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Abstract 

Insufficient penetration of therapeutic agents into tumor tissues results in inadequate drug dis-
tribution and lower intracellular concentration of drugs, leading to the increase of drug resistance 
and resultant failure of cancer treatment. Targeted drug delivery to solid tumors followed by 
complete drug penetration and durable retention will significantly improve clinical outcomes of 
cancer therapy. Monoclonal antibodies have been commonly used in clinic for cancer treatment, 
but their limitation of penetrating into tumor tissues still remains because of their large size. 
Aptamers, as “chemical antibodies”, are 15-20 times smaller than antibodies. To explore whether 
aptamers are superior to antibodies in terms of tumor penetration, we carried out the first 
comprehensive study to compare the performance of an EpCAM aptamer with an EpCAM anti-
body in theranostic applications. Penetration and retention were studied in in vitro 
three-dimensional tumorspheres, in vivo live animal imaging and mouse colorectal cancer xenograft 
model. We found that the EpCAM aptamer can not only effectively penetrate into the tu-
morsphere cores but can also be retained by tumor sphere cells for at least 24 h, while limited 
tumor penetration by EpCAM antibody was observed after 4 h incubation. As observed from in vivo 
live animal imaging, EpCAM aptamers displayed a maximum tumor uptake at around 10 min fol-
lowed by a rapid clearance after 80 min, while the signal of peak uptake and disappearance of 
antibody appeared at 3 h and 6 h after intravenous injection, respectively. The signal of PEGylated 
EpCAM aptamers in xenograft tumors was sustained for 26 h, which was 4.3-fold longer than that 
of the EpCAM antibody. Consistently, there were 1.67-fold and 6.6-fold higher accumulation of 
PEGylated aptamer in xenograft tumors than that of antibody, at 3 h and 24 h after intravenous 
administration, respectively. In addition, the aptamer achieved at least a 4-time better tumor 
penetration in xenograft tumors than that of the antibody at a 200 μm distances from the blood 
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vessels 3 h after intravenous injection. Taken together, these data indicate that aptmers are su-
perior to antibodies in cancer theranostics due to their better tumor penetration, more homo-
geneous distribution and longer retention in tumor sites. Thus, aptamers are promising agents for 
targeted tumor therapeutics and molecular imaging. 

Key words: aptamer, targeted tumor therapeutics, tumor penetration 

Introduction 
In order to achieve a curable outcome of cancer 

treatment, anticancer agents should effectively pene-
trate the extravascular space and gain access to all 
viable cancer cells with a sufficient concentration 
[1-4]. However, the properties of abnormal tumor 
niche, including disorganized vascular system, dys-
functional lymphatics, increased interstitial fluid 
pressure, the presence of extracellular matrix, and 
resultant hypoxia with insufficient oxygen and nu-
trients, limit the penetration and diffusion of molecu-
lar medicines into tumor cells [2, 3, 5-10]. This insuffi-
cient and heterogeneous drug distribution can signif-
icantly reduce therapeutic efficacy by leaving a por-
tion of viable cancer cells behind, in turn leading to 
the increase of systematic drug resistance and the 
failure of cancer treatment [11]. Therefore, there is an 
urgent need to develop effective anticancer therapeu-
tics that could effectively penetrate tumor tissues and 
accumulate inside tumor cells.  

Even though therapeutic antibodies have been 
routinely used for targeting cancers to overcome the 
insufficient specificity of traditional anticancer drugs 
[12-14], their efficacy for in vivo anticancer treatment is 
restricted due to 1) immunogenicity, 2) limited tumor 
penetration and distribution, and 3) less accessibility 
for chemical modification [11, 15-18]. To overcome 
these challenges, new therapeutics that are tu-
mor-specific, non-immunogenic and with ease of 
conjugation with various agents to improve tumor 
penetration are urgently needed. Aptamers are small 
single-stranded DNA or RNA oligonucleotides that 
bind to their targets with high affinity and specificity 
[19]. The limitations of nucleic acid aptamers used in 
vivo are their shorter circulatory half-life and nucleic 
acid degradation, which can be alleviated by the 
conjugation of polyethylene glycol (PEG) to alter the 
pharmacokinetic profile, and by introducing 
site-specific chemical modification to minimize the 
susceptibility to attack from endonucleases and exo-
nucleases [19-21]. Aptamers can be modified and 
conjugated with functional molecules for cancer di-
agnostic or therapeutic purposes [19, 22, 23]. In con-
trast to protein antibodies, aptamers possess little to 
no immunogenicity and low systemic toxicity in vivo 
[19, 24, 25].  

Because aptamers have a size between antibod-

ies (150 kDa) and small peptides (1–5 kDa) [20], we 
hypothesized that aptamers with a smaller size and 
suitable affinity might be advantageous over anti-
bodies in not only effectively penetrating into tumors 
but also maintaining a durable retention in tumor 
tissues. The in vitro multicellular tumorsphere pos-
sesses several properties of the solid tumor niche in 
vivo [5, 26-28] and is a simple and practicable method 
for evaluating drug penetration. To evaluate the tu-
mor penetration performance of aptamers, we sys-
tematically evaluated the tumor penetration and re-
tention by aptamers and antibodies in 3D tu-
morsphere model in vitro and tumor tissues in vivo.  

Materials and Methods 
Cell culture  

HT-29 (human colorectal adenocarcinoma, 
ATCC® HTB38™) cell line and HEK-293T (human 
embryonic kidney, ATCC ® CRL-11268™) cell line 
were purchased from American Type Culture Collec-
tion (ATCC, Manassas, VA). Huh-7 and PLC/PRF/7 
(human hepatocellular carcinoma) cell lines were 
kindly provided by Dr. Liang Qiao, Sydney Univer-
sity. All the above cells were cultured in DMEM (Life 
Technologies, Australia) medium supplemented with 
10% fetal bovine serum (FBS, Hyclone, Canada), pen-
icillin (50 U/mL,), and streptomycin (50 µg/mL, 
Invitrogen, Australia) and 1× Glutamax (Life Tech-
nologies, Australia) in a humidified atmosphere con-
taining 5% CO2 at 37 °C.  

Animals used in this study 
Animal study in this research was approved by 

Deakin University Animal Welfare Committee. All 
animals were purchased from The Animal Resources 
Centre (Perth, Australia). Six to eight weeks old 
NOD-SCID female mice were used for HT29 tumor 
xenograft establishment. The mice were housed in 
TECNIPLAST SealsafeTM Individually Ventilated 
Cages, which were placed in a temperature-controlled 
room (25 ± 1 °C) with a 12-h light-dark cycle. Mice 
were fed ad libitum with a standard diet. Beddings, 
cages and water were autoclaved at 121 °C for 30 min 
while the fodder was sterilised by ultraviolet irradia-
tion before use. Male Sprague-Dawley rats (200 to 250 
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g) were housed in a temperature-controlled room (25 
± 1 °C) with a 12-h light-dark cycle. Rats were fed ad 
libitum with a standard diet and were fasted overnight 
before treatments administration. 

