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Abstract

Aptamers are synthetic, relatively short (e.g., 20-80
bases) RNA or ssDNA oligonucleotides that can bind
targets with high affinity and specificity, similar to anti-
bodies, because they can fold into unique, three-di-
mensional shapes. For use in various assays and ex-
periments, aptamers have been conjugated with biotin
or digoxigenin to form complexes with avidin or anti-di-
goxigenin antibodies, respectively. In this study, we
developed a method to label the 5' ends of aptamers
with cotinine, which allows formation of a stable com-
plex with anti-cotinine antibodies for the purpose of
providing another affinity unit for the application in bio-
logical assays using aptamers. To demonstrate the
functionality of this affinity unit in biological assays,
we utilized two well-known aptamers: AS1411, which
binds nucleolin, and pegaptanib, which binds vascular
endothelial growth factor. Cotinine-conjugated AS1411/
anti-cotinine antibody complexes were successfully
applied to immunoblot, immunoprecipitation, and flow
cytometric analyses, and cotinine-conjugated pegap-
tanib/anti-cotinine antibody complexes were used
successfully in enzyme immunoassays. Our results
show that cotinine-conjugated aptamer/anti-cotinine
antibody complexes are an effective alternative and
complementary technique for aptamer use in multiple
assays and experiments.
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Introduction

Aptamers are synthetic, relatively short (e.g., 20-80
bases) RNA or ssDNA oligonucleotides that can
fold into unique, three-dimensional shapes. Apta-
mers can bind targets with high affinity and
specificity and were first described as affinity
molecules for protein binding in 1990 (Ellington
and Szostak, 1990; Tuerk and Gold, 1990). Follo-
wing the development of the SELEX (systematic
evolution of ligands by exponential enrichment)
method, the isolation of aptamers specific to
various targets has become more efficient and
easier to perform (Oguro et al., 2003; Miyakawa et
al., 2006; Ohuchi et al., 2006). Aptamers can form
stable and specific complexes with a wide variety
of targets, including low molecular compounds
such as amino acids (Harada and Frankel, 1995;
Yang et al., 1996) and complex protein targets
such as cell membrane proteins (Ulrich et al.,
1998; Homann and Goringer, 1999; Blank et al.,
2001; Ulrich et al., 2002; Guo et al, 2006).
Therefore, aptamers have been used in a variety of
methods in which antibodies are commonly used,
such as in enzyme immunoassays, immunopre-
cipitation analyses, flow cytometric analyses
(Ireson and Kelland, 2006; Ferreira et al., 2008;
Sakai et al., 2008), protein microarrays (Chen et
al., 2008), magnetic-separation assays (Gao et al.,
2007), lateral flow assays (Liu et al., 2007; Shaikh
et al., 2007), and biosensor experiments (Back-
mann et al., 2005; Borisov and Wolfbeis, 2008).
For use in such applications, aptamers can be
either conjugated to beads or surfaces, or labeled
with enzymes or fluorescent dyes. However,
because the cross-linking conditions to one
enzyme, dye, or sensor cannot be applied to other
targets, the determination of specific conditions for
aptamer cross-linking to multiple enzymes, dyes,
or sensors is a time-consuming process. There-
fore, labeling of aptamers with biotin to produce
complexes with avidin, streptavidin, or neutravidin
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in various cross-linked forms has been commonly
employed when an aptamer is to be applied to
multiple assays (Murphy et al., 2003; Baldrich et
al., 2005; Li et al., 2009; Tanaka et al., 2009).
Additionally, aptamers have been labeled with
digoxigenin to produce complexes with anti-digoxi-
genin antibodies (Ramos et al., 2007, 2010).

