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ABSTRACT 

 

Hepatocellular carcinoma (HCC), the most common form of liver cancer, kills 

over 650,000 people worldwide every year, primarily in regions where viral hepatitis 

infections are common. Unfortunately, most HCC cases remain un-diagnosed until late 

stages of the disease when patient outcome is poor, such that death typically occurs 

within months to one year of initial diagnosis. In order to better care for these patients, 

new target-specific approaches are needed to improve early detection and therapeutic 

intervention. In this thesis, polymer nanoparticles functionalized with a HCC-specific 

aptamer were examined as potential targeted drug delivery vehicles. In particular, the in 

vitro interactions (i.e. binding and uptake) of an HCC-specific aptamer, designated 

TLS11a, were characterized in a hepatoma cell line via live-cell fluorescence imaging.  

Binding of the aptamer-AlexaFluor
®
546 to the cell surface was found to occur within 20 

minutes of aptamer introduction. Shortly thereafter, the aptamer was taken up, 

presumably by endocytosis, and localized to late endosomes or lysosomes using a pH-

sensitive LysoSensor
™

 Green dye.  Next, the cell surface epitope(s) recognized by the 

TLS11a aptamer were characterized using SDS-PAGE and western blot procedures. A 

prominent band just over 21 kilodaltons (kDa) was revealed in the cell surface protein 

fraction, the hydrophilic fraction and in whole cell lysate but not in hydrophobic 

membrane fraction. Implications of this result are still being examined, but suggest that 

the TLS11a may recognize an extracellular peripheral membrane protein. Using a 
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modified nanoprecipitation technique, aptamer-functionalized polymer nanoparticles 

containing poly(lactic-co-glycolic acid) (PLGA) and poly(lactide)-b-poly(ethylene 

glycol) (PLA-PEG) were prepared in an organic acetone solvent then loaded with the 

chemotherapeutic agent, doxorubicin.  Following treatment of cultured HCC cells with 

drug-loaded nanoparticles, there was no apparent difference in cytotoxicity between 

nanoparticles with or without the aptamer targeting agent; however, both nanoparticle-

based treatments showed greater cytotoxicity over free doxorubicin in solution or blank 

nanoparticles supporting the nanoparticle itself as a viable drug delivery vehicle. 

Additional studies are needed to fully optimize the nanoparticle design to ensure 

sufficient amounts of aptamer are present on each nanoparticle and that they are readily 

available for molecular recognition of the target. Taken together, these preliminary 

studies provide support for further examination of the TLS11a as a HCC-specific 

targeting agent for use in polymer nanoparticle drug delivery.  
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CHAPTER I 

Introduction 

 

Hepatocellular carcinoma (HCC) is a highly malignant form of liver cancer which 

is one of the most deadly cancers in the world, killing most patients within 1 year of 

diagnosis.
1
  HCC accounts for approximately 80% of all liver cancers with more than 

30,000 new cases estimated to occur in the United States in 2014, and of those new cases 

nearly 22,000 will die.
1
 While HCC is not very prevalent in the US, incidence rates have 

increased nearly 3% per year in women and 4% per year in men since 2006, primarily 

due to the spread of hepatitis C viral infections.
1, 2

  HCC is linked to a number of pre-

existing conditions such as chronic hepatitis B or C, alcohol-related cirrhosis, and 

nonalcoholic fatty liver disease associated with obesity, diabetes, or related metabolic 

disorders which are also on the rise worldwide.
1
  Early detection of HCC remains 

challenging due to the lack of existing biomarkers with adequate sensitivity and 

specificity for screening high-risk patients. Even diagnostic imaging techniques, such as 

MRI and contrast-enhanced CT, exhibit limited sensitivity for conclusive HCC 

diagnosis.
3
 As with many types of cancer, early detection of HCC remains the most 

critical determinant for patient survival. If HCC is caught early (Stage I or II), 5-year 

survival rates are just over 30% (Figure 1) and patients/doctors have the greatest number 

of treatment options including surgical resection of the tumor, nonsurgical treatment that 
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limits the blood supply to the primary tumor site (embolization), application of extreme 

heat/cold (ablation), or organ transplant.
1
 Patients diagnosed with an advanced stage of 

HCC (Stages III & IV) exhibit 5-year survival rates as low as 2% and have far fewer 

choices in treatment, some of which include an organ transplant, combination 

chemotherapy and/or radiation therapy. Technological advances that are focused on early 

HCC detection, drug delivery, and even treatment selection (i.e. personalized medicine) 

are urgently needed to improve liver cancer patient outcomes. 

 

Figure 1.  Liver cancer survival statistics. Five year survival rates for patients diagnosed with any form of 

liver cancer, including HCC, across various stages of the disease (early Stage 1 to late Stage 4). Data values 

are taken from the National Cancer Data Base (NCDB) American College of Surgeons Commission on 

Cancer. 

 

   The use of high-affinity HCC targeting agents in nanoparticle assemblies could 

fill this need in two ways: (i) as imaging contrast agents  that localize to the tumor site 

and enhance optical, radiological, or magnetic detection capabilities and (ii) as targeted 

drug-delivery vehicles.
18

 Such molecular targeted therapies have become known as 

theranostics because of their dual function in both diagnostics and therapy, and have been 
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shown to be useful for targeting cancer cells, even in the earliest stages.
6
  Targeting of 

drugs to cancerous cells in the body and being able to visualize the interaction, almost 

immediately, is a paradigm shift from traditional systemic chemotherapies, with the 

ultimate goal being a drug that can be administered in a form such that it reaches the 

tumor receptor sites in sufficient concentration without doing harm (or minimal) to 

surrounding healthy cells, while providing a signal for site-specific detection and 

monitoring.
14

  Examples of targeting molecules that bind cell surface proteins which have 

been used for early detection and targeted drug delivery include proteins, antibodies, 

peptides, carbohydrates and DNA aptamers.
4 

Recently, a HCC-specific aptamer (TLS11a) was described that could selectively 

target mouse and human hepatocellular carcinoma in vitro.
4
 The research described in 

this thesis was focused on the investigation of the HCC-specific aptamer and 

functionalized nanoparticle conjugates for targeted labeling and drug delivery within an 

in vitro model of malignant hepatocellular carcinoma. The primary goals of the study 

were to (i) validate the binding and localization of the TLS11a aptamer in cultured BNL 

1ME A.7R.1 cells, (ii) identify the target protein or epitope recognized by the aptamer 

and (iii) examine the efficacy of aptamer-targeted PLA-PEG nanoparticles for 

doxorubicin drug delivery. 

