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ABSTRACT 

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death worldwide, particularly in regions 
where chronic Hepatitis B and C infections are common. Nanoparticle assemblies that incorporate high-affinity aptamers 
which specifically bind malignant hepatocellular carcinoma cells could be useful for targeted drug delivery or enhancing 
contrast with existing ablation therapies. The in vitro interactions of a tumor-specific aptamer, TLS11a, were 
characterized in a hepatoma cell line via live-cell fluorescence imaging, SDS-PAGE and Western Blotting techniques. 
Cell surface binding of the aptamer-AlexaFluor®546 conjugate was found to occur within 20 minutes of initial exposure, 
followed by internalization and localization to late endosomes or lysosomes using a pH-sensitive LysoSensor™ Green 
dye and confocal microscopy. Aptamer-functionalized polymer nanoparticles containing poly(lactic-co-glycolic acid) 
(PLGA) and poly(lactide)-b-poly(ethylene glycol) (PLA-PEG) were then prepared by nanoprecipitation and passively 
loaded with the chemotherapeutic agent, doxorubicin, yielding spherical nanoparticles approximately 50 nm in diameter. 
Targeted drug delivery and cytotoxicity was assessed using live/dead fluorescent dyes and a MTT colorimetric viability 
assay with elevated levels of cell death found in cultures treated with either the aptamer-coated and uncoated polymer 
nanoparticles. Identification and characterization of the cell surface protein epitope(s) recognized by the TLS11a 
aptamer are ongoing along with nanoparticle optimization, but these preliminary studies support continued investigation 
of this aptamer and functionalized nanoparticle conjugates for targeted labeling and drug delivery within malignant 
hepatocellular carcinomas. 
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1. INTRODUCTION
Hepatocellular carcinoma (HCC) is a highly malignant form of liver cancer which is currently the third most deadly 
cancer in the world, killing most patients within 1 year of diagnosis.1, 2 While HCC is not very prevalent in the US, since 
2006 incidence rates have increased nearly 3% per year in women and 4% per year in men, primarily due to the spread 
of hepatitis C viral infections.1, 2 Other pre-existing conditions linked to HCC include chronic hepatitis B virus infection, 
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, often exhibit limited sensitivity for conclusive HCC diagnosis.3  

Recently, a HCC-specific aptamer was described that could selectively target mouse and human hepatocellular 
carcinoma in vitro.4 Aptamers are short, single-stranded oligonucleotides made of DNA, RNA, or modified (XNA) 
nucleic acids that have been engineered via multiple rounds of in vitro selection from a DNA/RNA library for their high 
affinity to a target ligand.5, 6 Ligands may include small molecules, peptides, proteins, whole cells, tissues or even 
organisms.5, 6 For biomedical applications, aptamers offer several benefits over antibodies because they can easily be 
modified during chemical synthesis to contain various functional groups and/or reporter molecules. This increased 
functionality enables attachment to other biomolecules or solid surfaces using a variety of conjugation chemistries and 
can facilitate the detection or tracking of the aptamer in vitro or in vivo.7, 8  

In previous studies, the HCC-specific aptamer, designated TLS11a, was 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 However, using a modified TLS11a aptamer containing a long 5’-GC tail that 
intercalated the chemotherapeutic agent, doxorubicin, there was no therapeutic benefit over free doxorubicin in vitro and 
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Aptamer Target Length Sequence 

TLS11a Hepatocellular 
carcinoma 

63 n.t. 5’ – ACA GCA TCC CCA TGT GAA CAA TCG CAT TGT GAT TGT TAC 
GGT TTC CGC CTC ATG GAC GTG CTG – 3’ 

TD4R Negative 
control 

63 n.t. 5’ – ATC CGT CAC ACC TGC TCT TGA CAC GCG TAC GGG TCC 
GGA CAT GTC ATA ACG GAC TGG TGT TGG – 3’ 

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  

Polymer nanoparticles, particularly those containing poly(lactic-co-glycolic acid) (PLGA), have been widely pursued as 
delivery vehicles for chemotherapeutic drugs, vaccines, and biological macromolecules due to their rapid internalization 
and escape from the endo-lysosomes.10 In the current study, the TLS11a aptamer was used as a targeting agent on 
functionalized to PLGA/PLA-PEG nanoparticles in order to explore the binding and uptake of aptamer-targeted polymer 
nanoparticles within the HCC in vitro model system employed by Meng et.al.9 PLGA, PLA and PEG are biocompatible 
polymers that have been approved by the FDA for use in various drug-delivery systems.10 Cellular uptake of polymer 
nanocarriers can vary based upon their size, shape, flexibility, surface charge, as well as their chemical composition.11 

The goals of the current study were to (i) validate the binding and localization of the TLS11a aptamer, (ii) identify the 
target protein or epitope recognized by the aptamer which distinguishes normal from malignant HCC, and (iii) examine 
the efficacy to aptamer-targeted PLA-PEG nanoparticles for doxorubicin drug delivery.  

