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approach to identify DNA
aptamers with binding specificity to the major
histocompatibility complex presenting ovalbumin
model antigen†

Yang Lin, ‡a Cho-Yi Chen, ‡b Yu-Chia Ku,b Li-Chin Wang,b Chia-Chien Hung,c

Zhi-Qian Lin,a Bing-Hong Chen,a Jui-Tse Hung,d Yi-Chen Sunef

and Kai-Feng Hung *ag

Aptamers have sparked significant interest in cell recognition because of their superior binding specificity

and biocompatibility. Cell recognition can be mediated by targeting the major histocompatibility

complex (MHC) that presents short peptides derived from intracellular antigens. Although numerous

antibodies have demonstrated a specific affinity for the peptide–MHC complex, the number of aptamers

that exhibit comparable characteristics is limited. Aptamers are usually selected from large libraries via

the Systemic Evolution of Ligands by Exponential Enrichment (SELEX), an iterative process of selection

and PCR amplification to enrich a pool of aptamers with high affinity. However, the success rate of

aptamer identification is low, possibly due to the presence of complementary sequences or sequences

rich in guanine and cytosine that are less accessible for primers. Here, we modified SELEX by employing

systemic consecutive selections with minimal PCR amplification. We also modified the analysis by

selecting aptamers that were identified in multiple selection rounds rather than those that are highly

enriched. Using this approach, we were able to identify two aptamers with binding specificity to cells

expressing the ovalbumin alloantigen as a proof of concept. These two aptamers were also discovered

among the top 150 abundant candidates, despite not being highly enriched, by performing conventional

SELEX. Additionally, we found that highly enriched aptamers tend to contain fractions of the primer

sequence and have minimal target affinity. Candidate aptamers are easily missed in the conventional

SELEX process. Therefore, our modification for SELEX may facilitate the identification of aptamers for

more application in diverse biomedical fields. Significance: we modify the conventional method to

improve the efficiency in the identification of the aptamer, a single strand of nucleic acid with binding

specificity to the target molecule, showing as a proof of concept that this approach is particularly useful

to select aptamers that can selectively bind to cells presenting a particular peptide by the major

histocompatibility complex (MHC) on the cell surface. Given that cancer cells may express mutant

peptide–MHC complexes that are distinct from those expressed by normal cells, this study sheds light

on the potential application of aptamers to cancer cell targeting.
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Introduction

The nucleic acid aptamer is a class of short single-stranded DNA
or RNA molecules capable of binding to specic targets.1,2

Binding affinity and specicity are driven by a three-
dimensional structural interaction between cognate targets
and aptamers containing a partially complementary sequence
with a propensity to form G-quadruplex or hairpin tertiary
structures.3,4 Aptamers possess several advantages over anti-
bodies: Aptamers are small in size compared to antibodies (6–
30 kDa, 2 nm in diameter vs. 150–180 kDa, >15 nm in diameter),
allowing their binding to domains that are inaccessible for
antibodies.5–7 Besides, aptamers are synthesized in a chemical
RSC Adv., 2023, 13, 32681–32693 | 32681
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setting, which, unlike the production of antibodies that may
involve animal and cell colonies, minimizes immunogenicity
and contamination risk.7 Moreover, aptamers are easily conju-
gated with versatile uorochromes or drugs, further extending
their use as molecular imaging systems or therapeutics.8

Aptamers are generally selected from large libraries via an
iterative in vitro selection process named Systemic Evolution of
Ligands by Exponential Enrichment (SELEX).9 An aptamer
library usually contains a random region of 20–40 nucleotides,
typically comprising up to 1015 to 1016 unique oligonucleotides,
franked by two constant primer-binding sites at 5′ and 3′ ends to
enable PCR amplication. Traditionally, SELEX involves itera-
tive PCR amplication of aptamers that had undergone positive
and negative selection processes until a pool of aptamers with
high affinity for target molecules is enriched. Although the
concept and procedures of SELEX are straightforward, its
success rate remains relatively low,10–12 possibly due to the
absence of stable binding motifs in the aptamer library and the
presence of complementary sequences within the random
regions that act as undesired primers to form PCR by-product.13

In addition, because the sequences rich in guanine and cytosine
are less accessible for primers, the aptamers featured with GC-
rich sequences may be outcompeted by other aptamers during
PCR. Meanwhile, conventional SELEX is time-consuming and
oen takes months to complete. Therefore, it is crucial to
modify conventional SELEX to expedite the identication of
aptamers.

Given that the low success rate of SELEX is largely attributed
to PCR bias, various alternative approaches to reduce or elimi-
nate the amplication steps have been developed. One such
modied approach is known as the non-SELEX method, which
involves aptamer selection without any PCR steps.14 Another
modied approach is the RNA Aptamer Isolation via Dual cycles
SELEX, abbreviated as RAPID-SELEX, which simplies conven-
tional SELEX by alternately skipping PCR steps.15 In addition to
these approaches that modify conventional PCR, a novel varia-
tion, termed emulsion PCR (ePCR), has also been incorporated
into SELEX. The ePCR encapsulates a small fraction of aptamer
with primers and PCR master mix into millions of oil droplets.
Because each droplet serves as an isolated compartment for
PCR reaction, product–product hybridization is tremendously
avoided. Nonetheless, regardless of whether PCR is skipped or
reformed, the identication of candidate aptamers still relies on
sequence or motif enrichment. While successful identication
of aptamers using these modied approaches has been previ-
ously reported, the number of aptamers that have been selected
by conventional SELEX still exceeds those selected by these
alternative approaches. This suggests that there is still room for
modifying the SELEX process to improve the efficiency of
aptamer identication.