1.1  TLS11a aptamer background and history 

Aptamers are short (approximately 50-100 nucleotides in length), single-stranded 

oligonucleotides made of DNA, RNA, or modified (XNA) nucleic acids that have been 

chosen via the SELEX in vitro  process from a DNA/RNA/XNA library for their specific 

recognition of a selected target, or ligand, such as HCC cells/tumors.
5,6

 The SELEX 
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process, or systematic evolution of ligands by exponential enrichment, combines a large 

group of oligonucleotide sequences (~10
12 

- 10
15

) with a known target molecule; any 

sequences that are bound to this molecule are kept and then amplified via PCR/RT-PCR 

and in vitro transcription.
19

 The amplified sequences are then put through additional 

cycles of amplification both with the prior target molecule and a non-target molecule. 

After each cycle, the sequences with affinity for the target molecule are kept and those 

with affinity for the non-target cell are rejected, thereby enriching the population in 

oligonucleotides that differentiate between target and non-target.
19

  Enriched pools of 

sequences are then cloned and the positive clones are sequenced to identify individual 

aptamers.
19

 Ligands may include small molecules, peptides, proteins, whole cells, tissues 

or even organisms.
5,6

  Benefits to using these high-affinity ligands over antibodies 

include how inexpensive aptamers are to make, aptamers can be synthesized in large 

quantities, functionalized for numerous applications, and they have a relatively long shelf 

life.
9
  Aptamers are able to fold into complex three-dimensional structures with distinct 

molecular binding patterns.
18

 This increased functionality, over antibodies, enables 

attachment to other biomolecules or solid surfaces using a variety of conjugation 

chemistries and can facilitate the detection or tracking of the aptamer either in vitro or in 

vivo.
7, 8

  

The TLS11a aptamer (Figure 2) was first described by the Tan group
4
 from the 

University of Florida, where they used a modified whole-cell SELEX procedure 

involving two different liver cell lines, one for the target cell line and the other as a 

negative control for counter selection—the BNL 1ME A.7R.1 (MEAR) mouse liver 

cancer cell line and its normal liver cell line counterpart BNL CL.2 (BNL), respectively. 



 

 

5 

The cell lines were selected due to their similarity in morphology and their ability, or lack 

thereof, to form tumors. After 16 rounds of selection from a ssDNA pool of 

approximately 200 pmol, the selected sequences were amplified through PCR using 

unmodified primers and cloned into Escherichia coli, after which they determined the 

sequence using their onsite Genome Sequencing Services Laboratory.
4 

Enrichment and 

selectivity was monitored via flow cytometry (for suspended cells) and fluorescence 

confocal imaging (for adherent cells) throughout the entire selection process. Aptamer 

characterization studies of TLS11a were shown to have a high binding affinity for mouse 

HCC cells in vitro using the BNL 1ME A.7R.1 (MEAR) cell line with a reported Kd = 

4.5±0.4nM.
4
 Specificity for HCC was established against various cell lines including 

normal mouse liver, normal/malignant mouse liver tissue sections, and a human liver 

cancer cell line.
4
 The TLS11a aptamer was found to bind to not only MEAR cells, but 

also the human liver cancer line Huh7 and to a lesser extent human lung cancer line, H23; 

however, the probe sequence did not bind to any cells in normal liver tissue or in any 

suspended cell lines like leukemia and lymphoma.
4
 Their research showed that TLS11a 

exhibited a strong binding affinity for adherent, solid tumor cells, and could prove 

beneficial for determining possible biomarkers for the detection of cancerous cells; 

although, the target surface protein/epitope on the tumor cells remains unknown. 
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Figure 2.  TLS11a secondary structure. Image generated using idtdna.com sequence generator 

for ~39°C; ∆G = -6.35 kcal/mole and ∆H = -142.1 kcal/mole.  
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The Tan group has explored utility of the TLS11a aptamer in targeted drug 

delivery using a modified aptamer sequence containing a long 5’-GC tail, referred to as 

TLS11a-GC, that intercalates the chemotherapeutic agent, doxorubicin (TLS11a-GC-

Dox).
9
 Doxorubicin is an anthracycline antibiotic that prevents DNA synthesis and 

transcription by intercalation between DNA nucelotides.
18

 The doxorubicin molecule is 

comprised of flat, aromatic ring structures that preferentially bind to double-stranded 5’-

GC-3’ sequence; TLS11a is comprised of two of these sequences.
9
 Each 5’-GC-3’ 

sequence is capable of intercalating two doxorubicin molecules, therefore the modified 

aptamer dimer structure with a 5’GC tail extension used by Tan et al. was capable of 

intercalating up to 28 doxorubicin molecules per aptamer sequence at a TLS11a-GC-to-

doxorubicin ratio of 1:25 (TLS11a modified sequence, 5’-

CGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGC

GCGCGCGACAGCATCCCCATGTGAACAATCGCATTGTGATTGTTACGGTTTCC

GCCTCATGGACGTGCTG-3’).
9 

Previous studies from Zhang et al. have shown that 

intercalation of doxorubicin into a known RNA aptamer sequence, A10, (A10 aptamer to 

doxorubicin ratio of 1:1.1) had explicit apoptotic efficacy against prostate cancer cells.
29 

The addition of a long GC tail was intended to maximize the intercalation capacity of the 

chemotherapeutic agent, doxorubicin.
9
 To confirm the attachment by this aptamer to the 

cell’s surface, a protease assay was performed to determine membrane protein binding 

efficiency.
9
 This assay included the testing of a human liver cancer cell line, LH86, 

where cells were treated with trypsin for 10 minutes at physiological temperatures and 

conditions, followed by two ice-cold PBS washes via centrifugation and resuspension, 

then incubated with the fluorescently labeled TLS11a aptamer.
9
 They found that the 
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fluorescence signal was reduced to background levels, suggesting the protease-treated 

cells that underwent surface protein digestion lacked the target membrane protein/epitope 

for the aptamer, hence the lack of signal.
9
 Importantly, this result suggested that the 

molecule targeted by this aptamer is a membrane-bound protein. However, there was no 

therapeutic benefit over free doxorubicin in vitro and only a modest decline in mouse 

HCC tumor volume was reported in vivo.
9
  This limited effect was attributed to kinetic 

differences between uptake mechanisms of the aptamer conjugate, likely through 

endocytosis, versus the membrane-diffusible free doxorubicin.
9
  

1.2  Polymer nanoparticles as carriers for contrast agents and chemotherapeutics 

(i.e. drug delivery) 

