 nm), the siRNAs are released from the gold surface (due to 
carrier surface specific thiol gold bond dissociation); (D) Chimeric mAvidin proteins 
bound to the Biotinylated BCG for reversible antigens attachment on surface. Antigen 
coated BCG is then inoculated into the animal to deliver antigens and subsequently 
induces specific T cell responses; (E) Biotinylated Aβ 1-40 peptide radiopharmaceutical 
attached with the cTfRMAb-AV fusion protein, TfRMAb delivers this Aβ 1-40  peptide 
radiopharmaceutical across BBB to the amyloid plaque. (F) Doxorubicin loaded 
Microhydrogel formed from biotinylated hyaluronic acid, Neutravidin and Doxorubicin-
HCL; (G) Liposome surface functionalized with PE-PEG via biotin. The biotinylated 
antibody-coated on ULVs loaded with siRNA with the help of streptavidin. 
 

In addition to their use as Trojan horses, viral proteins have also been utilized to 

target nucleic acids to cells. A viral domain that specifically targets a particular cell type 

is coupled to an avidin moiety via a covalent bond, and the avidin molecule acts as a 

carrier for the delivery of the nucleic acids. Leisi et al. 67 developed one such delivery 

system, in which they utilized the VP1u domain of parovirus B19 conjugated to 
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neutravidin to specifically deliver biotinylated DNA or fluorophores to the targeted 

erythroid cells that were undergoing differentiation around the proerythroblast stage. For 

this study, maleimide-activated neutravidin was used because it can attach to 5-6 VP1u in 

a manner that excludes the four biotin-binding sites. Neutravidin is very versatile and 

retains its activity after minor chemical modifications. The results demonstrated that this 

VP1u-neutravidin nanocarrier is highly efficient and has excellent therapeutic and 

diagnostic applications in a wide variety of blood-associated conditions, including 

hematological ailments such as thalassemia or leukemia . 

Similarly, streptavidin has been employed to deliver siRNA for the treatment of 

liver fibrosis. The tetravalent structure of avidin makes this protein a very efficient tool 

for the delivery of biotinylated siRNA by producing stable nanocomplexes. These 

nanocomplexes have shown rapid uptake silencing of the target gene. As shown in Fig. 

2B, the biotinylated siRNA and biotinylated cholesterol anchored to the streptavidin 

backbone provide efficient silencing of the PCBP2 gene for liver fibrosis treatment 68-69. 

Streptavidin-biotin technology has also been utilized for the delivery of Kv1.3 siRNAs in 

the treatment of autoimmune disorders. Biotinylated polyethylene glycol and cholesterol 

were functionalized with biotinylated-CD45RO antibodies through the use of streptavidin 

to provide highly specific targeting and uptake of nanoparticles by Memory T cells, 

which had the consequence of decreasing the calcium ion influx, thus producing a 

therapeutic effect 70. Several other simple and efficient strategies for nucleic acid delivery 

have recently been reported for the targeted delivery of nucleic acids. 

Delivery of siRNA to normal cells is relatively easier compared to the process in 

stem cells. Biocompatibility is a major concern because incompatibility could otherwise 
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cause a fatal immunogenic response 71-72. Synthetic vectors pose various limitations for 

the transfection of undifferentiated human embryonic stem cells (hESC) with nucleic 

acids. Huang and coworkers developed a light responsive siRNA delivery system using 

hollow gold nanoshells (HGN) in which the HIV-derived TAT peptide was utilized to 

deliver the siRNA into the hESCs under the influence of biocompatible infra-red 

radiation (~800 nm). The direct conjugation of the TAT peptide to the siRNA resulted in 

aggregation due to surface charge. As depicted in Fig. 2C, the TAT and siRNA were 

coupled to different binding sites of the streptavidin molecule, which kept them 

separated. This structure prevents electrostatic contact, which inhibits particle 

aggregation 73. 

Another novel method of delivering nucleic acids is the avidin-nucleic acid 

nanoassembly (ANANAS). Here, the nucleic acid acts as a central unit onto which 

several avidin molecules are nucleated. This assembly forms a toroidal structure, which is 

further complexed with biotinylated polyethylene glycol 74. Due to the excellent 

pharmacokinetic properties of avidin, after in vivo administration, fluorescently labeled 

ANANAS nanoparticles showed substantial subcellular internalization in the mucosal 

vasculature. This enabled the localization of nanoparticles at the target site, whereas no 

accumulation was observed in healthy tissues.74 ANANAS shows tremendously 

promising characteristics, including easy preparation, no immunogenicity, and excellent 

pharmacokinetic properties, which make it an outstanding translational therapeutic and 

diagnostic tool 75-76. 
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2.1.4.2 Protein and Peptide delivery 

Protein and peptide delivery has generated considerable interest in the past two 

decades on the basis of its potentially important applications in targeted therapy. 

Therapeutic peptides, enzymes and recombinant proteins are among the highest revenue-

generating products among all the pharmaceutical products offered across the globe 77. 

However, the macromolecular drugs face substantial delivery challenges including slow 

or low permeability across biological membranes and low target-specific biodistribution 

78. The greatest hurdle in the delivery of peptides and proteins is their encapsulation. 

Special consideration must be given to the chemical and physical properties of the 

biologics before contemplating the nanocarrier. Because proteins are prone to structural 

distortion that may lead to the loss of biological activity79, special care is needed in 

protein modification to minimize the loss of the activity of these molecules. 

Due to the minimal modification required by the biotinylation of a protein 

molecule, avidins have been employed by several researchers as a carrier for peptide 

delivery, such as cell penetrating peptides (CPP) 80-81 and Tat peptide 82. The biotinylated 

peptide sequences are complexed with avidin to reduce the chance of aggregation. 

Additionally, covalent modifications of peptides may induce conformational changes that 

can interfere with their ability to be translocated. However, biotinylation acts as a spacer 

that reduces the constraints on a peptide mandated by the carrier 81. The four biotin-

binding sites on avidin can be exploited for the delivery of different peptide sequences for 

specific roles such as targeting a ligand, as depicted in Fig. 2B. In one such study, a 

tumor-targeting peptide (bio-CREKA) and an arginine-rich peptide (Bio-R8) were used 

simultaneously to deliver the p53 tumor suppressor gene. Here, avidin allowed the use of 
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the two biotinylated peptides, where the Bio-R8 moiety promoted the internalization of 

the nanocomplex and bio-CREKA provided for specific binding to the receptors on 

MCF-7 cells 83. 

The internalization of a protein by a target cell involves overcoming a series of 

barriers. Investigators have developed fusion proteins that include avidin or streptavidin 

to enhance the uptake of small synthetic molecules mediated by receptors. The presence 

of the streptavidin in these fusion proteins triggers internalization and thus overcomes the 

delivery barriers 84. The avidin modification not only provides a very useful carrier for 

peptide delivery but substantially promotes the cellular internalization 85. Several 

parameters including particle aggregation, size and surface charge play vital roles in 

cellular internalization. Rational modification of the surfaces of the nanoparticles with 

avidin showed higher uptake than that of the unmodified nanoparticles. In contrast to the 

DSPE-PEG nanoparticles, Av-MPG-NPs showed a higher uptake due to their surface 

charges, which resulted in a smaller size and a higher ligand density. These properties 

have a combined impact on the internalization kinetics that resulted in the higher 

internalization of the Av-MPG-NPs 86. 

Peptide sequences such as cell-penetrating peptides (CPP) hold considerable 

potential for the cellular internalization of molecules that are difficult to transfect. 

However, CPP-based delivery to colorectal cancer (CRC) cell lines or metastatic cancer 

cells is even more challenging. Streptavidin-like proteins have been used as a model 

protein carrier for the delivery of several CPP that can promote the internalization of 

macromolecular drugs, such as DNA or siRNA. Cell-penetrating sequences such as 

transportan-10 (TP-10) and transportan (TP) have recently been evaluated by Wierzbicki 
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et al.87 Biotinylated analogues of TP and TP-10 have demonstrated an endocytosis-

independent and highly efficient delivery of siRNA when complexed with streptavidin in 

HCT116 (metastatic CRC model) and HT29 (early stage CRC model) cell lines and 

resulted in a high silencing activity of SASH-1 mRNA. 87 It can clearly be inferred that 

streptavidin provides a substantial advantage for cellular and tissue internalization in 

addition to its use as a dynamic stoichiometric support (back-bone) for nanocomplexes.  

2.1.4.3 Vaccine Delivery 

In recent years, vaccine development has generated much interest. Rigorous efforts 

have been made to reduce the time between the discovery of vaccine candidates and their 

clinical development. The greatest challenge involves the production of antigens in an 

appropriate quantity to induce an optimal immune response in the body 88. Avidin also 

provides the advantage of varying and adjusting surface chimeric proteins on bacteria to 

induce a higher immunogenic response toward the vaccine.89 Furthermore, biotinylation 

of the bacterial surface proteins has no effect on the phenotypic characteristics of the 

bacteria or the exogenous properties of the protein, all of which make avidin a very 

applicable moiety for vaccine development 90. In addition to all of the other advantages, 

deglycosylated monovalent avidin substantially reduces the chances that the vaccines will 

aggregate 90. 

The stability of vaccines is the most important aspect of vaccine development. 

Much effort is being directed toward improving the stability and efficiency of the 

development of vaccines for a range of conditions, from HIV to dengue. One issue is that 

the addition of protein molecules that may help to stabilize a vaccine may compromise its 

activity. Solutions have recently been devised to express an avidin fusion protein along 
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with the target protein for stable and efficient antigen expression. In one such study, 

shown in Fig. 2D, Bacillus Calmette-Guerin (BCG) bacteria were biotinylated, and the 

surface of the bacteria was decorated with a monovalent avidin fusion protein.89 This 

technique produced BCG vaccines that are more responsive to T cells , and which were 

reproducible and highly stable for an extended period of time after freeze drying 90. 

Another research group developed a technique to employ avidin in the development of a 

Lassa fever vaccine that undergoes self-assembly. Here, MtbHSP70-avidin proteins were 

coupled to biotinylated peptides from the Lassa GP1 and GP2 proteins, which are 

naturally immunogenic. This self-assembling vaccine showed tremendous stability and 

optimal immunogenicity 91. 

The vaccine research and development process also faces the challenge of the 

extended time required to reach an effective in vivo immunogen concentration.  

Investigators have reported efforts to minimize the long time required for the B cell-

specific antigen detection and the slow onset of the immune response. This method 

involves the sequential staining of biotinylated antigenic gonadotropin-releasing hormone 

(GnRH)-like peptides with streptavidin or neutravidin. This process increases the ligand 

avidity, and the ‘single epitope multiple staining’ principle permits the rapid detection of 

the B cells after immunization 92. 

In addition to binding to the biotinylated antigen, streptavidin is also used as a 

potent immunostimulant in cases of less immunogenic antigen-based cancer vaccines.  

Currently, cancer vaccine research utilizes “self” tumor antigens, which are only weakly 

immunogenic.93 These antigens are not much different from other cells in the patient’s 

body, hence, the patient becomes tolerant very rapidly. To circumvent such problems, 
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immunostimulants of bacterial origin, such as streptavidin, have been used. Moreover, 

streptavidin has also been demonstrated to have a high affinity for surface-bound tumor 

proteins. The RYDS sequence of streptavidin assists in cell adhesion through the RGD 

cell adhesion domain . These two qualities have led to the use of streptavidin for the 

delivery of cancer vaccines.  The vaccine-streptavidin combination produced 6 times 

higher reactivity than the vaccines alone. Streptavidin bound to biotinylated soluble 

tumor proteins have successfully produced tumor reduction and remission in a 9 L glioma 

rat model and in canine patients . 

Vaccine development requires the vaccine immunogen to be presented at a high 

density with a uniform orientation through which it can attain ideal epitope spacing and 

mimic the multivalent epitope of a virus 94-95. Controlling the orientation and density of 

the coupled antigen by chemical conjugation poses a tremendous challenge. Additionally, 

the incorporation of complex antigens onto virus-like particles (VLPs) compromises their 

assembly and thus the activity. Thrane et al 96designed a genetically modified HPV16 L1 

VLP (Human papilloma virus 16 L1 virus-like particle) to overcome these challenges. 

The insertion of AviTagTM (Avidin tag) in the L1 coding sequence of HPV16 L1 VLP 

permits it to be biotinylated specifically. This, in turn, can be utilized to fuse the antigen 

with monovalent streptavidin without disrupting the assembly of VLPs and their activity . 

The use of avidin in recombinant vectors has increased the possibility of delivering 

various classes of biotinylated antigens. Vectors that target dendritic cells using a single 

chain antibody (scFv) fused with a streptavidin core is an example of this approach. 

Dendritic cells play an essential function in the management of antigen-specific 

immunogenicity. Antigenic vaccines that can specifically target the dendritic cells to 
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activate the required immunogenic response are being developed and tested clinically 97-

98. However, the optimal immune response was not observed following either in vivo or 

ex vivo stimulation. A receptor-targeting approach has been developed to use dendritic 

cells receptor-specific ligands that can efficiently deliver antigens to the dendritic cells 99. 

Investigators have developed a single chain antibody (scFv) fused with a streptavidin 

core that targets the DEC-205 receptor of dendritic cells. This streptavidin core and 

biotinylated antigen subsequently form a complex and delivers the antigens to the target 

dendritic cells 100. 

2.1.4.4 Monoclonal Antibody (mAb) Delivery 

 Avidin-biotin technology has made it possible for a monoclonal antibody to carry 

a payload to the vital target sites. Avidin-coupling or fusion proteins not only make it 

easier to formulate the delivery carrier but help to increase the uptake at a target site. 

Avidin provides a greater advantage in the delivery of drugs via monoclonal antibodies. 

Avidin-fusion proteins coupled to monoclonal antibodies by genetic engineering have 

shown excellent target specificity. Molecular Trojan horse and avidin-biotin technologies 

have been recently exploited to delivery biologics across the blood brain barrier (BBB) 

via transferrin receptors (TfR). Specifically, TfR-MAb functions as a ferry to transport 

the biologics into the brain through the BBB TfR 101. Chemically cross-linking avidin 

with TfR-MAb is one strategy that has been applied to deliver a peptide across the BBB 

102. Unfortunately, the specificity of monoclonal antibodies is compromised when they 

are chemically modified. However, an IgG-Avidin fusion protein expressed in Chinese 

hamster ovary (CHO) cells retained the specificity of the MAb.103 Similarly, avidin-

chimeric-TfR-MAb fusion protein was also expressed and engineered in biotin-depleted 
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CHO cells 103. Using the same methodology, the amyloid plaques that accumulate in the 

brain and result in Alzheimer’s disease have also been targeted for imaging and diagnosis 

using an TfR-MAb-avidin fusion protein.104 As depicted in Figure 2E, radiolabeled 

Aβ1−40 was attached to the TfR-MAb-avidin fusion protein. This complete conjugate was 

used to ferry the radio-pharmaceutical across the BBB 104. 

Antibodies are also extensively used in radioimmunotherapy, which requires a 

highly specific interacting molecule for the binding of the effector to the pre-targeting 

molecule 105. To achieve a high specificity of the effector for the pre-targeting molecule, 

avidin-biotin technology has been recently implemented. In contrast, a fusion protein 

approach using the avidin-biotin system is very effective and produces a superior 

homogeneity. However, this approach is highly time-consuming and requires extensive 

efforts and optimization 106. A pretargeted 211At-radioimmunotherapy developed by Frost 

et al consists of an avidin-monoclonal antibody that has a high affinity toward 

radiolabeled and biotinylated poly-L-lysine conjugates. This radioimmunotherapy 

delivery system is highly efficient, less time-consuming and demonstrates excellent 

tumor specificity 107. Compared with conventional radioimmunotherapy, the avidin-

conjugated monoclonal antibody produced a higher uptake of radiopharmaceuticals 108. 

Patrick Ng et al 109also developed an avidin-antibody fusion protein (Av-anti-rat 

TfR IgG3) that is capable of efficient delivery of various molecules into cancer cells. In 

this approach, the CH3 region of a human lgG3 (rat transferrin receptor-specific) is 

genetically fused with avidin. Generally, the fusion protein approach requires the 

chemical conjugation of specific protein components with various applications. This 

results in decreases in the activities of the respective components, and its development is 
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very difficult. In contrast, the avidin-Mab construct is a universal construct that 

eliminates the need to use a specific protein for a particular application. Ng and 

coworkers 109 demonstrated  that the Av-anti-rat TfR IgG3 possesses an ability to deliver 

various biotinylated molecules and has a strong pro-apoptotic activity against the T cell 

lymphoma cell line Y3-Ag1.2.3 as well as the rat C58 (NT) D.1.G.OVAR (malignant 

cancer cells), while a non-recombinant anti-rat TfR IgG3 did not show any activity 109. 

They further showed that this recombinant avidin system may induce a high antitumor 

activity in vivo by delivering the biotinylated agents into the cancer cells. 109 

Molecular Trojan horses are also a type of genetically engineered MAb that has 

recently become the most promising tool for the delivery of macro-molecules across 

biological membranes such as the BBB. The only caveat of this fusion technology is that 

the protein cannot be fused with oligonucleotides. However, the avidin-biotin technology 

enables the targeting of siRNA and peptides in vivo in association with fusion protein 

technology 110. Merging the Trojan horse technology and the avidin-biotin technology has 

also allowed a highly specific receptor-mediated means to deliver siRNA using Mab, 

which have extensive stability in vivo. In a similar study, human insulin receptors (HIR) 

were targeted using HIRMAb that were conjugated with streptavidin (HIRMAb-SA) and 

subsequently bound to a 3′-biotinyl-siRNA. The delivery of luciferase siRNA with HIR-

MAb-SA caused 90% silencing of the luciferase gene. In comparison, avidin, 

unconjugated streptavidin, or the HIR-MAb alone showed negligible effect 111. 

Non-convalent avidin-biotin interactions are very helpful for the surface decoration 

of nanoparticles with antibodies. The use of avidin-biotin to conjugate the MAbs to the 

nano-carrier surface helps to retain the MAb’s function. Hajdu et al biotinylated 
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antibodies to CD45RO, a cell surface marker for memory T cells. These biotinylated 

MAbs were used to functionalize the surfaces of nanoparticles made from 

pegylated/biotinylated phosphoethanolamine and cholesterol through the use of 

streptavidin. The resulting CD45RO-functionalized nanoparticles showed highly efficient 

targeting to memory T cells for potential therapy for autoimmunity (Fig. 2F) 70. 

2.1.4.5 Small Molecule Delivery 

 Nanotechnology has provided many ways to efficiently deliver chemotherapeutic 

drugs to the site of action. Efficient delivery of small molecules requires high specificity 

to the target site which can only be achieved by the attachment of receptor-specific 

ligands 112. Avidin provides an excellent bridge for diagnostically relevant ligands that 

target specific receptors 86. These ligands may or may not be functionally modified with 

stimulus-responsive cleavable linkage for delivery of these small molecules. Mesoporous 

silica nanoparticles capped with avidin functionalized with an MMP9 (matrix 

metalloproteinase 9) specific cleavable linker is one such example 113. Because MMP9 is 

over-expressed in the areas of lung tumors that are beginning to metastasize, it allows the 

controlled release of the drug at the site of metastasis 114. The mesoporous silica 

nanoparticles mentioned above are constituted with tunable pores and volume for higher 

drug loading. The outer surfaces of these mesoporous silica nanoparticles can be 

functionalized with certain molecules that do not interfere with the pore morphology and 

integrity. In one such example, the mesoporous silica nanoparticles were tightly capped 

with avidin molecules, and the pores were blocked by biotin, which prevented the release 

of the payload (cisplatin) from the core 113. Thus, the avidin-biotin served as a guard on 

the surface of the nanoparticles to regulate the release of drug. 
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The avidin-biotin system has also been widely used as a pretargeting strategy 115-116. 

Additionally, biotin and avidin have been reported to target and accumulate, respectively, 

in tumors 117-120. These properties make them an excellent choice for a tumor-targeting 

formulation strategy. High avidin accumulation in the liver after treatment, as well as the 

properties mentioned above, have been exploited to target hepatic carcinoma. Recently, 

chitosan nanoparticles modified with biotin and avidin were designed in which the 

mannose sugar and acetyl glucosamine of avidin were used to target the liver. Moreover, 

avidin allows the addition of multiple ligands on the surface to achieve highly specific 

targeting. Bu et al.121 demonstrated that the avidin bound to the biotin on the surface of 

the nanoparticles was responsible for the higher liver accumulation of nanoparticles and 

thus enhanced the anticancer activity 121. 

Biotin labeling of the surface of the carrier dramatically increases the possibility of 

surface functionalization through avidin-modified moieties. This technique has been 

applied to couple liposomes to the surface of microbubbles. Microbubble-liposome 

therapeutic carriers for which ultrasound is used to target the therapy toward breast 

cancer has recently a field of extensive research. Yan et al. proposed this novel form of 

therapy in which they used avidin for the surface conjugation of paclitaxel-loaded 

liposomes on the microbubbles. Ultrasound exposure caused the drug payload to be 

efficiently delivered to the target site 122. 

In another approach (Fig. 2G), hyaluronic acid (HA)-based micro hydrogels were 

prepared by exploiting the avidin-biotin technology.123 Here, neutravidin-biotin was used 

to link micro-hydrogel containing doxorubicin to the HA molecule to function as a 

switch. Avidin-biotin has also been exploited by several researchers for the hydrogel 
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grafting 124. These HA-biotin- neutravidin micro-hydrogels show fine porosity in 

conjunction with micro-beads. Upon addition of excess biotin, the HA microhydrogel-

encapsulated drug disassembles to rapidly release additional doxorubicin. In this 

application, biotin acts as the triggering agent or a switch to release the drug at the target 

site 125. 

We have described the advantage of avidin in the tumor-specific delivery of drug 

molecules. Delivery across the BBB and other complex biological barriers is even more 

challenging than metastasized malignant tumor cells. To address this issue, investigators 

have devised several approaches including the use of apolipoproteins in the design of 

nanoparticles that mimic natural particles 126. Low-density lipoprotein receptor-specific 

apolipoprotein E (Apo-E) target the endothelial cells of the BBB very efficiently. 