Antibody and aptamers used in this study 
FITC conjugated EpCAM antibody was pur-

chased from Fitzgerald (Cat #10R-2376). Aptamers 
were synthesized by IBA GmbH (Ru-
dolf-Wissell-Straße 28, 37079 Göttingen, Germany) 
followed by HPLC purification. 

RNA EpCAM aptamer: 5’- (DY647) - A (2’-F-C) 
G (2’-F-U) A (2’-F-U) (2’-F-C) (2’-F-C) (2’-F-C) (2’-F-U) 
(2’-F-U) (2’-F-U) (2’-F-U) (2’-F-C) G (2’-F-C) G (2’-F-U) 
-3’ 

Negative control RNA EpCAM aptamer: 5’- 
(DY647) - A (2’-O-Me-C) G (2’-O-Me-U) A 
(2’-O-Me-U) (2’-O-Me-C) (2’-O-Me-C) (2’-O-Me-C) 
(2’-O-Me-U) (2’-O-Me-U) (2’-O-Me-U) (2’-O-Me-U) 
(2’-O-Me-C) G (2’-O-Me-C) G (2’-O-Me-U) -3’ 

Hybrid DNA-RNA EpCAM aptamer: 5’- 
(DY647) - c g c g c g c c g c A (2’-F-C) G (2’-F-U) A 
(2’-F-U) (2’-F-C) (2’-F-C) (2’-F-C) (2’-F-U) (2’-F-U) 
(2’-F-U) (2’-F-U) (2’-F-C) G (2’-F-C) G (2’-F-U) c g g c g 
c g c g -3’  

Negative control Hybrid DNA-RNA EpCAM 
aptamer: 5’- (DY647) - c g c g c g c c g c A (2’-O-Me-C) 
G (2’-O-Me-U) A (2’-O-Me-U) (2’-O-Me-C) 
(2’-O-Me-C) (2’-O-Me-C) (2’-O-Me-U) (2’-O-Me-U) 
(2’-O-Me-U) (2’-O-Me-U) (2’-O-Me-C) G (2’-O-Me-C) 
G (2’-O-Me-U) c g g c g c g c g -3’ 

PEGylated RNA EpCAM aptamer: 5’-(20 kDa 
PEG-FITC)- c g c g c g c c g c A (2’-F-C) G (2’-F-U) A 
(2’-F-U) (2’-F-C) (2’-F-C) (2’-F-C) (2’-F-U) (2’-F-U) 
(2’-F-U) (2’-F-U) (2’-F-C) G (2’-F-C) G (2’-F-U) c g g c g 
c g c g - (Biotin or DY647) -3’ 

Negative control PEGylated RNA EpCAM ap-
tamer: 5’-(20 kDa PEG-FITC)- c g c g c g c c g c A 
(2’-O-Me-C) G (2’-O-Me-U) A (2’-O-Me-U) 
(2’-O-Me-C) (2’-O-Me-C) (2’-O-Me-C) (2’-O-Me-U) 
(2’-O-Me-U) (2’-O-Me-U) (2’-O-Me-U) (2’-O-Me-C) G 
(2’-O-Me-C) G (2’-O-Me-U) c g g c g c g c g - (Biotin or 
DY647) -3’ 

In the above sequences, 2’-F represents 
2’-fluoropyrimidine, 2’-O-Me indicates 2’-O-methyl 
modification. Lowercase letters indicate DNAs which 
are modified with 5’-methyl-deoxycytidine 
(5-Methyl-dC). The negative control aptamer is an 
aptamer of the same sequence as the EpCAM target-
ing aptamer but with a different side-chain modifica-
tion that could affect the 3-dimensional structure of 
aptamer [29]. As a result, this control aptamer is not 
able to bind to EpCAM and does not target the cancer 
cells overexpressing EpCAM. For engineering an ef-
fective DOX loading segment for future therapeutic 

applications (described in a separate manuscript) 
5’-methyl-deoxycytidine (dC) was deployed in the 
newly engineered DNA stem as 5-Methyl dC when 
substituted for dC will increase the Tm by as much as 
0.5°C per insertion. In addition, the presence of 
5’-Methyl dC in CpG motifs can prevent or limit un-
wanted immune responses (Fig. 5-2a) [30-32]. Prior to 
conducting all the experiments using aptamers, the 
aptamers are prepared in PBS containing 5 mM 
MgCl2, and then folded by denaturation at 85˚C for 5 
min, followed by 10 min incubation at room temper-
ature and refolding at 37˚C for at least 15 min. 

Determination of particle size of aptamer and 
antibody 

A 2 μL aliquot of EpCAM aptamer or EpCAM 
antibody (FITC) (Fitzgerald, Cat #10R-2376) (10 nM) 
was diluted in 998 μL PBS and mixed gently. The 
vesicle size was measured using a Zetasizer Nano ZS 
Particle Characterization System (Malvern, UK) fol-
lowing the manufacturer’s instruction.  

Determination of binding affinity 
The equilibrium dissociation constant (K’d) of 

2’-F RNA aptamer species to EpCAM proteins ex-
pressed on the cell surface was determined using flow 
cytometry. HT29 or HEK293T cells (5 × 105) were first 
incubated with blocking buffer (PBS supplemented 
with 5 mM MgCl2, 0.1 mg/mL tRNA, 0.1 mg⁄mL 
salmon sperm DNA, and 5% FBS) for 20 min at room 
temperature followed by two washes with PBS prior 
to incubation at serial concentrations (0 nM, 10 nM, 20 
nM, 40 nM, 60 nM, 80 nM, 100 nM, 150 nM and 200 
nM) of DY647-labelled EpCAM aptamer, control ap-
tamer or FITC-labelled EpCAM antibody in a 100 μL 
blocking buffer at 37 °C for 30 min. The cells were 
washed three times, resuspended in 150 μL assay 
buffer containing 5 mM MgCl2 and subjected to flow 
cytometric analyses. The binding affinity was calcu-
lated after subtracting the mean fluorescence intensity 
(MFI) obtained from target cells to that of negative 
control cells according to a method described by El-
lington and colleagues [33]. Fluorescent histograms 
were recorded by BD FACS-CantoTM II flow cytome-
ter and analysed using BD FACSDiva software (v6.0).  

Confocal microscopy analysis of tumorsphere 
preparation of aptamer and antibody 

Two thousand HT29, Huh-7 and HEK293T cells 
were plated out in ultralow attachment wells and al-
lowed to form spheres for 3-5 days in DMEM/F12 
media (Invitrogen Life Technologies) supplemented 
with B27 (100 units/mL), Insulin (10 µg/mL), EGF (20 
ng/mL) and bFGF (20 ng/mL). The spheres were 
washed three times in PBS containing 5 mM MgCl2 
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and blocked for 20 min using blocking buffer. The 
spheres were then incubated with 100 nM of aptamer 
or antibody for 30 min, 60 min, 120 min, or 240 min. 
Following each time point, the spheres were washed 
three times with PBS prior to visualization using the 
FluoView FV10i confocal microscope. To determine 
the retention of aptamers within tumor spheres, HT29 
tumor spheres were incubated with EpCAM aptamers 
or EpCAM antibody (FITC) for a total of 4 h, washed 
three times in PBS, followed by incubation in sphere 
medium for a further 24 h before being imaged. 

