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ABSTRACT 

The objective of this dissertation is to present two approaches to identify Hepatic 

Stellate Cells (HSCs) targeting ligands using phage-display library biopanning and 

systematic evolution of ligands by exponential enrichment (SELEX). These HSC-specific 

ligands can be used for diagnosis and therapy of liver fibrosis. The mechanism of 

fibrogenesis and potential treatments of liver fibrosis are summarized in Chapters 1 and 2.  

In Chapter 3, we identified HSC-specific peptides using a peptide phage display 

for diagnosis and treatment of liver fibrosis. Caused by chronic injuries, such as hepatitis, 

alcohol abuse, and nonalcoholic steatohepatitis, liver fibrosis is characterized by the 

excessive accumulation of extracellular matrix (ECM) in the liver. Activation of HSCs is 

the most critical step during liver fibrogenesis due to the production of excessive ECM 

and profibrogenic cytokines. Therefore, development of HSC-specific delivery systems is 

essential for the success of antifibrotic agents. The objective of this Chapter is to identify 

peptide ligands targeting the insulin like growth factor II receptor (IGFIIR), which is 

overexpressed in HSCs during liver fibrogenesis. A combinatorial phage display 

biopanning against IGFIIE protein- and HSC-T6 rat hepatic stellate cells was conducted 
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to identify phage/peptide candidates. Phage ELISA, cellular uptake and cell viability 

assay were employed to evaluate the binding affinity and specificity of these peptide 

ligands to recombinant human IGFIIR and HSCs. IGFIIR siRNA was used to silence the 

IGFIIR expression in human HSCs (LX-2) to confirm the specificity of the identified 

peptide ligands. Among the identified peptide candidates, the peptide-431 shows the 

highest binding affinity and specificity to recombinant human IGFIIR protein and HSCs. 

The apparent equilibrium dissociation constant (Kd) of the peptide-431 is 6.19 µM for 

LX-2 cells and 12.35 μM for rat hepatic stellate cells HSC-T6. Cellular uptake of the 

peptide-431 in LX-2 cells is significantly reduced after silencing IGFIIR with siRNA. 

The peptide-431 also enhances the uptake of a proapoptotic peptide (KLA peptide) in 

LX-2 and HSC-T6 cells, indicating that the peptide-431 can be used as a targeting ligand 

to deliver antifibrotic agents into not only rat but also human HSCs. In order to improve 

the potential of the application of peptide-431 in liver fibrosis targeted delivery, we 

developed a dimerized peptide-431 which is also descripted in Chapter 3. The binding 

affinity of peptide-431 has improved 9 fold by forming dimer comparing with monomer 

peptide-431.  

We also screened aptamer ligands using SELEX for targeted delivery to HSCs. In 

Chapter 4, IGFIIR-specific aptamers were identified using SELEX. The binding affinity 

and specificity of the aptamers were studied by flow cytometry and Surface Plasma 

Resonance (SPR). The identified aptamer was annealed with the PCBP2 siRNA and 

delivered it into HSCs. The recovered aptamers result shows that the aptamers were 

enriched after seven rounds of SELEX. The binding affinity (Kd) of the aptamer-20 on 
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IGFIIR protein is approximately 35.5 nM. Knocking down the expression of IGFIIR with 

siRNA decreased the binding affinity of aptamer-20, indicating the specificity of the 

aptamer to IGFIIR in HSCs. Cellular uptake of the aptamer-siRNA chimera is much 

higher than the siRNA. PCBP2 expression in HSCs is significantly downregulated after 

incubation with the aptamer-siRNA chimera in LX-2 cells. After systemic administration, 

the aptamer-siRNA chimera is primarily located in the liver of rats with CCl4-induced 

liver fibrosis. Therefore, aptamer-20 is a very promising IGFIIR-specific ligand for drug 

delivery to HSCs.  

 

Key words: liver fibrosis, peptide, aptamer, phage display, SELEX, siRNA targeted 

delivery 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Liver fibrosis is a global health problem and one of the leading causes of 

morbidity and mortality in western developed countries. Caused by chronic liver injuries, 

such as hepatitis, alcohol abuse, and nonalcoholic steatohepatitis, liver fibrosis is 

characterized by abnormal accumulation of extracellular matrix (ECM) in the liver [1-3]. 

Various therapeutic agents including small molecules, oligonucleotides and siRNA have 

been studied for treating liver fibrosis [3-5]. For example, we recently developed an 

siRNA targeting the poly(rC) binding protein 2 (PCBP2) gene, which is overexpressed 

and responsible for the stabilization of the collagen α1(I) mRNA in liver fibrogenesis [5]. 

However, the siRNA has to be specifically delivered to its target cells to exert its 

therapeutic effect with minimum toxicity in other tissues. Activation of hepatic stellate 

cells (HSCs) is the crucial step of fibrogenesis because HSCs are the main producers 

responsible for the excessive production of ECM and profibrogenic cytokines in fibrotic 

liver [6-9]. Therefore, targeted delivery of antifibrotic agents to activated HSCs is 

essential for the success of liver fibrosis therapy.[4, 10, 11] 

Delivery of antifibrotic agents to HSCs still remains a challenge because of the 

closure of endothelial fenestrae and increased resistance of sinusoid lumen to blood flow. 

Nevertheless, several delivery systems have been developed for HSC-specific delivery. 

For example, HSCs stores about 80% of vitamin A in the body, and vitamin A was 

therefore conjugated to liposome for the delivery of siRNA to fibrotic liver cells [5].  
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Peptides have also been studied as ligands for HSC-specific drug delivery. Platelet 

derived growth factor (PDGF) beta receptor recognizing peptide has been conjugated 

with albumin for delivery of interferon gamma to activated HSCs because of the high 

expression of PDGF receptors in HSCs [6].  

1.2 Statement of problem 

The insulin-like growth factor II receptor (IGFIIR), also known as the cation-

independent mannose-6-phosphate receptor (M6PR), is a member of the IGF signaling 

pathway. IGFIIR is a 300 kDa glycoprotein that contains three domains: a cytoplasmic 

domain, a transmembrane domain and an extracellular domain [7]. The major function of 

IGFIIR is to regulate lysosomal enzymes, such as the growth factor IGFII, by 

transporting them to lysosomes for degradation by lysosomal acid hydrolases. The 

expression of IGFIIR in HCCs is upregulated during liver fibrogenesis [8]. Moreover, 

IGFIIR can internalize extracellular ligands, and therefore it can be adopted as a target 

for HSC-specific drug delivery [9, 10]. M6P has been reported as a targeting ligand to 

deliver oligonucleotides into HSCs [11]. However, the binding affinity of M6P with 

IGFIIR is relatively low with a relative binding affinity of 23 µM [12, 13]. In addition, 

conjugation of M6P to a drug or a carrier is always difficult. Therefore, discovering new 

targeting ligands with a higher binding affinity with IGFIIR is critical for a successful 

antifibrotic agent.     

1.3 Objective  

The objectives of this dissertation are to:  
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1) Identify IGFIIR-specific peptides using peptide phage display. HSCs have 

been studied for targeted drug delivery for liver fibrosis therapy. However, anti-fibrotic 

agents are not taken up efficiently by HSCs. A combinatorial peptide phage biopanning 

strategy was developed to identify IGFIIR-specific peptides. 

2) Evaluate the affinity and specificity of the peptide ligands in rat HSC-T6 

cells and human LX-2 cells using various methods.  

3) Discover IGFIIR-specific aptamers using the SELEX on recombinant 

human IGFIIR extracellular domain protein.  

4) Evaluate the affinity and specificity of the IGFIIR-specific aptamer on 

IGFIIR protein using Surface Plasmon Resonance (SPR) and on HSCs LX-2 and HSC-T6 

cells using flow cytometry.  

5) Deliver therapeutic agents to HSCs using the IGFIIR-specific peptides or 

aptamers. A proapoptotic peptide (KLA peptide) was delivered in HSCs by conjugation 

with the discovered peptide. PCBP2 siRNA was delivered in HSCs by forming aptamer-

siRNA chimera. Silencing activity of the delivered siRNA was studied by real-time PCR 

and western blot.  

6) Study the in vivo distribution of the IGFIIR-specific aptamer in rats with 

CCl4 induced liver fibrosis.  
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CHAPTER 2 

REVIEW OF LITERATURE 

 

2.1  Biological Characteristics of liver fibrosis 

Liver fibrosis is a global health problem and one of the leading causes of 

morbidity and mortality in western developed countries. It is caused by chronic liver 

injuries, such as hepatitis, alcohol abuse, and nonalcoholic steatohepatitis, and is 

characterized by abnormal accumulation of extracellular matrix (ECM) in the liver [1, 2]. 

Collagen is the most prominent component of the extracellular matrix and is mainly 

produced by activated hepatic stellate cells (HSCs). HSCs are the predominant cells that 

generate excess extracellular matrix proteins including collagen, elastin and glycoproteins 

during liver fibrogenesis. A number of mediators, such as the insulin-like growth factor I 

(IGFI), transforming growth factor beta 1 (TGF-β1), platelet-derived growth factor 

(PDGF), reactive oxygen species (ROS), and endothelin-1 can activate quiescent HSC. 

Among them, TGF-β1 is the most crucial cytokine for liver fibrosis. It binds with the 

TGF-β1 receptor and regulates the synthesis and degradation of Type I collagen, which 

contains two α1 (I) and one α2 (I) chains and is the major component of the ECM [14]. 

PDGF, which is primarily secreted by Kupffer cells, is considered to be the second most 

important mitogen for the activation of HSCs. The PDGF family consists of PDGF-A, 

PDGF-B, PDGF-C and PDGF-D. PDGF-D activates downstream signaling molecules 

such as PKB/Akt, MAPK, JNK-, p38 and ERK1/2 by binding with the PDGFRβ receptor 

and inducing  autophosphorylation and activation [15].   



 

5 
 

2.2 Diagnosis of Fibrosis 

Liver fibrosis is characterized by the excess accumulation of extracellular matrix 

in the liver during chronic injury. Alcohol abuse, viral infections and nonalcoholic 

steatohepatitis (NASH) are the most frequent causes of liver fibrosis in developed 

countries. The hepatic architecture is distorted by the accumulation of ECM that leads to 

the formation of fibrous scar tissue in the liver.  

Although the major fibrogenesis is well understood, there is still no effective way 

to diagnose and evaluate the stages of fibrosis. Liver biopsy is currently the most 

acceptable strategy for diagnosis. Limitations of liver biopsy include its inconvenience 

for patients and the sampling error. Many other alternative strategies have been reported. 

Non-invasive evaluations are more promising because of their convenience and because 

they do not harm patients.  

Magnetic resonance imaging (MRI) 

Magnetic resonance imaging (MRI) is used by physicians in the clinic to diagnose 

medical stages without a need for surgery. MRI applies a strong magnetic field to 

distinguish malignant lesions from normal tissues, especially when the imaging quality is 

enhanced using contrast agents.  However, there is a limitation for traditional MRI. The 

sensitivity and specificity of conventional MRI are relatively poor. Therefore, many 

molecular MRI studies have been performed to improve the sensitivity and specificity of 

the procedure [16, 17]. Molecular imaging relies on the targeted imaging contrast agents 

which can significantly improve the image quality in certain applications.  
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Passive targeted MRI   

Passive targeted molecular image contrast agents are used in the clinic for the 

diagnosis of liver disease. Two commercial products are available for the diagnosis of 

liver disease: ferumoxides and ferucarbotran [18]. Ferumoxides is a superparamagnetic 

iron oxide (SPIO) nanoparticle that is coated with carboxydextran with a diameter of 45-

60 nm and is available in Japan and Europe. Ferucarbotran is an SPIO colloid that is 

coated with lower molecular weight dextran with the particles size of 120 to 180 nm. 

These contrast agents become distributed in malignant tissue because of the passive 

uptake of the phagocytic Kupffer cells of the reticuloendothelial system (RES). There is a 

safety concern for these two SPIO nanoparticles because of the inorganic materials that 

they contain. For example, lumbar pain/leg pain and hypotension are associated with the 

use of  Ferumoxides. Therefore, biocompatible nanocarriers were studied in an attempt to 

improve the safety of the contrast agents. Chen et al., have used the biocompatible 

polymer PLA-PEG nanoparticle as a platform to develop two passive targeted MRI 

contrast agents for the diagnosis of liver cancer [19, 20]. These nanocomplexes can 

significantly decrease the toxicity and improve the efficacy of the diagnosis by including 

the contrast agent gadolinium on the surface of the nanoparticles [20]. Although passive 

targeted nanoparticles can be used as molecular imaging contrast agents, the targeted 

efficiency needs to be optimized.  

Active targeted MRI  

An understanding of the mechanism of liver fibrogenesis has provided a 

framework for developing targeted approaches for its diagnosis and therapy. The 
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activation of quiescent HSCs to become scar-forming myofibroblast-like cells is the 

critical step. Therefore, targeted delivery systems have been reported that employ this 

unique feature of activated HSCs.   

Integrin, which is the receptor for the activated latent TGF-β1, has been reported 

to be an important mediator for fibrogenesis [21]. A targeted MRI contrast agent was 

developed by conjugating the integrin targeting moiety c(RGDyC) with ultrasmall 

superparamagnetic iron oxide (USPIO) using a thiol-maleimide reaction. This contrast 

agent was evaluated in CCl4- induced liver fibrotic rats [22]. The results demonstrated 

that the c(RGDyC)-USPIO probe was taken up more efficiently by the fibrotic rats than 

by the normal rats after administration of the probes for 4 hours. In addition, the 

differentiation of the T2 relaxation times was much greater with c(RGDyC)-USPIO than 

with USPIO (P<0.05) in fibrotic rats.  

