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In this work, we investigated aptamer selection against alpha-methylacyl-CoA racemase (AMACR) with

three DNA libraries bearing different primers. Because of increased selection diversity, aptamers with

varied structural properties, such as pre-folded, induced-folding, high and low primer-dependent

conformations, were discovered. From the selection results, a dimeric aptamer was constructed and

capable of detecting over-expression of AMACR in prostate cancer cell lines. In summary, this study

demonstrates a library-based approach to obtain aptamers with different binding properties and provides

distinct aptamers for flexible design of AMACR detection.
Introduction

Aptamers are synthetic oligonucleotides or peptides that can
bind to targets with high specicity and affinity, and they have
been widely studied as antibody surrogates for diagnostic1–3 and
therapeutic4–6 applications since the 1990s. Compared with
antibodies, aptamers have a number of advantages, such as low
molecular weight, high chemical stability, high compatibility
with various chemical modications, and so on.7,8 In addition,
aptamers are generated by a combinatorial chemistry-based in
vitro ligand selection process called systematic evolution of
ligands by exponential enrichment (SELEX),9,10 which has
a considerably lower cost than that of monoclonal antibody
production with the hybridoma technique or phage display.
Although aptamers have become as an emerging molecular
strategy for both biomarker detection and drug delivery system
developments, a typical SELEX approach is not efficient to
generate aptamer variants with distinct binding properties (e.g.,
different target binding epitopes or different conformations).
Thus, there are both needs and interests to study an effective
approach to generate distinct aptamers for a single target, since
this will allow to construct a multivalent aptamer resembling
a multivalent antibody for improving targeting efficiency and
also allow exible molecular sensing design. Because aptamers
are selected from the library of SELEX, a rational library design
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is considered to play a crucial role in the discovery of distinct
aptamers.

Taking a nucleic acid aptamer selection as an example,
lengthening the random sequence region is the easiest way to
increase the diversity of the library (diversity ¼ 4N, N is the
number of bases of the random sequence region), but the
method is limited due to the low yields of lengthier sequences
in chemical synthesis11 and poor PCR efficiency. Moreover,
compared with proteins having 20 different standard amino
acids, the diversity of DNA aptamers is also constrained by the
composition of only four different nucleotides.11 Thus, many
researchers have been endeavouring to break through the
diversity limit of the nucleic acid library. To bridge the diversity
gap, Gold and his team used various unnatural nucleotides
modied with protein-like side chains, such as benzyl (Bn), iso-
butyl (iBu), R-2-hydroxypropyl (Thr) and so on, in libraries for
aptamer screening.12 Their method remarkably increased not
only the diversity but also the chances to nd aptamers with
high affinity and specicity for target molecules. Kimoto et al.
reported another advancement of nucleic acid library design.13

They devised a random library containing the four natural
nucleotides and an unnatural nucleotide with hydrophobic
base 7-(2-thienyl)imidazo[4,5-b]pyridine (Ds). This library
design increased the chemical and structural diversity of the
library and demonstrated the role of hydrophobic modication
in improving the affinities of aptamers for their targets. Also, an
unnatural nucleic acid, called xeno nucleic acid (XNA), was re-
ported.14 The deoxyribose sugar of nucleotides was substituted
by an unnatural sugar moiety, such as arabinose, threose,
cyclohexane and so on. Holliger and his team successfully in
vitro replicated XNA with specially mutated polymerases.15 They
also introduced XNA in a SELEX library and generated XNA-
containing aptamers.16 Besides, some researchers also attemp-
ted to nd a method that could enhance both the sequence
diversity and structural complexity of a SELEX library.11,17
RSC Adv., 2018, 8, 19067–19074 | 19067
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In principle, the xed regions (i.e., primers) of the library
sequences also affect the selection diversity through a structural
effect. For instance, some research groups introduced pre-
determined stem-loop or other dened motifs into the library
sequences to generate aptamer for different purposes, such as
self-reporting or structure-switching aptamers.18–20 These
studies implied that the xed regions of the library sequences
could lead the evolution direction of aptamers. This is because
that the xed regions, which play roles of priming sites for PCR
amplication of the selected DNA ligands, can inuence the
conformations of SELEX library sequences through base pairing
with the random sequence region. Moreover, the primer regions
are known to potentially involve in target binding and to lead to
positive or negative effects on aptamer discovery.21–23 Therefore,
post-SELEX optimization is oen required to determine the
primer-independent, minimal core sequence of an as-selected
aptamer. This is especially needed for developing an effective
aptasensor probe or multivalent aptamer construct for specic
biomarker detection.

