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Abstract: We have previously developed a bifunctional aptamer (bApt) binding to both human
thrombin and camptothecin derivative (CPT1), and showed that bApt acts as a drug carrier under the
phenomenon named selective oligonucleotide entrapment in fibrin polymers (SOEF), which enables
efficient enrichment of CPT1 into fibrin gels, resulting in significant inhibition of tumor cell growth.
However, although the derivative CPT1 exhibits anticancer activity, it is not an approved drug. In this
study, we evaluated the binding properties of bApt to irinotecan, a camptothecin analog commonly
used for anticancer drug therapy, in addition to unmodified camptothecin (CPT). Furthermore,
we have revealed that irinotecan binds to bApt like CPT1 and is selectively concentrated on fibrin
gels formed around the tumor cells under the SOEF phenomenon to suppress cell proliferation.
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1. Introduction

Highly water-soluble derivatives of camptothecin, a type of quinoline alkaloid (irinotecan and
topotecan), are currently known to have a broad spectrum of anticancer activity such as in lung
cancer, colorectal cancer, ovarian cancer, and malignant lymphoma [1–7]. Its derivatives are the
most clinically used because they bind to type I topoisomerase and inhibit recombination with
DNA, inhibiting DNA synthesis, causing cancer cell apoptosis, and resulting in an extremely potent
anticancer activity [4]. Irinotecan is biotransformed because of the action of carboxylesterase in
SN-38 (7-ethyl-10-hydroxy-20(S)-camptothecin), which lacks a substituent at the 10-position on the
piperidine ring. Additionally, the cytotoxicity of SN-38 is 100–1000 times greater than that of irinotecan
(Figure S1) [8–10]. However, it causes serious side effects, and there is demand for developing a
mechanism such as a drug delivery system (DDS) to deliver specific drugs and reduce dosages [11–16].
For example, a liposomal irinotecan called Onivyde has been reported and approved for medical
use [17,18].

Previously, we have reported that thrombin-binding aptamer (TBA) is selectively and efficiently
incorporated into the gel through thrombin during the fibrin gel formation known as the blood
coagulation reaction [19–24]. In the fibrin gel formation process, first, thrombin cleaves FpA and FpB
from the Aα and Bβ chains located at the N-terminus of fibrinogen to produce fibrin monomers [25].
The resulting fibrin monomer engulfs thrombin and polymerizes to form a gel. Therefore, it was
suggested that by using this phenomenon named selective oligonucleotide entrapment in fibrin
polymers (SOEF), the desired substance or functional group could be introduced into the fibrin gel
with TBA [26].

Recently, it has been shown that fibrin plays an important role when cancer cells metastasize or
invade other organs, and that fibrinogen is abundant in the cancer stroma [11]. When considering SOEF,
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the bifunctional aptamer (bApt), which is a combined 29-mer TBA and camptothecin binding aptamer,
can deliver and condense camptothecin as a potent anticancer drug around cancer cells and efficiently
suppress their cell growth (Figure 1). Previously, we developed a camptothecin (CPT)-binding modified
DNA aptamer (CMA-70), which is a base-modified DNA aptamer obtained by the systematic evolution
of ligands via the exponential enrichment (SELEX) method targeting the camptothecin derivative
(CPT1) (Figure 1) [27–29]. Therefore, the ability to selectively introduce CPT1 into fibrin gel using bApt
as a drug carrier under the SOEF phenomenon provides a new strategy for cancer chemotherapy [30].
However, as a shortcut to the practical application of the said DDS, it is desirable to use an approved
anticancer drug such as irinotecan, and thus, this study was conducted.

Figure 1. Design of bifunctional aptamer (bApt) conjugated with 29-mer thrombin-binding aptamer
(TBA) and a camptothecin (CPT)-binding modified DNA aptamer (CMA-70) containing modified
nucleic acids (2′-deoxyuridine-5′-phosphate (dUadTP)) represented with ′t.′ Red boxes indicate the
conjugation site.