The expression of Type-I collagen is upregulated during fibrosis regardless of the 

cause of the liver injury. A determination of Type-I collagen could be used for evaluating 

fibrosis and for monitoring the therapeutic effect. A Type-I collagen targeted peptide has 

been identified using peptide phage display [23], and the imaging agent gadolinium has 

been conjugated with the peptide for molecular imaging. Other molecular imaging 

contrast agents are being studied that may assist with the diagnosis of liver fibrosis.   

Serum biomarkers  

Biomarkers have significant roles in the diagnosis, prognosis and theranosis of 

diseases in clinical practice and in drug discovery [24]. There are two classes of 

biomarkers: class I for serum components and class II for the grouped panels in general 
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lab tests [25]. Class I fibrosis biomarkers are enzymes or proteins that are secreted from 

the pathophysiological hepatic cells, especially from activated HSCs. Serum levels of 

class I biomarkers, such as cytokines and proteins, are upregulated in liver fibrosis. 

Currently, most assays measure the generation or degradation of the products of the 

extracellular matrix, enzymes (such as serum collagenases), TGF-β and hyaluronic acid 

[26, 27]. For example, serum levels of PDGF-BB, TGF-b1, TIMP-1 and MMP-1 were 

determined in 60 hepatitis B- infected patients and in 20 healthy donors. The results 

revealed that the serum levels of PDGF-BB, TIMP-1, and the ratio of TIMP-1 to MMP-1 

(TIMP-1/MMP-1) were significantly related to the stage of liver fibrosis and can be used 

to evaluate and screen liver fibrosis [28]. Another recently discovered class I biomarker is 

microRNA.  

MicroRNAs (miRNAs) are noncoding, small, endogenous RNAs that affect  cell 

proliferation, migration and invasion in many cancer cells by binding with the 3’ 

untranslated region (3’ UTR) of the target mRNAs [29]. Among the miRNAs, the 

expression of miR-221/222 is upregulated in a mouse model of liver fibrosis and human 

liver fibrotic cells and is related to the expression of α-smooth muscle actin mRNAs and 

α1(I) collagen [30]. Therefore, determining the level of miR-221/222 can be useful in 

evaluating liver fibrosis.  

2.3 Liver fibrosis therapy  

Although the mechanism of fibrogenesis has become clearer recently, there is still 

no clinically approved therapeutic drug available for liver fibrosis. Many drugs are 

currently in clinical trials for treating the causes of fibrosis (Table 1).
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Table 1. List of clinical trials related to liver fibrosis (https://clinicaltrials.gov) 

Disease 

condition 
Drug Sponsor Phase  Title  

Alcoholic Liver 

Disease 
Candesartan Yonsei University  Phase 1/2 Effect of Candesartan in Alcoholic Liver Fibrosis 

Cirrhosis GI262570 GlaxoSmithKline  
 

 Phase 2 

Antifibrotic Activity Of GI262570 In Chronic 

Hepatitis C Subjects 

Hepatitis B 

 Entecavir+Fuzheng 

Huayu+TCM 

Granule 

ShuGuang 

Hospital  
Phase 4 

Traditional Chinese Medicine Combined With 

Entecavir to Treat Refractory Liver Fibrosis in 

Liver Cirrhosis Due to HBV 

Hepatitis B 

 

Hydronidone 

Placebo 

Entecavir 

Shanghai 

Genomics, Inc.  
Phase 2 

A Phase II Clinical Trial of Hydronidone 

Capsules(F351) in Patients With Liver Fibrosis 

Induced by HBV Chronic Hepatitis (HBV) 

Hepatitis B FG-3019 FibroGen Phase 2 
A Study of FG-3019 in Subjects With Liver 

Fibrosis Due to Chronic Hepatitis B Infection 

Hepatitis C 

Drug: Fuzheng 

Huayu 

Drug: Placebo 

Shanghai Sundise 

Traditional 

Chinese Medicine 

Co., Ltd. 

Phase 2 

Assess the Antifibrotic Activity of Fuzheng 

Huayu in Chronic Hepatitis C Patients With 

Hepatic Fibrosis 

Hepatitis C 

Peginterferon-alfa-

2a (Pegasys) and 

Ribavirin 

(Copegus) 

Hoffmann-La 

Roche  
  

An Observational Study of Pegasys 

(Peginterferon Alfa-2a) and Copegus (Ribavirin) 

on Predictive Values of RVR on Sustained 

Virological Response in Different Stages of Liver 

Fibrosis in Treatment-Naïve Patients With 

Chronic Hepatitis C Genotype 1 
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     Table 1. List of clinical trials related to liver fibrosis (Continued) 

Disease 

condition 
Drug Sponsor Phase  Title  

Hepatitis C 
Irbesartan 

 placebo 

French National 

Institute for 

Health and 

Medical Research 

Phase 3 
Evaluation of Irbesartan on Hepatic Fibrosis in 

Chronic Hepatitis C (Fibrosar) 

Hepatitis C 

 PegIntron 

(peginterferon alfa-

2b; SCH 54031) 

Rebetol (ribavirin; 

SCH 18908) 

Merck Sharp & 

Dohme Corp.  
Phase 2 

Efficacy of PegIntron and Rebetol in Previously 

Untreated Patients With Chronic Hepatitis C 

Infected With HCV Genotype 1/4/5/6 (Study 

P04243) (PRACTICE) 

Hepatitis C 

Peginterferon alfa-

2b (PegIFN-2b) 

Stronger neo 

minophagen C  

Merck Sharp & 

Dohme Corp.  
Phase 3 

Efficacy of Peginterferon Alfa-2b (SCH 054031) 

vs Glycyrrhizin in Interferon (IFN)-Treated 

Patients With Chronic Hepatitis C and F2/F3 

Liver Fibrosis (P04773) 

 

Hepatitis C 
Raltegravir 

Merck Sharp & 

Dohme Corp. 
Phase 2 

Raltegravir Switch Study to Reduce Liver 

Fibrosis Progression in HIV-Hepatitis C Co-

infection 

Hepatitis C    

HIV 
Simtuzumab Gilead Sciences phase 2 

A Phase 2a Study of an Anti-LOXL2 Monoclonal 

Antibody (GS-6624) in HIV and/or Hepatitis C- 

Infected Subjects With Liver Fibrosis 

Hepatitis C  

HIV  

Peginterferon 

alpha-2a 

(Pegasys®) 

Ribavirin 

HIV antiretroviral 

therapy 

French National 

Agency for 

Research on 

AIDS and Viral 

Hepatitis 

Phase 3 
Efficacy of Pegylated Interferon on Liver Fibrosis 

in Co-infected Patient With HIV and Hepatitis C 

Hepatitis C 

Liver Fibrosis 
Losartan 

Hospital Clinic of 

Barcelona 
Phase 4 

Effects of Losartan on Hepatic Fibrogenesis in 

Chronic Hepatitis C 
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Table 1. List of clinical trials related to liver fibrosis (Continued) 

Disease 

condition 
Drug Sponsor Phase  Title  

Hepatitis C 

Liver Fibrosis 

Peginterferon alfa-

2b (SCH 54031) 

Merck Sharp & 

Dohme Corp.  
Phase 3 

Prevention of Disease Progress in Chronic 

Hepatitis C Patients With Liver Fibrosis (Study 

P02570AM2) 

Hepatitis C 

Liver Fibrosis 

Peginterferon alfa-

2b 

Ribavirin 

Ribavirin-Placebo 

French National 

Institute for 

Health and 

Medical Research 

Phase 2/3 

Interest of Ribavirin in the Maintenance 

Treatment of Liver Fibrosis Using Low Dose 

Pegylated Interferon alpha2b in Patients With 

Chronic Hepatitis C Non Responders to Previous 

Antiviral Therapy. 

Liver Fibrosis Simtuzumab Gilead Sciences  Phase 2 
Pilot Study of Simtuzumab in the Treatment of 

Liver Fibrosis 

Liver Fibrosis 

Silybin 94 mg + 

vitamin E 90 mg + 

phospholipids 194 

mg complex 

 Placebo 

University of 

Catania  
Phase 3 

Silybin - Vitamin E- Phospholipids Complex 

Reduces Liver Fibrosis in Patients With Chronic 

Hepatitis C Treated With Peg-IFN-a and RBV 

Liver Fibrosis 

Cirrhosis 

interferon gamma-

1b 
InterMune  Phase 2 

Safety and Efficacy Study of Interferon Gamma-

1b in Hepatitis C Patients With Liver Fibrosis or 

Cirrhosis 

Liver Fibrosis 

Liver Cirrhosis 

IDN-6556 

Placebo 

Conatus 

Pharmaceuticals 

Inc.  

Phase 2 
A Trial of IDN-6556 in Post Orthotopic Liver 

Transplant for Chronic HCV (POLT-HCV-SVR) 

Liver Fibrosis 

Liver Cirrhosis 

chronic 

hepatitis type B 

or C 

Oltipraz 

placebo 

CJ HealthCare 

Corporation  
Phase 2 

Efficacy and Safety of Oltipraz in the Patients 

With Liver Fibrosis and Cirrhosis 

 



 

 
 

1
2
 

   

Table 1. List of clinical trials related to liver fibrosis (Continued) 

Disease 

condition 
Drug Sponsor Phase  Title  

Liver 

Transplant 

Hepatitis C 

Cyclosporine A 

Tacrolimus 

Novartis 

Pharmaceuticals  
Phase 4 

Liver Fibrosis in Patients Transplanted for 

Hepatitis C Receiving Either Cyclosporine 

Microemulsion or Tacrolimus 

Moderate to 

Extensive 

Hepatic 

Fibrosis  

ND-L02-s0201 

Injection 

Nitto Denko 

Corporation  
Phase 1 

Phase 1b/2, Open Label, Repeat Dose, Dose 

Escalation Study of ND-L02-s0201 Injection in 

Subjects With Moderate to Extensive Fibrosis 

(METAVIR F3-4) 

Nonalcoholic 

Steatohepatitis 

 

GR-MD-02 

Placebo 

Galectin 

Therapeutics Inc.  
Phase 2 

Clinical Trial to Evaluate Efficacy of GR-MD-02 

for Treatment of Liver Fibrosis in Patients With 

NASH With Advanced Fibrosis (NASH-FX) 

Nonalcoholic 

Steatohepatitis 

Cenicriviroc 

Placebo 

Tobira 

Therapeutics, Inc.  
Phase 2 

Efficacy and Safety Study of Cenicriviroc for the 

Treatment of NASH in Adult Subjects With Liver 

Fibrosis (CENTAUR) 

Nonalcoholic 

Steatohepatitis 
Losartan 

Newcastle-upon-

Tyne Hospitals 

NHS Trust  

Phase 3 
Anti-Fibrotic Effects of Losartan In Nash 

Evaluation Study (FELINE) 

Portal 

Hypertension  

 

GR-MD-02 

Placebo 

Galectin 

Therapeutics Inc.  
Phase 2 

Clinical Trial to Evaluation the Safety and 

Efficacy of GR-MD-02 for the Treatment of 

Liver Fibrosis and Resultant Portal Hypertension 

in Patients With Nash Cirrhosis (NASH-CX) 

Primary 

Sclerosing 

Cholangitis 

(PSC) 

Simtuzumab 

Placebo 
Gilead Sciences  Phase 2 

Simtuzumab (GS-6624) in the Prevention of 

Progression of Liver Fibrosis in Subjects With 

Primary Sclerosing Cholangitis (PSC) 
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Interferon α-2b has been studied for over two decades for treating liver fibrosis 

caused by  the hepatitis C virus[31]. The first randomized controlled clinical trial of 

interferon α-2b was conducted in the early 1990s [32], and the results demonstrated that 

transaminases could be normalized by applying a low-dose of interferon α-2b. 

Furthermore, the histologic appearance was improved by 12 months in the study. A 

significant limitation of interferon α-2b results from its poor pharmacokinetic profile. 

Therefore, peginterferon alfa-2b, which is a conjugate of the protein with polyethylene 

glycol (PEG) via covalent bonds, was produced and studied as a treatment for hepatitis C 

infection. Although the peginterferon alfa-2b could achieve a maximal serum level after 

24 hours of administration, the results of the clinical trials did not produce a dramatic 

improvement. Results from a clinical trial that involved 348 patients indicated that MFS 

did not improve significantly after 2.5 years of treatment with PegIFNa-2b [33]. Another 

trial showed that over 96-weeks of therapy with peg-interferon α-2a in HIV/HCV co-

infected patients had no change in their liver fibrosis [34].  

Another potential antifibrotic agent is an angiotensin II type 1 (AT1) receptor 

antagonist. AT1 receptors are highly expressed in fibrotic rats that were induced with 

CCl4, but not in normal rats [35]. Therefore, a clinical trial of the AT1 receptor 

antagonist losartan was conducted to evaluate its safety and efficacy [36].  The results 

indicated that many profibrogenic and NOX genes were decreased, and the drug was 

tolerated in all patients. Many clinical trials are still ongoing, even though there is still no 

approved therapeutic agent available.   
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2.4 Targeted drug delivery for the treatment of liver fibrosis 

There are many preclinical studies in progress for the treatment of liver fibrosis 

that apply targeted delivery technology. Activation of HSCs is a critical step during liver 

fibrogenesis. There are many cytokines that are highly expressed during this process. 