2. MATERIALS AND METHODS
2.1 Aptamer sequences 

Aptamer sequences listed in Table 1 were purchased from Integrated DNA Technologies (IDT; Coralville, Iowa) with a 
5’ modification that incorporated the Alexa-Fluor®546 fluorophore (556 nm excitation/573 nm emission). All aptamers 
were HPLC purified and resuspended at a concentration of 100 µM in Tris/EDTA buffer (pH 8.0; AM9858, Ambion® 
Life Technologies) or nuclease-free water.   

Table 1. Sequences of the TLS11a and control aptamer. 

2.2 In vitro cell culture 

The transformed BNL 1ME A.7R mouse liver hepatoma cell line (ATCC® TIB-75™) was maintained in cell culture at 
37oC and 5% CO2 in a complete growth medium consisting of a 1:1 mixture of Dulbecco’s Minimum Essential Medium 
(DMEM)/ F-12 media (D6421; Sigma) supplemented with 10% fetal bovine serum, 200 mM L-glutamine (G2150; 
Hybri-Max® Sigma), and 100 U/mL penicillin-streptomycin (ATCC #30-2300). Cell seeding densities of 1 x 104 
cells/cm2 were maintained for T-25/T-75 culture flasks, Lab-Tek™ II four-chambered slides (Thermo Scientific), and 
round Delta-T® culture dishes (Bioptechs Inc.). Cells were harvested or imaged at ~80% confluency which was typically 
48-72 hours following seeding or subculture.

2.3 Aptamer labeling and live-cell fluorescence imaging

Adherent MEAR cells cultured in Delta-T® dishes were incubated with the TLS11a or negative control aptamer at 37oC 
for up to 60 minutes at a final concentration of 25 – 100 nM in complete growth medium. Cell nuclei were 
counterstained by adding NucBlue® Live Cell Stain (R37605; Molecular Probes® Life Technologies) at 2 drops/mL of 
media during the final 20 minutes of the aptamer incubation period. Following incubation, the media was removed and 
the cells were washed three times with warm phosphate buffered saline (PBS; BupH Dry Buffer Pack #28374, 
Pierce/Thermo Scientific) followed by fresh DMEM/F-12 media for imaging. Live-cell confocal imaging was performed 
using a Delta-T® Open Dish System (Bioptechs Inc.) with heated stage adapter on an Olympus FluoView FV1000 Laser 
Scanning Confocal Microscope.  

For uptake and localization studies, cells being labeled with the aptamer were concurrently stained with Alexa-
Fluor®647 conjugated wheat germ agglutinin (WGA) and LysoSensor™ Green DND-189 (443 nm ex/505 nm em, pKa 
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5.2; Molecular Probes® Life Technologies) according to manufacturer’s protocol. WGA is a lectin which binds to sialic 
acid and N-acetylglucosaminyl residues on cell surface glycoproteins/glycolipids. In live cells, WGA is membrane 
impermeable and served as a plasma membrane marker while the pH sensitive LysoSensor dye was used to stain late 
endosomes and lysosomes. The LysoSensor™ was added at a final concentration of 3µM in DMEM/F-12 media during 
the last 30 minutes of the 20-60 minute aptamer incubation, followed by NucBlue® and WGA at 1 µg/mL in DMEM/F-
12 for the final 4 minutes of the total incubation period, all at 37oC in 5% CO2 incubator. Following incubation, cells 
were washed and imaged as described above. 

2.4 Flow cytometry staining and analysis 

MEAR cells cultured in T-25/T-75 flasks were treated with TrypLE™ Express (Gibco® Life Technologies) for up to 8 
minutes at 37oC to dislodge adherent cells from the bottom of the culture flasks. The cell suspension was collected and 
washed twice in PBSA by centrifugation at 3,000 rpm for 5 minutes. Following the final wash, cells were resuspended in 
PBSA and counted on a hemacytometer. For staining, 1 x 106 total cells in 90 µL PBSA were incubated with 10 µL of 
aptamer at a final concentration of 5µM for 1 hour at 4oC with brief mixing at approximately 15 minute intervals. After 
incubation, cells were washed twice in PBS and stored on ice. Samples were analyzed on a microfluidic chip-based Sony 
SH800 Flow Cytometer with elliptical gating parameters set initially on forward vs. back scatter plots, followed by 
forward scatter area vs. height to eliminate doublet cells from aptamer/Alexa-Fluor®546 intensity histograms. Controls 
included unstained cells prepared in parallel with TD4R control aptamer and TLS11a target-specific aptamer. For each 
cell population, 10,000 total events were measured and collected. 