Chemotherapeutic drugs encapsulated in the matrix of polymer nanoparticles like 

PLGA, or poly(lactic-co-glycolic acid), are commonly used as drug delivery vehicles, 

vaccines, and biological macromolecules due to their rapid internalization and release 

from the endo-lysosomes.
10

 PLGA, PLA and PEG are biocompatible polymers that have 

been approved by the FDA for use in various drug-delivery systems.
10

  The PLGA 

copolymer is degradable in water, and therefore the body; through the process of 

hydrolysis, PLGA is broken down into the original monomers, lactic acid and glycolic 

acid. These monomers are natural by-products of numerous metabolic pathways 

performed in the human body, resulting in limited cytotoxicity. Cellular uptake of 

polymer nanocarriers can vary based upon their size, shape, flexibility, surface charge, as 

well as their chemical composition.
11

 Many applications using polymer nanoparticles 

have shown great potential due to the enhanced permeability of tumors, which permits 

passive targeting.
13 

This passive effect of nanoparticles, which are preferentially retained 
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by tumors, allows for the passing of 10 – 500 nm drug delivery vehicles to tumors with 

their own blood supply.
13

 In contrast, chemotherapeutic agents not having been 

conjugated or trapped to a nanoparticle or aptamer, like doxorubicin, are generally toxic 

to healthy cells.
13 

Packaging this drug into a nanoparticle  and conjugating it to a high-

affinity binding aptamer would ideally improve the binding specificity of this drug 

delivery molecule to its target cell, avoiding the surrounding healthy/normal cells.
25 

Yu et al. synthesized paclitaxel-loaded PLGA nanoparticles via the 

emulsion/evaporation technique, with S2.2 aptamer conjugation occurring at the 

particles’ surface through a DNA spacer resulting in nanoparticles approximately 225.3 

nm in diameter.
25

 The S2.2 aptamer is specific for the over-expressed MUC1 protein 

found on the surface of MCF-7 cells, a human breast cancer line; they used a MUC1-

negative hepatic cancer cell line, HepG2, as their control.
25

 Flow cytometry results 

confirmed an increase in cellular binding by the S2.2 aptamer to target cells with 

enhanced cytotoxicity to these same cancer cells with the MUC1 surface protein, 

compared to those cells lacking the over-expressed surface protein (HepG2).
25

 Further 

analysis with the spacer modified aptamer S2.2-spacer showed similar results in that 

there was no decrease in surface binding to cells having the MUC1 protein suggesting the 

maintained selective binding ability of the original aptamer sequence.
25 

The S2.2-spacer 

aptamer was then conjugated to nanoparticles after activation by EDC and NHS reaction 

chemistry. EDC, or 1-ethyl-3(-3-dimethlyaminopropyl)carbodiimide, is a water soluble 

compound used to activate the carboxyl terminal on the end of the PLA-PEG-COOH 

monomer. This chemical process resulted in amine-reactive N-hydroxysuccinimide esters 

cross-linking with the primary amine on the 5’ end of the TLS11a aptamer forming an 



 

 

10 

amide bond between the aptamer and polymer. MUC1-positive and MUC1-negative cells 

were incubated with nanoparticles and nanoparticles with the modified aptamer-spacer, 

and results show an increase in cellular binding and uptake by nanoparticle-aptamer 

conjugates when compared to results with MUC1-negative cells.
25 

To further validate this 

drug delivery complex, a cytotoxicity study was performed using various complexes 

incubated with both cell lines, MCF-7 and HepG2—complexes included free paclitaxel 

(known to be cytotoxic to cells), paclitaxel-loaded nanoparticles without aptamer probe, 

paclitaxel-loaded NPs conjugated to both a random aptamer sequence and the MUC1-

positive aptamer (S2.2), and plain/blank nanoparticles.
25

 The paclitaxel was found to be 

cytotoxic to both cell lines, as was expected. The paclitaxel-loaded nanoparticles 

exhibited signs of cytotoxicity though not as much as the paclitaxel-nanoparticle-aptamer 

conjugates which presented the highest cytotoxicity in the MCF-7 cells, and exhibited 

little to no cytotoxicity to the HepG2 cells with all viability remaining near 100%, 

suggesting the S2.2 aptamer could selectively enhance the drug delivery to MUC1-

positive cells.
25 

In this thesis, the TLS11a HCC-specific aptamer was used as a targeting agent on 

the surface of PLGA/PLA-PEG nanoparticles in order to better understand the binding 

and uptake of aptamer-targeted polymer nanoparticles within the HCC in vitro model 

system employed by Meng et.al.
9
 The interaction of these nanoparticles, once 

incorporated with a drug, was evaluated using a MTT assay and fluorescent microscopy. 

Western blot analysis was employed to identify the surface protein responsible for 

aptamer attachment and binding. 
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CHAPTER II 

Materials and Methods 

2.1  Aptamer sequences 

 The TLS11a HCC-specific aptamer and TD4R aptamer, sequences listed in Table 

1, were purchased from Integrated DNA Technologies (IDT; Coralville, Iowa) with an 

Alexa-Fluor
®
546 fluorophore (556 nm excitation/573 nm emission maxima) attached to 

the 5’ terminal end.  All aptamers were purified using high pressure liquid 

chromatography and resuspended at a stock concentration of 100 µM in Tris/EDTA 

buffer (pH 8.0; AM9858, Ambion
®

 Life Technologies). TLS11a is a hepatocellular 

carcinoma-specific aptamer, where TD4R is the negative control. Both aptamers are 

comparable in length and GC content in an effort to maintain comparable thermal 

stability between the two sequences. 

Table 1.  Sequences of the TLS11a and TD4R aptamer. 

Aptamer Target Length Sequence 

    

TLS11a Hepatocellular 
carcinoma 

63  
nucleotides 

5’ – 
ACAGCATCCCCATGTGAACAATCGCATTGTGATTGTTAC 
GGTTTCCGCCTCATGGACGTGCTG – 3’ 

    

TD4R Negative 
control 

63  
nucleotides 

5’ – ATCCGTCACACCTGCTCTTGACACGCGTACGGGTCC 
GGACATGTCATAACGGACTGGTGTTGG – 3’ 

 

2.2  In vitro cell culture 

The mouse BNL 1ME A.7R liver hepatoma cell line, also referred to as MEAR 

cells (ATCC
®
 TIB-75

™
), was grown in cell culture at 37°C and 5% CO2 in a complete 

growth medium consisting of a 500 ml 1:1 mixture of Dulbecco’s Minimum Essential 

Medium (DMEM)/ F-12 media (D6421; Sigma). Additional supplements added to the 

DMEM include 10% fetal bovine serum, 200 mM L-glutamine (G2150; Hybri-Max
®
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Sigma), and 100 U/ml penicillin-streptomycin (ATCC #30-2300). Cells were seeded into 

T-25/T-75 culture flasks for growth and splitting, into Lab-Tek
™

 II four-chambered slides 

(Thermo Scientific) for microscopy studies, and round Delta-T
®
 culture dishes 

(Bioptechs Inc.) for use with the heated stage adaptor on the confocal microscope. 

Seeding densities remained constant for all assays and microscopy studies at 1 x 10
4
 

cells/cm
2
. Upon reaching ~80% confluency, the cells were stained for imaging/analysis, 

subcultured into a new culture vessel, or frozen for future use. 

