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ABSTRACT: To increase the affinities of antibodies or aptamers for their targets, we designed antibody—aptamer pincers
(AAPs) or heterodimers for thrombin or human epidermal growth factor 2 (HER2) as a model system. For this purpose, we first
conjugated a 15-mer or 29-mer anti-thrombin aptamer, which are well-known to bind to thrombin in two specific epitopes, with
an anti-thrombin antibody to enable each binding part of the AAP to simultaneously recognize a different part of the thrombin
molecule. The AAP comprising a 15-mer aptamer and an anti-thrombin antibody has an apparent dissociation constant (K;*?)
value of 567 pM, and this value is approximately 1/100 of that of the antibody alone or 1/35 of that of the aptamer monomer
alone. The AAP comprising a 29-mer aptamer and an anti-thrombin antibody has a much lower K4*? value than that of 15-mer
aptamer-conjugated antibody. Furthermore, this concept of the AAP system was employed to HER2-targeted drug delivery
system (DDS) based on both antibody and drug-loaded aptamer. Anti-HER2 aptamer was conjugated with anti-HER2 antibody
and loaded with doxorubicin, and the resulting AAP-HER2-Dox was found to have approximately 3- and 6-fold higher
cytotoxicity than drug alone and antibody alone, respectively. Therefore, this novel AAP system constructed by conjugation of
the antibody with the aptamer can effectively improve the affinities of the resulting AAPs for their target molecules and the drug-

loaded AAP system can possibly serve as a platform for targeted DDS against many malignancies.

B INTRODUCTION

It has been reported that antibody dimerization, the
components of which simultaneously recognize adjacent and
nonoverlapping epitopes, can enhance the receptor binding.'
The reports demonstrate that by connecting two antibodies
that recognize different parts of the target molecule, the Ky
value of the resulting antibody dimer can be lowered, because
the k,, value increases and the k.g value decreases when binding
together to two recognition sites of the same target, in
comparison with the Ky value of either of the two antibod-
ies.'~® Thus, the affinity of the antibody dimer can be increased
by connecting together two antibodies that have nonoverlap-
ping epitopes.

In consideration of the advantages of using aptamers instead
of antibodies in clinical diagnosis, it would be highly
advantageous to replace antibodies with aptamers as molecular
recognition elements. Aptamers are a special class of nucleic
acids that can specifically bind, with high affinity, to a wide array
of target molecules.*”” They have originated from large
random-sequence nucleic acid libraries via an in vitro evolution
process called SELEX (Systematic Evolution of Ligands by
EXponential enrichment). Emerging as successful alternatives
to antibodies, a wide range of DNA-, RNA-, and PNA (peptide
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nucleic acid)-based aptamers have been reported to bind with
the dissociation constants ranging from nanomolar to
picomolar level, specifically to metal ions,'*"> small mole-
cules,">'* proteins,6_9 and even entire cells.'® Notably,
aptamers screened via in vitro process against a synthetic
library have a number of unique features which make them a
more effective choice than antibodies. First, the limit of having
to use cell lines or animals, as is necessary for antibodies, can be
overcome. Aptamers, once selected, can undergo subsequent
amplification through polymerase chain reaction or tran-
scription to produce a large quantity with high purity. Second,
the simple chemical structure of aptamer makes it amenable to
further modifications with functional groups based on the
experimental purposes. Finally, aptamers are more stable than
antibodies, allowing them to be suitable in applications
requiring harsh conditions (e.g., high temperature or extreme
pH).