2.5 Cell fractionation, SDS-PAGE and Western blotting 

Cell surface proteins were labeled and purified using the Pierce Cell Surface Protein Kit (#89881; Thermo Scientific) 
according to the manufacturer’s protocol. Briefly, this involved biotinylation of surface proteins in live, adherent MEAR 
cells followed by cell dissociation and lysis. Biotinylated proteins were isolated using a streptavidin affinity column, 
eluted in sample buffer (2x Lamelli Sample Buffer; Bio-Rad) containing 50 mM dithiothrieotol (DTT), then boiled at 
100oC for 5 minutes prior to loading onto SDS-PAGE gel. Membrane proteins were extracted from cultured MEAR cells 
by a phase separation-based technique using the FOCUS™ Membrane Protein Fractionation Kit (G Biosciences®) 
according to the manufactures instructions. 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 
buffer12 and boiled at 100oC for 5 minutes.  

All sample volumes were adjusted so that 10-25 µg of total protein was loaded into wells of an 8-16% Mini-PROTEAN® 
TGX™ pre-cast gradient gel (Bio-Rad). Gels were run at 200V until the dye front reached the bottom of the gel then 
transferred onto a nitrocellulose membrane at 100V for 1 hour.12 Following transfer, the membrane was rolled into a 50 
mL conical tube and washed three times, 5 minutes each, in wash buffer containing 0.5% bovine serum albumin  and 
0.01 µg/mL tRNA (Sigma; R5636) in PBS on a rotating mixer at room temperature. Next, the membrane was blocked in 
3% BSA and 0.1 µg/mL tRNA in PBS for 1 hr., rinsed 3x in wash buffer as before, then probed with 1 nM TLS11a 
aptamer/Alexa-Fluor®546 conjugate in wash buffer overnight at 4oC with continuous rotation. Following a final wash 
cycle, the membrane was air dried and imaged on a Pharos FX™ Plus Molecular Imager (Bio-Rad) with suitable 
fluorescence filters. 

2.6 Polymer nanoparticle synthesis, functionalization, and drug loading 

Poly(lactic-co-glycolic acid) (PLGA) was obtained from LakeShore Biomaterials. Poly(lactic acid)-b-poly(ethylene 
glycol) with a methoxy end group (PLA-mPEG), and poly(lactic acid)-b-poly(ethylene glycol) with a terminal 
carboxylic acid group (PLA-PEG-COOH) were prepared through the ring-opening polymerization of lactide dimers onto 
pre-made poly(ethylene glycol) terminated in a hydroxyl group on one end and either methoxy or carboxylic acid groups 
on the other end, respectively, as previously described.13 

Polymer nanoparticles were prepared using a modified nanoprecipitation method.13, 14 Briefly, an organic phase was 
prepared by dissolving 1.5 mg of PLGA, 0.75 mg of PLA-mPEG, and 0.75 mg of PLA-PEG-COOH in acetone (2:1:1 
mass ratio of PLGA/PLA-mPEG/PLA-PEG-COOH), followed by addition of a solution of doxorubicin in methanol 
(82:18 volume ratio of acetone to methanol) to achieve a 1% w/w target loading of doxorubicin in the nanoparticles. The 
final polymer concentration in this solution was 30 mg/mL. A volume of 100 μL of this organic solution was added 
dropwise to 2 mL of an aqueous solution of bovine serum albumin (stabilizer) while stirring. The nanoparticles were 
washed to remove unencapsulated drug and excess stabilizer through two cycles of centrifugation and resuspension in 
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deionized water. Blank nanoparticles were prepared similarly, except that pure methanol was used instead of the 
doxorubicin solution in methanol.  

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 2-(N-morpholino)ethanesulfonic acid (MES) buffer, pH 6.0, and reacted with 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) 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). The nanoparticles were then immediately reacted 
with the TLS11a or TD4R aptamers (or an equal volume of PBS) for 4 hours. After the reaction was complete, excess 
EDC and activated carboxylic acids were quenched with hydroxylamine. The nanoparticles were then washed to remove 
excess reagents and unbound aptamer molecules via centrifugation. The nanoparticles were finally resuspended in PBS 
for immediate use.   