Therefore, active targeted delivery systems have been developed that target a unique 

stage of liver fibrogenesis.  

Type IV collagen receptor targeted delivery 

The type IV collagen receptor contains three α chains and is mainly secreted by 

activated HSCs. This heterotrimeric glycoprotein stimulates proliferation and modulates 

matrix homeostasis [37]. Therefore, a collagen type IV receptor targeted peptide 

(C*GRGDSPC*) has been modified with the drug carrier human serum albumin (HSA). 

In vivo and in vitro studies have demonstrated that the peptide-modified HSA was 

distributed mainly in the HSCs in the fibrotic liver [38]. Another study showed that 

interferon (IFN)-α1b loaded liposomes were predominantly distributed in HSCs when the 

liposomes were labeled with the type IV collagen receptor-targeted peptide [39].   

Vitamin A targeted delivery  

It has been reported that 80 % of vitamin A in the body is stored as retinyl 

palmitate in lipid droplets in HSCs and that vitamin A is taken up more efficiently by 

HSCs in activated cells than in quiescent cells [5, 40]. A gp46 siRNA was encapsulated 

in vitamin A-coupled liposomes and delivered to rats with liver fibrosis induced by CCl4 

or bile duct ligation. The results demonstrated that liver fibrosis was resolved completely 

after five treatments of the siRNA [5].  
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Platelet derived growth factor beta receptor targeted delivery 

Platelet-derived growth factor (PDGF) is one member of the growth factor family 

that includes PDGF-A, PDGF-B, PDGF-C and PDGF-D. PDGF binds with the receptor 

(PDGFR) and regulates cell proliferation, migration and survival. PDGFR is not only 

upregulated in experimental liver fibrosis models but also in human fibrotic disease [41, 

42]. PDGFβR-targeted delivery systems have been reported [6, 43, 44]. A PDGFβR-

recognizing cyclic peptide (*CSRNLIDC*, PPB) has been conjugated with interferon-

gamma using bifunctional PEG and used to treat CCl4-induced liver fibrosis. Collagen I, 

α-SMA and desmin-positive HSCs were significantly reduced by the IFNγ-PEG-PPB, but 

not by IFNγ or IFNγ-PEG [43]. The same cyclic peptide was also used to modify 

liposomes, which were then used to encapsulate the IFNγ for the treatment of liver 

fibrosis. Similar results were obtained by another group [44]. These studies indicate that 

the PDGFβR-recognizing cyclic peptide can be used in activated HSCs targeted delivery.  

Synaptophysin targeted delivery 

Synaptophysin is a membrane protein that is related to the myofibroblasts of 

activated HSCs. A human monoclonal single chain antibody, C1-3, was generated by 

phage display against the peptide sequence that is part of the extracellular domain of 

synaptophysin [45]. More importantly, tributyl tin was successfully delivered into HSCs 

after conjugation with C1-3. This demonstrated that the C1-3 can be used for targeted 

drug delivery to HSCs. 
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Insulin-like growth factor II receptor targeted delivery 

The insulin-like growth factor II receptor (IGFIIR), also known as the cation-

independent mannose-6-phosphate receptor (M6PR), is a member of the IGF signaling 

system. IGFIIR is a 300 kDa glycoprotein that contains three domains: a cytoplasmic 

domain, a transmembrane domain and an extracellular domain [7]. The major function of 

IGFIIR is to regulate lysosomal enzymes, such as growth factor IGFII, by transporting 

them into lysosomes to allow their digestion by lysosomal acid hydrolases. IGFIIR is 

expressed in HSCs, and its expression is upregulated during liver fibrogenesis [8]. 

Moreover, IGFIIR can internalize extracellular ligands, and therefore it can be adopted as 

a target receptor for HSC-specific drug delivery [9, 10]. A triplex-forming 

oligonucleotide (TFO) was delivered to activated HSCs using M6P-modified HSA in rats. 

The in vivo study indicated that the TFO was mainly distributed in the HSCs in the 

fibrotic rats, but not in hepatocytes in normal rats [11]. Similarly, the Rho-kinase 

inhibitor Y27632 was also conjugated with M6P/human serum albumin (HAS), and its in 

vivo biodistribution was studied [46, 47]. The Y27632/M6P/HAS conjugate was mainly 

distributed in HSCs compared with the free Y27632. The conjugated Y27632 

significantly reduced the collagen deposition, but the free Y27632 did not. Limitations of 

using M6P as a targeting moiety include difficult conjugation and relatively low binding 

affinity (approximately Kd 23 µM). In our work, we are trying to identify targeted 

moieties with high binding affinities and specificity with IGFIIR and to develop them as 

a delivery system for HSCs.  
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In summary, the progress of understanding the mechnism of liver fibrosis has 

promoded many targeted therapy studies. The activation of HSCs is the critical step of 

fibrogenesis. HSCs have been used as target for drug delivery to combat liver fibrosis. 

Non-invasive imaging would improve the diognose of liver fibrosis which also can be 

used for monitoring the therapeutic effect. In this dissertation, we were trying to discover 

HSCs-specific ligands using phage display and SELEX. The binding affinity and 

specificity of the ligands were studied in vitro. And the discovered aptamer ligand was 

studied in vivo to determing the targeted efficiency.  
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CHAPTER 3 

DISCOVERY OF PEPTIDE LIGANDS FOR HEPATIC STELLATE CELLS USING 

PHAGE DISPLAY 

 

Abstract 

Regardless of its cause, liver fibrosis is characterized by the excessive 

accumulation of extracellular matrix (ECM) in the liver. Hepatic stellate cells (HSCs) are 

the main producers responsible for the excessive production of ECM and profibrogenic 

cytokines in fibrotic liver. Therefore, development of HSC-specific delivery systems is 

essential for the success of antifibrotic agents. The objective of this study is to identify 

peptide ligands targeting the insulin like growth factor II receptor (IGFIIR), which is 

overexpressed on HSCs. We expect to use the peptide ligands for the future development 

of HSC-targeted drug delivery system.   

Protein- and whole cell-based phage display biopannings were conducted to 

identify phage/peptide candidates. Phage ELISA, cellular uptake and cell viability assay 

were employed to evaluate the binding affinity and specificity of these peptide ligands to 

recombinant human IGFIIR and HSCs. IGFIIR siRNA was used to silence the IGFIIR 

expression in human hepatic stellate cells (LX-2) to confirm the specificity of the 

identified peptide ligands.  

Among the identified peptide candidates, the peptide-431 shows the highest 

binding affinity and specificity to recombinant human IGFIIR protein and HSCs. The Kd 

value of the peptide-431 is 6.19 µM for LX-2 cells and 12.35 μM for rat hepatic stellate 
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cells HSC-T6. Cellular uptake of the peptide-431 in LX-2 cells is significantly reduced 

after silencing IGFIIR with siRNA. The peptide-431 also enhances the uptake of a 

proapoptotic peptide (KLA peptide) in LX-2 and HSC-T6 cells, indicating that the 

peptide-431 can be used as a targeting ligand to deliver antifibrotic agents into not only 

rat but also human HSCs. Dimerization of the peptide-431 further increase its binding 

affinity to LX-2 cells by approximately nine-fold.  

Keywords: liver fibrosis, HSCs, IGFIIR, peptide ligand, phage display   
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3.1 Rationale  

Liver fibrosis is a global health problem and one of the leading causes of 

morbidity and mortality in western developed countries. Caused by chronic liver damages, 

such as hepatitis, alcohol abuse, and nonalcoholic steatohepatitis, liver fibrosis is 

characterized by abnormal accumulation of extracellular matrix (ECM) in the liver.[1, 2] 

Various therapeutic agents including small molecular antifibrotic molecules, 

oligonucleotides and siRNA have been studied for treating liver fibrosis.[11, 48, 49] For 

example, we recently developed an siRNA targeting the poly(rC) binding protein 2 

(PCBP2) gene, which is overexpressed and responsible for the stabilization of the 

collagen α1(I) mRNA in liver fibrogenesis.[49] However, the siRNA has to be 

specifically delivered to its target cells to exert its therapeutic effect with minimum 

toxicity in other tissues.  Activation of hepatic stellate cells (HSCs) is the crucial step of 

fibrogenesis because HSCs are the main producers responsible for the excessive 

production of ECM and profibrogenic cytokines in fibrotic liver.[50-53] Therefore, 

rgeted delivery of antifibrotic agents to activated HSCs is essential for the success of liver 

fibrosis therapy.[10, 11, 54] 

The insulin-like growth factor 2 receptor (IGFIIR), also known as cation-

independent mannose-6-phosphate receptor (M6PR), is a member of the IGF signaling 

system. IGFIIR is a 300 kDa glycoprotein containing three domains, the cytoplasmic 

domain, transmembrane domain and extracellular domain.[7] The major function of 

IGFIIR is to regulate lysosomal enzymes such as growth factor IGFII by transporting 

them into lysosomes, followed by digestion by lysosomal acid hydrolases. IGFIIR is 
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expressed in HSCs, and its expression is upregulated during liver fibrogenesis.[8] 

Moreover, IGFIIR can internalize extracellular ligands, and therefore it can be adopted as 

a target receptor for HSC-specific drug delivery.[9, 10] 

Targeted drug delivery, especially active targeting, has attracted a great deal of 

attention  in the past three decades.[55] Many types of targeting moieties, such as 

antibodies,[17] peptides,[56] aptamers[57] and other small moieties have been employed 

for active drug targeting.[58] Compared with other targeting moieties, peptides are 

promising targeting ligands because of their high binding affinity, ease of synthesis, less 

immunogenicity, and flexibility in chemical conjugation. As a result, peptide ligands 

have been explored as targeting ligands for a wide variety of drug delivery systems.[56, 

59] Peptide ligands can be discovered by phage display technology.[56, 60] The phage 

biopanning technology is a valuable tool to identify peptide ligands against proteins, cells, 

or tissues. For example, we recently discovered a prostate cancer cell LNCaP-specific 

peptide using a whole cell biopanning procedure.[56]  

In this chapter, a combinatorial biopanning strategy was conducted to identify 

IGFIIR-specific peptides using recombinant human IGFIIR protein and rat hepatic 

stellate cells HSC-T6. The advantage of this combinatorial biopanning strategy is that it 

can identify an IGFIIR-specific peptide that can also specifically recognize the IGFIIR 

protein within the content of the complex cell-surface landscape of hepatic stellate cells. 

The identified peptide shows high affinity and specificity to human and rat hepatic 

stellate cells. The peptide ligand can also deliver a fused apoptotic peptide to hepatic 

stellate cells, indicating its promising potential for HSC-specific drug delivery systems.  
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3.2 Materials and methods  

Materials 

The M13 phage display peptide library (Ph.D.
TM-

 12) and bacteria cells ER2738 

were purchased from New England Biolabs (Beverly, MA). Recombinant human IGFIIR 

extracellular domain protein (Accession # P11717.2 and regions of Ser1510-Phe 2108) 

and anti-human IGFIIR antibody were obtained from R&D SYSEMS® (Minneapolis, 

MN). Non-enzymatic cell dissociation solution was purchased from MP Biomedicals 

(Solon, Ohio). All peptides were ordered from United biosystems (Herndon, VA).  Cell 

culture reagents were purchased from Mediatech, Inc. (Manassas, VA) and Thermo 

Fisher Scientific, Inc. (Pittsburgh, PA). 

Cell culture 

The rat hepatic stellate cell line (HSC-T6) and spontaneously immortalized 

human hepatic stellate cell line (LX-2) were kindly provided by Dr. Scott L. Friedman 

(Mount Sinai School of Medicine, New York University). HSC-T6 and LX-2 cells were 

cultured in DMED medium containing 10% Fetal Bovine Serum (FBS), 100 units/mL 

penicillin and 100 µg/mL streptomycin. All cells were grown at 37°C in a humidified 

atmosphere containing 5% CO2. The culture medium was changed every other day, and 

the cells were passaged when they reached 80-90% confluence.  

Phage display biopanning 

A combinatorial phage biopanning procedure was conducted using recombinant 

human IGFIIR extracellular domain protein (the 1
st
, 3

rd
 and 5

th
 rounds) and rat hepatic 

stellate cells HSC-T6 (the 2
nd

 and 4
th

 round) as shown in Figure 1. Briefly, 1× 10
11

 pfu 
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phages from the Ph.D 12 phage library were incubated with immobilized IGFIIR protein 

in a 96-well plate at 4 ℃ for 2 h under shaking. Unbound phages were removed by 

washing the immobilized IGFIIR protein with PBST (0.1% Tween 20) for three times. 

Bound phages were recovered by adding 1 mL of elution buffer (0.2 M Glycine-HCL, pH 

2.2) and then neutralized with 150 µL of 1 M Tris-HCl (pH 9.1). The recovered phages 

were then amplified for next round biopanning. The whole-cell biopanning was 

performed as previous reported.[56] Briefly, HSC-T6 cells were detached with ice cold 

PBS containing 5 mM EDTA and then suspended in DMEM medium containing 1% 

BSA at a density of 1× 10
7
 cells/mL. 2.0 × 10

10
 phages from the previous round were 

incubated with the cells at 4 ℃ for 1 h under shaking. After incubation, 200 µL organic 

phase composed of dibutyl phthalate and cyclohexanol (9:1, v/v) was added to the cell 

suspension and centrifuged at 4 ℃ for 10 min. The bottom of the microcentrifuge tube 

which contains the cell/phage complex was cut off after snap freezing in liquid nitrogen. 

