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Identification of primary tumors and metastasis sites is an
essential step in cancer diagnostics and the following treat-
ment. Positron emission tomography-computed tomography
(PET/CT) is one of the most reliable methods for scanning
the whole organism for malignancies. In this work, we synthe-
sized an ''C-labeled oligonucleotide primer and hybridized it
to an anti-cancer DNA aptamer. The ''C-aptamer was applied
for in vivo imaging of Ehrlich ascites carcinoma and its metas-
tases in mice using PET/CT. The imaging experiments with the
'!C-aptamer determined very small primary and secondary tu-
mors of 3 mm” and less. We also compared ''C imaging with
the standard radiotracer, 2-deoxy-2-[fluorine-18]fluoro-D-
glucose (**F-FDG), and found better selectivity of the ''C-ap-
tamer to metastatic lesions in the metabolically active
organs than 'F-FDG. ''C radionuclide with an ultra-short
(20.38 min) half-life is considered safest for PET/CT imaging
and does not cause false-positive results in heart imaging. Its
combination with aptamers gives us high-specificity and
high-contrast imaging of cancer cells and can be applied for
PET/CT-guided drug delivery in cancer therapies.

INTRODUCTION

Metastasis formation is the hallmark of cancer and is one of the main
reasons cancer patients die. Dissemination of cancer cells through
blood circulation and the lymphatic system starts at the early stages
of the disease, sometimes even before the primary tumor becomes
big enough for its visualization using positron emission tomography
(PET), magnetic resonance, or computed tomography (CT).! About
3%-5% of all malignancies are cancer of unknown primary origin.
Usually, a comprehensive diagnostic examination reveals the primary
site; however, it can be expensive, tedious, and invasive. The conven-
tional metastasis detection methods in vivo are not sensitive and spe-
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cific enough to distinguish small volumes of transformed tissues.
Therefore, there is a need for an imaging technique capable of precise
detection of small primary tumors and metastases that is favorably
noninvasive. The use of highly specific radiopharmaceuticals for
tumor visualization for PET/CT could facilitate the accuracy of cancer
diagnostics and monitoring.” PET/CT imaging with radiopharma-
ceuticals such as 2-deoxy-2-[fluorine-18]fluoro-D-glucose (*8F-
FDG), 'C-methionine, and ''C-choline is currently one of the
most sensitive methods of tumor visualization, determination of the
stage, and assessment of the tumor progression.” ® Despite the high
sensitivity of PET/CT, the radiopharmaceuticals do not demonstrate
selectivity, accumulating tumors, and tissues with high metabolic ac-
tivity.® Therefore, the search for novel radiopharmaceuticals capable
of targeting tumor cells is of current interest.

Antibodies, peptides, folic acid, and RNA/DNA aptamers could be used
as ligands for the radiolabels’ targeted delivery to the cells. Antibodies
are considered the most popular targeting agents for tumor visualization
since almost any imaging probe can be linked to antibodies.”* However,
they have several limitations, including low reproducibility.” The
main reason for antibodies’ irreproducibility is variations associated
with different manufacturers, different batches from the same manufac-
turer, low stability at room and body temperatures, and inability to
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restore an active conformation after protein unfolding.
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Aptamers could serve as an alternative to antibodies as targeting,
diagnostic, and delivery agents. DNA aptamers are oligodeoxynucleo-
tides of 15-100 nt in length with high affinity and specificity to their
targets. The Systematic Evolution of Ligands by Exponential Enrich-
ment (SELEX) technology usually obtains them from a synthetic
DNA library with randomized nucleotides.''* The advantages of us-
ing aptamers as radiolabeled probes for cancer imaging are specificity
to targets and fast clearance in the organism. The aptamer’s lifetime in
the blood is ideal for PET, allowing large doses of the drug to be
administered to the patient, quickly eliminated from the circulatory
system without damaging body tissues. High specificity and affinity
for the target receptor or cell and the small size (5-25 kDa) of the ap-
tamers ensure good penetration into the tumor and contrast imaging.

Aptamers have been used for targeted delivery of a radioactive la-
bel."*"'® Different radionuclides were attached to aptamers: techne-
tium-99m (**™Tc),'® indium-111 (*''In),"” copper-64 (**Cu),"® fluo-
rine-18 (*8F)."

This study used a radioactive label 1C with ultra-short (20.38 min)
half-life that is safe and has simple synthesis. Here we described the
preparation and use of a DNA aptamer labeled with a radioactive
'1C for in vivo imaging of metastases.
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Figure 1. Finding the 3D structure of the truncated
AS-14 aptamer
(A) The secondary structure of AS-14t. (B) (1) Experimental

A-c

G G SAXS data (dark blue dots) fitted by the theoretical SAXS
E’ T curve (alight blue line). (2) Pair distance distribution function
C\ T A p (r) of AS-14t. The maximal value of ris the D, (the size of

c the molecule). (C) Comparing the modeled 3D structures
with the experimental SAXS model. Dark blue sticks are
from molecular modeling; blue color spheres are from
SAXS data.
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RESULTS

Determination of 3D structure of aptamer

The "'C-labeled aptamer probe for in vivo tumor

and metastasis PET/CT imaging was synthesized

based on AS-14 DNA aptamer. This aptamer was
e U previously selected to recognize Ehrlich ascites
carcinoma cells.”” The target protein for the ap-
tamer AS-14 was identified as fibronectin®
with several post-translational modifications.*’
AS-14 consists of 80 nucleotides, including a
20-nt extension for hybridization with ''CH,
primer.