It should be noted that all nanoparticle preparation processes were conducted under sterile conditions in a laminar flow 
hood and with sterilized solutions to prevent contamination of the cells in later studies. Nanoparticle suspensions were 
also protected from light during the process to protect the fluorescent drug and aptamer from photobleaching. 

Nanoparticles were characterized for size by dynamic light scattering using a Malvern ZetaSizer Nano ZS instrument. 
Drug content was determined using absorption and fluorescence spectroscopy. Specifically, the concentration of the drug 
in nanoparticle suspensions was determined from the intensity of the absorption (488 nm) and emission (590 nm) peaks 
of the suspensions with a standard calibration curve.  

2.7 MTT cytotoxicity assay 

Eight serial dilutions of doxorubicin-loaded nanoparticles from duplicate batches with and without TLS11a aptamer 
functionalization were prepared 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. Equal volumes of blank nanoparticles without TLS11a or 
doxorubicin were prepared as controls, along with free doxorubicin at the same concentrations. MEAR cells grown in 
96-well plates (5,000 cells/well) for 24 hours were treated with the nanoparticle/media suspensions and allowed to grow
for another 72 hours at 37oC in 5% CO2 incubator. Following incubation, existing media 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 for up to 4 hrs. Media was removed and 100 µL of dimethyl sulfoxide (DMSO) was
added to each well then mixed using a microplate shaker until crystals dissolved. Absorbance values were read at 555
nm and 700 nm wavelengths in a BioTek™ Synergy H1 Hybrid Multi-Mode Microplate Reader. Data was graphed with
regression curves fit to a four-parameter logistic function in SigmaPlot™ version 12.5 (Systat Software, Inc.). For
imaging, MEAR cells grown in chambered slides were treated with the nanoparticle/drug solutions at 500 nM in
DMEM/F-12 growth media for 2 hours, after which the cells were rinsed and fixed in ice-cold methanol for 15 minutes,
air dried and mounted with 90% glycerol.

3. RESULTS
3.1 HCC-specific aptamer labeling in MEAR cells 

Binding of the TLS11a aptamer to cultured MEAR cells occurred in a concentration dependent manner with fluorescent 
labeling intensity increasing from 25 nM up to 100 nM (Figure 1). This labeling was demonstrated to be specific through 
the use of an irrelevant aptamer of similar length and GC content which exhibited a minimal amount of binding and 
background fluorescence at these concentrations (Figure 1). Some cellular autofluorescence was apparent in unstained 
cells, 0 nM aptamer concentrations, when imaged under identical conditions; although, this did not appear to contribute 
significantly to the overall signal.  
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Figure 1. Confocal micrographs of mouse hepatoma cells labeled with Alexa-Fluor®546 conjugated TLS11a aptamer (top 
row) versus an irrelevant negative control aptamer (TD4R/Alexa-Fluor®546, bottom row) at increasing concentrations. All 
micrographs are z-projections taken with a 20x/0.95 numerical aperture water immersion objective at a z-step size of 1.0 
µm. Scale bar is 20 µm. 

Quantitative analysis of TLS11a binding was also examined through 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 2. 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 non-specific aptamer labeling was higher in this experiment, the TLS11a aptamer-labeled cell 
population was still distinct from either negative control population, supporting the specificity of TLS11a aptamer 
binding to hepatocellular carcinoma. 

Figure 2. Flow cytometric analysis of aptamer labeling in MEAR cells. Fluorescence intensity histograms were overlaid for 
unstained cells (grey), TD4R control aptamer (blue), and TLS11a aptamer (red) stained cells. Median values reported in 
arbitrary fluorescence units for each population were from 10,000 gated events. 

3.2 Aptamer binding and uptake into lysosomes 

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 z-slice from the 60 minute treatment set is shown in Figure 3. Cellular structures labeled by the 
TLS11a aptamer (orange channel) were also stained strongly with the WGA/AlexaFluor-647 cell membrane marker (red 
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channel) which suggested a large degree of aptamer binding at the cell surface (Figure 3). In addition, the aptamer was 
found to localize to discrete spherical structures brightly stained with the LysoSensor dye (Figure 3, green channel 
arrow) indicative of acidic compartments in the endo/lysosomal pathway. 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 (data not shown). 

Figure 3. Confocal z-slice of live hepatocellular carcinoma cells labeled with 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 a 60x/1.0 numerical aperture 
water immersion objective at a z-step size of 1.0 µm. Scale bar is 10 µm. 