In this work, we investigate the primer effect on the SELEX
process for the discovery of aptamers for cancer biomarker
detection. Considering that prostate cancer is one of the most
frequently diagnosed cancers24 and is the rst leading cause of
new cancer cases and the second leading cause of cancer deaths
in males in the United States in 2013,25 we chose alpha-
methylacyl-CoA racemase (AMACR, also known as P504S in
cancer literature) as the SELEX target. It is because that AMACR
has been proven to be highly expressed in prostate cancer cells
and has become a novel protein biomarker for prostate cancer
diagnosis.26–29 For enhancing the chance of discovery of distinct
anti-AMACR aptamers, we performed SELEX with three DNA
libraries (Library A,23 Library B,30 and Library C31) bearing
different primers. The three different libraries were used to select
aptamers against AMACR in parallel. The single-bead SELEX
method was adopted in this study32 (shown in Scheme 1). The
real-time quantitative PCR (qPCR), circular dichroism (CD) and
Scheme 1 Selection of anti-AMACR aptamers from three DNA
libraries (N30) with different primers by single-bead SELEX.

19068 | RSC Adv., 2018, 8, 19067–19074
enzyme-linked aptamer assay (ELAA) were used to monitor the
selection process and to evaluate the target binding properties.

Experimental section
Preparation of protein-coated glass beads

Epoxide-functionalized glass beads (EGBs) with 500 microns
diameter were used as solid supports for protein immobiliza-
tion, and AMACR-coated EGBs were prepared according to our
previous report.32 A similar condition was adopted to prepare
the HSA-coated EGBs (300 mg EGBs incubated in 1 mL 3% HSA
solution), for the counter selection and a control experiment in
the SELEX process. Before SELEX, the AMACR-coated and HSA-
coated EGBs were blocked with glycine solution (ca. 75 mg
glycine dissolved in 1 mL of selection buffer, 50 mM Tris–HCl,
100 mM NaCl, 4 mM KCl, 2.5 mMMgCl2 and 1 mM CaCl2, pH8)
at room temperature for 2 hours. Then, the beads were washed
with the selection buffer and stored at 4 �C before use.

SELEX with three different DNA libraries

Three kinds of DNA libraries (A: 69mer, B: 72mer, and C: 61mer)
were used in parallel to screen AMACR aptamers. The SELEX
process is illustrated in Scheme 1. The libraries all included 30
randomized nucleotides (N30) anked by two primer binding
sequences for PCR, and the sequences are listed in ESI Table S1.†
The SELEX process was referred to our previous research,32 but
the pH values of selection and washing buffer were changed to
pH 8 to decrease non-specic interactions. Besides, the NaCl
concentration of the wash buffer was replaced by 100 mM NaCl
for the 1st and 2nd SELEX rounds, 150mMNaCl for the 3rd and 4th

rounds, and 200 mM NaCl for the 5th round. All the DNA
sequences bound on protein-coated beads were amplied and
simultaneously quantied using a Qiagen q-PCRmachine (Rotor-
Gene®Q). Moreover, qPCR analyses from the non-specic DNA
binding on HSA were done for comparison. Aer several rounds
of SELEX, the winning pools from the three libraries were har-
vested, cloned, and sequenced.

