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1 

 Introduction 

 

1.1. Obesity 

Obesity is a growing complex condition that is the serious public health problem 

worldwide. It affects almost all age and socioeconomic groups and threatens both 

developed and developing countries 1, 2. Obesity and overweight is defined, as the 

accumulation of excessive fat in body mass and considered when body mass index 

of a person is ≥30 or 25-29.9 respectively 2, 3. 

 

In 1995, World Health Organization (WHO) categorized 200 million adults as obese 

and 18 million under-five children as overweight worldwide. The number of obese 

adults increased over 300 million, in 2000. It is predicted that approximately 2·3 

billion adults will be overweight or obese by the year 2015 (WHO 2005). 

 

Obesity is highly correlated with various life threatening diseases like, heart disease, 

diabetes, sleep apnea, certain types of cancer, osteoarthritis and so on 4- 7 (Figure 

1.1). Obesity is categorized as disease by the American Medical Association in 

20138, 9. 
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Figure 1.1: Obesity and its related diseases. 

 

1.2. Management of obesity 

Obesity is a preventable medical condition, which can be controlled by following 

ways- 

I. Physical control and 

II. Therapeutic control 
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I. Physical control 

Obesity is mainly controlled by dieting and physical exercises 10. Person having 

obesity and overweight has to maintain strict diet chart and hard exercise. 

Maintaining the regular diet program is normally difficult and often a person 

requires following these lifestyles permanently 11, 12. Very low calorie containing diet 

and hard exercise cause various adverse effects like increase risk of gout, loss of 

lean muscle mass, electrolyte imbalance. Person following these life style must be 

monitored by a physician to prevent difficulties 13. However, the success rates for 

maintaining long-term weight loss with lifestyle changes are low, ranging from 2–

20% 14. 

 

Bariatric surgery is the most effective treatment for obesity. This surgery is only 

recommended for severely obese people (BMI > 40), due to several complications 

after surgery 15. 

 

II. Therapeutic control 

There are only few therapeutic agents (orlistat, sibutramine, lorcaserin, 

phentermine-topiramate) that can reduce body weight by decreasing the 

consumption or absorption of food or by increasing energy expenditure16, 17. 

Unfortunately, these drugs have limited success for controlling body weight and 

most of them have been withdrawn due to their severe adverse effect18 (Table 

1.1).  
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Table 1.1: Antiobesity drugs with their mechanism of action and side effects 

Drugs Market name Working 

mechanism 

Side effects 

Orlistat Xenical Reduces intestinal 

fat absorption by 

inhibiting pancreatic 

lipase 

Stomach pain, gas, 

diarrhea, and leakage of 

oily stools. 

Lorcaserin Belviq Acts on the 

serotonin receptors in 

the brain 

Headaches, dizziness, 

feeling tired, nausea, dry 

mouth, cough, and 

constipation. 

Phentermine 

- topiramate 

Qsymia Phentermine 

(suppresses your 

appetite and curbs 

your desire to eat) 

and topiramate (used 

to treat seizures or 

migraine headaches 

Tingling of hands and 

feet, dizziness, taste 

alterations (particularly 

with carbonated 

beverages), trouble 

sleeping, constipation, 

and dry mouth. 
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The limitations of obesity drugs, current situations of obesity and its related diseases 

demand the detail study for the better understanding of the obesity development and 

the safe and effective new therapeutic approaches for controlling obesity.  

 

1.3. Adipose tissue 

Obesity and its related diseases are directly connected with the microenvironment of 

adipose tissue 19. Adipose tissue displays a remarkable plasticity and constitutes one 

of the few tissues with the ability to considerably expand or regress in adulthood. It 

is a loose connective tissue, which is found in several parts of the body with two 

different forms- white adipose tissue and brown adipose tissue. White adipose tissue 

contributes the major part in the body and is considered for the responsible of 

obesity development. 

 

 White adipose tissue mainly composed of adipocytes, and stromal- cells (vascular 

endothelial cells, macrophages and stem cells). All adipocytes are encircled by 

microvessels, which play important role in adipose tissue by providing oxygen and 

nutrients 20 (Figure 1.2). 
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Figure 1.2: Adipose tissue and vasculature. 

 

1.4. Growth of adipose tissue 

The growth of adipose tissue depends on continuous remodeling of the vascular 

network (angiogenesis). Expansion of adipose tissue can be supported by both 

neovascularization and dilation and remodeling of existing capillaries. During 

development of adipose tissue different types of angiogenic factors such as vascular 

endothelial growth factor (VEGF), matrix metalloproteinases (MMPs) release from 

macrophages into adipose tissue. These factors then stimulate the formation of new 

blood vessels 20 (Figure 1.3). 
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Figure 1.3: Angiogenesis dependent adipogenesis. Infiltration of macrophages into 

the tip region of adipose tissue release MMPs and angiogenic growth factor that 

stimulates new blood vessel formation causes adipogenesis.  

 

Angiogenic microvessels contribute to adipogenesis by numerous mechanisms- 

I. Vessels supply nutrients and oxygen to the resident adipocytes, which 

require for growth and maintenance of cells. 

II. Supply of plasma enriched in growth factors and cytokines by the vessels, 

trigger growth and survival signals in adipocytes to maintain their 

physiological functions. They supply circulating stem cells that are capable 

of differentiating into preadipocytes, adipocytes and vascular cells.  

III. Infiltration of monocytes and neutrophils into the adipose tissue by the 

vessels augment the high numbers of inflammatory cells that are detected in 

obese individuals.  
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IV. Activated endothelial cells in angiogenic vessels produce various growth 

factors and cytokines that communicate with adipocytes in a paracrine 

fashion to promote their growth and expansion.  

V. They remove waste products from the adipose tissue. 

VI. Recent studies show that adipose tissue vasculature consists of fenestrated 

microvessels play essential role in regulating local or systemic effects of 

adipokines. 

VII. Adipokines produced by expanded adipose tissue cause endothelial 

dysfunction. Impaired vascular function of adipose tissue alters the functions 

of other organs, which lead the development of diabetes, cardiovascular 

diseases, cancer and so on. 

 

1.5. Targeted drug delivery 

Paul Ehrlich first introduced the concept of targeted drug delivery nearly a century 

ago as “magic bullets” which guide a drug directly to its target organ and prevents it 

from affecting the healthy parts of the body 21. Targeted drug delivery sometimes 

called smart drug delivery 22. During the last three decades there has been intense 

effort directed towards the development of drug delivery systems (DDS) for 

treatment of diseases. In a broader sense, DDS can be defined as a strategy to 

efficiently convey the drug to its therapeutical site of action by the appropriate 

choice of carrier, route, and target. The efficacy of the DDS is determined by the 

selection of these three crucial factors. 
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1.6. Advantages of drug delivery systems 

For achieving the goal of drug targeting, use of a carrier system for delivering drugs 

to the body provides several opportunities. Some prospective advantages of DDS 

are21, 23: 

. Maintenance of constant drug levels in the therapeutical range.  

. Reduction of drug toxicity and fewer side effects when targeted to specific 

tissues "or organs.  

. Facilitation of administration - increases patient compliance.  

. Protection from "degradation of biologically active drug molecules like 

peptides and proteins during transport.  

. Smaller amounts of drug and decrease in the number of dosages.  

 

1.7. Methods of drug targeting 

Several methods of drug delivery are available and employed in experimental and 

clinical settings 24, 25: 

a. Direct application of drugs: In this method, drug is directly delivered on to the 

affected organ or tissue. 

b. Passive targeting: This method exploits the increase in permeability of vascular 

endothelium in regions of inflammation and tumors. Drug carriers within the size 

range of 10-500 nm can extravasate and accumulate in the interstitial space in the 

regions of enhanced permeability (enhanced permeation and retention effect) e.g., 

tumors. Since the maximum size of the carrier that can extravasate at a particular 
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site varies on case basis, the size of the drug carrier can be used to control the 

efficacy of the drug. 

c. Active targeting: This is a more advanced approach in which the drug delivery 

carrier has specific affinity for the target. The drug molecule could either be coupled 

to the targeting moiety or could be encapsulated in a carrier, which in turn is 

coupled to the targeting vector. Examples of targeting moieties are antibodies and 

their fragments 26, lectins, proteins, peptides 27, lipoproteins 28, hormones, charged 

molecules, polysaccharides, and oligonucleotides 29. 

 

1.8. Liposomes for drug delivery systems 

Liposomes are composed of natural or synthetic phospholipid bilayers consisting of 

an aqueous core (Figure 1.4). Therefore, any drug can be delivered to the site of 

action because lipophilic drugs can be encapsulated in the lipid bilayer and the 

hydrophilic drugs can be loaded in the aqueous compartment of the liposome 30. 

Liposomes attract the attention greatly due to their composition and significant 

effort was made in this research area stimulate their use as drug delivery systems. 

Table 3.1 lists liposomal drugs approved for clinical application or currently 

undergoing clinical evaluation. 
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Figure 1.4: Liposomes are composed of phospholipid bilayer vesicles.  