The bound phages were recovered by infecting ER2738 bacterial cells, followed by 

amplification for next round biopanning.  
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Figure 1. Combinatorial phage biopanning. The first, third, and fifth rounds of 

biopanning were conducted on recombinant human IGFIIR protein, while the second and 

fourth rounds of biopanning were conducted against rat hepatic stellate cells HSC-T6.  
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Phage DNA sequencing and phage ELISA 

Individual phage clones were randomly selected and cultured in 1 mL ER2738 

bacteria (growing in early stage) at 37 
o
C for 4.5 h. Phage DNA was extracted, purified 

using the DNA clean system (Promega, Madison, WI), and then sequenced with an ABI 

Genetic Analyzer 3100 (Applied biosystems, USA). The primer used for sequencing is 

5’-CCCTCATAGTTAGCGTAACG-3’. The encoded peptide sequence was deduced 

from the DNA sequence. 

Phages expressing inserted peptide were selected for phage ELISA. One 

microgram of recombinant human IGFIIR protein was coated on 96-well ELISA plates at 

4
o
C overnight under gentle shaking. PBS containing 5% BSA was then added for 

blocking at room temperature for 1 h. 1 × 10
10

 pfu phages of each phage clone were 

added and incubated with the IGFIIR protein at room temperature for 1 h. After washing 

to remove the unbound phages, the HRP-conjugated M13 antibody was added and 

incubated for 1 h. TMB substrate was then added, and the absorbance at 450 nm was 

measured subsequently with a Beckman DTX 880 multimode Detector (Beckman coulter, 

Inc., Brea, CA).   

Cells detachment study 

Human hepatic stellate cells LX-2 were detached using 0.25% trypsin or non-

enzymatic cell dissociation solution. The detached cells were incubate with 10 μM 5-

FAM labeled peptide-425, peptide-431 and peptide-515 at 37 
o
C for 1 h under gentle 

rotation. After washing, the cells were suspended in PBS (500 μL) and subjected to 
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fluorescence analysis on a FACScalibur flow cytometer (BD Biosciences, Franklin Lakes, 

NJ) using 488-nm laser excitation and a 535-nm emission filter. 

Cellular uptake of the selected peptides 

LX-2 and HSC-T6 cells were detached using the non-enzymatic cell dissociation 

solution and suspended in Opti-MEM medium at a density of 1 x 10
6
 cells/mL. Five 

hundred microliters of the detached cells were incubated with 10 μM 5-FAM labeled 

peptides at 37℃ under gentle rotation for different time intervals (15 min, 30 min and 60 

min). The cells were then subjected to fluorescence analysis using the FACScalibur flow 

cytometer (BD Biosciences, Franklin Lakes, NJ) as described above. .  

Binding affinity to hepatic stellate cells 

LX-2 and HSC-T6 cells were detached using non-enzymatic cell dissociation 

solution and suspended in Opti-MEM medium at 1 × 10
6
 cells/mL. 5-FAM labeled 

peptide-431 at different concentrations were incubated with the cells at 37
o
C for 1 h 

under gentle rotation. The Cells were subjected to fluorescence analysis using the 

FACScalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ) as described above. 

The Kd values were calculated using GraphPad Prism.  

Knockdown of IGFIIR using siRNA 

Cells were transfected with anti-IGFIIR siRNA as previously reported.[61, 62] 

Briefly, LX-2 cells (2 × 10
4
 cells/well) were seeded in 24-well plates 16 h before the 

transfection. The anti-IGFIIR siRNA was transfected at a final concentration of 10 nM 

and 50 nM using Lipofectamine® RNAiMAX  following the manufactory’s instruction. 

Twenty-four hours after the transfection, the cells were harvested and total RNA was 
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isolated using GenElute™ Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, Saint 

Louis MO). The sequences of IGFIIR siRNA are 5’- UAUAGAGCAAGCCUGGUCU-3’ 

(sense strand) and 5’-AGACCAGGCUUGCUCUAUA-3’ (antisense strand) as 

reported.[63]  

Real-time PCR 

Real-time PCR was performed using iTaq™ universal SYBR® Green one-step kit 

(BIO-RAD). The primers used for the study were as follows: hIGFIIR 5’-TGT CTC CAT 

AGA CCT CAC ACC ACT-3’ (forward primer) and 5’-GCT GAA ACC CTG AGC 

TGC ATT CAT-3’ (reverse primer). 18s ribosomal RNA was used as an internal control 

and the primers are 5’-GTCTGTGATGCCCTTAGATG-3’ (forward primer) and 5’-

AGCTTATGACCCGCACTTAC-3’ (reverse primer).  

Western blot 

LX-2 cells were transfected with the IGFIIR siRNA for 48 h as described above. 

The cells were washed with cold PBS and then incubated with ice-cold RIPA buffer 

containing protease inhibitor cocktail. After 5 minute incubation on ice, cell lysate was 

recovered by centrifugation at 4℃ for 20 minutes at 12,000g. The total protein 

concentration was determined using BCA assay. Equal amounts of total proteins (20 μg) 

were resolved on a 6% SDS-PAGE gel. The separated proteins were transferred to a 

PVDF membrane using wet transfer method overnight at 4℃. The membrane was 

blocked with 5% non-fat milk at 4
o
C for 12 h and probed with anti-human IGFIIR 

monoclonal antibody. The protein was then visualized using horseradish peroxidase 

conjugated anti-mouse secondary antibody. Images were taken using the FluorChem 
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HD2 Chemiluminescent imaging system (Alpha Innotech, Santa Clara, CA) after 

incubating with the chemiluminescent reagent (Millipore Corporation, Billerica, MA) at 

room temperature for 5 minutes. The same membrane was probed with anti-β-actin 

antibody as an internal control. 

Confocal microscopy study 

LX-2 cells were seeded in 4-well champers and transfected with the IGFIIR 

siRNA for 48 h. The cells were washed with DPBS and incubated with 10 µM peptide-

431 at 37℃ for 1h. The cells were then fixed with 10% buffered formalin phosphate 

solution at room temperature for 10 min, followed by washing with DPBS three times. 

The cells were mounted in one drop of the VECTASHIELD
®
 Mounting medium with 

DAPI and imaged with a laser scanning confocal microscope (Leica TCS SP5).  

Specificity of the peptide-431 to IGFIIR  

LX-2 cells were seeded in 4-well chambers and transfected with the IGF-2R 

siRNA for 48 h. The cells were washed with DPBS and incubated with 10 µM peptide-

431 at 37℃ for 1 h. The cells were then fixed with 10% buffered formalin phosphate 

solution at room temperature for 10 min, followed by washing with DPBS three times. 

The cells were mounted in one drop of the VECTASHIELD
®
 mounting medium with 

DAPI and imaged with a laser scanning confocal microscope (Leica TCS SP5). LX-2 

cells were seeded in 6-well plate and transfected with siRNA for 48 h. The cells were 

detached by nonenzymatic cells dissociation solution and incubated with 10 µM peptide-

431 at 37℃ for 1 h. The labeled cells were determined by flow cytometry as described 

above.  
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Serum protein binding study 

LX-2 cells were detached by non-enzymatic cell dissociation solution and 

suspended in Opti-MEM medium, FBS-free DMEM medium, 2% FBS DMEM medium 

and 10% FBS DMEM medium, respectively. The suspended cells were incubated with 

peptide-431 for 1 h and then subjected to fluorescence analysis using the FACScalibur 

flow cytometer (BD Biosciences, Franklin Lakes, NJ) as described above.   

Cell viability assay  

LX-2 and HSC-T6 (1×10
4
 cells per well) cells were cultured in 96-well plates for 

12 h in DMEM medium containing 10% FBS. The peptide-431/KLA fusion peptide, the 

mixture of peptide-431 and KLA peptide, and KLA peptide were incubated with the cells 

for 48 h. Cell viability was measured using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay and cell morphology was determined by microscopy.  

Statistics analysis 

Data were expressed as the mean ± standard deviation (SD). Difference between 

any two groups was determined by Tukey’s Multiple Comparison Test following 

ANOVA. P<0.05 was considered statistically significant. 

3.3 Results  

Phages biopanning  

In order to identify peptides that can bind to IGFIIR on human and rat hepatic 

stellate cells, a combinatorial phage biopanning procedure was conducted. As shown in 

Figure 1, the first, third, and fifth rounds of biopanning were conducted on recombinant 

human IGFIIR protein, while the second and fourth rounds of biopanning were conducted 
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against rat hepatic stellate cells HSC-T6. In each round, approximately 10
11

 pfu of phages 

were incubated with the target, and bound phages were eluted, titrated, amplified and 

then used for the next round of biopanning. Figure 2 shows the number of bound phages 

after each round of biopanning. After three rounds (1
st
, 3

rd
, and 5

th 
rounds) of biopanning 

on the recombinant human IGFIIR protein, the phages from the 5
th

 round pool exhibit 

much higher affinity to the IGFIIR protein compared to the 1
st
 round phages.  

 

 

Figure 2. The number of recovered phages after each round of biopanning. 

Peptides were recovered from the biopanning and tittering was performed to count the 

recovered peptide. Results are represented as the mean ± SD (n=3). 
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Twenty-eight phage clones were randomly selected after the 4
th

 and 5
th

 rounds of 

biopanning, followed by amplification and DNA sequencing. As shown in table 2, 16 of 

the selected phages encode the same peptide sequence, which is named as the peptide-

515. One of the phages is peptide insertless. Binding affinity of the selected phage clones 

encoding inserted peptides was evaluated by ELISA on recombinant human IGFIIR 

protein (Figure 3). Compared to the control phage which is peptide insertless, all the 

selected phages exhibited higher binding affinity.  
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Table 2. Peptide sequence of the selected phage clones 

Phage No.  Sequence Frequency 

control N/A  N/A 

408 G F P T R F E A L S S N  2 

420 G L H T S A T N L Y L H 1 

422 H S F K W L D S P R L R 1 

423 S G V Y K V A Y D G Q H 1 

425 K A S G S P S G F W P S 1 

431 V H W D F R Q W W Q P S 2 

436 R R V D K V Q Y D R Q H 1 

439 G L H T S A L S D L H  1 

504 H T S S L W H L F R S T  2 

515 S G V Y K V A Y D W Q H  16 
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Figure 3. Binding efficacy of randomly selected phage clones on human recombinant 

IGFIIR protein. Phage clones were randomly selected after the 4
th

 and 5
th

 round of 

biopanning. Binding of the phages on IGFIIR and BSA was examined with phage ELISA, 

and the binding ratio was calculated. Results are represented as the mean ± SD (n=3). 

 

 

 

 

 

 

c o ntro l 4 0 8 4 2 0 4 2 2 4 2 3 4 2 5 4 3 1 4 3 6 5 0 4 5 1 5

0

1

2

3

4
O

D
4

5
0

(I
G

F
II

R
) 

 /
O

D
4

5
0
 (

B
S

A
)



 

34 
 

Cellular uptake of the identified peptides 

We next selected the six phages (420, 422, 425, 431, 504, and 515) which showed 

the highest binding affinity to the IGFIIR protein and more repeat sequence then 

synthesized the encoded peptides for following affinity studies in human and rat hepatic 

stellate cells. It is known that cell detachment method may change cell condition and 

thereafter affect cellular uptake of various molecules including peptides. For example, 

cells treated by non-enzymatic cell dissociation solution showed higher peptide uptake 

compared to trypsinized cells.[64] As a result, we examined cellular uptake of the 5-FAM 

labeled peptides (425, 431, and 515) in human hepatic stellate cells LX-2 upon the 

treatment with non-enzymatic cell dissociation solution and trypsin. As Figure 4 showed, 

all the three peptides exhibited higher cellular uptake in non-enzymatic cell dissociation 

solution, which is consistent with a previous report.[64] We also evaluated the effect of 

incubation time on cellular uptake of the peptides. 5-FAM labeled peptide-431 was 

incubated with LX-2 cells for different incubation time points. Cellular uptake of the 

peptide exhibited a time-dependent increase (Figure 5). Therefore, non-enzymatic cell 

dissociation solution and one hour incubation time were selected to evaluate all the 

peptides (420, 422, 425, 431, 504, and 515) in human hepatic stellate cells LX-2 (Figure 

6) and rat hepatic stellate cells HSC-T6 (Figure 7). On both cell lines, the peptide-431 

exhibited the highest binding affinity compared to the control peptide and other selected 

peptides. In addition, the peptide-431 showed much higher cellular uptake in LX-2 (62%) 

than HSC-6 (12%) cells. This could be due to the fact that the human recombinant 
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IGFIIR protein was used in the biopanning procedure, and therefore the peptide ligand 

has higher binding affinity to IGFIIR protein on human HSC than rat HSC.       

 

 

Figure 4. The effect of cell detachment method on cellular uptake of the identified 

peptides. LX-2 cells detached with trypsin and non-enzymatic cell dissociation solution 

were incubated with 10 µM 5-FAM labeled peptides at 37℃ for 1 hour. The labeled cells 

were analyzed by flow cytometry after washing with PBS. Results are represented as the 

mean ± SD (n=3).  
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Figure 5. The effect of incubation time on cellular uptake of the identified peptides.  

LX-2 cells detached with non-enzymatic cell dissociation solution and trypsin were 

incubated with 10 µM 5-FAM labeled peptides at 37℃ for 1 hour. The labeled cells were 

analyzed by flow cytometry after washing with PBS. Results are represented as the mean 

± SD (n=3) 
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Figure 6. Cellular uptake of the selected peptides in hepatic stellate cells LX-2 cells.  