Of importance, Kim et al. recently explored the design of
bivalent nucleic acid ligands by using thrombin and its aptamers
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as the model by which to evaluate its functions,'® and
Hasegawa et al. also reported in the same year that an aptamer
heterodimer for thrombin and a homodimer for vascular
endothelial growth factor (a homodimeric protein) could
exhibit increased affinities for the targets, respectively.'” In
contrast to the antibody dimerization, however, only a 10-fold
lower K, value of the monomers, of which the heterodimer for
thrombin was composed, could be achieved. This is attributed
presumably to the higher k. value of the aptamer dimer than
that of the antibody dimer. Therefore, to more effectively
increase the affinities of antibodies or aptamers for their targets,
we reasoned to design antibody—aptamer pincers (AAPs) or
heterodimers for a target molecule, such as thrombin, as a
model system, because aptamers could be easily modified with
various molecules including with antibodies in comparison to
the antibody dimerization and because aptamers are still
interesting candidates as alternatives to antibodies which can be
introduced to the antibody-linked pincers or heterodimers from
the flexibility point of view. Moreover, we hypothesized that
this AAP system might result in bivalent ligand-mediated higher
binding affinity as well as antibody-mediated higher specificity
than the simple bivalent aptamers, because only a few aptamers
are reported to date to exhibit higher specificity than
antibodies.* This system was also expected to allow us to
make use of aptamers as loading docks for intercalating drugs,
such as doxorubicin (Dox), for new targeted drug delivery
systems (DDSs) or to enable us to introduce functional groups
to aptamers, because the simple chemical structure of aptamers
makes them amenable to further modifications with functional
groups depending on the experimental purposes.

Scheme 1 illustrates the simplified principle of our AAP
system. Anti-thrombin aptamers were first chosen in the

Scheme 1. Schematic Illustration of the Antibody—Aptamer
Pincer (AAP) or Heterodimer System in the Present Study

antibody aptamer
{3 ? ligand '’
; // D /g / \_E\
[ + — | !- (
> . % e #

antibody-aptamer pincers

present study to be used as an antibody counterpart in the AAP
system, because one of the most commonly studied proteins for
molecular targets in aptamer-based assays is thrombin, the last
enzyme protease involved in the coagulant cascade, which
converts fibrinogen to insoluble fibrin that forms the fibrin
gel.'® Since the DNA aptamers against thrombin were
investigated," it has been known that they consist of two G-
quartet conformations and bind to thrombin in two specific
epitopes (15-mer DNA aptamer, also known as HD-1, which
binds fibrinogen-binding exosite I of thrombin via a T-loop; 29-
mer DNA aptamer, referred to as HD-22, which binds to
heparin-binding exosite II of thrombin).***" This property has
allowed for the development of aptamer-based sandwich assays
for the detection of thrombin with higher specificity than direct
immunoassays.”” Thus, a 15-mer or 29-mer anti-thrombin
aptamer was conjugated with an anti-thrombin antibody (see
the Supporting Information for detailed experimental con-
ditions), resulting in formation of AAP-15 or AAP-29, in order
to enable each binding part of the AAP to simultaneously
recognize a different part of the thrombin molecule. According
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to the literature, anti-thrombin antibody (monoclonal antibody
F-1), 15-mer and 29-mer DNA aptamers have K;*? values for
thrombin of aplzaroximately 50 nM, 20.2 nM, and 3.5 nM,
respectively.”®*"3

B RESULTS AND DISCUSSION

The affinities of the designed AAPs (Figure S1, Supporting
Information) for dye-labeled proteins (Figure S2) were
investigated by dialysis. Figure 1A shows that the AAP
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Figure 1. Thrombin binding characteristics of anti-thrombin antibody
conjugated with anti-thrombin aptamer. (A) FAM-labeled thrombin
(filled) or bovine serum albumin (BSA) (empty) binding of anti-
thrombin antibody conjugated with anti-thrombin 15-mer aptamer
(AAP-15). Inset: Hill plot. (B) FAM-labeled thrombin (filled) or BSA
(empty) binding of anti-thrombin antibody conjugated with anti-
thrombin 29-mer aptamer (AAP-29). Inset: Hill plot.

comprising a 15-mer aptamer and an anti-thrombin antibody
(AAP-15) has an apparent dissociation constant (K *?) value
of 567 pM for thrombin, and this value is approximately 1/100
of that of the antibody alone or 1/35 of that of the aptamer
monomer alone. A Hill plot reveals positive cooperativity (Hill
n value ~4). Very interestingly, the AAP comprising a 29-mer
aptamer and an anti-thrombin antibody (AAP-29) has a much
lower K4®P value than that of 15-mer aptamer-conjugated
antibody (Figure 1B), probably due to the higher binding
affinity between a 29-mer aptamer and thrombin than between
a 15-mer aptamer and thrombin. The data in Figure 1B indicate
that AAP-29 binds to thrombin in a biphasic mode with a lower
K4*P value of 64.5 pM and with a higher K4** value of 101 pM,
of which the Hill plot suggests cooperativity of the second
binding phase of thrombin binding to AAP-29 (Hill n value
~2). Importantly, many AAP systems are expected to be newly
designed, as long as aptamers that are able to bind different
epitopes of a given target are known, as clearly demonstrated in
this study.
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Inspired by the exciting results, the AAP system was
employed to HER2-targeted DDSs based on both antibody
and drug-loaded aptamer, because several targeted DDSs are
still among the hot topics discussed in the field of
biopharmaceutical development, toxicology, immunology, and
clinical pharmacy.**