However, chemical conjugation and other modifications of Apo-E reduce its function 

substantially. Avidin-biotin technology serves as a convenient tool to attach these Apo-E 

molecules to a drug delivery carrier without compromising their activity. Here, Apo-E 

was biotinylated and used to functionalize avidin-conjugated solid lipid nanoparticles. 

The avidin-biotin system is thus useful for the strategic functionalization of nanocarriers 

for highly efficient delivery of therapeutic small molecule drugs 127. 

Stimulus-responsive technology for drug development, controlled release and 

targeted therapy has been extensively harnessed by research groups across the globe. In 

this context, the switchable release of avidin from biotin is one of the most simplistic, 

intriguing and innovative strategies. Imino-biotin is a type of biotin which has avidin-

binding properties similar to those of natural biotin.128 Imino-biotin is coupled to the 

nano-carrier, where it retains its structure and its noncovalent bond with avidin at 
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physiological pH. Upon protonation under lower physiological pH conditions, its affinity 

for avidin is decreased, and it releases the drug attached to it. This switch-release 

technology using a modified biotin is highly efficient in comparison to the disulfide 

linkages.  

2.1.5 Applications of Nanoscale Avidin Systems in Diagnosis and Biotechnology 

2.1.5.1 Surface Antigen Detection 

The interaction of avidin with biotin provides an excellent platform for the 

development of various assay systems. Although antibody-based assay systems are 

highly specific, chemical conjugation with fluorescent dyes or chemiluminescent 

compounds may have some impacts on the antibody specificity. Quantum dots have 

proven to be a highly efficient tool compared to the traditional antibody-fluorescent dye-

based assays. Quantum dots provide several advantages such as high signal strength, high 

photo stability and high quantum yield for the detection of proteins with an enhanced 

signal amplification 129. Protein quantification using quantum dots in elemental mass 

spectrometry (ICP-MS) based immunoassays has also proven to be very effective and 

efficient. Quantum dots possess outstanding photoluminescent properties, which makes 

them very important and novel as an antigen-detection system. Quantum dots have a 

tremendous capacity to improve bioanalytical applications that use bio-labeling and 

bioimaging methods. To fully exploit the functions of quantum dots, it is necessary to 

establish strict control for their synthesis and surface modification. The noncovalent 

interaction between biotin and streptavidin serves as the best tool for the surface 

modification of the quantum dots and permits the development of selective assay systems 

without compromising their target-binding specificity.130 In a similar development, an 
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immunoassay platform based on streptavidin-conjugated quantum dots, which are used to 

bind to a biotinylated antibody and can be detected using ICP-MS, has been designed for 

amplified protein quantitation. This system enables the quantitation of protein in samples 

with concentrations as low as 50 ng/mL 130. Neutravidin bioconjugated to highly 

luminescent quantum dots has also been developed for the detection of the tyrosine 

kinase B (Trk-B) receptors present on the neurons of the hippocampus. Here, neutravidin 

was specifically used instead of avidin or streptavidin because the presence of the lysine 

allows the amide to bind to the carboxylic groups on the quantum dots. The quantum dot-

neutravidin bound to the biotinylated anti-TrkB antibody specifically detected the 

distribution of the TrkB receptors. The quantum dot-neutravidin conjugated to the biotin-

TrkB serve as an excellent tool for long-term observations of the trafficking of the 

fluorescence signals during live imaging of neurons. 131 Quantum dots have also been 

employed for detecting and tracking enzymes in vivo. As demonstrated in Figure 3, 

several hydrolase enzymes have been conjugated to quantum dots through the avidin-

biotin interaction. It was found that the catalytic activity was retained by the quantum 

dot-conjugated enzymes compared to the free biotinylated enzymes. The avidin-biotin 

interaction in this application was critical because it is a robust interaction with a high 

resistance toward wide range of pH. The avidin–biotin system has ubiquitously been 

proven to be the best method to functionalize the luminescent quantum dots-enzyme 

conjugates compared with the traditional approaches. 132 

Non-invasive bio-medical imaging techniques such as magnetic resonance imaging 

(MRI), single-photon emission computed tomography (SPECT) and positron emission 

tomography (PET) can evaluate and diagnose the progression of numerous diseases 
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through the use of surface antigen detection. Among these techniques, MRI is considered 

to be the technique of choice for imaging soft tissues 133. Iron oxide nanoparticles are 

widely utilized as the MRI contrast agent. However, iron oxide nanoparticles need to be 

stabilized with low-molecular-weight high-affinity dispersants 134 and polymers, such as 

poly ethylene glycol, to stabilize them against oxidization. In one such study, iron oxide 

nanoparticles were stabilized with poly-ethylene glycol coated with neutravidin for the 

immobilization of the biotinylated VCAM-1 (vascular cell adhesion molecule 1) 

antibodies.  VCAM-1 bearing neutravidin-coated nanoparticles showed outstanding 

affinity and specificity toward the VCAM chimeras. Neutravidin also provides flexibility 

in varying the ligand density on the nanoparticles, which makes it an excellent agent for 

the detection of antigens in-vivo 135-136. 

 

Figure 3. Streptavidin coated Quantum dots modified with biotinylated enzymes. 
Streptavidin is linked to the carboxylic groups on the surface of the quantum dots. The 
streptavidin conjugated quantum dots are coupled to biotinylated enzyme via the avidin-
biotin interaction for in vivo tracking of the enzyme activity.  
 

Quantification of a specific antigen at extremely low levels and over a wide range is 

a very important capability in the field of life science 137-138. For dynamic sensitivity over 
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a wide range of antigen concentation, immuno-PCR (IPCR) is a system that utilizes 

antibodies and DNA conjugates. However, this method has several disadvantages, such 

as challenging preparation, purification, and a low DNA-to-antibody ratio that results in a 

low sensitivity and high non-specific background signals.139 To address these issues, as 

depicted in Fig. 4, modified liposomes with an encapsulated reporter DNA have been 

designed. The surface of the liposomes is conjugated to a biotin-PEG (polyethylene 

glycol) phospholipid that acts as a detection agent. Microplate wells on which the target 

antigen specific antibody is immobilized capture the antigen. A biotin-labeled secondary 

antibody with a neutravidin bridge binds to the antigen. Biotin-coated liposomes bind to 

the neutravidin-bridge and anchor the reporter DNA-loaded liposomes. Upon binding to 

the target antigen, the liposome bursts to release the reporter DNA, which permits the 

target protein to be quantified using real-time PCR. 139 

 

Figure 4. Avidin-biotin based immunoliposomes for antigen detection using PCR. 
Liposomes encapsulating reporter DNA are conjugated to a biotin-PEG 
(polyethyleneglycol) phospholipid that acts as a detection agent. A biotin-labeled 
secondary antibody with a neutravidin bridge binds to the antigen. Biotin-coated 
liposomes bind to the neutravidin-bridge and anchor the reporter DNA-loaded liposomes. 
Upon binding to the target antigen, the liposome bursts to release the reporter DNA, 
which permits the target protein to be quantified using real-time PCR. 
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 The antigenic target is immobilized in the well of a microplate by a capture 

antibody and the liposome detection reagent is then coupled to another biotin-labeled 

antibody through a NeutrAvidin bridge. The liposome is ruptured to release the reporter 

DNA to quantify the protein biomarkers associated with diseases with the help of real-

time PCR.139 

Although sandwich ELISA-based assays are well known and widely applied 140-141, 

a new assay approach that harnesses the streptavidin-biotin interaction and exhibits a 10-

fold higher sensitivity has been recently developed 142. In addition, this approach reduces 

the cost by 20-fold in comparison to RT-PCR. In this assay, named NLFOA (nuclease-

linked fluorescence oligonucleotide assay), nanoparticles coupled with several 

streptavidin molecules interacts specifically with the biotinylated TurboNuclease for 

detection of the HIV-1 p24 antigen. The NLFOA provides a highly sensitive assay 

system for the clinical diagnosis of HIV or other infectious diseases 142. 

2.1.5.2 Imaging and Diagnosis 

 Imaging technology has been extensively evolved in recent years. Its biggest 

application is the diagnostics and detection of biological markers for specific diseases, 

such as cancer. Several radiolabeled antibodies are being extensively studied or are now 

undergoing clinical trials for the imaging and diagnosis of cancer 143-144. However, this 

method poses several disadvantages that prevents its broad clinical application. These 

include slower tumor diffusion and delayed clearance kinetics that lead to a decrease in 

the tumor-to-nontumor ratio. To address these shortcomings, the concept of pretargeting 

has been proposed. For pretargeting, avidin and streptavidin can be conjugated to either 

monoclonal antibody or radioisotope. The extremely high binding affinity, rapid blood 
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clearance and high tumor uptake of biotin and avidin make them highly reliable and 

essentially the best candidate for pretargeting imaging technology.105 Generally, avidin is 

used to clear the circulating biotinylated antibodies from the systemic circulation, but for 

the pretargeting strategy streptavidin or neutravidin are extensively used. Interestingly, it 

has been found that the fluorescently labeled or radiolabeled streptavidin showed a higher 

uptake in the tumors compared to the normal tissues than that of the radiolabeled 

antibody alone 145-147. 

 For diagnostic purposes, the expression of a specific antigen on a particular cell 

type can be harnessed and subsequently detected with favorable techniques 148-149. 

Similarly, the types of antigens or markers present on cancer cells reveal the degrees of 

malignancy, invasion, neo-vascularization, and metastasis. Fluorescently tagged 

antibodies specific for these cell-specific markers are used for efficient detection via 

imaging or other diagnostic tools. Because avidin is very stable to the chemical 

modification, it serves as a good candidate for conjugation purposes. Maleimide-activated 

avidin was utilized to modify a MAb which is specific for the embryonic cancer delta-

like protein (Dlk-1). A fluorescent bioluminescent protein (FBP) was designed by the 

conjugation of biotinylated Cypridina luciferase (CLu) to a far-red derivative of 

fluorescent indocyanine (Fig. 5). The FBP was subsequently coupled to the Dlk-1-

specific MAb to identify the embryonic cancer antigen Dlk-1 via the avidin-biotin 

interaction 150. 

 Theranostic modalities that can simultaneously diagnose and treat a condition 

have driven the development of calcium phosphosilicate nanoparticles (CPNP). CPNP is 

another type of vehicle that is used for various imaging and therapeutic applications in 
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biological systems. These particles function by accumulating in the solid tumors via 

enhanced permeation and retention (EPR) effect. Conjugating these nanoparticles to 

fluorescent probes has proven to be highly effective. Barth et al151 utilized avidin to 

engineer a novel CPNP that was conjugated to biotinylated diferric transferrin (human 

holotransferrin), biotinylated anti-CD71 antibody (transferrin receptor specific), and 

biotinylated pentagastrin using an avidin-biotin coupling. These avidin-CPNP-based 

theranostic materials were shown to specifically target, diagnose and treat breast cancer 

and other rapidly dividing and transferrin-expressing cells  151. 

 

Figure 5.  Avidin-based fluorescent bioluminescent protein probe for cancer 
imaging. 
A fluorescent bioluminescent protein (FBP) is designed by the conjugation of 
biotinylated Cypridina luciferase (CLu) to a far-red derivative of fluorescent indocyanine. 
These FBP are subsequently coupled to the Dlk-1- specific MAb to identify the 
embryonic cancer antigen Dlk-1 via the avidin-biotin interaction. 
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 Another widely accepted theranostic application is radioimmunotherapy, which 

employs streptavidin for the coupling strategy. Direct radionuclide labeling of MAb has 

been conventionally used for disease control. However, complete eradication is still a 

challenge because the tumor to normal cell localization ratio is extremely low.  Malignant 

plasma cells are highly radiosensitive, and the management of plasmacytomas and 

multiple myeloma is possible with the help of radioimmunotherapy combined with 

streptavidin and biotin technology.152 Streptavidin-coupled antibodies are highly selective 

for the tumor tissues or malignant cells. Once the streptavidin-coupled antibodies 

accumulate at the target site, a biotinylated radioactive small molecule is administered 

that specifically binds to the streptavidin that has accumulated in the malignant cells or 

tumor site. Green et al.153 developed such a streptavidin-biotin pretargeted 

radioimmunotherapy system that targets the CD38 antigen for the delivery of a 

radionuclide for the eradication of multiple myeloma. Here, anti-CD38 was conjugated to 

streptavidin, and 90Yttrium was bound to biotin for pretargetting 152. The 90Y–DOTA–

biotin treatment produced the maximum survival rate in treated mice  . 

Another diagnostic modality that has received significant interest due to its unique 

properties and characteristics (Fig. 6) is nanoparticle clusters. However, their structurally 

and morphologically controlled development is highly challenging. For successful size-

controlled construction of nanoparticle clusters, Ryu et al. proposed a method using a 

DNA-binding zinc finger protein that utilizes the avidin-biotin system. Direct chemical 

conjugation of metal ions (Zn) to DNA limits their further ability to derivatize the 

nanoparticle surfaces. To circumvent these challenges, DNA was conjugated to 

biotinylated zinc finger protein and subsequently incubated with neutravidin-conjugated 
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nanoparticles. These nanoparticle clusters showed not only the successful development of 

a size-controlled construct but also increased spin–spin relaxivity three-fold compared to 

conventional contrast agents such as Feridex 154. 

PET scanning is also a highly sensitive and extensively used technique for the 

quantitative imaging of tumor specific markers. Hypoxic inducible factor 1 (HIF-1) plays 

a key role in the progression of malignant tumor and radiotherapy resistance. The 

oxygen-dependent degradation domain (ODD) of HIF-1α has therefore been used for the 

development of tumor imaging and therapeutic agents. HIF-1-positive tumor cells are one 

type of the targets that have been most quantitatively diagnosed with the help of 

noninvasive imaging techniques such as PET.155 A protein transduction domain (PTD) 

coupled to the oxygen-dependent degradation domain and to monovalent streptavidin was 

used to produce the fusion protein PTD-ODD-streptavidin (POS) because of the 

outstanding in-vivo stability of biotin-streptavidin. Streptavidin modification reduces the 

degradation of POS. The POS conjugated with radioactive 123I-IBB specifically target the 

HIF-1 exclusive regions in tumors 156. Another streptavidin fusion protein was developed 

by the same group to deliver the radiolabeled biotin derivative synthesized as 4-18F-

fluorobenzoyl-norbiotinamide (18F-FBB). It was concluded that the areas showing 18F-

FBB localization corresponds to the HIF-1α positive areas 157. 
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Figure 6. Neutravidin biotin-based nanoparticle clusters for diagnosis and imaging.  
Biotinylated zinc finger protein is coupled to avidin conjugated nanoparticles. The zinc 
finger proteins (F1, F2, F3) bind to the DNA template. These zinc fingers and DNA 
templates are highly sequence specific which helps in the size-controlled construction of 
NPC for application in diagnosis and imaging. 
 

 

 Streptavidin-based imaging modalities have negligible effect on the 

pharmacokinetics of their parent drug, which makes them ideal for the application in 

diagnosis. A streptavidin-based nanoparticle has been developed as a multimodal 

imaging agent for the fluorescence and nuclear imaging and detection of tumors in a 

mouse model.158 Liang et al 158 designed a biotin-binding streptavidin-based 

nanocomplex that was coupled to a biotinylated anti-Her2 antibody. Tumor targeting was 

achieved using a biotinylated anti-Her2 (Herceptin antibody), and diagnostic imaging 

was performed using a biotinylated DOTA-chelator labeled with 111ln and a biotinylated 

Cy5.5 fluorophore. Both radiolabeled and fluorophore-labeled streptavidin nanoparticles 
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complexes have proved to be very efficient and promising tools for Her2-positive tumor 

imaging 158. 

2.1.5.3 Tissue Engineering 

 Skin grafts are considered the most common method used for the clinical repair of 

skin defects.159 However, contraction of the grafts, rejection due to immunity and graft 

dysfunction are a few shortcomings of the grafting technique. Tissue engineering is one 

promising alternative to overcome the deficiencies of the graft techniques This alternative 

strategy involves the fabrication of a scaffold that mimics the natural extracellular matrix 

(ECM) of the target 160 Avidin is immobilized on biomaterial surfaces, and the cell 

membranes are conjugated with biotin. The extraordinary affinity of these two molecules 

mediates the efficient attachment of the cells to the biomaterials. Natural cellular 

adhesion occurs by the formation of integrin-mediated bonds between integrin in the cell 

membrane and adhesion proteins on matrix 161. Investigators have demonstrated that that 

avidin-biotin binding system was found to be superior to the integrin-serum protein 

system with respect to the cell adhesion strength 162. Recently, the avidin-biotin binding 

system (ABBS) was used to fabricate PLCL/Pluronic nanofiber matrix for skin care 

application 163. 

Silk biomaterials with attached bioactive molecules are extensively used for drug 

delivery and tissue engineering. Covalent coupling has a very large negative impact on 

the bioactivity of the biomolecules due to the amine group reactivity. Non-covalent 

methods of coupling such as avidin-biotin are therefore recommended. The versatility 

and simplicity of the avidin-biotin system made it possible to immobilize various 

moieties, such as growth factors and gelators for tissue regeneration 164. 
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New bone ingrowth at a bone defect site is also the most important alternative to 

simple bone replacement, which prevents the possibility of bone rejection by immune 

system. Investigators have reported the application of avidin and biotin-based systems to 

attach cells to the surfaces of nonporous 2D and 3D biodegradable scaffolds.  

Streptavidin has been used with grafting materials, such as MylarTM and Teflon-

AFTM, for adhesion and proliferation of endothelial cells. In one such study, human 

umbilical vein endothelial cells (HUVEC) were biotinylated and incubated with 

streptavidin to immobilize grafting materials. The streptavidin-coupled HUVEC showed 

significant spreading in comparison to uncoupled HUVEC 165. In a similar study, ABBS 

was utilized in the calcium phosphate glass scaffold for bone tissue adhesion. The 

scaffold immobilized with avidin showed substantially higher cell attachment. ABBS has 

a major advantage over other scaffolds because it does not inhibit cell proliferation. 

Scaffold functionalized with ABBS can improve its adhesion with osteoblast-like cells. It 

was concluded that the ABBS scaffold helps in proliferation after efficient attachment of 

the osteoblast like cells 24. 

In addition to a prominent scaffold for cell adhesion, the biggest prerequisite for 

tissue engineering is to imitate the local bio-microenvironment and bio-ceramic matrix to 

provide a 3D support that enables growth of bone tissue 166. Biologically active 

molecules, such as protein and peptide, decorated on the surface of these bioceramics can 

improve bone regeneration 167. However, there are still a few challenges for tissue 

engineering: (i) A strong interaction between proteins and the surface of scaffold; (ii) No 

change in the native structure and biological activity of the proteins; and (iii) Site-

directed immobilization. Baeza et al utilized the avidin-biotin technology to address these 
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challenges in tissue engineering 168. Another research group developed biotinylated 

nanofibrous hydrogels for efficient cell adhesion in a 3D matrix of C2 based gelators 

made from 1, 4-benzyldacarboxamide.169 As shown in Figure 7, avidin modified cells 

were used to adhere on the biotinylated gelator-based 3D matrix. This system has shown 

to produce a universal 3D matrix system where avidin modified cells freely proliferate 

without any sign of denaturation. Moreover, the density of the cells in the matrix can be 

manipulated by varying the biotin-gelator amount in the matrix 169. 

 3D matrices used in tissue regeneration are required to be biodegradable. Repair 

and regeneration of a bone defect with the help of a biodegradable polymer-based 

scaffolds are often used along with bone-inducing factors and/or osteogenic cells. In 

addition to the biocompatibility and appropriate mechanical strength for weight bearing, 

scaffold for bone regeneration must have interconnected porous structure for tissue in-

growth which can support the regeneration 170-172. BMP-2 and BMP-7 (bone 

morphogenetic protein) are two main osteo-inductive factors which have the potential to 

induce differentiation of osteocytes, followed by mineralization and bone regeneration 

173-174. Encapsulation of these growth factors on to polymeric scaffolds using various 

solvents and electric field for fabrication may result in the loss of biological activity 175. 

To overcome such challenges, streptavidin was employed for binding biotin-BMP2 and 

biotin-SAP (self-assembling peptides). Furthermore, with the help of streptavidin, the 

degree of BMP2 and biotinylated peptide can be controlled. Intra scaffold retention of 

BMP2 was also increased by tethering of BMP2 which further prolongs its half-life as 

well 176. 
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A group of scientists also focused on the localized 3D differentiation of BM-MSCs 

(Bone marrow-derived mesenchymal stem cells) by orthogonal matrix-immobilization of 

BMP-2. A recombinant Glutamine-streptavidin linker peptide, a bio-mimetic scaffold, 

was genetically engineered.177 It was covalently coupled to the TG–PEG (Trans-

glutamase) hydrogels. Controlled presentation of recombinant rhBMP-2 with 

streptavidin-coupled PEG hydrogels provides the consequent 3D-localized osteogenic 

differentiation of BM-MSCs 177.  

 

Figure 7: Avidin-biotin-based 3D nanofibrous hydrogels for tissue regeneration.  
MC3T3 osteoblastic, EAhy926 human endothelial, and SMMC-7721 human hepatoma 
cells were biotinylated with an EZ Links Sulfo-NHS-LC-LC-Biotin. Using avidin as a 
bridge, the modified cells were in situ encapsulated in a 3D hydrogel system made of 
biotinylated and nonbiotinylated 1,4-benzyldicarboxamide (C2) based supramolecular 
gelator. 
 
2.1.6 Conclusion 

 As one of the strongest non-covalent interactions in the nature, the avidin-biotin 

interaction has evolved to become a very versatile platform for a great variety of 

applications in biotechnology and nanotechnology. At a constant pace, new analogues of 

avidin are being developed with better efficiency and physical-chemical properties to 

serve specific purposes. As simplistic this system is in its fundamental principle, avidin-

biotin system is as strong and applicable 34. Extensive use of this system in a wide variety 
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of fields, such as drug delivery, antigen targeting, diagnostics, and tissue engineering is 

the proof of its unparalleled advantages.  

