
1186  |   	﻿�  Clin Transl Sci. 2023;16:1186–1196.www.cts-journal.com

Received: 2 November 2022  |  Revised: 15 March 2023  |  Accepted: 21 March 2023

DOI: 10.1111/cts.13522  

A R T I C L E

In vivo tissue pharmacokinetics of ERBB2-specific binding 
oligonucleotide-based drugs by PET imaging

Sun Mi Park1   |   Suji Baek2  |   Jung Hwan Lee3  |   Sang-Keun Woo4  |   Tae Sup Lee4  |   
Hyun Soo Park5  |   Jongook Lee3  |   Yeon-Koo Kang1  |   Seo Young Kang1  |    
Min Young Yoo1  |   Hai-Jeon Yoon1  |   Bom Sahn Kim1  |   Kang Pa Lee2  |    
Byung Seok Moon1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Clinical and Translational Science published by Wiley Periodicals LLC on behalf of American Society for Clinical Pharmacology and Therapeutics.

Sun Mi Park and Suji Baek contributed equally to this study.  

1Department of Nuclear Medicine, 
Ewha Womans University College of 
Medicine, Seoul, South Korea
2Research and Development Center, 
UMUST R&D Corporation, Seoul, 
South Korea
3Research and Development Center, 
INTEROligo Corporation, Anyang, 
South Korea
4Division of RI Applications, Korea 
Institute Radiological and Medical 
Sciences, Seoul, South Korea
5Graduate School of Convergence 
Science and Technology, Seoul National 
University, Seoul, South Korea

Correspondence
Bom Sahn Kim and Byung Seok Moon, 
Department of Nuclear Medicine, 
Ewha Womans University College of 
Medicine, Seoul 07804, South Korea.
Email: kbomsahn@ewha.ac.kr and 
bsmoon@ewha.ac.kr

Kang Pa Lee, Research and 
Development Center, UMUST R&D 
Corporation, Seoul 05029, Korea.
Email: umustrnd@naver.com

Abstract
Although aptamers have shown excellent target specificity in preclinical and clin-
ical studies either by themselves or as aptamer-drug conjugates, their in vivo tis-
sue pharmacokinetic (PK) analysis is still problematic. We aimed to examine the 
utility of image-based positron emission tomography (PET) to evaluate in vivo tis-
sue PK, target specificity, and applicability of oligonucleotides. For this, fluorine-
18-labeled aptamers with erb-b2 receptor tyrosine kinase 2 (ERBB2)-specific 
binding were synthesized by base-pair hybridization using a complementary 
oligonucleotide platform. To investigate the PKs and properties of in vivo tissue, 
usefulness of in vivo PET imaging in the development of an oligonucleotide-
based drug as an assessment tool was evaluated in normal and tumor xenografted 
mice. ERBB2-cODN-idT-APs-[18F]F ([18F]1), injected intravenously showed sig-
nificant and rapid uptake in most tissues except for the initial brain and muscle; 
the uptake was highest in the heart, followed by kidneys, liver, lungs, gall blad-
der, spleen, and stomach. The main route of excretion was through the renal tract 
~77.8%, whereas about 8.3% was through the biliary tract of the total dose. The 
estimated effective dose for an adult woman was 0.00189 mGy/MBq, which might 
be safe. ERBB2-positive tumor could be well visualized in the KPL4 xenograft 
animal model by in vivo PET imaging. Consequently, the distribution in each 
organ including ERBB2 expression could be well determined and quantified by 
PET with fluorine-18-labeled aptamers. In vivo PK parameters such as terminal 
half-life, time to maximum concentration, area under the curve, and maximum 
concentration, were also successfully estimated. These results suggest that image-
based PET with radioisotope-labeled aptamers could be provide valuable infor-
mation on properties of oligonucleotide-based drugs in drug discovery of targeted 
therapeutics against various diseases.
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INTRODUCTION