In this report, we introduce cotinine-conjugated
aptamer/anti-cotinine antibody complexes as an
alternative and complementary platform for the use
of aptamers in biological assays. We utilized two
well-known aptamers: AS1411 that binds nucleolin
(Bates et al., 1999; Dapic et al., 2002, 2003) and
pegaptanib that binds vascular endothelial growth
factor (VEGF) (Ruckman et al., 1998; Ng and Adamis,
2006). Cotinine-conjugated AS1411/anti-cotinine
antibody complexes were successfully applied to
immunoblot, immunoprecipitation, and flow cytometric
analyses, and cotinine-conjugated pegaptanib/
anti-cotinine antibody complexes were successfully
used in enzyme immunoassays.

Results

Binding of AS1411-cotinine/anti-cotinine antibody
complexes to cell-surface nucleolin

To assess whether AS1411-cotinine/anti-cotinine
antibody complexes (Figures 1, 2) bind to nucleolin
on cell surfaces, Raji cells were incubated with
AS1411-cotinine/anti-cotinine antibody complexes
and FITC-labeled anti-human IgG antibodies. With
the concentration of anti-cotinine antibody fixed at
100 nM, cotinine-conjugated AS1411 at concen-
trations of 1, 10, and 100 nM bound to the cell
surface in a dose-dependent manner (Figure 3A).
As an IgG molecule, an anti-cotinine antibody
contains two paratopes and can form a complex
with two molecules of AS1411-cotinine. When

o}f cotinine with a linker. (A) AS1411-

cotinine. (B) Pegaptanib-cotinine.
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Figure 2. Mass spectroscopy data of aptamer-conjugated cotinine. The
quality of AS1411-cotinine (A), CRO26-cotinine (B), and pegaptanib-coti-
nine (C) was analyzed using an ion-trap mass spectrometer through
electrospray ionization (ESI-IT/MS).

either CRO26 (Figure 2) or an isotype control for
anti-cotinine antibody was used instead of AS1411
or anti-cotinine antibody, respectively, binding of
the complex was not observed. CRO26, the
negative control of AS1411, is an oligonucleotide in
which each dG of AS1411 is replaced by dC, which
blocks both the formation of a stable quadruplex
structure and nucleolin binding (Soundararajan et
al., 2009).

We then performed flow cytometric analysis with
AS1411-cotinine/anti-cotinine antibody complexes
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Figure 3. Flow cytometric analysis with AS1411-cotinine/anti-cotinine antibody complexes. (A) Raji cells were incubated with complexes containing the in-
dicated concentrations of AS1411-cotinine and 100 nM anti-cotinine antibody and subsequently stained with FITC-conjugated anti-human Fc antibody. As
a control, CRO26-cotinine and palivizumab were used in place of AS1411-cotinine and anti-cotinine antibody, respectively. Control signal was obtained
from cells incubated only with FITC-conjugated anti-human Fc antibody. (B) Raji, HepG2, U87MG, and NIH3T3 cells were incubated with AS1411-coti-
nine/anti-cotinine antibody complexes and subsequently stained with FITC-conjugated anti-human Fc antibody.

using three additional cell lines that were reported
previously to possess different cell surface expre-
ssion levels of nucleolin (Semenkovich et al., 1990;
Hanakahi et al., 1997; Masumi et al., 2006). With
50 nM AS1411-cotinine and 100 nM anti-cotinine
antibody, the complex showed stronger binding to
HepG2 and U87MG cells and weaker binding to
NIH3T3 cells compared to Raji cells (Figure 3B).

AS1411-cotinine/anti-cotinine antibody complex
recognition of denatured nucleolin

To determine whether AS1411-cotinine/anti-coti-
nine antibody complexes recognize the denatured
form of nucleolin, we performed immunoblot analy-
ses (Figure 4A). Raji cell lysate (50 ug) was sub-
jected to SDS-PAGE, proteins were transferred to
a nitrocellulose membrane, and the membrane
was incubated sequentially with AS1411-coti-
nine/anti-cotinine antibody complexes, HRP-conju-
gated anti-human IgG antibody, and chemilumine-
scent substrate solution, with intermittent washing
with TBST. AS1411-cotinine/anti-cotinine antibody
complexes reacted not only to full-length nucleolin
(105 kDa) but also to lower molecular mass forms
of nucleolin (<40 kDa) that have been previously
reported to be generated by nucleolin autolytic
activity (Figure 4A) (Chen et al., 1991; Fang and

Yeh, 1993). In contrast, mouse anti-nucleolin
antibody reacted only to full-length nucleolin. When
either CRO26 or palivizumab was used instead of
AS1411 or anti-cotinine antibody, respectively, no
bands were visualized.