2.3  Aptamer labeling and live cell imaging 

Approximately 24 hours after seeding in Delta-T
®

 dishes, MEAR cells were 

incubated with the TLS11a or negative control aptamer (TD4R) at 37°C and 5% CO2 for 

up to 60 minutes with a final concentration range of 25 – 100 nM in DMEM.  Cell nuclei 

were stained by adding 2 drops/ml media NucBlue
®
 Live Cell Stain (R37605; Molecular 

Probes
® 

Life Technologies) for the final 20 minutes of the aptamer incubation period.  

Following incubation, the culture medium was removed and the cells were washed three 

times with warm phosphate buffered saline (PBS; BupH Dry Buffer Pack #28374, 

Pierce/Thermo Scientific). Fresh DMEM/F-12 media was added for live-cell confocal 

imaging, performed using a Delta-T
®
 Open Dish System (Bioptechs Inc.) with heated 

stage adapter on an Olympus FluoView FV1000 laser scanning confocal microscope.  

For the cellular uptake and localization studies, cells were labeled with the 

aptamer, an Alexa-Fluor
®
647 conjugated wheat germ agglutinin (WGA)(650 nm 

excitation/668 nm emission) and a pH-sensitive LysoSensor
™

 Green DND-189 (443 nm 

excitation/505 nm emission, pKa 5.2; Molecular Probes
® 

Life Technologies) according to 

manufacturer’s protocol. WGA contains a group of closely related isolectins, for which 
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the receptor sugar for is N-acetylglucosamine, with preferential binding to dimers and 

trimers of this sugar and has also been reported to interact with some glycoproteins via 

sialic acid residues on cell surface glycoproteins/glycolipids. In viable cells, WGA acts as 

a cell surface membrane marker due to its impermeant nature while the LysoSensor
™

 dye 

was used to stain late endosomes and lysosomes. The LysoSensor
™

 was added for the 

final 30 minutes of the aptamer incubation at a final concentration of 3µM in DMEM/F-

12 media, followed by NucBlue
®
 and WGA for the remaining 4 minutes of aptamer 

incubation at 1 µg/ml in DMEM/F-12, all at 37°C in 5% CO2 incubator.  Following 

incubation, cells were washed with and imaged as described above. 

2.4  Flow cytometry analysis 

MEAR cells were grown in T-25/T-75 flasks until reaching ~80% confluency and 

were then treated with trypsin (TrypLE
™ 

Express, Gibco
®

 Life Technologies) for 8 

minutes at 37°C to detach the cells from the flask bottom. Cells were washed twice with 

PBSA and centrifuged at 3,000rpm for 5 minutes to remove any remaining phenol-red 

DMEM medium or trypsin. After washing, the cell pellet was resuspended in PBSA and 

counted using a hemacytometer. The staining protocol included taking 1 x 10
6
 total cells 

and incubating that suspension in 90 µl PBSA with 10 µl of TLS11a and TD4R, at a final 

aptamer concentration of 5 µM, for 1 hour at 4°C with brief mixing at approximately 15 

minute intervals. Following incubation, the cells were washed twice with PBS and kept 

on ice until ready for analysis. Samples were analyzed on a microfluidic chip-based Sony 

SH800 Flow Cytometer and included unstained MEAR cells (negative control) and cells 

that were incubated with both the TLS11a and TD4R aptamers. Initial gating parameters 

were set to include data from the front scatter and back scatter of selected cells, followed 
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by a parameter quantifying the front scatter area versus the front scatter height 

eliminating any doublet cells outlying in the histograms. For each gated cell population, 

10,000 total events were measured and collected. 

2.5  Cell fractionation, SDS-PAGE, and western blots 

Cell surface proteins were biotinylated, extracted and purified using the Pierce 

Cell Surface Protein Kit (#89881; Thermo Scientific) according to the manufacturer’s 

protocol.  This involved biotinylation of surface proteins in viable, attached MEAR cells 

followed by cell dissociation (cells removed from flask surface using a scraping tool) and 

mechanical lysis via sonication, while on ice. Biotinylated proteins were extracted using 

the supplied streptavidin affinity column, and eluted into 2X Laemlli sample buffer (Bio-

Rad) with 50 mM dithiothrieotol (DTT), a strong reducing agent; prior to SDS-PAGE gel 

loading the samples were boiled at 100°C for 5 minutes. Using a phase separation-based 

technique via the FOCUS
™

 Membrane Protein Fractionation Kit (G Biosciences
®

), cell 

membrane proteins were isolated from MEAR cells, per manufacturer’s protocol. 

Quantification of the collected membrane protein fractions, and whole cell lysates, was 

established using an A280/A260 assay resulting in total protein concentration. One hundred 

microliters of the hydrophilic and hydrophobic protein extracts were cleaned up with the 

Pierce SDS-PAGE Sample Prep Kit (#89888; Thermo Scientific) then diluted in 5X 

sample buffer
12

 and boiled at 100°C for 5 minutes. Quantification of total protein from 

the cell surface membrane protein fraction could not be performed due to the sample 

being eluted in 5X sample buffer during the prep protocol, per manufacturer’s 

instructions.  Determining the protein concentration for this cell surface membrane 

fraction was done by starting with a known cell membrane protein concentration and 
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using the same final volume of cell surface protein fraction and then comparing their 

band distribution after electrophoresis. A couple of gels were run, maintaining the protein 

concentration of the total cell membrane proteins and adjusting the volume of cell surface 

membrane proteins until the bands were comparable. The sample volumes were then 

adjusted until there was 10-25 µg of total protein in each of 8 wells in the 8-16% Mini-

PROTEAN
®

 TGX
™

 pre-cast gradient gel (Bio-Rad). Gels were run at 200V until the 

bands were ~1 cm from the bottom of the gel, then one gel was transferred onto a 

nitrocellulose membrane at 100V for 1 hour, while the other was stained in a Coomassie 

blue solution.
12

 After the transfer, the nitrocellulose membrane was curled so that it fit in 

a 50 ml conical tube; it was necessary to trim the edges to prevent the membrane surfaces 

from overlapping. First, the membrane was washed three times in a wash buffer 

containing 0.5% bovine serum albumin and 0.01 µg/ml tRNA (Sigma; R5636) at room 

temperature for 5 minutes each wash step, while rotating. After the third wash step, the 

wash buffer was removed and a blocking buffer containing 3% PBSA and 0.1 µg/ml 

tRNA (to reduce non-specific binding) was added to the tube and was rotated at room 

temperature for one hour. Once the membrane had been blocked, it was rinsed 3 times in 

the same wash buffer as previously mentioned, then probed with 1 nM TLS11a 

aptamer/Alexa-Fluor
®
546 in wash buffer overnight, while rotating at 4°C. The next 

morning, the membrane is washed a final time with wash buffer and then allowed to air 

dry at room temperature, while being protected from light. The fluorescently probed 

membrane was imaged on a Pharos FX
™

 Plus Molecular Imager (Bio-Rad) with suitable 

fluorescence filters. 
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2.6  Polymer nanoparticle synthesis, functionalization, and drug loading 