 

 

Table 1.2: Liposomal drugs approved for clinical application or undergoing 

clinical evaluation.  

Active Drug Product Name Indication 

Doxurubicin Mycet Comibined therapy of 

recurrent breast cancer 

Doxurubicin in PEG-

liposome 

Doxil/ Caelyx Breast cancer, ovarian cancer, 

refractory kaposis sarcoma 

Vincristin Onco TCS Non- Hodgkin`s lymphoma 

Amphotericin B AmBisome Fungal infection 

Nystatin Nyotran Topical antifungal agent 

Daunorubicin DanoXome Kaposi`s sarcoma 

Annamycin - Doxorubicin-resistant tumors 

Lurtotecan NX211 Ovarian cancer 



! "#!

1.9. Aptamer 

Aptamers are attractive class of targeting molecules, represented by short single-

stranded oligonucleotides ligands. They are able to bind with high affinity and 

specificity to protein or non-protein targets by folding into complex secondary and 

tertiary structures 31, 32 (Figure 1.5).  

 

 

Figure 1.5: ,-./01234!./05/36278/0!201!9:-.858.!;80180<!/5!2:726-39!7/!723<-7= 

 

They have ability to discriminate between closely related targets. Regarding these 

issues, aptamers are considered as alternative to antibodies for in vivo cell 

recognition. Owing to their relatively small size in comparison to antibodies, they 

are better suited for rapid target tissue penetration and blood clearance. These 

properties indicate a great potential of aptamers as targeting agents 33- 36. 
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1.10. SELEX 

Aptamers are generated by an in vitro evolutionary selection, named SELEX 

(Systematic Evolution of Ligands by EXponential enrichment). Libraries contain 

random sequence oligonucleotides of large sequence complexity (generally between 

1013 and 1015 members) 31, 32.  

SELEX is an iterative process in which oligonucleotide libraries are incubated with 

the target of interest. The process is repeated until the pool is enriched for sequences 

that specifically recognize the target. The enriched pool is then cloned into bacteria, 

and positive clones are sequenced to obtain individual sequences. Still now, various 

selection modes have been developed, and each of these is rationally designed to 

suit the requirements of some specific purpose (37-43). One such modality is the 

implementation of cell-based aptamer selection, termed cell-SELEX 44- 49. 

Cell-SELEX is the process where live cells are used to select aptamers for target 

recognition. This strategy motivated a promising selection approach for various 

applications because of the following reasons:  

1. The molecular composition of the cell surface is not important in cell-

SELEX.  

2. The cell membrane surface is a complex system and has a countless number 

of molecules, especially proteins. In cell-SELEX, each of these molecules is 

used as potential target and a successful selection generate many ligands for 

different targets.  

3. Cell-SELEX has the potential to develop aptamers for unknown molecules.  
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4. In cell-SELEX, aptamers bind to the native state of target molecules. So, the 

possibility of in vivo activity of aptamers is improved. 

Thus, aptamers are very promising tools for cell-specific targeting and set out to 

enhance the toolbox of active targeting and drug delivering strategy. 
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Aim and outline of this study  
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2 

Aim and outline of this study 

 

2.1. Aim of the study 

Discovery of new drug compounds has stimulated the accelerated pace in recent 

years, with a considerable focus on the transition from in vitro to in vivo models. 

These require significant development of novel non-invasive, high resolution in vivo 

targeting approaches for studying disease development and quantitatively 

determining molecular and cellular events in vivo 50.  

 

As discussed in introduction, obesity constitutes a key contributor to chronic 

disease, worldwide. Available treatments are insufficient to normalize body weight 

and prevent life-threatening complications. Therefore, effective drugs are urgently 

needed for the treatment of obesity and related disorders. Obesity or adipose tissue 

growth is highly correlated with angiogenesis. Thus, inhibition of angiogenesis 

might be a promising strategy to prevent growth of adipose tissue and ultimately the 

development of obesity.  

 

Some non-specific angiogenesis inhibitors such as angiostatin 51, endostatin 52, TNP-

470 53, 54 and VEGFR2-specific inhibitors 55, 56 were able to prevent the development 

of obesity in high-fat diet mouse models. Due to lack of specific targeting some of 

these inhibitors produced toxicities to the healthy tissues.   
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To therapeutically target the adipose tissue vasculature, one possible approach is the 

delivery of drug utilizing a targeting motif that specifically binds to the vascular 

marker in the adipose tissue.  

 

Considering this point, a peptide motif (CKGGRAKDC) specific to the vasculature 

in adipose tissue has been identified, using an in vivo phage display method. This 

motif specifically binds to the prohibitin receptor (a multifunctional membrane 

protein) expressed highly on the adipose vasculature 57. Conjugation of this targeting 

peptide motif with an apoptosis-inducing peptide produced marked anti-obesity 

effects in mouse obesity models 57.  

 

Recently, Hossen et al. have successfully developed an adipose vasculature-targeted 

nanocarrier referred to as prohibitin-targeted-nanoparticle (PTNP) utilizing the 

peptide ligand. This carrier can selectively accumulates into adipose tissue and 

successfully deliver drug molecules into the adipose endothelial cells. They have 

demonstrated the effective therapy for obesity in mice via a proapoptotic 

peptide/protein-loaded PTNP 58.  

 

However, to date, no other targeting ligands to adipose vessels have been identified. 

Thus, in this study, to develop a novel adipose vasculature-targeted delivery system, 

we attempted to identify a nucleic acid aptamer, which can specifically recognize 

the adipose vascular endothelial cells, and to apply the identified aptamer as a ligand 

for targeted drug delivery system. 
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The ultimate objective of my work is- 

 

I. Identification of novel nucleic acid aptamer of adipose ECs. 

 

 

Figure 2.1: Schematic illustration of aptamer identification. 

 

II. Development of a new drug delivery system modified by identified high 

affinity aptamers to adipose vessels. 

 

 

 

 

 

 

 

 

Figure 2.2: Schematic representation of aptamer-modified drug delivery system. 
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2.2. Outline of this dissertation 

The aim of the work presented in this thesis was the identification of strong, novel 

nucleic acid aptamers of adipose endothelial cells and to develop novel drug 

delivery system utilizing the identified aptamers targeted to adipose vessels for 

control of obesity. 

 

First, we report on the identification of nucleic acid aptamers of adipose endothelial 

cells. We used the combination of cell-based SELEX and in vivo SELEX method for 

the first time to identify aptamers. The progress of selection was observed through 

flow cytometric analysis. This combined strategy revealed highly frequent aptamers 

that can able to bind with adipose ECs not only in vitro, but also in vivo. Cloning 

and sequencing were carried out after in vivo SELEX and highly frequent two 

aptamers are selected from identified aptamers.  Then the binding capability of the 

selected aptamers was assessed both in vitro and in vivo.  Finally, binding assay 

assessed the non-importance of the primer region. 

 

Then focused on the development of novel targeted drug delivery system for adipose 

vessels using selected two aptamers. Aptamer-modified liposome was prepared 

based on the prototype targeted-nanocarrier (PTNP). Then their in vitro and in vivo 

study was carried out. 

 

Finally, optimization of the aptamer-modified liposomal composition was performed 

for targeting to adipose vessels.  This study was based on the effect of free PEG 



! "'!

(length and density) on the targeted-liposome surface to recognize the target. We 

qualitatively and quantitatively analyzed the accumulation of targeted liposomes to 

elucidate the best liposomal composition for targeting adipose tissue. 
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Materials and method 
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3 

Materials and method 

 

3.1. Reagents and animals 

Distearoyl-sn-glycero-3-phoshoethanolamine-N-[methoxy (polyethylene glycol)-

2000 (PEG2000-DSPE), cholesterol (chol) and sulfo-rhodamine (rhodamine) were 

purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Egg yolk 

phosphatidylcholine (EPC), PEG5k-DSPE and PEG2k-DSPE with a functional 

maleimide (Mal) moiety at the terminal end of PEG: N-[(3-maleimide-1-oxopropyl) 

aminopropyl polyethylene glycolcarbamyl] distearoyl-sn-Glycero-3- 

phosphoethanolamine and PEG5k-DSPE with a functional succinimide (NHS) 

moiety at the terminal end of PEG: 3-(N-succinimidyloxyglutaryl)aminopropyl, 

polyethyleneglycol-carbamyl distearoylphosphatidyl-ethanolamine were purchased 

from Nippon Oil and Fat Co. (Tokyo, Japan). Hoechst 33342 was purchased from 

Dojindo laboratories (Kumamoto, Japan). 

Peptide (Pep: GKGGRAKDGGC-NH2, purity: 93.6%, theoretical MW: 1004.15) 

and were synthesized by Kurabo Industries, Osaka, Japan. 