Noncovalent interactions including hydrogen bonding, hydrophobic interaction, van 

der Waals interaction, and ionic interaction have also been utilized for nanoscale drug 

delivery systems. These interactions are stronger when present collectively but are very 

weak individually. By comparison, the biotin-avidin interaction employs multiple 

hydrogen and hydrophobic interactions, leading to an extremely high affinity 178. On the 

other hand, the use of ionic interactions to load drug may cause problems in the 

formulation development. For instance, drug molecules with –NH2 may interact with –

COOH to form large aggregates 179. Ionic interaction can also be influenced by pH, which 

may affect the stability of nanocarriers in acidic tumor microenvironment 121, 180. Loading 

of drug to nanoparticles using hydrophobic interaction may result in particle aggregation, 

which will affect the biodistribution of nanoparticles in the body 181-182. By contrast, 

nanocarriers made from the biotin-avidin interaction have a uniform size-distribution and 

robust stability against enzymes, temperature, pH and harsh organic regents 68, 105. 

Tetravalent structure of avidin and its analogues provides a great advantage in the 

nanoparticle design, development and delivery. It provides a strong backbone for the 

biotinylated ligand and drug molecules with four biotin binding sites per avidin molecule. 

This characteristics provides the flexibility in loading drugs and ligands to nanoparticles 

183. Biotin and avidin are also readily available with various functional groups for 

chemical conjugations. Moreover, the chemical conjugation on biotin or avidin avoids 

direct modification of the active biomolecule, thus maintaining their activity.  
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The application of avidin-biotin system is more than just coupling biotinylated 

molecule to avidin-conjugated moieties. Properties such as high tumor accumulation, 

immune modulation and easy genetic engineering make them highly advantageous for a 

variety of applications in nanotechnology. Particularly in the pretargeting field, the 

avidin-biotin system is a leap ahead of the conventional radiolabeled antibody approach. 

Despite of multiple advantages of this system in biotechnology, further research is 

required to understand the immuno-toxicity of the avidin and its variants. In this review, 

we have compiled the most recent reports that have utilized this system in various fields 

of nanotechnology.  

2.2 RNA Therapies Delivery Challenges and Advances: Conceptualization to 

Clinical Development  

 siRNA is considered one of the greatest therapeutic discoveries since past century. 

It is the most efficient solution for the pathological conditions caused by the over 

expression and mutation of a gene. siRNAs and other RNAi therapies are being 

significantly utilized for the treatment of the variety of diseases and regenerative 

medicine. It is widely pursued in therapeutic development of many fatal disease because 

of its specificity, targetability and adaptability. RNAi as a whole is a technology that can 

potentially cure the “undruggable” targets.  Despite its therapeutic potential, siRNA are 

highly unstable if injected as such into the blood stream. It may also lead to some fatal 

immunogenic responses. For siRNA delivery, a very safe and effective carrier is required 

which can deliver the siRNA to the target site and maintaining the siRNA’s therapeutic 

integrity without imparting any unwanted immunogenic response. Progress in deeper 
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understanding of the molecular mechanisms of the diseases and RNAi has improved the 

preclinical development and performance for wide range of disease targets.  

2.2.1 Materials and Modifications for the RNA-based Therapeutics 

RNAi therapeutics and especially siRNA delivery systems comprise of non-viral and 

viral vectors. Adeno-virus vectors have been rationally engineered to deliver the RNAi 

therapeutics to the target site. 184 However, due to high degree of immunogenic response 

due to viral vectors, non-viral vector materials are primarily utilized for the nucleic acid 

delivery. These non-viral materials are proteins, peptides, polymers, lipids etc. siRNAs 

are encapsulated in these materials to form nanoparticles which not only deliver the 

siRNA to target site but protects it from the degradation. Cationic charge is critical for the 

development of the nanoparticle for the siRNA delivery as negative charge of the nucleic 

acid hinders its cellular uptake.185 Cationic lipids are also one of the most studied 

categories which are utilize to condense the siRNA with electrostatic interaction to form 

nanoparticles. Such cationic polymers or lipids have amine functionality (one or many). 

At physiological pH it gets protonated and imparts a positive charge to condense the 

nucleic acid. These nanoparticles further create charge imbalance that leads to the 

endosome rupture and release of siRNA in the cytoplasm. Commercially, many products 

are available for such applications such as DOTMA186, DOTAP187, Polyamido amines188, 

polyethyleneimine 189, poly-L-Lysine 190, protamine etc. Cationic lipids in particular 

(DOTMA, DOTAP) are positively charged at acidic pH, ionization helps in the 

condensation of siRNA, self-assembly and subsequently releasing siRNA from endosome 

after internalization into the target cells. Biodegradable polymers such as polyethylene 

glycol and Poly (β-amino esters) have also been widely used for siRNA delivery. 191 
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These cationic lipids have no significant toxicity in comparison to the cationic polymers 

that are more immunotoxic due to their cationic nature at physiological pH.192 

2.2.2 Barriers and Challenges in Delivery of siRNA 

 Regardless of the delivery system and route of administration, the biggest barrier 

for siRNA remains to be degradation by nuclease and renal clearance during systemic 

circulation.193 Rapid biodistribution to the target site is the greatest requirement for an 

ideal delivery system which also minimizes the chances of the siRNA clearance and 

degradation. Extravasation of the siRNA delivery system to the target site also poses a 

significant challenge. Nanoparticles are developed with optimum size to be able to transit 

across the blood vasculature.194 Once reaching the target site, delivery systems must be 

efficiently taken up by the cells. Targeting ligands and rational modification of the 

delivery system have been rigorously investigated over the years to make them highly 

efficacious and enhance the internalization to the target cells via receptor mediated 

endocytosis. After internalization, the delivery carrier reaches the endosome of the target 

cell and has to escape the endosome to avoid the lysosomal degradation and exert activity 

in the cytoplasm.195 Delivery systems are designed to enhance the endosomal escape and 

efficiently release the siRNA into the cytoplasm. Scientists have made tremendous efforts 

over the years to invent such delivery systems that can bypass all the barriers to produce 

maximum therapeutic efficacy. 

 Particle size of the siRNA delivery carriers such as nanoparticles is a very crucial 

factor. Larger particles (>200nm) are generally cleared by the reticuloendothelial system 

(RES). Enhancement or attachment of polyethylene glycol on the nanoparticle not only 
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reduces the particle aggregation and size but help in preventing the RES uptake and 

increase the half-life.196 

 Endothelial vasculature fenestration and extravasation determines the target 

localization of siRNA delivery system.197 Capillary fenestration or pore size determined 

the upper limit of the particle size. Depending on the target organ, capillary pore sizes are 

different from very small (blood brain barrier) to comparatively big (digestive system). 

198-199 siRNA- based systems or naked siRNAs favor hepatic localization over any other 

organs which makes them great drugs for liver diseases. However, delivery systems are 

exclusively designed to accumulate in the liver or target tissues to slow down the 

clearance process and enhance target uptake.200 Moreover, lipid based systems are 

preferred to deliver the siRNA to the liver because the lipid metabolism occurs in liver. 

This enhances the possibility of the siRNA to reach the target site more preferably and 

efficiently. 

 Cellular uptake and inter-organelle transit of the siRNA is a rate limiting step. 

Uptake of the siRNA loaded nanoparticles or delivery carriers occurs via multiple 

pathways such as clathrin – caveolin dependent or independent pathway, 201-202 Limited 

understanding of the complex molecular transit of siRNA makes it hard for it to be 

developed and reach clinics. After being taken up by the cell, therapeutic payload is 

sorted by the cell to either proceed to the lysosome or matured late endosome. Soon after 

the reaching late endosome, the carrier releases the siRNA to the cytoplasm.69 During this 

process, it has been argued that there are many other alternative pathways that a delivery 

system may be directed to, which may eventually reduce compromises to the therapeutic 
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efficacy of the system. Recycling endosomes (Rab5), Golgi apparatus and endoplasmic 

reticulum are major organelles which participate in such recycling process. 69, 203-204 

2.2.3 Conclusion 

 Decades of research efforts for the development of the siRNA delivery systems 

have revealed key mechanisms and great knowledge about the parameters to be 

considered for an efficient delivery system. Size, chemical, physical, biological and other 

implications that influence the performance of the siRNA delivery system have been 

thoroughly investigated. All the barriers including the systemic and intracellular can be 

overcome by thoughtful design of therapeutic carriers. Immunogenic responses and toxic 

side effects have halted the clinical translation of siRNA, but scientists across the globe 

have made astonishing progress in the field to circumvent such shortcomings. Lipid-

based nanoparticles and other types of non-immunogenic polymeric or protein-based 

systems hold promise for the future of the siRNA delivery.  



49 
 

CHAPTER 3 

INRACELLULAR FATE AND EXOCYTOSIS OF PCBP2 SIRNA NANOCOMPLEX 

IN HEPATIC STELLATE CELLS 

3.1 Introduction 

RNAi (RNA interference) is considered one of the greatest discoveries of the 21st 

century. Soon after its discovery, it has been regarded as the most promising therapeutic 

approaches to potentially inhibit the target genes (or mRNA) responsible for several fatal 

illnesses including many hereditary diseases, cancer and liver fibrosis.205-207 Absence of 

effective delivery systems is one of the biggest stumbling blocks in the path of the 

siRNA’s translational success and beholds limitation to its therapeutic promise.208-209 In 

order to perform its function in target cell cytoplasm, siRNA has to face multiple 

physiological and biological challenges.210-211 Many delivery systems have been 

developed in the past few decades, such as lipid based, polymer based (cationic 

peptides/polymers), and many other types of nanoparticles.212-214  

Previously, we designed a nanocomplex using streptavidin as the delivery carrier 

for the PCBP2 siRNA.5, 68 We observed that cellular uptake of these nanocomplexes in 

hepatic stellate cells (HSCs) is highly dependent on the siRNA condensing agent used for 

this nanocomplex formulation, protamine, and LDLR (Low Density Lipoprotein)- 

receptor mediated uptake by cholesterol. Additionally, reduction of the disulfide bond 

between biotin and siRNA is very critical for the silencing activity of siRNA. Efficient 

release of the siRNA from multiple components of nanocomplex in cells is necessary to 

facilitate the assembly of siRNA into RNAi machinery.215 However, the exact 

mechanism of disassembly of the nanocomplex and intracellular fate remains elusive. We 



50 
 

were curious to know the fate of the different components of the streptavidin based 

siRNA nanocomplex inside the hepatic stellate cells. How endosomal escape of siRNA 

occurs? How siRNA is released form the nanocomplex in cytoplasm? These are the 

primary questions for the siRNA delivery systems in general. Investigating this area will 

yield significant and thorough understanding of the fate of the siRNA nanocomplex after 

internalization. 

The importance of delivery in therapeutic applications of siRNA has long been 

realized, but analysis of the intracellular fate of siRNA delivery systems still remains 

elusive and requires more insight. Rapid exocytosis of nanocomplexes could be a typical 

transcytosis mechanism to transfer nanocomplex from one cell to another or recycle the 

nanocomplex by non-secretory exosomes. Exocytosis of nanoparticles varies with cell 

types, and there are a number of possible recycling routes for siRNA nanocomplex.216 

Several strategies such as elemental analysis have been utilized to study the intriguing 

phenomenon of endocytosis and exocytosis of nanoparticles.217-218 By contrast, 

fluorescence microscopy and fluorescence tracking are the most accepted methods that 

can provide both qualitative and quantitative analysis 216.  

In this study, we employed flow cytometry and confocal microscopy to examine the 

intracellular fate of the all the components of the siRNA nanocomplex (siRNA, 

streptavidin and protamine) in HSC-T6 cells. We labeled each component with different 

fluorescent probes such as Alexa Fluor 647 and Alexa Fluor 488. siRNA, protamine and 

streptavidin exhibit divergent cellular distribution. 
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3.2 Methods 

3.2.1 Materials  

Streptavidin, Alexa Fluor® 350 succinimidyl esters (NHS esters) and Streptavidin-

Alexa Fluor 350 conjugate was purchased were purchased from Thermo Fisher Scientific. 

Protamine sulfate (salmon X grade) was purchased from Sigma-Aldrich (St. Louis, MO). 

Cell culture medium, Lipofectamine-2000, PCBP2 siRNA (sense sequence 5′-

GUCAGUGUGGCUCUCUUAU-3′), negative control siRNA, and Alexa Fluor 647-

siRNA were purchased from Invitrogen (Carlsbad, CA). Sephadex G-15 was obtained 

from GE healthcare life sciences (Pittsburgh, PA). Biotin–PCBP2 siRNA was purchased 

from Gene Pharma (Shanghai, China).  Alexa Fluor 647 was conjugated to the 5′ end of 

the siRNA antisense strand, while biotin was conjugated to the 3′ end of the siRNA sense 

strand. RAB5 antibody (rabbit IgG), goat anti-rabbit IgG (H+L) secondary antibody 

(Alexa Fluor® 488 conjugate) and BODIPY® FL C5-Ceramide complexed to BSA were 

purchased from Thermo Fisher Scientific (Waltham, MA). 

3.2.2 Formulation of Streptavidin-Based siRNA Nanocomplex 

Nanocomplexes were prepared as previously reported.68 Briefly, biotin–PCBP2 

siRNA with a disulfide cleavable linker at the 3’ end of the sense strand and Alexa Fluor 

647 probe in the 5’ end of the antisense strand was mixed with biotin-cholesterol and 

streptavidin at a molar ratio of 2:2:1 and incubated at room temperature for 10 min 

followed by condensation with protamine (10/1 = N/P ratio) for another 30 min to form 

the streptavidin PCBP2 siRNA nanocomplex. Morphology and surface charge (Particle 

size and zeta potential) were analyzed with the help of Malven Zetasizer Nano ZS. For 

confocal microscopy and flow cytometry, Alexa Fluor 350-labeled streptavidin and 
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protamine were used along with the Alexa Fluor 647-labeled siRNA were used to 

formulate the Nanocomplex. 

3.2.3 Cellular Uptake Study 

The rat hepatic stellate cell line (HSC-T6) was kindly provided by Dr. Scott L. 

Friedman (Mount Sinai School of Medicine, New York University). HSC-T6 cells were 

cultured in DMEM supplemented with 10% FBS, 100 units/mL penicillin–streptomycin 

at 37 °C in a humidified atmosphere containing 5% CO2. The cells were seeded in 

Chambered Cover glasses (Fisher Scientific; Pittsburgh, PA) at a density of 1×104 

cells/well as reported previously.5, 205, 219 The streptavidin based siRNA nanocomplex 

containing 100 nM final siRNA concentration was added to each well along with 

OptiMEM medium. The hepatic stellate cells (HSC-T6) were incubated with 

Nanocomplex for various time points. Following the completion of the time point, the 

cells were stained with 150 nM lysotracker to stain the lysosomes and fixed with 10% 

formalin buffer. Cells were counter stained with DAPI mounting media and analyzed 

under a confocal microscope (Leica TCS SP5). 

3.2.4 Assessment of Cellular Uptake Using Flow Cytometry  

25000 HSC-T6 cells per well of 24-well plates were seeded. The cells were 

transfected with the streptavidin based siRNA nanocomplex or Lipofectamine-2000 

containing Alexa Fluor 647-labeled siRNA for various time periods as mentioned above. 

The cells were then washed with DPBS, detached, and subjected to fluorescence analysis 

using a BD FACS II Flow Cytometer (Bectone Dickinson Instruments, Franklin Lakes, 

NJ). 
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3.2.5 Exocytosis and Cellular Recycling of the SSCP Nanocomplex 

Alexa Fluor 647-labeled siRNA was utilized to prepare the SSCP complex. In this 

study, the final siRNA concentration was maintained at 50 nM because the major purpose 

of this study was to monitor the siRNA recycling and exocytosis and excessively labeled 

siRNA might give false positives.220 Five thousand HSC-T6 cells per well were seeded in 

96 well plates and transfected with the SSCP nanocomplex diluted in OptiMEM. In one 

group, the medium was collected at 3, 6, 12, and 24 h post-transfection to evaluate 

exocytosis. In another group, the cells were transfected with the SSCP nanocomplex for 6 

h, followed by replacement with fresh medium. The fresh medium was then collected at 

1, 3, 6, 18, 21, and 24 h to determine the fluorescence of exocytosed siRNA. 

Fluorescence of the collected media was measured using a multimode fluorescence 

detector.  

To further investigate the nature of exocytosed siRNA in the medium, we 

developed a method to determine whether the exocytosed siRNA is still entrapped inside 

the nanocomplex or simply in a free form. Briefly, the harvested media containing 

exocytosed siRNA were treated with heparin to release siRNA from the nanocomplex. 

By comparing the fluorescence intensity before and after the heparin treatment, we can 

determine the fraction of free siRNA in the exocytosed samples. We incubated the 

nanocomplex prepared in OptiMEM with various heparin concentrations (10, 20 and 40 

µM) to understand the extent of fluorescence quenching by complexation and OptiMEM. 

After optimizing the concentration and incubation time of heparin, we again performed 

exocytosis study by treating the HSC-T6 cells as described above and collected medium 

at various time points after 6 h incubation with the SSCP. Followed by replacement of 
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fresh medium and subsequent collection of medium at different time points, we incubated 

collected medium with or without heparin for 30 min to analyze the nature of siRNA 

exocytosed. 

3.2.6 Early Cellular Trafficking of the SSCP Nanocomplex 

 HSC-T6 cells were transfected with the SSCP nanocomplex containing Alexa 

Fluor 647-siRNA for 1h. One group of the cells were immediately washed and fixed with 

10% formalin, followed by staining with the early endosome marker (Rab5 antibody). 

For the second group of the cells, the transfection medium was replaced with fresh 

culture medium and incubated for another 1 h before fixation with 10% formalin and 

staining with Rab5 antibody. Alexa Fluor® 488 conjugate secondary antibody was added 

to visualize early endosomes under confocal microscope. 

Since Trans-Golgi Network (TGN) plays a vital role in the recycling of 

nanoparticles, we also stained the Golgi complexes using BODIPY-FL C5 ceramide as 

per manufacturer’s protocol. 

3.3 Results  

3.3.1 Preparation of the Streptavidin Nanocomplex Containing Alexa Fluor Labeled 

Components 

Nanocomplexes were formulated with the alexa fluor labeled components to 

monitor intracellular events after cellular uptake in HSC-T6. The Alexa Fluor dyes were 

selected because of their pH independence and excellent photo-stability.215 The 

nanocomplex has demonstrated uniform average size of 230 nm with a PDI smaller than 

0.15. Zeta potential of the nanocomplex is approximately 23 mV. Fluorescent-labeled 
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streptavidin and protamine were used for the SSCP nanocomplex preparation to evaluate 

cellular uptake and intracellular trafficking.  

3.3.2 Streptavidin Nanocomplex Show Efficient Cellular Uptake 

Thorough investigation of the intracellular fate of the different components in the 

nanocomplex will reveal the important mechanisms that influence the efficacy of the 

system. In our previous study, we hypothesized that the streptavidin nanocomplex, after 

internalization, escapes from endosome by leveraging the proton sponge pump owing to 

the multiple arginine present in protamine.221 After escaping endosome, Nanocomplex 

releases siRNA in the cytoplasm by reduction of the disulfide linker with the help of 

cytoplasmic glutathione. The siRNA further forms the RNA-induced silencing complex 

(RISC) and perform mRNA inhibition or silencing. 

Confocal microscopy and flow cytometry were utilized to investigate uptake of the 

streptavidin nanocomplex. First, HSC-T6 cells were transfected with the SSCP 

nanocomplex containing Alexa Fluor 647-labeled siRNA for 0.5, 1, 3, 6 and 24 h. As 

shown in Figure 8A, the SSCP nanocomplex rapidly enters the cells and reaches its 

highest uptake at 6 h post-transfection. Nearly all the cells were transfected with the 

SSCP nanocomplex at 6 h. LysoTracker® was used to evaluate lysosome entrapment of 

the siRNA. LysoTracker® is a highly specific, one-step staining dye for acidic organelles 

and has been widely employed to track lysosomes.222 As the merged images illustrated 

(Figure 8A), only a very small amount of the siRNAs were entrapped in late-

endosomes/lysosomes between 0.5 and 6 h post-transfection. Moreover, majority of the 

siRNAs were localized in the cytoplasm and few translocated into the nucleus at 3 and 6 

h post-transfection. However, there was a significant decrease in cellular uptake at 24 h 
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post-transfection where siRNAs were mainly located in the cytoplasm as clustered 

aggregates at the perinuclear space localized with lysosomes.  

Using the same method, we studied cellular uptake of the siRNA using 

Lipofectamine-2000 (Figure 8B).  The resulting confocal images indicate that there was a 

continuous increase in cellular uptake up to 24 h post-transfection, and only a small 

fraction of them were entrapped in lysosomes. Compared to Lipofectamine-2000, the 

SSCP nanocomplex exhibits a faster and more uniform uptake of siRNA in HSC-T6 

cells.  

 



57 
 

 



58 
 

 

 

Figure 8. Cellular uptake of the PCBP2 siRNA in HSC-T6 cells by Nanocomplex.  
The Alexa Fluor 647 labeled siRNA is encapsulated in the SSCP nanocomplex (A) or 
Lipofectamine-2000 (B). The siRNA is incubated with HSC-T6 cells for 0.5, 1, 3, 6, and 
24 h, followed by fixation and confocal imaging. DAPI = Nucleus, Alexa-647 =PCBP2 
siRNA and Lysotracker = endosomes and lysosomes. Scale bar = 20 μm 
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We validated the cellular uptake of the PCBP2 siRNA with streptavidin 

nanocomplex and Lipofectamine-2000 in HSC-T6 cells using flow cytometry. As shown 

in Figure 9, nearly all cells were transfected with the streptavidin nanocomplex at 3 and 6 

h post-transfection, indicating rapid cellular uptake of the streptavidin nanocomplex. In 

contrast, the Lipofectamine-2000 had lower transfection efficiency at early time-points 

but it escalated dramatically at 24 h post-transfection as compared to streptavidin 

nanocomplex (Figure 9). The fluorescence intensity results at 3 and 6 h post-transfection 

(Figure 9C) indicate that the streptavidin nanocomplex is able to deliver more siRNAs 

into the cells at early time points compared to Lipofectamine-2000. However, the 

fluorescence intensity in streptavidin nanocomplex treated cells decreases at 24 h post-

transfection. These results are in congruence with confocal microscopy results (Figures 

8A&B) where a decrease in fluorescence intensity was observed at 24 h post-transfection. 
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Figure 9. Cellular uptake of siRNA with SSCP nanocomplex and lipofectamine. 
Alexa Fluor 647 labeled PCBP2 siRNA was incubated with HSC-T6 cells for 3, 6, and 
12h, followed by flow cytometry analysis. (A) Histogram of flow cytometry. Percent of 
cellular uptake (B) and relative fluorescence intensity (C) are presented as the mean ± SD 
(n=3). 
 