Aptamers are artificial nucleic acid ligands derived from 
single-stranded DNA/RNA with tertiary structures ranging 
from 20 to 100 base pairs in length.1 Aptamers include short 
nucleic acid sequences, which exhibit specific high-affinity 
molecule binding. This has enabled the systematic devel-
opment of ligands by exponential enrichment (SELEX) to 
achieve high-affinity target binding with binding affinities 
in the picomolar range comparable to antibodies or small 
molecules.2,3 Therefore, aptamers have been explored as 
therapeutic drug candidates for the treatment of various 
diseases.3,4 Simultaneously, there is a growing demand for 
viable methods for evaluating and validating aptamers that 
have already been or are under development.3 The advan-
tage of aptamers is that they are chemically synthesized 
polymer materials that can be produced without animal 
testing and without involving potentially unsafe moieties, 
such as antigenic proteins or viruses in the development 
stage.5,6 Large-scale production of aptamers is also much 
easier and cheaper than antibody production, despite the 
nucleotide analogs of antibodies.7,8 Thus, aptamers can 
provide a new paradigm for developing novel therapeutic 
as well as diagnostic modalities.9

The pharmacokinetic (PK) parameters of a drug, such 
as the duration of action, are very important in preclinical 
and clinical efficacy studies. However, the methodology 

for evaluating the PK/PD of aptamers in preclinical and 
clinical studies remains controversial.10,11 Although small 
molecule-based drug candidates can be analyzed using 
methods such as autoradiography or mass balance, it is 
necessary to establish a research method for macromolec-
ular biopharmaceuticals such as high-molecular-weight 
antibodies. If aptamers are to be approved as new drugs, 
it is necessary to establish PK and pharmacodynamic (PD) 
evaluation methods for these molecules. PK characteristics 
describe the absorption, distribution, metabolism, and ex-
cretion (ADME) of drug candidates in living subjects. Real-
time quantitative polymerase chain reaction (qPCR) is still 
used as an established method for analyzing aptamers.12,13 
However, evaluating the PK and PD parameters of aptam-
ers by qPCR is controversial because the drug concentra-
tions in the blood may not reflect those in tissues. If blood 
and tissue concentrations are available, tissue–blood PK 
modeling can help further optimize drug dosing regimens.

Positron emission tomography (PET) is a molecular 
imaging modality that enables the noninvasive, real-time 
visualization of biochemical events at the cellular and mo-
lecular level in living subjects.14 PET can be used to study 
the specific and selective binding of radioisotope-labeled 
drug candidates to a target, and has advantages over con-
ventional PK studies.15–18 The superior sensitivity of PET 
and the exceptional temporal and spatial resolution of PET 
images allows for the visualization and quantification of 

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Image-based serial positron emission tomography (PET) in living subjects with 
radioisotope-labeled aptamers may potentially be useful during the development 
process and could provide valuable information to visualize and quantify the tis-
sue pharmacokinetic (PK) properties for the characterization of oligonucleotide-
based drug candidates.
WHAT QUESTION DID THIS STUDY ADDRESS?
What is the tissue PK profile of oligonucleotide-based drug candidates when ad-
ministered with ERBB2-cODN-idT-APs-[18F]F ([18F]1) to normal and ERBB2-
positive tumor xenografted mice?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Quantitative real-time polymerase chain reaction currently used to evaluate 
the PKs of aptamers is controversial because the concentration of the drug in 
the blood may not reflect the concentration in the tissue. Tissue-blood PK mod-
eling by image-based PET can provide valuable information on properties of 
oligonucleotide-based drug candidates in the context of various diseases.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
PET/computed tomography data using radiolabeled aptamers can accelerate 
translational studies by providing information on in vivo properties by exploring 
tissue PKs in early drug development.
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tissue PK properties of drug candidates in organs and le-
sions of interest.19–23 Thus, image-based PET can be used 
for the identification of biochemical or pathological phe-
nomena, diagnosis of diseases, treatment prognosis, and 
treatment planning.24,25

Herein, we aimed to evaluate the in vivo tissue PKs and 
target specificity of an oligonucleotide as a new drug can-
didate (Kd = 3.1 nM; INTEROligo Corporation), which is de-
veloping for the treatment of erb-b2 receptor tyrosine kinase 
2 (ERBB2, also known as HER2)-positive breast cancer by 
PET. We present data on preclinical PK parameters, such 
as terminal half-life (t1/2), time to maximum concentration 
(Tmax), area under the curve (AUC), and maximum concen-
tration (Cmax) for each organ in normal and ERBB2-positive 
tumor-xenografted mice; we also determined the excretion 
route. Several direct and indirect labeling methods on oligo-
nucleotides with PET or single photon emission computed 
tomography (SPECT) isotopes, such as C-11, F-18, Cu-64, 
Tc-99m, or Br-76, have been reported and molecular im-
aging trials in experimental animals have been investigat-
ed.26–36 However, a labeling method that can be commonly 
applied to various aptamers still is a challenging process 
because reaction conditions can vary depending on the het-
erogeneity of the aptamers. We, in present study, selected 
radioisotope fluorine-18, which is the most frequently used 
radioisotope in PET radiopharmaceuticals. Of the nuclides 
mentioned above, fluorine-18 has an ideal half-life, well-
established and versatile chemistry along with relatively 
high molar activity, and thermally stable and oxidation resis-
tant of carbon-fluorine bond.37 In addition, ERBB2-specific 
and selective binding aptamers labeled with fluorine-18 
(ERBB2-cODN-idT-APs-[18F]F, [18F]1) were synthesized 
by base-pair hybridization using a complementary oligonu-
cleotide platform to label water-friendly aptamers. We thus 
show that the organ-specific detection and quantification of 
fluorine-18-labeled target-specific aptamers is feasible, most 
likely safe, and can be used for the determination of PK pa-
rameters of similar potential drug candidates.