‘b The aptamer’s tertiary structure was determined

% C using the small-angle X-ray scattering (SAXS)

method (Figure 1). The experimental SAXS curve

showed the presence of monomeric AS-14t with

a molecular weight of 22 kDa. These data are usu-

ally presented in reciprocal space, where the scat-
tering angle is shown in inverse nanometers. The aptamer’s structure
parameters in solution were derived from the SAXS (Figure 1Bl),
such as radius of gyration Ry = 3.6 + 0.1 nm (Figure 1B2), the maximum
dimension of the molecule D,,,x = 13.8 nm, and average excluded vol-
ume V = 39.5 nm’. The structure of the aptamer is an elongate rod-like
form. It was confirmed by the distance distribution function p(r), which
has a high peak on the small distances (r is about 2 nm) and smaller
values on the large distances (Figure 1B). We used the obtained p(r)
function represented in real space to reconstruct the molecule’s overall
shape in solution (Figure 1C), which can be used as the molecular
modeling starting point.

The truncated aptamer’s primary sequence predicted possible sec-
ondary structures using the OligoAnalyzer web server based on free
energy minimization techniques. The correct model was chosen based
on the experimental data (Figure 1C). The shape of the SAXS model
had a length of about 135 A, and the width at the widest point was
about 25 A, which corresponds to the width of two complementary
nucleotides in a double helix. Therefore, the secondary structure
model with the most elongated shape and with the largest number
of complementary pairs was chosen for further investigation. After
computer simulation and optimization, we achieved the theoretical
model’s complete fitting into the experimental volume (Figure 1C).
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Figure 2. Synthesis of the ''C-labeled aptamer

(A) Synthesis of the ' "CHg-labeled primer. (B) The primary sequence of the ' "CHj primer. (C) Secondary structure of ''CHz-AS-14. (D) The tertiary structure of ''CHg- AS-14

(green ribbon, AS-14 aptamer; cyan ribbon, ''CHg primer).

Constructed aptamer tertiary structure was used to calculate a theo-
retical SAXS curve compared with the experimental SAXS data.
The discrepancy between both sets of SAXS data x> was 2.812, which
shows a good match for the reconstruction.

Synthesis of ''C-labeled radiopharmaceutical

The ''C-labeled radiopharmaceutical was synthesized by the cyclo-
tron (Figure 2A) based on a synthetic 20-nt thiol-modified oligonu-
cleotide (the primer, Figure 2B) complementary to the 3’ end of the
aptamer previously selected to Ehrlich carcinoma cells (Figure 2C).
The whole procedure is described in the section, “materials and
methods.” Briefly, radiopharmaceutical synthesis consisted of four
steps (Figure 2A): CH, synthesis from CO,, Hto I replacement
to make ''CH;l, the reaction of ''CH;I with the primer’s SH group,
and the ''CH; primer’s hybridization with the aptamer. The resulting

radiopharmaceutical has the secondary structure presented in Fig-
ure 2C and the tertiary structure predicted by SAXS and molecular
modeling in Figure 2D. Molecular modeling demonstrated that the
primer and radiolabel did not disturb the functional part of the ap-
tamer and should not decrease the binding abilities.

Evaluation of ''C-primer synthesis efficiency

The efficiency of ' C-primer synthesis was evaluated using horizontal
gel electrophoresis. After the synthesis, the radiopharmaceutical was
immediately loaded into 2% agarose gel wells and separated for
10 min at 100 V. The electropherogram was analyzed by PET/CT
Discovery 600 (General Electrics), which provided a radioactive label
visualization (Figure 3A). The "'C-labeled primer moved in an elec-
tric field toward the positive electrode because of its negative charge.
The free ''C label without DNA remained on the loading well. The
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Figure 3. Degradation and binding analyses of ''C-labeled oligonucleotides
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(A) Agarose gel electrophoresis of the "C-labeled primer after synthesis. (B) Agarose gel electrophoresis of the FAM-labeled primer AS-14 in mouse serum at different times.
(C) Dependence of the sample’s radioactivity on the content of ''CHjg primer or '"CH3-AS-14, where sample (1) corresponds to 0.6 nmol of "'CHg primer; (2) 0.6 nmol of
" CHg primer hybridized with 0.6 nmol of AS-14; (3) 0.3 nmol of "' CHg primer; (4) 0.3 nmol of ''CHg primer hybridized with 0.3 nmol of AS-14 (''CH3-AS-14); (5) 0.6 nmol of
" CHg primer hybridized with 0.6 nmol of AS-14 (' "CHj5-AS-14) incubated with Ehrlich cells; (6) 0.3 nmol of *'CHg primer hybridized with 0.3 nmol of AS-14 ("'CHg-AS-14)
incubated with Ehrlich cells; (7) 0.6 nmol of '"CHg primer incubated with Ehrlich cells; (8) 0.3 nmol of ''CHz primer incubated with Ehrlich cells; (9) Ehrlich cells only. (D)
Correlation of the radioactivity of the samples versus the number of ascites cells or hepatocytes bound with ''CH3-AS-14 or the ''CHg-unrelated aptamer. Errors bars are one

SD of three measurements.

average activity value obtained for the DNA-free ''CH,I at the start-
ing wells was 542 + 72 kBq/mL. The activity of the ''C-labeled DNA
was 380 + 87 kBq/mL (Figure 3A). These data indicated that around
42% of ''C was attached to DNA during the radiosynthesis. In start-
ing wells, DNA was not detected (using NanoDrop 2000, Thermo
Fisher Scientific, United States), and the average amount of DNA in
the low bands was 0.022 + 0.005 nmol. The volume of the radiophar-
maceutical was 2 mL; therefore, the final concentration of the ''C
primer was 2 pM. The average activity of the resulted radiopharma-
ceutical was 190 x 10" Bg/mol.