Due to the superior binding specicity and biocompatibility,
aptamers have gained signicant interest in their use for in vivo
cell recognition. The major histocompatibility complex (MHC)
is a cell surface molecule that presents short peptides, typically
8 to 20 amino acids in length, derived from intracellular anti-
gens.16 Each cell expresses individual antigens and unique sets
of MHC molecules; therefore, peptide–MHC complexes act as
32682 | RSC Adv., 2023, 13, 32681–32693
a cellular identity card, allowing the immune system to recog-
nize and differentiate between cells.17 Cancer cells present
unique peptides derived from mutant proteins, known as neo-
antigens, using MHC complexes that are shared with their
parental normal cells. Cancer cells also frequently express
various cancer germline or viral antigens.18 Consequently,
a molecule with the ability to differentiate between cancer-
associated antigen and self-antigen in an MHC-restricted
manner can selectively target tumor cells of a cancer patient.
The peptide–MHC complex acts as a ligand for T cell receptor
(TCR), and the detection of peptide–MHC complexes can be
mediated by TCR-mimic antibody.19,20 To date, many studies
have demonstrated the efficacy of targeting peptide–MHC
complexes using TCR-mimic antibodies for the detection and
treatment of various cancers,20–24 and currently, several peptide–
MHC bi-specic molecules, such as IMA401 and IMA202 that,
respectively, target MAGE-A4/8 and MAGE-A1 cancer germline
antigens in the context of HLA-A2 are under clinical trials.25–27

However, the production of TCR-mimic antibodies is chal-
lenging and time-consuming.28 In contrast, aptamers are
produced by chemical synthesis at low cost. Accordingly,
aptamers that can specically target the MHC complex pre-
senting a unique peptide amidst the repertoire of normally
presented peptide–MHC complexes are appealing tools for
cancer imaging and therapy.

Therefore, in this study, we used ovalbumin model antigen
to explore whether aptamers with binding specicity to
a dened peptide–MHC complex can be identied. To this end,
we modied the process and incorporated a new rationale for
the selection of candidate aptamers. We also compared the
efficiency of our method with that of conventional SELEX,
showing that this modied approach is advantageous for the
identication of specic aptamers for the peptide–MHC
complex. These ndings pave the way for further advancements
in the development of aptamers for molecular diagnostics and
therapies.

Result
Develop a systemic consecutive selection with minimal PCR
amplication to facilitate aptamer selection

SELEX consists of iterative cycles of selection and amplication
to enrich the aptamers with a high affinity to the target. To
improve the efficiency of the aptamer selection process, we
modied conventional SELEX by employing continuous selec-
tion with minimal PCR amplication. Meanwhile, to examine
the potential of aptamers to discriminate between MHC
complexes that differ solely by their presenting peptides, we
used the mouse H-2Kb MHC class I pentamer bound to the
ovalbumin (OVA) 257–264 SIINFEKL peptide as the target
molecule. The scheme for the selection of aptamers against the
OVA257–264-H-2Kb complex is shown in Fig. 1A. Specically, the
modied approach begins with incubation of the aptamer
library with OVA257–264-H-2Kb pentamers, followed by the
removal of unbound aptamers and the retrieval of pentamer-
bound aptamers. This initial positive selection substantially
reduced the size of the library. The aptamers aer initial
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Develop a systemic consecutive selection with minimal PCR amplification for aptamer isolation. (A) Scheme of the modified SELEX
consisting of consecutive positive selections (using OVA257–264-H-2Kb pentamers) and negative selections (using MTCQ1 cells and SA-beads)
with minimal PCR amplification to identify aptamers against H-2Kb MHC presenting ovalbumin model antigen. (B) Polyacrylamide gel analysis of
PCR products derived from modified SELEX.
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positive selection were amplied by running only 10 PCR cycles,
which, based on our preliminary experiments, not only mini-
mize the PCR bias but also sufficiently replenish the aptamer
pool aer consecutive selections. An aliquot of the PCR product
was reserved for sequencing (designated as the sequencing
sample #1), while the remaining was refolded for subsequent
positive selection that each cycle included incubation with
OVA257–264-H-2Kb pentamers, retrieval of bound aptamers and
dissociation of the pentamer for aptamer refolding.

To determine the optimal number of consecutive selection
cycles, we measured the DNA concentration at the end of every
selection cycle. We found that each successive cycle of selection
led to a substantial decrease in DNA concentration, which
remained measurable aer ve cycles of pentamer-based
selections but not aer conducting an additional cycle of
selection. Consequently, aer ve consecutive cycles of
pentamer-based positive selections, the aptamer pool was
amplied. Notably, PCR was run for only 10 cycles because this
amplication condition resulted in a sufficient amount of DNA
for the subsequent selection process without the accumulation
of PCR by-products. An aliquot of the PCR product was reserved
for sequencing (designated as sequencing sample #2), while the
remaining was subsequently refolded for two different types of
negative selection. In the rst negative selection, we used
MTCQ1 cells (a mouse tongue cancer cell line derived from C57/
BL6 mice carrying the H-2Kb MHC I allele) that were not
transduced with ovalbumin alloantigen. Approximately 200 ng
of the refolded aptamer pool was incubated with MTCQ1 cells,
and the unbound aptamers were retrieved and then refolded for
the next cycle of selection. Meanwhile, we found that the
remaining DNA aer ve consecutive cycles of cell-based
© 2023 The Author(s). Published by the Royal Society of Chemistry
selections was barely measurable. Therefore, aer four
consecutive cycles of cell-based negative selection, the aptamer
pool was amplied by running 10 cycles of PCR. Similarly, an
aliquot of the PCR product was reserved for sequencing
(designated as sequencing sample #3), and the remaining PCR
product was then subjected to the second negative selection
with streptavidin-beads (SA-beads) to lter out the aptamers
that were unwantedly attached to these magnetic conjugates
when the pentamer-bound aptamers were pulled down. Like-
wise, aer ve consecutive negative selections, the DNA
concentration of aptamer pool was appropriately amplied by
running 10 cycles of PCR, and the PCR product was designated
as sequencing sample #4.