MATERIALS AND METHODS

Materials

ERBB2-specific binding aptamers, intermediates, and 
standard aptamers for radiosynthesis were provided by 
the INTEROligo Corporation. ERBB2-APs originally de-
veloped are 40-mer DNA aptamers (molecular weight: 
14,067.80, Kd = 3.1 nM) and its 3′ acid group has been 
modified with complementary oligonucleotides (cODN, 
CAG CCA CAC CAC CAG) and inverted-deoxythymidine 
(idT) to conjugate fluorine-18 and to expect the en-
hancement of blood circulation, respectively, gave 

ERBB2-cODN-idT-APs (6, molecular weight: 18,909.91, 
Kd = 8.2 nM). The 11-azido-3,6,9-trioxa-1-undecanol me-
sylate (N3-PEG3-OMs, 2) was purchased from FutureChem 
Co. Sep-Pak Accell Plus QMA Carbonate Plus Light 
Cartridges and Sep-Pak C18 Plus Short Cartridge were 
purchased from Waters. All other chemicals and solvents 
were commercially obtained from Sigma-Aldrich and 
were used without further modification or purification.

Radiosynthesis of ERBB2-cODN-idT-APs-
[18F]F ([18F]1)

The ERBB2-specific and selective binding aptamer labeled 
with the radioisotope, fluorine-18, (ERBB2-cODN-idT-
APs-[18F]F, [18F]1) was prepared by base-pair hybridiza-
tion using a complementary oligonucleotide platform, 
according to the literature with minor modifications.38 A 
schematic illustration of ERBB2-cODN-idT-APs-[18F]F, 
([18F]1) is shown in Figure 1. Details of the reaction con-
ditions and chromatogram of each step (Figures S1–S11) 
are described in Appendix S1.

Animals

ICR mice (female, 8 weeks old, 35.9 ± 0.5 g, n = 4) and 
BALB/c nude mice (female, 9 weeks, 26.6 ± 1.6 g, n = 4) were 
purchased from Orient Bio Inc. All animals were main-
tained at a controlled temperature (24 ± 2°C), humidity 
(40 ± 2%), and 12 h light–dark cycle. The animals were accli-
mated for 1 week with the provision of sufficient water and 
food. The ICR mice were used as normal subjects to evalu-
ate the in vivo tissue PK characteristics of ERBB2-cODN-
idT-APs-[18F]F ([18F]1) and the internal absorbed dose, 
whereas the BALB/c nude mice were used to construct a 
breast cancer xenograft model by implanting KPL4 cells 
(2.0 × 107 cells) on the sides of the mice. The animals were 
proceeded for PET/computed tomography (CT) imaging 
once the breast tumor xenografts reached ~281.2 ± 97 mm3 
(~14–18 days postinjection). The study was conducted in 
accordance with institutional guidelines, and the protocol 
was approved by the Ewha Womans University College of 
Medicine Institutional Animal Care and Use Committee 
(EWHA MEDIACUC past-021, January 25, 2021).