Sequence alignment and secondary structure prediction

Aer SELEX, 92 clones (28 clones from Library A, 33 clones from
Library B, and 31 clones from Library C) were prepared and
sequenced. ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/)
was used to align these DNA sequences. From the sequence
alignment analysis, two or three groups with higher alignment
scores were identied, and one of each groupwas randomly picked
up as the representative aptamer candidates. The RNAstructure
Version 5.6 (http://rna.urmc.rochester.edu/index.html) was used to
predict the secondary structures of the aptamer candidates.

Circular dichroism characterization

The CD spectra were recorded at 4 �C in a 0.1 cm path length
cuvette. The parameters were set as follows: sensitivity 100 mdeg,
data pitch 1 nm, response time 1 second, bandwidth 1 nm, and
scanningmode continuous scanning with a scanning speed of 50
nm min�1. The reported CD spectra were averaged over three
scans, from wavelengths of 320 to 200 nm. To observe the
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Comparisons of (A) the CD spectra at a constant temperature (4
�C) and (B) the differential CD melting curve (�d[q]275 nm/dT vs.
temperature) for Libraries A (black line, ,), B (red line,O), and C (blue
line, B).
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similarity of sequence compositions of Library A, Library B, and
Library C. The differential CD melting curves of the random
sequence in each library were measured by recording the molar
ellipticity value at 275 nm along with an increasing temperature,
a temperature gradient from 20 to 95 �C at a rate of 1 �C min�1.

Validation of the anti-AMACR aptamer candidates

Enzyme-linked aptamer assays (ELAAs) with standard black
opaque 96-well polystyrene microtiter plates were carried out for
the assessment of the affinity and specicity of the selected
AMACR aptamers. Serially diluted concentrations of aptamers
were tested with a constant protein coating concentration (0.2
mM) for the affinity measurement, and 0.5 mM aptamers were
used to detect serially diluted protein coating concentrations for
the specicitymeasurement. For protein coating, AMACR diluted
in PBS buffer (pH 7.4) was added to the wells of the plates (100 mL
per well) and incubated at 4 �C overnight. Aer incubation, the
wells were washed three times with 200 mL per well of selection
buffer containing 0.05% Tween 20. For blocking, each AMACR-
coated well was added with 200 mL of 3 wt% BSA in the selec-
tion buffer containing 0.05% Tween 20 and was then incubated
at 37 �C for 2 hours. Aerward, the wells were washed as previ-
ously described. Before protein assays, biotin-labeled aptamer
sequences were suspended in the reaction buffer (50 mM Tris–
HCl, 100 mM NaCl, 4 mM KCl, 2.5 mM MgCl2 and 1 mM CaCl2,
pH 7.4), heated to 95 �C for 5 min, and gradually cooled to 25 �C.
Then each protein-coated well was added with 100 mL of aptamer
solution (in the reaction buffer) and was incubated at room
temperature for 1 hours followed by the same wash procedure.
Aer that, each well was added with two drops (ca. 100 mL) of an
alkaline phosphatase-conjugated streptavidin (Strep-AP) solution
(0.003mgmL�1) (Abcam) and incubated at room temperature for
30 min followed by the washes. For uorescent signal develop-
ment, each well as added with 100 mL of AttoPhos® AP uores-
cent substrate solution (Promega) and incubated in the dark for
at least 15 min. Finally, the uorescent signal of each well was
read by a uorescent microplate reader (excitation at 435 nm and
emission at 555 nm).

AMACR detection in cell lysates

Two groups of cell lysate samples (total protein extracts) from
(1) Escherichia coli (competent cells) with or without AMACR
gene recombination and (2) prostate cancer cell line lysates
(LNCaP and PC3) were detected by aptamers with the ELAA
method. For sample preparations, each total protein sample
was diluted to 100 ng mL�1 in the selection buffer (pH 8),
transferred to the microtiter plate (50 mL per well), and then
incubated at 4 �C overnight before the ELAA assay.