The DNA library, unlabeled and labeled PCR primers were purchased and purified 

by Integrated DNA Technologies (Coralville, IA). The magnetic beads, M-270 was 

purchased from Invitrogen. EBM-2 media and the kits were purchased from Lonza, 

Walkersville, MD, USA.  
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Six weeks old male C57BL/6 J mice (body weight ~ 20 g) were purchased from 

SLC Japan (Shizuoka, Japan). The mice were maintained under standard housing 

conditions (standard mouse cages with a 12 h light/12 h dark cycle at 23 °C). 

Animal experiments involved standard procedures approved by the institutional 

animal care and research advisory committee of Hokkaido University, Sapporo, 

Japan. 

 

3.2. Primers and library 

A library of single-strand DNA that contained 40-mer random sequence region 

flanked by two 18-mer PCR primer sequences (5`-ATACCAGCTTATTCAATT-

40N-AGATAGTAAGTGCAATCT-3′) was used in selection. The sense and 

antisense strand of the primers were labeled at the 5′ end with FITC (5′-FITC-

ATACCAGCTTATTCAATT-3′) and at the 3′ end with biotin 

(AGATTGCACTTACTATCT- biotin-3′) respectively. The importance of FITC was 

to monitor the progress of selection by flow cytometry. The presence of biotin was 

used to separate the sense and antisense strands after PCR by streptavidin-biotin 

interaction followed by alkaline denaturation. After denaturation, the FITC-sense 

strand was used for next round of selection.  

 

3.3. Cell culture 

For cell-based SELEX, we used primary cultured adipose ECs derived from 
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C57Bl/6J mice. PCEC-EWAT cells were isolated from the blood vessels of 

epididymal adipose tissue from 9 to 10 week old male mice and cultured in EGM-

2MV media (Lonza, Walkersville, MD) supplemented with 10% FBS and 0.1 mg/ml 

kanamicin sulfate (Wako Purechemicals, Tokyo, Japan) as described previously 59. 

The cells were seeded onto culture dishes coated with 1.5% gelatin (SIGMA) and 10 

μg/ml of human fibronectin (Asahi Glass, Tokyo, Japan) under an atmosphere of 5% 

CO2/ air at 37 °C. For regular cell cultures, we used 0.05% trypsin to dissociate the 

cells from the surface of the culture dish. However, during the flow cytometry 

analysis, we used cell-detaching buffer to dissociate cells from the dish. 

 

3.4. Cell-based SELEX method 

Aptamer selection for adipose ECs was carried out on cultured dish without 

detaching cells from cultured dish. Before start of selection, the ssDNA library was 

first dissolved in EBM-2 media (100 μl), and heated in a thermo-block at 95 °C for 5 

min, and then cooled on ice-water for 10 min to form secondary structures necessary 

for binding with the target cell surface protein. Then the volume of the library was 

adjusted up to 1ml with the binding media (EGM-2MV media free from FBS and 

antibiotics) for using in selections.  

At first, the cells (1×106 -2.5×105 cells from 1st to 9th round selections, respectively) 

on the cultured dish were washed with ice-cold HBSS to remove the dead cells. 

Then the snap-cooled ssDNA library (1nmol/ml in 1st round and 100pmol/ml from 

2nd to 9th round selections) was applied on the cells and incubated on ice for 30 min. 
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The unbound libraries were then removed by aspiration. 3-5 times washing was 

performed with ice-cold binding buffer and HBSS to wash out the weakly bound 

DNA.  

To collect bound DNA from cells, 500 μl of DNAse-free water was added to the 

washed cells, detached cells using cell scraper and transferred them into a 1.5 ml 

tube. Then heated the cell suspension at 95 °C for 10 min and recovered the DNA 

(supernatant) by centrifugation at 15,000 rpm for 10 min.  

The bound DNA was purified by phenol-chloroform extraction followed by ethanol 

precipitation. For the phenol chloroform extraction, we added 500 μL of phenol-

chloroform-isoamyl alcohols to 500 μL of bound DNA. After mixing well, the 

sample was centrifuged at 15,000 rpm for 10 minutes, and the supernatant was 

collected as the product. We performed the same extraction with fresh chloroform. 

To prepare ssDNA library for the next selection round, we optimized the PCR 

conditions and amplified the isolated library by PCR. We performed total of 9th 

rounds of selections against only target cells.   
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3.5. In vivo counter SELEX 

After 9th rounds of positive selections, we performed in vivo negative selection to 

remove the aptamers having binding affinity to ECs of other organs. For the 

negative selection, we injected 9th round of libraries (0.11nmol/kg body weight) to 

the vein of male C57Bl/6J mice and collected adipose tissue after 30 min of 

injection. The bound libraries were then recovered from tissue by heating the finely 

chopped adipose tissue in hot water (800 μl) at 95°C for 10min. Then the DNA 

(supernatant) was collected following centrifugation at 15,000 rpm for 10 min at 

4°C and purified by phenol-chloroform extraction. 

 

3.6. Aptamer binding assay by fluorescence activated cell-sorting analysis 

(FACS Analysis) 

To estimate the extent of enrichment of binding of the ssDNA libraries as well as to 

produce a high affinity DNA aptamer, at first, selected libraries was dissolved in 

EBM-2 media and heated in a thermo-block at 95 °C for 5 min, and then cooled on 

ice- water for 10 min to form secondary structures. It should be noted here, that 

detached cells using cell-detaching buffer to avoid damage the cell surface proteins 

caused by using trypsin. 5×105 cells (50 μl) were incubated with FITC-ssDNA in 

100 μl binding buffer containing 10% FBS for 30 min at 4 °C in dark condition. 

To remove unbound DNA, washing was performed with binding buffer. Finally, the 

cells were suspended in MACS buffer (500 μl) and analyzed using FACS caliber 



! "'!

flow cytometer.  

 

3.7. Cloning and sequencing of 10th round selected library 

A small amount of DNA (250 pg) was amplified with unlabeled primers, purified 

and cloned into chemically competent E. coli using the TOPO TA Cloning Kit 

(Invitrogen). The transformed bacteria were plated out and grown overnight at 37°C. 

Bacterial colonies were then sent for sequencing. To determine the individual 

sequence for the selected colonies, we performed sequencing experiments based on 

the Sanger method by using a Big Dye Kit. An ABI prism 3130-AVANT Genetic 

analyzer was used to complete the sequencing analysis. 

 

3. 8. Binding affinity of the aptamers 

To determine the binding affinity of Seq1-full, Seq2-full, Seq1-40 and Seq2-40 to 

the adipose ECs, the cells were seeded on 96 well plates at the density of 1×104 

cells/well. After 24 h, cells were treated with varying concentrations (Seq1-full: 10 

nM-1 μM, Seq2-full: 3 nM-500 nM, Seq1-40: 10nM-600 nM and Seq2-40: 3nM-

500 nM) of the selected aptamer pool in 50 μL of selection buffer containing 10% 

FBS on ice for 30 min in the dark. The cells were washed two times with selection 

buffer to wash out unbound aptamers. The cells were then lysed with the 1×lysis 

buffer and measured the fluorescent intensity of the bound aptamers using a 

fluorescence photometer. The mean fluorescence intensity of the target cells bound 
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to the aptamer was used to calculate the specific binding. The equilibrium 

dissociation constant Kd was determined by fitting the dependence of the 

fluorescence intensity of specific binding on the concentration of the ligands to the 

equation Y = Bmax X/(Kd+X) using the SigmaPlot 12 (Systat Software Inc., USA). 

 

3. 9. Synthesis of Avecmer- PEG5k-lipid  

For the synthesis of Avecmer- PEG5k-lipid, Avecmer-NH2 and NHS-PEG5k-DSPE 

were dissolved in distilled water separately. For the complete dissolution of NHS-

PEG5k-DSPE bath sonication was used. Avecmer-PEG5k-DSPE was prepared by 

incubating a 1:1 (molar ratio) mixture of the NHS-PEG5k-DSPE solution (10 mM) 

and the Avecmer (100 μM) for 24 h at 30 °C with continuous shaking on a Bio-

shaker.  

 

3. 10. Nanocarrier preparation and characterization 

The Avecmer1-liposome, Avecmer2-liposome were prepared by following 

procedures- 

3.10.1. Preparation of PEG2k- liposome 

PEG2k-liposome was prepared by the REV (reverse phase evaporation) method 60. 

For the preparation of this liposome, lipid containing EPC and cholesterol at a ratio 

of 2:1 (total lipid content: 5 μmol) separately dissolved in chloroform and Mal- 

PEG2k-DSPE (for surface modification) was dissolved in distilled water. 5 μl of 

PEG2k- DSPE (1 mol% of total lipid), 500 μl of 10 mM HEPES buffer (pH 7.4) and 
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500 μl of lipid solution were mixed and the solution was sonicated with a probe-type 

sonicator for 15 s at 4 °C. To prepare fluorescent labeled liposome, we used 0.5 mM 

rhodamine in 10 mM HEPES. The mixture was evaporated under a stream of N2 gas 

followed by sonication for 1 min with a bath-type sonicator. For the removal of free 

rhodamine, ultracentrifugation was carried out two times for 30 min at 85,000 ×g in 

each wash.  