LX-2 cells were detached using non-enzymatic cell dissociation solution and then 

incubate with 10 μM 5-FAM labeled peptides at 37℃ for 1 hour. The labeled cells were 

analyzed by flow cytometry after washing with PBS. Results are represented as the mean 

± SD (n=3). 
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Figure 7. Cellular uptake of the selected peptides in hepatic stellate cells HSC-T6.  

HSC-T6 cells were detached using non-enzymatic cell dissociation solution and then 

incubate with 10 μM 5-FAM labeled peptides at 37℃ for 1 hour. The labeled cells were 

analyzed by flow cytometry after washing with PBS. Results are represented as the mean 

± SD (n=3). 
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We next measured the apparent equilibrium dissociation constants (Kd) of the 

peptides (422, 425, 431, and 515) to LX-2 (Figure 8A) and HSC-T6 (Figure 8B) cells. 

The cells were incubated with 5-FAM labeled peptides at different concentrations for 1 

hour at 37°C. The labeled cells were detected by flow cytometry, and the apparent Kd 

value was calculated using GraphPad Prism. As Figure 6 demonstrated, the peptide-431 

showed the lowest apparent Kd (6.19 µM) in LX-2 cells. It also showed a comparable Kd 

(12.35 µM) in HSC-T6 cells, suggesting its promising potential as a targeting ligand for 

both preclinical animal study and future clinical evaluation. The other three peptides (422, 

431, and 515) also showed good binding to LX-2 cells. The result is consistent with the 

cellular uptake result in Figure 7.  
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Figure 8. Apparent equilibrium dissociation constants (Kd) of the selected peptides 

in LX-2 (A) and HSC-T6 (B) cells.  

The cells were incubated with 5-FAM labeled peptides at different concentrations at 37°C 

for 1 hour. The labeled cells were detected by flow cytometry, and the apparent Kd value 

was calculated using GraphPad Prism. Results are represented as the mean ± SD (n=3). 
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Table 3. Apparent Kd value of selected peptides on LX-2 cells and HSC-T6 cells. 

 

Peptides  422 425 431 515 

Kd (µM) with LX-2 cells  26.52±3.75 62.91±6.21 6.19±1.90 65.00±3.85 

Kd (µM) with HSC-T6 cells  402.30±96.50 N/A 12.35±0.99 57.60±7.91 
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Specificity of the peptide-431 to IGFIIR   

In addition to affinity, we also evaluated specificity of the peptide-431 to IGFIIR 

in LX-2 cells. For this purpose, the expression of IGFIIR in LX-2 cells was silenced 

using siRNA. As shown in Figure 9 A&B, the IGFIIR siRNA (10 and 50 nM) 

dramatically knocked down the expression of IGFIIR in LX-2 cells at the mRNA and 

protein levels. After transfection with the siRNA for 24 hours, the mRNA expression of 

IGFIIR was silenced by more than 85%, and the protein expression was silenced to 

almost negligible levels. Accordingly, the IGFIIR siRNA treated cells exhibited lower 

uptake of the 5-FAM labeled peptide-431 than the cells treated with scrambled siRNA 

(Figure 10). This result suggests the specificity of the peptide-431 to IGFIIR on LX-2 

cells.   

  



 

43 
 

 

 

Figure 9. Specificity of the peptide-431 to IGFIIR. IGFIIR siRNA silenced the 

IGFIIR on LX-2 cells at both the mRNA (A) and protein levels (B).  

LX-2 cells were treated with the IGFIIR siRNA and then the mRNA expression was 

determined by real-time PCR and the IGFIIR protein expression was determined by 

western blot.  
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Figure 10. Specificity of the peptide-431 to IGFIIR.  IGFIIR siRNA silenced the 

IGFIIR on LX-2 cells then incubated with the 5-FAM labeled peptide-431. The cellular 

uptake was determined by confocal microcopy and flow cytometry. Confocal imaging (A) 

studies were conducted in triplicate. Results are represented as the mean ± SD (n=3) for 

the flow cytometry result. 
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Serum protein binding study 

It is important to evaluate the stability of peptides in the presence of serum 

proteins, which may nonspecifically bind to IGFIIR-specific peptides.[65] As a result, we 

evaluated the cellular uptake of 5-FAM labeled peptide-431 in LX-2 cells in the serum-

reduced medium Opti-MEM and DMEM media containing different concentrations of 

fetal bovine serum (FBS). As illustrated in Figure 11, cellular uptake of the peptide-431 

was not significantly affected by the FBS up to 10%, indicating good stability of the 

peptide in the presence of serum protein.  
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Figure 11. Serum protein binding of the peptide-431. LX-2 cells were detached by 

non-enzymatic cell dissociation solution and then incubated with the 5-FAM labeled 

peptide-431 in Opti-MEM medium, and DMEM media containing different 

concentrations of FBS 37℃ for 1 hour. The labeled cells were analyzed by flow 

cytometry after washing with PBS. Results are represented as the mean ± SD (n=3). 
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The peptide-431 enhances the uptake and apoptotic effect of a pro-apoptotic peptide 

The objective of this study is to identify an IGFIIR-specific peptide ligand that 

can be used to deliver various anti-fibrotic agents to hepatic stellate cells. Therefore, it is 

essential to demonstrate that the peptide-431 can efficiently deliver a cargo into hepatic 

stellate cells. The pro-apoptotic peptide KLAKLAKKLAKLAK (KLA) is able to trigger 

mitochondrial disruption and induce cell death. However, the KLA peptide itself cannot 

enter cells to exert its pro-apoptotic activity.[56, 66] We therefore prepared a 

KLA/peptide-431 fusion peptide and examined its pro-apoptotic activity in LX-2 and 

HSC-T6 cells (Figure 12). As Figure 12 demonstrated, the KLA peptide alone did not 

exhibit apoptotic activity due to its inability to enter the cells by itself. Similarly, the 

mixture of KLA and peptide-431 also did not exhibit apoptotic activity in LX-2 cells. By 

contrast, the KLA/peptide-431 fusion peptide induced significant cell death in LX-2 cells, 

indicating that the peptide-431 mediates the cellular uptake of the fusion peptide in LX-2 

cells. Similar results were observed in HSC-T6 cells (Figure 12). These results clearly 

suggested the promising potential of using the peptide-431 as a targeting ligand to 

mediate cellular uptake of therapeutic agents.  
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Figure 12. The peptide-431 enhances the uptake and apoptotic effect of a pro-

apoptotic peptide in LX-2 (A) and HSC-T6 (B). The peptide-431/KLA fusion peptide, 

the mixture of peptide-431 and KLA peptide, and KLA peptide were incubated with the 

cells for 48 h. Cell viability was measured using MTT assay. Results are represented as 

the mean ± SD (n=3). 

 

 

 

 

 

 

 

 

 

 

A B 



 

49 
 

Dimerization of the peptide-431 improves its binding affinity 

In order to improve the binding affinity of the peptide-431, two peptide-431 were 

linked to a lysine to form the dimeric peptide-431 (Figure 13). Affinity of the dimeric 

peptide-431 was evaluated in LX-2 cells as described above. As shown in Figure 13B, Kd 

value of the dimeric peptide-431 is 700.9 nM, which is approximately nine-fold lower 

compared to the monomeric peptide-431. This result is in agreement with a previous 

observation in which a dimeric peptide improves its binding affinity to prostate-specific 

membrane antigen (PSMA).[67] In order to study whether the dimeric peptide-431 can be 

efficiently taken up by the activated HSCs, the dimeric peptide-431 was incubated with 

different passages of primary rat HSCs. The result shows that the dimeric peptide-431 has 

significantly uptake by the passage number 10 and passage number 13 but not passage 

number 5 (Figure 14). This is because the primary cells are activated after 10 passages 

and the expression of IGFIIR is upregulated.  
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Figure 13. Dimerization of the peptide-431 improves its binding affinity to LX-2 

cells. (A) Structure of the dimerized peptide-431. (B) Equilibrium dissociation curve of 

the dimeric peptide-431 in LX-2 cells. Results are represented as the mean ± SD (n=3). 
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Figure 14. Dimeric peptide-431 was incubated with different of passage numbers of 

rat primary HSCs. The cellular uptake was determined by confocal microscopy. The 

dimeric peptide-431 shows higher cellular uptake by the passage No.10 and passage No. 

13 of the primary HSCs but not passage No. 5. 
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3.4 Discussion   

In this study, we identified an IGFIIR-specific peptide using a novel 

combinatorial biopanning strategy. The selected peptide-431 exhibited a high and 

specific binding to IGFIIR on human and rat HSCs. Moreover, the peptide-431 delivered 

a proapoptotic peptide to HSCs and induced cell death, indicating the tremendous 

potential of using the peptide-431 as a targeting ligand for HSC-specific drug delivery 

system. 

Phage display has been used for peptide ligand identification for various targets. 

Biopanning of a phage display library can be conducted on recombinant proteins, whole 

cells or animal tissues. Most of the biopannings are only performed either on a specific 

protein or on a specific cell line. In this study, we developed a novel biopanning strategy 

which combines protein-based biopanning with cell-based biopanning to identify IGFIIR-

specific peptides for HSC targeted drug delivery. Protein-based biopanning is easily 

controlled and there is no interference from other impurities, which guarantees high 

specificity of identified ligands. However, a recombinant protein may have a different 

conformation from its native structure on the cells. Therefore, peptide ligands identified 

from protein-based biopanning may not bind to the same target on its cells. By contrast, 

peptide ligands identified from cell-based biopanning can effectively bind to the native 

target on the cells. The disadvantage of cell-based biopanning is that there are many other 

proteins, lipids and carbohydrates on the cell surface, leading to interfere with phage 

biopanning.[56] Therefore, we combined the protein-based biopanning and cell-based 

biopanning in this study to achieve high specificity as well as binding affinity to IGRIIR 
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on hepatic stellate cells. Although the ultimate goal is to identify a peptide ligand that can 

be used for future clinical study, the peptide ligand should also have a comparable 

binding affinity to rat IGFIIR so that it can be evaluated in preclinical animal studies. For 

this purpose, we selected human recombinant IGFIIR and rat hepatic stellate cell HSC-T6 

in the combinatorial biopanning.  

IGFIIR is an essential receptor to regulate the mannose-6-phosphate tagged 

lysosomal enzymes by transferring the enzymes from the secret sites to 

lysosome/endosome.  The 300-kD protein contains 15 extracellular domains, which are 

the main binding sites for IGFII, M6P and M6P analogues. The domain 3, 5, and 9 forms 

the binding pocket for M6P.[68] To avoid interfering with IGFIIR’s native function, the 

recombinant human IGFIIR containing the domains 10-14 was used for the biopanning. 

We performed a BLAST search (http://blast.ncbi.nlm.nih.gov) to find regions of 

similarity between human and rat amino acid sequences in the IGFIIR domains 10-14. 

The BLAST result shows a high similarity between human and rat IGFIIR extracellular 

domain. Approximately 83% amino acids are identical in the hit and the query, and 92% 

of the amino acids are very similar to each other. 

After biopaining, phage ELISA and cellular uptake were conducted to identify 

several IGFIIR-specific peptide ligands. Among them, the peptide-431 shows the highest 

binding affinity not only in human but also in rat hepatic stellate cells (Figures 5 & 6). 

The binding affinity of the peptide-431 (Kd 6.19 μM) to LX-2 cells is comparable to the 

affinity of pentamannose-6-phosphate (PMP) to IGFIIR (relative binding affinity IC50 = 

5.6 μM). By contrast, the affinity of M6P (relative binding affinity IC50= 23 µM) to 



 

54 
 

IGFIIR is relatively lower.[12, 13] In addition, chemical synthesis of M6P and its analogs 

is complicated, which limits its application as a targeting ligand for drug delivery 

systems.[69, 70] Therefore, the peptide-431 is more suitable for HSC targeted drug 

delivery due to the ease of synthesis and conjugation.  

Not only affinity but also specificity is critical for the successful application of a 

targeting ligand. We therefore evaluated whether binding of the peptide-431 to hepatic 

stellate cells is mediated by IGFIIR (Figure 7). For this purpose, we silenced IGFIIR in 

hepatic stellate cells and then examined cellular uptake of the peptide-431. After 

knocking down IGFIIR, cellular uptake of the peptide-431 was dramatically reduced 

compared to the control group. This result indicates that the peptide-431 binds to IGFIIR 

on the surface of hepatic stellate cells. We also demonstrated that the peptide-431 is able 

to deliver the pro-apoptotic KLA peptide into hepatic stellate cells to induce cell death 

(Figure 9). All these results suggest that the peptide-431 could be used as an IGFIIR-

specific ligand to deliver various anti-fibrotic agents to hepatic stellate cells.  

In general, binding affinity of peptide ligands is lower compared to antibodies and 

aptamers. However, there are several strategies to improve the binding affinity of peptide 

ligands. One strategy is to change the stereochemistry of a peptide ligand. For example, a 

D-amino acid peptide ligand showed a 10-fold improvement in affinity compared to its 

L-amino acid counterpart.[71] Another strategy is dimerization or trimerization of a 

peptide ligand. A PSMA-specific peptide was dimerized, and the affinity to PSMA was 

dramatically enhanced.[67] In our study, binding affinity of the dimeric peptide-431 was 

improved by 9-fold in comparison to the monomeric peptide-431 (Figure 10). The 
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enhanced binding affinity could be due to the dimerized extracellular domain of 

IGFIIR.[72] In our future studies, we will evaluate whether different dimerization 

methods can further enhance its binding affinity.  