 



61 
 

3.3.3 Subcellular Distribution of Multiple Components of Nanocomplex 

Confocal microscopy was used to further investigate distribution of different 

components (streptavidin, siRNA, and protamine) of the streptavidin nanocomplex in 

HSC-T6 cells. HSC-T6 cells were transfected with the streptavidin nanocomplex 

containing Alexa Fluor 647-labeled siRNA (far-red) and Alexa Fluor 350-labeled 

protamine (blue) for 1, 3, 6 and 24 h. As Figure 10A illustrates, a small percentage of the 

siRNAs in the cytoplasm are co-localized with protamine (indicated with yellow arrows) 

at early time points, while majority of the siRNA are co-localized with protamine in 

lysosomes at 24 h post-transfection (indicated with white arrows). We observed that 

fraction of the siRNA can be delivered into the nucleus without protamine co-localization 

(Figure 10A). This result indicates that protamine only acts as cell penetrating peptide in 

the uptake process. It dissociates from the streptavidin nanocomplex inside the cells and 

slowly translocate to perinuclear space and other parts in the cytoplasm while some of the 

siRNAs transit into the nucleus.  

We next evaluated subcellular trafficking of streptavidin in HSC-T6 cells. Alexa 

Fluor 350-labeled streptavidin (blue) was used in the streptavidin nanocomplex along 

with Alexa Fluor 647-labeled siRNA (red). As shown in Figure 10B, streptavidin is 

localized with siRNA in the cell cytoplasm at all the time points. However, streptavidin 

shows variable co-localization with lysosomes. Streptavidin distributes in the cytoplasm 

at early (1 and 3 h) time points with negligible co-localization with lysosomes, but co-

localization increases (indicated with yellow arrows) at 6 and 24 h post-transfection. The 

merged images of streptavidin and siRNA (Figure 10B) illustrate that majority of siRNAs 

are in the cytoplasm and few of the siRNAs are co-localized with streptavidin inside 
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lysosomes, suggesting incomplete release of SSCP from endosomes at extended time 

points or reuptake of nanocomplex by lysosomes (indicated by yellow arrows). 
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Figure 10. Co-localization of siRNA with protamine (A) and streptavidin (B).  
The siRNA nanocomplex was incubated with HSC-T6 cells for 1, 3, 6 and 24h, followed 
by fixation and confocal imaging. White color shows the co-localization of siRNA (red), 
lysosome (green) and protamine or streptavidin (blue). [Lyso: lysosome]. Scale bar = 20 
μm. 
 

3.3.4 Exocytosis and Cellular Recycling of the SSCP Nanocomplex 

Confocal microscopy and flow cytometry results (Figures 8-10) suggest that 

SSCP can rapidly and efficiently deliver siRNA into the HSC-T6 cells at early time 

points, but cellular uptake of the siRNA is reduced at 24 h post-transfection. We 

hypothesized that siRNAs inside the cells may be exocytosed or transcytosed by 
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recycling vesicles. We therefore studied exocytosis of SSCP containing Alexa Fluor 647-

labeled siRNA in HSC-T6 cells. As depicted in Figure 11A, fluorescence intensity in the 

medium constantly decreases till 6 h post-transfection, indicating a rapid uptake of the 

nanocomplex into the cells where the rate of endocytosis exceeds exocytosis. However, 

the fluorescence intensity starts increasing after 6 h, suggesting exocytosis of the SSCP 

nanocomplex dominates the uptake/excytosis kinetics. This is in accordance with the 

findings in the confocal and flow cytometry studies (Figures 8-10).  

To further investigate whether exocytosed siRNAs are still complexed with the 

carrier, we treated the medium with heparin to dissociate the encapsulated siRNAs. We 

first studied the fluorescence quench effect of nanocomplex and cell culture medium 

(OptiMEM) on the fluorescence intensity of the Alexa Fluor 647-labled siRNA. As 

Figure 11B shows, both the formation of the SSCP nanocomplex and addition of 

OptiMEM medium reduces fluorescence intensity of the Alexa Fluor 647-labeled siRNA. 

Incubation of SSCP with 40 µM heparin can dissociate siRNAs from the nanocomplex 

and therefore reverses the quench effect of the nanocomplex and OptiMEM. Figure 11C 

also shows that incubation of SSCP with 40 µM heparin for 30 min can completely 

dissociate siRNAs form the nanocomplex. We therefore used the optimized condition to 

dissociate siRNAs from the exocytosed samples using heparin. After transfection with the 

SSCP nanocomplex for 6 h, HSC-T6 cells were washed and incubated with fresh 

medium. The media were then collected at different time intervals, and the fluorescence 

intensity was detected after incubation with 40 µM heparin for 30 min (Figure 11D). 

Without the heparin treatment, the fluorescence intensity in the medium increases with 

time and reaches the highest value at 18 h post-incubation. The heparin treated samples 
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exhibit the same trend of fluorescence intensity. However, heparin-treatment significantly 

increases the fluorescence intensity of all exocytosed samples, indicating that a 

significant amount of the exocytosed siRNA are complexed with the SSCP nanocomplex. 

This result suggests a significant amount of intracellular siRNAs are exocytosed, leading 

to the low concentration of the siRNA in the cells at 24 h post-transfection. 
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Figure 11. Exocytosis study of the Alexa flour 647 based SSCP siRNA nanocomplex.  
(A) Fluorescence intensity of the transfection medium at various time points post-
transfection. (B) The fluorescence quenching effect of nanocomplex and optiMEM 
medium on Alexa Fluor 647-labeled siRNA. (C) Heparin incubation dissociates siRNA 
from the nanocomplex and reverses the fluorescence quenching effect. (D) HSC-T6 cells 
were incubated with Alexa Fluor 647-labeled siRNA nanocomplex for 6h, and the 
medium was replaced. The medium was then collected at 1, 3, 6, 18, 21 and 24h post-
incubation for fluorescence analysis. Fluorescence intensities of the medium samples 
were determined with and without 40 µM heparin treatment. (n=3). Statistics was 
performed using Student t-test where, * = P< 0.05. 
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3.3.5 Silencing Activity of PCBP2 Streptavidin Nanocomplex 

Figure 12 illustrates the silencing activity of the streptavidin nanocomplex in HSC-

T6 cells.  The silencing activity reaches the highest level (80% at 12 h) and then 

decreases with time (Figure 12). This is in accordance with our previous findings 

showing a similar time-dependent silencing activity.205, 223 Decreased silencing activity 

could be due to the following: i) saturation of silencing machinery and cellular uptake; ii) 

siRNAs entrapped in late endosomes undergo degradation in lysosomes; iii) cellular 

recycling of nanocomplex; and iv) cell division as the classic example of transient 

silencing activity.  

 

Figure 12. Time course of the silencing activity mediated by SSCP nanocomplex. 
SSCP formulated with PCBP2 siRNA or negative control siRNA was incubated with 
HSC-T6 cells for various time points (6, 12, 24, 48 and 72h). Total RNA was isolated and 
the silencing effect was evaluated by qRT-PCR (n=3). 
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A small amount of siRNA/streptavidin complexes are entrapped in lysosomes at 

extended time intervals, contributing to the decrease in silencing effect (Figure 12). We 

therefore studied the effect of endosome disrupting agents like chloroquine on the 

silencing activity of the streptavidin nanocomplex. We transfected the cells with the 

streptavidin nanocomplex in the presence of chloroquine (50 and 100 μM). Researchers 

have regularly used chloroquine as a control for the endosomal escape reagent at 100 μM 

concentration. However, these concentrations are toxic, which is why, chloroquine is not 

used in clinical trials to enhance endosomal escape. Lönn et al has utilized the 

chloroquine to compare the TAT peptide for efficient endosomal escape.  Figure 13A 

shows that chloroquine treatment significantly increases silencing activity of the 

nanocomplex, indicating endosomal entrapment is one of the reasons accounting for the 

low silencing activity at 24 h post-transfection. Chloroquine acts by swelling endosomes 

and lysosomes and further neutralizing their pH. In Figure 13B, confocal images reveal 

that after chloroquine treatment, siRNA intensity increases in the cytoplasm with several 

swollen black circular organelles (endosomes and lysosomes) without siRNA (indicated 

with white arrows). This result suggests that even a tiny amount of siRNA in the 

cytoplasm is enough to induce silencing activity. This is in accordance with a previous 

report showing only a very small fraction of delivered siRNA can exhibit its activity.224 
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Figure 13. A. The effect of chloroquine on the silencing activity and B. cellular 
uptake. 
HSC-T6 cells were transfected with siRNA nanocomplex with or without chloroquine for 
24h (n=3). Statistics was performed using Student t-test where, * = P< 0.05. Scale bar = 
20 μm 
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3.3.6 Early Cellular Trafficking of the SSCP Nanocomplex 

We examined how the SSCP nanocomplex traffics inside the cells after one hour 

transfection. Early endosomes and Golgi complex were stained with antibody and golgi 

specific ceramide respectively to examine how the siRNAs traffic in these organelles. As 

Figure 14A shows, one hour after the transfection, a significant amount of the siRNAs are 

entrapped inside early endosomes (indicated with white arrows). However, after two 

hours, nearly all the siRNAs escape from early endosomes. Figure 14B illustrates co-

localization of the siRNAs with Golgi complex inside the cells. One hour after the 

transfection, negligible siRNAs are localized in the Golgi complex. By contrast, a 

significant amount of the siRNAs are co-localized with the Golgi complex 2 h post-

transfection (indicated with white arrows), suggesting that a fraction of the siRNAs 

translocate into the Golgi complex for recycling as time elapses. 
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Figure 14. Early cellular trafficking of the SSCP nanocomplex in HSC-T6 cells.  
(A) Early endosome (Rab5 antibody, Green) and Alexa Fluor 647 siRNA tracking (Red). 
(B) Golgi complex (BODIPY-FL-C5 Ceramide, Green) and Alexa Fluor 647 siRNA 
(Red) tracking. HSC-T6 cells were incubated with SSCP for 1h and further incubated 
with fresh OptiMEM for 0 or 1h before fixation and staining. Scale bar = 20 μm 
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3.4 Discussion 

Despite the tremendous interest in using siRNA as therapeutics for various diseases, 

efficient delivery still remains the major obstacle to fully exploit the therapeutic potential 

of siRNA.209, 211 To overcome the various biological barriers in vivo, an efficient siRNA 

delivery system should contain multiple components to address these challenges 

simultaneously.213, 225 The multiple components in the system should not interfere with 

the silencing activity of siRNA. Our previous work has demonstrated that the 

nanocomplex can safely and efficiently deliver the siRNA via receptor-mediated 

uptake.68 However, it is not clear how these multiple components dissociate and traffick 

inside the cells. Understanding the behaviors of the multiple components and siRNA 

inside cells is fundamental to further improve its efficacy for future in vivo studies. 

Recently there has been an increasing interest in studying the extravasation or exocytosis 

of nanocarriers.216, 220, 226-227 As a result, we studied intracellular trafficking of each of the 

components of the siRNA nanocomplex using confocal microscopy and flowcytometry.  

Based on the findings of this study, we hypothesize an intracellular trafficking 

mechanism of the multi-component SSCP nanocomplex in HSC-T6 cells. As Figure 15 

illustrates, SSCP is first entrapped in early endosomes and commutes intracellularly 

through three possible routes: 1) the early endosomes are recycled through Trans Golgi 

network or recycling endosomes; 2) the endosomes undergo endosome maturation to 

lysosomes; 3) SSCP escapes from the early endosomes, and protamine dissociates from 

the SSCP nanocomplex to form the SSC complex, which releases free siRNA by the 

action of glutathione reductase in the cytoplasm. This is in accordance with a recent study 

reporting similar recycling pathways for nanoparticles.204 Significant amount of siRNA 



74 
 

dissociates from the SSCP nanocomplex and distributes in the cell cytoplasm to exert 

silencing activity. As time elapses, protamine is either co-localized with SSC in 

lysosomes or stays free in the cytoplasm (Figure 3A). A fraction of the siRNA translocate 

into the nucleus, which is in accordance with a previous report.228 A very small fraction 

of the siRNA remains complexed with streptavidin and entrapped in lysosomes for 

degradation or recycling. A significant amount of siRNA and nanocomplex are 

exocytosed, which may explain the transient silencing activity of synthetic siRNA 

delivered by nonviral vectors. However, exocytosis of the siRNA could be beneficial to 

its transcytosis and tissue penetration in vivo.      

Protamine has been widely used to neutralize the negative charge of the siRNA and 

enhance the complexation of the siRNA with other components in delivery systems.68, 229-

231 The presence of high arginine content (~67%) in protamine and its inherent 

characteristics to condense nucleic acid in sperm has been extensively exploited in 

nucleic acid delivery to promote cellular internalization.232 It is known that peptides 

containing high arginine content promote not only cellular internalization but also nuclear 

entry of its cargo through the nuclear pore complexes (NPC).233 As shown in Figure 10A, 

Alexa Fluor 350 labeled protamine dissociates from the SSCP at early time points and 

slowly accumulates around the nucleus. However, we did not observe nuclear entry of 

protamine, which is different from the reports postulating nuclear uptake of 

protamine/DNA or polyarginine/DNA complex.234 Nuclear import of siRNA may not be 

induced by protamine as several research groups have demonstrated that siRNA itself can 

translocate inside and out of the nucleus.228, 235 We believe that protamine being a large 

molecule is unable to penetrate the nuclear pore complex (NPC).  
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Streptavidin is used as a “backbone” to form a complex with biotin-conjugated 

siRNA and ligands in the SSCP nanocomplex.68 Alexa Fluor 350-labeled streptavidin 

distributes in the cytoplasm at 3 h but is slowly taken up by lysosomes at 6 h (yellow 

arrows) and converts into granular structures at 24 h post-transfection (Figure 10B). 

Interestingly, these granular structures co-localize with siRNA, suggesting inefficient 

endosomal escape of the SSCP complexes or reuptake or SSC complex by lysosomes 

from the cytoplasm in a similar way as auto-phagosomes.236 Retention of the SSCP in 

endosomes or reuptake by lysosomes may lead to  lysosomal degradation237 or recycling 

by exocytosis.238 Reports from others also shown that after endosomal escape 

nanocomplexes can again be taken up by either lysosomes or recycling vesicles.236 

Inefficient cleavage of the siRNA from SSC complex can be another reason for reduced 

activity at extended time. This could be attributed to low glutathione concentration in 

HSC-T6 cells because cells undergoing oxidative stress, such as activated HSCs, have 

low GSH levels.239  To overcome this problem, other stimuli-responsive cleavable 

linkers, such as protease  labile peptide sequences240-241 and pH labile (hydrazone) groups 

242-243 may be used for efficient release of the siRNA inside cells. 

 

 

 

 

 



76 
 

 

 

Figure 15. Schematic diagram of the intracellular trafficking of SSCP nanocomplex.  
 Once internalized, SSCP commutes intracellularly through three possible routes: I) SSCP 
entrapped early endosomes are recycled through Trans Golgi network or recycling 
endosomes, II) SSCP entrapped endosomes undergo endosome maturation to lysosomes; 
III) SSCP escapes from early endosomes, and protamine dissociates from the SSCP 
nanocomplex to form the SSC complex, which releases free siRNA by the action of 
glutathione reductase in the cytoplasm.  
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Although endocytosis of nanocarriers has been extensively studied, exocytosis of 

nanocarriers has always been elusive and ignored.216, 244 We therefore studied the 

exocytosis of siRNA and demonstrated the dynamic transport of siRNA across cell 

membrane with elapse of time. Alexa Fluor 647 is accepted as a highly stable probe for 

tracking siRNAs and remains attached to siRNA under physiological conditions.245  In 

the exocytosis study (Figure 11D), the trend of increasing fluorescence in extracellular 

medium is in agreement with the basic endocytic machinery and recycling circuit 

proposed by Huotari.204 Recycling of nanoparticles starts as soon as uptake occurs in 

early endosomes, but the rate of endocytosis exceeds the rate of exocytosis.204 Our results 

(Figure 11A-D) further demonstrate that exocytosis dominates the endocytosis/exocytosis 

kinetics with lapse of time. Heparin treatment shows that a significant amount of the 

exocytosed siRNA is still entrapped in the nanocomplex, suggesting a similar recycling 

pathway as described by Langer and his colleagues.220 Efforts have been made to 

overcome nanocarrier recycling by downregulating NPC1 (Niemann-Pick type C1)220 or 

lipid recycling regulators.246  

Transient gene silencing has been a major shortcoming of synthetic siRNA 

delivered by nonviral systems. Multiple factors, such as endogenous nucleases mediated 

degradation,63, 247 dilution due to cell division,248 and inefficient release from delivery 

systems 249 are considered to be the classic reasons for the transient silencing effect. Here 

we have demonstrated that exocytosis and recycling circuit (Early endosome, Golgi body 

and Lysosomes) mediated recycling is another possible pathway that accounts for the 

transient silencing activity of siRNA. Although exocytosis is one of the reasons 

accounting for the decreased cellular uptake and silencing activity in vitro in a monolayer 
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cell culture system, it may be beneficial for transcytosis and tissue penetration in vivo in a 

3D environment. Recent studies indicate that exocytosis is an essential step for 

transcytosis of macromolecules or nanocarriers across cell membranes to neighboring 

cells.216, 250-251 For example, transcytosis is the underlying mechanism for the delivery of 

drug and macromolecules across blood brain barrier (BBB) and other complex 

physiological systems.252-254  

3.5 Conclusion 

We elucidated the intracellular trafficking and fate of the streptavidin based siRNA 

delivery system. By using fluorescent labeled siRNA, streptavidin and protamine, we 

monitored their distinct behaviors inside the cells. Cytoplasmic and nuclear translocation 

of the different components of SSCP have been elucidated. A systemic stability and 

aggregation study of nanocomplex requires further investigation for better understanding 

of the role of aggregation on uptake and silencing activity. A different cleavable linker 

between biotin and siRNA may be more efficient to release siRNA from the 

nanocomplex inside the cells. Moreover, the use of an endosomolytic agent may further 

enhance the silencing activity of the nanocomplex.   
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CHAPTER 4 

COMPARISON OF AVIDIN, NEUTRAVIDIN, AND STREPTAVIDIN AS 

NANOCARRIERS FOR EFFICIENT SIRNA DELIVERY 

4.1 Introduction 

Protein-based drug delivery carrier has been one of the most employed modalities 

in the biopharmaceuticals. Since the inception of RNA interference (RNAi), siRNA has 

proven to be the most specific and efficient molecule to knockdown a target gene. A 

tremendous amount of work has been devoted to explore this phenomenon for therapeutic 

purposes. A safe and efficient delivery of siRNA, however, is still the major stumbling 

block for its clinical translation regardless of its therapeutic potential.209 Lipids 255, 

peptides 213, 256-257 polymers 258 proteins 68, 259 oligonucleotide 260-261 and inorganic 

materials 262-263 have been developed for siRNA delivery. Among these carriers, protein-

based delivery systems are promising carriers because of ease of construction, good 

solubility and low toxicity compared to synthetic materials 264. In our previous work, we 

developed a streptavidin-based nanocomplex to deliver PCBP2 siRNA. During liver 

fibrogenesis, overexpression of PCBP2 gene results in the accumulation of type I 

collagen in fibrotic liver. Streptavidin-based nanocomplex demonstrated a very efficient 

PCBP2 gene silencing at 6 h but efficiency lowered at extended time point (24h).68, 265 

Also, due to its bacterial origin, streptavidin could be arguably immunogenic, and several 

efforts have been made to develop less immunogenic analogs of streptavidin.266  

Avidin, streptavidin, and neutravidin are functional and structural analogues that 

bind to biotin with extremely high affinity. Avidin is derived from eggs of oviparous 

vertebrates 267, while streptavidin is derived from Streptomyces avidinii. Neutravidin is a 
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chemically modified avidin without glycosylation. Although the three analogues share a 

similar tetramer structure and binding affinity to biotin, their physical and chemical 

structures are different. Depending upon their specific physical and chemical 

characteristics, these avidin analogues are utilized frequently in the field of 

nanotechnology and biotechnology.268 For example, streptavidin and neutravidin lack the 

four mannose and three N acetyl glucosamine residues in each unit, which are present in 

avidin. In the absence of the carbohydrate moieties, the pI of neutravidin and streptavidin 

are slightly acidic, which prevents the nonspecific binding property of avidin (pI ~10). 

The higher pI of avidin is responsible for the positive charge at physiological pH and 

non-specific binding to the negatively charged molecules and surfaces, such as silica and 

cell membrane 37. As described by Zhao et al 269 and Nguyen et al 37, avidin, neutravidin 

and streptavidin show positive cooperativity (affinity toward the biotin) with an 

increasing order (avidin<streptavidin<neutravidin). Nearly neutral charge on neutravidin 

keeps it from nonspecific protein-protein interaction. 

With the knowledge of what we have previously reported68, in this study we 

compared the avidin-, neutravidin- and streptavidin-based nanocomplexes in delivering 

PCBP2 siRNA to hepatic stellate cells. Protein-based delivery systems are critical and 

face challenges such as interactions with intrinsic proteins present in systemic circulation, 

pro-inflammatory response from innate immune system 270 and cytotoxic effect, 

aggregation.271-272 We therefore compared the serum stability, cellular uptake, silencing 

activity, exocytosis, and pro-inflammatory cytokine induction of these nanocomplexes. 