Tumor implantation and evaluation 
To establish xenograft tumors, single suspension 

HT29 cells were harvested after trypsinization. The 
cells (1 × 105) were mixed and resuspended with 
DMEM (serum free) and Matrigel (50:50 = V:V) 
followed by transplantion into the flank of each 
mouse with a 0.5 mL syringe and 26-gauge needle. 
Once tumors arose, mice were randomized into 
treatment groups of 4 mice per group. Treatment was 
initiated when the tumor volume reached 150 mm3. 
Tumor fragments were archived in 10% neutral buff-
ered formalin for further analysis. Slides of sections 
were processed for Immunohistochemistry analysis 
(double staining of CD31 and aptamer or antibody). 

Bio-distribution assay  
For determination of PEGylated aptamer and 

antibody distribution in vivo, HT29 tumor bearing 
NOD/SCID mice were randomly divided into two 
groups (4 mice per group, termed 3 h and 24 h time 
point) once tumors reached an average volume of 150 
mm3. Agents were delivered via tail vein injection of 1 
nmol aptamer or antibody per mouse. Organs in-
cluding heart, liver, spleen, kidney, lung and tumor 
were collected 3 h and 24 h after a single intravenous 
(i.v.) injection of 1 nmol/mouse of agents and then 
lightly washed in cold physiological saline to remove 
any excess blood, blot-dried using filter paper and 
thoroughly homogenized in PBS (tissue: PBS weight 
ratio 1:3) using the FastPrep®-24 tissue and cell ho-
mogenizer. The tissue homogenate was centrifuged at 
21,000 × g for 10 min at 4 °C. The supernatant of ho-
mogenate were collected and the aptamer or antibody 
concentration was quantified by ELISA.  

ELISA 
Fifty microliters of the 10 µg/mL monoclonal 

anti-FITC antibody (Sigma, Cat # F5636) in washing 
buffer (PBS containing 0.1 mg/mL tRNA and 1 
mg/mL BSA) was added to goat anti-mouse IgG 
pre-coated wells (Sapphire Bioscience, Cat 
#600-11050). After 1 h incubation at room tempera-
ture, anti-FITC antibody was removed followed by 
thorough washes with PBS. The treated wells were 

blocked with 50 µL 1× SuperBlock Blocking buffer 
(Thermo Scientific) at room temperature for 1 h, fol-
lowed by 3 washes with PBS, 3 min per time. Tissue or 
serum samples containing biotin-labeled aptamer or 
FITC-labeled antibody (Fitzgerald, Cat #10R-2376) 
(100 µL/well) were added and incubated for 1 h at 
room temperature. After extensive washing, 50 µL of 
1:5000 diluted Pierce High Sensitivity Streptavidin 
HRP conjugate (Thermo Scientific, Cat #21140) was 
added to each well to bind biotin-conjugated aptamer. 
For detection of bound antibody, HRP conjugated 
goat-anti-mouse IgG (Pierce, Cat #31430) was added. 
After 1 h incubation at room temperature and exten-
sive washing, the bound aptamer was detected with a 
Quanta Blu fluorogenic Peroxidase substrate system 
(Thermo Scientific, Cat #15169) and measured at a 
wavelength of 325/420 nm using the VICTOR TM X5 
Plate Reader (PerkinElmer Life Sciences). 

In vivo imaging  
Non-PEGylated aptamer, PEGylated aptamer 

and antibody were administrated into mice-bearing 
HT29 xenograft tumors via i.v. injection at a dose of 
0.75 nmol/mouse when the tumor volume reached 
around 150 mm3. The live animal imaging was con-
ducted at 5 min interval using a Xenogen IVIS Lumina 
II imaging system (PerkinElmer, USA). A circular 
region of interest (ROI) around the tumor site of each 
mouse was made and the total flux in this region was 
quantified using Living Image Software V2.50 
(PerkinElmer, USA) with the units of pho-
tons/s/cm2/sr. The data were used for 
semi-quantification of fluorescence signal in tumors 
and other tissues. 

Immunohistochemistry (double staining of 
CD31 and aptamer or antibody) 

The tumor tissues dissected from tumor-bearing 
mice were fixed at 10% neutral buffered formalin, 
processed and embedded in paraffin in order to retain 
their shape and architecture, as well as for their long 
term storage. Paraffin embedded sections were de-
paraffinized with Histoclear and rehydrated through 
graded ethanol. Heat induced antigen retrieval was 
performed in a microwave oven using sodium citrate 
buffer (10 mM sodium citrate, 0.05% Tween 20, pH 
6.0) for 20 min and the slides were allowed to cool 
prior to blocking with endogenous peroxidase using 
0.3% hydrogen peroxide in PBST (PBS containing 
0.1% Tween 20) for 20 minutes at room temperature. 
Additional blocking with 0.1 mg/mL tRNA, and 0.1 
mg/mL bovine serum albumin (BSA) or 10% goat 
serum in phosphate buffered saline (PBS) for 20 min 
was carried out before avidin-biotin blocking. Fol-
lowing serial incubation with 100 µL avidin (0.1 
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mg/mL) and 100 µL biotin (0.5 mg/mL) per slide for 
15 min each, the slide was washed with PBST twice 
and incubated with 1:100 dilution of rabbit an-
ti-CD31/PECAM-1 (platelet endothelial cell adhesion 
molecule-1) conjugated with biotin (Bioss, Cat 
#0195R) for 2 h at 37°C. The chromogenic alkaline 
phosphatase solution (Vector Labs, Cat #SK-5100) 
was prepared according to the manufacturer’s in-
struction and added to the slides following 1 h stain-
ing of secondary anti-biotin antibody (Vector Labs, 
Cat #SP-3020) (1: 250 dilution). Upon completion of 
the staining of blood vessels with CD31 antibody and 
washing with PBST twice for 5 min each. For the de-
tection of FITC-labeled antibody or 
FITC-labeled-aptamer, the sections were incubated 
with anti-FITC secondary antibody (Abcam, Cat 
#AB6656, 1: 100 dilution) for 2 h at room temperature. 
The slides were then washed in PBST for 5 min for 
three times prior to be treated with 100 µL DAB pe-
roxidase substrate solution (Vector Laboratories, Cat 
#SK-4105) for 5-10 min at room temperature for color 
development, followed by a single wash under run-
ning tap water. Counterstaining of tissue sections was 
performed by immersion in haematoxylin solution for 
5 min followed by washing under running tap water 
for 3-5 min. Slides were then differentiated in 1% acid 
alcohol for 30 sec and washed under running water 
for 1 min prior to bluing with Scott’s solution for 1 
min. Slides were washed under running water for 5 
min and then dehydrated with 95% and 100 % alcohol 
serially. Finally, slides were cleared using two 
changes of histolene for 5 min each, and then 
mounted using DPX (Sigma, Cat #317616). Stained 
sections were examined under a light microscope 
equipped with an Olympus SC20 camera (Victoria, 
Australia). 