2. Materials and Methods

2.1. Materials

To synthesize CMA-70 and bApt, oligonucleotides, nucleoside triphosphates (dATP, dGTP, dCTP),
and KOD dash DNA polymerase were, respectively, purchased from Japan Bio Services Co. Ltd.
(Saitama, Japan), Roche Diagnostics K. K. (Tokyo, Japan), and Toyobo Co. Ltd. (Tokyo, Japan). For the
fluorescence polarization assay, human fibrinogen and thrombin were purchased from Merck K. K.
(Tokyo, Japan) and irinotecan and CPT were supplied by Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). For the cell cultivation and cell growth inhibition assay, Dulbecco’s Modified Eagle’s Medium
(DMEM) low glucose were purchased from Wako Pure Chemical Industries, Ltd., fetal bovine serum
(GibcoTM) was purchased from Thermo Fischer Scientific K. K. (Tokyo, Japan), CellTrackerTM Green
CMFDA (5-chloromethylfluorescein diacetate) Dye was purchased from Life Technologies Japan, Ltd.
(Osaka, Japan), and HeLa cells (JCRB9004) were purchased from the National Institutes of Biomedical
Innovation, Health and Nutrition (Osaka, Japan). All other reagents were of research grade.

2.2. Enzymatic Synthesis of CMA-70 and bApt

The CMA-70 aptamer was synthesized by one-primer PCR using a primer (CMA-70_P1),
a template (CMA-70_Temp), three 2′-deoxyribonucleoside triphosphates (dATP, dGTP, and dCTP), and a
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modified 2′-deoxyuridine-5′-triphosphate (dUadTP) with KOD Dash DNA polymerase (Table S1) [27,29].
The antisense strand of 5′-monophosphate-labeled ODNs (CMA-70_Temp) was selectively degraded
through λ-exonuclease treatment. Then, the resulting CMA-70 was purified via polyacrylamide
gel electrophoresis.

The aptamer bApt was synthesized by one-primer PCR using a primer (TBA_P1), a template
(T1), three 2′-deoxyribonucleoside triphosphates (dATP, dGTP, and dCTP), and a modified
2′-deoxyuridine-5′-triphosphate (dUadTP) with KOD Dash DNA polymerase (Table S1) [30].
The synthesized bApt was purified by polyacrylamide gel electrophoresis (Figure S2).

2.3. Fluorescence Polarization Assay for CMA-70 Versus CPT Derivatives

To analyze target binding specificity, a fluorescence polarization assay for a target (CPT1, irinotecan,
and CPT; final concentration of 0.10 µM) with increasing concentrations of CMA-70 (final concentrations
of 0, 0.010, 0.025, 0.050, 0.075, 0.10, 0.50, and 1.0 µM) were performed at 25 ◦C using an LS-55
fluorescence spectrometer.

First, CMA-70 was dissolved in 1 × phosphate-buffered saline (PBS) (11.8 mM HPO4
2−, 140 mM

Cl−, 157 mM Na+, 4.5 mM K+; pH 7.4) at appropriate concentrations (2.0 µM), refolded by denaturing
at 94 ◦C for 0.5 min to protect modified nucleic acids and subsequently cooled to 25 ◦C at a rate of
0.5 ◦C/min. Each CMA-70 solution (50 µL each) was mixed with 50 µL of a target solution (CPT1,
irinotecan and CPT; 0.20 µM) in a PBS buffer, and incubated at 25 ◦C for 1 h. Fluorescence polarization
for each mixture described above was recorded every 20–30 s for 20 min with excitation at 372 nm
and monitoring at 456 nm of 25 ◦C. Thus, fluorescence polarization at 8 aptamer concentrations was
generated as curve (Figure 2).

2.4. Fluorescence Polarization Assay for Time Course Analyses of bApt Complexes

Thrombin was dissolved in distilled water, and then, a 2.0 µM thrombin solution in 1 × PBS was
prepared. Similarly, mother liquors of fibrinogen (20 µM) and irinotecan (1.0 µM) were prepared in
1 × PBS.

A solution containing bApt (1.0 µM) was prepared in 1 × PBS, and then, bApt was refolded
by annealing (preheating at 94 ◦C for 0.5 min followed by cooling to 25 ◦C at a rate of 0.5 ◦C/min).
First, the irinotecan solution (63 µL, 1.1 µM) was placed in a 1 cm cuvette and a started fluorescence
polarization measurement. After 20 min, the bApt solution (7 µL, 1.0 µM) was put in the same cuvette.
Subsequently, the thrombin solution (3.5 µL, 2.0 µM) was added to produce a ternary complex of
thrombin, irinotecan, and bApt after 40 min of FP measurement. Finally, fibrinogen solution (3.5 µL,
20 µM) was added after 60 min of FP measurement and measured FP for another 20 min (Figure 3).
The final concentration of thrombin/irinotecan/bApt was 0.10 µM and fibrinogen was 1.0 µM.