AS1411-cotinine/anti-cotinine antibody complex
immunoprecipitation of nucleolin

Raiji cell lysate was incubated with AS1411-coti-
nine/anti-cotinine antibody complexes overnight.
Complexes were then immunoprecipitated using
protein A beads and subjected to SDS-PAGE. After
the proteins were transferred to a nitrocellulose
membrane, immunoblot analysis was performed
using anti-nucleolin antibody. A protein band with a
molecular weight of 105 kDa was visualized,
confirming that AS1411-cotinine/anti-cotinine anti-
body complexes successfully immunoprecipitated
nucleolin from Raji cell lysates (Figure 4B).
However, when either CRO26 or palivizumab was
used instead of AS1411 or anti-cotinine antibody,
respectively, no bands were visualized.

Specific binding of pegaptanib-cotinine/anti-coti-
nine antibody complexes to VEGF1¢s5
To verify whether pegaptanib-cotinine/anti-cotinine
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Figure 4. Immunoblot analysis and immunoprecipitation of nucleolin with
AS1411-cotinine/anti-cotinine antibody complexes. (A) Immunoblot
analysis. Raji cell lysates were subjected to 4-12% SDS-PAGE, and pro-
teins were transferred onto a nitrocellulose membrane. The membrane
was probed with AS1411-cotinine/anti-cotinine antibody complexes (lane
1), AS1411-cotinine/control antibody complexes (lane 2), CRO26-coti-
nine/anti-cotinine antibody complexes (lane 3), and mouse anti-nucleolin
antibody (lane 4). HRP-conjugated mouse anti-human IgG, HRP-con-
jugated rabbit anti-mouse IgG antibody, and SuperSignal Pico West
chemiluminescent substrate were used for visualization of the bands. (B)
Immunoprecipitation. Raji cell lysates were incubated with AS1411-coti-
nine/anti-cotinine antibody complexes (lane 1), AS1411-cotinine/control
antibody complexes (lane 2), and CRO26-cotinine/anti-cotinine antibody
complexes (lane 3). All lysate mixtures were incubated with immobilized
protein A beads, and precipitated proteins were fractionated by
SDS-PAGE and probed with mouse anti-nucleolin antibody. In lane 4, the
cell lysate was directly loaded onto the gel and probed with mouse an-
ti-nucleolin antibody.

antibody complexes (Figures 1, 2) can bind to
immobilized VEGF+s on a microtiter plate, we
performed an enzyme immunoassay using a
VEGFes5-coated microtiter plate, cotinine-conju-
gated pegaptanib/anti-cotinine antibody comple-
xes, and HRP-conjugated anti-human IgG anti-
body. Cotinine-conjugated pegaptanib/anti-cotinine
antibody complexes bound to VEGF 15 on the ?Iate
in a dose-dependent manner from 10™ to 10° pM
(Figure 5). In a parallel experiment, bevacizumab
showed dose-dependent binding to VEGF 4¢s.