To monitor the selection process, the samples taken from
each selection with pentamers (5 cycles), untransduced MTCQ1
cells (4 cycles), and SA-beads (5 cycles) were subjected to poly-
acrylamide gel electrophoresis. As shown in Fig. 1B, the inten-
sity of the band corresponding to the size of the aptamers
gradually decreased as the consecutive selection cycles pro-
gressed, implying that consecutive selections without PCR
amplication remove the aptamers that bound nonspecically
or with low affinity to the target molecules. Importantly, 10
cycles of PCR amplication in this consecutive selection
protocol did not result in the formation of smear-type or ladder-
type artifacts, which are indicative of by-product formation.
Aptamers identied across multiple selection cycles exhibit
superior binding affinity to OVA257–264-H-2Kb pentamers

Next, we performed high-throughput sequencing to identify the
aptamers in each sequencing sample. Because the consecutive
selection process with minimal PCR amplication was used,
RSC Adv., 2023, 13, 32681–32693 | 32683
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aptamers with binding specicity were not necessarily highly
enriched to dominate the aptamer pool. Instead, we selected the
aptamers that are identied in multiple selection cycles based
on the rationale that candidate aptamers may survive a multi-
tude of selection processes. We found a total of 124 097, 62 494,
43 661, and 28 987 aptamer sequences in samples #1, #2, #3,
and #4, respectively. Some aptamer sequences were shared in
more than one sequencing sample. For example, while 109 988
aptamers only appeared in sample #1, 7520 aptamers simulta-
neously appeared in both samples #1 and #2; 41 aptamers
simultaneously appeared in samples #1, #2, and #3; and two
aptamers appeared in all four sequencing samples (Fig. 2A and
ESI Table 1†). We focused on the aptamers that simultaneously
appeared in more than three samples, including sample #4 and
two or more other samples, assuming that candidate aptamers
can sustain prior selections until the last cycle of amplication.
Consequently, a total of 211 aptamers (including 125 aptamers
in samples #1, #2, #4; 28 aptamers in samples #1, #3, #4; 56
aptamers in samples #2, #3, #4; and 2 aptamers in sample #1,
#2, #3, #4) were selected for further analysis. We then used the
quadruplex forming G-rich sequences (QGRS) mapper, mFold
modeling, and NUPACK web servers to predict the potential of
G-quadruplex formation, the most thermodynamically stable
free energy (DG), and the secondary structure of aptamers,
respectively. Among these 211 aptamers, 50 aptamers had at
least four guanine-rich regions to form G-quadruplex
Fig. 2 Systemic consecutive selection with minimal PCR amplification en

264-H-2Kb pentamers. (A) The number of aptamers identified in one (sam
4), three (sample #1/2/3, #1/2/4, or #2/3/4), or all (sample #1/2/3/4) of
and linear (uncolored circle) aptamers with QGRS vs. DG ranging from
Secondary structures of candidate aptamers predicted by NUPACK. (D)
Apt-3, Apt-8, and Apt-10 pulled down with 0.01 nM OVA257–264-H-2Kb

32684 | RSC Adv., 2023, 13, 32681–32693
tetrahelical structures, including 16 and 34 aptamers predicted
by NUPACK to have hairpin and linear conformations, respec-
tively (ESI Table 2†). The distribution of QGRS vs. DG of the
potential hairpin (colored diamond) and linear (uncolored
circle) aptamers is shown in Fig. 2B. Several aptamers,
including Apt-1, Apt-3, Apt-8, and Apt-10, exhibited hairpin loop
structure predicted by NUPACK (Fig. 2C), were further tested.
Using the OVA257–264-H-2Kb pentamer in the pull-down assay,
we found that the Apt-1 and Apt-10 molecules, but not Apt-3 and
Apt-8, increased as a function of increasing the input of the
aptamers (Fig. 2D). The dissociation constant (Kd) values of Apt-
1 and Apt-10 were 136.2 nM and 155.1 nM, respectively, which
are lower than most wild-type TCRs,29,30 indicating that these
two aptamers have sufficient binding capability to their targets
under physiological conditions.
Conventional SELEX underwent more rounds of selection and
amplication produced more PCR by-products

To illustrate the merits of the modied method, we also used
OVA257–264-H-2Kb pentamers, MTCQ1 cells, and SA-beads to
perform a conventional SELEX for comparison. Briey, the
aptamer library was rst incubated with the OVA257–264-H-2Kb
pentamers. Aer removing unbound aptamers, pentamer-
bound aptamers were amplied by PCR and then refolded for
subsequent incubation with MTCQ1 cells as the rst negative
selection. The MTCQ1-unbound aptamers were retrieved, PCR
ables the identification of aptamers with binding specificity to OVA257–