2.5. Cell Cultivation and Cell Growth Inhibition Assay

Trypsinized HeLa cells were diluted to a concentration of 1.0 × 104 cells/mL with a fresh medium
containing DMEM-low glucose, a heat-inactivated serum (GibcoTM, FBS, US origin), and an antibiotic
solution (penicillin–streptomycin) at a percentage proportion of 90/9/1 (v/v/v%). The medium (300 µL)
containing the cells was transferred to a 96-well tissue culture plate. Then, the cells were cultured
in a humidified incubator containing 95% air and 5% CO2 at 37 ◦C for 24 h. After 240 µL of the
medium was removed, 240 µL of the new medium was added to each well. Then, 30 µL of the
fibrinogen solution (10 µM) was added and mixed via gentle pipetting. Subsequently, the solution of
the ternary thrombin/CPT1/bApt complex (30 µL, 1.0 µM) was added and mixed by gentle pipetting.
Solutions of the binary thrombin/TBA complex and free CPT1 (30 µL, 1.0 µM each) were used as
controls. Similarly, the abovementioned solutions for the other control experiments were examined.
Furthermore, control experiments without fibrinogen (replaced with 1× PBS) were conducted. The cells
were cultured in a humidified incubator containing 95% air and 5% CO2 at 37 ◦C for 48 h.
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Next, 300 µL of the medium was replaced with 100 µL of medium containing DMEM-low glucose
and CellTrackerTM Green CMFDA dye in dimethyl sulfoxide (10 mM) at a percentage proportion of
99.8/0.2 (v/v%). The sample was then incubated in a humidified incubator containing 95% air and 5%
CO2 at 37 ◦C for 30 min. After 300 µL of the medium was replaced with 300 µL of 1× PBS, the stained
cell layer was examined under a BZ-X710 inverted fluorescence microscope to acquire fluorescence
images (40×) using excitation light (480 nm) and a cut-off filter (<520 nm) (Figure 4). Three independent
experiments were performed.

3. Results

3.1. Fluorescence Polarization Assay Using CMA-70

The fluorescence polarization measurement was conducted to examine the binding properties to
CPT1, irinotecan, and camptothecin (CPT) (Figure 2A–C) using CMA-70, which is the mother aptamer
of the camptothecin-derivative-binding site in bApt. From Figure 2D, we revealed that the fluorescence
polarization degree (∆FP) of irinotecan increases depending on the CMA-70 concentration, as in CPT1
and CPT. It was indicated that the affinity of CMA-70 for irinotecan exceeded that of CPT.

Figure 2. Chemical structures of (A) camptothecin derivative (CPT1), (B) irinotecan, and (C)
camptothecin (CPT) and (D) titration curves for CPT1 (•), irinotecan (N), and CPT (�) polarization
versus CMA-70 concentration; polarization was monitored at 456 nm using the excitation wavelength
of CPT1, irinotecan, and CPT (372 nm).

3.2. Fluorescence Polarization Assay Using bApt

Next, fluorescence polarization measurements of irinotecan were performed to observe the
stepwise binding of bApt to its target and the uptake into fibrin gels (Figure 3). Figure 3A shows
the time course in differential fluorescence polarization degrees by (i) addition of bApt to irinotecan,
(ii) addition of thrombin, and (iii) addition of fibrinogen, followed by polymerization (gelation) of the
fibrin monomer generated by thrombin cleavage activity. From Figure 3B, irinotecan bound to the CMA
moiety of bApt, as the addition of bApt increased the fluorescence polarization by approximately 4 mP.
Furthermore, by adding thrombin, thrombin bound to the TBA moiety of bApt, which increased the
fluorescence polarization by approximately 18 mP. Finally, when fibrinogen was added, the fluorescence
polarization degree increased by approximately 120 mP, indicating that irinotecan was incorporated
into the gel along with bApt during the process of fibrin gel formation.
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Figure 3. Mechanism of in situ condensation in fibrin gel based on the selective oligonucleotide
entrapment in fibrin polymers (SOEF) phenomenon; entrapment of (A) the thrombin/irinotecan/bApt
complex during the fibrin gel formation. (B) The titration curves for irinotecan polarization versus
bApt concentration; polarization was monitored at 456 nm using an excitation wavelength of 372 nm.