IGFIIR is highly expressed not only in fibrotic HSCs but also in several cancers. 

For example, IGFIIR was found highly expressed in hepatocellular carcinoma (HCC) 

tissues [73] and melanoma.[74] Therefore, the IGFIIR-specific peptide-431 may be used 

as a targeting ligand for HCC, melanoma, and brain cells.  

In conclusion, we have successfully identified an IGFIIR-specific peptide using 

combinatorial phage biopanning against human recombinant IGFIIR protein and rat 

hepatic stellate cells HSC-T6. The peptide-431exhibits high and specific binding to 

IGFIIR on human and rat hepatic stellate cells. In addition, the peptide-431 mediates 

cellular uptake of an apoptotic peptide in hepatic stellate cells. All the results suggest that 

the peptide-431 can be a promising ligand for targeted delivery of various anti-fibrotic 

agents to hepatic stellate cells.   
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CHAPTER 4 

DISCOVERY OF APTAMER LIGANDS FOR HEPATIC STELLATE CELLS USING 

SELEX 

 

Abstract 

Activated hepatic stellate cells (HSCs) are the major target for liver fibrosis 

therapy. IGFIIR is overexpressed during HSC activation, and IGFIIR may be useful as a 

target for targeted drug delivery to HSCs. IGFIIR-specific aptamers were identified by 

seven rounds of systematic evolution of ligands by exponential enrichment (SELEX). 

The binding affinity and specificity of the aptamers were studied by flow cytometry and 

Surface Plasmon Resonance (SPR). The binding affinity of the selected aptamer-20 for 

recombinant human IGFIIR protein was 35.5 nM, as determined by SPR, and on LX-2 

cells was 45.12 nM as determined by flow cytometry. The labeled cells were significantly 

decreased after knocking down the expression of IGFIIR by siRNA, which demonstrates 

the binding specificity of aptamer-20. The aptamer-siRNA chimera exhibits significant 

silencing activity in LX-2 cells and is mainly located in the liver 1 hour after injection. 

Therefore, aptamer-20 is a promising ligand for targeted drug delivery to HSCs.  

Keywords: liver fibrosis, HSCs, aptamer, SELEX, IGFIIR 
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4.1  Rationale  

Liver cirrhosis, which is an advanced stage of liver fibrosis, is a worldwide health 

problem that was responsible for more than 1,030,000 deaths in 2010 [3]. Liver fibrosis is 

the accumulation of excess extracellular matrix that results from chronic liver injury. It 

originates with inflammatory-connected liver injury and the activation of collagen-

producing cells. Type I collagen is the primary component of the extracellular matrix, 

and it is mainly produced by activated hepatic stellate cells (HSCs). HSCs are the key 

pathogenic cells that are involved in liver fibrogenesis. There is clinical evidence that  

liver fibrosis is reversible and cirrhosis is irreversible [4]. However, there is still no 

acceptable therapeutic strategy for the treatment of liver fibrosis.  

HSCs have attracted much attention as targets for the treatment of liver fibrosis 

during the last decade. However, anti-fibrotic agents are not taken up efficiently by HSCs 

because of the closure of endothelial fenestrae and an increased resistance of the 

sinusoidal lumen to blood flow [2]. Therefore, developing a targeted delivery system for 

HSCs is urgent. Several delivery systems have been reported for the delivery of drugs to 

HSCs. For example, vitamin A has been conjugated to liposome for the delivery of 

siRNA for liver fibrosis therapy because HSCs are known to store vitamin A [5]. 

Peptides have also been studied as ligands for targeted delivery to HSCs. A platelet 

derived growth factor (PDGF) beta receptor-recognizing peptide was conjugated with 

albumin for the delivery of interferon gamma to activated HSCs because there is a high 

level of expression of the PDGF receptor on activated HSCs [6].  
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The insulin like growth factor II receptor (IGFIIR), also known as the mannose 6 

phosphate receptor (M6PR), is a cation-independent glycoprotein that is comprised of 

three major regional domains, including the cytoplasmic domain, the transmembrane 

domain and the extracellular domain [7]. The function of transporting bound ligands into 

the cytoplasm from the membrane is the most attractive feature of IGFIIR that can be 

utilized for developing targeted drug delivery systems [9]. We have identified a specific 

peptide-431 which binds to IGFIIR on LX-2 cells and HSC-T6 cells with high binding 

affinity in Chapter 3 [75]. The dimeric form of peptide-431 further improves the binding 

affinity to LX-2 cells. However, there is a limitation for the delivery of siRNA using 

peptide-431. The peptide has to be conjugated with the delivery system by chemical 

conjugation and then condensed with siRNA. Therefore, finding an efficient delivery 

system for targeted delivery to HSCs is an urgent task.  

In this project, a systematic evolution of ligands by exponential enrichment 

(SELEX) will be conducted to identify IGFIIR-specific aptamers that have a higher 

binding affinity and are easier to anneal with siRNA. Aptamers, including RNA aptamers 

and DNA aptamers, have been studied for more than two decades [76]. Aptamers possess 

many advantages as targeted moieties compared to peptides, including 1) an increased 

binding affinity with the target from the nM to the pM range, 2) easier modification to 

improve the pharmacokinetic profiles, 3) a convenient in vitro selection process, and 4) 

easier annealing with siRNAs for targeting delivery. Macugen, also known as pegaptanib, 

is the first aptamer approved by the FDA in 2004 for the treatment of neovascular (wet) 

age-related macular degeneration [77]. It is a 2’-F-pyrimidinesubstituted RNA aptamer 
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with a 5’-linked 40 kDa polyethylene glycol modification. This modification improves 

the nuclease stability and the pharmacokinetic profile of pegaptanib. There are many 

other aptamers that are in different phases of clinical trials. Clinical trial results have 

demonstrated that aptamers can be used as therapeutic drugs or as targeted ligands. 

Therefore, IGFIIR-specific aptamers were selected in this project using in vitro SELEX, 

and their binding affinities and specificities were evaluated in vitro. The targeted delivery 

of small interfering RNAs (siRNA) were evaluated in vitro and in vivo.  

4.2 Materials and methods 

Materials  

The single-stranded DNA (ssDNA) library containing two 18-base primer regions 

and a 40-base random region (5’-AGA GTG CTG TTA CTA TCG-N40-AACTGA ACA 

AGG TGG TAT-3’) and all aptamers were purchased from Integrated DNA 

Technologies, Inc. (Coralville, IA). Recombinant human IGFIIR extracellular domain 

with His-tag protein (Accession # P11717.2 and regions of Ser1510-Phe 2108)  and anti-

human IGFIIR antibody were obtained from R&D Systems (Minneapolis, MN). 

Nonenzymatic cell dissociation solution was purchased from MP Biomedicals (Solon, 

Ohio). Cell culture reagents were purchased from Mediatech, Inc. (Manassas, VA) and 

Thermo Fisher Scientific, Inc. (Pittsburgh, PA).  

Cell culture 

HSC-T6 cells were cultured in DMEM medium supplemented with 10% FBS, 

100 units/mL penicillin, and 100 µg/ml streptomycin. LX-2 cells were cultured in 
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DMEM medium supplemented with 2% FBS, 100 units/mL penicillin, and 100 µg/ml 

streptomycin. The cells were cultured in a humidified atmosphere containing 5% CO2.  

Screening of Aptamers using SELEX   

The in vitro SELEX was performed as previously reported (Figure 16) [78].  The 

ssDNA library was amplified by PCR using tag-polymerase with forward primer: AGA 

GTG CTG TTA CTA TCG and reverse primer containing T7 promotor: TAA TAC GAC 

TCA CTA TA ATA CCA CCT TGT TCA GTT. The PCR product was transcribed into 

RNA for binding selection using a T7 transcription kit (MAXI script Kit). For the in vitro 

SELEX, 150 µl of nickel magnetic bead suspension was suspended in 1 ml of PBST 

(PBS containing 0.05% Tween 20), and the supernatant was removed after settled down 

in a magnet field. IGFIIR protein was absorbed on the magnetic bead by incubated 100 µl 

of 100 µg/ml of protein at room temperature for 30 min with gentle rotation. Prior to 

incubation with IGFIIR protein, the RNA aptamer library was incubated with BSA which 

was coated on a 24-well plate for 1 hour to remove non-specific binding aptamers. The 

pre-cleaned aptamers were incubated with the magnetic beads at room temperature for 1 

hour, followed by washing with 1 ml of PBST for three times. The aptamers were then 

eluted by 100 µl of elusion buffer (20 mM Tris, 500 mM imidazole pH 7.5) for 30 min 

and extracted with phenol-chloroform. After precipitation with ethanol and washing with 

70% ethanol, the aptamers were dissolved in RNase free water and subjected to RT-PCR 

for the next round selection.  
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After seven rounds of selection, dsDNA was amplified by PCR, clone into the 

pCR™2.1-TOPO® vector, and transformed into TOP10 E. coli cells. Thirty-three clones 

were randomly picked for DNA sequencing.  

 

 

Figure 15. Schematic diagram of the RNA aptamer selection using SELEX. A 

random ssDNA library consisting of a 40nt randomized sequence flanked on both sides 

by forward and reverse primers was used in SELEX. The ssDNA library was converted 

to dsDNA using PCR and then transcribed to RNA using T7 polymerase. The 

randomized RNA library was incubated with IGFIIR which was immobilized on 

magnetic beads. IGFIIR-bound RNA were eluted, reversely transcribed to cDNA and 

then amplified by PCR. 
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DNA aptamer and RNA aptamer serum stability studies 

Five µl of DNA aptamer (10 µM) and RNA aptamer (10 µM) were mixed with 5 

µl of rat serum or human serum and incubated at 37
o
C for 0, 5, 30 and 60 min. After 

incubation, the samples were mixed with DNA loading dye and subjected to gel 

electrophoresis at 4
o
C for 4 hours at 80 V. The gel was stained using gel-red at room 

temperature for 20 min and then visualized under UV light.  

Binding affinity of the aptamers to hepatic stellate cells 

Two aptamers (aptamer 6 and aptamer 9) which have more repeated nucleotide 

were selected for the affinity assay. A sticky end sequence (5’-CACAAGGAACAAGG-

3’) was added to the aptamers either at 5’ or at 3’ end. A complementally sequence 

labeled with Alexa-488 (Integrated DNA Technologies, Coralville, IA) was annealed 

with the sticky end of the aptamers. Binding affinities of these aptamers to HSC-T6 cells 

were determined as previously reported [75]. Briefly, the cells were detached using non-

enzymatic cell dissociation solution and re-suspended in Opti-MEM medium.   Alexa-

488 labeled aptamers (100 nM) were incubated with HSC-T6 cells at 37 
o
C for 1 hour 

with gentle rotation. The cells were washed with PBS  for three times and then subjected 

to fluorescence analysis on a FACSCalibur flow cytometer (BD Biosciences, Franklin 

Lakes, NJ) using an excitation wavelength of 488 nm with a 535 nm emission filter.  

Cellular uptake of the identified aptamers was also determined on human LX-2 

cells and rat HSC-T6 cells using flow cytometry as described above.   
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Surface plasmon resonance  

The binding affinity Kd value of aptamer-20 was determined on Biacore X 

according to the manufacturer’s instructions. Briefly, 5 µg of recombinant human IGFIIR 

extracellular domain protein was coated on a CM5 chip using an amine coupling kit. 

Aptamer-20 (30 µl) was injected into the Biacore X at serial concentrations of 1, 10, 100, 

1000 and 10000 nM. The binding data was analyzed using a BIA evaluation program.    

Specificity of the aptamer-20 with IGFIIR 

LX-2 cells were seeded in a 6-well plate at 200,000 cells/well 16 hours before 

transfection. The cells were transfected with 50 nM IGFIIR siRNA[75] or a negative 

control siRNA (NC siRNA) using Lipofectamine® RNAiMAX  for 48 hours. The cells 

were detached using a nonenzymatic cell dissociation solution and then resuspended in 

Opti-MEM. Aptamer-20 (100 nM) was incubated with the suspended cells at 37℃ for 1 

hour with gentle rotation. The labeled cells were analyzed by flow cytometry as described 

above.   

Fabrication of aptamer-siRNA chimera 

The PCBP2 siRNA sense strand containing a 3’-stick end was annealed with the 

PCBP2 siRNA antisense strand (Invitrogen, Carlsbad, CA) by maintaing the mixture at 

95℃for 5 min then cooling down to and maintaining at 48℃ for 10 min. After cooling to 

38℃, aptamer-20 with a complementary sticky end was mixed with the formed duplex 

PCBP2 siRNA and then maintained for 10 min to form the aptamer-siRNA chimera. 

Non-denaturing polyacrylamide gel (20%) electrophoresis was used to confirm the 

annealing.   



 

64 
 

Serum stability of the aptamer-siRNA chimera 

Unmodified siRNA, siRNA with 5’-sticky end, and aptamer-siRNA chimera were 

incubated with 10% FBS or 50% rat serum for 0, 5, 30, 60, 180, and 360 min at 37℃ 

with gentle shaking. After each time point, samples were taken and stored at -80℃ until 

they were analyzed by electrophoresis.   

Silencing activity study 

Cells were seeded on 24-well plates at 30,000 cells/well 16 hours before 

transfection. Negative control siRNA, 5’-sticky duplex siRNA and aptamer-siRNA 

chimera were transfected with or without Lipofectamin RNAIMAX as previously report 

[75]. The silencing activities at the mRNA and protein levels were determined using real-

time RT-PCR and western blot, respectively. 