3.10.2.  Preparation of Avecmer- liposome 

For the preparation of Avecmer-liposome, 0.625 mol% (of total lipid) of Avecmer- 

PEG5k-DSPE was incubated with PEG2k-liposome for 30 min at 37 °C with 

continuous shaking on a Bio-shaker. For the removal of free rhodamine after 

incubation, ultracentrifugation was carried out for 30 min at 85,000 ×g. 

Pep- liposome and PEG- liposome was prepared by same method utilizing 0.625 

mol% of Pep- PEG5k- DSPE and Mal- PEG5k- DSPE, respectively. 

The size and zeta potential of the liposomes were determined by Malvern Zetasizer 

(Malvern instruments, Malvern, UK). The resulting liposomes were stored at 4 °C 

and used within 3 h of preparation. 

 

3. 11. Cellular uptake study 

Adipose ECs cells were seeded on sterile 35 mm glass-base dishes in the presence of 

their respective media described above. The cell density was 2 × 105 cells/well. The 

cells were incubated for 24 h to 50% confluence and then incubated with rhodamine 

loaded liposomes (Avecmer1-liposome, Avecmer2-liposome, Pep-liposome and 

PEG-liposome) (rhodamine dose: 0.2 μmol/ml) in a serum free medium for 3 h at 37 
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°C under an atmosphere with 5% CO2. After incubation, the cell nuclei were stained 

with Hoechst 33342 (final concentration: 2.5 μg/ml) for 30 min and then washing 

was performed with medium, followed by heparin (20 U/ml) in 5 mM HEPES to 

remove the surface bound liposomes. After the washing procedures, 5 mM HEPES 

buffer supplemented with KCl 5.4 mM, MgCl2.6H2O 1 mM, CaCl2.2H2O 1.8 mM, 

and NaCl 138 mM, pH 7.3 was added and the cells were observed by confocal laser 

scanning microscopy by means of an oil- immersion objective lens (plan-

apochromat x 63/NA (Carl Zeiss Co. Ltd., Jene, Germany). 

 

3. 12. Homing of nanoparticles to blood vessels 

The homing of liposomes in living adipose tissue was performed as described in the 

previous report 61 with minor modifications. For this study, male C57BL/6 J mice 

(6-week-old) were intravenously injected with rhodamine-loaded liposomes 

(Avecmer1-liposome, Avecmer2-liposome, Pep-liposome and PEG-liposome), at a 

rhodamine dosage of 0.2 μmol/kg. The recovery ratio of rhodamine (2.8 ± 0.5%) 

encapsulated into nanoparticles was taken into account in the dose calculation. For 

the visualization of blood vessels, FITC-Griffonia simplicifolia isolectin (GSIB4) 

was injected intravenously (50 μg/mice) 30 min prior to tissue collection. To collect 

tissues, mice were anesthetized and removed blood as much as possible by cardiac 

puncture. Tissues from the adipose epididymal regions, liver, and spleen were 

collected and washed 3 times with Hank's Buffered Salt Solution (HBSS) and then 

cut into small pieces (around 2 to 3 mm). After washing with HBSS, the pieces were 

transferred to light-protected disposable tubes containing PBS (pH 7.4) and then 
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placed on ice until used. The tissue pieces were then transferred to glass-based 

dishes and observed by confocal laser scanning microscopy (CLSM) (LSM-510; 

Carl Zeiss, or A1; Nikon). All images were recorded with sequential gaining of the 

fluorescent channels. 

 

 

3.13. Liposome preparation and characterization for optimization 

3.13.1. The selected six types of liposome were prepared by following two steps- 

For the optimization of liposomal composition, EPC and chol at a ratio of 2:1 

separately dissolved in chloroform, Mal- PEG2k-DSPE and Mal- PEG5k-DSPE was 

dissolved in distilled water. 1mol% PEG2k-liposome, 2.5mol% PEG2k-liposome, 

5mol% PEG2k-liposome, 1mol% PEG5k-liposome, 2.5mol% PEG5k-liposome and 

5mol% PEG5k-liposome were prepared by the incorporation of Mal- PEG2k-DSPE 

and Mal- PEG5k-DSPE with the density of 1mol%, 2.5 mol% and 5 mol% of total 

lipid respectively. 

To prepare fluorescent labeled liposome, we used 0.5 mM rhodamine in 10 mM 

HEPES. For the removal of free rhodamine, ultracentrifugation was carried out two 

times for 30 min at 85,000 ×g.  

 

3.13.2. Avecmer- PEG5k-DSPE was attached on the surface of these six types of 

liposomes at a density: 0.625 mol% of total lipid. Condition for the incubation was 

30min at 37°C with continuous shaking on a Bio-shaker. After incubation, 
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ultracentrifugation was carried out for 30 min at 85,000×g to remove free 

rhodamine. 

The size and zeta potential of the liposomes were measured by Malvern Zetasizer 

(Malvern instruments, Malvern, UK). The resulting liposomes were stored at 4 °C 

and used within 3 h of preparation. 

 

 

3.14. Comparative targeting of optimized liposomes to adipose vasculature 

For the comparative study of the six liposomes, male C57BL/6 J mice (6-week-old) 

were intravenously injected with rhodamine-loaded liposomes (1 mol% PEG2k-

liposome, 2.5 mol% PEG2k-liposome, 5 mol% PEG2k-liposome, 1 mol% PEG5k-

liposome, 2.5 mol% PEG5k-liposome and 5 mol% PEG5k-liposome), at a rhodamine 

dosage of 0.13 μmol/kg. The Recovery Ratio of rhodamine (2.8 ± 0.5%) 

encapsulated into nanoparticles was taken into account in the dose calculation. 

FITC-Griffonia simplicifolia isolectin (GSIB4) was injected intravenously (50 

μg/mice) 30 min prior to tissue collection for the visualization of blood vessels. To 

collect adipose tissues, mice were anesthetized and blood was removed by cardiac 

puncture as much as possible. Tissues from the adipose epididymal regions were 

collected and washed 3 times with Hank's Buffered Salt Solution (HBSS) and then 

cut into small pieces. After washing with HBSS, the pieces were transferred to light-

protected disposable tubes containing PBS (pH 7.4) and then placed on ice until 

used. The tissue pieces were then transferred to glass-based dishes and observed by 
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confocal laser scanning microscopy (CLSM) (LSM-510; Carl Zeiss, or A1; Nikon). 

All images were recorded with sequential gaining of the fluorescent channels. 

 

3.15. Quantitative measurement of nanoparticles accumulated in tissues 

Male C57BL/6J mice (6-week-old) were intravenously injected with rhodamine-

loaded liposomes. For the visualization of blood vessels, FITC-Griffonia 

simplicifolia isolectin (GSIB4) was injected intravenously (50 μg/mice) 30 min 

prior to tissue collection and adipose tissue was observed by CLSM. All images 

were exported as 8-bit TIFF-format image data and then transferred to the Image-J 

software (Media Cybernetics Inc., Silver Spring, MD). All of the stack files used as 

merged files was used to measure pixel area count, which satisfy the threshold pixel 

intensity in each RGB images or an arbitrary combination of RGB channels in a 

selected region. Digital noise was nullified by single pixel signals. 
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4 

Results 

 

4.1. Cell-SELEX for enrichment of aptamer candidates for target cells 

Aiming for DNA aptamers binding to adipose ECs, we used cell-based SELEX 

method during the in vitro selection experiment. Selection was carried out on culture 

dish to maintain the native state of target molecules on cell surface. Primary cultured 

murine adipose ECs was used as the target for aptamer selection.  

In our selection, a library of ssDNAs that contained 40-mer random sequence region 

flanked by two 18-mer PCR primer sequences was used. In 1st round selection, 

ssDNA library of 1nmol was incubated with the target cells to allow binding to take 

place. The cells were then washed, and the DNA sequences bound to the cell surface 

were eluted (Figure 4.1). The collected sequences were then amplified for the next-

round selection (Figure 4.2). During cell-SELEX, the selection conditions and 

library amount were gradually changed with the progress of selection rounds. After 

multiround selection, the subtraction process efficiently enriched the target-cell 

aptamer candidates. 
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Figure 4.1: A schematic representation of the cell-based SELEX method used for 

the selection of DNA aptamer. ssDNA library was incubated with adipose ECs on 

ice for 30 minutes. After incubation, unbound DNA was removed. Bound ssDNA 

from cells were collected and eluted by heating at 95 °C for 5 minutes. Extracted 

ssDNA pools were subjected to amplify with fluorescent tag to start the next cycle.  
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Figure 4.2: Agarose gel electrophoresis of amplified DNA. After 1st round 

selection, the extracted ssDNA was amplified and subjected on 3.8 % agarose gel 

for electrophoresis. To observe the DNA band, the gel was stained with etidium 

bromide.   
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In addition, flow cytometry analysis (FACS) was carried out to monitor the progress 

of selection process. DNA library collected after selections were labeled with FITC 

dye and incubated with live cells. After incubation, the fluorescence intensity of the 

labeled cells was measured by the flow cytometry analysis. 