ple #1, #2, #3, or #4), two (sample #1/2, #1/3, #1/4, #2/3, #2/4, or #3/
four sequencing samples. (B) Distribution of hairpin (colored diamond)
0 to 200 and 0 to −80 (left) or from 0 to 20 and 0 to −20 (right). (C)
qPCR-based binding assay (n = 3) showing the fold increase of Apt-1,
pentamer.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PCR by-product formation increased as more rounds of conventional SELEX were performed. (A) Scheme of conventional SELEX
consisting of a positive selection (usingOVA257–264-H-2Kb pentamers) and two negative selections (usingMTCQ1 cells and SA-beads) per round.
(B) Polyacrylamide gel analysis of the PCR products of each round of conventional SELEX.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 32681–32693 | 32685
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amplied, and refolded for the next round of SELEX. Beginning
from the 9th round, a second negative selection using SA-beads
was incorporated into each round of SELEX. The refolded
aptamers underwent cell-based negative selection were incu-
bated with SA-beads, and the bead-unbound aptamers were
retrieved, PCR amplied, and refolded for the next round of
SELEX (Fig. 3A). To determine the appropriate number of PCR
cycles for aptamer amplication without producing articial by-
products, the aptamers aer each selection were tentatively
amplied by running 4, 6, 8, or 10 PCR cycles. We found that the
initial PCR amplication of samples in round #1 resulted in
a smear-like pattern of PCR products, which was likely caused
by the high template concentration used in PCR reaction.31 The
smear-like artifacts were notably diminished following the
subsequent negative selection, indicating the removal of
a substantial number of unspecic aptamers (Fig. 3B). Mean-
while, we found that more PCR cycles in each round of ampli-
cation oen led to more ladder-type artifacts, which became
increasingly prevalent as the SELEX process continued. For
example, amplifying pentamer-bound aptamers from round #5
with 10 PCR cycles resulted in the formation of ladder-type
artifacts that was observed with only 8 PCR amplication
cycles of samples from round #8. These ladder-type artifacts,
which resemble those documented in several previous studies,
have been sequenced and veried as PCR by-products caused by
primer–primer or primer–product hybridization.10,13 Accord-
ingly, we selected the PCR cycles that showed minimal by-
product on polyacrylamide gel for the subsequent aptamer
amplication, i.e., 8 PCR cycles for round #2 to #7, and 6 PCR
cycles for round #1 and #8 to #12. In addition, to further
minimize the accumulation of the undesired by-product,
Fig. 4 Conventional SELEX often results in the enrichment of aptame
sequence in round #4 and #5 to #12 of the conventional SELEX. (B) The c
the last round of the conventional SELEX. Each horizontal bar represe
sequence was colored gray. Aptamers with sequences identical to Apt
frequency (estimated by the percentage of total read counts) of the top 15
green) during selections.

32686 | RSC Adv., 2023, 13, 32681–32693
a single correctly sized band corresponding to 80 base pairs
on the polyacrylamide gel was excised and puried before
proceeding to each selection of the entire SELEX.
Conventional SELEX tends to enrich the aptamers that
contain fractions of primer sequences

To identify aptamers that were enriched through conventional
SELEX, the PCR products obtained from rounds #4, #6, #7, #8,
#9, #10, #11, and #12 were subjected to high-throughput
sequencing. The aptamer sequencing data was loaded into
AptaSUITE soware for preprocessing.32,33 We observed
a gradual decrease in the number of unique aptamer sequences
with each successive round of SELEX, implying a trend of
aptamer enrichment (Fig. 4A). The aptamer sequences of the
last round (round #12) were clustered into 42 families, while the
most abundant cluster contained more than 2 000 000 reads.
The top 150 enriched aptamers based on read counts of the last
round of SELEX were selected for analysis. As shown in Fig. 4B,
we plotted each of these top 150 aptamers as a horizontal bar,
with the length of the bar corresponding to its cluster size in
read counts and the most enriched aptamer positioned at the
top of the graph. Remarkably, the sequences of the majority of
these aptamers (indicated in gray) contained segments of
primer sequences, with the exception of two aptamers (high-
lighted in purple and green). Interestingly, the sequence of
these two aptamers coincides with the sequences of Apt-1 and
Apt-10 that we previously identied using consecutive selection
with minimal PCR amplication. Importantly, these two
aptamers were not highly enriched compared to other aptamers
(Fig. 4C), likely because these aptamers were outcompeted
during PCR by aptamers that had sequences at least partially
rs with fractional primer sequences. (A) The fractions of the unique
luster size of the top 150 enriched aptamers based on read counts from
nts an aptamer. The aptamer containing various fractions of primer
-1 and Apt-10 were colored purple and green, respectively. (C) The
0 enriched aptamers (in gray), as well as Apt-1 (in purple) and Apt-10 (in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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complementary to the primer sequences with a low binding
affinity.

In addition, we further analyzed the distributions of the top
150 enriched aptamers in these 8 sequencing samples (round
#4, #6, #7, #8, #9, #10, #11, and #12), as we did for the modied
SELEX analysis, showing that 14 aptamers were identied in all
8 sequencing samples; 5 aptamers were identied in 6 out of 8
sequencing samples; 30 aptamers were identied in 5 out of 8
sequencing samples; 34 aptamers were identied in 4 out of 8
sequencing samples; 16 aptamers were identied in 3 out of 8
sequencing samples; 10 aptamers were identied in 2 out of 8
sequencing samples; and 41 aptamers were identied in one of
8 sequencing samples (ESI Fig. 1†). Notably, the aptamer
sequence that coincided with Apt-1 was found in only 6 of 8
sequencing samples (round #6, #7, #8, #9, #10, #11, and #12),
and the aptamer sequence that coincided with Apt-10 was found
Fig. 5 Apt-1 and Apt-10 specifically target cancer cells presenting OVA m
cells stained with the OVA257–264-H-2Kb specific antibody, as well as the
cells that were bound by specific aptamers was shown in the overlaid h
MTCQ1 or MTCQ1-OVA cells in the back of nude mice were immunos
magnification, scale bar 100 mm).

© 2023 The Author(s). Published by the Royal Society of Chemistry
in only 5 of 8 sequencing samples (round #9, #10, #11, and #12).
These ndings suggest that the aptamers identied in multiple
selection rounds of conventional SELEX may not necessarily be
the aptamers that survived the selection processes, but rather
the aptamers that were enriched due to PCR bias.
Aptamers have the potential to target cancer cells expressing
specic peptide–MHC complexes

To further examine the ability of Apt-1 and Apt-10 to recognize
MTCQ1 cells expressing OVA257–264-H-2Kb MHC complexes, we
established MTCQ1 cells that stably produce ovalbumin model
antigen (named MTCQ1-OVA) by lentiviral transduction. This
validation is important because Apt-1 and Apt-10 were identi-
ed by OVA257–264-H-2Kb pentamer-based selection, but not by
cell-based SELEX. As shown in Fig. 5A, the signal intensity of
ow cytometric analysis using OVA257–264-H-2Kb-specic
odel antigen. (A) Flow cytometry analysis of MTCQ1 and MTCQ1-OVA
FITC-conjugated Apt-1, Apt-3, Apt-8, and Apt-10. The percentage of

istograms. (B) Tumor xenografts derived from inoculation of wild-type
tained with biotin-conjugated Apt-1, Apt-10, Apt-3, and Apt-8. (200×