To address this issue, an anti-HER2 aptamer was chosen,
and conjugated with an anti-HER2 antibody (monoclonal
antibody N12) to form AAP-HER2 (Supporting Information
Figure S3), followed by formulation with Dox intercalated into
the DNA structure of the anti-HER2 aptamer (Dox-loaded
AAP-HER2 or AAP-HER2-Dox). According to the literature,
the anti-HER2 aptamer has two recognition sites, able to bind
to an epitope peptide of HER2 with a Kj of 18.9 nM or to the
extracellular domain of HER2 protein with a Kj of 316 nM,>
while the epitope for the anti-HER2 antibody is located to
C531-AS86 and the anti-HER2 antibody alone can inhibit
HER2-positive tumor cell proliferation.>® Thus, it was expected
that each of the two binding parts of the AAP-HER2 or AAP-
HER2-Dox could recognize a different part of the HER2
molecule, and that HER2-containing tumor cell proliferation
could be specifically inhibited by both the anti-HER2 antibody
and Dox.>>?¢

The formation of the AAP-HER2-Dox complex was
evaluated, based on the fact that the fluorescent Dox can be
quenched after intercalation into DNA duplex structure.”
Supporting Information Figure S4 clearly demonstrates that
anti-HER2 aptamer could be loaded with Dox and the ratio of
1:10 between aptamer and Dox would result in the highest
fluorescence emission difference. Thus, the ratio of 1:10 for
AAP-HER2-Dox was used for the following viability experi-
ments. It is interesting to note that Dox can be intercalated
more efficiently into anti-HER2 aptamer than into anti-
thrombin 29-mer aptamer or single-stranded DNA 1
(ssDNA1, a scrambled DNA sequence as the negative control)
(Supporting Information Figure S$4D).

Next, in order to verify whether the presence of HER2 can
alter the folding state of Dox-loaded anti-HER2 aptamer and
affect the drug release, fluorescence spectra assays were
performed (Supporting Information Figure SS). The results
elucidate that the binding event between Dox-loaded anti-
HER2 aptamer and HER2 epitope changes the folding of Dox-
loaded anti-HER2 aptamer and thus induces the intercalated
Dox to be released. The data also indicate that the apparent
dissociation constant (K;%?) between Dox-loaded anti-HER2
aptamer and HER2 epitope is approximately 50 nM, in
comparison with the reported value of Ky (18.9 nM) between
anti-HER2 aptamer and HER2,”® indirectly suggesting that Dox
intercalation might induce some alteration of the folding state
of anti-HER2 aptamer.

The cytotoxicity of AAP-HER2-Dox was measured via the
standard MTT assay, in order to evaluate whether AAP-HER2-
Dox could modulate the in vitro growth of three human breast
cancer cell lines with different HER2 expression levels. Figure
2A shows that AAP-HER2-Dox is able to inhibit cell viability at
different degrees after 24 h. The obtained IC, values of AAP-
HER2-Dox for SK-BR-3, MDA-MB-453, and MCE-7 cells were
15.5, 35.0, and 83.4 nM, respectively. The data are strongly
correlated with the cellular expression levels of HER2,®
suggesting that AAP-HER2-Dox can discern target and
nontarget cells and that the complex can thus be used for
specific DDS for HER2-overexpressed cancer cells.
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Figure 2. (A) Effects of an anti-HER2 AAP system loaded with Dox
(AAP-HER2-Dox) on cell viability of SK-BR-3, MDA-MB-453, and
MCF-7 cell lines. (B) Dose-dependent viability of SK-BR-3 in the
presence of AAP-HER2-Dox, anti-HER2 antibody mixed with Dox
(Antibody-Dox), anti-HER2 aptamer loaded with Dox (Aptamer-
Dox), or Dox alone. Cells were exposed to the given materials (0—680
nM in terms of the total amounts of loaded and free Dox). The values
represent means + SD of three cultures from triplicate-independent
experiments. The experimental data were transformed to dose—
response curves using nonlinear regression analysis (SigmaPlot) to
obtain the theoretical curves and to calculate the corresponding ICs,
values. Inset: Enlarged graph to distinguish the curves better.