 

After 1st round SELEX, the binding of isolated DNA library to adipose ECs was 

assessed by flow cytometry (Figure 4.3 a ~ f). As shown in Figure 4.3 (a), the 

fluorescence intensity of adipose ECs was slightly increased by treatment with the 

1st round library. This indicates that the recovered DNA molecules having the 

binding ability to adipose ECs. Thus, the process was carried out repeatedly. FACS 

data represented the progress of bound DNA to target cells with the increment of 

selection cycles (Figure 4.3). Moreover, the saturation of cell-SELEX was achieved 

after 9th cycle selection, confirmed from the merged fluorescence intensity of bound 

DNA between 8th and 9th cycle (Figure 4.3 (f)). 
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Figure 4.3: Flow cytometry binding assay of selected FITC labeled ssDNA pools 

with adipose ECs. Enrichment in binding random ssDNA in the selection was 

observed by flow cytometry analysis. 100 pmol of ssDNA library was used in each 

case. (a-c) Fluorescence intensity of bound aptamers increases with the increase of 

selection rounds, (c) zero-round ssDNA pool was used to observe the differentiation 

of enrichment from the starting point of selection with 6th round selection, (d-e) 

After 6th round SELEX difference of intensity shift was not observed. 
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After saturation of targeted aptamers in cell-SELEX, it was necessary to eliminate 

the undesired aptamers candidates, which had possibility to bind to endothelial cells 

of other organs in the body, and we also wanted to confirm the binding ability of 

enriched aptamers in vivo. Thus, we followed in vivo aptamer selection (10th cycle 

selection) by intravenous injection of the 9th round DNA library to mice. After 30 

min of injection, adipose tissue was collected; bound DNA was extracted and 

amplified (Figure 4.4). Strong band appeared in polyacrylamide gel electrophoresis 

confirmed the successful isolation of aptamer candidates from in vivo counter 

selection (Figure 4.5). 

  

 

 

 

Figure 4.4: In vivo counter selection (10th round SELEX). 9th round ssDNA was i.v.- 

injected to mice. Adipose tissue was collected prior to 30 min of injection. The 

bound library was then extracted from adipose tissue. 
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Figure 4.5: Confirmation of isolated aptamers from adipose tissue after in vivo 

SELEX. After 30 min i.v.- injection of 9th round aptamers, the bound ssDNA was 

extracted, amplified and subjected to 8% polyacrylamide gel electrophoresis. To 

observe the DNA band, the gel was stained with etidium bromide.   

 

4.2. Identification of aptamers for the target cells 

After isolation of in vivo aptamers, the random ssDNA pools that bound to adipose 

ECs with high affinity were used in cloning experiments, using a TOPO-TA cloning 

kit (Invitrogen) followed by sequencing using the Sanger method via a sequencer, to 

identify the sequences of individual aptamer candidates (Figure 4.6). The sequences 

were assembled based on the homology of the DNA sequences of individual clones 

with each group containing very similar sequences. 
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Figure 4.6: Cloning of 10th round selected library. Unlabelled ssDNA was 

incorporated into the TOPO cloning vector and inserted into E.coli. Transformed 

E.coli subjected on agar plate and incubated over night 37 °C. 
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Among 92 clones, two sequences were selected due to the presence of high 

frequencies (31 and 21) and named as Seq1 and Seq2 (Table 4.1).  

 

Table 4.1: Sequences of identified aptamers 

Sequence Frequency 

Seq1 31/92 

Seq2 21/92 

Seq3 5/92 

Seq4 5/92 

Seq5 2/92 

Seq6 2/92 

Seq7 2/92 

Seq8 2/92 

Seq9 1/92 

Seq10 1/92 

Seq11 1/92 

Seq12 1/92 

Seq13 1/92 

Seq14 1/92 

Seq15 1/92 

Seq16 1/92 

Seq17 1/92 

Seq18 1/92 

Seq19 1/92 

Seq20 1/92 

Seq21 1/92 

Seq22 1/92 
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4.3. Binding assay of the selected aptamers in vitro and in vivo 

Although we performed in vivo counter selection against along with positive 

selection, it was very important to verify that the selected two aptamers actually 

binds to the target cells in vitro and in vivo.  

For in vitro, a binding assay of Seq1 and Seq2 was performed with the primary 

cultured adipose ECs to evaluate its binding capacity by flow cytometry (Figure 

4.7). To determine the binding affinity random library was taken as control. 

Fluorescence intensity shifts of both Seq1 and Seq2 exhibited higher binding 

capability compare to the random library (Figure 4.7). The high affinity binding of 

Seq1 and Seq2 have proved the possibilities of its binding capability to the target 

cell in vitro. 

 

4.4. Assessment of selected aptamers to murin white vasculature 

To assess the targeting capability of the selected aptamers to adipose vessel, Seq1 

and Seq2 were injected to C57BL/6J mice from tail vein. At 30 min after injection, 

adipose tissue from mice was collected and extracted the DNA fraction from tissue. 

After PCR amplification, the samples were subjected to polyacrylamide gel 

electrophoresis (PAGE). The random (0 cycle) DNA library was used as a negative 

control. As a result, the strong 76 bp bands were appeared in both of Seq1 and Seq2 

treated samples, compared to the control (Figure 4.8). Result revealed that both 

selected aptamers has ability to home in adipose vessel. 
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Figure 4.7: Binding assay of selected FITC-labeled DNA aptamer a. Seq1 and b. 

Seq2 against adipose ECs by flow cytometry assay. Random library was used for 

negative control. The amount of FITC- library was 100 pmol. 
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Figure 4.8: Homing of selected aptamers to adipose tissue in vivo. After 30 min i.v.- 

injection of Seq1 and Seq2, the bound ssDNA was extracted, amplified and 

subjected to 8% polyacrylamide gel electrophoresis. The gel was stained with 

etidium bromide to observe the DNA band. 
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4.5. Removal of primer regions from sequence 

Generally, all nucleotides of a full-length aptamer (Random region edged by primer 

regions) are not responsible for target binding. The non-binding domain can affect 

the actual binding interaction between aptamer and target. So, truncation of selected 

sequences and identification of binding domains is very important step to find out 

the high affinity aptamers. Moreover, primer regions are not expected to interfere in 

secondary structure formation and target binding. But in several cases, primers 

interfere for target binding and structure formations. 

In case of Seq1 and Seq2, primers were responsible for secondary structure 

formation. Thus, we wanted to confirm whether these regions are responsible for 

target binding or not. To confirm this issue, we examined the binding assay of 

central 40-mer bases (removing primer regions from both sides) and compared with 

full-length aptamers. Flow cytometric result expressed the similar binding pattern of 

Seq1-40 and Seq2-40 with full-length (76 mer) aptamers (Figure 4.9). Therefore, 

Seq1-40 and Seq2-40, rather than full-length (76 mer) aptamers, were used for the 

following experiments and they were termed as Avecmer (Adipose vascular 

endothelial cell-targeted aptamer) 1 and Avecmer 2, respectively.  

The binding affinity of Seq1-full, Seq2-full, Seq1-40 and Seq2-40 to the adipose 

ECs (Figure 4.10 (a-d)) also confirmed that primer regions were not responsible for 

target binding.  
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Figure 4.9: Flow cytometry histogram showing binding competition between the 

full length and 40 mer aptamers, a. Seq1 and b. Seq2.  Red: full-length Seq, green: 

40 mer Seq and black non-treated cells.  
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Figure 4.10:  Determination of binding affinity, Kd value of the DNA aptamers. 

The Binding affinity of a. Seq1-full: 242.40 nM ± 32.9 nM, b. Seq2-full: 187.55 nM 

± 51.45 nM, c. Seq1-40: 103.5 nM ± 54.75 nM and d. Seq2-40: 127.02 nM ± 30.67 

nM were determined using FITC-labelled aptamers to adipose ECs. Data represent 

mean   SD (n=3). 
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4.6. Physicochemical characterization of! liposomes 

In order to observe the applicability of Avecmer1 and Avecmer2 as active targeted 

drug delivery system, we prepared liposomes modified with these two selected 

aptamers. Here, Pep-liposome and PEG-liposome were also prepared as control. 

(Figure 4.11) After preparation, average particle size and charge of Avecmer1- 

liposome, Avecmer2-liposome, Pep-liposome and PEG-liposome were measured by 

Malvern Zetasizer. As shown in Table 4.2, the liposomes (Avecmer1-liposome, 

Avecmer2-liposome, PEG-liposome) had negative (−22.8 mV, ,#"-+!./!012!,+"-"!

./) and almost neutral (0.38 mV) zeta potentials, respectively. Due to the negative 

charge of nucleic acid aptamers and PEG5k-DSPE, the Avecmer1-liposome, 

Avecmer2-liposome and PEG-liposome increased negativity and due to slight 

positive charge of the peptide, the peptide-modified liposomes neutralized the 

negativity of the liposome surface. 

