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Abstract
DNA aptamers that bind to bovine pregnancy-associated glycoproteins (bPAGs) were selected by the systematic evolution of
ligands by exponential enrichment (SELEX) procedure coupled to surface plasmon resonance (SPR) and high-throughput
sequencing (HTS) technology. After seven rounds of selection using carboxylated magnetic beads (MB) coated with bovine
pregnancy-associated glycoproteins 9 (bPAG9) and bovine serum albumin (BSA) as target and counter targets, respectively, two
aptamers designated as A1 and A24 showed high affinities to bPAG9 (Kd = 1.04 and 2.5 nM). Moreover, the specificity was
determined by testing the non-targets bPAG4, bPAG6, bPAG16, BSA, and ovalbumin (OVA). Results showed that two aptamers
demonstrated broad group specificity to bPAG family. Subsequently, a colorimetric sandwich enzyme-linked aptamer assay was
developed for ultrasensitive detection of bPAG9 based on hybridization chain reaction (HCR) amplification strategy. Themethod
exhibited a broad determination from 0.134 to 134 ng/mL with a detection limit of 0.037 ng/mL. The method has been
successfully applied to determine bPAGs in real samples. The results demonstrate that the developed aptamers could be used
as promising molecular probes for the development of pregnancy diagnostic tools.

Keywords Pregnancy-associated glycoproteins . SELEX . High-throughput sequencing . Colorimetric assay . Pregnancy
diagnosis

Introduction

Accurate and timely detection of early pregnancy in dairy
cows is a critical tool for shortening the calving interval, there-
by improving the reproductive efficiency and profitability [1,
2]. Thus, simple, accurate, and inexpensive early detection of
pregnancy is an essential component of modern dairy farming.
Transrectal palpation is widely used for the diagnosis of

pregnancy in cows; however, it can be difficult to diagnose
the pregnancy status accurately earlier than 40 days after in-
semination [3]. Ultrasonography is an accurate method for the
early diagnosis of pregnancy from day 29 after insemination
of dairy cows [4] but requires expensive instruments and an
experienced operator. Antibody-based immunoassays for de-
tecting bPAGs in blood or milk have been developed and
commercialized to determine the pregnancy status in cows
[5–7]. This method could supplement or replace rectal palpa-
tion and ultrasonography for the early diagnosis of pregnancy.
Nonetheless, antibody instability, high cost, and complex pro-
duction procedures limit the application of these methods.
Thus, it is imperative to develop new recognition molecules
for bPAGs that can be produced easily and stably.

Aptamers are single-stranded DNA or RNA oligonucleo-
tides obtained by the SELEX, which can bind the target
analytes with high affinity and specificity [8]. Compared with
antibodies, aptamers have not only high affinity and specific-
ity but also many advantages such as chemical synthesis, ease
of modification, low cost, and high stability. Therefore,
aptamers have been widely utilized as molecular recognition
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probes in the field of analysis [9–13]. To date, numerous high-
affinity DNA aptamers have been successfully selected
against various target analytes [14–18]. However, the identi-
fication and characterization of aptamers against the bPAGs
have not yet been reported.

In the SELEX or biological detection, magnetic bead has
been widely used as the solid-phase carrier for target immo-
bilization due to their unique properties, such as large surface
area, good stability, easy surface modification, less sample
demand, and simple operation. For example, antithrombin
aptamer with high affinity and specificity was successfully
isolated after four rounds of selection by novel magnetic
cross-linking precipitation (MCP)-SELEX approach [19].
Wang et al. [14] utilized MB-SELEX to obtain six aptamers
against brain natriuretic peptide (BNP) after 14 rounds of se-
lection. Furthermore, magnetic nanoparticles also have been
utilized to construct aptasensors for detection of various target
analytes [9, 13].

In the present report, MB-SELEX was employed to select
the highly specific aptamers for bPAG9 which is expressed
early in pregnancy (by day 25) [20]. After seven rounds of
selection, two aptamers against bPAG9 were successfully ob-
tained with high binding capacity and broad group specificity,
which are optimal for the future detection of the bPAG family.
The selected aptamers could be used as promising affinity
probes for the development of cost-effective, sensitive, and
innovative pregnancy diagnosis technology for the detection
of bPAGs.