The PLGA, or poly(lactic-co-glycolic acid) used for the nanoparticle preparation 

was obtained from LakeShore Biomaterials.  The monomers PLA-mPEG, or poly(lactic 

acid)-b-poly(ethylene glycol), with a methoxy end group, and PLA-PEG-COOH, or 

poly(lactic acid)-b-poly(ethylene glycol), were synthesized through the aromatic ring-

opening polymerization of lactide dimers onto the carboxyl terminal end of the PLA-

PEG-COOH compound, as previously described in section 1.2 above.
13

 PLGA is a 

copolymer complex made by polymerizing the monomers lactic acid and glycolic acid 

with ester linkages, resulting in an aliphatic (non-aromatic) polyester compound. 

Polymer nanoparticles were prepared using a modified nanoprecipitation 

method.
13, 14

 Briefly, the organic phase consisted of a polymer solution and a mixture of 

organic solvents, in this case 1.5 mg of PLGA, 0.75 mg of PLA-mPEG, and 0.75 mg of 

PLA-PEG-COOH were dissolved in acetone (2:1:1 mass ratio of PLGA/PLA-

mPEG/PLA-PEG-COOH), resulting in a final polymer concentration of 30 mg/ml. A 

volume of 100 μl of this organic solution was added drop-wise to 2 ml of an aqueous 

solution (diH2O) while stirring.   For nanoparticles containing doxorubicin, a doxorubicin 

concentration of 1.667 mg/ml in methanol (82:18 volume ratio of acetone to methanol) 

was added to the copolymer solution to achieve a 1% w/w target loading of doxorubicin 

in the nanoparticles. All nanoparticles were washed two times via centrifugation, with 

resuspension in fresh deionized water, to remove any unencapsulated drug and excess 

stabilizer remaining in solution.  Blank nanoparticles were prepared similarly, except that 

pure methanol replaced the doxorubicin solution for a drug-free nanoparticle complex. 
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To attach the aptamers to the surface of the nanoparticles, carbodiimide chemistry 

was used to activate the terminal carboxylic acids of PLA-PEG-COOH into amine-

reactive N-hydroxysuccinimide esters.  For this purpose, the nanoparticles were 

resuspended in MES buffer, or 2-(N-morpholino)ethanesulfonic acid, pH 6.0, and reacted 

with EDC, or 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and NHS, or N-

hydroxysuccinimide for 15 minutes (50-fold molar excess of EDC and NHS to carboxylic 

acids groups of the PLA-PEG-COOH copolymer).  The pH of the suspension was 

brought up to 7.4 by addition of 2X phosphate buffered saline (PBS).  For aptamer 

attachment, 5 µl of both the TLS11a and TD4R aptamers, or an equal volume of PBS for 

the particles without aptamer conjugates, was added to the nanoparticle solution and 

allowed to react at room temperature for 4 hours while protected from light.  After the 

reaction was complete, hydroxylamine was added to quench any excess EDC and 

activated carboxylic acids.  The nanoparticles were then washed via centrifugation with 

deionized water to remove excess reagents and unbound aptamer molecules leftover from 

the reaction chemistry. The nanoparticles were finally resuspended in fresh PBS for 

immediate use with cellular studies. 

Nanoparticle size was characterized by dynamic light scattering using a Malvern 

ZetaSizer Nano ZS instrument.  Doxorubicin concentration was determined using 

fluorescence spectroscopy.  For this study, the concentration of the drug in nanoparticle 

suspensions was determined from the intensity profile of the absorption (488 nm) and 

emission (595 nm) peaks of the suspensions with a standard calibration curve. 
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2.7  MTT cytotoxicity assay 

Eight duplicate batches of doxorubicin-loaded nanoparticles, both with and 

without aptamer functionalization, were serially diluted in DMEM/F-12 growth media 

with final doxorubicin concentrations of 500 nM, 250 nM, 125 nM, 62.5 nM, 31.3 nM, 

15.6 nM, 7.8 nM and 3.9 nM, respectively. Control batches included equal volumes of 

blank nanoparticles (no aptamer or doxorubicin) and free doxorubicin at the same 

concentrations. MEAR cells were seeded into 96-well plates at a seeding density of 5,000 

cells/well and allowed to adhere to the surface (~24 hours after seeding) before treating 

them with the nanoparticle/media suspensions and incubating them for 72 hours at 37°C 

in 5% CO2. Once the 72 hours was up, the medium containing the treatment solutions was 

removed and MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) prepared in phenol red-free media at 0.05 mg/ml was added to each well and 

incubated at 37°C in 5% CO2 for up to 4 hrs.   

Medium was removed from the wells and 100 µl of dimethyl sulfoxide (DMSO) 

was added to each well and the plates were placed on a microplate shaker until the 

crystals dissolved. Each plate had its absorbance read at 555 nm and 700 nm wavelengths 

using the BioTek
™

 Synergy H1 Hybrid Multi-Mode Microplate Reader and resulting data 

was graphed in SigmaPlot™ version 12.5 (Systat Software, Inc.) utilizing a four-

parameter logistic function for the best fit regression line. Imaging studies involved 

incubating adherent MEAR cells grown in chambered slides with the nanoparticle/drug 

solutions at 500 nM in DMEM/F-12 growth media 37°C in 5% CO2 for 2 hours, after 

which the cells were rinsed with PBS and fixed in ice-cold methanol for 15 minutes, air 

dried and cover slip mounted with 90% glycerol, all while being protected from light.  
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2.8  Doxorubicin drug release study 

 Drug release study was performed in vitro using 10 mM PBS (Thermo Scientific, 

Cat#: 28374). For the purpose of this study, three different samples, all in triplicate, were 

made using (i) blank nanoparticles (no drug), (ii) doxorubicin-loaded nanoparticles, and 

(iii) a free doxorubicin solution, yielding nine total samples. To ensure the concentration 

of doxorubicin in the nanoparticles matched that of the free doxorubicin, for comparison, 

100 µl of nanoparticle-doxorubicin suspension was placed into a black 96-well plate and 

the absorbance was read from 300 nm – 800 nm with 1 nm increments; fluorescence was 

measured at 500 nm – 800 nm (doxorubicin’s maximal excitation is wavelength is 480 

nm). The 1.667 mg/ml stock doxorubicin solution was progressively diluted with PBS 

until the absorbance spectra matched that of the doxorubicin-loaded nanoparticles, 

resulting in a 65.2 µg/ml solution. Nine 50 ml Falcon tubes with 10 ml warm PBS were 

placed into a 37°C water bath. Additionally, nine Tube-O-Dialyzer (G-Biosciences, 786-