!

Table 4.2. Physicochemical property of liposomes 

 Size (nm) ζ-potential (mV) 

Avecmer1-liposome 163.2 -22.8 

Avecmer2-liposome 167.4 -23.1 

Pep- liposome 189.7 0.38 

PEG-liposome 157.6 -13.3 
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Figure 4.11: Preparation of Avecmer- modified liposomes.  a. Avecmer1-liposome, 

b. Avecmer2-liposome, c. PEG-liposome and d. Pep-liposome.  
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4.7. Cellular uptake study of liposomes 

For the evaluation of the feasibility of Avecmer1-liposome and Avecmer2-liposome 

as delivery vehicle, we analyzed whether the liposomes are being taken up by 

adipose ECs.  

To achieve this, the rhodamine-loaded Avecmer1-liposome and Avecmer2-liposome 

were applied to target cells; Pep-liposome and PEG-liposome were utilized as 

positive and negative control, respectively. The cellular uptake of liposomes was 

observed by a confocal laser-scanning microscopy (CLSM). Both of Avecmer1-

liposome and Avecmer2-liposome showed the higher internalization into adipose 

ECs, compared to PEG5k-lip (negative control). But the internalizing capacity was 

lower than the Pep-liposome (Figure 4.12). These results demonstrated that 

nanoparticle modified with both Avecmer1 and Avecmer2 could be taken up into 

the adipose ECs but the uptake efficiency was lower than Pep-liposome. 
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Figure 4.12: Cellular internalization of Avecmer1-liposome and Avecmer2- 

liposome to adipose ECs. Cells were incubated with rhodamine-loaded Avecmer1-

liposome, Avecmer2-liposome, Pep-liposome and PEG-liposome for 3 h at 37 °C. 

Nuclei were stained with Hoechst 33342. Cells were observed by means of confocal 

laser scanning microscopy (CLSM). Scale bar indicated 100 μm. 
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4.8. In vivo selectivity of aptamer modified liposome 

In vivo imaging is a powerful method, which reveals tissue distribution of dye-

loaded particles during a period of time. To endorse the targeting effect in vivo, the 

feasibility of aptamer-modified liposome as an in vivo carrier was assessed. After 

i.v.-injection of rhodamine-loaded Avecmer1-liposome and Avecmer2-liposome to 

normal mice, the accumulation of the liposomes to adipose tissue, liver and spleen 

was observed by CLSM. 

 

The clear fluorescence signal of Avecmer1-liposome and Avecmer2-liposome was 

appeared in the blood vessels of adipose tissue (Figure 4.13), whereas PEG5k-lip 

(negative control) was not (Figure 4.13). Moreover, the intensity signal of 

Avecmer1-liposome and Avecmer2-liposome was much more higher than Pep- 

liposome. These results exhibited that both Avecmer1 and Avecmer2 have the 

ability to home in adipose tissue greater than the peptide ligand (reverse result of in 

vitro study).  

In addition, the accumulation of Avecmer1-liposome and Avecmer2-liposome was 

observed in liver and spleen. Both liposomes were detected in liver and spleen, 

however, the fluorescence intensity was similar with the PEG5k-liposome and Pep- 

liposome (Figure 4.14). These results demonstrated that both aptamer-modified 

liposomes could efficiently target the adipose vessels. 
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Figure 4.13: In vivo targeting ability of Avecmer1-liposome and Avecmer2- 

liposome to adipose vessels in normal mice. Mice were i.v.-injected with 

rhodamine-loaded Avecmer1-liposome, Avecmer2-liposome, Pep-liposome and 

PEG-liposome (green). To visualize blood vessels, 50 μg of FITC-GSIB4 (red) was 

also i.v.-injected 30 min prior to tissue processing. At 17 h after administration, 

adipose tissue was observed with CLSM. Scale bars represent 100 μm. 
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Figure 4.14: Accumulation of Avecmer1-liposome and Avecmer2-liposome to liver 

and spleen in normal mice. Mice were i.v.-injected with rhodamine-loaded 

Avecmer1-liposome, Avecmer2-liposome, Pep-liposome and PEG-liposome 

(green). For the visualization of blood vessels, 50 μg of FITC-GSIB4 (red) was also 

i.v.-injected 30 min prior to tissue processing. At 17 h after administration, tissues 

were observed with CLSM. Scale bars represented 100 μm . 
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4. 9. Physicochemical properties of! liposomes 

In order to optimize the liposomal composition for in vivo delivery, we prepared six 

types of liposomes (1 mol% PEG2k-liposome, 2.5 mol% PEG2k-liposome, 5 mol% 

PEG2k-liposome, 1 mol% PEG5k-liposome, 2.5 mol% PEG5k-liposome and 5 mol% 

PEG5k-liposome) modified with two selected aptamers (Avecmer1 and Avecmer2). 

Here, 1mol% of PEG2k-liposome was taken as control (Figure 4.15). After 

preparation, average particle size and charge of all liposomes were measured by 

Malvern Zetasizer. Due to the negative charge of nucleic acid aptamers and PEG5k-

DSPE, the zeta potential of the liposomes were negative (Table 4.3 and Table 4.4). 

 

 

Table 4.3. Physicochemical property of Avecmer1-liposomes 

Liposome Size (nm) ζ-potential (mV) 

1mol% PEG
2k

- liposome 151.3 -20.3 

2.5mol% PEG
2k

- liposome 136.7 -20.2 

5mol% PEG
2k

- liposome 122.2 -21.3 

1mol% PEG5k- liposome 130.9 -14.1 

2.5mol% PEG5k- liposome 122.7 -11.7 

5mol% PEG5k- liposome 118.8 -11.4 
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Table 4.4. Physicochemical property of Avecmer2-liposomes 

Liposome Size (nm) ζ-potential (mV) 

1mol% PEG
2k

- liposome 154.9 -15.2 

2.5mol% PEG
2k

- liposome 149.9 -15.8 

5mol% PEG
2k

- liposome 141.6 -19.4 

1mol% PEG5k- liposome 145.7 -12.6 

2.5mol% PEG5k- liposome 140.3 -10.7 

5mol% PEG5k- liposome 127.4 -10.5 

 

 

 

 

 

Figure 4.15: Preparation of Avecmer-modified liposomes for optimization.  
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4.10. In vivo targeting of aptamer modified liposomes  (Avecmer1-liposome and 

Avecmer2-liposome) to adipose vasculature 

To address the rational design of targeted drug delivery system, in vivo behavior of 

nanoparticles is an important issue. The purpose of this study was to optimize the 

liposomal composition for targeting to adipose vasculature in vivo.  

In the previous study of our laboratory, optimization of Pep-liposome for in vivo 

targeting capability was carried out with three types of liposomal composition: Pep- 

PEG2k- NP, Pep- PEG5k- NP and PTNP. Among these three types of liposome PTNP 

showed the highest accumulation in the blood vessel of adipose tissue and lowest 

accumulation in liver. In PTNP, the combination of PEG5k- DSPE (1.25 mol%) and 

PEG2k- DSPE (1 mol%) was used.  

In PTNP, combination of PEG5k- DSPE (1.25 mol%) and PEG2k- DSPE (1 mol%) 

was used for the surface modification of Pep-liposome (PTNP) for active target to 

adipose vessels 92. Whereas, PEG5k- DSPE was used to conjugate peptide ligand on 

liposome surface and PEG2k- DSPE was remain free. Targeting capability of other 

two types of liposome 92 was also examined. From this study, it was clear that free 

PEG on the liposomal surface play an important role for target binding. 

Therefore, to optimize the liposomal composition of the Avecmer1-liposome and 

Avecmer2-liposome for targeting adipose ECs in vivo, on the basis of prototype 

liposome (1mol% PEG2k-liposome) we prepared six types of liposomes considering 

different PEG length and density. 

To endorse the targeting effect in vivo, the feasibility of aptamer-modified 

liposomes was assessed. After systemic administration of rhodamine-loaded of these 
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liposomes (rhodamine dose: 0.15 μmol/kg) to normal mice, the accumulation of the 

liposomes to adipose tissue was observed by CLSM. From the tissue observation, it 

was found that the 5 mol% PEG5k-liposome showed the highest accumulation in 

adipose tissue (Figure 4.16 (a), Figure 4.17 (a)).  

 

To further verify the findings as strong evidence, we quantify the liposomes and the 

distribution of the liposomes in the unit area (Figure 4.16 (b, c) and Figure 4.17 (b, 

c)). The quantitative measurement also presented that the 5mol% PEG5k-liposome 

exhibited the highest accumulation in adipose tissue. 

Thus result demonstrated that longer PEG-chain and higher density offer higher 

flexibility to exclude steric hindrance for target recognition, which increase ligand- 

receptor interaction.  
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Figure 4.16: In vivo targeted delivery of Avecmer1-liposomes to adipose vessels in 

normal mice. (a) Accumulation of targeted six types of liposome in adipose tissue. 