For real-time RT-PCR assay, total RNA was isolated using Direct-zol
TM

 RNA 

isolation kit (ZYMO RESEARCH, Irvine, CA). Real-time PCR was performed using 

iTaq universal SYBR Green one-step kit (BIO-RAD). The primers used for the study 

were as follows: PCBP2 5’-ACCAATAGCACAGCTGCCAGTAGA-3’ (forward primer) 

and 5’-AGTCTCCAACATGACCACGCAGAT-3’ (reverse primer). 18s rRNA was used 

as an internal control, and the primers are 5′-GTCTGTGATGCCCTTAGATG-3′ 

(forward primer) and 5’-AGCTTATGACCCGCACTTAC-3’ (reverse primer).  

For western blot, the cells were lysed using RIPA buffer for 10 min on ice. The 

lysates were centrifuged at 12000g for 20 min at 4℃. Supernatant was collected, and the 

total protein concentration was determined using BCA assay.  Equal amount of protein 

(20µg) were resolved on a 6% non-reduction SDS-PAGE gel. After electrophoresis, the 
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separated proteins were transferred to a PVDF membrane using wet transfer method 

overnight at 30V at 4℃. The membrane was blocked with 5% non-fat mild at 4℃ for 12 h 

and probed with anti-PCBP2 antibody (GWB-3815A, GenWay Biotech) overnight at 4 

o
C. The protein band was then visualized using horseradish peroxidase conjugated anti-

mouse secondary antibody (Chemicon, Temecula, CA) after incubation with the 

Immobilon Western Chemiluminescent HRP Substrate (MILLIPORE, Billerica, MA) at 

room temperature for 5 minutes. The same membrane was probed with anti-β-actin 

antibody as an internal control.    

Modification of sense strand siRNA 

To improve the serum stability of PCBP2 siRNA, 2’-OMe-modified siRNA sense 

strand was annealed with an antisense strand. The siRNA duplex was then incubated with 

10% FBS for 0, 1, 3, 6 and 12 hours, or with rat serum for 0, 5, 30 and 60 min at 37℃. 

All samples were subjected to electrophoresis at 4℃ for 4 hours. The sense strands of the 

PCBP2 siRNA were listed below. 

PCBP2-0: sense strand GUC AGU GUG GCU CUC UUA UdTdT 

PCBP2-1: sense strand mGmUmC AGU GUG GCU CUC UUA UdTdT 

PCBP2-2: sense strand mGmUC AGU GUG GCU CUC UUA UdTdT 

PCBP2-3: sense strand mGUC AGU GUG GCU CUC UUA UdTdT 

PCBP2-4: sense strand GUC AGU GUG GCU CUC UmUmA mUdTdT 

Antisense strand AUA AGA GAG CCA CAC UGA CdTdT 

The optimized sense strand was elongated by adding a sticky end as described 

above and then annealed with an antisense strand and aptamer-20 to form a siRNA 
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duplex or siRNA/aptamer chimera. The serum stability of the formed duplex and chimera 

was determined by mixing with rat serum for 0, 5, 30 and 60 min at 37℃.  

Biodistribution study 

The experimental 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 Rivers Laboratories (Wilmington, 

Massachusetts) and housed in a temperature and humidity controlled room with a 12h 

light-dark cycle. 

Liver fibrosis was induced by intraperitoneal injections of equal amounts of CCl4 

and an olive oil mixture (1 µl of CCl4 per gram of body weight) every three days for one 

month. Six rats were randomized into 2 groups (a duplex group and a chimera group). 

Two nmol of Alexa-647-labeled antisense siRNA duplex and siRNA/aptamer chimera 

were injected into rats via the tail vein. After 1 hour, the rats were sacrificed and the 

organs were collected and subjected to image analysis using a BRUKER In-Viva MS FX 

PRO (Billerica, MA) with 10 sec of exposure time, 4x4 pixels, and using a 600 nm 

excitation wavelength with a 700 nm emission filter.    

4.3 Results 

In vitro SELEX 

To screen aptamers for binding to the overexpressed protein-IGFIIR, in vitro 

SELEX was performed. DNA aptamers (19,544 ng) were incubated with the IGFIIR-

bound magnetic beads for 1 hour. After removing the unbound aptamers, the bound 

aptamers were eluted and purified. After seven rounds of SELEX, the recovery of 
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aptamers increased 4-fold from 0.51% to 2.21% (Figure 16). Thirty-three clones were 

randomly selected for DNA sequencing, and the DNA sequences of 29 samples are 

shown in Table 4.  

 

 

Figure 16. Recovery rate of aptamer after each round of SELEX. After each round, 

the bound RNA was eluted and extracted with phenol-chloroform. The recovery rate of 

RNA aptamer was calculated by comparing the amount of eluted RNA with the amount 

of RNA added. 
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Table  4. Sequences of randomly selected aptamers after seven rounds of SELEX 

Aptamer # Aptamer sequence 

1 GTGGTAGATTTCGCTACTTCCGTTGTGTGCGTCACGGTGGG 

2 GGGGAGGCGATTCGGTGTGTCCTCCAGAAGATATTTCCGA 

3 TGCCCGCTCATGGACAAGTGTTATTCGACTCCGCCGCCCC 

4 CCTACAATTTCCTGAAACCCATCTCAGCCC 

5 GACGCGGATCGAAGTTAGCGGGCGTTTGCCAGTAGAAGAT 

6 CGGGCACGGATGGAGTCGTTGCAGGGGCCCTTCCCCTTGG 

7 CCATTCCACACTTGTAGGGCCCCTCTCGCCGCACCATTTGG 

8 CCGGGAGCGTAACTTAGGCTCAATCACTACATATACCTCA 

9 CCGACCGTGACCAGACAAACGTTTGAGTAGGCGCCCGACA 

10 CGCGGGAACTATAGTAGCACAGTTCGCATCGAGAGGGTCT 

11 ATGCCGGATTCCGTTCATGGTGACTCTACCCCGGGCGCCG 

12 CGGCGAGACATGGAGTTCACCAAGGGCGTGGTCTTGTGCT 

13 CGAATGCGTGTTTTCCAATCGGCACTCTTCCTAGCCCCGG 

14 GCCTCTGTCTATTAATCCTCTTATTTCGCTCCGGGCCCC 

15 CGCGCCAGTTGACGAGCAATGACCGACGACAAGTTCACGT 

16 CGCCAGATTGCCTTGAAACCAATTAGTTCCGAAGGACTAC 

17 GTTCATTTGGACCTGTATAGCCTGGCCCCCTTGTCTTCGC 

18 GTTCAACCGAATACCAAAATTGTATTGCTTGTGTAATGCC 

19 CGAGGTGATGAGGACCGCGTTCTTGGTGTAACCTCTGCCG 

20 GGGCGCGTAGATGACGAGCAGTCCTAACATCGTTTAGGAC 

21 TATTTTTTGCTTCTTTCAACCACTTCAGGTGAAAGCCCGG 

22 CTAGCCCAACAAGAACTTGCCTTCGATTACGTGGGGATGG 

23 CTTGCGCAACTAACACCCGCATGCCTCGGATCCCATTCCT 

24 TCGAGGACATCAGGGCAAGGATTTTCTACTCGTACCGCCG 

25 ACGTACTCTCATCCCTTAACCTGTCGTAGCTCCAGGTCCG 

26 CACGGGTTCGGCATTCTCGTCAATGATCAACAGGCGAATT 

27 GGGGTGTCGAGCCAGCAATGAACGCGCCCAGTCGCAAAGA 

28 CGCGAGAGAATGGTGGAGGACGATGCCAATGCGACCCTGC 

29 CCACGCGACGCAATAGAGGAATAATATTACGACGGCCTTT 
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DNA aptamer and RNA aptamer serum stability study 

The results of the serum stability study of DNA and RNA aptamers indicated that 

DNA aptamers are more stable than RNA aptamers. RNA aptamer were degraded 

immediately after incubation with rat serum and human serum. There is much less 

degradation of DNA aptamers in human serum after 60 min of incubation and rat serum 

for 5 min incubation (Figure 17). Therefore, in this study, we will use DNA aptamers 

instead of RNA aptamers to perform the subsequent studies.  
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Figure 17. Serum stability of DNA and RNA aptamers. Five µl of DNA and RNA 

aptamers (10 µM) were incubated with equal volume of serum at 37℃ for 0, 5, 30 and 60 

min. The samples were subjected to 20% native PAGE electrophoresis at 4℃ for 4 hours. 
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Binding affinity  

To evaluate the binding affinity of the identified aptamers, a 14-nucleotide sticky 

end was added to each aptamer at the 3’ or 5’ ends and then  annealed with the 

complementary Alexa-488-labeled DNA oligonucleotide (Figure 18). There is no 

statistical difference for the binding affinity between the 3’ labeled and 5’ labeled 

aptamers 6 and 9 (Figure 19). We chose the 3’ labeled aptamer for all of the aptamer 

binding affinity studies. All of the identified aptamers exhibited high binding affinity 

with LX-2 human hepatic stellate cells when incubated with 20 nM aptamers (Figure 20), 

however, the binding affinity was relatively low for HSC-T6 rat hepatic stellate cells 

when incubated with 100 nM aptamers (Figure 20). Among these aptamers, aptamers 2, 6, 

9 and 20 had a higher binding affinity for HSC-T6 cells. Therefore, the apparent binding 

affinity (Kd) of aptamers 2, 6, 9 and 20 were determined with LX-2 cells and HSC-T6 

cells using a saturation binding assay. Aptamer-20 had the highest binding affinity, and 

its apparent Kd was 45.12 nM for LX-2 cells and 104.2 nM for HSC-T6 cells (Figure 21).  

The Kd value of aptamer-20 with IGFIIR protein was also determined by surface 

plasmon resonance (SPR) using a Biacore X according to the manufacturer’s instructions. 

The results demonstrated that the binding affinity Kd of DNA aptamer-20 is 35.5 nM, and 

the Kd of its corresponding RNA aptamer-20 is 20 nM (Figure 22). Although the binding 

affinity of the RNA aptamer is better than that of the DNA aptamer, considering that the 

serum stability of the DNA aptamer is much better than that of the RNA aptamer, we 

chose the DNA aptamer for further studies.  
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Figure 18. Schematic of DNA aptamer annealed with Alexa Fluor
®
-488 labeled 

oligonucleotide. A sticky end was added to the 5’ or 3’ end of the aptamer for annealing 

with the complementary DNA oligonucleotide labeled with Alexa Fluor
®
-488. 
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Figure 19. Binding affinity of the DNA aptamers annealed with a complementary 

oligonucleotide at 5' or 3' ends. Alexa Fluor
®
-488 labeled aptamer 6 and aptamer 9 

were incubated with HSC-T6 cells at a final concentration of 100 nM for 1 hour. Cellular 

uptake of the aptamers was determined using flow cytometry.  
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Figure 20. Binding affinity of the 29 randomly selected aptamers to HSC-T6 cells. 

The aptamers were annealed at the 3’ end with a complementary oligonucleotide labeled 

with Alexa Fluor
®

-488. The aptamers were incubated with HSC-T6 cells at 37℃ for 1 

hour, and labeled cells were counted using flow cytometry.  
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Figure 21. Apparent binding affinities of the aptamers 2, 6, and 20 in LX-2 and 

HSC-T6 cells. The cells were incubated with the aptamers at different concentrations at 

37℃ for 1 hour. The labeled cells were determined using flow cytometry, and apparent 

Kd values were calculated using GraphPad. 

Aptamer 2 on LX-2 cells Aptamer 2 on HSC-T6 cells 

Aptamer 6 on HSC-T6 cells 

Aptamer 20 on HSC-T6 cells 

Aptamer 6 on LX-2 cells 

Aptamer 20 on LX-2 cells 
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Figure 22. Binding affinity (Kd) of the aptamer-20 on recombinant human IGFIIR 

extracellular domain protein. Kd of the DNA aptamer-20 and RNA aptamer-20 were 

determined by SPR using Biacore X. The binding data was analyzed using a BIA 

evaluation program. All samples were performed in triplicate.  

  

RNA aptamer Kd = 20 nM DNA aptamer Kd = 35.5 nM  
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Specificity of aptamer-20 to IGFIIR 

In addition to the affinity, the specificity of aptamer-20 for IGFIIR was also 

studied on LX-2 cells. We have previously demonstrated that the expression of IGFIIR 

on LX-2 cells can be knocked down using siRNA [75]. Therefore, LX-2 cells were 

transfected with 50 nM IGFIIR siRNA for 48 hours using Lipofectamine® RNAiMAX. 

Western blot was performed to determine the expression of IGFIIR after silencing with 

the IGFIIR siRNA. The results indicated that the IGFIIR was almost completely 

downregulated by the siRNA (Figure 23A). The cellular uptake of aptamer-20 was 

significantly decreased in the cells treated with the IGFIIR siRNA, compared with 

scrambled siRNA (Figure 23B). This result confirmed that the high cellular uptake of 

aptamer-20 by LX-2 cells is mediated by IGFIIR protein on the cell surface.   
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Figure 23. Knockdown of IGFIIR decreases the affinity of aptamer-20 to LX-2 cells. 