Results and discussion
Primer effects on the structural composition of a N30 library

The base composition and melting temperature of primer
regions in a library sequence are the two important factors to
determine their interaction with the random region. In this
work, a DNA secondary structure prediction tool, RNAstructure
This journal is © The Royal Society of Chemistry 2018
Version 5.6, is used to predict the conformation of the primer
regions of the three libraries. We nd that the primer regions of
Library A and Library B both tend to form a stem-loop structure
on both sides (refer to ESI Fig. S6†), and the predicted free
energies are �4.0 (kcal mol�1) and �0.9 (kcal mol�1), respec-
tively. By contrast, the primer region of Library C can help the
library sequences fold into hairpin structures (refer to ESI Fig.
S6†), and its predicted free energy is �0.1 (kcal mol�1). This
implies that primer regions can potentially affect the structural
composition of a SELEX library and thus inuence on the
selection diversity. To prove this implication, we perform CD
experiments on the sequence pools of the libraries before
SELEX.

From CD spectral characterization of the library sequences
of Library A, Library B, and Library C, as shown in Fig. 1(A), we
observe that the CD spectra of the library sequences all have two
positive bands around 220 and 275 nm and two negative bands
around 210 and 245 nm. This data suggests that the structures
of library sequences belong to a subtype of B-form secondary
conformation.33 Taking a closer look, we see that the positive
band around 275 nm of Library B has a blue shi by about 3–
4 nm as compared to those of Libraries A and C. While the CD
spectra measured at 4 �C seem to suggest no obvious primer
effect on the structural composition of a library sequence pool,
the differential CD melting data (Fig. 1(B)) unequivocally
provides the evidence how different primers result in different
structural compositions of SELEX libraries, despite having the
same N30 random region.

A differential CD melting data can precisely determine the
melting point (Tm) of a double-helix or a folded single-strand
nucleic acid with a dened sequence and structure. Since
a SELEX library contains a pool of 1015 random sequences, we
expect to observe a Tm pattern or prole of a library using the
differential CD melting analysis. As can be seen in Fig. 1(B), the
Tm patterns of Library A, Library B, and Library C are obviously
different while all of them show a periodic wave-like melting
patterns. Compared with Fig. 1(A), we can infer that all three
libraries tend to result in an N30 random sequence pool of B-
form conformation at low temperature; however, a different
primer contributes different thermodynamic stability and
folding tendency for each sequence in a library at the elevated
temperature. In addition, it can be seen in Fig. 1(B) that the
wave-pattern amplitude of the melting curve of Library C is
RSC Adv., 2018, 8, 19067–19074 | 19069
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Fig. 3 The GC content distributions of the randomized N30 regions of
aptamer candidates from (A) Library A, (B) Library B and (C) Library C.
NGC is the number of the aptamer with a specific GC content, andNtotal

is the total number of aptamer candidates compared.
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larger than those of Library A and Library B. It suggests that the
library sequences in Library C have higher proportions of folded
or more rigid conformations with similar Tm values, especially
when compared to Library A. Therefore, it is evident that the
primer regions play an important role in the structural
composition and diversity of a SELEX library, as predicted. That
is why the discovery of distinct aptamers for biomarker detec-
tion is more likely achieved with multiple libraries with
different primers than with a single library in a typical SELEX
practice, which is to be elucidated in the next section.
Evolution of AMACR-binding ligands from different libraries

The results of comparative qPCR quantication for the specic
ssDNA ligands bound to the AMACR-coated beads with respect
to the non-specic ssDNA molecules bound to the HSA-coated
beads from SELEX rounds 1 to 4 of the Library A, Library B,
and Library C are compared in the ESI Fig. S1, S2 and S3,†
respectively. The ratios of specic binding DNA ligands to non-
specic DNA molecules are plotted against the SELEX round
number in Fig. 2 to serve as the measure of ligand evolution for
each library. The result of SELEX from Library A is shown in
Fig. 2(A). It can be observed that the differential qPCR analysis
of the DNA ligand pool from the 2nd round gives the highest
ratio of specic binding ligands to non-specic molecules. In
addition, it can also be found that the ratio decreases but
maintains a certain value in the 3rd and 4th rounds. Unlike
Library A, Library B and Library C both attains the maximal
ratios in the 3rd round (refer to Fig. 2(B) and (C), respectively),
and both libraries show under-selection in rounds 1 and 2 and
over-selection in round 4, which yields no aptamers. It is
obvious that the primer effect also exists for the rate of aptamer
evolution since the structural composition of the selection
library is signicantly affected by the primer regions (refer to
Fig. 1(B)). To avoid the “over-selection” problem, the ssDNA
pool from the 2nd round of Library A and the pools from the 3rd