PET/CT imaging

All mice were fasted for 6 h before imaging with PET/
CT. Mice were anesthetized with a mixture of 2.5% 
isoflurane and 7:3 N2/O2 during imaging with a small-
animal-dedicated PET/CT scanner (nanoScan PET/CT; 



      |  1189TISSUE PHARMACOKINETICS OF APTAMERS BY IMAGE-BASED PET

Mediso Medical Imaging Systems, Budapest, Hungary). 
To investigate the in vivo tissue PKs of ERBB2-cODN-
idT-APs-[18F]F ([18F]1), [18F]1 was intravenously in-
jected into ICR mice (female, 8 weeks old, 35.9 ± 0.5 g, 
n = 4) at a single dose of 6.9 ± 0.2 MBq in 200 μL of sa-
line. Whole-body PET/CT images in the list mode were 
obtained concomitantly with the intravenous injection 
of [18F]1 for 90 min. CT scans were used for attenuation 
correction and anatomic localization of the PET signals. 
The acquired PET images were reconstructed using the 
three-dimensional Adjoint Monte Carlo method with 
scatter and random correction. Whole-body PET im-
ages were used to determine the biodistribution of [18F]1 
and time-radioactivity profiles were generated for each 
organ of interest. Canvas images of volume-of-interest 
(VOI) drawings were chosen from the CT and PET im-
ages according to organ visibility and mobility. VOIs for 
the brain, heart, kidneys, liver, lungs, spleen, stomach, 
and muscles were drawn in a slice-by-slice manner on 
CT images of individual subjects to analyze the uptake 
over time, whereas those for the gallbladder, intestines, 
and urinary bladder were drawn on averaged PET im-
ages by adjusting the isocontour VOIs. In addition, using 
dynamic whole-body PET scans during 90 min, the blood 
PK was applied a factor analysis approach to extract the 
temporal changes in blood distribution.39 The uptake in 
each organ was expressed as the percentage of injected 
dose (ID)/g using the following formula: % ID/g = ([total 
amount of radioactivity in organ]/[amount of radioactiv-
ity intravenously administered]) × volume of organ × 100. 
The PET images were quantitatively analyzed using 
the InterView Fusion software (version 3.03.089.0000; 
Mediso Medical Imaging Systems). The representative 
PK parameters of [18F]1 in each organ were quantitatively 

assessed based on the time–concentration profiles of the 
organs of interest and calculated using GraphPad Prism 
version 5.0 (GraphPad Software). The following PK pa-
rameters were obtained: Cmax, Tmax, t1/2, and AUC from 
time 0 to 5400 s (AUC0–5400 s). For evaluating target tis-
sue PK, BALB/c nude mice (female, 9 weeks, 26.6 ± 1.6 g, 
n = 4) bearing ERBB2-amplified KPL4 breast cancer cells 
were fasted for 6 h before PET image acquisition. The 
[18F]1 was intravenously injected to the disease model 
animals at a single dose of 9.4 ± 0.2 MBq in 200 μL of 
saline while maintaining respiratory anesthesia using 
isoflurane; subsequently, whole-body PET/CT images 
in the list mode were acquired using nanoScan PET/CT 
for 90 min. PET/CT data were reconstructed into 3D im-
ages and analyzed using the InterView Fusion software 
(Mediso Medical Imaging Systems). The radioactivity 
uptake of [18F]1 in the tumor tissue was calculated over 
time, and PK parameters, such as AUC, t1/2, Cmax, and 
Tmax, were analyzed using a time-concentration pro-
file. The data for Cmax, t1/2, and AUC are presented in 
geometrical mean ± geometrical standard deviation and 
Tmax as median (minimum–maximum).

Internal dosimetry of experimental  
animals

Internal dosimetry of the experimental animals was 
performed using an image-based approach with Geant4 
Monte Carlo N-particle codes according to previously 
described methods.22,40 PET/CT images were acquired 
for 90 min in the list mode after intravenous injection 
of [18F]1 and additionally acquired at 150, 240, and 
360 min postinjection (Figure S12). The residence times 

F I G U R E  1   Schematic illustration of erb-b2 receptor tyrosine kinase 2 (ERBB2)-targeting aptamers labeled with fluorine-18.
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were calculated based on the time-activity curves of 
the acquired VOI PET data. The estimated human ab-
sorbed dose of [18F]1 was acquired from the calculated 
small-animal data; the S value for adult female mice and 
the corresponding residence times were used for this 
purpose.