Evaluation of "'CH;-AS-14 binding with ascites cells in vitro
Before in vivo analyses, we estimated the stability of the primer-AS-14
complex in mouse blood serum at 37°C. Electropherogram of the
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complex incubated in undiluted mouse serum showed the degrada-
tion of the complex over time. Comparison of the intensities of the
primer-AS-14 complex demonstrated that, after 10 min of incuba-
tion, almost 50% of primer-AS-14 was degraded; after 40 min, 39%
of the complex was left. The 120-min incubation in blood serum re-
sulted in 80% primer-AS-14 degradation (Figure 3B). Thus, the PET/
CT imaging with the aptamer was performed 30-40 min after injec-
tion. The in vitro activity of ''CH;-AS-14 was assessed in two series of
experiments (Figures 3C and 3D). In the first series, the CH,-AS-14
radioactivity was assessed depending on its concentration. Cells were
incubated for 10 min at 37°C on a shaker (longer incubation
decreased radioactivity due to the radionuclide decay). Phosphate
buffer, aptamers, and ascites cells were used as dilution factors.
Studies showed that the sample radioactivity (determined using a
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Table 1. Comparative analysis of specific detection with different radioactive probes such as ''CH;-AS-14, '®F-FDG, ''CHj; primer, and ''CH;-unrelated
aptamer on mice with metastases in different organs obtained using PET/CT and confirmed by autopsy and histological examination

Organ The number of metastases detected by different methods
PET/CT with ''CH;-AS-14/autopsy ~ PET/CT with ''CH; primer/autopsy ~ PET/CT with ''CH;-unrelated PET/CT with "*F-FDG/autopsy
and histological examination and histological examination aptamer/autopsy and histological and histological examination
(N = 6 mice) (N = 5 mice) examination (N = 4 mice) (N = 2 mice)

Liver 6/6 low irradiation 5/5 low irradiation 5/5 0/2

Tumor nodes 3/3 0/2 0/0 0/1

Thymus and Heart ~ 3/3 0/2 0/1 non-specific accumulation/2

Bladder 0/1 0/1 0/0 0/0

Intestines 4/4 0/2 0/2 0/2

Kidneys 3/3 low irradiation 5/3 0/3 low irradiation 2/2

Lungs 2/3 0/2 0/3 low irradiation 1/1

Spleen 171 0/1 0/0 0/0

Thyroid gland 2/2 0/2 0/2 2/2

Stomach 1/1 0/0 0/1 0/1

Muscles 212 0/0 0/0 1/1

Pancreas 11 0/0 0/0 0/1

Bone marrow 1/1 0/0 0/0 0/1

dosage calibrator [Comecer Petagora, Italy]) varied linearly depend-
ing on the content of the ''C radionuclide in it (Figure 3C).

In the second series of experiments, ascites cells’ radioactivity after
their binding to ''CH;-AS-14 was evaluated. The ascites cells prein-
cubated with masking RNA were incubated with ''CH;-AS-14 for
10 min, then washed twice to remove the unbound aptamers. After
that, samples with different cell contents were prepared, and the
radioactivity in the samples was determined using a dosage cali-
brator (Figure 3D). The radioactivity depended on the number of
cells in the sample; the highest value was reached for the highest
cell number (900,000 cells). The same number of cells were used
in control analyses with an unrelated aptamer and hepatocytes.
"'CH;-AS-14 and the unrelated aptamer did not bind to hepatocytes
(Figure 3D). The unrelated aptamer did not bind to Ehrlich ascites
cells (Figure 3D).

Evaluation of ''CH;-AS-14 binding with ascites cells in vivo

The ability of ''CH;-AS-14 to find and detect tumor foci and metas-
tases in the body was assessed on Imprinting Control Region (ICR)
mice with Ehrlich tumors. Metastatic tumor models were used in
the study. Metastases were formed by intravenous injection of 0.3
million Ehrlich cells into the tail vein of mice. At the first series of
the experiment (9 days after intravenous injection of tumor cells to
mouse tail veins), the time of PET/CT scanning was adjusted. The
scanning was performed 10, 20, 30, and 40 min after intravenous in-
jection of ''CHj;-AS-14 (Figure S1). Ten and 20 min were not enough
for ''CH;-AS-14 to give a contrast image; the aptamer did not
concentrate in the tumor foci. The highest contrast was achieved
40 min after injection of the radiopharmaceutical (Figures S1A4
and B4). Therefore, all the following measurements were performed

after 30 and 40 min of injection. Nine days after tumor intravenous
transplantation, mice had metastases in the liver, kidneys, and spleen.
We note that irradiation on mouse tails was an artifact from the
undistributed radiopharmaceuticals (Figures 5, 6, and S1).

Sixteen days after tumor transplantation, the mice with random me-
tastases and control healthy mice were imaged using PET/CT scan-
ning 40 min after intravenous injection of ''CH;-AS-14 conjugate
or 11CH3 primer, 11CH3—unrelated aptamer, and 8EDG as control ra-
diopharmaceuticals. The radiolabeled aptamer allowed the identifica-
tion of metastases in different mouse organs such as lungs, thymus,
intestines, heart, and spleen (Table 1; Figures 4, 5, S2, and S3). The
highest irradiation was observed in tumor-affected liver, spleen, kid-
neys, and sizable nodular lesions in the abdominal cavity (Figures 4
and S3). For each metastasis, the location was proved using autopsy
and histological analyses (B and C in Figures 4, 5, and S3). Metastatic
lesions were easily distinguished both macroscopically (Figure 4B)
and microscopically (Figure 4C). The metastatic lesion in each organ
was characterized by proliferating tumor cells with pronounced phe-
nomena of cytological atypia, expressed in the form of nuclear poly-
morphism, nuclear hyperchromasia, and violation of the nuclear-
cytoplasmic ratio (Figure 4C). Tumor cells contained a significant
number of pathological mitoses, large basophilic nucleoli (Figure 4C).
The large foci of tumor growth were mainly found in the livers, and
tumor nodes in abdominal cavity necrosis were manifested in the
form of geographic coagulation with cell detritus (Figures 4C, 5D,
and S3C). The Discovery PET/CT 600 scanner (General Electric,
United States) has an 8-mm? resolution limit for the standard radio-
pharmaceuticals such as '®*FDG and methionine. Here we noticed
that, in the case of 11C-aptamer, the resolution was much higher
(<2 mm?), so we were able to distinguish even smaller metastases

Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1163
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1 — Intestines; 2 — Rectum; 3 — Liver; 4 — Heart; 5 — Lungs.