To investigate the distribution of aptamer or an-
tibody in tumor sections, their pixel intensity in rela-
tion to distance from the blood vessel within the se-
lected region of interest was quantified using Image 
Pro software, according to the protocol reported by 
Lee and Tannock [34]. Briefly, images displaying an-
ti-CD31 staining (black) and aptamer or antibody 
staining (brown) were converted to black and white 
binary images: each image was overlaid with the 
corresponding field of view displaying the intensity 
of the agent of interest, resulting in an 8-bit black and 
white image with blood vessels identified by an in-
tensity of 255 (gray scale) and agent intensity ranging 
from 0-254 (gray scale). The intensity of ap-
tamer/antibody signal was represented as mean ± 
SEM for all pixels at a given perpendicular distance 
(20-200 μm) to the nearest vessel and plotted as a 
function of that distance. 

Statistical analysis 
All statistical analyses were performed using 

GraphPad Prism 6.0 (San Diego, CA). An unpaired t 
test was used for comparisons between two experi-
mental groups, and ANOVA was used for compari-
sons of more than two groups. Unless otherwise in-
dicated, all results were averaged from biological 
triplicates and values are reported as means ± SEM. 
P < 0.05 was considered statistically significant. 

Results 
EpCAM aptamers internalize into target cells 
more efficiently than antibody 

Efficient delivery of a therapeutic ligand to a 
tumor requires a sufficient amount of the agent to 
reach tumors, associated with accompanied rapid 
elimination from healthy tissues. Such effective tumor 
delivery is dictated by a number of factors including a 
suitable binding affinity of the ligand to its targets, the 
expression of the target antigen at the tumor and the 
size of the therapeutic ligand [14, 16, 35]. The EpCAM 
antibody used in this study has high molecular 
weight (150 kDa) with a size of around 15 nm, while 
the EpCAM aptamer has a smaller size of around 2.09 
nm (Fig. 1a). The equilibrium dissociation constant of 
EpCAM aptamer or the EpCAM antibody to HT29 
cells was determined to be 39.42 nM and 5.18 nM, 
respectively (Fig. 1b). Adams et al. reported that for a 
tumor-targeting ligand, the K’d value lower than 1 
nM does not necessarily improve tumor penetration 
but rather limits their further transport and perfusion 
in a tumor [16, 35]. This phenomena was explained by 
the “binding site barrier” model which postulated 
that monoclonal antibodies with very high affinity 
(K’d < 1 nM) stably bind to the first interacted tumor 
antigens with a slow rate of dissociation, resulting in a 
reduction of further diffusion and thus poor penetra-
tion into tumors [36, 37]. The K’ds for both the Ep-
CAM aptamer and the antibody used in this study are 
well above the 1 nM threshold for “binding site bar-
rier”. Therefore, it is extremely unlikely that the K’d of 
either the aptamer or the antibody used will have a 
profound negative influence on tumor penetration. 
Here, we sought to investigate the tumor penetration 
and retention of an aptamer with a 7-fold lower 
binding affinity than its antibody counterpart. 

Binding of targeting moieties to the cell surface 
molecules often results in the uptake and trafficking 
of the ligand-target complex through endocytic 
pathways that internalize the targeting molecules into 
various cellular organelles. To investigate the effi-
ciency in cell internalization and trafficking of the 
aptamer and antibody after cell binding, we examined 
their presence in late endosomes and lysosomes using 
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a LysoTracker® Green DND-22 dye that stains acidic 
compartments in live cells. Confocal imaging of live 
cells was conducted on HT29 cells incubated with the 
same concentration of aptamers or antibodies (100 
nM). At 15 min the aptamers were transported to and 
predominantly localized at late endosomes or lyso-
somes as evident from the colocalization of the blue 
(for aptamers) and red (for all acidic vesicles) fluo-
rescence (Fig. 1c). In contrast, at least 8-fold less anti-
bodies (green) were observed in these acidic vesicles 
(red) compared to that of aptamers (Fig. 1d). The lig-

and (EpCAM)-dependent internalization of the ap-
tamer was assessed by using a control aptamer that 
has the same nucleic acid sequence as the EpCAM 
aptamer but with a 2’-O-Me modification of the py-
rimidines instead of 2’-fluoro modification thus abol-
ishing its binding to EpCAM proteins. As shown in 
Fig. 1c and d, very limited negative control aptamers 
(blue) were found in the late endosome-lysosome 
compartments; those inside the cells might enter the 
cells via non receptor-mediated endocytosis. 

 
 

 
Figure 1. Cell binding and internalization of EpCAM aptamer and antibody in vitro. (a) Particle size of EpCAM aptamer and EpCAM antibody as determined by 
dynamic light scattering. (b) Determination of the equilibrium dissociation constants (K’d) of EpCAM aptamer and EpCAM antibody to HT29 cells using flow cytometry by 
incubating cells at varying concentrations of aptamer and antibody (1–200 nmol/L). (c) Localization of EpCAM aptamer, control EpCAM aptamer or EpCAM antibody in acidic 
organelles (late endosome and lysosomes). Following incubation with 100 nM EpCAM aptamer or EpCAM antibody at 37 °C for 15 min and three time washes, HT29 cells were 
incubated with LysoTracker® Green in the first 90 min of a further 2 h incubation followed by confocal microscopy imaging. (d) Quantification of fluorescence signals from 
localized aptamer or antibody in acidic organelles (late endosome and lysosomes) as in (c). (e) Specificity of EpCAM aptamer binding and internalization. Three EpCAM-positive 
cell lines (HT29, Huh-7 and PLC/PRF/5) and the control EpCAM-negative HEK293T cells were incubated with 100 nM EpCAM aptamer or control EpCAM aptamer at 37 °C for 
15 min, followed by washing and confocal microscopy imaging. (f) Quantification of fluorescence signals from internalized aptamers in various cell lines as in (e). Ab, antibody; Apt, 
aptamer, RFI, relative fluorescence intensity; MFI, mean fluorescence intensity. Data are means ± SEM, n=3. Scale bar = 5 μm. 
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To be an effective cancer theranostic agent, an 
aptamer should be ideally internalized following 
binding to its target expressed on the cell surface of 
various types of tumors [38-40]. To ascertain if the 
efficient endocytosis of the aptamer is a general rather 
than a cell type-specific phenomenon for HT29 cells, 
two different types of hepatocarcimona cells (Huh-7 
and PLC/PRF/5) were employed and incubated with 
aptamers at 37 °C for 30 min followed by confocal 
microscopy. The EpCAM aptamer efficiently inter-
nalized to these three different EpCAM-positive hu-
man cancer cell lines with a specific red fluorescence 
compared to the control aptamer (Fig. 1e). Such in-
ternalization was specific as there was no binding of 
the aptamer to the negative control HEK293T cells 
that do not express EpCAM proteins. The cell binding 
and internalization of the EpCAM aptamer in hepa-
tocarcinoma cells were further quantified (Fig. 1f). 
After 30 min incubation, there was at least 40-fold 
enhancement in binding and/or internalization of 
aptamer to EpCAM-positive cell lines compared with 
that in the EpCAM-negative cell lines. These results 
are consistent with our previous observation that the 
EpCAM aptamer is able to specifically enter a variety 
of EpCAM-positive tumor cells via receptor-mediated 
endocytosis [38, 41].  