round of Library B and Library C were regarded as the selected
winning pools for subsequent cloning, sequencing, and anal-
ysis to yield aptamer candidates.

Aer SELEX, we sequenced 28, 33 and 31 clones of the
aptamer candidates from Library A, Library B, and Library C,
respectively. The GC contents of the aptamer candidates are
listed in ESI Table S2 to S4,† and the GC content distributions
are plotted as a histogram in Fig. 3. In Fig. 3(A), the result from
Library A shows that there is more than 80% of the DNA
Fig. 2 Evolution of AMACR-specific ssDNA ligands of (A) Library A, (B)
Library B, and (C) Library C during SELEX. The ratios of the amount of
ssDNA molecules bound to AMACR-coated beads ([DNA]A) to that
bound to HSA-coated beads ([DNA]H) were determined by qPCR.

19070 | RSC Adv., 2018, 8, 19067–19074
sequences with a GC content below 50%, and almost half of the
sequences have a GC content ranging between 35 and 45%. In
Fig. 3(B), the result from Library B shows that there is 64% of
the DNA sequences with a GC content below 50%, but it does
not show a clear normal distribution of the GC content. In
Fig. 3(C), the result from Library C shows that there is more
than 65% of the DNA sequences with a GC content below 50%,
and almost half of the sequences have a GC content ranging
between 45 and 55%. From the results, it can be observed that
the GC content distributions of aptamer candidates from these
three libraries are entirely different to each other. This is
consistent with the presumption of selection of distinct
aptamers from multiple libraries with different primers.

The aptamer sequences and their structural characteristics

The 92 sequences from the three libraries are analyzed by
ClustalW2. From the selected sequences of each library, two
pairs of aptamer candidates with the highest two alignment
scores are picked out and listed in ESI Table S5.† Then six
candidates (A24, A38, B4, B38, C14, and C20) are chosen from
each pair for the following study. The secondary structures of
the chosen aptamers are predicted by RNAstructure Version 5.6
and plotted in ESI Fig. S4,† which features multiple stem-loop
structures and intramolecular variants of the B-form struc-
ture. The CD spectra of the six aptamers, which were dissolved
in the selection buffer, are shown in Fig. 4 (curves with red
hollow triangle). As can be seen, the CD spectra of the aptamers
Fig. 4 The CD spectra for (A) A24, (B) A38, (C) B4, (D) B38, (E) C14, and
(F) C20 with (black line, ,) and without (red line, O) AMACR.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The proof-of-principle fluorescent ELAA-based AMACR
detection using aptamers (A) A24, (B) A38, (C) B4, (D) B38, (E) C14, and
(F) C20. The aptamer concentrations were 0.5 mM, and HSA was also
assayed for specificity assessment.
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all have two positive bands around 220 and 275 nm and two
negative bands around 210 and 245 nm. This data proves that
the aptamer structures belong to a subtype of B-form secondary
conformation,33 which is consistent with in silico structural
prediction in ESI Fig. S4.†