Immunocytochemistry

KPL4 (a human breast cancer cell line) cells were cul-
tured in Dulbecco's modified Eagle's medium with 
10% fetal bovine serum (v/v, Hyclone; Thermo Fisher 
Scientific) and 1% penicillin–streptomycin (v/v, Gibco; 
Thermo Fisher Scientific). Culture flasks were main-
tained in a humidified atmosphere of 95% air and 5% 
carbon dioxide environment at 37°C. KPL4 cells were 
seeded at 1 × 104 cells/well in a confocal dish. The cells 
were incubated with 5% bovine serum albumin and anti-
ERBB2 antibody (Abcam) for 1 h at 4°C. The cells were 
then incubated with Alexa Fluor 594-conjugated sec-
ondary antibody (excitation: 561 nm, emission: 594 nm) 
for 1 h at room temperature. The nuclei were stained 
with 4′,6-diamidino-2-phenylindole. The cells were 
visualized using a fluorescence microscope (Laser scan-
ning microscope 780; Zeiss).

RESULTS

Radiosynthesis of ERBB2-cODN-idT-APs-
[18F]F, [18F]1

To conjugate fluorine-18 to the aptamers, ERBB2-
cODN-idT-APs-[18F]F ([18F]1) was prepared via three 
steps, as shown in Figure  1: (1) radiofluorination, (2) 
Cu-mediated click reaction, and (3) hybridization of 
aptamers using cODN. First, the precursor, N3-PEG3-
OMs (2) and fluorine-18 were subjected to conventional 
nucleophilic radiofluorination conditions with tetra-n-
butylammonium bicarbonate as a phase-transfer cata-
lyst, to obtain N3-PEG3-[18F]F ([18F]3). The radioactivity 
yield of N3-PEG3-[18F]F ([18F]3) was 32.5 ± 2.8% (n = 44, 
non-decay corrected [n.d.c.]) with over 99% of the ra-
diochemical purity. Next, the 5′-hexynyl-functionalized 
complementary oligonucleotide (4, cODN-5′-hexynyl) 
was conjugated with N3-PEG3-[18F]F ([18F]3) via a 
Cu-mediated click reaction with a conversion yield of 
~80%; cODN-PEG3-[18F]F ([18F]5) was obtained with 
a radioactivity yield of 29.2 ± 4.3% (n = 29, n.d.c.); this 
was calculated from the initial radioactivity of N3-PEG3-
[18F]F ([18F]3). The radiochemical purity of [18F]5 was 
found to be greater than 99%, and each fluorine-18 

labeled compound was confirmed by co-injection high-
performance liquid chromatography (HPLC) with the 
corresponding standard compound. Finally, a high 
hybridization efficiency of over 95% was achieved at 
100 nmol concentration of ERBB2-cODN-idT-APs (6). 
The total elapsed time for the synthesis of ERBB2-
cODN-idT-APs-[18F]F, [18F]1, was ~4.5 h, including the 
two HPLC separation processes. The final radioactiv-
ity yield was ~4.7 ± 1.2% (n = 16, n.d.c.), and the radio-
chemical purity as determined by HPLC was found to be 
greater than 95%.

Preclinical in vivo tissue PKs of ERBB2-
cODN-idT-APs-[18F]F ([18F]1) by PET/CT

To evaluate the in vivo tissue PKs of ERBB2-cODN-idT-
APs-[18F]F in normal mice, hybridized aptamers, [18F]1, 
was intravenously administered to ICR mice. Whole-
body PET/CT images in the list mode were obtained 
concomitantly with injection. The acquired PET images 
were reconstructed into three-dimensional images by 
combining with CT images. Representative PET/CT im-
ages as time and time–radioactivity profiles generated 
for each organ of interest determined from whole-body 
PET images are shown in Figures 2 and 3, respectively. 
In addition, PK parameters, such as t1/2, Tmax, AUC, and 
Cmax, were analyzed based on the quantified biodistribu-
tion data of [18F]1 on each organ over time (Table S1); 
and the excretion routes were also estimated. The ratio 
of AUCs for various organs to the blood were also plot-
ted to estimate the distribution of aptamers in tissues 
relative to the plasma over a late time-interval (70–
90 min; Figure S13).