LX-2 cells were transfected with 50 nM of scrambled siRNA (NC siRNA) or IGFIIR 

siRNA for 48 hours. The expression of IGFIIR was determined by western blot (A). After 

siRNA transfection, the cells were incubated with aptamer-20 at 37℃ for 1 hour, and the 

labeled cells were determined using flow cytometry (B).  
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Fabrication of aptamer-siRNA chimera 

To deliver siRNA using the screened aptamers, the siRNA has to be conjugated 

with an aptamer using a sticky end. A sticky 14-mer oligonucleotide was applied to link 

the aptamer to the siRNA. Native polyacrylamide electrophoresis results demonstrated 

that the sticky end of the sense strand can be successfully annealed with the antisense 

strand, and that aptamer-20 could be linked with the duplex siRNA by the sticky end 

(Figure 24).  
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Figure 24. Schematic of the aptamer-siRNA chimera.  

The sense strand of the PCBP2 siRNA containing a 3’ sticky end was annealed with a 

complementary sequence at the 3’ end of aptamer-20. Annealing of the siRNA-aptamer 

chimera was confirmed with native PAGE electrophoresis. 

  

Aptamer-20 

3’ Sticky end aptamer-20 
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Serum stability of the siRNA/aptamer chimera   

To determine the serum stability of the formed 3’ sticky end duplex and the 

siRNA/aptamer chimera, the duplex and chimera were incubated with Opti-MEM 

medium, 50% rat serum and 50% human serum and then incubated at 37℃ for different 

times. The native polyacrylamide gel electrophoresis results indicated that the 5’ sticky 

end of the duplex was degraded very fast in rat serum. The siRNA/aptamer chimera is 

relatively stable in rat serum compared with the unmodified duplex and the 5’ sticky end 

duplex (Figure 25).  
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Figure 25. Serum stability of the siRNA duplex containing sticky end and siRNA-

aptamer chimera. 

Duplex siRNA or siRNA-aptamer chimera was incubated with rat serum at 37℃ for 0, 5, 

30, and 60 min. The samples were then subjected to electrophoresis on a 20% native 

PAGE gel.  

  

SiRNA/aptamer Chimera 
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Cellular uptake of siRNA/aptamer chimera on LX-2 cells and HSC-T6 cells 

After incubating the siRNA/aptamer chimera and siRNA duplex only with the 

LX-2 cells and HSC-T6 cells for 1 and 3 hours, the cellular uptake was determined by 

confocal microscopy and flow cytometry. The results demonstrated that the 

siRNA/aptamer chimera had a higher cellular uptake than the siRNA duplex only in both 

time points in human HSCs and rat HSCs (Figure 26). These results demonstrated that 

the aptamer can deliver the siRNA into the cells by forming siRNA/aptamer chimera.  
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Figure 26. Cellular uptake of the siRNA-aptamer chimera and siRNA duplex. The 

siRNA-aptamer chimera and siRNA duplex were incubated with LX-2 (A) and HSC-T6 

cells (B) for 1 and 3 hours. Cellular uptake was determined using confocal microscopy 

and flow cytometry. 
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Silencing activity study 

The purpose of this project is to identify aptamers that bind with IGFIIR and 

deliver therapeutic agents, such as siRNA, into hepatic stellate cells. Therefore, the 

silencing activity of the siRNA-aptamer chimera was determined in HSC-T6 rat hepatic 

stellate cells using 100 and 400 nM final concentrations for 24 hours. The results 

indicated that the silencing activity of the 3’ sticky end duplex remained the same as with 

the unmodified PCBP2 siRNA using Lipofectamine® RNAiMAX as the transfection 

reagent. However, the silencing activity of the chimera was reduced from 76% to 53%. 

We further determined whether aptamer-20 can induce the internalization of the siRNA 

and induce the silencing activity. There is no silencing activity by siRNA duplex in the 

absence of the transfection reagent. The silencing activity of the chimera remains the 

same as with Lipofectamine® RNAiMAX, exhibiting approximately 50% silencing in 

the mRNA. A similar result was observed in the protein levels by western blot analysis 

(Figure 27). 
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Figure 27. Silencing activity of the siRNA-aptamer chimera and siRNA duplex. The 

siRNA-aptamer chimera and siRNA duplex were incubated with LX-2 cells for 24 hours, 

and the silencing activity at the mRNA level was determined by real time RT-PCR (A). 

Silencing activity at the protein level was determined using western blot 48 hours post-

transfection (B). 
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Serum stability of modified siRNA 

To develop serum stable aptamer-siRNA chimeras for in vivo studies, we 

modified the sense strand of a siRNA with 2’-OMe modifications at different positions 

and studied the serum stability of the siRNA duplex and the aptamer-siRNA chimera. 

The results demonstrated that the position of modification is critical for the serum 

stability. A 2’-OMe modification at the 3’ sense end of the siRNA duplex produced the 

best stability in 10% FBS and in 50% rat serum at 37 ℃. Much less degradation was 

observed for the 3’ modified siRNA after 1 hour in rat serum and 3 hours in FBS. The 

number of 2’-OMe groups affect the stability of the 5’ modification. The greater the 

number of 2’-OMe modifications the better was the serum stability (Figure 28). 

Furthermore, modified 31 sense formed aptamer-siRNA chimera exhibited better serum 

stability than unmodified 30 sense formed triplex (Figure 29).  
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Figure 28. Serum stability of the backbone modified siRNA duplex in 10% FBS and 

50% rat serum.  

2’-OMe modified sense strand PCPB2 siRNAs were annealed with antisense then mixed 

with equal volume of 10% FBS and rat serum, incubated for difference time points as 

indicated. Samples were subjected for electrophoresis with 20% native acrylamide gel.  

PCBP2-0: sense strand GUC AGU GUG GCU CUC UUA UdTdT 

PCBP2-1: sense strand mGmUmC AGU GUG GCU CUC UUA UdTdT 

PCBP2-2: sense strand mGmUC AGU GUG GCU CUC UUA UdTdT 

PCBP2-3: sense strand mGUC AGU GUG GCU CUC UUA UdTdT 

PCBP2-4: sense strand GUC AGU GUG GCU CUC UmUmA mUdTdT 

Antisense strand AUA AGA GAG CCA CAC UGA CdTdT 
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Figure 29. Serum stability of the siRNA-aptamer chimera and duplex containing 

sticky end.  

2’-OMe modified 31 sense strand PCPB2 siRNAs and unmodified 30 sense strand 

PCBP2 siRNA were annealed with antisense and 3’ aptamer then mixed with equal 

volume of rat serum, incubated for difference time points as indicated. Samples were 

subjected for electrophoresis with 20% native acrylamide gel.  
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Biodistribution study 

The rats were sacrificed 1 hour after the injections, and the organs were collected 

and washed with PBS. The fluorescence intensity was determined using a small animal in 

vivo imaging system. The results indicated that the aptamer-siRNA chimera is primarily 

located in the liver compared to other organs (Figure 30). More importantly, the 

distribution of aptamer-siRNA chimera was 2.1-fold higher than the duplex in fibrotic 

liver but not in the lung and muscle. Aptamer-20 significantly enhanced the liver 

accumulation of siRNA compared to the siRNA duplex. This result suggests that 

aptamer-20 is a very promising targeted ligand for HSCs targeted delivery or imaging.  
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Figure 30. Biodistribution of the Alexa Fluor
®
-647 labeled siRNA-aptamer chimera 

in rats with CCl4 induced liver fibrosis. Two nmols of the siRNA-aptamer chimera 

were injected into the rats via tail vein. The rats were sacrificed one hour post-

administration, and major organs were harvested for fluorescence imaging.  
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4.4 Discussion 

In this project, we discovered several aptamers with high binding affinities for 

IGFIIR by conducting in vitro SELEX. The selected aptamers had binding affinities in 

nM range with recombinant human IGFIIR extracellular domain proteins and hepatic 

stellate cells. More importantly, the selected aptamer-20 can induce the internalization of 

the aptamer-siRNA chimera into hepatic stellate cells and trigger the silencing activity. 

Therefore, it has a potential application as a targeting ligand for delivery to hepatic 

stellate cells.  

Targeted delivery has been studied to deliver therapeutic agents to hepatic stellate 

cells for therapy for liver fibrosis. As a targeted delivery system for hepatic stellate cells, 

the system must efficiently deliver the antifibrotic agent into the activated HSCs but not 

into quiescent HSCs. An active targeting delivery system is the most promising strategy 

that matches the requirement for targeted delivery to HSCs. The reported targeted ligands 

for HSCs in targeted delivery include vitamin A, peptides, M6P, antibody fragments [45] 

and a PDGF-specific aptamer. Among the targeted ligands, aptamers have a more 

promising potential for HSCs targeted delivery of siRNA because of its easy annealing 

with siRNA to form an siRNA/aptamer chimera.     

SELEX has been used to screen aptamers bases on targeting proteins [79], cells 

[80], cultured tissue [81] and in in vivo studies [82]. In this project, protein-based SELEX 

was performed to identify IGFIIR-specific aptamers, and the selected aptamers were 

converted to DNA aptamers because of the higher cost and less stability of RNA 

aptamers [83]. The half-life of unmodified RNA is a few seconds in plasma,[84] while 
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the half-life of DNA is approximately 30-60 min. Our results demonstrated that the half-

lift of DNA aptamer-20 is approximately 30 min in rat serum but is greater than 60 min 

in human serum. By contrast, the RNA aptamer-20 is highly unstable in both sera, which 

is consistent with previously reported results [84]. Furthermore, DNA aptamers have 

been successfully generated by conversion from RNA aptamers without a decrease in the 

binding affinity [85]. The obtained DNA aptamer can efficiently deliver siRNA into 

specific target CD4
+
 T cells [85]. Therefore, in our study, we used DNA aptamers rather 

than RNA aptamers to perform the evaluation studies.  

The binding affinity of the aptamers obtained depends on the SELEX protocol 

and on post modifications. The affinity (Kd) of reported aptamers are in the range from 

pM to mM [86]. In our study, the identified aptamers had a high binding affinity with 

human HSCs LX-2 cells after 7 rounds of SELEX. The binding affinity of aptamer-20 is 

45.12 nM on LX-2 cells as determined by nonlinear curve fitting programs and is 

comparable to PSMA aptamers measured by a saturation filter binding assay [87].  

To reduce the non-specific binding of the selected aptamers, we performed a pre-

cleaning before incubating the aptamer library with the targeted protein IGFIIR. By 

incubating the library with BSA, the non-specific binding was minimized. The cellular 

uptake of aptamer-20 was significantly reduced after suppressing the expression of 

IGFIIR using siRNA. 

RNAi has been studied as a treatment for liver fibrosis. We have previously 

discovered a siRNA targeting the poly(rC) binding protein 2 (PCBP2) gene, which 

resulted in destabilizing the collagen type-1(I) mRNA in activated HSCs [49]. The 
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challenge for RNAi is how best to deliver the siRNA to the targeted tissues or cells. In 

this study, we annealed the siRNA with the selected aptamer-20 by adding a sticky end to 

each to form an aptamer-siRNA chimera. The siRNA/aptamer chimera was efficiently 

taken up by LX-2 and HSC-T6 cells. Approximately 50% of the PCBP2 was suppressed 

after transfection without using Lipofectamine® RNAiMAX, indicating that the aptamer 

can improve cellular internalization and trigger the silencing activity.  

In summary, we have discovered IGFIIR-specific aptamers by conducting in vitro 

SELEX. The binding affinities and specificities were confirmed by performing difference 

studies. Finally, and most importantly, the siRNA/aptamer chimera demonstrated 

promising silencing activity in hepatic stellate cells.    
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CHAPTER 5 

SUMMARY AND CONCLUSION 

 

Delivery of siRNA to the HSCs has attracted great attention for liver fibrosis 

therapy. The closure of endothelial fenestrae and the increased resistance of sinusoid 

lumen to blood flow have limited the application of siRNA for liver fibrosis. Targeted 

delivery systems might be able to overcome these obstacles. And targeting ligand is the 

most important component for targeted delivery system.  

In this dissertation, two strategies were applied to discover IGFIIR specific 

targeting ligands for HSCs targeted delivery. Chapter 3 describes the discovered HSC-

specific peptide using phage display. The identified peptide-431 shows high binding 

affinity and specificity with rat and human HSCs in vitro. Also the peptide-431 is able to 

deliver the proapoptotic peptide (KLA peptide) into cells and induce the apoptosis. The 

apparent binding affinity was further improved by forming a peptide dimer. It is a 

promising HSCs targeted peptide ligands for targeted delivery system development.  

In chapter 4 details our discovery of IGFIIR specific aptamer ligands using 

SELEX. The selected aptamer-20 shows good serum stability and extremely high binding 

affinity with recombinant human IGFIIR extracellular domain protein and HSCs. The 

aptamer-20 is able to delivery siRNA into cells and induces the silencing activity by 

forming aptamer-siRNA chimera. More exciting, the aptamer-siRNA chimera is mostly 

located in liver compared with siRNA duplex after injecting by tail vein for fibrotic rats. 
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These findings suggest that aptamer-20 is a very promising IGFIIR targeting ligand for 

HSCs targeted delivery. It can deliver the siRNA not only in vitro but also in vivo.  

In future studies, the IGFIIR-specific peptide and aptamer can be linked to an 

imaging agent for noninvasive diagnosis of liver fibrosis. These IGFIIR-specific ligands 

can also be conjugated to various anti-fibrotic agents, including small molecules and 

nucleic acids, to treat liver fibrosis. Moreover, the IGFIIR-specific ligands can be used 

for targeted delivery of therapeutic and imaging agents to other tissues that overexpress 

IGFIIR.  
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