Figure 4. Tumor and metastases localization analysis using the ''CH;-AS-14 probe and PET/CT

(A-C) The representative PET/CT images of mice with metastases (A) were confirmed by autopsy (B) and histological analyses of metastatic tumor lesions (C) in different
organs: intestines (2); liver (3); heart (4); and lung spleen (5). Cytological characteristics of the tumor tissue (C). Hematoxylin-eosin staining. Magnification C1, x400; C2,
x200; C3, x30; C4 and 5, x100. Arrows and dashed circles indicate the tumor sites in different organs at PET/CT, autopsy, and corresponding tissue sections.

(Figures 5A1 and A2) compared with BEDG (Figures 5B1 and B2).
The aptamer-based radiopharmaceutical distinguished small metas-
tasis spread all over the body in thyroid glands, stomach, liver, kidney,
intestines, muscles, lungs, heart, pancreas, and even bone marrow of
the ribs (Figures 5A1, A2, and D1-D9). 8F_FDG was accumulated in
the chest, throat, and along the spine (Figure 5B1) and did not allow
identifying localization of the small metastasis. Mice with metastasis
and injected with ''CH; primer or an unrelated aptamer as controls

1164  Molecular Therapy: Nucleic Acids Vol. 26 December 2021

demonstrated similar physiological distribution of the oligonucleo-
tide-based radiopharmaceuticals with slight irradiation in the liver
(Figures 6A and 6B). The same distribution was observed in healthy
mice injected with ''CH;-AS-14 (Figure 6C). "*F-FDG was accumu-
lated in the heart and active muscles but not in the liver (Figure 6E). It
is important to note that oligonucleotide-based radiopharmaceuticals
and '*F-FDG were excreted with urine, and the full bladder had high
irradiation (Figures 6A1, E [arrow 5], S1, and S2).
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'CH,- AS-14

Autopsy

1 —Thyroid Gland; 2 —=Stomach; 3 — Liver; 4 — Kidney; 5 — Intestines; 6 — Tumor on Muscle; 7 — Lungs; 8 — Pancreas;
9 — Bone Marrow (Rib); 10 — Non-Specific Artifact from the Tail Vein Injection . .7 — Tumor

Figure 5. Comparative PET/CT imaging using "'CH;-AS-14 with "®F-FDG

(A-D) Images with '"CH3-AS-14 (A1 and 2) and '®F-FDG (B1 and 2) on the same mice scanned on the next day. Accuracy of PET/CT results was confirmed by autopsy (C)
and histological analyses of metastatic tumor lesions (D) in different organs: thyroid gland (1); stomach (2); liver (3); kidney (4); intestines (5); muscle (6); lung (7); pancreas (8);
rib bone marrow (9). Arrows and dashed circles indicate the tumor sites in different organs at PET/CT, autopsy, and corresponding tissue sections.

It is important to note that, even though we used the same scanning
protocol for mice injected with 'F-FDG and the aptamer-based
radiopharmaceutical, the images of ''CH;-AS-14 mice had a much
higher resolution (Figures 5A and 5B; Video S1). Moreover, it was
observed that "*F-FDG accumulated in metabolically active organs,

such as the heart; therefore, it cannot be useful for searching metas-
tases in the heart. We were able to distinguish the smallest metastatic
lesions all over the body, even in the heart, lungs, intestines, thymus,
and ribs (Figure 6A). All tumor sites were proved in autopsy. In all
cases, the metastatic growth of the tumor was confirmed by
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Healthy Mice (I1)
PET/CT

40 min 60 min
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No Radiopharmaceutical

1 - Thyroid Gland; 2 — Heart; 3 — Kidney; 4 — Liver; 5 — Bladder; 6 — Lungs; 7 — Rectum; 8 — Stomach;
9 — Non-Specific Artifact from the Tail Vein Injection.

Figure 6. Specific recognition of the tumor sites by ''CH3-AS-14 proved by control experiments

(A-F) The representative PET/CT analysis of mice with tumor metastasis () using the ''CHg primer (A) and "'CHs-unrelated aptamer (B) as probes. Metastasis formation was
confirmed by autopsy (A2, B3). PET/CT images of physiological distribution and excretion of ''CHg-AS-14 (C) and '8F-FDG (E) in healthy mice (Il). PET/CT image of a healthy
mouse without the injected radiopharmaceutical (D). Histological examination with the staining of tissue sections with hematoxylin-eosin (F). Arrows indicate the tumor sites in

different organs at PET/CT and autopsy.

histological examination with the staining of tissue sections with he-
matoxylin-eosin (Figure 6F). Sometimes we could not distinguish
metastatic lesions in the heart and spleen or rib bone marrow macro-
scopically at autopsy, but histological analyses proved the tumor
localization in these organs.