SK-BR-3 cells with the highest expression levels of HER2 on
the plasma membrane were then chosen and exposed to Dox-
mixed anti-HER2 antibody (Antibody-Dox) or to Dox-loaded
anti-HER2 aptamer (Aptamer-Dox) in comparison to that of
AAP-HER2-Dox. Figure 2B reveals that the cytotoxic effects of
AAP-HER2-Dox are drastically different in a dose—response
manner from Antibody-Dox, Aptamer-Dox, or Dox alone,
indicating that the AAP-HER2-Dox exhibits the highest
cytotoxicity in SK-BR-3 cells among the four materials. The
ICs, values of AAP-HER2-Dox, Antibody-Dox, Aptamer-Dox,
and Dox were estimated to be 15.5, 25.1, 38.6, and 43.9 nM for
SK-BR-3, respectively, suggesting that AAP-HER2-Dox is
approximately 3-fold more cytotoxic than Dox.

Interestingly, although the anti-HER2 aptamer alone
produced no cytotoxicity in SK-BR-3 cells (Supporting
Information Figure S6), Aptamer-Dox was cytotoxic even
compared with Dox, which is consistent with the literature.*®
The cytotoxicity of Antibody-Dox, on the other hand, is similar
to or between that of Aptamer-Dox and Dox. This result is also
interesting in consideration that Dox cannot be loaded into the
antibody (Supporting Information Figure S4) and that the anti-
HER2 antibody alone can inhibit HER2-positive tumor cell
proliferation.”® To further investigate whether Aptamer-Dox
and Antibody-Dox indeed enhance the cancer killing effect of
Dox, the cytotoxicity of Aptamer-Dox and Antibody-Dox in
comparison with that of Dox alone was measured as a function

dx.doi.org/10.1021/bc500269y | Bioconjugate Chem. 2014, 25, 1421-1427
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of the incubation time, and our data in Figure 3 and Supporting
Information Figure S7 reveal that the presence of anti-HER2
aptamer or antibody indeed enhances the Dox killing effect,
although it is relatively small.
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Figure 3. Incubation time-dependent viability of SK-BR-3 in the
presence of Dox alone (black), Aptamer-Dox (gray), Antibody-Dox
(white), and AAP-HER2-Dox (red), respectively. Cells were exposed
to the given materials (34 nM (A) and 340 nM (B), in terms of the
total amounts of loaded and free Dox). The values represent means +
SD of three cultures in triplicate. The results indicate that Aptamer-
Dox and Antibody-Dox show better cancer killing than Dox alone,
respectively, even for shorter time periods, suggesting that the
presence of anti-HER2 aptamer or antibody may enhance Dox killing
effect.

In addition, control experiments using three negative
controlds of Dox-loaded anti-thrombin 29-mer aptamer
conjugated with anti-HER2 antibody, Dox-loaded ssDNALI (a
scramble DNA sequence) conjugated with anti-HER2 antibody,
and Dox-loaded anti-HER2 aptamer conjugated with anti-
HER2 antibody (9G6) were performed in order to verify
whether the enhanced cytotoxicity of our AAP system
composed of three individual components (i.e., two recognition
parts and Dox) is caused indeed by the bivalent recognition,
followed by Dox release. Anti-HER2 antibody (9G6) was
selected because this antibody is known for almost no potent
killing effect on its own compared with anti-HER2 antibody
(N12).>® Supporting Information Figure S8 reveals that the
increased cytotoxicity induced by one or two of the three
individual components is of little significance in comparison
with that induced by AAP-HER2-Dox or of Dox alone,
although it is important to note that the three negative controls
of Dox-loaded anti-thrombin 29-mer aptamer conjugated with
anti-HER2 antibody, Dox-loaded ssDNA1 conjugated with
anti-HER2 antibody, and Dox-loaded anti-HER2 aptamer
conjugated with anti-HER2 antibody (9G6) exhibit the similar
cytotoxicity with that of Aptamer-Dox or Antibody-Dox,
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presumably due to the enhanced killing effect caused by the
presence of either anti-HER2 antibody or aptamer.