Materials and methods

Reagents and materials

Dynabeads® MyOne™ carboxylic acid was purchased from
Invitrogen (Carlsbad, CA, USA, https://www.thermofisher.
com/order/catalog/product/65011). EvaGreen® Dye, 20X in
water was purchased from Biotium (Hayward, CA, USA,
https://biotium.com/product/evagreen-dye-20x-in-water/). N-
hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide hydrochloride (EDC), sodium do-
decyl sulfate (SDS), streptavidin (SA), BSA, OVA, horserad-
ish peroxidase-labeled streptavidin (HRP-SA), 3,3′,5,5′-
tetramethylbenzidine dihydrochloride (TMB), Pfu DNA po-
lymerase, 2×TBE-urea sample buffer, dNTP, TBE buffer,
Gelred™ nucleic acid gel stain, and UNIQ-10 spin column
oligo DNA purification kit were purchased from Sangon
Biotech (Shanghai, China, https://www.sangon.com/).
Protein screening kit V1.0 and fluorescent ssDNA ladder
were purchased from Anhui Aptamy Biotechnology Co.,
Ltd. (Hefei, China, https://www.aptamy.com/). All other
chemicals of analytical grade were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China,

https://www.instrument.com.cn/netshow/SH101458/).
Streptavidin-coated plates were purchased from Thermo
Fisher Scientific Inc. (MA, USA, https://www.thermofisher.
com/cn/zh/home.html).

Recombinant proteins

The recombinant proteins, bPAG9 (gene ID NM_176620.2),
bPAG4 (gene ID NM_176615.2), bPAG6 (gene ID
NM_176617.2), and bPAG16 (gene ID NM_176625.1), were
prepared in our laboratory [21], expressed in eukaryotic ex-
pression systems (human embryonic kidney 293 cells), and
purified by affinity chromatography with > 90% purity. The
experimental methods are described in detailed in the
Supporting information.

Random library and primers

A single-stranded DNA (ssDNA) library consisted of a central
random region of 40 nt flanked by two constant primer regions
that were used as the initial pool. Two polymerase chain reac-
tion (PCR) primers “S25-FAM” and “A25-polyA” were used
for the amplification of the oligonucleotides during the
SELEX process and for the separation of ssDNA from the
double-stranded DNA (dsDNA). Two quantitative real-time
PCR (qPCR) primers “S25” and “A25” were used for the
quantification of the oligonucleotides in the aptamer selection
process. The sequences of library and primer are listed in
Table S1. The ssDNA library was synthesized and purified
by Sangon Biotech (Shanghai, China). The rest of the oligo-
nucleotides were synthesized by GenScript Co., Ltd.
(Nanjing, China).

Immobilization of bPAG9 on magnetic beads

The carboxylic group–functionalized MBs were used for the
immobilization of bPAG9 by covalent binding. Firstly, 50 μL
of carboxylic-functionalized MBs (10 mg/mL) was washed
five times with 100 μL binding buffer (BB; 150 mM NaCl,
20 mM HEPES, 1 mM KCl, 1 mM CaCl2, 1 mM MgCl2,
pH 7.4). Then, the beads were incubated with 50 μL of
0.4 M EDC and 50 μL of 0.1 M NHS with slow stirring at
room temperature for 20 min. Then, the MBs were separated
using a permanent magnet and immediately washed with
200 μL BB. Next, 70 μL of NaAc (10 mM, pH 5.0) and
30 μL bPAG9 (0.5 mg/mL) were added to the activated MB
and mixed for 60 min at room temperature by agitation. After
incubation followed by magnetic separation and three washes
with 100 μL of BB, the particles were blocked with 100 μL
ethanolamine (1.0 M, pH 8.5) for 15 min with mild shaking.
Finally, the bPAG9-MB conjugates were washed and re-
suspended in 50 μL BB and stored at 4 °C until use. The
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BSA-MB conjugates were also prepared simultaneously fol-
lowing the same procedure.

SELEX process

The SELEX procedures were based on previous work with
several modifications [14], as illustrated in Scheme 1. The
experimental methods are described in detailed in the
Supplement section.