Table 1 compares data on metastasis localization obtained using PET/
CT, autopsy, and histological analysis. According to PET/CT imaging

1166 Molecular Therapy: Nucleic Acids Vol. 26 December 2021

with 11CH3—AS—14, all five mice were metastatic. These observations
were proved by autopsy and histological examinations. ' CHj primer
and ''CH;-unrelated aptamer demonstrated low irradiation in mouse
livers. Three mice had tumor nodes in the abdominal cavity, which
were identified using PET/CT, macroscopic and microscopic obser-
vations. Tumors in various organs were detected by PET/CT and
proved by autopsy. It was impossible to distinguish tumors in the
bladder because the radiopharmaceutical was excreted with the urine.
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Acute toxicity of "'CH;-AS-14

PET/CT scanning of the healthy mice injected with ''CH;-AS-14
showed its non-specific accumulation in the liver and other abdominal
organs (Figure 6C1 and 6C2) and it was entirely excreted within 60 min
(Figure 6C3). Our acute toxicity study demonstrated that the aptamer-
based radiopharmaceutical was not toxic. Injected intramuscularly,
"'CH;-AS-14 was nonspecifically accumulated in different organs. Its
radioactivity measured using a dosage calibrator was detected in mouse
organs only 20 min after administration. The dosage of radioactivity
accumulated in the organ was normalized per 1 g of the tissue (Fig-
ure S4A). Residual radioactivity in the muscle where the injection
was made was not detected. This data support the PET/CT data on
the rapid excretion of the radiopharmaceutical within 20 min.

The toxicity of ''CH;-AS-14 was assessed by the changes in blood
biochemical parameters: levels of total protein and bilirubin; activities
of alanine aminotransferase, alkaline phosphatase, and alpha-
amylase. These indicators were chosen because they reflect functions
of the pancreas, kidneys, and liver. Total plasma proteins and albumin
describe the protein exchange in the organism and liver. The loss of
albumin in the urine shows a problem with blood filtration in the kid-
neys. The content of total protein in the mouse serum after 20 min,
40 min, and 24 h of administering the radiopharmaceutical was not
different from control mice (Figure S4B).

Bilirubin is a bile pigment formed due to the breakdown of proteins
containing heme (hemoglobin, myoglobin, cytochrome). Bilirubin in-
crease indicates both excessive destruction of erythrocytes (hemolytic
jaundice, etc.) and impaired excretion of bilirubin from the body. In
this experiment, a slight increase in bilirubin 40 min after injection
was observed, but this increase was statistically insignificant
(Figure S4C).

Amylase is a digestive enzyme predominantly secreted by the
pancreas and salivary glands and is found in minimal amounts in
other tissues. A change in amylase activity can be observed in the
case of poisoning, dysfunction of the pancreas and salivary glands,
and renal failure. ''CH;-AS-14 administration did not change
amylase activity significantly (Figure $4D).

Alkaline phosphatase belongs to the enzymes found in almost all body
tissues, with predominant localization in the liver, bones, and
placenta. The activity of total alkaline phosphatase increases when
liver, bones, and kidneys tissues are damaged. In our experiments,
alkaline phosphatase activity was normal. It indicated that all organs
mentioned above stayed safe after "'CH;-AS-14 administration (Fig-
ure S4E). Alanine aminotransferase belongs to a subgroup of amino-
transferases (transaminases). It is widely used in medical practice for
laboratory diagnosis of liver damage. The alanine aminotransferase
activity did not change significantly after ''CH;-AS-14 administra-
tion compared with a control (Figure S4F).

Histological analyses of the corresponding mice did not reveal any
differences between the groups. In liver tissue, the histological struc-

ture was preserved (Figure S5A). Portal tracts were without signs of
sclerosis, with focal minimal lymphoplasmacytic infiltration, limited
by the stroma of the portal tract, which does not extend to the paren-
chyma. There were no signs of inflammation or sclerosis in the bile
ducts and cholestasis. The central veins contained red blood cells or
were empty, not dilated. In the parenchyma of the hepatic lobules
in the cytoplasm of hepatocytes, small and medium-sized vesicles
were diffusely determined. Vesicles were primarily located along
the cell’s periphery, at the basement membrane, and sometimes in
the center, closer to the nucleus. The nuclei of hepatocytes of different
sizes were located in the center of the cells, with several small nucleoli.
Hepatocyte balloon degeneration was not detected. Single scattered
hepatocytes were in apoptosis or necrosis. The number of Kupffer
cells was not increased. The same histological picture was repeated
in tissue sections of all mice from all four groups (Figure S5A).

Administration of 'CH;-AS-14 did not influence kidney morphology
(Figure S5B). In kidney tissue, the glomeruli were of normal size and
cellularity. Sclerosed glomeruli were not defined. There were no zones
of tubular atrophy. The epithelium of the tubules was preserved; the
nuclei were of the same size, with hardly prominent nucleoli; the cyto-
plasm was eosinophilic, non-granular. In scattered epithelial cells, sin-
gle intracytoplasmic vacuoles were determined. There were no signs of
inflammation or sclerosis. The lumen of the vessels had erythrocytes
(Figure S5B).

DISCUSSION

Synthesis of novel radiopharmaceuticals for cancer metastasis is of
great importance because the existing radionuclides for cancer imag-
ing do not demonstrate enough selectivity, accumulating in tumors
and tissues with high metabolic activity. An ideal radiolabeled molec-
ular probe for PET/CT for cancer diagnosis should be sensitive
enough to detect even small metastases, specific, and capable of
clearly delineating the tumor volume. Simultaneously, it should
have an ultra-short half-life to clear from the body rapidly, and facil-
itate early image acquisition, because it is safer for the patient. Radio-
labels could be delivered to the tumor sites by carriers such as nano-
particles,22 antibodies, > tyrosine kinase inhibitors,>* albumins,>>"*°
and peptides.”””®* DNA and RNA aptamers, along with antibodies
and peptides, could be used as ligands for the targeted delivery of
the labels to the cells. Some successful attempts have shown that ra-
dionuclides could be used to label aptamers: 99mp 16 111p
%4Cu,'® ¥F." Nonetheless, to date, there is no simple universal tech-
nology for the synthesis of radiolabeled aptamers. It is challenging to
obtain a stable target product with high radiochemical purity.