RSC Adv., 2023, 13, 32681–32693 | 32687
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antibody was signicantly higher in MTCQ1-OVA cells than that
in wild-type MTCQ1 cells, supporting the MHC presentation of
ovalbumin model antigen in MTCQ1-OVA cells. Using these
cells with FITC-conjugated aptamers, we showed that Apt-1 and
Apt-10 selectively bound to MTCQ1-OVA cells, whereas Apt-3
and Apt-8 did not exhibit binding specicity to wild-type
MTCQ1 or MTCQ1-OVA cells. Consistently, high immunouo-
rescence was observed only in MTCQ1-OVA cells, but not in
wild-type MTCQ1 cells, incubated with uorophore-conjugated
Apt-1 and Apt-10 (ESI Fig. 2†). To further demonstrate the in vivo
efficacy of Apt-1 and Apt-10 in recognizing cells expressing
OVA257–264-H-2Kb MHC complexes, we used biotin-conjugated
Apt-1, Apt-10, Apt-3, and Apt-8 to perform immunohistochem-
istry on tumors derived from inoculation of wild-type MTCQ1 or
MTCQ1-OVA cells in the back of nude mice. We showed that
positive immunointensity was only observed in tissue sections
of MTCQ1-OVA tumors stained with biotin-conjugated Apt-1
and Apt-10; neither the MTCQ1-OVA tumor stained with Apt-3
and Apt-8 nor the MTCQ1 tumor stained with Apt-1, Apt-10,
Apt-3, or Apt-8 showed immunopositivity (Fig. 5B).

Discussion

Aptamers are valuable tools in the elds of therapeutics and
diagnostics due to their ability to bind to a wide range of
molecules. However, the conventional SELEX, which includes
PCR in each selection cycle, can suffer from the undesired
pairing of primers and random sequences, potentially biasing
sequence convergence and misleading the enrichment of
aptamers.10 To address this issue, our strategy takes a different
approach by reducing the number of PCR cycles and utilizing
PCR primarily to replenish the aptamer pool. Additionally, we
adopt a distinct strategy to identify candidate aptamers by
selecting those that can be detected in multiple sequencing
samples, rather than relying on the sequence enrichment in
read counts in each sample. These strategies enable us to effi-
ciently rene the selection from a vast pool of aptamers.
Subsequently, we identied two aptamers with high affinity to
our target molecule. Notably, these two aptamers were also
among the top 150 enriched aptamers obtained through
conventional SELEX, despite not being highly enriched based
on read counts analysis, thus highlighting the benet of our
strategy to efficiently identify candidate aptamers. Importantly,
these two aptamers exhibited higher affinity to target molecules
compared to most of highly enriched aptamers in conventional
SELEX. Taken together, our approach holds great potential to
improve the aptamer selection process.

As mentioned previously, the potential for generating detri-
mental PCR by-products using a random DNA library as
a template is one of the major obstacles to successful identi-
cation of candidate aptamers through SELEX. Several studies
have proposed alternative primer/template designs and PCR
techniques.34–37 Among these modications, emulsion PCR
(ePCR) stands out as a noteworthy approach. Indeed, by
enclosing only a few aptamers in each droplet, ePCR not only
reduces the possible hybridization of partially or fully comple-
mentary aptamers for by-product formation, but also preserves
32688 | RSC Adv., 2023, 13, 32681–32693
the GC-rich aptamers that might otherwise be outcompeted by
other aptamers during PCR. However, to effectively minimize
by-products and bias, optimizing the ePCR reaction condition is
needed, and even with optimization, there have been reports of
emerging PCR by-products.38–40 Furthermore, the excessive
preservation of rare aptamers with weak binding affinity may
expand the pool of candidate aptamers, potentially compli-
cating the identication of target aptamers. In addition to
ePCR, the non-SELEX method, which involves sequential
selections without amplication steps, represents another
approach designed to address the PCR-related challenge of
conventional SELEX.14,41 While non-SELEX techniques have
been successful in quickly isolating candidate aptamers,42,43

these methods typically require specialized equipment, such as
capillary electrophoresis or electrochemical sensors.14,44 As
a result, non-SELEX techniques hardly work with cell-SELEX
where cells are used as the target molecules. Moreover, high-
throughput sequencing of samples derived from non-SELEX
methods only generates a list of aptamers without informa-
tion on their cycle-to-cycle dynamics, making the identication
of target aptamers particularly challenging.

Notably, the number of consecutive selections appropriate
for this approach needs to be discussed. Besides a complex
formula that has been proposed for estimating the number of
non-amplication cycles,15 we have developed a relatively
simple rationale to address this issue. Consecutive selections
gradually deplete the concentration of aptamers, and we
observed that approximately 10 cycles of PCR can replenish the
aptamer pool that has been depleted by 4 to 5 consecutive
selections, without signicant by-product accumulation.
Certainly, higher PCR cycles are required for more consecutive
selections to replenish the aptamer pool. Unfortunately, this
can lead to some by-product formation, even at extremely low
template concentrations, consistent with a previous study
showing that by-product formation is less associated with the
initial amount of aptamer molecules in PCR mixture.36 None-
theless, the optimal number of consecutive selections and PCR
cycles can vary depending on the type of target molecule and the
design of primers and templates. Therefore, a pre-test to
determine these parameters is necessary if this method is to be
used for other target molecules.