Initially, intravenously administered [18F]1 showed 
significant and rapid uptake in most tissues except for 
the initial brain and muscle; the uptake was highest in 
the heart, followed by kidneys, liver, lungs, gall bladder, 
spleen, and stomach. The [18F]1 was found in the initial 
heart (Cmax = 13.9 ± 1.7% ID/g and Tmax = 30.0 [30.0–30.0] 
s), liver (Cmax = 7.6 ± 1.7% ID/g and Tmax = 30.0 [30.0–30.0] 
s), and lungs (Cmax = 7.7 ± 1.7% ID/g and Tmax = 30.0 [30.0–
45.0] s); organs with high uptake over time showed rap-
idly elimination of the aptamer (t1/2; heart = 505.8 ± 1.3 s, 
liver = 628.1 ± 1.1 s, and lungs = 497.1 ± 1.3 s). In the brain 
(Cmax = 1.2 ± 1.7% ID/g) and muscles (Cmax = 0.6 ± 1.4% 
ID/g), there was negligible uptake of [18F]1; the stom-
ach (Cmax = 2.1 ± 1.7% ID/g) and spleen (Cmax = 3.1 ± 1.9% 
ID/g) showed an initial moderate uptake but subsequently 
exhibited slow excretion of the aptamer over time (t1/2; 
stomach = 1025.0 ± 1.7 s and spleen = 697.2 ± 1.2 s).

A significant amount of radioactivity was distrib-
uted to the kidneys and urinary bladder, and moderate 
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radioactivity was observed in the gallbladder, liver, and 
intestines. Most of the intravenously administered [18F]1 
was probably shown to be excreted via the renal route 

(AUC0-5400 s; kidneys = 26,519.2 ± 1.2% ID/g s and uri-
nary bladder = 524,726.6 ± 1.3% ID/g s), whereas 
moderate hepatic metabolism was observed via the 

F I G U R E  2   Representative positron emission tomography/computed tomography images of ERBB2-cODN-idT-APs-[18F]F ([18F]1) in 
various organs of the body over time in healthy mice.

F I G U R E  3   Time-activity curves of ERBB2-cODN-idT-APs-[18F]F ([18F]1) calculated from whole-body positron emission tomography images.
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biliary route (AUC0-5400 s; intestines = 11,090.9 ± 1.3% 
ID/g s and gall bladder = 10,420.8 ± 1.1 %ID/g s). 
Of the total amount of intravenously adminis-
tered [18F]1, 77.8% (=AUC0–5400 s, urinary bladder + kidneys/
AUC0–5400 s, total organs × 100%) was excreted via the renal excre-
tion route, whereas ~8.3% (=AUC0–5400 s, intestine + gall bladder/
AUC0–5400 s total organs × 100%) was excreted via the biliary 
route.

Immunocytochemistry

KPL4 tumor cells are characterized by the overexpres-
sion of the ERBB2 protein. Immunocytochemistry was 
performed to determine whether ERBB2 was overex-
pressed in KPL4 cells used in this study with specific 
antibody. As shown in Figure 4, immunocytochemistry 
images confirmed the high expression of ERBB2 protein 
in the cells and a xenograft model was constructed by 
implanting KPL4 cells for in vivo target tissue PKs by 
PET/CT.

In vivo target tissue PKs of ERBB2-
cODN-idT-APs-[18F]F ([18F]1) by 
PET/CT in ERBB2 overexpressed KPL4 
transplanted mice

To investigate target-specific accumulation, [18F]1 was 
evaluated in ERBB2-positive tumor (KPL4)-bearing 
mice by PET/CT. Figure 5 shows representative PET/CT 
images of [18F]1 in the disease model. The distribution 
in the major organs of the intravenously administered 
ERBB2-cODN-idT-APs-[18F]F ([18F]1) throughout the 
body over time in the disease model appeared to be simi-
lar to that in the control group (data not shown). This is 
likely due to relatively lower tumor uptake. High uptake 
was observed in the kidneys, lungs, intestines, heart, 
and liver, and this caused poor tumor-to-background 
contrast in the maximum-intensity projection. The 
maximum uptake value in the tumor tissue was ob-
served immediately after administration (Tmax = 210.0 

[120.0–300.0] s and Cmax = 0.86 ± 1.06% ID/g); excretion 
of the aptamer was observed subsequently over time 
(t1/2 = 3666.3 ± 1.8 s; Table S2).

Internal absorbed dose calculation

The internal absorbed dose in humans was estimated 
using the values obtained in mice. Using the calculated 
S-value and residence time for the internal absorbed 
dose in mice, the actual dose received by the mouse was 
estimated to be 1.83 mSv/MBq throughout the body, as 
summarized in Table S3. The organ-level absorbed dose 
in adult women was evaluated using the residence time 
of [18F]1 in animals and the S-value in adult women; 
the effective dose for adult women was calculated to be 
0.00189 mGy/MBq as summarized in Table  1. A high 
absorbed dose was detected in the lower large intestine 
wall, stomach wall, liver, lungs, ovaries, and the urinary 
bladder wall.