17
n,

Currently, "'C-radiopharmaceuticals have gained increased impor-
tance in clinical PET for cancer diagnosis for several reasons. Labeling
with ''C does not influence the biomolecule’s chemical structure and
properties. ''C is considered one of the safest radionuclides for PET
chemistry. Carbon, oxygen, hydrogen, sulfur, phosphorus, and nitro-
gen are the basic elements of organic molecules in living organisms. Ra-
diolabeling with ''C makes the radiopharmaceutical indistinguishable
from its stable natural counterpart. Thus, it can be used as a true tracer
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to investigate biological processes without influencing their rate or
outcome to any measurable extent. Another important aspect is the
ease of its synthesis and small influence on the attached molecule.
Here we described in detail the radiopharmaceutical synthesis of ''C-
labeled aptamer, demonstrating that the labeling did not influence
the aptamer’s conformation and binding properties. It is important
that the ''C-radiolabeled aptamer detected even the smallest tumor
sites less than 2 mm?, demonstrating better resolution than standard
"E.FDG. ''CH;-AS-14 was excreted rapidly and not toxic for off-
target organs. It has been demonstrated that aptamers are highly selec-
tive and accumulated in most tumors spread in the organism; therefore,
it opens new cancer diagnostic modalities and therapy. Radiolabeled
aptamers could be used for PET/CT-guided drug delivery.

MATERIALS AND METHODS

The ''C-radiolabeled aptamer consists of AS-14 aptamer 5'-CTC
CTC TGA CTG TAA CCA CGA AGG TGT CGG CCT TAG TAA
GGC TAC AGC CAA GGG AAC GTA GCA TAG GTA GTC CAG
AAG CC-3' with an extended part (in italic) and a complimented
primer (‘'CH; primer) 5'-''CH;-S-(CH2)s-GGC TTC TGG ACT
ACC TAT GC-3' to the extended sequence at the 3’ end of AS-14.

Synthesis of oligonucleotides

Oligonucleotide synthesis was performed on an ASM-800 DNA/RNA
synthesizer (Biosset, Russia) on a 0.1 uM scale. Oligonucleotides were
synthesized using standard phosphoramidite (dA™, dC*<, dG™*, T
ChemGenes, United States; 5'-thiol-modifier C6 Glen Research,
United States). The HS-(CH,)¢ group was attached at the oligonucle-
otide 5’ end. The oligonucleotide was deprotected and removed from
the solid support using concentrated NH; (aq).

Purification was accomplished using RP-Cartridge (ChemGenes) ac-
cording to standard manufacturer’s protocols. The final deblocking of
the oligonucleotide involved the cleavage of the trityl-sulfur bond.
This was accomplished by oxidation with silver nitrate, with the
excess silver nitrate being precipitated with dithiothreitol (DTT).
Excess DTT was removed by extraction with ethyl acetate.

Determination of 3D structure of the aptamer using SAXS

To determine the shape of the aptamer AS-14 without the extended
part (AS-14t) in a phosphate buffered saline (PBS) (with Ca and
Mg) solution, the SAXS method was applied. The measurements
were carried out on the beamline P12 BioSAXS, EMBL (European
Molecular Biology Laboratory) at the Deutsches Elektronen-Synchro-
tron (DESY) center (Hamburg, Germany). The beamline X-ray wave-
length was 0.12 nm; sample to detector distance, 3.0 m; sample
temperature, 20°C; and single-exposure time, 1 s. The SAXS data
acquisition was performed in the size-exclusion chromatography
(SEC)-SAXS mode®® using high-pressure liquid chromatography
(HPLC) column Superdex 75 Increase 10/300 GL at a pressure of
11.8 bar and flow rate 0.4 mL/min. During the SEC regime, 3,600
counts of SAXS expositions were recorded by the detector Pilatus6M.
The SAXS data from the aptamer molecule in solution were processed
according to the standard pipelines.”>”' To manipulate and process
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the SAXS data, the program PRIMUS’® was implemented into the
program suite ATSAS.” Indirect Fourier transform of the SAXS
curve yield the intramolecular distance distribution function p(r)
calculated in the GNOM program.”* The bead model of the aptamer’s
overall electron density consisting of uniform spheres was recon-
structed utilizing the DAMMIN program.”

The secondary structure was predicted using the OligoAnalyzer web
server.”® Folding simulations were performed according to the same
conditions as the SAXS experiment with the presence of Na'
(146 mM), Ca** (0.5 mM), and Mg** (0.5 mM) ions at 20°C and
37°C. OligoAnalyzer yielded many possible secondary structures at
these conditions, from which one model was chosen for further inves-
tigations. The tertiary structure of AS-14t was modeled with the
Avogadro®’ according to the predicted secondary structures’ schemes.
The obtained atomic structure was optimized using the fragment mo-
lecular orbital method (FMO)*® in the density functional-based tight
binding (DFTB).”” The solvent effects were described within the
polarizable continuum model (PCM).** Quantum chemical calcula-
tions were carried out using the GAMESS program.*'

To validate the reconstructed tertiary structure, a theoretical SAXS
curve from the molecular model was fitted to the experimental data
by the CRYSOL program** through the SASpy plugin® in the Py-
MOL program.** This program allows one to make the “simulated
annealing” of the molecular model, taking into account all atoms’ po-
sitions in the molecule and calculating the resulting SAXS pattern
from the whole molecule, including the hydration envelope sur-
rounding the aptamer in solution.