Aptamer is superior to antibody for 
tumorsphere penetration  

Having established that the EpCAM aptamer 
internalized more efficiently than antibody into mon-
olayer cell culture, we proceeded to investigate the 
ability of our aptamers to penetrate an in vitro 3D cell 
structure. For this purpose, we used tumorsphere as a 
3D cell model, as it is ideal for in vitro evaluation of 
penetrating ability of targeting molecules due to the 
ease of establishment and the similar microenviron-
ment to in vivo tumors such as high inner pressure, 
low oxygen and low pH situation [42, 43]. We gener-
ated both EpCAM-positive (HT29) and Ep-
CAM-negative (HEK293T) tumorspheres in low ad-
herence culture conditions. Upon reaching 200 µm in 
size, these spheres were incubated with 100 nM Ep-
CAM aptamer or the same concentration of EpCAM 
antibody for the indicated time, washed 3 times with 
PBS and subjected to confocal microscopy. The laser 
scanning confocal microscope recorded images of a 
serial z-stack optical sections of 500 nm thickness from 
the periphery to the center of the spheres. The images 
of the middle of z-stack sections were used for the 
comparison of tumorsphere penetration (Supple-
mentary Fig. 1). As shown in Fig. 2a, the EpCAM ap-
tamer penetrated into the center of the tumorsphere as 
early as 30 min, and achieved excellent penetration 
throughout the center of HT29 tumorspheres between 

60 min to 240 min. In sharp contrast, limited tumor 
penetration into the center of the tumorsphere was 
observed at 30 min for EpCAM antibody and there 
was only a patchy presence of antibody in the center 
of the tumorsphere even after 4 h incubation. The ex-
tremely limited penetration by the negative control 
aptamer throughout entire assay period (up to 6 h) 
suggests the specific interaction between EpCAM 
aptamer and its ligand, rather than a passive diffusion 
of any nucleic acid molecule, is required for the effi-
cient penetration into the center of the tumorsphere. 
Furthermore, after 240 min incubation, only a weak 
signal for EpCAM aptamer was discernable with the 
HEK293T spheres that does not express EpCAM (Fig. 
2b).  

In order to confirm the observed superior tu-
morsphere penetration by the EpCAM aptamer was 
not limited to the 3-D model of HT29 colorectal cancer 
cells, a liver cancer model, Huh-7 tumorsphere which 
expresses high level of EpCAM was also included in 
our studies. As shown in Supplementary Fig. 2, the 
EpCAM aptamer effectively penetrated into the center 
of Huh-7 tumorspheres between 30 min and 240 min, 
while the signal of antibody at the center of the tu-
morspheres was hardly detectable. Importantly, the 
fluorescence signals of EpCAM aptamers in both 
HT29 and Huh-7 tumorspheres were clearly detecta-
ble after extensive washing followed by a further in-
cubation in sphere medium for 24 h (Fig. 2c). In con-
trast, the signals from antibodies in these tu-
morspheres were hardly detectable after 4 h further 
incubation. These data indicated that the EpCAM 
aptamers can not only penetrate into the core of the 
tumorsphere derived from both colorectal and hepa-
tocellular carcinoma but also were adequately re-
tained by the tumor cells in the center of the tu-
morsphere for at least 24 h in vitro.  

Aptamer is superior to antibody for in vivo 
tumor imaging 

Given that the EpCAM RNA aptamer penetrated 
the tumorsphere much better than antibody in vitro, 
we next compared the performance in in vivo imaging 
between aptamer and antibody. A DY647 fluorophore 
was conjugated to the 5’-end of the EpCAM aptamer 
to facilitate molecular imaging. As for the imaging 
study, NOD/SCID mice-bearing HT29 xenograft tu-
mors with a tumor volume of ~150 mm3 received a 
bolus i.v. injection of 0.75 nmole of DY647-labelled 
aptamers or FITC-labeled EpCAM antibodies. The 
whole body imaging was performed using the IVIS 
Live Imaging System. Fluorescence signals obtained 
from aptamers or antibodies at the regions of interest 
(ROIs) of tumor sites were recorded at a 5 min interval 
until the signal disappeared. The signal of aptamer on 
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HT29 tumors appeared immediately and the maxi-
mum uptake was observed at around 10 min after i.v. 
injection and lasted for approximately 80 min (Fig. 3a 
and b). In sharp contrast, the signal for antibody ob-
served in tumor sites had a slow onset, with the 
maximum uptake reached at 3 h. The signal in the 
tumor receiving EpCAM antibody lasted for at least 6 
h. Thus, the aptamer achieved highest concentration 

in the tumor within 10 min and the signal in the tumor 
diminished at least 4.5-times faster than that of the 
antibody. Such quick onset of the maximum signal at 
the site of the tumor followed by rapid disappearance 
confers aptamer with highly desirable characteristics 
for function as a promising molecular imaging probe 
which outperform antibodies [44, 45].  

 

 
Figure 2. EpCAM aptamer penetrates tumorsphere more effectively than EpCAM antibody. EpCAM aptamer, control aptamer, or EpCAM antibody of the same 
concentration (100 nM) were incubated with HT29 tumorsphere for up to 240 min at 37 °C. The tumorspheres were then washed three times in PBS and imaged using laser 
scanning confocal microscopy. (a) Aptamer and antibody staining of HT29 tumorspheres. (b) Aptamer and antibody staining of HEK293T tumorspheres after 240 min incubation. 
(c) Following a 4 h incubation, the HT-29 and Huh-7 tumorspheres were washed with PBS and incubated in the absence of EpCAM aptamer and EpCAM antibody. Cells incubated 
with aptamers were imaged using laser scanning confocal microscopy 24 h later; those with antibody imaged 4 h alter. Scale bar = 200 µm. 
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Figure 3. Superior performance of EpCAM aptamer to the antibody in in vivo molecular imaging. (a) Representative live animal images of aptamers and antibody. 
NOD-SCID mice bearing HT29 tumor (150 mm3) received a single i.v. injection of 0.75 nmol of EpCAM aptamer and EpCAM antibody. Log-scale heat map (at the right) of photon 
flux applies to all panels. p/s/cm2/sr: photons per second per cm2 per steradian. Arrow depicts the position of the subcutaneous HT29 tumor. (b) The fluorescence-time curve 
of EpCAM aptamer and EpCAM antibody in tumors as indicated in (a) was determined by Living Imaging Software v2.50 (Xenogen) with the units of photons/s/cm2/sr. Data are 
means ± SEM, n=3. 