Also, the CD spectra of the six aptamers mixed with an equal
concentration of AMACR in the selection buffer are compared in
Fig. 4 (curves with black hollow square). It can be found that the
peak height of the positive band around 220 nm in the CD
spectra of A38, B38, C14, and C20 increases aer the aptamers
are mixed with the target protein. Although the CD data cannot
explain what exact structures are formed for aptamers, they still
elucidate that AMACR induces conformation changes of the
aptamers. Thus, these aptamers have a potential to be used as
structurally active sensing elements for the development of
beacon-like aptamer sensors. Unlike the above data of the four
sequences, the CD spectra of A24 and B4 do not exhibit a clear
structural change aer mixing with AMACR. This result means
that these two sequences do not have the property of target-
induced conformational change and are supposed to be pre-
folded AMACR aptamers.
AMACR binding and detection characteristics of the aptamers
from different libraries

We performed uorescent ELAA experiments to assess the
binding affinity and specicity of the aptamers. Fig. 5 shows the
results of the equilibrium AMACR total binding assays using the
uorescent ELAA for the six aptamers. From this data, the
apparent dissociation constant (KD) for the binding events
between AMACR and the aptamers are estimated to be in the
range from 14 to 128 nM (A24 ¼ 21.8 � 13.6 nM and A38 ¼ 14.6
� 14.1 nM; B4¼ 57.7 � 29.4 nM and B38¼ 92.1� 33.2 nM; C14
¼ 52.5 � 17.5 nM and C20 ¼ 128 � 97.8 nM). The results show
that A24 and B4 aptamers can recognize AMACR, which further
suggests that A24 and B4 aptamers are pre-folded and do not
change their conrmations aer binding to AMACR (refer to
Fig. 4). Moreover, it can be observed that the KD values of the
aptamers from Library A are both smaller than that of the
aptamers from the other two libraries, even when the aptamer
candidates were generated using the same protocol.

The six aptamers were also assayed with different amounts of
AMACR and HSA, which were coated on 96-well microtiter
plates at different coating concentrations (5 � 10�7 M to 8.5 �
10�12 M), and the results are shown in Fig. 6. All of the aptamers
Fig. 5 ELAA-based total binding assays for the binding affinity esti-
mation of the anti-AMACR aptamers ((A) A24 and A38; (B) B4 and B38;
(C) C14and C20). The AMACR concentration for microtiter plate's well
coating was 0.2 mM.

This journal is © The Royal Society of Chemistry 2018
show ELAA responses depend on AMACR concentration and
can attain nM range detection. Yet, it can be seen that A24 and
A38 aptamers both have signicant responses to a higher HSA
concentration. It means that the A24 and A38 aptamers would
have less promising detection limits for AMACR in un-puried
samples with the presence of interfering non-target proteins
like HSA, serum or cell lysate. In contrast, B4, B38, C14, and C20
aptamers maintain baseline ELAA responses at high concen-
trations of HSA. Accordingly, the aptamers from Library A
exhibit less-promising specicity for AMACR recognition
despite with remarkable binding affinity. By contrast, the
aptamers from Library B and Library C are more specic for
AMACR binding. The above data demonstrates that the library's
primer design affects the affinity and specicity of the selected
aptamers and proves the advantage of multiple libraries with
different primers for discovery of more specic aptamers.
“High primer-dependent” vs. “low primer-dependent”
aptamers

The above results have demonstrated that the primer design
plays a pivotal role in the ligand evolution progress of a DNA
library in SELEX. Further evidence is provided here to show that
the binding properties of as-selected, full-length aptamers are
affected by their primer regions. In this experiment, the forward
and reverse primers of these six aptamers were removed to
result in the truncated aptamers composed of merely selected
N30 sequences, and uorescent ELAA assays were also used to
assess the binding affinity of the truncated aptamers. The
results are shown in Fig. S5,† and the KD values for the binding
events between AMACR and the truncated aptamers are esti-
mated to be in the range from 150 to 869 nM (A24 ¼ 477 �
170 nM and A38¼ 813� 405 nM; B4¼ 869� 215 nM and B38¼
173� 91.8 nM; C14¼ 150� 55.8 nM and C20¼ 206� 36.4 nM).
Fig. 7 shows comparisons of the binding characteristics of three
pairs of as-selected (full-length) and primer-truncated aptam-
ers: A38, B4, and C14. From the results, we nd that the
dissociation constants of aptamers all increase aer removing
the primers of the aptamers. In other words, the primer regions
of the full-length aptamers participate in the binding of AMACR
RSC Adv., 2018, 8, 19067–19074 | 19071

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01808a


Fig. 7 Comparisons of the binding characteristics of the as-selected
and primer-truncated aptamers using the fluorescent ELAA method.
(A) A38, (B) B4, and (C) C14.