High-throughput sequencing

After aptamer selection was complete, the ssDNA pools ob-
tained from each round were diluted with BB to a final con-
centration of 0.5 μM and amplified by PCR using different
index-barcode primers (Table S2). PCR was performed under
the same conditions as described in the SELEX process. The
PCR products were imaged by 8% PAGE to observe the de-
sired product at 76 bp and confirm the absence of contami-
nants or byproducts. The amplified dsDNA was pooled for
purification using the UNIQ-10 spin column oligo DNA pu-
rification kit and quantitated using the NanoDrop 2000c spec-
trophotometer. Finally, the purified dsDNA was sequenced at
the Novogene Technology Co., Ltd. (Beijing, China). The
secondary structure of the aptamers was predicted by free-
energy minimization algorithm using Mfold (http://unafold.
rna.albany.edu/?q=mfold) at 150 mM NaCl, 0.5 mM MgCl2
at 25 °C.

Affinity assays by SPR

The affinity of the enriched pool and selected aptamer for the
bPAG9 was assessed by SPR analysis on a Biacore T200 SPR
instrument (GE Healthcare, USA) using a CM5 chip (Biacore)
at room temperature (25 °C). Briefly, the chip was washed two
times with 50 mM NaOH containing 1% SDS at a flow rate of
10 μL/min. Then, it was activated by injecting 50 μL of 0.4 M
EDC and 0.1 M NHS (1:1, v/v) at a flow rate of 10 μL/min for
10 min, followed by injecting protein with certain concentra-
tions for 180 s (10 μL/min), resulting in amine coupling of the
protein to the activated surface. The remaining unreacted func-
tional groups were blocked by injecting 1M ethanolamine-HCl
(pH 8.5) for 10 min at the same flow rate. The resulting ssDNA
was diluted with BB and injected into the flow cell at 30 μL/
min for 180 s, and the unbound ssDNA was washed with BB
for 30 min at a flow rate of 10 μL/min. To ensure that no
residual ssDNAwas retained on the surface before the injection
of the next concentration, the ligand was regenerated by
injecting 1 M NaCl for 1 min at a flow rate of 30 μL/min.
The channel of unbound bPAG9 served as a negative control.
The negative control flow cell was subtracted as a baseline, and
the data analyzed using the BIAevaluation 3.0. The dissociation
constant (Kd) was calculated based on a Langmuir 1:1 curve fit
using the BIA evaluation 4.0 software (Biacore).

Specificity analysis of selected aptamers

In order to investigate the specificity of the selected aptamers
for targeting bPAG9, bPAG4, bPAG6, bPAG16, BSA, and

Scheme 1 Schematic illustration
of the bPAG9 aptamer selection
procedure
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Scheme 2 Schematic
representation of HCR-based
aptasensor for the detection of
bPAGs
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OVA were tested at 30 μg/mL via SPR using the protocol
described in the above method. The BB without any target
protein was used as a blank control.

HCR-based sandwich enzyme-linked aptamer assay

To demonstrate the potential application of the aptamers in the
quantitative determination of bPAGs, a HCR-based sandwich
enzyme-linked aptamer assay (HCR-SELAA) was developed.
All the oligonucleotides used in this assay are listed in
Scheme 2. Prior to use, biotin-hairpin DNA 1 (bio-H1) and
biotin-hairpin DNA 2 (bio-H2) were separately diluted to
1 μM, heated at 95 °C for 5 min, and then cooled to room
temperature for 1 h. The assay was performed using SA-
coated white microplates at room temperature. Before bio-
tinylated capture probe (bio-CP) immobilization, the micro-
plates were washed three times with 200 μL of BB, after
which 100 μL of bio-CP (100 nM) was added to each well
and incubated for 30 min with mild shaking. Following wash-
ing, 100 μL of various concentrations of bPAG9 solution was
added and incubated for another 20 min. The plate was
washed again, and 100 μL of detection probe (DP, 150 nM)
was added to each well and incubated for 20 min to construct
the sandwich-type complexes of CP-bPAG9-DP. The un-
bound DNA was removed by washing with BB for three
times. Subsequently, the plate was incubated with a mixed
liquid containing 50 μL bio-H1 and 50 μL bio-H2 for
60 min. After washing, 100 μL of SA-HRP (0.025 U/mL)
was added to the well and incubated for 10 min. The plate
was washed with BB three times and 100 μL of TMB solution
was added to each well. After incubation for 10 min, the
reaction was stopped by addition of 100 μL of 2.0 M

H2SO4, and the absorbance was detected at 450 nm with a
microtiter plate reader (Mk3; Thermo, USA).