Discussion

For application of aptamers in multiple assays and
experiments, biotin labeling has been the most
commonly adopted option to avoid the need to
develop optimal aptamer cross-linking conditions
for multiple enzymes, dyes, or sensors individually
(Murphy et al., 2003; Baldrich et al., 2005; Li et al.,
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Figure 5. Enzyme immunoassay analysis using pegaptanib-coti-
nine/anti-cotinine antibody complexes. Pegaptanib-cotinine/anti-cotinine
antibody complexes were allowed to react with VEGF 165 immobilized on
a microtiter plate. The concentration of anti-cotinine antibody was main-
tained as one-half that of pegaptanib-cotinine as the antibody is bivalent.
Bevacizumab was used as a positive control. HRP-conjugated rabbit an-
ti-human IgG antibody and 3,3',5,5'-tetramethylbenzidine substrate sol-
ution were employed to determine the amount of complex bound to the
microtiter plate. The results are expressed as the mean + standard devi-
ation of triplicate measurements.

2009; Tanaka et al., 2009). Because biotin is stable
and small (molecular weight of 244.31 kDa), it
rarely interferes with the function of labeled
molecules. The avidin-biotin detection system
allows an aptamer to be easily captured,
recovered, immobilized, or detected with a limited
number of secondary detection reagents gene-
rated by modifying avidin, streptavidin, or neutra-
vidin. A major limitation of this system is that biotin,
as vitamin B7, is present in small amounts in all
living cells and participates in many biological
processes including cell growth and the citric acid
cycle (Bender, 1999). Biotin is especially abundant
in tissues such as brain, liver, and blood, and
endogenous biotin can cause considerable
background noise in assays based on biotin
binding (Ramos-Vara, 2005).

Digoxigenin also has been used to label
aptamers for use in biological assays (Ramos et
al., 2007, 2010). It is a steroid with a low molecular
weight of 390.51 Da that is found exclusively in the
flowers and leaves of plants such as Digitalis
purpuea, Digitalis orientalis, and Digitalis lanata.
Additionally, digoxigenin is a hapten with high
immunogenicity (Holtke et al., 1995). It also has
served as a standard immunohistochemical marker
for in situ hybridization (Hauptmann and Gerster,
1994). For labeling of atpamers, digoxigenin can
be conjugated to a nucleotide triphosphate, and
the labeled nucleotide triphosphate is then used in
aptamer synthesis. The resulting digoxigenin-labeled
aptamer can form a complex with anti-digoxigenin
antibody for applications in assays and experiments.

In this study, we aimed to develop an additional
hapten-labeled aptamer and anti-hapten antibody
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system that can be applied to develop multiplex
aptamer assays. Based on several of its
characteristics, we selected and tested cotinine as
a candidate hapten for labeling aptamers. In a
previous study, we showed that anti-cotinine
antibody can be generated by immunization of
animals with cotinine-conjugated carrier proteins
(Park et al., 2010). Cotinine is the major metabolite
of nicotine found in tobacco smoke, and coti-
nine-labeled horseradish peroxidase is sufficiently
stable to give consistent results in enzyme
immunoassays (Park et al., 2010). Because coti-
nine has a low molecular weight of 176.22 Da, we
hypothesized that it would not alter the function of
an aptamer upon conjugation. Both cotinine-con-
jugated AS1411 and cotinine-conjugated pegap-
tanib retained their reactivity to their original targets
in this study. As both cotinine and its binding
molecules are not present physiologically in animal
and human tissues, minimal background signal
was expected. As shown in Figure 4, the AS1411-
cotinine/anti-cotinine antibody complex recognized
denatured nucleolin with minimal background.

Taken together, our results demonstrate that
cotinine-conjugated aptamer/anti-cotinine antibody
complexes can be used in applications such as
flow cytometric, immunoblot, immunoprecipitation,
and enzyme immunoassay analyses, providing a
viable alternative for employing cotinine-labeled
aptamers in multiple assays and experiments,
alone or in combination with biotin- and/or
digoxigenin-labeled aptamers. Additionally, the
stability of the complex and successful retention of
aptamer reactivity make this system suitable for
potential in vivo application.