Biodistribution of the neutravidin-based nanocomplex in rats with CCl4-induced liver 

fibrosis was evaluate using a small animal imaging system.  
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4.2 Materials and Methods 

4.2.1 Materials 

Avidin, neutravidin and streptavidin were obtained from Pierce (Rockford, IL). 

Dulbecco’s phosphate buffered saline (DPBS) and protamine sulphate (Salmon X grade) 

were purchased from Sigma-Aldrich (St. Louis, MO). Dulbecco’s Modified Eagle’s 

Medium (DMEM), Opti-MEM reduced serum medium, scrambled siRNA (negative 

control, sense sequence: 5’-ACUACCGUUGUUAUAGGUGtt-3’), and Alexa Fluor 647-

labeled siRNA were purchased from Invitrogen (Carlsbad, CA). GelRedTM was obtained 

from Biotium (Hayward, CA). Non-enzymatic cell dissociation reagent was purchased 

from MP Biomedicals LLC (Solon, Ohio). Annexin V–Propidium iodide apoptosis assay 

kit was obtained from Thermo Fisher Scientific (Grand Island, NY). iTaq™ Universal 

SYBR® Green One-Step Kit was purchased from Bio-Rad (Hercules, California). The rat 

hepatic stellate cell line (HSC-T6) was kindly provided by Dr. Scott L. Friedman (Mount 

Sinai School of Medicine, New York University).  

4.2.2 Preparation of the siRNA Nanocomplexes 

The siRNA nanocomplexes were prepared as we previously described.68 Biotin 

conjugated cholesterol was synthesized as we described,68 and the biotin labeled PCBP2 

siRNA (sense sequence 5’-GUCAGUGUGGCUCUCUUAUtt-3’) was purchased from 

Gene Pharma (Shanghai, China). Briefly, the nanocomplex was formed by mixing biotin-

siRNA, biotin-cholesterol and avidin/neutravidin/streptavidin in a 2:2:1 molar ratio. The 

complex was incubated for 10 min at room temperature and then condensed with 

protamine (N/P ratio of 10:1)  for 30 min. Particle size and zeta potential of 

nanocomplexes were measured in HEPES buffer (pH 7.4) using a Malven Zetasizer Nano 
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ZS (Malvern Instruments Ltd, United Kingdom). Silencing activity of the siRNA 

nanocomplex was examined as we reported.68  

4.2.3 Enhanced Serum Stability of siRNA Protected by Nanocomplexes 

Nanocomplexes were incubated with 50% rat serum at 37°C for indicated time 

intervals, followed by electrophoresis through a 20 % native PAGE gel and visualization 

with GelRedTM staining under UV light. To further confirm that the siRNAs encapsulated 

inside nanocomplex are intact, the siRNA nanocomplexes treated with rat serum were 

incubated with 40 µM heparin and 100 mM Dithiothreitol (DTT) for 10 min to release 

the free siRNA from nanocomplex. Dissociated siRNA samples were electrophoresed in 

2% agarose gel and 20% native PAGE and visualized with GelRedTM under UV light. 

4.2.4 Cellular Uptake of Nanocomplexes 

Cellular uptake of the siRNA nanocomplexes was examined by confocal 

microscopy and flow cytometry as described.11, 213 HSC-T6 cells were incubated with 

nanocomplexes for various time intervals and washed with PBS containing 1 mM heparin 

to remove nonspecifically bound nanocomplex. The cells were stained with LysoTracker 

DND 99, fixed with 10% formalin, and examined under a confocal microscope (Leica 

TCS SP5). Similarly, HSC-T6 cells were treated with nanocomplexes, washed with PBS 

containing 1 mM heparin, detached using trypsin, and centrifuged to recover the cells. 

The resulting cell pellet was washed, suspended, and subjected to fluorescence analysis 

using a BD FACS II flow Cytometer (Bectone Dickinson Instruments, Franklin Lakes, 

NJ).  
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4.2.5 Exocytosis Study of the siRNA Nanocomplexes 

Previously we developed a method to examine the exocytosis of siRNA 

nanocomplex from hepatic stellate cells.265 Briefly, HSC-T6 cells were seeded in a 96 

well plate at a density of 5000 cells/well. The cells were transfected with nanocomplex 

containing Alexa Fluor 647-labeled siRNA for 6 h, followed by washing with DPBS (3 

times) and there after replacement with fresh Opti-MEM medium. The fresh medium was 

then collected at various time intervals (3, 6, 18, 21 and 24 h) and treated with 40 µM 

heparin for 30 min to release free Alexa Fluor 647-siRNA from nanocomplex. 

Fluorescence of the siRNA samples was measured using a VICTOR X Multilabel Plate 

Reader (Perkin Elmer, Waltham, MA). 

4.2.6 Apoptosis and Necrosis Study 

  Apoptosis and necrosis of the cells transfected with nanocomplexes were 

evaluated using the Dead Cell Apoptosis Kit with Annexin V Alexa Fluor® 488 & 

Propidium Iodide (Thermo Fisher Scientific, Grand Island, NY) as described.273 After 

transfection with the avidin, neutravidin, and streptavidin nanocomplexes (100 nM 

PCBP2 siRNA) for 24 h, HSC-T6 cells were harvested using non-enzymatic cell 

dissociation agent and re-suspended in annexin-binding buffer at a concentration of 

1×106 cells/mL. Five microliters of Alexa Fluor® 488 annexin V and 1 μL of PI working 

solution (100 μg/mL) were added to 100 μL of the cell suspension and incubated in dark 

for 15 min. After addition of 400 uL annexin-binding buffer, the samples were analyzed 

using a BD FACSCanto™ II Flow Cytometry Analyzer System (BD bioscience, San 

Jose, California). The excitation wavelength is 488 nm, and the emission wavelengths are 

530 and 575 nm for Alexa Fluor 488 and Propidium Iodide (PI), respectively. Untreated 
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HSC-T6 cells were used as the negative control, and HSC-T6 cells treated with 2% 

Triton X-100 were used as the positive control.274  

4.2.7 Inflammatory Cytokine Induction Study 

Pro-inflammatory cytokine induction by the siRNA nanocomplexes in rat whole 

blood was examined as reported. 275-277 Briefly, the siRNA nanocomplexes were 

incubated in 2 mL rat whole blood at 37oC for 24 h or 48 h. Untreated blood was used as 

a negative control. The plasma was extracted from the blood by centrifugation at 1500 g 

for 10 min. The concentrations of proinflammatory cytokine including IL6, IFNγ and 

TNFα were determined using Picokine ELISA kits according to the manufacturer’s 

protocol.  

4.2.8 In-Vivo Biodistribution Study 

The animal protocol was approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Missouri-Kansas City. Male Sprague Dawley 

rats were purchased from Charles River Laboratories, Inc. (Raleigh, NC) and housed in a 

temperature and humidity controlled room with a 12 h light–dark cycle. The 1:1 (v/v) 

mixture of CCl4 and olive oil was intra-peritoneally (i.p) administered at a dose of 1 

mL/kg twice a week for six consecutive weeks. The rats were then randomly divided into 

two groups. One group was intravenously (i.v.) injected with Cy5-labeled siRNA (0.1 

mg/kg), and the second group was i.v. injected with neutravidin-based nanocomplexes 

encapsulating Cy5 labeled siRNA (0.1 mg/kg). After 2h, the rats were euthanized and 

major organs including the liver, spleen, kidneys, lungs, heart, and muscle (thigh) were 

harvested and imaged using a Bruker MS FX PRO Imaging System (Billerica, MA). 
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4.2.9 Statistical Analysis 

Statistical analysis was performed using a two-way analysis of variance (ANOVA) 

with Tukey’s Post Hoc test. P<0.05 was considered statistically significant. 

4.3 Results 

4.3.1 Characterization of the siRNA Nanocomplexes 

 The hydrodynamic size and zeta potential of the siRNA nanocomplexes were 

measured using the Malven Zetasizer. The siRNA nanocomplexes were diluted in 

HEPES buffer (pH 7.4) during the characterization. As shown in Figure 16, the particle 

sizes of the avidin, neutravidin, and streptavidin nanocomplexes are 225, 237, and 263 

nm, respectively. The polydispersity index (PDI) values of the avidin, neutravidin, and 

streptavidin nanocomplexes are 0.103, 0.07, and 0.151, respectively. These results 

indicate that the avidin and neutravidin- nanocomplexes exhibit nearly monodisperse 

particles, while the streptavidin nanocomplex shows a relatively wide size distribution.  

Zeta potentials of the avidin, neutravidin, and streptavidin nanocomplexes are +25, 

+22, and +18 mV, respectively (Figure 16). Obviously, cationic protamine provides the 

basis of positive surface charge. The difference in zeta potential can be explained by the 

different isoelectric point (pI) of avidin, neutravidin and streptavidin. With a pI of ~5, 

streptavidin is slightly negatively charged under physiological condition, which 

neutralizes some of the protamine in nanocomplex. On the contrary, avidin has a basic pI 

of ~10 and therefore contributes more positive charges to nanocomplex, leading to a 

relatively high zeta potential. The zeta potential of neutravidin is also consistent with its 

slightly acidic pI 6.3. Figure 17 illustrates the respective capabilities of the avidin, 

neutravidin and streptavidin to form nanocomplexes. After formation of nanocomplexes, 
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gel retardation was performed and it is clearly visible that the all the nanocomplexes were 

able to hold the siRNA efficiently without releasing them into the PAGE gel. 

 

Figure 16.  Particle size and Zeta potential analysis of SACP, SNCP and SSCP. 
Nanocomplexes were formulated in avidin, neutravidin and streptavidin in 10mM 
HEPES buffer (pH 7.4) 
 

 

Figure 17. Evaluation of Nanocomplex forming ability of avidin, neutravidin and 
streptavidin with biotin siRNA and Biotin cholesterol by using 20% Native PAGE. 
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4.3.2 Enhanced Serum Stability of siRNA Protected by Nanocomplexes 

Because of the widely distributed nucleases in the body, stability is always a major 

concern in developing siRNA delivery systems. We therefore examined the serum 

stability of the avidin, neutravidin, and streptavidin nanocomplexes in 50% rat serum. 

After incubation in the serum, nanocomplexes were treated with heparin and DTT for 30 

min to dissociate and release free siRNA from nanocomplexes. As Figure 18 illustrates, 

native siRNA is completely degraded in the serum after 12 h. On the contrary, the avidin, 

neutravidin, and streptavidin nanocomplexes protect the siRNA from degradation for up 

to 24 h.  

 

Figure 18. Enhanced stability of siRNA by nanocomplexes in 50% rat serum. 
The avidin-, neutravidin-, and streptavidin-based nanocomplexes were incubated with 
50% rat serum for 0, 12 and 24 h. The samples were incubated with 40 µM heparin and 
100 mM DTT for 30 min to release free siRNA from the nanocomplex and then analyzed 
with 2% agarose gel. 
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4.3.3 Silencing Activity of Nanocomplexes 

 Having shown that the avidin, neutravidin, and streptavidin nanocomplexes can 

form nanoscale particles with siRNAs and efficiently protect them from serum 

degradation, we next compared their silencing activity in HSC-T6 cells at the mRNA 

level by real time RT-PCR. The cells were transfected with the avidin, neutravidin, and 

streptavidin nanocomplexes for 6 and 24 h. A scrambled siRNA (negative control) was 

used as the negative control for each group. As show in Figure 19A, the neutravidin 

based nanocomplex exhibits the highest silencing activity at both time intervals (79% at 

6h and 81% at 24h). The avidin based nanocomplex shows the lowest silencing activity 

among the three nanocomplexes. Moreover, both avidin and streptavidin based 

nanocomplexes show reduced silencing activity with time, which is consistent with our 

previous finding with the streptavidin nanocomplex.265 On the contrary, the neutravidin 

based nanocomplex exhibits sustained silencing activity over 24 h. The silencing activity 

of the neutravidin nanocomplex at 24 h post-transfection is similar to that at 6h post-

transfection.    

Nonspecific protein binding is one of the barriers that may limit the cellular 

uptake and silencing activity of siRNA nanocomplex in the body. We therefore examined 

the silencing activity of nanocomplexes in DMEM supplemented with 10% FBS. As 

Figure 19B illustrates, addition of FBS in the medium does not compromise the silencing 

activity of neutravidin and streptavidin based nanocomplexes. Their silencing activities 

are similar to that in the Opti-MEM reduced serum medium (Figure 19A). However, the 

silencing activity of the avidin nanocomplex is dramatically reduced in the presence of 

FBS (Figure 19B), indicating its high protein binding with serum protein. This is 
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consistent with the findings that avidin is more prone to nonspecific interaction because 

of its basic pI and glycosylation. 37, 278 It has already been proven that the FBS or serum 

protein are one of the biggest factors that influences the transfection efficiency.279 

Whereas, serum proteins have negligible effect on the silencing activity of the 

neutravidin and streptavidin nanocomplexes because of their nearly neutral pI. 

 

 

Figure 19. Silencing activity of avidin-, Neutravidin-, Streptavidin Nanocomplexes 
at 6 and 24 h; A. incubation in OptiMEM; B. incubation in DMEM with 10% FBS. 
Nanocomplexes formulated with PCBP2 siRNA or scrambled siRNA (negative control) 
were incubated with HSC-T6 cells in OptiMEM or DMEM supplemented with 10% FBS. 
Total RNA was isolated and silencing activity was evaluated by Real Time RT-PCR. 
Results are represented as the mean±SD (n=3). 
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4.3.4 Cellular Uptake of Nanocomplexes 

Confocal microscopy was used to compare cellular uptake of the avidin, 

neutravidin, and streptavidin nanocomplexes in HSC-T6 cells at 3, 6, and 24 h post-

transfection. The avidin nanocomplex (Figure 20A) shows consistently lower uptake in 

comparison to neutravidin- (Figure 20B) and streptavidin- (Figure 20C) based 

nanocomplexes. The neutravidin nanocomplex shows the highest uptake over a 24-hour 

time period. This finding is consistent with the silencing activity results in Figure 19, 

where the avidin nanocomplex exhibits the lowest silencing activity, and the neutravidin 

nanocomplex exhibits the highest activity. Time courses of the cellular uptake for the 

three nanocomplexes are also different. Both the avidin (Figure 20A) and streptavidin 

(Figure 20C) nanocomplexes exhibit higher cellular uptake at early time points but much 

lower uptake at 24 h post-transfection. On the contrary, the neutravidin nanocomplex 

(Figure 20B) exhibits consistently high cellular uptake over 24 h. At extended timepoints 

(24 h), lysosome (green) and siRNA (red) showed very high colocalization (indicated by 

white arrows) in case of streptavidin nanocomplex (Figure 20C). On the other hand, 

neutravidin nanocomplex treated group showed negligible lysosome and siRNA 

colocalization. 

 Endosomal release of siRNA nanocomplex is always a major barrier for its 

silencing activity. We therefore examined co-localization of siRNA and lysosomes in the 

cells. As Figure 20 illustrates, the neutravidin nanocomplex shows the lowest endosomal 

entrapment inside the cells, while the streptavidin nanocomplex shows the highest 

endosomal entrapment.   
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 We further quantitated cellular uptake using flow cytometry analysis. As shown in 

Figure 21, nearly 100% of the cells were transfected with the three nanocomplexes at 3 

and 6 h post-incubation, indicating that nanocomplexes can rapidly deliver siRNA into 

the cells. However, the percent of transfected cells decreases at 24 h post-incubation in 

the cells treated with avidin and streptavidin nanocomplexes. Meanwhile, the neutravidin 

nanocomplex exhibits the same transfection efficiency throughout 24 h.     

 Neutravidin nanocomplexes showed significantly higher uptake in comparison to 

avidin- and streptavidin-- based nanocomplexes at extended time point (24 h). Figure 

21A shows that all nanocomplexes show rapid uptake, but differ quantitatively. As time 

progresses, Neutravidin nanocomplex treated groups showed significantly higher Alexa 

Fluor 647- siRNA mediated fluorescence intensities (Figure 21B) in comparison to the 

other nanocomplexes (avidin and streptavidin nanocomplexes) at all the timepoints. At 

early timepoint (3h), neutravidin and streptavidin nanocomplexes showed similar 

fluorescence intensity but after 6h neutravidin nanocomplexes showed consistently 

higher uptake of Alexa Fluor 647-siRNA. Figure 21C clearly shows the peak shift of 

siRNA mediated fluorescence intensity with time for respective nanocomplex treated 

groups. 

 



92 
 

 

 

 

 

 

 



93 
 

 

 

 

Figure 20. Cellular uptake of the various avidin nanocomplexes in HSC-T6 cells. 
Avidin nanocomplex(A), neutravidin nanocomplex (B), and streptavidin nanocomplex 
(C) in HSC-T6 cells at various time points. Alexa Fluor-647 labeled siRNA was 
encapsulated in nanocomplexes and confocal microscopy was used to monitor the 
cellular uptake at different time intervals (3, 6, and 24 h). Scale bar = 20 μm. 
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Figure 21. Quantitative cellular uptake study of PCBP2 siRNA with the avidin-, 
neutravidin- and streptavidin-based nanocomplexes using flow cytometry.  
(A) Percent of cells that take up the nanocomplex; (B) Fluorescence intensity of the cells 
at various time points; (C) Histogram Plot for the Alexa Fluor-647 siRNA mediated 
intensity peak shift by avidin-, neutravidin- and streptavidin- based nanocomplexes at 
various time points. 
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4.3.5 Exocytosis Study of Nanocomplexes 

We have previously reported an intriguing phenomenon of exocytosis of 

streptavidin-based nanocomplex with the progression of time.265 However, cellular 

uptake studies such as confocal microscopy (Figure 20) and flow cytometry (Figure 21) 

indicated an extensive uptake of the neutravidin-based nanocomplex at extended time 

points. We therefore compared the exocytosis of the avidin-, neutravidin-, and 

streptavidin-based nanocomplexes in HSC-T6 cells. As shown in Figure 22, the 

neutravidin-based nanocomplexes exhibit the lowest exocytosis compared with the 

avidin- and streptavidin-based nanocomplexes, which explains the prolonged cellular 

uptake of siRNA at extended time points. The avidin-based nanocomplex showed lower 

exocytosis compared to the streptavidin-based nanocomplex (Figure 22). 

 

Figure 22. Exocytosis study of avidin, neutravidin, and streptavidin nanocomplexes 
HSC-T6 cells were transfected with nanocomplex containing Alexa Fluor 647-siRNA for 
6 h, and the medium was replaced with fresh OptiMEM medium. The fresh medium was 
collected at various time intervals and treated with heparin for 30 min and further 
analyzed for fluorescence intensity using a Victor X fluorescence plate reader.  Results 
are represented as the mean ± SD (n = 3; * P ≤ 0.05; ** P ≤ 0.01). 
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4.3.6 Apoptosis and Necrosis Study 

 A safe siRNA delivery system should not induce nonspecific apoptosis and 

necrosis. We therefore evaluated the apoptotic effect of nanocomplexes in HSC-T6 cells. 