Normal mice were i.v.-injected with rhodamine-loaded Avecmer1 modified 1mol% 
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PEG2k-liposome, 2.5mol% PEG2k-liposome, 5mol% PEG2k-liposome, 1mol% PEG5k-

liposome, 2.5mol% PEG5k-liposome and 5mol% PEG5k-liposome (green). To 

visualize blood vessels, 50 μg of FITC-GSIB4 (red) was also i.v.-injected 30 min 

prior to tissue processing. At 15 h after administration, the adipose tissue was 

imaged by CLSM.  Bars represented 100 μm. 

(b) Quantification of liposomes into adipose tissue. Green fluorescence of liposomes 

accumulated in adipose tissue was normalized to the red fluorescence of blood 

vessels for quantification.  

(c) Quantification of the distribution of Avecmer1-liposomes in adipose tissue. 

Green fluorescence of liposomes accumulated in adipose tissue was quantified per 

unit area. 
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Figure 4.17: In vivo targeted delivery of Avecmer2-liposomes to adipose vessels in 

normal mice. (a) Accumulation of targeted six types of liposome in adipose tissue. 

Normal mice were i.v.-injected with rhodamine-loaded Avecmer2 modified 1mol% 
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PEG2k-liposome, 2.5mol% PEG2k-liposome, 5mol% PEG2k-liposome, 1mol% PEG5k-

liposome, 2.5mol% PEG5k-liposome and 5mol% PEG5k-liposome (green). To 

visualize blood vessels, 50 μg of FITC-GSIB4 (red) was also i.v.-injected 30 min 

prior to tissue processing. At 15 h after administration, the adipose tissue was 

imaged by CLSM.  Bars represent 100 μm. 

(b) Quantification of liposomes into adipose tissue. Green fluorescence of liposomes 

accumulated in adipose tissue was normalized to the red fluorescence of blood 

vessels for quantification.  

(c) Quantification of the distribution of Avecmer2-liposomes in adipose tissue. 

Green fluorescence of liposomes accumulated in adipose tissue was quantified per 

unit area. 
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Discussion 

 

Obesity and its consequences have become a major health problem, over the last 

decades 62. It increases the risk of multiple conditions and negatively affects physical 

functioning, vitality, and general quality of life 63, 64. Effective and safe drug and 

delivery system is not available in obesity treatment. It has been reported that 

angiogenesis have a crucial role in the modulation of adipogenesis and obesity65, 66. 

Several anti-angiogenic molecules have been used to control obesity but lacking of 

active targeting it produce undesired toxicity to healthy tissues. To gain cell-specific 

uptake and to reduce off-target effects, strategies for selective drug deliveries are 

desirable. Regarding this strategy into concern, currently ligand-based targeted drug 

delivery to adipose endothelial cell has been introduced for highly effective and safe 

treatment of obesity 57, 67. 

 

As already mentioned in the introduction, the peptide ligand (KGGRAKD) 

conjugated proapoptotic sequences (Adipotide) successfully controlled obesity in 

mouse model. Another promising delivery approach deals with adipose vasculature 

targeted-nanocarrier system (PTNP) utilizing the peptide ligand demonstrated more 

effective, efficient and safe therapy for obesity in mice via a proapoptotic 

peptide/protein-loaded PTNP.  
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So far, only one peptide ligand has been identified against adipose ECs to 

specifically escort cargo molecules for obesity therapy. Thus identification of new 

ligand of adipose ECs and development of targetd-nanocarrier coupled with ligand 

would be a very attractive strategy for cell- specific delivary and therapy. 

Thus, in this study, to develop a novel adipose vasculature-targeted delivery system, 

we identified nucleic acid aptamers, which can specifically recognize the adipose 

vascular endothelial cells, and applied the identified aptamer as a ligand for targeted 

drug delivery system. 

 

Aptamers are short single-stranded oligonucleotides ligands comprise a promising, 

emerging and attractive class of targeting molecules, being able to bind with high 

affinity and specificity to protein or non-protein targets by folding into complex 

secondary and tertiary structures 31, 32. 

 

They have ability to discriminate between closely related targets. Regarding these 

issues, aptamers are considered as alternative to antibodies for in vivo cell 

recognition. Owing to their relatively small size in comparison to antibodies, they 

are better suited for rapid target tissue penetration and blood clearance. These 

properties indicate a great potential of aptamers as targeting agents 34-36, 68. 

Aptamers for specific targets are identified using SELEX, starts with complex 

aptamer libraries consisting of pool sizes of 1012–1015. To facilitate in vitro selection 

of adipose ECs aptamers we used the cell-based SELEX method, a modification of 

the usual SELEX technique using live cells (Figure 4.1). The technique involved 
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the use of primary cultured adipose ECs isolated from 9 or 10 weeks male 

C57BL/6J mice, rather than establish cell lines as a target to isolate specific 

molecular probes or molecular ligands. Flow cytometry binding assays of the 

isolated 1st round aptamers confirms that selection procedure was working (Figure 

4.3 (a)). Flow cytometry data also confirms the enrichment of aptamers in different 

round of selections. During the selection process, we included some modifications 

that enhanced the success of the project. Changing of selection condition and cell 

numbers during selections revealed the saturation of aptamers to target cells within 

6th to 9th rounds (Figure 4.3 (d-e)) 68.  

We also included a negative selection after 9th round, when we were confident that 

sufficient enrichment of binding pools had been produced (Figure 4.3). Here our 

interpretation was to remove non-specific aptamers, which have ability to bind with 

ECs of other organs/tissues and to confirm the targeting capability of desired 

aptamers in vivo. For the counter selection, we used in vivo SELEX with positive 

selection and succeed to isolate our desired aptamers (Figure 4.4 and Figure 4.5). 

Selection is a continuous and repetitive process, and results in the production of high 

affinity targets from random oligonucleotide pools. 

 Combination of cell-SELEX and in vivo SELEX revealed very high-frequented 

aptamers (Table 4.1). Among 92 clones, we selected Seq1 and Seq2 due to their 

higher frequency. Our concern to select these two aptamers was that the target 

receptors of these two aptamers are expressed on cell surface with very high amount 

compare to other candidates. The more receptors expressed on the cell surface is 

better to deliver cargo molecules into the cells.  
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Next to assess the targeting capability of both Seq1 and Seq2 in vitro and in vivo we 

could exhibit the binding assay through flow cytometry and polymeric chain 

reaction (Figure 4.7 and Figure 4.8). As a negative control, we used a fluorescently 

tagged random ssDNA pools.  

For minimization of the Seq1 and Seq2, we took into account the removal of primer 

regions from both sides of full-length aptamers (central region of aptamer flanked 

by two primer region). Generally it is expected that primer regions do not contribute 

for target binding and secondary structure formation. But some reports show the 

importance of primer for structure formation and target binding 69, 70. Binding 

analysis from flow cytometry confirms that primers are not important for binding to 

adipose ECs (Figure 4.9). These shortened versions of Seq1-40 and Seq2-40, named 

Avecmer1 and Avecmer2 respectively have been used for the preparation of targeted 

drug delivery system. 

 

Recently, nanocarrier-based drug delivery system has received powerful attention 

due to their unique physical, chemical and biological properties. Nanocarriers, for 

the clinical applications must have to be biocompatible (able to match with a 

biological system without producing immune response or any negative effects) and 

nontoxic 71. For in vivo applications, nanoparticles with a diameter of 80–300 nm are 

generally accepted due to their optimal physicochemical and biological properties 72.  

 

It is now well recognized that liposomes are the widely used nanocarrier for drug 

delivery system. They are composed of natural or synthetic lipids bilayers consisting 
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of an aqueous core and capable to deliver both lipophilic to the site of action 30. 

However, surface of liposome can be modified with any targeting moieties 

(antibodies, folate, peptides and nucleic acids) to deliver drugs safely and effectively 

to the target site 73- 79. 

 

Regarding the targeting of adipose vessels with the goal of controlling obesity, 

previously our laboratory established a liposomal carrier system modified by a 

peptide ligand (PTNP) that could accumulates in adipose vessels selectively. And to 

establish the advantageous effect of nanoparticle-targeted therapeutics, a 

comparative study was performed with drug-loaded targeted-nanocarrier (PTNP) 

and drug conjugated targeted ligand (Adipotide). Study revealed that the drug 

loaded nanocarrier system could reduce obesity in mice efficiently and successfully 

than the conjugated drug 58. The release of a drug from liposomes depends on the 

liposome composition, and the surrounding environment 80.  

 

Therefore, to prepare Avecmer-modified liposome, we considered the composition 

of liposome used in PTNP and took it as model carrier. For the development of 

aptamer-based drug delivery system, first we synthesized aptamer conjugated PEG- 

lipid (Avecmer- PEG5k- DSPE). In this synthesis, Avecmer1 and Avecmer2 were 

conjugated with NHS- PEG5k- DSPE through a stable ester bond under 

physiological condition. So that, the ligand would not dissociate from the liposome 

in the systemic circulation 81 meeting important requirement for a stable targeted 

delivery system. 
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The aptamer modified liposome for a ligand-based targeted delivery system was 

prepared by attaching ligands at the PEG terminus on the liposome 58 (Figure 4.11). 