Methods

Preparation of aptamer-cotinine conjugates

The aptamers used in this study were AS1411, 5'-d
(GGTGGTGGTGGTTGTGGTGGTGGTGG)-3', an inactive
control aptamer (CRO26), 5-d(CCTCCTCCTCCTTCTCCT
CCTCCTCC)-3', and pegaptanib, 5-pCfpGmpGmpArpArp
UfpCfpAmpGmpUfpGmpAmMpAmpUfpGmpCfpUfpUfpAmp
UfpAmpCfpAmpUfpCfpCfpGm-3'-p-dT. These aptamers
were synthesized with an amino C6 linker at the 5'-termi-
nus by ST Pharm Co. (Seoul, South Korea). All the ap-
tamers were conjugated to cotinine using the active ester
method as described previously (Park et al., 2010), purified
to homogeneity (i.e., >95% purity) in reversed-phase
high-pressure liquid chromatography with an Xbridge Prep
C18 column (5 um, 10 X 150 mm, Waters Corp., Milford,
MA). The quality of conjugated aptamers was analyzed
with an ion-trap mass spectrometer through electrospray
ionization (ESI-IT/MS) by Postech Aptamer Initiative
(Pohang, South Korea). AS1411-cotinine and CRO26-coti-
nine conjugates were dissolved in water; pegaptanib-coti-

nine conjugates were dissolved in diethyl pyrocar-
bonate-treated water. All aptamer-cotinine conjugates were
aliquoted and stored at -20°C. Before use, all the aptamers
were denatured at 95°C for 5 min and slowly cooled to
25°C over 30 min.

Antibodies

Mouse anti-nucleolin antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Palivizumab (Syna-
gis, Abbot Laboratories, Kent, UK) and bevacizumab
(Avastin, Genentech Inc, South San Francisco, CA) were
used as control antibodies. Fluorescein isothiocyanate
(FITC)- and horseradish peroxidase (HRP)-conjugated an-
ti-human Fc antibodies were purchased from Thermo
Fisher Scientific (Rockford, IL).

The recombinant rabbit/human chimeric anti-cotinine an-
tibody used in this study was originally generated through
a form of scFv for use in an enzyme immunoassay for de-
tecting cotinine in the biological fluids of smokers (Park et
al., 2010). For the construction of an expression vector for
anti-cotinine 1gG, the genes encoding the variable regions
of the heavy chain (Vu) and light chain (V.) were amplified
from an anti-cotinine scFv-Fc expression vector using
5-ATCCTGTTCCTGGTGGCCACCGCCACCGGCCAGTC
GGTGAAGGAGTCC-3' and 5-ATCCTGTTCCTGGTGGC
CACCGCCACCGGCGAGCTCGATCTGACCCAG-3' as the
5' primers and 5-TGAAGAGATGGTGACCAGGGTGCC-3'
and 5-TAGGATCTCCAGCTCGGTCCCTCC-3' as the 3'
primers, respectively (Park et al., 2010). Human Vy con-
stant region (CH1-CH3) and human V_ constant region
(Cx) were amplified from a human bone marrow cDNA li-
brary (Clontech Laboratories, Inc., Palo Alto, CA) using
5-GTCACCATCTCTTCAGCCTCCACCAAGGGC-3' and
5-GAGCTCGGATCCCTTGCCGGCCGT-3' as the 5' pri-
mers and 5-GAGCTGGAGATCCTACGGACCGTGGCCG
CC-3' and 5'-GCAAGCTCTAGACTAGCACTCGCC-3' as
the 3' primers, which contain an annealing site for both Vy
and V.. Overlap extension polymerase chain reaction
(PCR) was performed using 5-ACATCGGCTAGCCGCC
ACCATGGGCTGGTCCTGCATCATCCTGTTCCTG-3' and
5-ACTTAAGCTTGCGCCACCATGGGCTGGTCCTGCATC
ATCCTGTTCCTG-3' as the 5' primers and 5-GAGCTCGG
ATCCCTTGCCGGCCGT-3' and 5-GCAAGCTCTAGACTA
GCACTCGCC-3' as the 3' primers to generate genes en-
coding the complete Vy and V. fragments, respectively.
The complete Vi and V. DNAs were digested, respectively,
with BamHIl and Nhel and with Hindlll and Xbal (New
England Biolabs Inc., Beverly, MA) and inserted into an ex-
pression vector designed for mammalian secretion of
full-length 1gGs. The vector encoding anti-cotinine IgG was
used to transfect CHO DG44 cells (Invitrogen, Carlsbad,
CA) as described previously (Trill et al., 1995). Overe-
xpressed anti-cotinine IgG was purified by protein A-gel af-
finity chromatography according to the manufacturer’s in-
structions (Repligen Corp., Cambridge, MA).