DISCUSSION

One of the most important properties of aptamers is that 
they are chemically synthesized single-stranded RNA or 
DNA oligonucleotides and have the properties of high spec-
ificity and affinity for their targets; the targets range from 
small ions, peptides, and proteins, to tissues. Aptamers are 
also termed as chemical antibodies because they bind to 
their targets through specific three-dimensional structures 
and usually exhibit pico- to nano-molar binding affinity.41 
More importantly, due to their high thermal stability, non-
immunogenic properties, and well-established synthesis 
protocols and chemical modification techniques, aptamers 
have become promising tools for targeted therapy in a vari-
ety of diseases. One such drug, Macugen (Pegaptanib), has 
been approved by the US Food and Drug Administration 
in 2004 for the treatment of wet age-related macular de-
generation, and another aptamer drug, AS1411, has 
shown potential as an anticancer agent in a wide range of 
cancers.42–44 In addition, various studies on aptamers have 

F I G U R E  4   Expression analysis of 
ERBB2 in KPL4 cells.
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highlighted their potential applicability in a variety of bio-
medical fields including therapeutics. Aptamers were first 
introduced 2 decades ago and due to their unique chemical 

properties and biological functions, they have been used 
in diverse areas, such as targeted therapeutics (as aptam-
ers alone or as aptamer-drug conjugates), in vitro and in 
vivo imaging, and nanotechnology. However, the methods 
to study the PK and PD properties of aptamers in living 
subjects remains a controversial issue. Information on the 
ADME of aptamers is essential for understanding their PK 
properties after administration, and thus is crucial for their 
success as new drug candidates.

The main objective of the present study was to evaluate 
the preclinical PK characteristics, target efficacy, and ab-
sorbed radiation dose of an oligonucleotide-based ERBB2-
specific binding aptamer drug candidate using PET. To 
accomplish this goal, the oligonucleotide-based drug can-
didate was labeled with the radioisotope fluorine-18 in 
three steps: radiofluorination, Cu-mediated click reaction, 
and hybridization. Radiofluorination and copper-mediated 
click reaction steps provided a relatively high radioactiv-
ity yield, at ~30% (n.d.c.). The radiochemical purity of the 
desired intermediates at each step was found to be greater 
than 99%. Through this, the optimized reaction conditions 
and purification method, including column, solvent, and 
pretreatment process before HPLC purification in the pres-
ent study are expected to be applicable to various oligonu-
cleotide reactions. Although Cu-free click reactions can 
be used, they show efficient results when relatively large 
amounts of counter compound should be required and re-
action volume is also small during click reaction.

To investigate the optimal hybridization efficiency at 
minimal concentrations of ERBB2-cODN-idT-APs (6) 
with cODN-PEG3-[18F]F ([18F]5) isolated from HPLC, 
the hybridization of aptamers was tested at various con-
centrations (1, 2, 3, 5, 10, 50, 100, and 200 nmol) of 6. The 

F I G U R E  5   Representative positron emission tomography/computed tomography images of ERBB2-cODN-idT-APs-[18F]F ([18F]1) 
distributed throughout the body over time in ERBB2-positive tumor (KPL4, yellow arrow)-bearing mice. SUV, standard uptake value.

T A B L E  1   Internal absorbed dose in adult women (mGy/MBq) 
estimated using small-animal biodistribution measurements.

Organs
Absorbed dose 
(mGy/MBq)

Adrenal glands 3.94E-06

Brain 2.80E-06

Breasts 1.14E-05

Gallbladder wall 0.00E+00

LLI wall 1.03E-04

Small intestine 1.45E-05

Stomach wall 1.10E-04

ULI wall 4.53E-06

Heart wall 0.00E+00

Kidneys 2.92E-05

Liver 1.79E-04

Lungs 2.30E-04

Muscle 3.73E-06

Ovaries 1.95E-04

Pancreas 3.73E-06

Red marrow 5.08E-05

Osteogenic cells 3.23E-06

Skin 2.04E-06

Spleen 9.66E-06

Urinary bladder wall 9.14E-04

Uterus 7.10E-06

Effective dose 1.89E-03

Abbreviations: LLI, lower large intestine; ULI, upper large intestine.
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hybridization yield increased in proportion to the increase 
in the amounts of ERBB2-cODN-idT-APs (6; 24% at 1 nmol, 
45% at 2 nmol, 54% at 3 nmol, 71% at 5 nmol, 78% at 10 nmol, 
89% at 50 nmol, >95% at 100 nmol, and >95% at 200 nmol 
of 6), as shown in Figure  S14. Optimal hybridization ef-
ficiency of greater than 95% was achieved with 100 nmol 
of 6. The final solution was diluted in saline and used for 
PET imaging studies without further purification. This op-
timization process showing the hybridization efficiency of 
95% or more is an essential and important because it is very 
difficult to separate between the oligonucleotides used for 
labeling and the desire product, not only by the base-pair 
hybridization labeling method using a complementary oli-
gonucleotide platform, but also by other labeling methods, 
in particular, if high molar activity is required.