To date, aptamers have been shown to exhibit binding
affinity (ranging from 10−12 to 10−6 M) to a wide variety of
molecules, including proteins, small molecules, and metal
ions,45–49 except for the peptide–MHC complex. In fact, to our
knowledge, only one relevant study reported the identication
of a DNA aptamer against tumor-specic antigen peptide that
can be presented by several MHC molecules.50 The peptide–
MHC complex is a cell surface molecule; therefore, both
protein-SELEX and cell-SELEX, which use synthetic peptide–
MHC molecules and cells harboring the exact antigen and the
MHCmolecule as target proteins, respectively, can be employed
for aptamer selection and offer distinct advantages. Protein-
SELEX utilizes well-dened and puried target proteins, allow-
ing for the isolation of aptamers that specically bind to the
protein of interest.51,52 This is particularly important because
obtaining cells that exhibit a single peptide–MHC complex for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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cell-SELEX is essentially impossible. Additionally, the use of
synthetic peptide–MHC molecules tagged with magnetic beads
in protein-SELEX simplies the process compared to the time-
consuming retrieval of aptamers from cells in cell-SELEX.53,54

Moreover, aptamers that are incubated with cells during posi-
tive selection may be internalized,55 posing further challenges
for aptamer purication. On the other hand, cell-SELEX
provides the advantage of preserving the natural conforma-
tion and appropriate post-translational modications of
proteins exhibited on the cell membrane, enabling the identi-
cation of biologically relevant aptamers that can be directly
applicable to in vivo settings.56,57 In this study, we employed
pentamers, a multimer technology that authentically recapitu-
lates the presentation of peptide–MHC complexes on the cell
surface,58 as the target molecules for the selection of aptamers.
Furthermore, negative selection using cells that express
a repertoire of normally presented peptides but not the antigen
peptide allowed for the counter-selection of aptamers binding
to MHC molecules presenting non-target peptides. By
combining the strengths of both protein-SELEX and cell-SELEX,
we successfully identied aptamers with the ability to recognize
cells displaying specic peptide–MHC complexes. Given that
cancer cells may express tumor-specic antigens presented by
MHC complexes, this approach holds the potential to generate
aptamers that serve as probes for precisely targeting tumor cells
based on their specic peptide–MHC complexes.59

In conclusion, aptamers are undeniably an appealing
substitute for antibodies in the realm of biomedicine. However,
several technical aspects of the selection process hinder the
success rate of aptamer identication. Consequently, multiple
variations to improve key steps of SELEX, such as library design,
target usage, and PCRmodication, have been proposed during
the past decades. Building upon this effort, we tailored the
method by performing consecutive selection with minimal PCR
amplication that is repurposed to replenish the aptamer pool
and selecting aptamers that emerged across multiple selection
rounds regardless of read counts. Importantly, we showed that
traditional SELEX tends to bias the enrichment and that
candidate aptamers are easily missed in the traditional SELEX
process. We believe that these modications, based on the
current understanding of SELEX, will facilitate the identica-
tion of aptamers, making aptamers a superior alternative to
various antibodies.
Methods
Single-stranded DNA library

All oligonucleotides, including the single-stranded DNA
(ssDNA) library and primer, were synthesized by IDT (Integrated
DNA Technologies, IA, ISA). The aptamer library was composed
of 80 nucleotide-long ssDNAs, consisting of 40 bp random
sequences anked by primer-binding sequences. The primers
used to amplify ssDNA were 5′-ACG CTC GGA TGC CAC TAC AG-
3′ (forward), 5′-GTC ACC AGC ACG TCC ATG AG-3′ (reverse), and
5′ Biotin-GTC ACC AGC ACG TCC ATG AG-3′ (biotin-conjugated
reverse).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Cell culture and construction of stable OVA-expressing cell
lines

Mouse 4NQO-induced tongue cancer cell lines (MTCQ1) were
established and obtained from Dr Kuo-Wei Chang, National
Yang Ming Chiao Tung University.60,61 Cells were cultured in
Dulbecco's modied Eagle medium (DMEM, Corning) supple-
mented with 10% fetal bovine serum (Gibco-BRL) and
penicillin-streptomycin (Invitrogen) in a 100 mm culture plate
(Corning) incubated in the 5% CO2 incubator at 37 °C regularly.
Cells were passaged three times a week when cells had reached
80–90% conuences. The MTCQ1 cancer cell lines were trans-
duced with a lentiviral vector encoding the OVA model antigen.
Aer transduction, cells were selected with the puromycin-
containing medium. The expression of the OVA 257–264
(SIINFEKL) peptide by H-2Kb was validated using the APC-
conjugated OVA 257–264 (SIINFEKL) peptide bound to H-2Kb
monoclonal antibodies (1 : 125) (Invitrogen).
Pentamer-based selection