Taken together with the observation that the cytotoxicity of
AAP-HER2-Dox was found to be approximately 6-fold higher
than that of anti-HER2 antibody (N12 or 9G6) alone
(Supporting Information Figures S6 and S8), our results
demonstrate that the drug-loaded AAP generates increased
cytotoxicity to HER2-overexpressed human cells than each
component in a cell- and dose-dependent manner, although
recognition part-dependent toxicity of AAP-HER2-Dox needs
to be further investigated in more detail. The results may reflect
a difference in the drug uptake mechanism and/or the
therapeutic antibody efficacy among Antibody-Dox, Aptamer-
Dox, and Dox.

In addition, fluorescence microscopy was used, as depicted in
Figure 4 and Supporting Information Figure S9, to evaluate the

Column 1 Column 2 Column 3

Figure 4. Dox release in SK-BR-3 cells when dosed with 100 nM (in
terms of Dox) of Aptamer-Dox (column 1), Antibody-Dox (column
2), and AAP-HER2-Dox (column 3). The nuclei were stained by
Hoechst 33258 and the images were taken after 4 h incubation. The
results demonstrate that AAP-HER2-Dox constructed by conjugation
of the antibody with the drug-loaded aptamer might effectively
improve the affinities of the resulting AAP system for its target
molecule and the drug-loaded AAP system could possibly serve as a
platform for targeted DDS against many malignancies, which are
notably consistent with the results shown in Figure 3.

Hoechst 33258
Dox fluorescence Phase-contrast

fluorescence

Merged

intracellular uptake of Dox based on the fluorescence emitted
by the drug. The results that AAP-HER2-Dox was effectively
taken up by the cells suggest that the aptamer part of the
complex possibly retained HER2-binding capability while
carrying the drug within its DNA structure and that AAP-
HER2-Dox could be used as a tumor-targeted DDS. It is
interesting to note that the complex mostly stained the nuclei
in HER2-overexpressed SK-BR-3 breast cancer cells (Figure 4),
resulting in the lower ICs, value observed.

H CONCLUSION

In summary, we developed a novel AAP system in this study.
The AAP system, like antibody or aptamer dimerization from
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other findings published recently, effectively improves the
affinity with sustained or possibly higher specificity for its target
molecule, and the drug-loaded AAP system may further serve as
a platform for targeted DDS against many malignancies.

B EXPERIMENTAL PROCEDURES

Chemicals. Reagents were obtained from commercial
suppliers and were used without further purification, and
double-distilled deionized water was used for all experiments.
Antithrombin aptamers (15-mer DNA of §'-H,N-(CH,)s
GGTTG GTGTG GTTGG-3’ and 29-mer DNA of 5'-H,N-
(CH,)s-AGTCC GTGGT AGGGC AGGTT GGGGT GACT-
3'), anti-human epidermal growth factor 2 (HER2) aptamer
(5'-H,N-(CH,)¢-AACCG CCCAA ATCCC TAAGA GTCTG
CACTT GTCAT TTTGT ATATG TATTT GGTTT
TTGGC TCTCA CAGAC ACACT ACACA CGCAC A-3)
and single-stranded DNA 1 (ssDNA1, S’-TGCAG CTCAT
CA-3’, a scrambled DNA sequence as the negative control)
were obtained from Bioneer (Daejeon, Korea). HER2 epitope
peptide (I'N-C-T-H-S-C-V-D-L-D-D-K-G-C-P-A-E-Q-R) was
purchased from Peptron (Daejeon, Korea).”® UV absorbance
was measured using Agilent 8453 UV—visible spectrophotom-
eter, and fluorescence spectra were recorded using a Synegy Mx
spectrofluorophotometer (BioTek). All experiments were
performed in triplicate.