618) tubes were rinsed with deionized water before having 250 µl of each above 

mentioned sample added to their conical reservoir. Tubes were turned upside down, and 

flicked with my finger so that the samples were in contact with the dialyzer tube’s 

permeable membrane; parafilm was placed over top of the opposite end so that 

condensation would not get inside the hollow tube after inversion. Tubes were then 

placed into the Falcon tubes, membrane-side down, in the PBS solution, protected from 

light and placed into the pre-heated 37°C hot water bath. At pre-determined time points, 

500 µl samples were taken from each of Falcon tube, from the surrounding PBS solution; 

after collection, 500 µl of warm, fresh PBS was added back to each tube. Time points 

included hours 1, 2, 3, 6, 9, 12, 18, 24, 30, 36, 48, 60, 72, 96, and 120, and samples 
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collected were stored in 4°C, protected from light, until ready for analysis. Analysis 

included loading a 96-well plate with 100 µl samples of each replicate and reading the 

absorbance at 480 nm, and the fluorescence at 480 nm excitation/590 nm emission, 

respectively. A standard curve for doxorubicin was created to deduce the concentration of 

the drug at each wavelength (appendix, Figure 2). 
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CHAPTER III 

Results 

 

3.1  TLS11a aptamer labeling and localization in MEAR cells 

 Initial in vitro labeling experiments were conducted in order to determine the 

optimal concentration of TLS11a/Alexa-Fluor®546 and verify its specificity relative to 

an irrelevant aptamer control. Following a 60 minute incubation with the aptamer at 

concentrations ranging from 0-100 nM, fluorescent labeling intensity was found to 

increase in a concentration-dependent manner from 25 nM up to 100 nM (Figure 3, right 

column). The irrelevant control aptamer of similar length and GC content exhibited very 

low binding and fluorescence labeling intensity at these same concentrations (Figure 3, 

left column).  
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Figure 3.  Confocal micrographs showing TLS11a concentration-dependent assay, 25 nM – 100 nM.  

Confocal micrographs (z-projections) of mouse hepatoma (MEAR) cells labeled with Alexa-Fluor®546 

conjugated TLS11a aptamer (right column) versus an irrelevant negative control aptamer TD4R/Alexa-

Fluor®546 (left column) at increasing concentrations. Micrographs were obtained using a 20x/0.95 

numerical aperture water immersion objective at a z-step size of 1.0 µm. Scale bar is 20µm. 
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The localization and uptake of the TLS11a aptamer was examined through live-

cell imaging of triple labeled MEAR cells that were treated concurrently with the 

aptamer, a pH sensitive lysosomal dye, and a cell membrane marker. A representative 

confocal single optical selection from the 60 minute treatment set is shown in Figure 4. 

Cellular structures labeled by the TLS11a aptamer (orange channel) were also stained 

strongly with the WGA/AlexaFluor-647 cell membrane marker (red channel) which 

suggested a large degree of aptamer binding at the cell surface (Figure 4). In addition, the 

aptamer was found to localize to discrete spherical structures brightly stained with the 

LysoSensor dye (Figure 4, green channel arrow) indicative of acidic compartments in the 

endo/lysosomal pathway. These results suggest that the TLS11a aptamer is capable of 

binding at the cell surface and being taken up into the cells, two essential criteria of a 

high-affinity targeting ligand for use in drug delivery. In time-dependent experiments, the 

TLS11a aptamer labeling at the cell surface appeared within 20 minutes of aptamer 

treatment while lysosomal localization began 30 minutes post-treatment, reaching a 

maximum at roughly one hour (Figure 5).  
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Figure 4.  TLS11a aptamer localization. Confocal z-slice of live hepatocellular carcinoma (MEAR) cells 

labeled with a Hoescht nuclear membrane marker (blue), TLS11a/AlexaFluor-546 aptamer (orange), a pH 

sensitive lysosomal marker (green) and a cell membrane marker (red). Localization of the TLS11a aptamer 

to late endosomes or lysosomes is shown with a white arrow. All micrographs were obtained using 60x/1.0 

numerical aperture water immersion objective at a z-step size of 1.0 µm. Scale bar is 10 µm. 
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Figure 5.  Time-dependent assay with TLS11a aptamer incubation.  [100nM] TLS11a added to dish on 

confocal stage and imaged every ten minutes (no PBS wash step).  All images are Z-projections and shown 

with Hoescht stained nuclei.  Micrographs were obtained using a 20x/0.95 numerical aperture water 

immersion objective at a z-step size of 1.0 µm. Scale bar is equivalent to 20µm. 
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Quantitative analysis of TLS11a binding was also performed using flow 

cytometry. Fluorescence intensity histograms of unstained MEAR cells, as well as those 

labeled with the TD4R negative control aptamer and TLS11a, are shown in Figure 6. 

TLS11a labeled cells exhibited the highest fluorescence intensity with a median value 

over 22,000 arbitrary fluorescence units (afu, x-axis) compared to unstained cells with a 

median of 1,142 afu and control aptamer labeled cells at 4,226 afu. While fluorescent 

labeling intensity from the TD4R control aptamer was higher than that of unstained cells, 

the TLS11a aptamer-labeled cell population was still distinct from either negative control 

population, supporting the affinity of TLS11a aptamer binding to this specific 

hepatocellular carcinoma cell line. Specificity of the TLS11a aptamer toward non-HCC 

cell lines was not examined in the current study as it had been previously established in 

studies by Shangguan et al.
4
 Follow-up tissue microarrays from HCC tumors and normal 

liver tissue are currently being evaluated to further establish specificity of TLS11a for  

human tissue and tumors (unpublished data).  
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Figure 6.  Flow cytometry analysis of HCC cells.  The topmost histograms show the gating parameters set 

for the selection and isolation of cell populations. The lower histograms show the unstained HCC (MEAR) 

cells compared to cells stained with 5µM concentrations of either the TD4R control aptamer (lower, center) 

and the TLS11a HCC-specific aptamer (lower, right). The table reflects the median values reported in 

arbitrary fluorescence units for each population from 10,000 gated events.   
 

Table 2.  Mean fluorescent intensity obtained from flow cytometry histograms. 