Fig. 8 (A) ELAA-based total-binding assays for the binding affinity
estimation of the dimeric, truncated C14 aptamer probe (DC14). The
AMACR concentration for microtiter plate's well coating was 0.2 mM.
(B) ELAA-based binding assays of cell lysates from E. coli with and
without recombinant AMACR gene and two prostate cancer cell lines
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and reinforce the binding strength. In particular, the primer
removal leads to a large decrease of affinities for A24, A38, and
B4 aptamers. In comparison, a minor reduction in the binding
affinity is observed for B38, C14, and C20 aptamers. An inter-
esting example is C14, which shows no obvious binding prop-
erty change aer primer truncation (Fig. 7(C)).

Furthermore, we use the website tool, RNAstructure Version
5.6, to predict the secondary structures of the six aptamers and
the other 86 candidates (refer to ESI Table S2 to S4†). In Fig. S6,†
we choose A38, B4, and C14 as examples, and compare their
secondary structures of primer regions with those of Library A,
Library B, and Library C, respectively. As the same as the A38
sequence shown in Fig. S6(A),† we nd self-folding structures of
the 50-primer regions (with lower thermal stability) in 25 of the
other 27 aptamer sequences (ca. 96.2%) from Library A are
deconstructed, and some of the regions tend to hybridize to the
N30 regions. On the other hand, the 30-primer regions (with
higher thermal stability) in the all other 27 aptamer sequences
from Library A maintain their stem-loop conformation. The
similar results are found in 30 of the 33 aptamers (ca. 90.9%)
from Library B, but most of the sequences have a structural
feature that the 50- and 30-primer regions are both deconstructed
as the same as the B4 structure shown in Fig. S6(B).† Interest-
ingly, the partial forward (50-ACGG-30) and reverse (50-CCGT-30)
priming sites of the 16 of the 31 aptamer sequences (ca. 51.6%)
from Library C are found to hybridize to each other and let the
sequences form closed-loop structures. Therefore, the primer
structures of Library C prevent the primer regions of aptamers
to hybridize with the middle N30 region to participate in target
recognition. (refer to Fig. S6(C)†). This could explain why we
consider that C14 is rather a low primer-dependent aptamer
while A38 and B4 are high primer-dependent. Yet, it should be
noted that this is just a presumed comment from the observed
data, and more experiments are required to determine whether
that secondary-structure primers would make the post-SELEX
optimization easier.

For sure, it can be deduced that the primer design affects
aptamer evolution through the extent of primer-N30 region
hybridization, which then causes a primer-dependent library
structural composition and selection diversity. Meanwhile, the
above results suggest that, with a proper use of primer sequence
design, the effect of primer sequence on target recognition can
be minimized, and post-SELEX truncation can be possibly as
simple as directly removing the primer regions aer cloning
and sequencing (e.g., Library C).
19072 | RSC Adv., 2018, 8, 19067–19074
Dimeric aptamer construct for AMACR detection