Conjugation of Anti-Thrombin DNA Aptamer with
Anti-Thrombin Antibody (AAP-15 and AAP-29). Sulfo-
succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(sulfo-SMCC, Sigma) was used in order to conjugate amine-
functionalized DNA with the thiol-functionalized antibody by
adapting the literature procedures.”® In brief, amine-function-
alized 15-mer DNA for AAP-15 or 29-mer DNA for AAP-29
(1.5 nmol) was maleimide-activated by incubation with sulfo-
SMCC at a molar ratio of 1:10 (DNA:sulfo-SMCC) for 3 h at
room temperature. Excess sulfo-SMCC was removed by
centrifugation using an Amicon filter (Millipore) with a
molecular weight cutoff of 3K Da. The resulting DNA was
then used to be conjugated with N-succinimidyl-S-acetylth-
ioacetate (SATA, ProteoChem)-functionalized anti-thrombin
antibody, as follows.

SATA was conjugated with anti-thrombin antibody (F-1,
Santa Cruz Biotech). According to the manufacturer’s manual,
the antibody (300 pmol) was incubated with SATA at a molar
ratio of 1:10 (antibody:SATA) in the reaction buffer (0.1 M
sodium phosphate, 0.15 M NaCl, 0.01 M EDTA, pH 7.2) for 2
h at room temperature, followed by addition of deacetylation
solution (0.5 M NH,OH, 0.1 M sodium phosphate, 0.01 M
EDTA, pH 7.2). After 2 h incubation at room temperature,
excess SATA was removed by centrifugation using a microcon
filter (Sartorius) with a molecular weight cutoff of 30K Da. The
resulting antibody was reacted with the above maleimide-
activated DNA in PBS solution (pH 7.4), followed by overnight
reaction at room temperature for covalent bond formation and
by removing unreacted DNA using a microcon filter (Sartorius)
with a molecular weight cutoff of 30K Da.

FAM-labeled thrombin was prepared by 3 h reaction of
thrombin (2 nmol, Enzyme Research Lab.) directly with NHS-
activated FAM (Anaspec) at room temperature, followed by
removing NHS-activated FAM using a microcon filter with a
molecular weight cutoff of 30K Da. FAM-labeled bovine serum
albumin (BSA) was also prepared in a similar fashion, except
for using an Amicon filter with a molecular weight cutoff of 3K
Da.

1425

Dialysis Experiments for Measurement of Dissocia-
tion Constants between Thrombin and AAP-15 or AAP-
29. For this purpose, the antibody—aptamer heterodimer
solution contained in the dialysis caging (cutoff MW 50 000)
was equilibrated against a solution containing the FAM-labeled
thrombin or bovine serum albumin (BSA) (50 mM Tris-HCI
buffer containing 140 mM NaCl, 1 mM MgCl,, 1 mM CaCl,,
and 5 mM KCl, pH 7.4). Commercially available dialysis
casings (Float-A-Lyzer G2 Dialysis Cassettes, Spectrum Lab)
were used to minimize concentration changes due to osmotic
pressure. By the fluorescence intensity measurement of the
concentrations of the FAM-labeled proteins inside and outside
the dialysis caging after equilibrium was reached, the amount of
the FAM-labeled thrombin or BSA bound to the AAP was
calculated. The K, value of the designed AAPs were calculated
using OriginLab (OriginLab Corp) or SigmaPlot (Systat
Software), according to the literature. 12

Preparation of AAPs for Human Epidermal Growth
Factor 2 (AAP-HER2). AAP-HER2 was prepared similarly
with AAPs for thrombin, as described above. Briefly, amine-
functionalized DNA (1.0 nmol) was maleimide-activated by
incubation with sulfo-SMCC at a molar ratio of 1:10
(DNA:sulfo-SMCC) for 3 h at room temperature. Excess
sulfo-SMCC was removed by centrifugation using an Amicon
filter with a molecular weight cutoff of 3K Da. The resulting
DNA was then used to be conjugated with SATA-function-
alized anti-HER2 antibody, as follows.