 
Mean Fluorescent Intensity 

(MFI) 
FL-3 

Unstained MEAR cells 1,142 

[5 µM] TD4R control 4,226 

[5 µM] TLS11a 22,620 

 

3.2  Identification of the proteins recognized by the TLS11a aptamer 

In an effort to characterize the TLS11a target protein, the TLS11a/AlexaFluor-

546 conjugated aptamer was used in a southwestern blot, such that the DNA aptamer was 

used to probe proteins following electrophoresis and transfer of proteins extracted from 
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various cellular components (Figure 7). Prominent bands appeared just over 21 

kilodaltons (kDa) in the cell surface protein fraction, the cytosolic hydrophilic protein 

fraction and in whole cell lysates. Additional bands at roughly 58 kDa and 41 kDa were 

found in the cytosolic extract and whole cell lysate, respectively. Very faint bands at both 

these molecular weights could also be seen in the cell surface fraction. No TLS11a-bound 

protein bands were apparent in the hydrophobic membrane fraction (Figure 7). The 

absence of aptamer labeling within the hydrophobic membrane protein fraction suggests 

that the protein recognized by the TLS11a aptamer may not be an integral membrane 

protein.  
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3.3  Examination of aptamer-targeted PLGA/PLA-PEG nanoparticles for drug 

delivery  

Since the current evidence supported cell surface binding and uptake of the 

TLS11a aptamer in HCC cells, its use as a targeting agent for drug delivery was explored 

with biodegradable PLGA/PLA-PEG polymer nanoparticles.  Nanoparticles were 

prepared by a modified nanoprecipitation technique that combined a mixture of PLGA 

and PLA-PEG copolymers as described above in the methods section and depicted in 

(Figure 8). During this process, polymer molecules self-assembled into nanospheres or 

unevenly shaped nanoparticles as they transitioned from the dissolved state to the solid 

state consisting of a PLGA/PLA hydrophobic core. In the presence PLGA/PLA-PEG, 

doxorubicin moved into the hydrophobic interior of the nanoparticle while the COOH-

terminal PEG served as a functional group on the particle’s surface for conjugation of the 

Figure 7.  Fluorescent TLS11a/AlexaFluor-546 aptamer-probed western blot and SDS-PAGE gel (8-16% Tris-

HCl). Samples included cell surface protein extracts (lane 2), hydrophobic membrane proteins (lane 3), 

hydrophilic cytosolic proteins (lane 4), and whole cell lysates (lane 5, 10 µg total protein) relative to a broad-

range molecular weight standard (lane 1).  
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aptamer (Figure 8). Figure 9 shows intensity distributions of particles sizes for 

doxorubicin-loaded and blank nanoparticles obtained through dynamic light scattering 

analysis. As show in Figure 9A, nanoparticle size did not change significantly for drug-

loaded nanoparticles through the preparation process. The size of blank nanoparticles was 

not significantly different than that of drug-loaded nanoparticles (Figure 9B). The size 

polydispersity of the nanoparticles was less than 0.2 in all readings obtained, indicating 

proper control over the nanoparticle size.  

 

Figure 8.  Schematic of PLGA/PLA-PEG polymer nanoparticle synthesis. Copolymer solutions, with/out 

doxorubicin, were formed by adding the organic polymer solution to an aqueous water solvent; through 

EDC/NHS chemistry, the aptamer was conjugated to the particles’ surface via PEG-COOH functional 

groups. 
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Figure 9.  Intensity distribution of nanoparticle sizes obtained through dynamic light scattering analysis. 

Nanoparticles showed peak sizes in the range of 50 nm, with a size distribution in the order of 30-100 nm. 

(A) Size distributions of doxorubicin-loaded nanoparticles before initial centrifugation, after two 

centrifugation cycles, and after aptamer attachment. (B) Size distribution of blank nanoparticles after 

aptamer attachment. 

 

Following synthesis, the aptamer functionalized nanoparticles carrying the 

chemotherapeutic drug doxorubicin were used to treat cultured MEAR hepatocellular 

carcinoma cells, and an MTT assay was used to assess their ability to elicit cell death. 

Results shown in Figure 10 indicate that both TLS11a aptamer-coated and the uncoated 

PLGA/PLA-PEG nanoparticles loaded with doxorubicin elicited a marked cytotoxicity 

greater than that of free doxorubicin alone. This suggests that the polymer nanoparticle 

delivery vehicle could improve the cellular uptake of doxorubicin; however, there was no 

added therapeutic benefit from nanoparticles functionalized with the TLS11a aptamer 

(Figure 10). A reduction in the cell viability (~20%) was seen in the presence of 

PLGA/PLA-PEG nanoparticles alone (no doxorubicin) demonstrating a low level, albeit, 
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non-trivial, cytotoxicity from the nanoparticles themselves. 

 

Figure 10.  MTT cytotoxicity assay in hepatocellular carcinoma cells. Treatments included solutions 

containing doxorubicin (black), uncoated PLA-PEG nanoparticles loaded with doxorubicin (red); TLS11a 

aptamer coated PLA-PEG nanoparticles loaded with doxorubicin (blue) and blank nanoparticles without 

doxorubicin or aptamer at equivalent nanoparticle concentration (green). 

 

Imaging studies also confirmed that cells treated with the uncoated polymer 

nanoparticles contained the highest levels of doxorubicin in their nuclei (Figure 11). 

Doxorubicin has a broad fluorescence excitation and emission spectra; therefore, it was 

not possible to spectrally separate the aptamer/AlexaFluor-546 signal from the 

doxorubicin and track their uptake independently (Appendix 1, 2). However, in earlier 

TLS11a aptamer labeling experiments little to no aptamer signal was found within the 

nucleus (Figures 3 and 4). Thus, any nuclear fluorescence in cells treated with 

TLS11a/AlexaFluor-546 aptamer and doxorubicin could reasonably be attributed to the 

doxorubicin which intercalates DNA in order to elicit cytotoxic effects. MEAR cells 
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treated with uncoated PLGA/PLA-PEG nanoparticles containing the drug exhibited the 

highest level of doxorubicin staining in their nuclei followed to a lesser extent by TLS11a 

aptamer-coated nanoparticles and then free doxorubicin (Figure 11). 

 

 

Figure 11.  Confocal micrographs of MEAR cells treated with nanoparticle (NP)/drug conjugates. 

Doxorubicin concentrations were 500 nM (top row). A pseudo-colored heat map LUT was applied to aid 

the visualization of differences in fluorescence intensity such that low intensity pixels appear blue, while 

brighter pixels appear green or even yellow (bottom row). Micrographs were obtained using a 60x/1.0 

numerical aperture water immersion objective at a z-step size of 1.0 µm. 

 

The release of doxorubicin from PLGA/PLA-PEG nanoparticles was examined 

over the course of 120 hours versus the diffusion of free doxorubicin in solution at the 

same concentration. Raw data for the measured doxorubicin absorbance and fluorescence 

from each time point is summarized in Table 2. The final concentration of doxorubicin 

was determined by extrapolation from a doxorubicin fluorescence standard curve (Figure 

12). Although a standard curve based on doxorubicin absorbance was also drawn, all of 
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the samples taken from free doxorubicin and the doxorubicin-loaded nanoparticles were 

below the limit of detection of absorption spectroscopy; therefore, the fluorescence curve 

was necessary to provide greater sensitivity.  