3.3 Cell fractionation and aptamer-based Western blot 

In an effort to characterize the TLS11a target protein, the TLS11a/AlexaFluor-546 conjugated aptamer was used in place 
of primary antibody in a conventional Western blot following electrophoresis and transfer of proteins extracted from 
various cellular components (Figure 4). 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. Faint bands at both these molecular 
weights could also be seen in the cell surface fraction; although, at very low intensities. No TLS11a-bound protein bands 
were apparent in the hydrophobic membrane fraction (Figure 4). 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. Rather, these finding raise the possibility that the TLS11a binds one or more peripheral 
membrane proteins located on the cell surface that can be internalized.  
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Figure 4. Fluorescent TLS11a/AlexaFluor-546 aptamer-probed Western blot of 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).  

3.4 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 facile nanoprecipitation of blends of PLGA and PLA-PEG copolymers as described 
above. Spherical nanoparticles of 50 nm in average in diameter were obtained. Figure 5 shows intensity distributions of 
particles sizes for doxorubicin-loaded and blank nanoparticles obtained through dynamic light scattering analysis. As 
show in Figure 5A, 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 
5B). The size polydispersity of the nanoparticles was of less than 0.2 in all readings obtained, indicating proper control 
over the nanoparticle size.  

When used to treat cultured MEAR hepatocellular carcinoma cells, both TLS11a aptamer-coated and uncoated 
PLGA/PLA-PEG nanoparticles loaded with doxorubicin elicited a marked cytotoxicity greater than that of free 
doxorubicin alone (Figure 6). 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 6). A slight reduction in the cell viability (~20%) was seen in the presence of PLGA/PLA-PEG 
nanoparticles alone demonstrating a low-level cytotoxicity (Figure 6). 

Proc. of SPIE Vol. 9166  916605-7



20-

15-

10-

5-

o

20-

15-

' 10--

5--

o

100 -

80 -

60 -

40 -

20

Free Dox
NP +Dox - Aptamer
NP +Dox +TLS11a

NP Blank

N

0.01 011

Doxorubicin (µM)

Size (nm) 

In
te

ns
ity

 (%
) Before Centrifugation 

After Centrifugation 
After Aptamer Attachment 

Size (nm) 

After Aptamer Attachment 

In
te

ns
ity

 (%
) 

A 

B 

0.1    1   10   100  1000            10000 

0.1    1   10   100  1000            10000 

Figure 5. 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.

Figure 6.  MTT cytotoxicity assay in hepatocellular carcinoma cells treated with 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 7). 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. However, in previous TLS11a aptamer labeling experiments little to no aptamer signal was found within 
the nucleus, as demonstrated in Figures 1 and 3. 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. As mentioned previously, MEAR cells 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 7).  
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Figure 7. Confocal micrographs of MEAR cells treated with nanoparticle (NP)/drug conjugates at 500 nM doxorubicin 
concentrations (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 NA water immersion objective at a z-step size of 1.0 µm. 

4. DISCUSSION
In this study, the specificity of a previously reported aptamer4, 9 that can bind malignant liver cancer cells in vitro using 
both confocal microscopy and flow cytometry was confirmed. In addition, the aptamer was demonstrated to bind at cell 
surface and be taken up via endocytosis-related pathways into acidic endosomes or lysosomes. Interestingly, the cell 
surface marker (WGA/AlexaFluor-657) appeared somewhat punctate and clustered in cells labeled with the TLS11a 
aptamer (Figure 3) 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 cytosolic/whole cell lysate fractions raises several possibilities including the binding of TLS11a to a 
peripheral membrane protein(s) that remained tightly bound to the cell surface during lysis and extraction, or that these 
extracellular protein(s) could also be found within the cytosol following uptake from the cell membrane. The latter 
scenario is supported by the current confocal microscopy localization studies making the TLS11a aptamer a good 
candidate for targeted drug delivery where binding and uptake 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 nanoparticles11, 14 with an increased cytotoxicity of NP-delivered doxorubicin over free 
doxorubicin. It is possible that the lack of TLS11a aptamer targeting ability was due to low concentrations of aptamer on 
the nanoparticle surface (estimated to be 2.2 nM based upon a fluorescence standard curve). This concentration was far 
below that needed for either microscopy or flow cytometry. 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 In future studies this possibility could be 
minimized through the use of various length PEG chains to ensure that the aptamer is freely available for recognition and 
cell surface binding.  
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