 

PEGylated-aptamer is superior to antibody for 
in vivo drug delivery  

Next, the in vivo performance of aptamer and 
antibody was studied. In order to confer sufficient 
serum half-life, the EpCAM aptamer was further en-
gineered by conjugating a terminal 20 kDa polyeth-
ylene glycol (PEG) (Fig. 4a). PEGylation of the ap-
tamer increased the size of aptamer from 2.09 nm 
(non-PEGylated version) to approximately 12 nm, 
exceeding the 10 nm threshold of glomerular filtration 
(Fig. 4b) [46]. The PEGylation of the aptamer did not 
introduce adverse effects to the binding affinity. As 
illustrated in Figure 4c, the K’d of the PEGylated ap-
tamer corresponded well to the reported K’d of the 
parental EpCAM aptamer against target cell lines [38]. 
In the case of HT29, the PEGylated EpCAM aptamer 
had a K’d of 51.79 nM to HT29, compared with that of 
39.42 nM for the original EpCAM aptamer (Fig. 4c). In 
addition, the PEGylated aptamer maintained its 
binding ability to EpCAM-positive cancer cells (Fig. 
4d). To study tumor delivery and retention, 0.75 

nmole of DY647-labelled PEGylated aptamers, control 
DY647-labelled PEGylated aptamers or FITC-labeled 
EpCAM antibodies was injected i.v. into NOD/SCID 
mice-bearing HT29 xenograft tumors. The signal from 
the ROIs of HT29 tumors from mice receiving 
PEGylated aptamer gradually increased to a plateau 
at 5 h followed by a slow and prolonged decrease 
until 26 h or later. However, signals from either con-
trol PEGylated aptamer or antibody disappeared at 
around 6 h (Fig. 4e and f), suggesting that the pro-
longed tumor residence of PEGylated EpCAM ap-
tamer was not a non-specific accumulation due to 
EPR effect but rather resulted from the combined EPR 
effect and specific ligand interaction. The duration of 
the antibody signal at the tumor, which is indicative 
of its tumor volume of distribution, was 4.3-fold 
shorter than the tumor residence time of the 
PEGylated aptamer. Taken together, the PEGylated 
aptamers achieved longer tumor retention than the 
antibody counterpart, paving the way for the devel-
opment of aptamers as effective targeted drug deliv-
ery vehicles.  
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Figure 4. Superior tumor accumulation and retention of PEGylated aptamer than that of antibody. (a) PEGylated aptamer was developed by attaching a 20 kDa 
PEG-FITC to the 3’-end and a biotin or a DY647 dye to the 5’- end of the DNA strand. (b) Particle size of PEGylated aptamer and antibody as determined by dynamic light 
scattering. (c) Determination of the equilibrium dissociation constants (K’d) of PEGylated aptamer to HT29 cells using flow cytometry by incubating cells at varying concen-
trations (1–200 nmol/L). (d) Binding and internalization of PEGylated aptamer to HT29 cells which were incubated with 100 nM EpCAM aptamer at 37 °C for 30 min, followed 
by washing and confocal microscopy imaging. Scale bar = 10 μm. (e) Live animal imaging of antibodies and aptamers. NOD-SCID mice bearing HT29 tumor (150 mm3) received 
a single intravenous injection of 0.75 nmol of control PEGylated aptamer, PEGylated aptamer and antibody followed by live animal imaging at the indicated time points. (f) The 
fluorescence-time curve of PEGylated aptamer in tumors as in (e) was determined by Living Imaging Software v2.50 (Xenogen) with the units of photons/s/cm2/sr. Log-scale heat 
map (at the right) of photon flux applies to all panels. Data are means ± SEM, n=3. RFI: relative fluorescence intensity. 
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Figure 5. Biodistribution of PEGylated aptamer and antibody in mice 
bearing xenograft colorectal tumors. NOD/SCID mice bearing HT29 xenograft 
tumors (~150 mm3) received a single i.v. injection of 1 nmol/mouse of PEGylated 
aptamer or antibody. The concentration of aptamer or antibody, expressed as % of 
injected dose (ID) per g of tissue, in tissues iundicated was determined at 3 h and 24 
h after the agent administration using ELISA. Data are means ± SEM (n = 4). *, P < 0.05; 
**, P < 0.01 compared to antibody. 

 

Superior tumor uptake of PEGylated-aptamer 
over antibody in tumor xenografts  

To further evaluate the advantage of PEGylated 
aptamer over antibody in tumor targeting, the bio-
distribution of both agents was studied at 3 h and 24 h 
after a single i.v. injection of these agents into 
NOD/SCID mice bearing HT29 xenograft tumors 
(~150 mm3). With regard to the accumulation in tu-
mors, an 1.67-fold and 6.6-fold higher amounts of 
PEGylated aptamer was found at 3 h and 24 h, re-
spectively, than that of the antibody counterpart (Fig. 
5). Furthermore, there was only a 16 % decrease of 
aptamer accumulation in the tumor xenografts from 3 
h to 24 h after in vivo administration, in sharp contrast 
to a swift decline of 77 % of tumor accumulation of the 
antibody over the same period. These data are con-
sistent with the sustained retention of aptamer in tu-
morspheres in vitro, indicating that the PEGylated 
EpCAM aptamer could also be remained in tumors at 
a high concentration in vivo for at least 24 h. In the 
liver and kidney, the aptamer had a higher concen-
tration initially at 3 h compared with that of the anti-
body, however, at 24 h postinjection, the concentra-
tion of both aptamer and antibody were comparable. 
Whilst in the heart, spleen and lung, the aptamer 
concentration was much lower than that of the anti-

body counterpart at both 3 h and 24 h postinjec-
tion. Taken together, the PEGylated aptamer exhibit-
ed favorable accumulation and retention profile than 
that of the antibody in xenograft tumors, suggesting 
that aptamer could be developed as effective modality 
for targeted cancer therapy.  