3.3. Cell Growth Inhibition Assay

Finally, cell growth inhibition assays were performed using HeLa cells to verify whether bApt
could be used as a drug carrier for irinotecan. Fluorescent staining uses CellTracker™, which can
selectively stain only live cells. From Figure 4D,H, nonemissive images were obtained only in the
presence of thrombin/CPT1/bApt complex or thrombin/irinotecan/bApt complex after 48 h incubation.
Furthermore, the fibrin gels containing bApt are not cytotoxic [30]. Thus, it was demonstrated that a
significant inhibition of cell proliferation occurs in irinotecan and CPT1 under the SOEF phenomenon.
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Figure 4. Fluorescence microscopy images of the HeLa cells incubated for 48 h at 37 ◦C after addition
of (A,E) fibrinogen and thrombin, (B,F) fibrinogen, thrombin and CPT1 or irinotecan, (C,G) fibrinogen,
CPT1 or irinotecan, and bApt, and (D,H) fibrinogen, thrombin, CPT1 or irinotecan, and bApt.
The thrombin, CPT1 or irinotecan, and bApt concentrations are 100 nM each and fibrinogen concentration
is 1000 nM. Scale bar = 50 µm.

4. Discussion

Fluorescence polarization measurements showed that the CMA part of bApt binds to irinotecan,
and further, the irinotecan-binding bApt is efficiently incorporated into fibrin gels by binding the
TBA part of bApt to thrombin. Furthermore, cell assays revealed that fibrin gels densely containing
irinotecan can cause cancer cell death.

In this study, 29-mer TBA was used at the TBA part of bApt known to have a Kd value of 0.5 nM for
thrombin. This binding to thrombin can delay the blood coagulation reaction by about 16 s compared
to the normal condition without any inhibitors [24]. Meanwhile, in the presence of TBAs with different
sequences of similar lengths (15–38 mer) with Kd values of 0.7–126 nM for thrombin, their blood
coagulation reactions were delayed by about 2 s [24]. Therefore, the 29-mer TBA sequence used in this
study has a relatively high affinity for thrombin and exhibits inhibitory activity although it does not
completely inhibit the activity of thrombin.

Currently, phenomena in which thrombin bound to iron oxide nanoparticles is incorporated
into fibrin gels were observed with electron microscopes [31]. Those reports agree with the efficient
introduction of bApt into fibrin gels due to the high avidity of the TBA to thrombin and the efficient
thrombin-mediated uptake of TBA into fibrin gels observed in this study [26,30].

Moreover, in this study, irinotecan was loaded at the CMA site of bApt instead of CPT1. Recently,
we have demonstrated that using bApt carrying CPT1, CPT1 was concentrated in a thin layer of about
50 µm thickness formed by fibrin gels, and thereby the growth inhibitory effect on cancer cells appeared
more significantly about 182 times higher than that of CPT1 only [30]. The inhibitory concentration
(IC50) values of CPT1 entrapped in fibrin gel (7.6 ± 0.36 nM) were approximately 170 times lower than
that of CPT1 only in the culture medium (1300 ± 600 nM) [30]. Similarly, in this study, irinotecan was
concentrated in a thin layer formed by fibrin gel and assimilated into the cell, resulting in a higher
cancer cell growth inhibitory effect when compared with that obtained only using irinotecan. The IC50

values of irinotecan for HeLa cell were 1320 ± 130 nM [2,32]. Therefore, the IC50 values of irinotecan
entrapped in fibrin gel were estimated to be approximately several nM to several tens of nM.

For the application of bifunctional molecular recognition biomolecules to pharmaceuticals,
an antibody (emicizumab) with two target recognition sites is currently approved for treating
hemophilia [33,34]. Conversely, for using a nucleic acid aptamer, it has been reported that
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aptamer–aptamer conjugates enable signal control of tyrosine kinase receptor [35] or delivery of
doxorubicin to the tumor cell/brain lesions [36], and aptamer–antibody or aptamer–aptamer conjugate
can attract T and cancer cells and destroy cancer cells [37–39]; however, they have not been practically
used [35–40].

The bApt oligonucleotide has the activity of binding to both the anticancer drug and thrombin,
and acts as a carrier for anticancer drugs, which enables the concentration of the anticancer drug
in fibrin gels around growing cancer cells. In the future, in the design of bApt, the anticancer drug
binding site is compatible with other functionalities. Therefore, the concept and methodology may
also be applicable to diseases related to blood coagulation in the future.

5. Conclusions

We demonstrated that the approved drug irinotecan can be selectively and efficiently concentrated
into fibrin gels. In the future, the bApt we have developed can be applied as a drug carrier to DDS of
anticancer agents around cancer tissues where fibrin production is active. Furthermore, creating drug
carriers using a combination of approved drugs and their aptamers and their application to DDS are
expected to be applied to diseases related to fibrin, such as blood coagulation disorders.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/23/8755/s1,
Figure S1: Metabolism of irinotecan to SN-38, Figure S2: Enzymatic synthesis of bApt through a primer extension
reaction, Table S1: Synthetic oligonucleotides used in this study.
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