Synthesis of the ''C-labeled primer

The synthesis of ''C was performed based on the 20-nt primer com-
plimentary to the 3’ end of the aptamer AS-14 on the cyclotron,
Cyclone 18/9 ST (IBA, Belgium). The synthesis of the radiolabeled
oligonucleotide is schematically represented in Figure 2A. Pure nitro-
gen gas of natural isotopic composition with oxygen gas (0.5%-1%)
was used as a target substance. The resulting ''C was stabilized
with oxygen to form 1CO,. Purified ''CO, was reduced to ""CH,
by hydrogen H, in the presence of Ni catalyst in a furnace at
425°C. Reduced 11CH4 was fed into the circulation system, which
contained iodine vapor. The resulting compound was methyl iodide,
"'CHj;. The introduction of ''C into the complimented primer to the
extended sequence at the 3’ end of AS-14 modified with 5'-thiol mod-
ifier C6 S-S phosphoramidite was carried out in a dipolar aprotic sol-
vent, which supported the second-order nucleophilic reactions of
DMSO. For this, the reaction mixture was prepared: 40 pL of the
primer (100 pM) was added to 500 uL of DMSO, 10 uL of 0.1 M hy-
drochloric acid solution, 1,500 pL of PBS, pH 7.4 (136.8 mM NaCl,
10.1 mM Na,HPO,, 2.7 mM KCl, 1.8 mM K,HPO,, 0.499 mM
MgCl,), and transferred to the reaction vessel of the automated Syn-
thra MelPlus synthesis module (Synthra, Germany). ''CH,I was
transferred to a reaction vessel with a reaction mixture. At this stage,
the primer with a disulfide group reacted with ''CH;I at 65°C for
15 min in a closed reaction vessel. The final volume of 2 mL of
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radiopharmaceutical contained 4 nmol of the ''CH;-modified
primer. The ''CH; primer in Dulbecco’s Phosphate Buffered Saline
(DPBS) was stable for 60 min.

To assess the efficiency of ''C radionuclide synthesis, we used 2%
agarose horizontal gel electrophoresis. For that, 12, 9, and 6 pL of
the ''C primer were added to the wells of the agarose gel, after which
the gel was placed in a gel electrophoresis system (Advance Mupid-
One, Belgium) for 10 min at 100 V. Each sample was prepared in three
replicates. Then the agarose gel was scanned at combined PET/CT to-
mograph Discovery 600 (General Electrics), determining the bands of
radiopharmaceutical on the gel. Activity values of the bands were deter-
mined using the PET VV software package of the AW Volume Share
workstation. DNA-free ''CH;I remained on loading wells, and the
"'C primer moved to a positive electrode. The effectivity was calculated
as a portion of the activity of the radiopharmaceutical bound with the
oligonucleotide. The irradiation bands were cut out from the gel, placed
in 1.5-mL tubes, and the next day DNA was extracted using MinElute
PCR Purification Kit (QIAGEN, Germany). The DNA concentration
in the resulting radiopharmaceutical was measured on NanoDrop
2000 (Thermo Scientific, United States).

Hybridization of ''C primer with AS-14 aptamer

AS-14 aptamer was denatured by heating to 95°C for 10 min, mixed
with the equimolar concentration of the ''CHj primer for hybridiza-
tion, then cooled on ice to restore 3D conformation.

Cell culture

Mouse Ehrlich ascites cells were cultured in 35 x 10-mm cell culture
dishes (CELLSTAR, Germany) in Dulbecco’s modified Eagle’s me-
dium (DMEM,; Sigma-Aldrich), supplemented with 100 U/mLpeni-
cillin, 100 U/mL streptomycin, and 5% (v/v) fetal bovine serum
(FBS) in a humidified atmosphere containing 5% CO, at 37°C. All
cell experiments were performed in PBS, pH 7.4, containing
136.8 mM NaCl, 10.1 mM Na,HPO, 2.7 mM KCl, 1.8 mM
K2HPO,, and 0.49 mM MgCl,.

Evaluation of primer-AS-14 stability in mouse serum

Stability of primer-AS-14 in undiluted fresh mouse serum was evalu-
ated using 2% agarose horizontal gel electrophoresis after 0, 10, 20,
40, 60, 90, and 120 min of incubation at 37°C. For that, a 5-uL complex
of the 6-Carboxyfluorescein (FAM)-labeled primer with the FAM-
labeled aptamer AS-14 in blood serum was added to the wells of the
agarose gel. The FAM-labeled primer in PBS was taken as a reference
molecule. The gel was placed in a gel electrophoresis system (Advance
Mupid-One, Belgium) for 20 min at 100 V; the fluorescence was eval-
uated using a fluorescent gel documentation system G-Box (Syngene,
Cambridge, UK). Degradation was estimated by decreasing the band
intensity along incubation time in mouse blood serum, evaluated using
the software GeneTools (Syngene, Cambridge, UK). The portion of the
band corresponding to the primer-AS-14 complex at 0-min condition
was taken as 100%. The portion of degradation was calculated after 10,
20, 40, 60, 90, and 120 min of incubation in mouse blood serum.

Binding evaluation of 1'CH;-AS-14 with tumor cells in vitro
Mouse Ehrlich ascites cells in PBS were incubated on a shaker at room
temperature for 30 min with yeast RNA (final concentration 0.01 ng/
mL) to mask non-specific binding sites. ''CH;-AS-14 or ''CH;
primer at final concentrations of 150 nM and 300 nM were incubated
with 300,000 cells in 500 pL of PBS for 30 min on a shaker at 37°C.
After the incubation, unbound radiopharmaceuticals were removed
by centrifugation, after which the cells were washed twice with PBS.
Then, 500 puL of PBS was added to the cell pellet. The cells were mixed
on a shaker. Each sample was prepared in three replicates.