Comparison of penetration of aptamer and 
antibody in tumors 

The efficacy of drug transport inside tumors was 
highly restricted because of limited penetration, due 
to the abnormality and complication of tumor micro-
environment, including poorly organized vascular 
system, increased interstitial fluid pressure as well as 
the presence of extracellular matrixes. Thus, the next 
generation of anticancer therapeutics must penetrate 
into tumor tissues efficiently and gain access to all 
cancer cells at a sufficient concentration to eradicate 
solid tumors [2, 5, 15, 47]. To further determine the 
penetration ability of aptamer in comparison with 
antibody in vivo, NOD/SCID mice bearing xenograft 
colorectal tumous with a tumor volume of 150 mm3 
received a bolus i.v. injection of 2 nmol mouse of 
PEGylated-aptamer or antibody. At 3 h or 24 h post 
injection, the mice were sacrificed and the formalin 
fixed paraffin embedded tumor sections were pre-
pared for double staining of blood vessels and ap-
tamer or antibody. To evaluate tumor penetration in 
vivo, the FITC-labeled aptamer or antibody were de-
tected with an anti-FITC antibody and visualized with 
the aid of chromogenic substrates 3.3' diaminobenzi-
dine (DAB); while the blood vessels were marked by 
anti-mouse CD31 antibody and visualized using 
chromogenic alkaline phosphatase solution. The dis-
tribution of aptamer or antibody in tumor sections 
was assessed by quantification of pixel intensity of 
aptamer or antibody in relation to distances from the 
blood vessels within the selected region of interest 
using Image Pro software. Shown in Fig. 6a are rep-
resentative images of time-dependent distribution of 
PEGylated aptamers or antibodies (brown) in relation 
to blood vessels (red, marked by black arrows) in 
HT29 xenografts sections. These images show that the 
majority of brown staining for antibodies was local-
ized near blood vessels, whereas regions away from 
vessels of the tumors show ample brown staining for 
aptamers. The quantification of intensity of aptamer 
or antibody in relation to distances from blood vessels 
at 3 h after intravenous injection revealed that there 
were significant differences in the intensity of signals 
between aptamers and antibodies throughout the en-
tire 200 μm distances from the blood vessels (Fig. 6b). 
In fact, aptamer achieved at least 4-time better tumor 
penetration than that of the antibody throughout the 
tumor spaces studied after 3 h i.v. injection. Im-
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portantly, 24 h after administration, intratumoral an-
tibody was hardly discernable even in the close range 
(20 µm) of the blood vessels. In contrast, the aptamer 
remained detectable even at regions as far as 200 µm 
away from the blood vessels (Fig. 6c). These data in-

dicate that aptamers, even after PEGylation, can pen-
etrate tumors much more extensively and efficiently 
than antibodies. Therefore, there is a great potential 
for aptamers to become effective modalities for tar-
geted tumor therapeutics and imaging.  

 
Figure 6. Time-dependent penetration of PEGylated aptamer and antibody in relation to blood vessels in HT29 xenograft tumors. (a) Representative images 
of double staining of aptamer or antibody and blood vessels in tumor sections dissected from treated mice-bearing HT29 xenografts 3 h and 24 h after i.v. administration of 
aptamer or antibody at a dose of 2 nmol/mouse. Blood vessels were stained by chromogenic alkaline phosphatase (black arrow); while aptamer or antibody were stained using 
DAB peroxidase substrate (brown). Scale bar: 200 μm. (b-c) Quantitative determination of staining intensity against a given perpendicular distance (20-200 μm) to the blood 
vessels at 3 h. (b) and 24 h (c) after i.v. injection of aptamer or antibody. Data are means ± SEM (n=8). 

 

Discussion 
Recently, increasing data suggest that the size of 

nanomedicines is critically important for the deep 
penetration and efficacy of therapeutic agents to be 
transported into tumor tissues in vivo, which is vital 
for achieving a curable outcome [48-50]. Therapeutic 
antibodies are important agents used in clinics, 
though there have been mixed results in the clinics as 
tumor immunotherapy [38, 51-53]. Monoclonal anti-
bodies with large molecule weight have been reported 
to possess limited penetration into solid tumors, as 
evident from a steep concentration gradient inside a 
tumor [54, 55]. The mixed outcome of antibody-based 
therapeutics has been attributed, at least partly, to the 
large size and binding affinity of the immunoglobulin, 
as well as immunogenicity [53, 54, 56, 57]. Aptamers, 
as “chemical antibodies”, have a molecule weight and 

size approximately 25-fold smaller than that of mon-
oclonal antibodies. And are thus superior to antibod-
ies for in vivo application due to the lack of the Fc 
fragment and thus do not provide an immune re-
sponse [10]. Despite 24 years of research into ap-
tamers, however, there is a paucity in our knowledge 
in terms of difference in the ability of aptamer and 
antibody in tumor penetration. To our knowledge, 
this study is the first thorough investigation that 
compares tumor accumulation and penetration be-
tween an aptamer and its antibody counterpart both 
in vitro and in vivo.  

Tumor-targeting efficacy of monoclonal anti-
bodies requires sufficient binding affinity for durable 
tumor internalization and retention. However, this 
does not mean that an antibody has to possess ex-
tremely high affinity to be therapeutically relevant 
[35]. Adams et al. revealed that for a tumor-targeting 
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ligand, a K’d value lower than 1 nM has a detrimental 
effect on its tumor penetration, and in fact limits fur-
ther transport and perfusion into tumors [16, 35]. This 
binding site barrier is caused by high-affinity binding 
of the antibody to the first few layers of tumor cells 
that the antibodies encountered after extravasation, 
resulting in a reduction of the amounts of available 
free antibodies for further penetration into tumors 
and leaving many viable tumor cells untargeted [1, 11, 
25, 36, 37]. Accordingly, targeting ligands with mod-
erate affinity would be desirable to the development 
of optimal therapeutics as they could effectively per-
fuse and penetrate into tumors with a durable reten-
tion, especially when therapeutic efficacy mostly re-
lies on uniform drug delivery to tumor cells [37, 58]. 
Of note, the moderate binding affinity of both the 
EpCAM aptamer (K’d = 39.42 nM) and antibody (K’d 
= 5.18 nM) used in this study are well above the 1 nM 
threshold for triggering the “binding site barrier” ef-
fect. Therefore, the K’d of the EpCAM aptamer and 
EpCAM antibody employed in this study are unlikely 
to impose adverse effects on the diffusion process 
given the extensive literature on the triggering K’d for 
binding site barrier being lower than 1 nM. Previous 
work by others has shown the importance of the size 
of a molecule in tumor penetration [14, 16, 35]. For 
example, despite being only 2-fold larger in size than 
the scFv, Fab fragments display a 16 h delay in mov-
ing a distance of 1 mm into a solid tumor [16]. Thus, 
the observed difference in tumor penetration and re-
tention between the aptamer and the antibody is 
likely derived from the differences in the molecular 
weight and size.  

We started our comparison of tumor targeting by 
aptamer and antibody by the examination of cellular 
internalization upon binding. As shown in Fig. 1c and 
d, aptamers exhibited at least 8-fold increase in en-
trance into endosomes and lysosomes than antibodies 
during a 15 min incubation. The efficient transport 
into acidic cellular organelles is critically important 
for a cancer-targeting modality to be used as a 
theranostic agent as this will facilitate the release of 
chemotherapy drugs and imaging reporter molecules 
for Positron emission tomography (PET), sin-
gle-photon emission computerized tomography 
(SPECT), computerized tomography (CT) and mag-
netic resonance imaging (MRI) [59]. The observed 
marked difference in endocytosis is unlikely the result 
of the antibody or aptamer engaging different recep-
tor-mediated endocytic pathways in a cell-line specific 
manner, as similar differences in the efficiency of en-
docytosis were observed in three different types of 
cancer cells. However, in the absence of the exact 
knowledge of the epitope(s) on the EpCAM protein 
that the aptamer and the antibody binds, one cannot 

entirely exclude the possibility of the influence from 
the binding to different epitopes of the target on the 
different efficiency of endocytosis revealed for the 
EpCAM antibody and aptamer, although it is unlike-
ly.  