From the SELEX with libraries having different primers, we have
identied a number of aptamers with distinct structural char-
acteristics and AMACR binding properties. To demonstrate the
advantage of the present SELEX library strategy, we select
aptamer C14 for developing a specic bivalent molecular probe
for detection of AMACR over-expression in prostate cancer cell
lines. As proven above, C14 is a low primer-dependent aptamer,
so direct truncation of its primer regions does not apparently
affect its binding affinity and specicity to AMACR (see
Fig. 7(C)). In addition, an aptamer is not like the antibody,
which has more than one binding valence to capture antigen
targets. Such multivalent binding property might lead better
binding energy between antibodies and antigens even if the
energy in per combining site is low.34 Accordingly, we developed
a dimeric aptamer probe (DC14) by directly connecting two
truncated C14 aptamers. As shown in Fig. 8(A), the apparent KD

of DC14 with AMACR is estimated to be 66.6 � 17.0 nM. From
the result, it can be observed that the KD of the dimeric aptamer
is about 2.3-fold higher than the monomeric C14 aptamer (150
� 55.8 nM). Then we used DC14 as an ELAA probe to detect
AMACR in cell lysates (total protein extracts) of E. coli with and
without recombinant AMACR gene and two prostate cancer cell
lines, and the results are shown in Fig. 8(B). As can be seen,
DC14 can efficiently distinguish the cell lysates from the E. coli
cells with and without inserted AMACR gene. For a demonstra-
tion of detecting AMACR overexpression in cancer cells. The
ELAA detection results of cell lysates from LNCaP and PC3
prostate cancer cell lines are compared in Fig. 8(B), too. It is
found that the detection result of DC14 is consistent with the
reported data that AMACR expression of LNCaP is higher than
PC3.35 In other words, DC14 can successfully detect the
expression amounts of AMACR in different prostate cancer cell
lines and has a potential to be used for prostate cancer diag-
nosis and prognosis monitoring.

From above study, it is further conrmed that C14 is a low
primer-dependent aptamer as deduced from Fig. 7(C). It is
because that the binding strength to AMACR is not decreased
but enhanced aer we directly connect two truncated C14
aptamers to form a dimeric aptamer DC14. The result means
using DC14. The aptamer concentration was 0.2 mM.

This journal is © The Royal Society of Chemistry 2018
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that the truncated aptamer C14 can form a stable AMACR-
sensing structure without primers. In other words, this experi-
ment data implies that a low primer-dependent aptamer can be
easily reconstructed as a high-affinity, high-specicity multi-
meric aptamer probe by directly omitting the primer regions
even when its original monomeric affinity is not promising. In
addition, it supports our presumption of multiple-library SELEX
for enhancing discovery of distinct aptamers for exible
biomarker detection design.

Conclusions

From SELEX with library sequences bearing different primers,
this study successfully discovers specic aptamers with distinct
structural and binding properties (pre-folded vs. target-induced
folding aptamers; high vs. low primer-dependent aptamers) for
detection of the emerging cancer biomarker AMACR. Also, we
demonstrate that the primer regions of library sequences exert
pivotal inuences on not only the structural composition and
diversity of SELEX library but also the ligand evolution rate and
both affinity and specicity of the selected aptamers. Compar-
ison between the results of secondary structure prediction, CD
experiments, and aptamer binding data, we prove that the primer
regions affect SELEX through the base-pairing interaction
between the primers and the randomized regions. By comparing
the SELEX results from three different DNA libraries, it suggests
that the aptamers from Library C show no obvious decreases in
binding strength and specicity aer primer removal. From this
nding, we construct a dimeric aptamer probe (DC14) by directly
connecting two monomeric, primer-truncated C14 aptamers for
the detection of AMACR expression in recombinant E. coli cells
and prostate cancer cell lines. The success of DC14 encourages
the discovery of the aptamer by simply truncating the two xed
primer regions, since the affinity can be enhanced by folds via
constructing a dimeric probe by a tandem repeat of the primer-
truncated aptamer. Although some attempts were devoted to
developing primer-free SELEX,22,36 common SELEX practices
using a library with a central random sequence anked with two
xed primer regions for PCR amplication are still wildly utilized
for aptamer discovery. Through this study, we conclude that
parallel or simultaneous SELEX with multiple libraries can
increase the selection diversity from the structural aspect and
enhance the likelihood of discovering different aptamers for
a single target. Also, we suggest the researchers of this eld to
bring attention to the primer design, which has to be taken into
account, in an aptamer screening process.
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