This is more effective than directly attaching ligands to the surface of a PEG-

containing liposome, since PEG chains interfere with both the coupling of ligands to 

the lipid bilayer and the interaction of these ligands with the intended biological 

targets. Therefore, we attached ligands to the distal end of PEG chains to overcome 

this drawback. These ligands coupling to the PEG terminus does not cause any 

interference with the binding of ligands to their respective recognition molecules. 

According to previous study, we also use malemide- PEG2k-DSPE for the surface 

modification of liposome 58. 

 

The efficiency of the Avecmer1-liposome and Avecmer2-liposome was estimated 

by evaluation of the cellular uptake study with the target cells. Pep-liposome and 

PEG-liposome were used as positive control and negative control, respectively. As a 

result, it was found that Avecmer-modified liposomes (Avecmer1-liposome and 

Avecmer2-liposome) showed a remarkable enhancement in cellular uptake 

compared to PEG-liposome in adipose ECs (Figure 4.12). But the internalization 

efficiency of Avecmer-modified liposomes were lower than the Pep-liposome. As 

shown in Figure 4.12, PEGylation on the surface of the liposome (PEG-liposome) 

had a slight inhibitory effect on cellular uptake, indicating that PEGylation generates 

an aqueous layer on the surface of the liposome which inhibited the interaction of 

liposome with the cell surface. Different cellular uptake of Avecmer-liposomes and 

Pep-liposome might be explained by two ways, either expressions of the target 
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molecules of aptamers are lower than that of peptide ligand on adipose ECs or the 

binding capability of Avecmer-liposomes are lower than Pep-liposome. To confirm 

the possibilities next we evaluated the targeting ability of the prepared liposomes to 

adipose ECs in vivo. All the prepared liposomes were systemically administered into 

mice and adipose tissue was observed though confocal microscopy. After evaluation 

of confocal images, it was found that the intensity of rhodamine-loaded both 

Avecmer1-liposome and Avecmer2-liposome was higher than PEG-liposome 

(Figure 4.13). The most interesting point here is, the intensity of rhodamine-loaded 

Pep-liposome was lower than both Avecmer1-liposome and Avecmer2-liposome, 

totally reverse result of in vitro study (Figure 4.13). The in vivo distribution data 

forcefully demonstrated that the homing capability of Avecmer1-liposome and 

Avecmer2-liposome is higher than Pep-liposome in vivo. This result also revealed 

that the receptor expressions of both aptamers are highly differing in in vivo and in 

vitro. In this study to confirm the selectivity of aptamer-liposomes, we also evaluate 

the accumulation of liposomes in liver and spleen. Findings showed that 

accumulation of both Avecmer1-liposome and Avecmer2-liposome was observed in 

liver and spleen, but that was similar to Pep-liposome and PEG-liposome (Figure 

4.14). From this study we can conclude that our identified aptamers have efficient 

homing capability to adipose vasculature. 

 

In the preparation of aptamer-modified liposome we have used the same 

composition of liposome used in previous study of peptide-liposome (PTNP). In this 

study, we only replace the peptide ligand with our identified aptamers (Avecmer1 
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and Avecmer2). However, the question of whether this composition is the best one 

for aptamer-modified liposome to bind with target in vivo.  Moreover, to address the 

rational design of targeted drug delivery system, in vivo behavior of nanoparticles is 

an important issue. Therefore, next we optimize the liposomal composition for 

increasing the targeting ability aptamer to adipose vessel. 

In designing an effective targeted nanocarrier, the most critical challenge is to 

deliver the therapeutic drugs to desired site of action specifically with maximum 

therapeutic effects and little or no interaction with non-target cells/tissues. Intensive 

effort has been made so far to achieve these challenges by considering the important 

factors responsible for the fate of nanocarriers in circulation. 

 

As it is well known that nanocarriers are considered as foreign particles for the body 

defense system and they undergo into serum opsonization and sometimes undergo 

quick elimination before completion of their functions. Thus the prerequisite 

demand of effective therapy is to increase the longevity of nanocarrier in the 

circulation 82- 84.  

To achieve better targeting effect for targeted-drugs and drug carriers, prolonged 

circulation is helpful due to sustain more time for their interaction with target 85. 

Surface modification of nanocarrier with PEG, is a powerful approach to regulate 

their in vivo longevity properties and biological behavior. The surface coating with 

PEG provides steric stabilization of nanocarriers by forming hydrophilic layer on 

surface that prevent the drug carrier interaction with opsonins and their fast capture 

by reticuloendothelial system (RES) 86- 88. 



! '*!

The role of PEG in targeted drug delivery system is less clear. In general targeted 

drug delivery system, targeting ligand are grafted on the nanocarrier surface via 

PEG spacer, where an aqueous phase is loaded into therapeutics such as 

chemotherapeutics, therapeutic peptides or genes in the same nanoparticles. The 

PEG provides the space between the ligands and the surface of nanoparticles, which 

reduces the steric hindrance for the recognition of the ligand to target receptor 89. 

Moreover, length of the PEG may also play a role in ligand receptor interaction 90, 91. 

However, targeting ligand sometimes decrease the biostability of nanoparticle in 

vivo by altering the physicochemical properties of carrier that may assume to 

obscure the advantages of PEGylation accelerated clearance of ligand-linked 

nanoformulations. 

 

In the previous optimization study of peptide-modified nanocarrier, length of PEG 

was taken into consideration. The combined modification of PEG5k and PEG2k on 

liposomal surface presented the best target binding in vivo, whereas PEG5k was used 

for ligand conjugation and PEG2k was free on the liposome surface. As a result, PEG 

length and free PEG on liposome surface played an important role for target 

binding92. 

 

To enhance the targeting capability of the Avecmer-liposome, we considered density 

and length of PEG on the surface of liposome. For in vivo applications, we designed 

six types of targeted liposomes (Figure 4.15) and compared the targeting ability of 

these liposomes to adipose vessels by confocal-based observations (Figure 4.16 and 
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Figure 4.17). Although these liposomes were modified with the same amount of 

ligand and showed similar physicochemical properties, including size and ζ-

potential (Table 4.3 and Table 4.4), their targeting activities were substantially 

different after systemic injection. 

 In case of both Avecmer1-liposome and Avecmer2-liposome (Figure 4.16 and 

Figure 4.17) 5mol% PEG5k- liposome showed the highest accumulation in adipose 

vessels. Quantitative measurement of confocal images also demonstrates the same 

result. These results suggest not only ligand but also the surface biostabilizing 

activity of PEG and the length of spacer is important factors for maximizing the 

targeting of a ligand to a target in vivo. In this study, we exhibited that liposomes 

modified with longer PEG and highest density had the best accumulation in adipose 

vessels, however, further investigations will be needed to determine the detailed 

molecular basis. 
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Conclusion 

 

Here we report on novel targeted drug delivery system for adipose vasculature based 

on our identified novel nucleic acid aptamers that can function successfully in both 

in vitro and in vivo. 

This study is the first report on the combined use of whole-cell SELEX and in vivo 

SELEX to identify nucleic acid aptamers. The advantages of cell-SELEX on culture 

dish, exposes, no need for a detailed study of the target before the start of the 

selection; aptamers bind to the target in their original conformation. Study reveals 

that the flow cytometry assays can be used for both the progression of selection and, 

affinity analysis. As shown in the results, sequences after in vivo SELEX have 

binding ability to target cells and ability to accumulate in target vessels. Moreover, 

without any types of chemical modifications, they are very stable in body fluid. This 

opens the new era of identification for targeting nucleic acid ligands for in vivo 

application. However, both Avecmer1 and Avecmer2 have higher binding affinity to 

target cells and both can be used as targeting ligand for adipose vasculature. 

By using the high affinity DNA aptamers, we successfully developed the targeted 

nanoparticle. This active targeted carrier can internalize into the target cells in vitro 

that is lower than the peptide ligand. But this has the ability of higher accumulation 

in the target tissue than the peptide ligand in vivo. We may propose that our 

identified aptamers have higher targeting capability to adipose vasculature. 
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The role of PEG has proven crucial in the evolution of drug delivery systems. The 

findings presented herein also show that the PEGylation of targeted liposomes can 

improve the targeting efficiency in vivo. In case of both Avecmer1-liposome and 

Avecmer2-liposome, 5mol% PEG5k-liposome is the best liposomal composition for 

target binding. In addition, both liposomes can deliver an aqueous phase marker to 

the target that mimics the delivery of small molecular drugs, proteins, peptides and 

nucleic acid.  

Taken together, the findings provide a proof concept of novel targeted carrier system 

for adipose vasculature. In near feature, this work may offer a paradigm shift in the 

development of anti-obesity drug for the treatment and control of obesity.  
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