 

 

Figure 12.  Doxorubicin fluorescence standard curve (left) and linear range at lower concentrations (right).  

 
 

Preliminary analysis of this data revealed that doxorubicin diffused through the 

dialysis membrane over time over the course of 120 hours (Figure 13). This rate of 

diffusion was lower than that expected based on the molecular weight cut-off of the 

dialysis tubes (8000 Da) versus the molecular weight of doxorubicin (580 Da). 

Doxorubicin was observed to be released from the nanoparticles at a much lower rate 

than the doxorubicin solution, as expected (Figure 13). In fact, less than 10% of the drug 

was eluted within the 120 hours of the release study. Further studies will need to 

investigate the release of the drug over longer period or times. In addition, studies will 

need to be performed to determine whether the dialysis method artificially reduced the 

rate of release of the drug from the nanoparticles. 
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Figure 13.  Release profiles for doxorubicin solution and doxorubicin nanoparticles.  

Table 3.  Doxorubicin UV/VIS absorbance/fluorescence raw data. 

 

 

 

 

 

 

 

 

 

 

 

 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

0 20 40 60 80 100 120 

F
ra

c
ti

o
n

a
l 

R
e

le
a

s
e

 

Time (hr) 

DOX Soln 

NPs 

 Doxorubicin- NP Doxorubicin Soln 

Time 
(hrs.) 

Abs  
(480 nm) 

Fluor  
(590 nm) 

Abs  
(480 nm) 

Fluor  
(590 nm) 

1 -0.004 222.9556 0.018 29.28889 

2 -0.004 48.62222 -0.003 496.6222 

3 -0.003 64.95556 -0.003 833.9556 

6 0.002 130.9556 0.007 1270.622 

9 0.005 156.6222 0.002 1755.622 

12 -0.010 330.2889 -0.003 1670.622 

18 0.003 220.2889 -0.001 1516.956 

24 -0.003 196.9556 0.002 1983.956 

30 -0.004 224.1222 0.000 2650.956 

36 -0.002 223.6222 0.000 1880.622 

48 0.006 300.9556 0.010 1738.289 

60 0.000 398.2889 0.002 1581.622 

72 0.008 367.6222 0.000 1457.956 

96 -0.002 379.6222 0.002 1395.956 

120 -0.002 408.9556 0.000 1544.956 
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CHAPTER IV 

Discussion 

In this study, the in vitro interactions of a previously reported HCC-specific DNA 

aptamer
4, 9

 was examined using malignant liver cancer cells in order to evaluate its 

potential utility as a high-affinity targeting agent in applications such as drug delivery. In 

particular, the aptamer was shown to bind at the cell surface and be taken up via 

endocytosis-related pathways into acidic compartments, presumably early/late endosomes 

or lysosomes. Interestingly, the cell surface marker (WGA/AlexaFluor-657) appeared 

somewhat punctate and clustered in cells labeled with the TLS11a aptamer versus the 

negative control aptamer where relatively smooth cell outlines were seen with WGA 

(data not shown). It is possible that some of the WGA was internalized along with the 

TLS11a aptamer following its binding, or that binding of the TLS11a aptamer to an 

extracellular protein induced receptor/protein clustering which has been shown to occur 

in many cell signaling pathways.
15-17

 Western blotting results revealed a major aptamer-

labeled protein band at 21 kDa in all cell fractions except the hydrophobic membrane 

proteins, suggesting that the TLS11a target protein is water soluble and not likely to be an 

integral membrane protein. The presence of corresponding protein bands in the cell 

surface and the cytoplasmic and whole cell lysate fractions raises several possibilities 

including the binding of TLS11a to one or more peripheral membrane protein(s) that 

remained tightly bound to the cell surface during lysis and extraction, or that these 

extracellular protein could also be found within the cytoplasm following uptake from the 

cell membrane. The latter scenario is supported by the confocal microscopy localization 
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studies making the TLS11a aptamer a good candidate for targeted drug delivery where 

binding and localization are both required for efficient drug delivery.  

Unfortunately, the aptamer did not ultimately enhance the cytotoxic effect of 

doxorubicin when functionalized to a polymer nanoparticle. However, the current study 

did uphold longstanding evidence for improved drug efficacy when delivered in polymer 

nanoparticles
11, 14

 with increased cytotoxicity of NP-delivered doxorubicin over free 

doxorubicin. It is possible that the lack of binding by the TLS11a aptamer was due to low 

concentrations of aptamer on the nanoparticle surface (estimated to be 2.2 nM based upon 

a fluorescence standard curve) (Appendix, Figure 1). This concentration was far below 

that needed for either microscopy or flow cytometry. In the concentration-dependent 

assay, the lowest concentration used was 25 nM, and it was faint, and hard to see. The 

drastically lower 2.2 nM aptamer estimated on the nanoparticle surface was below the 

limit of detection based on acquisition settings used for the microscopy study; confocal 

imaging settings were kept linear to allow for comparison. Optimization of the polymer-

to-aptamer conjugation conditions may improve the aptamer loading capacity in future 

assays. In addition, only a single molecular weight (i.e. length) of PEG polymer was used 

in the nanoparticle synthesis that could potentially mask or ―hide‖ the aptamer within the 

flexible polymer shell preventing adequate recognition and binding.
11

 This possibility is 

currently being pursued through the use of various length PEG chains to ensure that the 

aptamer is freely available for recognition and cell surface binding (data not shown). 

Taken together, this thesis study provides reasonable support for further examination of 

the TLS11a as a HCC-specific targeting agent with potential utility in polymer 

nanoparticle drug delivery for cancer therapeutics, or even diagnostic contrast 
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enhancement through the inclusion of gold or magnetic nanoparticles for optical or 

thermal imaging/ablation.  
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Figure A1.  TLS11a aptamer standard curve. Used to estimate the total concentration of aptamer 

functionalized onto the surface of the PLGA/PLA-PEG nanoparticles. Full range of data points included. 

APPENDIX 

 

 TLS11a standard curve used to estimate concentration of aptamer on the surface 

of functionalized nanoparticles.  A starting concentration of 100 nM TLS11a was serially 

diluted across a 96-well plate, and was read for fluorescence intensity, generating the 

curve below. The nanoparticle-doxorubicin solution was also serially diluted across a 96-

well plate, and the fluorescence was read at 560 nm excitation/590 nm emission. 

Estimation was determined to be 2.2 nM based on this fluorescence data, from the below 

standard curve. 
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Figure A2.  TLS11a aptamer standard curve linear range at lower concentrations. Zoomed in from 

standard curve in A1. to show the 6 lowest concentration data points. Aptamer concentration on the 

nanoparticle surface was determined to be 2.2 nM, indicated by the red diamond. 
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