Cell culture

Adherent CHO DG44 cells were cultivated at 37°C under
an atmosphere of 95% air and 5% CO- in CD DG44 media
(GIBCO, Invitrogen) containing 100 U/ml penicillin and 100



g/ml streptomycin, and supplemented with 10 uM hypo-
xanthine, 1.6 puM thymidine, 8 mM L-glutamine, and 18
mg/L Pluronic F-68 (GIBCO).

Raji (human Burkitt's lymphoma), HepG2 (human hep-
atocellular carcinoma), U87MG (human glioblastoma), and
NIH3T3 (mouse embryonic fibroblast) cells were obtained
from American Type Culture Collection. Cells were grown
in RPMI 1640 (GIBCO) culture media containing 10% fetal
bovine serum (FBS; GIBCO), 100 U/ml penicillin, and 100
g/ml streptomycin at 37°C in 5% COs.

Flow cytometric analysis

Raji, HepG2, U87MG, and NIH3T3 cells (1 X 10° cells/ml)
were resuspended in 100 pl flow cytometric assay buffer
[1% FBS and 0.02% sodium azide in phosphate-buffered
saline (PBS)] and incubated with the indicated concen-
trations of AS1411-cotinine and 100 nM anti-cotinine anti-
body at 4°C for 20 min. As a control, CRO26-cotinine and
palivizumab were used in place of AS1411-cotinine and an-
ti-cotinine antibody, respectively. After washing twice with
flow cytometric assay buffer, cells were incubated with
FITC-labeled anti-human IgG (Thermo Fisher Scientific) at
4°C for 15 min and washed again with flow cytometric as-
say buffer. The cells were fixed with PBS containing 2%
paraformaldehyde; fluorescence intensity was measured
using FACSCanto™ 1l (BD Bioscience, Heidelberg, Ger-
many) and analyzed with FlowJo data analysis software
(Treestar, Ashland, OR).

Immunoblot analysis

Raji cells were harvested by centrifugation at 168 g for 3
min at 4°C and then washed three times with PBS. The
pellet was resuspended in 1 ml lysis buffer (20 mM Tris-Cl,
pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.25 mM synthetic
dextrose complete medium, 1 mM PMSF, 1 ug/ml aproti-
nin, 1 ug/ml leupeptin, and 1 pug/ml pepstatin A) and soni-
cated for three rounds, 10 s each at an output setting of 7
(Sonic Dismembrator model 500, Thermo Fisher Scientif-
ic). The sonicated samples were cleared by centrifugation
for 10 min at 17,000 g, and the amount of protein in the su-
pernatants was measured by Bradford assay (Bio-Rad,
Hercules, CA). The lysate (50 pg) was dissolved in 4 X
SDS loading buffer (50 mM MES, 50 mM Tris-base, 0.1%
SDS, 1 mM EDTA, and 50 mM dithiothreitol, pH 7.3) and
separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) using 4-12% Bis-Tris gel (Invitrogen) followed
by transfer onto a nitrocellulose membrane (Whatman,
Dassel, Germany) using an XCell SureLock™ Novex
Mini-Cell (Invitrogen) at 40 V for 60 min. The membrane
was pre-incubated in TBST (10 mM Tris, pH 7.5, 150 mM
NaCl, and 0.1% Tween-20) containing 5% non-fat milk (BD
Biosciences Diagnostic Systems, Sparks, MD) at room
temperature for 30 min and then incubated with 100 nM
AS1411-cotinine/50 nM anti-cotinine antibody complexes,
100 nM AS1411-cotinine/50 nM control antibody com-
plexes, 100 nM CRO26-cotinine/50 nM anti-cotinine anti-
body complexes, or a 1:100 dilution of mouse anti-nucleo-
lin antibody (Santa Cruz Biotechnology) at room temper-
ature for 2 h. After the membrane was washed three times
with TBST, it was incubated with either HRP-conjugated
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rabbit anti-human IgG antibody (Thermo Fisher Scientific)
or HRP-conjugated anti-mouse IgG antibody (Thermo
Fisher Scientific) diluted 1:5,000 in TBST at room temper-
ature for 1 h. The membrane was washed three times with
TBST, and protein bands were visualized by the addition of
SuperSignal Pico West chemiluminescent substrate
(Thermo Fisher Scientific) following the manufacturer’s
instructions.