Themodied SELEX begins with pentamer-based selection. The
aptamer pool was prepared by dissolving 40 mg ssDNAs library
in 300 ml binding buffer (2.5 mM MgCl2, 0.02% Tween-20 in
PBS), which was then heated at 95 °C for 10 minutes and snap-
cooled on ice for 10 minutes, followed by a slow return to room
temperature for 1 hour for aptamer folding. To perform
pentamer-based selection, a total amount of 2.4 mg of bio-
tinylated OVA257–264-H-2Kb pentamer (Cat.no. F093-1A-G,
Proimmune) was incubated with 2 ml of Streptavidin Mag
Sepharose (SA-beads, Cat. no.04123003, GE Healthcare Biosci-
ence, Pittsburgh, PA, USA) at room temperature. The mixture
was gently mixed with the rotary shaker (Intelli Mixer RM-2S,
ELMI, Riga, Latvia) for 30 minutes in binding buffer, and the
OVA257–264-H-2Kb pentamer bound SA beads were collected
using the DynaMag-2 magnetic strip (Cat. no. 123-21D, Life
Technologies, USA). The folded ssDNA library in binding buffer
was then incubated with an OVA257–264-H-2Kb pentamer/SA-
beads mixture in 1 : 500 molar ratios at room temperature,
and the mixture was mixed with the rotary shaker for 1 hour.
The wash step was then performed ve times using wash buffer
(1 mMMgCl2, 40mMHEPES, 4 mMKCl, 2.5 mMCaCl2, 140mM
NaCl, 0.02% Tween-20 in PBS) to remove unbound ssDNAs from
the pentamers. Subsequently, the pentamer–bead complexes
were heat-denatured, and the ssDNAs that remained bound to
the pentamers were resuspended in 200 ml of binding buffer.
For aptamer refolding, resuspended ssDNAs were heated at 95 °
C for 10 minutes, centrifuged at 4 °C, 13 000×g for 5 minutes,
and then incubated on ice for 10 minutes, followed by a slow
return to room temperature for the next round of selection.
Aer ve rounds of pentamer-based selection, the retained
amount of target-bound ssDNA was reduced to approximately
20 ng. To replenish the pool of aptamers for subsequent
selection cycles, a total of 20 ng of selected ssDNAs (equivalent
to approximately 2 × 1011 copies of aptamers as determined by
the amount and the length of amplicons62) that remained
bound to pentamers aer ve consecutive selections was
amplied by running 10 PCR cycles. The amplication was
RSC Adv., 2023, 13, 32681–32693 | 32689
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carried out using high-delity polymerase (Cat. no. PR1000-HF-
S, Accuris, Edison, NJ, USA), along with un-conjugated forward
primer and biotin-conjugated reverse primers, on an ABI 2720-
PCRmachine (Cat. no. 4359659, ABI, Carlsbad, California, USA).
Approximately 200 ng of DNA, estimated to be 2× 1012 copies of
aptamers, were obtained from the nal products of 10 PCR
cycles. Because running PCR for more than 10 cycles produced
higher quantity of aptamers but also more PCR by-products,
PCR amplication was limited to 10 cycles. The PCR product
was then heat denatured and incubated with SA-beads to
remove the reverse strands. The remaining forward strands
were then heated and refolded for subsequent cell-based
SELEX.

Cell-based selection

The ssDNAs that were obtained following pentamer-based
selection were refolded in the binding buffer as described
above. To perform cell-based selection, wild-type MTCQ1 cells
were rst harvested and resuspended with 100 ml binding buffer
in a 1.5 ml tube. Subsequently, a total amount of 200 ng of
refolded aptamers that was obtained aer PCR amplication of
pentamer-selected ssDNAs was added to the tube. Cell
suspension and ssDNAs were incubated and gently mixed with
the rotary shaker at 4 °C for 1 hour. Cell-unbound ssDNAs in the
supernatant were collected and refolded for subsequent beads-
based negative selection. Four rounds of cell-based selection
le approximately 20 ng of ssDNAs that remained unbound to
the MTCQ1 cells. The aptamer pool was replenished by PCR
amplication. To obtain an appropriate number of aptamers for
the subsequent selection process, we tested different ampli-
cation cycles. We found that running PCR with less than 12
cycles could yield PCR end products in the range of 100 to 200
ng without signicant accumulation of PCR by-products.
Therefore, to simplify the PCR process throughout the modi-
ed SELEX, we performed PCR with 10 amplication cycles, as
we did for PCR aer ve rounds of pentamer-based selection.

Bead-based selection

A total of 200 ng of ssDNAs that were not bound to MTCQ1 cells
aer four consecutive selections was refolded and incubated
with 20 ml of SA-beads at room temperature with the rotary
shaker for 1 hour in the binding buffer. SA-beads-unbound
ssDNA (supernatant) were collected by a magnetic strip. Aer
ve consecutive bead-based negative selections, approximately
20 ng of ssDNAs was obtained and amplied with 10 PCR cycles
as above.

PCR and polyacrylamide gel electrophoresis

To amplify aptamers during modied SELEX and conventional
SELEX, we tested a variety of PCR conditions, including various
target protein/primer/aptamer ratios, binding buffer and wash
steps, as well as using different high-delity DNA polymerases,
which were summarized in ESI Table 4.† The PCR conditions
that were used in our study are summarized in ESI Table 5.†
Briey, PCR was performed with Accuris high-delity poly-
merase on an ABI-2720 PCR machine. The total volume of the
32690 | RSC Adv., 2023, 13, 32681–32693
PCR reaction mixture for each tube is 25 ml. DNA concentration
was measured with the Qubit Fluorimeter 3.0 (Cat. no. Q33216,
Invitrogen, California, USA) and NanoDrop™ One/OneC

Microvolume UV-vis Spectrophotometer (Cat. no.701-058112,
Thermo Fisher Scientic, Waltham, Massachusetts, USA). The
size and purity of the PCR products were validated on a 10%
polyacrylamide gel with 5× TBE buffer (Cat. no. BL0280-1000,
Genestar Biotechnologies, TAIWAN). A total of 12 ml of
samples and 3 ml of 50 bp DNA ladder RTU (Cat. no. DM012-
R500, GeneDireX Inc., TAIWAN) were loaded onto lanes and
electrophorized at 100 V for 1 hour. Aer electrophoresis, 1×
SYBR® Safe DNA Gel stain (Cat. no. S33102, Invitrogen, Mount
Waverley, Australia) was added, and the bands were observed
under the BLook™ LED transilluminator (Cat. no. BK001,
GeneDireX Inc., TAIWAN).
High throughput sequencing and analysis