The excretion route of intravenously administered 
ERBB2-cODN-idT-APs-[18F]F ([18F]1) mainly excreted 
through the renal route (77.8%) of the total dose, as 
most aptamers have molecular weights between 30 and 
50 kDa. ERBB2-cODN-idT-APs in this study included 
idT to enhance blood circulation; they showed rapid 
distribution through the bloodstream and rapid renal 
excretion. Contrary to expectations following the intro-
duction of idT, there was no significant difference. These 
features are advantageous for molecules that are applied 
as diagnostic radioligands. However, it is believed that 
these features could be major pitfalls for molecules that 
are applied as therapeutic drugs. Nevertheless, the spe-
cific organ (and target organ/tumor lesion) distribution 
of the 18F-labeled-aptamers could be easily monitored 
by PET-based visualization and quantification of the 
change in radioactivity in each organ in the disease an-
imal model. The excretion routes and PK parameters in 
vivo were also successfully determined, and its PK pro-
file similar to those of commonly known aptamers were 
found. In addition, the tumor targeted aptamers re-
ported to date still showed a relatively lower uptake, so 
the estimated internal absorbed dose values have not yet 
been known. To predict whether aptamers with a typi-
cal PK profile are problematic for the internal absorbed 
dose in human subject, this parameter was estimated for 
an adult woman using an image-based approach based 
on the residence time in animals and the S-value in hu-
mans. The effective dose in adults of [18F]1 estimated 
herein and that of 2-[18]fluoro-2-deoxy-D-glucose ([18F]
FDG), the most widely used molecule in nuclear med-
icine, are 1.89E-03 mSv/MBq and 4.64E-02 mSv/MBq, 
respectively.45 The effective radiation dose of [18F]1 was 
relatively lower than that of [18F]FDG; thus, [18F]1 may 
be safe at a dose similar to that used for [18F]FDG. Based 
on our results, we conclude that PET/CT, a key three-
dimensional medical imaging technique, together with 
radioisotope-labeled aptamers, can successfully provide 

in vivo biodistribution data for each organ and the target 
organ with quantitative information that cannot be ob-
tained from conventional blood PK studies.

Nevertheless, our study had several limitations. First, 
our study did not include metabolite analysis to confirm the 
accumulation of the aptamers in the target tissue. However, 
even if the tumor was isolated and analyzed, the identity of 
the 55-mer aptamer ([18F]1) would have been difficult to 
confirm by HPLC. Additional methods that can accurately 
distinguish molecular identities should be implemented 
in future studies. Second, there is no data for the blood (% 
plasma/total blood, metabolites). The data may be essen-
tial to consider because of the property of oligonucleotides 
that stick to plasma proteins. Finally, the [18F]1 used in our 
study was not the desired aptamer, but a compound con-
taining a triazole moiety and poly(ethylene glycol) (PEG). 
Even a very small modification relative to the desired 55-
mer aptamers has the potential to affect the binding affin-
ity. In future studies, if a drug candidate is designed such 
that the radioisotope can be introduced without modifying 
the original aptamer structure at the early stage of drug de-
velopment, it is expected that the in vivo PET PKs of the 
original drug candidate can be evaluated successfully.

CONCLUSIONS

Our methodology provides an advanced approach to 
study the biodistribution and PK properties, including 
the excretion pathways and internal absorbed doses, 
of radiolabeled oligonucleotides applied as therapeutic 
drug candidates by serial PET/CT imaging in living sub-
jects. The present results suggest that image-based PET 
with radioisotope-labeled aptamers may potentially be 
useful for the development process and could provide 
valuable information on properties of oligonucleotide-
based drug candidates in the context of various diseases. 
Nevertheless, more accurate and useful data could be 
provided if the blood data through blood sampling were 
complemented.
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