Untreated HSC-T6 cells were used as the negative control, and HSC-T6 cells treated with 

2% Triton X-100 were used as the positive control. As illustrated in Figure 23A&B, all 

three different nanocomplexes did not induce apoptosis, late apoptosis or necrosis in 

comparison to the untreated control group. By contrast, 2% Triton X-100 induced 

significant apoptosis and necrosis in HSC-T6 cells. Accordingly, morphology of the cells 

treated with nanocomplexes is similar to the untreated group and did not show any sign 

of wear or cell death that was observed in the cells treated with Triton (Figure 23C). 
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Figure 23. Analysis of apoptosis by Annexin V and Propidium iodide staining. 
HSC-T6 cells were treated with the avidin-, neutravidin- and streptavidin-based 
nanocomplexes (100 nM PCBP2 siRNA) for 24 h and then subjected to the analysis of 
apoptosis and necrosis. The acquisition data were divided into four quadrants according 
to the type of fluorescence emitted from the cells: Q1-1 calculates the percent of cells 
undergoing apoptosis (Annexin V), Q2-1 calculates the percent of cells undergoing late 
apoptosis or induced necrosis (Annexin V and Propidium Iodide), Q3-1 calculates the 
percent of cells with no fluorescence and Q4-1 calculates the percent of cells undergoing 
necrosis induced by the nanocomplex. Results are represented as the mean±SD (n=3). 
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4.3.7 Inflammatory Cytokine Induction Study 

Nonspecific stimulation of immune system is always a concern for protein-based 

therapeutics and delivery systems. Cytokine and chemokine assays are commonly used to 

evaluate the immunotoxicity of nanoparticles or any sort of biopharmaceutical 

therapeutic agents.280 Recently, investigators have been using whole blood assay for the 

in-vitro analysis of immunogen-mediated cytokine responses. 275, 277, 281-282 Moreover, 

whole blood assay is preferred over the PBMC (Peripheral Blood Mononuclear Cell) 

assay because whole blood assay requires less blood volume for the analysis.283 

Therefore, we incubated the whole blood of Sprague-Dawley rats with nanocomplexes 

for 24 and 48 h. Plasma was then isolated from the whole blood, and the levels of 

primary proinflamatory cytokines were measured using a PicoKineTM ELISA assay kit 

(Bosterbio Pleasanton, CA). IL6 and TNFα are considered very important cytokines 

among the whole pro-inflammatory cytokine family because they are involved in most 

inflammatory states and overexpressed even after a small infection or fever.284-285 As 

shown in Figure 24, the streptavidin-based nanocomplex stimulated the highest 

expression of IFNγ, TNFα, and IL6 after 24 and 48 h incubation. On the contrary, the 

neutravidin-based showed the lowest stimulation of IFNγ, TNFα, and IL6 among the 

three nanocomplexes. Moreover, the cytokine expression levels of the cells treated with 

the neutravidin-based nanocomplex are similar to the negative control group, indicating 

the low cytokine induction by the neutravidin-based nanocomplex and safety. Moreover, 

this level of cytokine in all the groups was insignificant if compared with the 

Lipopolysaccharide (LPS) as a positive control. We did not however used the LPS 

positive control. It is just our postulation. 
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Figure 24.  Inflammatory cytokine induction by avidin-, neutravidin-, and 
streptavidin- based nanocomplexes nanocomplexes in blood for A. 24h; B. 48h (B). 
Sprague-Dawley rat whole blood was incubated with the avidin-, neutravidin- and 
streptavidin-based nanocomplexes at 37°C for 24h (A) and 48h (B). The plasma was 
collected and quantified for the expression of IFNγ, TNF α and IL6 ELSA kits. Results 
are represented as the mean ± SD (n=3; * P ≤ 0.05; ** P ≤ 0.01). 
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4.3.8 In-Vivo Biodistribution Study 

Neutravidin-based nanocomplex exhibited significantly high cellular uptake, 

better silencing efficacy, and insignificant inflammatory cytokine induction compared to 

avidin- and streptavidin-based nanocomplexes. These results suggest that neutravidin 

could be a potentially safe and efficient carrier for siRNA delivery. We thereafter studied 

the biodistribution of neutravidin-based nanocomplex encapsulating Cy5-labeled siRNA 

in rats with CCl4-induced liver fibrosis (Figure 25). The free Cy5-labeled siRNA was 

rapidly eliminated from the body and showed very low liver accumulation at 2 h after tail 

vein injection. It has been previously reported that the cholesterol-modified siRNA 

delivery systems show higher liver accumulation after 60 min whereas free siRNA is 

readily eliminated from the systemic circulation.286 It is also well known that the 

oligonucleotides show very short half-life of less than 60 min287-288; therefore, we used 2 

h time point for comparing free siRNA and neutravidin nanocomplex for biodistribution 

studies. We also performed preliminary studies in live animals (data not shown) to 

optimize the timepoint for biodistribution studies. Compared to the free siRNA, the 

neutravidin-based nanocomplex increased the siRNA uptake in the liver by 

approximately 2.7 fold. On the other hand, the neutravidin-based nanocomplex and free 

siRNA did not show significant differences in the fluorescence in other major organs, 

such as the spleen, kidneys, lungs, heart and muscle. These results clearly demonstrated 

that the neutravidin-based nanocomplex does not have nonspecific binding after systemic 

administration and the biotin-cholesterol in the nanocomplex can efficiently guide the 

nanocomplex to fibrotic liver. This is in accordance with our previous finding, in which 

cholesterol was used to achieve targeted delivery of an oligonucleotide to fibrotic liver.289   
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Figure 25. Biodistribution of the neutravidin-based siRNA Nanocomplex in CCL4 

induced liver fibrosis rat model 
Cy-5 labeled siRNA was used in this study. The rats were euthanized two hours post tail 
vein injection, and major organs including the liver, spleen, kidneys, lungs, heart, and 
muscle were harvested for fluorescence imaging analysis using a Bruker MS FX PRO 
Imaging System. Fluorescence images of the major organs of four rats per group were 
presented in (A).  (B). Region of interest (ROI) was determined by the Bruker molecular 
imaging software. Fluorescence intensities with respect to the area under the ROI were 
plotted for the liver, spleen, kidneys, lungs, heart and muscle. Results are represented as 
the mean ± SD (n=4; ** P ≤ 0.01). 
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4.4 Discussion 

Protein-based nanocomplexes have a high potential for the targeted delivery of 

siRNA as a therapeutic agent. However, the protein carriers for the delivery of siRNA 

have been limited only to polycationic peptides, which have shown unfavorable 

biological and physiological properties when tested in vivo.290 In this work, we evaluated 

various avidin analogues and critically investigated their efficiency and safety for the 

delivery of siRNA to HSC. To perform this unbiased evaluation, all nanocomplexes were 

prepared and compared for physical properties under the same chemical and 

physiological conditions. The particle size analysis demonstrated that the avidin 

nanocomplexes were the smallest in size and had the highest positive zeta potential 

(Figure 16). Avidin has a pI value of 10, which suggests that at a physiological pH, it 

exhibits a net positive charge. Therefore, protamine and avidin synergistically contribute 

to the net positive charge of this nanocomplex, resulting in the smallest hydrodynamic 

size compared to the neutravidin- and streptavidin-based nanocomplexes. However, all 

nanocomplexes have sizes that were in the optimum range of 200-275 nm.  

Avidin and the other tetravalent derivatives effectively formed stable 

nanocomplexes with biotinylated siRNA and biotinylated cholesterol (ligand). The serum 

stability studies demonstrated that the siRNA remained stable and condensed in 

nanocomplexes after prolonged incubation with serum. After 24 h of serum incubation, 

the amount of siRNA released from nanocomplexes by DTT and heparin was found to be 

stable (Figure 17), which demonstrated that all of the avidin analogues produced equally 

stable nanocomplexes. However, in contrast to the avidin- and streptavidin-based 

nanocomplexes, only the neutravidin-based nanocomplex demonstrated a sustained 
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silencing activity through 24h (Figure 18A). This sustained silencing could be attributed 

to the efficient internalization and higher endosomal release. 

Despite having similar serum stability and a smaller size, the avidin-based 

nanocomplex exhibited poor activity, which could be the result of their positive charge at 

physiological pH. The higher positive charge of avidin makes it more prone to 

nonspecific interactions with negatively charged molecules and proteins. As described by 

Trang T. Nguyen and co-workers37, avidin, neutravidin and streptavidin show a 

cooperativity coefficient (η) greater than unity. This contributes to the tight interaction of 

avidin with biotin, but the relatively higher positive charge makes avidin more prone to 

non-specific interactions.  We therefore tested for the non-specific binding and impact of 

serum protein interaction on the efficiency of the nanocomplex. Interestingly, the 

efficiency of the avidin nanocomplex was significantly compromised when they were 

incubated with HSC-T6 cells in the presence of 10% FBS for 6 h at 37o C. On the other 

hand, the neutravidin and streptavidin nanocomplexes showed consistent silencing 

activity after 6 h in the presence of serum, which suggested that neutravidin and 

streptavidin did not interact with the serum proteins. However, unlike the neutravidin 

nanocomplexes, the activity of streptavidin nanocomplex could not be sustained at later 

time points because of its high exocytosis, which could be due to its bacterial origin 

In addition to its intrinsic protein-binding ability, the higher net positive charge of 

the avidin nanocomplexes might have contributed to the aggregation of these 

nanocomplex in the extracellular medium. However, more detailed study is yet to be 

performed to provide a strong conclusion. As shown in Figure 20, the avidin 

nanocomplex (Figure 20A) has the lowest uptake compared to neutravidin (Figure 20B) 
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and streptavidin (Figure 20C) nanocomplexes at all time points. In contrast, the 

neutravidin nanocomplexes showed a consistently higher cellular uptake, which was 

consistent with the sustained silencing activity at the extended time intervals. 

Interestingly, the groups treated with the neutravidin nanocomplex showed extremely low 

co-localization of the siRNA with the lysosomes, whereas the streptavidin-treated groups 

demonstrated higher siRNA co-localization with the lysosomes at the extended time 

points (24 h).  Higher lysosomal co-localization of the streptavidin nanocomplexes in the 

cells could be due to the bacterial origin of streptavidin on the basis that the cells undergo 

auto-phagocytosis to degrade intrinsic or foreign proteins derived from bacteria.291 The 

cellular uptake and efficiency of various nanocomplexes were found to be greatly 

affected by their physical and chemical properties. The confocal microscopy results were 

confirmed by flow cytometry (Figure 21). This process revealed that the Alexa Fluor 

647-based fluorescence remained significantly higher in case of the neutravidin 

nanocomplex-treated group at the later time points than that in the avidin and streptavidin 

nanocomplex-treated groups. 

The activity of siRNA in any type of delivery system is compromised due to 

cellular recycling and exocytosis. We have previously demonstrated that exocytosis and 

cellular recycling negatively impacts the silencing activity of streptavidin based 

nanocomplex 265. The exocytosis analysis revealed that the neutravidin nanocomplexes 

showed very low Alexa Fluor 647 associated fluorescence in the extracellular medium. In 

other words, the neutravidin nanocomplex showed significantly lower exocytosis than the 

streptavidin based nanocomplex. 
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In addition to their therapeutic activities, biologics are required to be safe, and 

their administration must not cause any toxicity. Especially for protein therapeutics, 

toxicological studies are imperative and several efficient tools to evaluate the toxicity 

have been developed in the past decade.292 We therefore evaluated the cytotoxic effect of 

the avidin, neutravidin and streptavidin nanocomplexes in HSC-T6 cells in vitro. None of 

nanocomplexes showed significant apoptotic or necrotic effect on the cells compared to 

the untreated control group (Figure 23). However, the safety of nanoparticles cannot be 

determined using only apoptosis/ necrosis (cytotoxicity) studies. The level of pro-

inflammatory cytokines act as a marker of the nanoparticle-induced immunotoxicity and 

thus indicate the safety of a drug molecule or a delivery system.293 A potential 

immunotoxic response caused by a nanocarrier indicates that it is unsafe and therefore 

not a viable candidate for translational research. Among all of the cytokines, IL6, TNF α 

and IFN γ play vital roles in the primary inflammatory response of a body against any 

foreign agent. 293-294 Therefore, we tested all of nanocomplexes for the ability to increase 

the levels of these selected proinflamatory cytokines and found that the levels of the 

cytokines following administration of the neutravidin nanocomplexes were the same as 

the negative control group. However, the streptavidin nanocomplexes produced a 

statistically significant immunogenic response in comparison to the negative control 

group (Figure 24). 

Regardless of promising in-vitro efficacy, many nanocarriers fail to succeed in-

vivo because of their poor pharmacokinetics and targeting efficacy. Moreover, free 

siRNAs after administration have shown unfavorable PK profiles and extremely poor 

systemic stability.295 Groups treated with Free Cy5-siRNA was rapidly eliminated from 
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the body and showed very low liver accumulation at 2 h after tail vein injection. In 

contrast, the neutravidin-based nanocomplex exhibited significantly higher siRNA uptake 

in the fibrotic liver (Figure 25), suggesting that this system can dramatically improve the 

serum stability and pharmacokinetic profile of siRNA in-vivo.  

4.5 Conclusion 

The siRNA nanocomplexes that were formulated using various avidin analogues 

showed similar morphological characteristics. However, the neutravidin-based 

nanocomplex demonstrated the most efficient and sustained silencing activity in-vitro. 

Moreover, this formulation showed the highest uptake at extended times compared to 

avidin- and streptavidin-based nanocomplexes. In addition, the neutravidin-based 

nanocomplex exhibited excellent liver retention in comparison to free siRNA. Hence, 

neutravidin is the best avidin analogue that can be potentially used for siRNA delivery. in 

vivo gene silencing and reversal of liver fibrosis by neutravidin nanocomplex is yet to be 

explored and represents our future direction.  Efforts will be made to improve siRNA 

loading and further reduction in the particle size and zeta potential to further improve 

pharmacokinetic profile of nanocomplex and better targetability. 
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CHAPTER 5 

IN VIVO DELIVERY OF siRNA BY PROTEIN BASED NANOCOMPLEX TO TREAT 

AGGRESSIVE LIVER FIBROSIS 

5.1 Introduction 

 Liver fibrosis is the dynamic process of fiber accumulation on the scars caused by 

the acute or chronic liver injury. The whole process is called dynamic because of cascade 

of factors acting as the contributing factor for the disease. After acute or chronic injury, 

hepatocytes produce apoptotic bodies which are engulfed by the resident kupffer cells, 

followed by the recruitment of the natural killer cells, macrophages and T cells.3 In this 

cascade, recruitment of immune cells and instigation of upregulatory signaling of the 

proinflamatory and profibrogenic cytokines and chemokines leads to the activation of 

hepatic stellate cells. This activation of hepatic stellate cells (HSCs) also augments this 

inflammatory cascade and promotes more fibrogenesis.3 Discovery of HSCs as the major 

fibrogenic myofibroblast, during the event of liver injury and evidence of reversibility of 

liver fibrosis has motivated scientists to investigate the molecular mechanisms to 

discover novel therapeutic strategies.  

Despite extensive knowledge of the molecular mechanisms and pathogenesis of 

the disease, there is no first line of treatment approved by FDA. Liver fibrosis and 

cirrhosis are the major cause of morbidity in developing as well as developed countries 

irrespective of the cause such as nonalcoholic fatty liver disease (NAFLD), nonalcoholic 

steatohepatitis (NASH), cholestasis, hepatitis c virus, alcohol etc.296 There is an urgent 

need for a potent first line therapy that can specifically and efficiently target the core of 

the disease. Clinical trials have revealed that the resolution of liver fibrosis can be 
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attained by collagenase activity and clearance of activated hepatic stellate cells.297 

Reduction of the extracellular matrix (collagen) is believed to be most effective strategy 

to target the liver fibrosis.298 299 

PCBP2 (poly(rC)-binding protein) siRNA works by targeting the PCBP2 mRNA 

that help in the stabilization of the collagen I mRNA and promotes collagen I protein 

synthesis. PCBP2 gene is overexpressed during in profibrogenic cells such as hepatic 

stellate cells during liver fibrosis, therefore, resulting in accumulation of type I collagen 

in extra cellular matrix in fibrotic liver.5, 69 PCBP2 siRNA has proven to be highly 

effective in vitro.5 There are compelling evidences of siRNA’s therapeutic potential, 

systemic delivery of the siRNA remains the biggest challenge. Previously we 

demonstrated the in vitro delivery of PCBP2 siRNA with the help of neutravidin protein 

based nanocomplexes.300-301  

In this study, we utilized an IGF2R peptide ligand discovered by our group that 

has shown tremendous promise in HSC targeting.11 Biotinylated IFG2R peptide ligand 

and biotinylated PCBP2 siRNA molar ratios in the nanocomplexes were optimized to 

achieve maximum siRNA loading and exquisite HSC targeting. We tested various molar 

ratios of siRNA and IGF2R peptide ligand with keeping neutravidin concentration 

constant. In efforts to keep siRNA stable and prevent degradation during formulation 

operations, we non-covalently coupled the biotin to the PCBP2 siRNA with the help of 

peptide nucleic acid positioned beside the 3’ end of the antisense strand of PCBP2 

siRNA. To support the Peptide nucleic acid (PNA), sense strand was designed with a 

PNA complementary sticky end. Nanocomplexes prepared from various molar ratios of 

multiple components were further condensed with protamine (N/P=2.5:1). We examined 
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the various formulations of nanocomplexes for morphological characteristics, serum 

stability, in vitro cellular uptake to screen the best candidate for in vivo activity studies. 

Selected nanocomplex candidate was further used for the treatment of the CCL4 induced 

liver fibrosis rat model. After the completion of the study and liver from different 

treatment groups and normal control were analyzed for the fibrosis molecular markers. 

 

 

 

Figure 26. Schematic diagram of PCBP2 siRNA nanocomplex formulation and in 
vivo targeting. 
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5.2 Materials and Methods 

5.2.1 Materials 

Biotin-S-S-PNA (Sequence: Biotin-S-S-O-CAC CAC CAC) was purchased from 

PNA Bio, Inc., Newbury Park, CA.  PCBP2 Sense strand with sticky end (Sequence: 5' 

GUC AGU GUG GCU CUC UUA UGU GGU GGU G dTdT 3') and PCBP2 anti sense 

strand (Sequence: 5' AUA AGA GAG CCA CAC UGA C dTdT 3') was purchased from 

GE Healthcare Dharmacon, Inc. Chicago, IL. Neutravidin, CCL4 was purchased from 

thermos fisher scientific. Bioplex assay kit was purchased from biorad inc. 

5.2.2 Formulation of PCBP2-PNA-Nanocomplex 

PCBP2 siRNA duplex with sticky end was prepared by annealing the sticky sense 

end with antisense along with anneling buffer. In the PCBP2 siRNA duplex with sticky 

end equimolar biotin-S-S-PNA was mixed and incubated in water bath at 37oC for 30 

min. Various molar ratios of PCBP2 PNA biotin: Neutravidin: biotin IGF2R peptide, 

such as 2:1:2, 3:1:1, 3.5:1:0.5, 3.8:1:0.2, 3.9:1:0.1 and 3.99:1:0.01 were mixed together to 

keep the final siRNA concentration as 100 nM and incubated for 10 min at room 

temperature. Further, protamine was added along with the respective nanocomplexes 

(N/P ratio as 2.5/1) and incubated for 30 min at RT. 

5.2.3 Morphological Analysis of PCBP2-PNA Nanocomplex 

Nanocomplexes were prepared as above and diluted in the HEPES buffer (pH 

7.4). Nanocomplexes were analyzed for mean diameter and mean zeta potential of the 

dispersed nanocomplexes using Malvern zeta sizer. Nanocomplex with molar ratio 2:1:2, 

3:1:1, 3.5:1:0.5, 3.8:1:0.2, 3.9:1:0.1 and 3.99:1:0.01 were re-analyzed for the mean 

particle size with the help of transmission electron microscopy. Briefly, nanocomplex 
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was prepared as described above and negative stained using 1% phosphotungstic acid 

with pH 7.2 on carbon electron microscope grid. After drying, the sample was analyzed 

under the electron microscope. 

5.2.4 Gel Retardation and Serum Stability Assay 

PNA-s-s-Biotin was annealed with the duplex PCBP2 siRNA with sticky end as 

described above. To confirm the annealing and nanocomplex formation, PCBP2-s-s-

biotin, PCBP2 siRNA with sticky end, PCBP2 siRNA-PNA-s-s-biotin and PCBP2-PNA 

nanocomplex were ran on 20% native poly acrylamide gel electrophoresis (native PAGE) 

at 80V constant voltage for 4 h in cold room (4C). After 4 h, gel was visualized under UV 

with the help of gel red. 

To confirm the release of the PCBP2 siRNA from the biotin-s-s-PNA and PNA 

nanocomplex, Biotin-s-s-siRNA, Biotin-s-s-PNA, Neutravidin-siRNA nanocomplex and 

PCBP2 PNA nanocomplex were formulated as described above and in our previous 

work300 were incubated with 40uM heparin and 100mM Dithiothreitol (DTT) for 10 min 

to reduce the disulfide bond and release the PCBP2 siRNA free. Samples were further 

analyzed by native PAGE as described above. 

To evaluate the serum stability of PNA nanocomplexes, free biotin s-s-PNA-

PCBP2 and various ratios of PNA nanocomplexes were formulated as mentioned above 

and incubated with 50% rat serum at 37C for 0h, 12h and 24h. After respective 

incubations, samples were incubated with 40uM heparin and 100mM DTT for 10 min as 

described above and analyzed using the native PAGE and visualized using gel red. 
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5.2.5 Cellular Uptake of Nanocomplexes 

Various PCBP2 siRNA to IGF2R ligand ratios of nanocomplexes were evaluated 

for the cellular uptake efficacy by using Alexa 647 labeled PCBP2 siRNA. Sample 

preparation and analysis was done by confocal microscopy and flow cytometry as 

described as previously described.11, 213 Briefly, HSC-T6 cells were transfected with 

various nanocomplexes for 1 h and washed with 1 mM heparin containing PBS. The 

acidic organelles like endosomes and lysosomes in cells were stained with LysoTracker 

DND 99 followed by formalin fixation. The cells were further examined under confocal 

microscope (Leica TCS SP5). To validate the cellular uptake results from confocal 

microscopy, HSC-T6 cells were incubated with nanocomplexes for 1 h as described 

above, washed with 1 mM heparin containing PBS, detached using non-enzymatic cell 

dissociation agent, and centrifuged to recover the cells. The resulting cell pellet was 

washed with PBS, re-suspended, and analyzed for Alexa 647 positive cells using a BD 

FACS II flow Cytometer (Bectone Dickinson Instruments, Franklin Lakes, NJ). 

5.2.6 In Vivo Biodistribution Study 

 Liver fibrosis model was developed as mentioned above in accordance with 

UMKC-IACUC approved protocol. 12 rats were randomly divided into 2 groups. Rats in 

first group were intravenously (i.v.) administered with Cy5- labeled siRNA (0.1 mg/kg), 

and the rats in another group were i.v. administered with PCBP2 PNA nanocomplexes 

(3.5:1:0.5) encapsulating Cy5 labeled siRNA (0.1 mg/kg). Post 2 h of circulation, the 

animals were euthanized and vital organs including the liver, lungs, spleen, kidneys, 

heart, and thigh muscle were harvested and immediately imaged using a Bruker MS FX 

PRO Imaging System (Billerica, MA). 
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5.2.7 In Vivo Treatment of CCL4 Induced Liver Fibrosis Rat Model 

CCL4 induced liver fibrosis animal model was developed as described previously 

and in accordance with the animal research protocol approved by the Institutional Animal 

Care and Use Committee (IACUC) at the University of Missouri Kansas City.300, 302-303 

Briefly, 32 Sprague dawley rats were purchased from the Charles river laboratories, Inc. 

(Raleigh, NC) and caged in the humidity and temperature controlled room with 

controlled 12h day-night cycle. Liver fibrosis was induced by intraperitoneal injections of 

mixture of 1 μL of CCl4 per gram of body weight of rat and olive oil (1:1 v/v) every 

consecutive third day for 28 days. 32 Sprague dawley rats were randomized in four 

groups as named below and treatment mentioned in parenthesis, 1. Blank (No CCL4/No 

PCBP2 PNA nanocomplex treatment, blank control), 2. CCL4 (CCL4 only, positive 

control), 3. Scrambled-PNA nanocomplex (CCL4/Scrambled PNA nanocomplex, 

negative control), 4. PCBP2-PNA nanocomplex (CCL4/ PCBP2 PNA nanocomplex). All 

groups underwent CCL4 -mediated fibrosis induction except blank control group. PNA 

nanocomplex were formulated either with scrambled siRNA or PCBP2 at molar ratio of 

3.5:1:0.5, keeping the final siRNA dose at 1mg/kg. On 14th, 18th, 23rd and 27th day of 

CCL4 induction, PNA Nanocomplexes (PCBP2 or scrambled) were prepared at final 

volume of 200 uL and injected via tail vein of the respective rats of each group. On day 

31st, 6-8 mL blood was drawn from rats by cardiac puncture and rats were euthanized. 