The 3D tumorsphere culture model has been 
proven to possess unique advantages over the mono-
layer culture system for cancer research [27, 28]. In the 
sphere model, cells are shaped tightly, which is simi-
lar to the condition of tumor tissue in vivo, providing 
an ideal model for determining the penetration be-
havior of aptamer and antibody. For example, cells in 
the outer region of the sphere were exposed to suffi-
cient oxygen and nutrients that corresponded to the 
tumor sites close to the blood vessel. Moreover, cells 
located in the inner core were quiescent and more 
drug resistant due to the decreased supply of oxygen 
and nutrients, similar to tumor tissues far from blood 
vessels [15, 28, 60]. Our study in comparing the tu-
morsphere penetration by aptamer and antibody re-
vealed the aptamer could not only penetrate a tu-
morsphere efficiently, but could also be retained for at 
least 24 h (Fig. 2a and Supplementary Fig. 2). In con-
trast, the EpCAM antibody barely reached the core of 
tumorsphere after 240 min incubation, and had poor 
retention as it almost disappeared from the core of the 
tumorsphere after 4 h (Fig 2a and c). The superior 
ability of aptamer to antibody in penetrating and be-
ing retained in the core of the tumorsphere uncovered 
in this study highlights an invaluable attribute of ap-
tamers for molecular imaging and targeted therapy. 

To be clinical useful as in vivo molecular imaging 
agents in oncology, an imaging probe/ligand should 
display a rapid uptake in target sites with a maximum 
tumor uptake at 15 min followed by a rapid blood 
clearance [20]. Our in vivo imaging data demonstrate 
that the EpCAM aptamer was taken up by the tumor 
swiftly, reaching a peak signal at around 10 min fol-
lowed by a rapid decline of the signal in tumor up to 
80 min (Fig. 3a and b). In addition, the aptamer dis-
played a durable accumulation and retention in the 
tumor area within the window of imaging as it had 
approximately 50% of signal retained within 30 min. 
Taken together, these parameters suggest a potential 
match with short half-life radiotracer species such as 
typical isotopes (fluorine-18, carbon-11 and nitro-
gen-13) used in PET scanning [20, 61]. In contrast, the 
EpCAM antibody took 3 h to reach a maximum up-
take after i.v. injectionand showed a slow blood 
clearance over a 6 h period. These data suggest that 
the EpCAM aptamer would produce a much better 
clinically viable signal-to-background ratio than the 
EpCAM antibody for molecular imaging applications.  

Generally, RNA-based drugs have limited sta-
bility due to the susceptibility to endonuclease or ex-
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onuclease cleavage, which can be mitigated by the 
2′-fluoropyrimidine modifications or terminal modi-
fications such as PEGylation. The PEGylated EpCAM 
was found to have a serum half-life of approximately 
14 hours (Supplementary Fig. 3). In order to facilitate 
in vivo therapeutic delivery, the EpCAM aptamer 
conjugated with a 20 kDa PEG was used in our in vivo 
studies to prolong serum retention and minimize 
systemic clearance without compromising its binding 
affinity (Fig. 4b, c and d). In our live animal imaging 
study for therapeutic application, the signal of 
PEGylated aptamer in the tumor persisted more than 
24 h, which is consistent with the period of aptamer 
retention in the tumorsphere model. In contrast, the 
antibody produced only a short-lasting signal for up 
to 6 h (Fig. 4e and f). The 4.3-fold increase of tumor 
targeting of aptamer than that of antibody indicates 
that aptamer is a valuable class of targeting ligand for 
targeted drug delivery. 

The distribution of monoclonal antibody 
(trastuzumab) in HER2 overexpressing xenografts 
(MDA-435/LCC6HER2) was reported to display con-
siderable intervessel heterogeneity following a single 
i.p. injection of 20 mg/kg trastuzumab. The functional 
distance of trastuzumab, derived from average inten-
sity, from nearest microvessel was up to 150 μm 
throughout the tumor cord [62]. This is consistent 
with the distribution profile of the EpCAM antibody 
we observed within the tumor in that EpCAM anti-
body was hardly discernable at 150 – 200 μm away 
from the blood vessel (Fig. 6). In contrast, the EpCAM 
aptamer displayed at least 4-fold better tumor pene-
tration than that of the antibody at all distances (20 – 
200 μm) from the blood vessels studied after 3 h i.v. 
injection. Work from several independent laboratories 
have revealed the heterogeneous distribution of 
monoclonal antibodies at various times after their 
administration [16, 62, 63]. Dennis et al. used intravital 
microscopy to detect perivascular localization of 
FITC-conjugated trastuzumab at 24 hours after i.v. 
injection of 10 mg/kg (about 0.25 mg/mouse) to mice 
bearing allograft mammary tumors [17]. Compared to 
the deep and even penetration of Fab4D5 (a 52 kDa 
antibody fragment), limited penetration and hetero-
geneous distribution of trastuzumab (only 4 cell lay-
ers) were observed 24 h post-treatment. It has been 
appreciated that size plays a role in affecting a tar-
geting agent to penetrate tissues. Intact antibodies 
tend to localize besides to blood vessels and are less 
uniform in distribution throughout tumors, while 
smaller agents possess the ability to penetrate depths 
of 8 to 10 cell layers [55, 64]. This is consistent with our 
findings that the EpCAM aptamer established a 2-fold 
higher and more uniform distribution than that of 
antibody in tumors 24 h after i.v. injection, even 

though there was less amount of aptamers present at 
24 h compared with that at 3 h (Fig. 6). Furthermore, 
assuming the average size of a cancer cell being 15 
µm, at the distance of 200 µm away from the blood 
vessels, the EpCAM aptamers would have travelled a 
distance that is well beyond 10 cell layers from the 
blood vessels at both 3 h and 24 h. Therefore, our re-
sults suggests that aptamers have superior ability of 
tumor penetration and thus possess great potential as 
a targeting moiety for targeted therapeutics as well as 
in molecular imaging in which deep and uniform 
tumor penetration is desirable.  

In summary, the EpCAM aptamers studied, as 
chemical antibodies, possess a number of superior 
attributes over monoclonal EpCAM antibodies in 
terms of tumor penetration, accumulation and reten-
tion. Consistent with the criteria of an ideal in vivo 
imaging agent [44, 45], the EpCAM aptamer displays 
a rapid tumor uptake at around 10 min followed by a 
rapid clearance. This parameter suggests that the 
EpCAM aptamers used in this study could be used as 
an attractive alternative to monoclonal antibodies for 
in vivo imaging for imaging tumors using radioactive 
tracers. The EpCAM aptamer can also be chemically 
modified including PEGylation to achieve a better 
pharmacokinetic performance for targeted drug de-
livery. The superior tumor penetration ability 
demonstrated for the tested EpCAM aptamers com-
pared to the antibody counterpart makes aptamers 
promising escort modalities for the development of 
active targeting-based theranostics for both cancer 
therapy and in vivo imaging without the side effects 
associated with conventional immunotherapy.  

Supplementary Material  
Supplementary Figures 1-3. 
http://www.thno.org/v05p1083s1.pdf 
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