Analytical application in real samples

The blood samples used for the HCR-SELAAwere obtained
from Holstein Friesian cows at 30 days after insemination.
Pregnancy status was confirmed by transrectal ultrasonogra-
phy using a portable B-mode ultrasound scanner equipped
with a 6.0/8.0 MHz linear-array transducer (Tringa Linear
VET, Esaote/PieMedical, Italy). After confirmation, the blood
sample was collected from the tail vein of the pregnant and
non-pregnant cows using vacutainers. The blood was centri-
fuged at 2000×g for 10 min at room temperature. The collect-
ed serum was transferred to fresh tubes and subjected to anal-
ysis as described above. The 5 ng/mL of bPAG9 standard was
used as positive controls.

Results and discussion

Selection of aptamers

The efficient monitoring of the progression of SELEX is es-
sential for the successful selection of aptamers with optimal
binding affinities. qPCR amplification curve (AC), pool re-
covery, and bonding analyses were used to monitor the con-
vergence of the aptamer species during the selection process
[22, 23]. As shown in Fig. 1a, after the amplification curve
reached the plateau, the decline of fluorescence was weaken-
ing gradually with increase in the selection round number, and
then gradually become smooth at R7, which indicates that the



diversity of DNA libraries decreased and the degree of enrich-
ment increased with continual SELEX [22]. Simultaneously,
the amount of ssDNA bound to bPAG9-coated MBs would
increase with progress in the number of the selection round.
The results in Fig. 1b demonstrated that the retention rate of
the ssDNA pool increased gradually with an increase in the
selection from R1–R4, and reached a maximum at R7.
Conversely, the binding rate of R7 for the counter selection
reached the minimum (Fig. 1b), indicating a high affinity and
specificity of the candidates to bPAG9.

The affinities of the enriched pool toward bPAG9 after
every selection cycle were further evaluated by SPR. As
shown in Fig. 1c, the initial ssDNA library (R0) did not have
an apparent affinity toward bPAG9 even at the highest bPAG9
concentration. The response signals (RUs) increased slightly
with the selection round number increasing from R1 to R5,
and a substantial increase was observed at R6. No further
evolution was observed between R6 and R7. These results
suggested that the candidates in the pool for the target were
enriched and displayed an increased affinity for the target.
Thus, pool 7 can be considered the end of productive

selection. After each SELEX round, aptamer pools with the
expected size were also analyzed by 8% PAGE; the length of
all the selected aptamers was about 76 bp (Fig. 1d), which was
in accordance with the designed length of the sequence of the
aptamer.

High-throughput sequencing

After R7, the SELEX process was complete, and the selected
aptamer pool was high-throughput sequencing. After
discarding the sequences with mismatches in the constant re-
gions and with random regions that differed in length from 36
nts, 5.2 × 105 sequences were analyzed for the frequency dis-
tribution of the randomN36 part. A total of 43 sequences were
represented > 500 times, 26 sequences presented over 1000
times, and 2 sequences were represented over 5000 times.
Figure 2 summarizes the composition of the sequencing re-
sults over the seven selection rounds. Also, the abundance of
the top 10, 100, and 500 sequences increased with increased
rounds of selection. After the seven-round selection, the top
10 sequences were enriched to 6.72% in the total of 523,000

Fig. 1 a Amplification curve and b retention rate of ssDNA pool after
each SELEX round. c Affinity analysis of ssDNA pool after every round
by SPR. The concentration of the pool was 0.5 μM, and the concentration
of the proteins was 50 μg/mL. d The PAGE of ssDNA of different

selection rounds of asymmetric PCR. M, marker; lanes 1–7, PCR
products from enrichment rounds 1–7; 2 μL of ssDNA pool at a concen-
tration of 0.5 μM
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sequences, indicating that the complexity of the cycle libraries
decreases with the progression of the SELEX, which was in
agreement with the AC.