Cell titration experiments were performed with ''CH;-AS-14 (final
concentration 150 nM). The samples contained 150, 300, 450, and
900 x10° cells. The radioactivity of the obtained samples was
measured using a dosage calibrator (Comecer Petagora, Italy).

Binding evaluation of *'CH3-AS-14 with tumor cells in vivo

The protocol was approved by the Local Committee on the Ethics of
Animal Experiments of the Krasnoyarsk State Medical University
(number #77 from June 26, 2017). This study was carried out accord-
ing to the recommendations in the Guide for the Care and Use of Lab-
oratory Animals of the National Institutes of Health. All procedures
were performed under anesthesia, and all efforts were made to mini-
mize the suffering of animals. White 6-week-old female 25-g ICR
mice were provided by Vector (Novosibirsk, Russia).

To form metastasis, suspension of 0.3 million Ehrlich ascites carci-
noma cells in 50 puL was injected intravenously into a mouse tail
vein. Tumor cells circulating in the blood formed metastases
randomly in different organs: lungs, lymph nodes, kidneys, liver,
thymus, heart, thymus, abdominal cavity, intestines, and testicles.
On days 9 (n = 4) and 16 (n = 6), when metastases had been formed,
the mouse tumors were visualized using PET/CT. The next day after
PET/CT, the mice were sacrificed with the subsequent autopsy and
tissue histological analyses.

PET/CT imaging

Tumor volumes and locations were monitored using PET/CT. Ani-
mals were injected into their tail veins with 0.4 nmol (10 MBq) in
200 pL of DPBS of 'CH;-AS-14 aptamer (six mice) or ''C primer
(five mice), and ''CH;-unrelated aptamer (four mice) as negative
controls or ®F-FDG (two mice) as a positive control. PET/CT ana-
lyses with '*F-FDG were performed on the same mice in the day, fol-
lowed by PET/CT scanning with ''CH;-AS-14 aptamer. After 5 min
of the procedure, the animals were anesthetized using propofol, a safe
anesthesia that does not reduce blood circulation and provides a
manipulating window of 15-30 min with a fast recovery. Propofol
at an average dose of 75 mg/kg was slowly injected into the mouse’s
tail until it fell asleep. PET/CT scanning was performed 10, 20, 30,
and 40 min after injection. The study was conducted with a Discovery
PET/CT 600 scanner (General Electric, United States). It consisted of
CT in a spiral mode with 3.75-mm layer thickness followed by post-
reconstruction with a 0.625-mm slice. Afterward, positron emission
scanning was performed in 3D mode for 5 min with an iterative
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reconstruction of the acquired images. Obtained data were analyzed
using PET VV software at an AW Volume Share 5 workstation.
Radionuclide’s accumulation in tumor sites of different localizations,
contours, and sizes was estimated. CT images were analyzed using the
Hounsfield densitometry scale.

After a 1-day quarantine caused by the necessity to exclude radioac-
tivity, the mice were sacrificed and autopsied to confirm the tumor
locations. Tissues were analyzed histologically to prove the presence
of cancer cells.

In vivo toxicity study of 1'"CH5-AS-14

Healthy 5-week-old 20-g female ICR mice were injected intramuscu-
larly with the therapeutic dose (0.4 nmol of DNA, 10 MBq) of ''CH;-
AS-14 in 100 pL of DPBS or pure DPBS (a control group).

The mice were randomly divided into four groups.

Group 1: 20 min after injection of 0.4 nmol (10 MBq) of ''CH;-AS-14
in 100 puL of DPBS (five animals per group).

Group 2: 40 min after injection of 0.4 nmol (10 MBq) of ''CH;-AS-14
in 100 pL of DPBS (five animals per group).

Group 3: 24 h after injection of 0.4 nmol (10 MBq) of ''CH;-AS-14 in
100 pL of DPBS (five animals per group).

Group 3: 24 h after injection of 100 puL of DPBS.

Animals were sacrificed after 20 min (group 1), 40 min (group 2), and
24 h (group 3) of the injection of ' CH;-AS-14. The control group was
sacrificed 24 h after the injection of DPBS.

After ''CH;-AS-14 administration, the radioactivity in the isolated
organs was measured using a dosage calibrator (Comecer Petagora,
Italy). Organ weight was measured with the analytical balance Ohaus
PA-64. Dosage was calculated per gram of the corresponding tissue.

Toxicity was estimated by changes in blood plasma biochemistry
(alanine aminotransferase, amylase, alkaline phosphatase, total pro-
tein, and bilirubin), performed using a COBAS INTEGRA 400 plus
analyzer (Roche Diagnostics, Switzerland). All data were presented
as the mean =+ standard error of the mean. Hepatotoxicity and neph-
rotoxicity were estimated by histological analyses of mouse livers and
kidneys from different groups.

Tissue analysis

Microscopy analyses of the tumor tissue sections were performed to
confirm the presence of tumors in organs. Tissues suspected of con-
taining tumors were harvested and placed in 10% formalin. The tissue
sections were fixed onto a glass polylysine slides and stained with he-
matoxylin-eosin dyes by the standard Blick method. Histological
preparations were scanned using a FLASH250 3D HISTECH scanner
(Hungary).
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Statistical analyses

Statistical data processing was done using the Anaconda Python 3.8
distribution. A two-tailed t test was used to compare group means.
Bonferroni correction was applied to p values in the in vitro binding
of "'"CH;-AS-14 and the ''CH;-unrelated aptamer with the target
(Ehrlich) and nontarget cells (hepatocytes).

Five blood serum biochemical parameters in four groups of mice
(control, 20 min, 40 min, and 24 h after injection) were compared us-
ing ANOVA. A two-tailed t test was used to compare group means.
Bonferroni correction was applied to p values.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.o0mtn.2021.10.020.
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