Aer the selection process, target-bound ssDNA was amplied
using barcoded primers and then puried by gel extraction and
the MinElute PCR Purication Kit (Cat. no. 28004, Qiagen,
Hilden, Germany). The barcoded PCR products were subjected
to MiSeq 150 (Illumina, San Diego, California, USA) high-
throughput sequencing. The secondary structure and DG of
candidate aptamers, including Apt-1, Apt-3, Apt-8, and Apt-10,
were predicted by NUPACK and Mfold web soware.
qPCR-based binding assay

qPCR-based binding affinity experiments were performed on
QuantStudio™ 3 Real-Time PCR Systems (Cat. no. A28567,
ThermoFisher Scientic, Massachusetts, USA) and analyzed
using the QuantStudio™ Design and Analysis soware v1.5.2.
For these binding experiments, 96-well plates were used.
Candidate aptamers, including Apt-1, Apt-3, Apt-8, and Apt-10,
were 2-fold serially diluted in the binding buffer from
1000 nM to 0.01 nM. The diluted aptamers were then incubated
with 2 mg of OVA257–264-H-2Kb pentamer at room temperature
for 1 hour. Aer the binding process, the amounts of aptamers
were determined. The Kd values of the candidate aptamers were
calculated using the equation:

2
�
CTN1i

� CTIi

�

2
�
CTN2i

� CTIi

�� 100 ¼ a1iX þ a2i ci˛ℕ

Where X represents the Kd value, CTI is the CT value of
candidate aptamers at the minimum concentration, CTN1 is the
CT value of candidate aptamers at 0.1–100 nM, CTN2 is the CT
value of candidate aptamers at the maximum concentration,
and the a1 and a2 is the coefficient of regression curve.
Flow cytometry analysis

For experiments validating the binding capacity of candidate
aptamers to OVA257–264-H-2Kb pentamers, MTCQ1-WT and
MTCQ1-OVA cells were harvested by trypsinization and washed
with PBS. Each sample was divided into 2 aliquots for different
staining patterns: (i) biotinylated Apt-1, Apt-3, Apt-8, Apt-10; and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(ii) OVA257–264-H-2Kb antibody. For staining pattern (i), cells
were incubated with 200 nM biotinylated candidate aptamers at
room temperature for 1 hour and subsequently with FITC-
conjugated streptavidin (1 : 500) (Cat. no. 405202, BioLegend,
San Diego, California, USA) at 4 °C for 30 minutes. For staining
pattern (ii), cells were incubated with biotin-conjugated
OVA257-264 (SIINFEKL) peptide bound to H-2Kb monoclonal
antibodies (1 : 125) (Cat. no. 17-5743-80, Invitrogen) at 4 °C for
1 h and subsequently with FITC-conjugated streptavidin (1 :
500) at 4 °C for 30 minutes. Aer staining, all cells were washed
twice with PBS by centrifuged at 4 °C, 500×g for 3 minutes,
resuspended in PBS containing 1% BSA, and then subjected to
ow cytometry. All samples were analyzed using the BD
FACSCanto™ II Flow cytometer System (BD Biosciences, USA).
Data were analyzed using Flowjo™ v10 soware (BD Biosci-
ences, USA).

Confocal image

Aer washing with PBS, MTCQ1-WT, and MTCQ1-OVA cells
were xed with 4% PFA for 10 minutes and then incubated
with 200 nM biotinylated Apt-1 and Apt-10 at room tempera-
ture for 30 minutes followed by staining with the 1 : 500
secondary antibody Streptavidin Alexa-594 (Cat. no.405240,
BioLegend, USA) at 4 °C for 30 minutes. Nuclei were stained
with 300 nM DAPI at 4 °C for 15 minutes. The images were
acquired using the confocal laser scanning microscope (LSM
880, Carl Zeiss GmbH, Jena, Germany). DAPI was excited at
405 nm and Streptavidin Alexa 594 lter (lter set 10; 590 nm
excitation, 618 nm emission) was used to determine the
immunouorescence signal. Camera exposure time was set to
100 microseconds and the 63 × 1.4 oil DIC objective lens was
used. We quantied the immunouorescence signals of the
acquired images using ImageJ soware (https://
imagej.nih.gov/ij/download.html). The quantication of
mean immunouorescence was expressed as an arbitrary
unit (AU).

Murine syngeneic tumor models and immunohistochemical
staining

BALB/C nude mice were inoculated subcutaneously with 5 ×

106 MTCQ1-WT or MTCQ1-OVA cells, respectively. When the
long axis of the tumors reached 5 mm, mice were sacriced.
The tumors were harvested, xed with 4% paraformaldehyde
(PFA), and paraffin-embedded for tissue section. Aer the
antigens were retrieved with a tris-based antigen unmasking
solution (#H-3301, Vector Laboratories) for 1 min, a BLOX-
ALL® Endogenous Blocking Solution (#SP-6000, Vector
Laboratories) was used to inactivate endogenous peroxidase,
pseudoperoxidase and alkaline phosphatase. Next, the
streptavidin/biotin blocking kit (#SP-2002, Vector Laborato-
ries) was used to block all endogenous biotin, biotin recep-
tors, and streptavidin binding sites. The sections were then
blocked in PBS with 2% rabbit serum for 30 min at room
temperature and incubated with 200 nM biotinylated Apt-1,
Apt-3, Apt-8, and Apt-10 at room temperature for 1 hour
and then the secondary antibody Streptavidin-Alexa 594 (1 :
© 2023 The Author(s). Published by the Royal Society of Chemistry
500) was used to stain at 4 °C for 30 minutes. Detections were
made with a VECTASTAIN® Elite ABC-HRP kit (#PK-6100,
Vector Laboratories) for 30 min at room temperature.
Sections were developed using the ImmPACT® DAB substrate
(#SK-4105, Vector Laboratories) and counterstaining with
hematoxylin.

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of Taipei
Veterans General Hospital and approved by the Animal Ethics
Committee of Taipei Veterans General Hospital (Protocol code
no.2021-008).

AptaSUITE

The bioinformatics soware AptaSUITE was used to nd
candidate aptamers for further verications and post-
processing in vitro and in vivo. The cluster of candidate
aptamers was analyzed based on their similarity and the eluci-
dation of shared motifs in the primary and secondary
structures.32,33
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