SATA was conjugated with anti-HER2 monoclonal antibody
(N12, Thermo). According to the manufacturer’s manual, the
antibody (200 pmol) was incubated with SATA at a molar ratio
of 1:10 (antibody:SATA) in the reaction buffer for 2 h at room
temperature, followed by addition of deacetylation solution.
After 2 h incubation at room temperature, excess SATA was
removed by centrifugation using a microcon filter with a
molecular weight cutoff of 30K Da. The resulting antibody was
reacted with the above maleimide-activated DNA in PBS
solution (pH 7.4), followed by overnight reaction at room
temperature for covalent bond formation and by removing
unreacted DNA using a microcon filter with a molecular weight
cutoft of 30K Da.

Preparation of doxorubicin (Dox)-loaded AAP-HER2 (AAP-
HER2-Dox), Dox-loaded anti-HER2 aptamer (Aptamer-Dox),
and Dox-mixed anti-HER2 antibody (Antibody-Dox). Dox was
loaded into the DNA structure of the aptamer or mixed with
anti-HER2 antibody by adapting the literature protocols.”®
Without preheating the aptamer-containing materials, a fixed
concentration of aptamer (SO pmol) was incubated for 3 h at
room temperature with various concentrations of Dox, at Dox/
aptamer molar ratios of 0.5, 1, 4, 10, 50, and 100, respectively.
For comparison, a fixed concentration of antibody (10 pmol)
was incubated for 3 h at room temperature with various
concentrations of Dox, at Dox/antibody molar ratios of 1, 2,
and 4, respectively. The fluorescence spectrum of doxorubicin
was examined in 96-well black plate by a Synegy Mx
spectrofluorophotometer.

In a similar fashion, anti-HER2 monoclonal antibody (N12)
was covalently linked to anti-thrombin 29-mer aptamer and
ssDNA1, respectively, as negative controls. Anti-HER2
monoclonal antibody (9G6, Thermo) was conjugated with
anti-HER2 aptamer, to be used as another negative control,
because this antibody is known for almost no potent killing
effect on its own compared with anti-HER2 antibody (N12).2°
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Evaluation of Dox Release from Dox-Loaded anti-
HER2 Aptamer in the Presence of HER2 Epitope
Peptide. Various concentrations of HER2 epitope solutions
were mixed with a fixed concentration (250 nM) of anti-HER2
aptamer at fixed molar ratios of Dox of 10, and various
concentrations of Dox-loaded anti-HER2 aptamer solutions at
fixed molar ratios of Dox of 10 were mixed with a fixed
concentration (250 nM) of HER2 epitope peptide. The
fluorescence spectrum of doxorubicin was examined in 96-
well black plate after 0.5 h and 6 h incubation by a Synegy Mx
spectrofluorophotometer.

Cell Culture, Cell Viability Assay, And Fluorescence
Imaging. SK-BR-3, MDA-MB-453, and MCF-7 human breast
cancer cells were obtained from American Type Culture
Collection and were maintained in tissue culture plates at 37 °C
in an atmosphere of 5% CO, in RPMI-1640 media,
supplemented with 2 mM L-glutamine, 10% fetal bovine
serum, 100 IU/mL penicillin, and 0.1 mg/mL streptomycin. In
order to keep cells in log phase, the cultures were re-fed with
fresh media two or three times/week.

Cell viability was assessed using the standard 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reduction assay according to the literature.”” In brief,
exponentially growing cells were seeded in 96-well flat-
bottomed microplates (200 uL/well) at a density of 5 X 10°
cell per well, and after 24 h incubation at 37 °C, followed by
exposure for 24 h to various concentrations of AAP-HER2-Dox,
Antibody-Dox, Aptamer-Dox, Dox, anti-HER2 antibody, and
anti-HER2 aptamer, respectively. For each concentration at
least 8 wells were used. After incubation, 10 uL of MTT
solution (5 mg/mL in PBS) was added and the microplates
were further incubated for 4 h at 37 °C. The quantity of
formazan product obtained was determined at 570 nm. The cell
survival fractions were calculated as percentage of the untreated
control. The experimental data were transformed to dose—
response curves using nonlinear regression analysis (SigmaPlot)
to obtain the theoretical curves and to calculate the
corresponding ICs, values. Fluorescence microscopy was
performed with an Axio Observer Z1 inverted microscope
(Carl Zeiss Inc., USA).
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