Serum was immediately separated from the blood and stored in -80C freezer. Liver of 

respective animals from each group were harvested and cut into two parts, one was 

frozen in -80oC and other part was stored with formalin for future analysis.  
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5.2.8 Serum ALT and AST Assay 

ALT was measured according to the manufacturer’s protocol (Sigma Aldrich). 

Briefly, 20 uL (V) of serum samples, positive control and pyruvate standards were added 

to the two separate 96 well plates. 100 uL of master mix was added to each well and 

briefly mixed by horizontal plate shaker. Initial measurement was taken after 2 minutes 

(Tinitial) at 570 nm (Ainitial). Plate reader was set at 37oC and measurements were taken 

kinetically at every 5 min until 60 mins (Tfinal). Change in absorbance was calculated by 

subtracting the final absorbance (Afinal) with the initial absorbance (Ainitial). From the 

pyruvate standard, the concentration of the pyruvate (B) generated in samples from Tinitial 

to Tfinal was measured. ALT activity was determined by using the following equation: 

ALT Activity = (B × Sample dilution factor)/(Tfinal-Tinitial) × V. ALT activity value is 

equivalent to the 1.0 nmol of pyruvate generated by the amount of ALT enzyme per 

minute at 37 °C. 

AST assay was performed as per the manufacturer’s protocol (Biovision). Briefly, 

50 uL (V) of serum samples, positive control and glutamate standards were added to the 

two separate 96 well plates. 100 uL of reaction mix was added to each well and briefly 

mixed by horizontal plate shaker. Initial measurement was taken after 2 minutes (Tinitial) 

at 450 nm (Ainitial). Plate reader was set at 37oC and measurements were taken kinetically 

at every 10 min until 60 mins (Tfinal). Change in absorbance was calculated by subtracting 

the final absorbance (Afinal) with the initial absorbance (Ainitial). From the pyruvate 

standard, the concentration of the glutamate (B) generated in samples from Tinitial to Tfinal. 

AST activity was determined by using the following equation: AST Activity = (B x 
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Sample dilution factor)/(Tfinal-Tinitial) × V. AST activity value is equivalent to the 1.0 

µmol of glutamate generated by the amount of AST enzyme per minute at 37 °C. 

5.2.9 Hydroxyproline Assay 

Collagen content in the liver was colorimetrically quantified as total 

hydroxyproline per gram of liver. One frozen liver sample from each group was weighed 

(50 mg) and homogenized with 250 uL PBS. After homogenization, homogenate was 

transferred to the glass vial and 500 uL of 12N HCL was added. The glass vial was 

tightly capped and hydrolyzed overnight at 120C on a dry bath incubator. Using the 

PVDF filter, hydrolyzed homogenate was filtered to remove the hydrolyzed tissue 

particles. 5 uL of the standard and sample supernatant were added in a 96 well plate and 

gently mixed with 50 μl of citrate/acetate buffer (pH 6.0) by taping on the side of the 96 

well plate. Chloramine T (100uL) was added to each well and mixed gently. The plate 

was incubated at RT for 30 min. Further, DMAB-Ehrlich ́s reagent (100 μl) was added in 

each well and incubated for 30 min at 65°C. Absorbance was measured at 550 nm in a 

microplate reader. Total hydroxyproline (μg/liver weight) was calculated based on the 

hydroxyproline (μg) per liver sample weigh (mg).  

5.2.10 Histological Studies 

Liver tissues in each group were stained with hematoxylin and eosin (H&E), 

Picro sirius red and Masson’s trichrome staining. Briefly, formalin fixed liver tissues 

were embedded in paraffin and sectioned at thickness of 5 μm and mounted on the 

microscope glass slides. For staining, the respective slides were deparaffinized by three 

changes of histosol for 5 min; Further, slides were rehydrated by incubation in the series 

of alcohol (100% > 100% > 95% > 70%) incubation for a minute each and finally 
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hydrated with running water for 2 min. To stain the nucleus, rehydrated slides were 

incubated in the Wiegert’s hematoxylin for 30 min followed by washing the slides in 

running water for 10 min. To stain the collagen in the section, the slides were subjected to 

the incubation with Picro Sirius red for 60 min. To differentiate the red stained collagen 

from other components of tissues and remove the unbound dye, slides were dipped 3 

times in 1% acetic acid; followed by dehydrating the slides with 100% alcohol and 2 

changes of histosol before tissues were mounted by CytosealTM XYL (Richard Allan 

ScientificTM) 

For Masson’s trichrome staining, NovaUltra Special Stain Kit was used (IHC 

world) and manufacturer’s protocol was followed. Briefly, tissue section slides were 

deparaffinized and rehydrated as described above.  The slides were fixed after washing in 

bouin’s solution at 56oC for 60 min to improve the staining quality. After washing under 

running tap water, nucleus was stained with Weigert's iron hematoxylin working solution 

for 10 minutes followed by washing in DI water. Further, slides were incubated in the 

Biebrich scarlet-acid fuchsin solution for 15 minutes. After washing in DI water, 

differentiated in phosphomolybdic-phosphotungstic acid solution for 15 minutes. Slides 

were transferred directly to the aniline blue solution for 10 min to stain the collagen. 

After brief rinsing in DI water, slides were differentiated in 1% acetic acid solution for 2-

5 min. Slides were washed in DI water and dehydrate in 95% alcohol and 100% alcohol 

to wipe off Biebrich scarlet-acid fuchsin staining. Slides were cleared in two changes of 

histosol and mounted with CytosealTM XYL. 
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5.2.11 Collagen I Immunostaining 

Formalin fixed paraffin embedded liver tissue sectioned slides were incubated in 

the histosol clearing agent followed by sequential lowering concentration of ethanol for 

rehydration (100% > 100% > 95% > 70% > 50%). The slides were incubated in water for 

full rehydration for 5 min. To expose the epitope from the deep paraffin embedded 

section, heat induced antigen retrieval was performed using citrate buffer (pH 6). 

Dehydrated tissue slides were placed in a boiling citrate buffer (antigen retrieval buffer) 

for 45 min. After cooling down the slides with DI water and tris buffered saline (TBS) 

tissues were blocked by protein blocking buffer for 1 h. Followed by incubation with 

primary anti collagen 1 antibody (rabbit-polyclonal) over night at 4C. After washing in 

PBST, tissue sections were incubated with biotinylated anti-rabbit IgG-HRP secondary 

antibody for 2 h at room temperature. Streptavidin HRP was sufficiently spread over the 

tissues followed by color development with Diaminobenzidine (DAB) chromogen. 

Counterstained with Mayer’s hematoxylin and mounted with cytoseal XYL. 

5.2.12 Total RNA Isolation and In Vivo PCBP2 and Collagen I Silencing Activity 

from Liver Tissues 

Section from liver tissue samples from four groups were taken and homogenized 

in 500 uL Trizol using hand handled tissue homogenizer. Tissue homogenate was mixed 

with 250 uL of chloroform and mixed vigorously and incubated at RT for 10 min 

followed by centrifugation at 12000g for 15 min (4oC). The supernatant was collected 

and mixed gently with 500 uL Isopropanol and incubated at RT for 10 min and further 

centrifuged at 12000 g for 15 min. RNA palette was washed with 75% ethanol and 

centrifuged at 7500g for 10 min, this step was repeated twice. RNA palette was dissolved 
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in nuclease free water and incubated in 37C water bath for 10 min to dissolve the RNA 

completely. RNA was quantitated using Nano drop UV spec. Total RNA isolated was 

diluted to make 50 ng/uL concentration. Forward and reverse primers of PCBP2 and 

Collagen I were obtained from Integrated DNA technology. Biorad iTaq universal SYBR 

green one step PCR kit was used to evaluate PCBP2 and collagen I mRNA expression in 

the in vivo samples with the help of Biorad CFX Connect™ Real-Time PCR Detection 

System.69 

5.2.13 Bioplex Cytokine Assay 

To evaluate the serum cytokine levels in vivo samples, Bio-Plex ProTM rat 

cytokine assay kit was used and manufacturer’s protocol was followed. Briefly, serum 

samples were diluted with sample diluent buffer (1:4). The 96 well filter plate was diluted 

with diluent buffer. 20X coupled beads stock was diluted to 1X and 50 uL was added to 

the each well of the filter bottom 96 well filter plate. After vacuum washing (2 times) 

with wash buffer, 50 uL of standard and samples were added to appropriate wells. Plate 

was sealed and incubated on plate shaker for 1h. Respective wells were washed three 

times with wash buffer, followed by addition of 25 uL 1X detection antibody per well. 

Plate was further incubated on plate shaker at room temperature (RT) for 30 min. Wells 

were washed again as described above followed by addition of 50 uL of streptavidin-PE 

(1X) per well and incubated for 10 min on plate shaker at RT. After subsequent washing, 

125 uL assay buffer added to the 96 well filter plate to resuspended the beads followed by 

30 sec incubation on plate shaker. Finally, 96 well filter plate was analyzed on Bio-Plex 

MAGPIX system at high PMT, RP1 setting.  
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5.2.14 TUNEL Assay 

 Liver tissues embedded in paraffin were analyzed for the degree of apoptosis 

among groups. TUNEL assay was performed according to manufacturer’s protocol 

(Click-iT™ Plus TUNEL Assay, Thermo Fisher Scientific). Briefly, paraffin was 

removed from the tissue slides by incubation with histosol. Followed by hydration with 

sequentially reducing ethanol immersion. Tissue sections were fixed with 10% formalin, 

followed by permeablization with Proteinase K and fixed in formalin again. Further, 

terminal deoxynucleotidyl transferase (TdT) enzyme catalyzed incorporation of terminal 

deoxynucleotidyl transferase-EdUTP in the double stranded DNA breaks for fluorescent 

detection of apoptotic cells in the liver tissue section. Counterstained with DAPI. Images 

were captured by using Leica microscope and analyzed using ImageJ software. 

5.2.15 Statistical Analysis 

All groups were divided into 8 samples. For every statistical analysis, at least 8 

samples per group were used. Assays were performed 3 independent times for each 

group. Analysis was performed using a two-way analysis of variance (ANOVA) with 

Tukey’s Post Hoc test. P<0.05 was considered statistically significant. GraphPad Prism 

software was used. 

5.3 Result  

5.3.1 Morphological Analysis of Nanocomplexes 

Nanocomplexes of various molar ratios (siRNA: Neutravidin: IGF2R peptide) 

were used to investigate the particle size and zeta potential of nanocomplexes when 

dispersed and diluted in HEPES buffer (pH 7.4). Results shown in Figure 27A, 

demonstrated that the increase in the ratio of siRNA with respect to the PEG modified 
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peptide ligand leads to the reduction in particle size. As expected, the zeta potential for 

nanocomplexes with higher siRNA molar ratio showed direct proportionality with the 

zeta potential. Particle size data was validated with the scanning electron microscopy 

(Figure 27B). Nanocomplexes showed similar texture but different particle size similar to 

what observed in dynamic light scattering (DLS). Nanocomplexes were polydispersed 

and showed spherical morphology with slight distortions on surface demonstrating the 

protamine being electrostatically attached to the Nanocomplex. 
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Figure 27. Particle size and zetapotential analysis of PCBP2 siRNA nanocomplex. 
A. Particle size and zeta potential of PCBP2 siRNA nanocomplexes with various ratios 
were compared was analyzed in HEPES (pH: 7.4) buffer and analyzed by Diynamic light 
scattering; B. PCBP2 siRNA nanocomplexes were stained with phosphotungstic acid, 
imaged and analyzed in transmission electron microscope. 
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5.3.2 Annealing and Serum Stability of Nanocomplexes 

Although, PCBP2 siRNA-biotin conjugated with disulfide linkage has already 

been reported, our core concept was to non-covalently attach the IGF2R ligand to the 

siRNA with the help of peptide nucleic acid (PNA). To confirm the annealing of the 

PCBP2 siRNA (plus sticky end) with the PNA-ss-Biotin, we analyzed the annealed 

products in 20% native poly acrylamide electrophoresis (PAGE). In figure 28A, from 

lane 1 to 3, PCBP2 siRNA-S-S-Biotin, PCBP2 siRNA with sticky end and PNA-S-S-

Biotin annealed to the PCBP2 siRNA with sticky end were resolved on the native gel in 

the order of their respective molecular weight.  In lane 4. PCBP2-PNA-S-S-Biotin was 

completely complexed with neutravidin Nanocomplex and resided on the interface of the 

gel shown as a thin and sharp band (highlighted by the red circle). 

Similarly, release of siRNA from the PCBP2 siRNA-S-S-Biotin, PCBP2-PNA-S-

S-Biotin, PCBP2-Nanocomplex and PCBP2-PNA-Nanocomplex was investigated by 

incubating all the modalities in the 40 uM heparin and 100 mM DTT. DTT reduced the 

disulfide linkage and heparin competed with the siRNA to bind with protamine. This 

resulted in the release of the siRNA or siRNA PNA from the Nanocomplex and 

conjugated biotin. Resulting crude release products were resolved using native PAGE. In 

figure 28B, it is clearly visible that the PCBP2 siRNA and PCBP2-PNA, free or 

complexed, were successfully released. This demonstrates that, upon reaching endosomal 

acidic pH, disulfide bonds in nanocomplexes will be effectively reduced to release the 

PCBP2 siRNA-PNA in the cytoplasm. 
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Figure 28. Gel retardation and serum stability of the various siRNA modifications  
A. Lane 1: Biotin covalently attached to the sense strand of PCBP2 siRNA duplex by 
disulfide bond, Lane 2: PCBP2 siRNA duplex with sticky sense strand, Lane 3: PCBP2 
siRNA duplex with sticky sense strand annealed to peptide nucleic acid-s-s-biotin, Lane 
4: PCBP2 siRNA nanocomplex; B. Release of siRNA by reduction of disulfide bond by 
100mM DTT. Lane 1: Biotin covalently attached to the sense strand of PCBP2 siRNA 
duplex by disulfide bond, Lane 2: PCBP2 siRNA duplex with sticky sense strand 
annealed to peptide nucleic acid-s-s-biotin, Lane 3: PCBP2 noncomplex with covalently 
attached biotin to sense strand of siRNA dulplex, Lane 4: PCBP2 siRNA nanocomplex 
with biotin attached noncovalently to the PNA; C. Various molar ratios of PCBP2 
Nanocomplexes (with PNA-biotin) incubated with 50% rat serum for 0, 12 and 24 h 
followed by 40 uM heparin and 100mM DTT. Samples were analyzed in the 20% native 
PAGE. 
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Serum stability is one of the biggest challenges for siRNA delivery systems. After 

incubation of the four different nanocomplexes ratios (3.5:1:0.5, 3.8:1:0.2, 3.9:1:0.1 and 

3.99:1:0.1) in 50% rat serum for 0 h, 12 h and 24 h, the mixture was further incubated 

with 100 mM DTT and 40 uM heparin to release the total PCBP2-siRNA-PNA from the 

nanocomplex. The mixture was subsequently analyzed using the 20% native PAGE. 

Results indicated that the siRNA was highly stable in rat serum at extended hours at 

37oC. In Figure 28C, the band from siRNA was clearly visible in the same horizon as the 

control free siRNA. At early time points such as 0 h and 12 h there was no visible 

degradation of the siRNA. However, at 24 h, a secondary band was observed in the case 

of 3.8:1:0.1, 3.9:1:0.1 and 3.99:1:0.01 molar ratio Nanocomplex formulations. This 

indicates that the 3.5:1:0.5 molar ratio for Nanocomplex formulation is in fact more 

stable and keeps siRNA intact for longer period of time. 

5.3.3 Higher Ligand Ratio Increases Cellular Uptake of Nanocomplexes 

Nanocomplexes of various ratios, 3.5:1:0.5, 3.8:1:0.2 and 3.9:1:0.1, were also 

examined for the cellular uptake. After incubation with hepatic stellate cells for 1 h at 

37oC, 3.5:1:0.5 ratio showed significantly higher uptake in comparison to other molar 

ratios when analyzed by flow cytometry. As shown in Figure 29 A, nanocomplexes with 

various ratios showed 100% uptake in hepatic stellate cells. Interestingly, the 

fluorescence intensity imparted by the CY-5- PCBP2 siRNA was significantly higher in 

case of the 3.5:1:0.5 molar ratio (Figure 29B). 
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Figure 29. Analysis of rapid cellular uptake of PCBP2 siRNA nanocomplexes in 
HSC.  
A. CY-5 labeled PCBP2 siRNA was formulated in various ratios (3.5:1:0.5, 3.8:1:0.2, 
3.9:1:0.1) and HSC-T6 cells for 1 h and analyzed by Flow Cytometry. B. Fluorescence 
intensity data from flow cytometry was quantitated for each nanocomplex treatment 
group. C. CY-5 labeled PCBP2 siRNA was formulated in various ratios (3.5:1:0.5, 
3.8:1:0.2, 3.9:1:0.1) and HSC-T6 cells for 1 h. after incubation, acidic organelles were 
stained with 100 nM lysotracker and counterstained with DAPI to stain the nuclei. 
Followed by formalin fixing and imaged in confocal microscopy. Scale bar = 20um. 
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Flow cytometry results were validated by the incubating the HSC-T6 with 

nanocomplexes with various ratios (3.5:1:0.5, 3.8:1:0.2 and 3.9:1:0.1). After 1 h of 

incubation, cells were fixed and imaged under the confocal microscope using the red 

channel for CY-5-PCBP2 siRNA, green channel for the lysotracker and blue channel for 

the DAPI. As demonstrated in Figure 29C, CY-5-PCBP2 siRNA-mediated signal 

intensity was significantly higher in case of the 3.5:1:0.5 molar ratio nanocomplex. 

Results confirmed that the 3.5:1:0.5 molar ratio has high siRNA loading along with 

optimum IGF2R ligand for extensive targeting and rapid cellular uptake. 

5.3.4 Nanocomplex Show Enhanced In-Vivo Biodistribution 

PCBP2 siRNA nanocomplex with molar ratio 3.5:1:0.5 molar ratio has shown 

significantly higher cellular uptake and HSC-T6 targeting in vitro in comparison to the 

other molar ratios. In addition to it in vitro superiority, 3.5:1:0.5 molar ratio was 

evaluated for its in vivo liver uptake in the liver fibrosis model. CY5-PCBP2 siRNA 

condensed in the nanocomplex at molar ratio of 3.5:1:0.5 and free CY5-PCBP2 siRNA 

was injected through the tail vein of CCL4 -induced liver fibrosis rat model. After 2h of 

circulation, animals were euthanized and vital organs such as liver, kidneys, spleen, heart, 

lung and muscle (thigh) were harvested and organs were immediately imaged and 

analyzed for fluorescence. In contrast to the free PCBP2 siRNA, PCBP2 siRNA 

condensed in the nanocomplex showed significantly higher liver distribution and free 

PCBP2 siRNA-CY5 was rapidly eliminated by renal clearance. CY5 mediated 

fluorescent signal were statistically significant in case of the free CY5 PCBP2 siRNA.  
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Figure 30. In vivo biodistribution of PCBP2 siRNA and PCBP2 siRNA 
Nanocomplex. 
CY5 labeled PCBP2 siRNA (0.1 mg/kg) after 1 h of systemic circulation post tail vein 
injection (blue arrow) in CCL4/Olive oil (red arrow) induced liver fibrosis model. A. 
Liver, spleen, kidney, lung, heart and muscle were harvested and imaged for fluorescence 
mediated by CY5 labeled PCBP2 siRNA. B. Fluorescence intensity in various organs in 
different treatment groups was quantitated by GraphPad PRISM. 
 

Day 1 7 1610 134 19 2822 25 31

Liver

Spleen
Kidneys Lungs Heart

Muscle

Liver

Spleen Kidneys Lungs Heart

Muscle

Liver

Spleen
Kidneys

Lungs
Heart

Muscle

Liver

Spleen
Kidneys Lungs Heart

Muscle

Liver

Spleen Kidneys Lungs
Heart

Muscle

Liver

Spleen Kidneys Lungs Heart

Muscle

Liver

Spleen Kidneys Lungs
Heart

Muscle

Liver

Spleen Kidneys Lungs Heart

Muscle

Liver

Spleen Kidneys Lungs Heart

Muscle

Liver

Spleen
Kidney Lungs Heart

Muscle

Fr
ee

 P
C

B
P2

 
si

R
N

A
PC

B
P2

  
N

an
oc

om
pl

ex

Group 1 Group 2 Group 3 Group 4 Group 5
A

0.00E+00
5.00E+07
1.00E+08
1.50E+08
2.00E+08
2.50E+08
3.00E+08
3.50E+08
4.00E+08
4.50E+08

Liver Spleen Kidney Lung Heart Muscle

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 
(C

ou
nt

s/
se

c)
 

Free PCBP2 siRNA

PCBP2 Nanocomplex

B



128 
 

5.3.5 PCBP2 Nanocomplex Reduces the Fibrosis Serum Markers 

To evaluate the extent of fibrosis in the control and treatment groups, blood (after 

the treatment regimen) was collected from each animal before euthanizing. Blood was 

centrifuged at 2000 g for 5 min to separate the serum. Serum was used to evaluate the 

primary markers of liver fibrosis, ALT and AST. As depicted in figure 31A and 31B, in 

comparison to the blank/no treatment group, ALT and AST levels in serum were 

significantly higher in case of no treatment/CCL4 group (ALT = 499.96 IU/L, AST = 

463.7 IU/L) and scrambled siRNA/CCl4 group (ALT = 451.01 IU/L and 498.08IU/L). 

Interestingly, after periodic treatment with PCBP2 siRNA nanocomplex, fibrotic rat 

showed significantly lower levels of ALT and AST (218.07 IU/L and 214.9 IU/L 

respectively). However, the liver enzyme levels were statistically significant when 

compared to normal control (blank/no treatment). 