Oligonucleotide immunoprecipitation

The Raji cell lysate (1 mg protein in 1 ml) was incubated
with 40 nM AS1411-cotinine/20 nM anti-cotinine antibody
complexes, 40 nM CRO26-cotinine/20 nM anti-cotinine an-
tibody complexes, or 40 nM AS1411-cotinine/20 nM control
antibody complexes at 4°C overnight on an end-over-end
rotator. Protein A-sepharose beads (40 pl, Repligen) were
added to the lysate mixture and incubated with rotation for
2 h at 4°C. After centrifugation at 800 g for 1 min, the im-
munoprecipitates were washed three times with wash buf-
fer (20 mM Tris-Cl, pH 7.5, 150 mM NaCl, and 1% Triton
X-100), resuspended in 4 X SDS loading buffer, and dena-
tured at 95°C for 10 min. All samples were analyzed
SDS-PAGE using 4-12% Bis-Tris gel and transferred onto
a nitrocellulose membrane. The membrane was blocked
with 5% nonfat milk in TBST and then treated with mouse
anti-nucleolin 1gG (1:100; Santa Cruz Biotechnology). After
the membrane was washed three times with TBST, it was
incubated with HRP-conjugated rabbit anti-mouse 1gG di-
luted 1:5,000 in TBST at room temperature for 1 h. The
membrane was washed three times with TBST, and protein
bands were visualized by the addition of the SuperSignal
Pico West chemiluminescent substrate (Thermo Fisher
Scientific) following the manufacturer’s instructions.

Enzyme immunoassays

The wells of microtiter plates (Corning Costar Corp.,
Cambridge, MA) were coated by the addition of 50 ng hu-
man VEGF1ss (R&D Systems, Minneapolis, MN) dissolved
in 20 pl PBS to each well for an overnight incubation at
4°C. After washing with PBS, the wells were incubated with
150 uL PBS containing 3% bovine serum albumin (BSA)
for 2 h and then washed with PBS. Subsequently, both the
100 nM pegaptanib-cotinine/50 nM anti-cotinine antibody
complex and 100 nM bevacizumab were serially diluted
10-fold in PBS containing 3% BSA and added to each well.
The plates were incubated for 1 h at room temperature and
then washed five times with 0.05% Tween 20 in PBS
(PBST). Subsequently, a 50-ul aliquot of HRP-conjugated
rabbit anti-human IgG (Thermo Fisher Scientific), diluted
1:5,000 in PBS with 3% BSA, was added to each well and
incubated for 1 h at room temperature. After washing four
times with 0.05% PBST, peroxidase activity was detected
by the addition of 50 ul 3,3',5,5'-tetramethylbenzidine sub-
strate solution (Thermo Fisher Scientific) to each well. The
plates were incubated for 10 min at room temperature, and
the absorbance at 650 nm was measured using a Multi-
skan Ascent instrument (Labsystems, Helsinki, Finland).
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