To examine the amount of the collagen in a tissue, hydroxyproline assay is 

performed as hydroxyproline constitutes of the 13.5% of the total collagen protein. The 

liver samples harvested from the different treatment groups were subjected to 

hydroxyproline assay. Results revealed that the hydroxyproline content after the liver 

fibrosis induction escalated dramatically in comparison to the normal control (Blank/no 

treatment). It was observed that after receiving the scrambled siRNA treatment, there was 

no significant difference in the hydroxyproline levels in comparison to the CCL4-induced 

fibrosis group with no treatment. In contrast to no treatment and scrambled siRNA 

treatment group, PCBP2 siRNA nanocomplex treated group with fibrosis showed 

significantly lower hydroxyproline content (figure 31C). 

 



129 
 

 

 

 

 

Figure 31. Analysis of fibrosis markers after PCBP2 nanocomplex in vivo delivery. 
Treatment timeline: Liver fibrosis was induced in Sprague dawley rats by administering 
intraperitoneal injection of CCL4: olive oil (1:1 v/v) indicated by red arrows. After 2nd 
week of fibrosis induction, animals separated in different groups either received no 
treatment, scrambled siRNA nanocomplex (1mg/kg), or PCBP2 siRNA nanocomplex 
(1mg/kg), indicated by blue arrows. Series of assays were performed to examine the 
fibrosis. A. Serum ALT levels (IU/L); B. Serum AST levels (IU/L); C. Liver 
Hydroxyproline content (ug/g liver). 
 

 

 

5.3.6 Nanocomplex Reduces the PCBP2 and Collagen I mRNA Expression 

 To investigate the in vivo effect of PCBP2 siRNA Nanocomplex on the PCBP2 

and Collagen type I mRNA expression, the frozen liver tissues from all the animals were 

homogenized in the DNase and RNase free water and total RNA was isolated. qRTPCR 

results revealed that the PCBP2 (Figure 32A) and Collage I (Figure 32B) mRNAs were 
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significantly downregulated in comparison to the no treatment and scrambled siRNA 

treatment fibrotic rat groups. This downregulation is the key for the regression of the 

collagen fiber production in the extra cellular matrix. 

 

 

Figure 32. qRTPCR analysis of the mRNA fold change in different treatment 
groups.  
A. PCBP2 mRNA fold change in liver; B. Type I Collagen mRNA fold change in liver. 
 

5.3.7 PCBP2 Nanocomplex Mitigates the Aggressive CCL4 Induced Liver Fibrosis 

To assess the anti-fibrotic effect of PCBP2 nanocomplex on the aggressive 

fibrogenesis, fibrotic rats were injected (i.v.) with the scrambled siRNA or PCBP2-

siRNA Nanocomplex with concurrent CCL4 IP injection. After formalin fixation and 

tissue sectioning, liver tissues were subjected to staining and subsequently imaged 

(Figure 4F). Hematoxylin and Eosin (H&E) staining showed that the CCL4 induced 

fibrosis group that received no treatment or scrambled siRNA treatment was heavily 

scared and showed remarkable signs of injury. Intriguingly, PCBP2 treatment group not 
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only demonstrated substantially less hepatic scarring, but signs of wound healing. 

Although, this assumption needs to be further investigated. 

 Tissue slides from each group were also stained for collagen fibers by Picro-sirius 

red staining and masons trichrome staining. Picro-sirius red and Masson’s trichrome 

stains collagen type I, III, IV. As CCL4 induces extensive damage to the liver 

architecture and tissues providing the structural integrity to the liver, activated hepatic 

stellate cells produce larger volumes of collagen to keep the liver architecture stable. 

Treatment with PCBP2 siRNA Nanocomplex substantially reduced the collagen fibers in 

comparison to the no treatment and scrambled siRNA treatment group. In figure 33B, 

picro sirius staining of no treatment and scrambled siRNA treatment group showed portal 

to portal and portal to central vein bridging with significant nodules. This demonstrates 

that the fibrosis in our study was late stage as per Ishak score of fibrosis. 304 In case of 

PCBP2 treatment groups, we saw significant thinning of the collagen fiber bridging with 

no signs of nodules. To elucidate the fibrosis (collagen staining) the images from 

different groups were processed in ImageJ software and the collagen positive stained area 

was calculated. As shown in Figure 33C, percent area stained with collagen fiber in no 

treatment and scrambled siRNA treatment group was significantly different when 

compared to the PCBP2 siRNA treatment. However, there was statistically significant 

collagen staining in PCBP2 siRNA nanocomplex treatment samples compared to the 

blank/no treatment (normal control) group. 
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Figure 33. A.  Histological analysis of liver tissue after the treatment of liver fibrosis. 
A. Hematoxylin and Eosin staining, Picro-sirius red staining, Masson’s Trichrome 
staining, and Type I collagen immunohistochemistry staining by light microscopy; B. 
Collagen I, III and IV (Picro-sirius red) stainied area quantified by ImageJ; C. Type I 
collagen (immunohistochemistry) stained area quantified by ImageJ. 
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As PCBP2 siRNA specifically downregulates the collagen I mRNA, we examined its 

effect at protein level in the liver tissue sections by collagen I immunohistochemistry.  As 

highlighted by arrows in figure 33A, collagen I protein staining was significantly lower in 

PCBP2 nanocomplex treatment group. Since picrosirius stains all collagen fibers, 

collagen I immunostaining validated the specific downregulation of collagen I fibers 

(protein) upon PCBP2 nanocomplex treatment in fibrotic rats. Images were analyzed 

from each sample by ImageJ and collagen I staining was quantified. Collagen I positive 

areas were approximately 8 % of total tissue area in case of the liver fibrosis model, 

whereas PCBP2 treated fibrotic rats showed less than 3 % collagen staining  (figure 33C).  

5.3.8 Effect of Fibrosis and Its Resolution on Apoptotic Cells 

Paraffin embedded liver tissues from each group were examined for the apoptosis. 

Apoptosis is one most significant events during liver injury and many events such as 

cytokine induction, reactive oxygen species, immunological damage etc. are prime 

reasons for the liver injury.3 Also, Apoptosis is a sign of chronic liver injury and its 

intervention has proven to be beneficial for the resolution of liver fibrosis/injury in 

clinical trials. 305-306 As indicated in Figure 34A, PCBP2 siRNA-treated groups showed 

significantly lower TUNEL positive (apoptotic) cells in comparison to the no treatment or 

scrambled siRNA treatment groups. We also quantified the TUNEL positive cells from 5 

different areas per slide of 5 independent samples per group. As shown in figure 34 B, 

count of TUNEL positive cells of No treatment and scrambled siRNA was significantly 

higher than PCBP2 treatment groups. 

This also supports the assertion derived from the literature that the regression in 

the apoptosis leads to the resolution of fibrosis and liver injury.305 This result also 
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confirms the resolution of fibrosis shown by molecular serum markers and histology 

studies (collagen staining). There was some apoptosis visible in the normal liver 

(blank/no treatment) group which can be attributed to the homeostasis.307 
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Figure 34. Evaluation of apoptosis in liver tissue in different groups of treatment  
A. Images taken for TUNEL assay by fluorescence microscopy; B. Quantification of 
TUNEL positive cells (apoptotic cells) in liver section by ImageJ 
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5.3.9 Resolution of Fibrosis by PCBP2 siRNA Downregulates Cytokine Production 

Cytokine upregulation is the most important event post liver injury which 

regulates the fibrogenesis. Cytokines such as TGF β-1 and PDGF are primary cytokines 

which drive hepatic stellate cell differentiation.308-310 We investigated the proinflamatory 

cytokines level changes in the serum of the fibrotic rats and normal (blank) control rats. 

Serum from each group analyzed by bioplex cytokine assay kit for detecting the 

concentration of the proinflamatory cytokines and chemokines. Interleukins (such as IL-

1β, IL-4, IL-6 and IL-18), TNFα are highly elevated in the progression of fibrosis as they 

govern the proliferation of the fibroblasts, T cells and macrophages.308, 311 It is important 

to note that due to induction of fibrosis with CCL4, serum levels of cytokines were 

upregulated in comparison to the healthy control (blank/no treatment). With periodic 

treatment with PCBP2 siRNA nanocomplexes, expression of cytokines like IL-1β, IL-4, 

IL-6 and IL-18), TNFα was significantly lowered if not the same as the healthy control. 

All interleukins were downregulated in PCBP2 siRNA nanocomplex- treated groups by 

2-3 fold approximately except that of the IL-18. Levels of IL18 were lower in some 

samples but cumulatively the expression was found to be statistically insignificant. 

Moreover, chemokines such as MCP-1 (CCL2) and RANTES (CCL5) are known to be 

profibrogenic in nature and potent chemoattractants which further the inflammation by 

interacting with the T lymphocytes, monocytes, NK cells etc. 293, 312-313 It has also been 

reported that the targeting the RANTES and MCP-1 helps in amelioration of liver 

fibrosis.314 As shown in figure 35 F-G, MCP-1 and RANTES were significantly 

downregulated in the groups treated with PCBP2 siRNA Nanocomplex. 
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Figure 35. Multiplex assay for the evaluation of cytokines and chemokines in serum. 
A. Serum IL-1β cytokine level; B. Serum IL-4 cytokine level; C. Serum IL-6 cytokine 
level; D. Serum IL-18 cytokine level; E. Serum TNF⍺ cytokine level; F. Serum MCP-1 
chemokine level; G. Serum RANTES chemokine level. 
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5.4 Discussion 

Effective treatment for liver fibrosis has remained a challenging endeavor because of the 

following major reasons: 1. Complex and dynamic nature of the molecular mechanisms 

contributing to fibrosis; 2. Lack of targets for the delivery of drug cargo; 3. Obstructive 

vascular passage in the fibrotic liver resisting the efficient delivery and targeting of drug. 

Due to the apparent rise in scar tissue during liver fibrosis, it is imperative and ideal to 

develop drug delivery carrier of size less than 200 nm. Reduced size of hepatic sinusoidal 

fenestration315 and splenic clearance316 are two major reasons for the smaller particle size 

of delivery carriers. PCBP2 siRNA nanocomplex developed in our study was evaluated 

on such parameters to fit the stringent requirements for the ideal delivery system. Various 

nanocomplex formulations prepared were having average particle size lower than 200 nm 

except the formulation with molar ratio of 2:1:2 (Figure 27). Regardless of the mild 

cationic to neutral charge and absence of large aggregates (PDI < 0.05), this particle size 

was ideal for the distribution in the liver instead of the spleen. Addition of PNA in the 

siRNA allows a highly efficient noncovalent coupling of the biotin. As PNAs are 

extensively stable and resistant to the harsh pH, DNase and RNase, it helped us to 

maintain the therapeutic potency of the PCBP2 siRNA. PNA not only assists in the 

noncovalent coupling of the chemical moiety such as biotin, but provides superior 

stability to the siRNA in comparison to the naked siRNA. In addition to the small size, 

presence of the IGF2R receptor also contributed to the uptake in the activated hepatic 

stellate cells in vitro and in vivo.  

 There are three major molecular receptor targets for liver fibrosis therapy that 

have been substantially investigated: 1. Low density lipoprotein receptor (LDLR)69, 317; 2. 
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Cellular retinol binding receptor protein 1 (CRBP-1)318-319; and 3. Insulin-like growth 

factor 2 receptor (IGF2R)320-321. We previously demonstrated that the IGF2R targeting is 

significantly higher in comparison to the CRBP-1 (ligand: Vitamin A) and LDLR 

(Ligand: Cholesterol).302  Notably, increasing IGF2R ligand proportion in different 

nanocomplexes had direct proportionality with the cellular uptake, however, increasing 

molar ratio of IGF2R from 0.5 to 2 enhanced the particle size significantly. Regardless of 

the delivery obstacles across the fibrotic hepatic sinusoidal architecture, PCBP2 

nanocomplexes preferentially distributed in the liver. High rate of renal clearance is also 

a contributing factor for the oligonucleotides and its delivery systems to be translated in 

to the clinics. As shown in figure 30 A and B, nanocomplexes targeted with IGF2R 

peptide demonstrated exceptionally higher liver uptake regardless of the increased portal 

pressure and portal resistance. This shows that the nanocomplexes were highly efficient 

in liver uptake and hepatic stellate cell targeting. In comparison to the free siRNA-PNA, 

nanocomplex showed nearly 10 times higher CY5-PCBP2 siRNA mediated fluorescence. 

Apart from efficient target specificity, small size of the nanocarrier is supposedly another 

reason responsible for the optimal extravasation and retention of the therapeutic payload 

in complex and dense matrix containing tissues.322 macromolecular drugs alone or 

delivered by nanocarriers have evidently shown rapid renal clearance which substantially 

compromises the efficiency of the macromolecule drugs. PCBP2 siRNA Nanocomplex 

on the other hand shows no significant kidney uptake and demonstrated improved liver 

retention. 

 The core objective of this study was to inhibit the collagen type I production and 

suppress the profibrogenic factors of liver fibrosis. To accomplish this objective, PCBP2 
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siRNA must be delivered efficiently to the HSCs after bypassing all the systemic hurdles. 

PCBP2 siRNA nanocomplex suppressed the overexpression of PCBP2 mRNA and 

collagen type I mRNA (Figure 32 A-B). Moreover, primary serum markers of liver 

fibrosis such as ALT and AST were significantly reduced (Figure 31A-B). Furthermore, 

Nanocomplex containing dosage of 1 mg/Kg (PCBP2 siRNA) injected in the fibrotic rat 

models for 4 times during the course of 3 weeks generated extensive fibrosis resolution in 

comparison to other research where 8-160 mg/kg dosage was utilized.323-326 Moreover, 

given the total blood volume in rats as 20 mL, it was unrealistic to prepare an injection 

volume as 10:1 ratio of total blood volume to drug injection volume, as used by other 

researchers who use mouse model.327 In contrast, we used the 100:1 ratio for the total 

blood volume to drug injection volume to make the final volume of the injection as 200 

µL. This is a very important factor as larger volumes may contribute to the hydrodynamic 

pressure in vasculature and transduce the siRNA in vivo.328 

 It is noteworthy that we provided the nanocomplex treatment to the rat fibrosis 

model by just four injections; whereas, the animals were still under constant CCL4 

mediated fibrosis induction. As PCBP2 siRNA indirectly suppressed the collagen type I 

protein production and possibly concomitantly induced degradation of predeposited 

collagen fibers. As highlighted in figure 31C, PCBP2 siRNA nanocomplex treated groups 

showed statistically lower levels of hydroxyproline content in the liver tissue in 

comparison to the fibrotic rats that received no treatment or scrambled siRNA complexed 

nanocomplex. This finding was consistent with the Picro-sirius red (PS red), Masson’s 

trichrome (MT) and collagen type I immuno-staining where significant reduction of 

collagen fibers (PS red and MT) and collagen type I (IHC) fibers. Moreover, collagen 
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fiber anchoring and bridging was also diminished after treatment with PCBP2 siRNA 

nanocomplex, whereas groups with no treatment and scrambled siRNA showed advanced 

fibrotic symptoms with extensive portal to portal and portal to central vein collagen fiber 

anchorage and bridging with occasional nodules. 

 Hepatic stellate cells are the primary executioners of liver fibrosis in general and 

are the principle source of myofibroblast in CCL4 induced fibrosis.329 They are 

susceptible of wide range molecular signals such as cytokines, chemokines, apoptotic 

bodies (hepatocytes), macrophages and other fibrosis instigator cells.329-331 It has been 

proven that the apoptosis of the HSCs has anti-fibrogenic response and on the other hand, 

enhanced apoptosis in the liver tissue potentiates the HSC activation.332-334 To examine 

the difference between apoptosis in the liver of different treatment groups, we performed 

the TUNEL assay. It revealed that there was substantial apoptosis across the liver tissue 

of liver fibrosis model with no treatment or scrambled siRNA treatment (Figure 34). 

Interestingly, apoptotic cells (TUNEL positive) were present in a pattern which we 

believe to be aligned with collagen fiber or scar tissue (As shown in Figure 34). It can be 

postulated that the cells near the collagen matrix and scar tissue were exposed to more 

resistance, hypoxia and CCL4, as the collagen fibers underlie and bridge between the 

hepatic vasculature. Healthy group (blank/no treatment) also showed some TUNEL 

positive region, which possibly could be the result of cellular homeostasis (normal cell 

death). However, PCBP2 siRNA treatment group showed significantly lower apoptotic 

cells which suggests that PCBP2 nanocomplex not only reduces the collagen production 

but significantly diminishes the apoptotic cells that participate in the perpetuation signals 

to maintain the HSC activation.335  
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 Apart from the apoptotic bodies, cytokines and chemokine are the other major 

players for the regulation of fibrosis. Autocrine signals coming from the inflammatory 

cells or HSCs themselves are the reason for the survival and maintenance of the activated 

HSCs.336 To examine the effect of liver fibrosis therapy on the serum cytokine and 

chemokine levels, we investigated serum from the respective treatment and control 

groups for cytokine and chemokine bioplex panel assay. It has been proven that the TGFβ 

and PDGF expression is elevated in the fibrotic rats and their expression is dramatically 

lowered upon regression of the fibrosis.337-339 We tested the expression of other pro 

inflammatory cytokines (IL-1β, IL-6, IL-18 and TNFα) that mediate the regulation of the 

fibrogenic pathway. As IL-1β, IL-6, and TNFα are highly over expressed in the patients 

with advanced liver fibrosis and cirrhosis, they are considered the primary molecular 

markers of fibrosis progression except IL-18. These cytokines directly or indirectly 

promote HSC survival and activation, promote hepatocyte apoptosis and lipid 

accumulation in the liver. It has also been reported that the NF-κB is the key regulator of 

the liver fibrosis. Moreover, IL-1β, IL-6 and TNF α, are key mediators of HSC survival 

and activation and are selectively regulated by NF-κB. Selective inhibition of NF-κB 

diminishes the CCL4 mediated liver fibrosis.340  

 Furthermore, chemokines such as MCP-1 (CCL2) and RANTES (CCL5), 

involved in the liver injury, are considered potential profibrogenic factors. These 

chemokines are major contributors of the macrophage recruitment and HSC activation.341 

As explained by Michal Cohen –Naftaly and Scott L. Friedman3, hepatic injury, 

activation and maintenance of the HSCs, activation of inflammatory cells and fibrosis is 

vicious circle and every step is one way or the another way codependent.3 After PCBP2 
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siRNA nanocomplex treatment, we found significant reduction of the cytokine and 

chemokine levels suggesting the reversal of progression of fibrosis. 

5.5 Conclusion 

Taken together, we invented a highly specific and efficient therapeutic delivery 

system for siRNA. As simple as it is in its fundamental concept, PCBP2 siRNA 

nanocomplex is potent in the reversal of fibrosis progression and inhibition of collagen in 

CCL4 induced liver fibrosis model. Successful delivery of the PCBP2 to the target site, 

not only reversed the fibrosis but functionally treated the symptoms by significantly 

reducing the molecular serum markers such as ALT, AST, cytokine and chemokines. 

Therefore, it holds great promise for clinical translation for advanced liver fibrosis 

treatment. This siRNA delivery system is diverse in its applicability and has higher 

potential for broader application in targeting other complex molecular target and 

delivering potent therapeutic modalities.  
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

6.1 Summary  

  Oligonucleotide delivery is the greatest challenge and especially if the target is 

too complex, it makes it even more difficult. Liver fibrosis for instance, is developed due 

to increased sinusoidal resistance and closure of the sinusoidal pores. Regardless of how 

small the drug molecule may be, the resistance in the lumen creates a great obstacle for 

the delivery system to be able to produce the desired therapeutic effect. Not just liver 

fibrosis, but other complex delivery targets such as various types of cancer and blood 

brain barrier are some of the most difficult to target sites. An efficient delivery system 

that induces negligible side effect and produces maximum therapeutic effect is the most 

important goal for the field of pharmaceutical science. 

 In this work, we first tried to evaluate the problems associated with the siRNA 

delivery to the target cells and worked backwards to improve the system. In chapter 3 we 

first investigated the basic mechanism of intracellular trafficking of siRNA nanocomplex. 

At higher incubation time points post transfection to the hepatic stellate cells with siRNA 

nanocomplex, silencing activity reduced drastically. Our curiosity led us to unveil some 

intriguing mechanisms of siRNA intracellular trafficking and cellular recycling. This 

knowledge helped us understand the possible ways to improve the system to circumvent 

the reduction in therapeutic efficacy over the extended period. 

 In chapter 4, we utilized novel avidin and variants of avidin proteins for the 

delivery of siRNA to hepatic stellate cells. Avidin, neutravidin and streptavidin were 

compared for morphological characteristics, in vitro cellular uptake and silencing 
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activity. The performance of the PCBP2 siRNA in silencing the PCBP2 mRNA was 

significantly improved at elevated time intervals. We also tested avidin, streptavidin and 

neutravidin nanocomplexes for inflammatory cytokine induction in rat blood and in vivo 

biodistribution. We also found that the neutravidin nanocomplexes were more efficiently 

distributed in the liver than other avidin counterparts. 

 In chapter 5 we further improved the delivery system by introducing IGF2R 

specific peptide ligand for targeted delivery of the siRNA. We optimized the formulation 

of the neutravidin based delivery system for PCBP2 siRNA. We observed that various 

ligand to siRNA ratio yield variable morphological characteristics and thereby show 

different cellular uptake. We examined the optimized ratio of nanocomplex (3.5:1:0.5) 

for the treatment of the liver fibrosis model. Data revealed that the major markers of the 

liver fibrosis such as ALT, AST, hydroxyproline, PCBP2 and Type 1 collagen were 

significantly reduced after the treatment with PCBP2 siRNA complexed neutravidin 

nanocomplex. Very insignificant collagen was stained in the liver tissue samples after the 

end of the PCBP2 dosage regimen. Only 1mg/kg siRNA was enough to produce a 

significant reversal of fibrosis in vivo. 

6.2 Future Directions 

1. Employing the immunotherapy to co-deliver PCBP2 siRNA along with the check point 

inhibitor as the apoptosis of the hepatic stellate cells is the best way to ameliorate the 

liver fibrosis. 

2. Develop mouse model for the liver fibrosis by using alcohol or CCL4 as inducer of 

fibrosis and hepatic injury. 
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3. Develop lipid based delivery system as lipids are metabolized in liver, which may also 

enhance the liver localization of the nanoparticulate delivery system and siRNA. 
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