Affinity and specificity of selected aptamers

The top 300 sequences were classified into four families based
on the similarity of DNA sequences. The high abundant se-
quences from each family were synthesized, and their affinity
for bPAG9 was assessed by SPR. According to the results
shown in Fig. 3, of the 96 candidates, aptamer A24 showed
the strongest binding affinity to bPAG9 as compared with the
other aptamers, followed by aptamer A6 (RU = 22.2), aptamer
A18 (RU = 21.3), aptamer A9 (RU = 20.8), and aptamer A10
(RU = 20.5). However, these aptamers share remarkable

homology with A24, which makes them unsuitable for use
in sandwich analysis methods due to the same binding site.
Therefore, aptamer A1 sharing low homology with aptamer
A24 was selected. Then, theKd of aptamers A1 and A24 to the
target bPAG9 was testified using a concentration series (0–
500 nM) of each ssDNA aptamer and a constant concentration
of bPAG9 (30 μg/mL). Figure 4a and b revealed that the Kd

values of the two aptamers were at the nanomolar level, and
the lowest Kd of 1.04 nM was obtained for aptamer A1. This
suggested that the selected aptamers with high affinity for the
target bPAG9 are essential for the highly sensitive detection of
bPAG9.

To characterize the specificity of the selected aptamer, A1
and A24 were tested against a variety of other proteins, in-
cluding bPAG family, BSA, and OVA. As shown in Fig. 4c
and d, two aptamers strongly bound not only to bPAG9 but
also to the homologous proteins (bPAG4, bPAG6, and
bPAG16) in similar rank order of binding affinity for each
bPAG. The bPAG9 is a member of a family of PAGs charac-
terized by a highly conserved bilobed structure. Therefore,
aptamers selected against bPAG9 may cross-react with the
other member of the bPAG family. Furthermore, none of the
aptamers bounds to a structurally distinct chemical, BSA, and
OVA, indicating that aptamers selected in this study are spe-
cific to bPAGs.

Fig. 2 The abundance of top 10, 100, and 500 sequences in the whole
library of different SELEX rounds. A total of 523,000 sequences were
analyzed in the high-throughput sequencing. Pool 2 was not measured
due to insufficient quantity of ssDNA produced in these rounds of
selection

Fig. 3 Affinity analysis of the 96 candidate aptamers to target protein by
SPR. The concentration of the aptamer was 0.5 μM, and the
concentration of bPAG9 protein was 25 μg/mL

316 Page 6 of 9 Microchim Acta (2020) 187: 316

To further characterize the selected aptamers, the secondary
structures of two aptamers were predicted using Mfold based
on the criterion of minimum free energy. As shown in Fig. S1,
stem-loop structure constitutes the major part of the aptamers,
which was reported previously as one of the most widespread
structural elements for target recognition [14, 17, 24, 25]. In
addition, the high percentage of G/C was found in the selected
two aptamer sequences, which was considered to increase the
stability of the aptamer-target complex [26]. A1 contains 11G,
20C, 11A, and 14T, while A24 contains 25G, 9C, 9A, and
13T.

HCR-based sandwich enzyme-linked aptamer assay

To demonstrate the potential application of the aptamers in the
quantitative determination of bPAGs, a highly sensitive and
simple HCR-SELAA colorimetric assay was conducted. As
illustrated in Scheme 2, this assay system consists of fourmain
components: a bio-CP (bio-aptamer A1), two hairpin DNAs
(bio-H1 and bio-H2), and a detection probe (DP). The DP
consists of the aptamer A24 sequence and the initiation se-
quence (in italics) to trigger the HCR. The fragment at the 3′
end of bio-H1 (in italics) is complementary to the 3′ end of
bio-H2 (in italics), and the 5′ end of bio-H2 (in bold) is com-
plementary to the 5′ end of bio-H1 (in bold). For the detection,

Prediction of aptamer structure



Fig. 4 Binding affinity analysis of the aptamers A1 (a) and A24 (b) toward bPAG9 by SPR. The concentration of protein was 30 μg/mL. Binding
specificity analysis of the aptamer A1 (c) and A24 (d). The concentration of aptamer was 0.5 μM, and the concentration of protein was 30 μg/mL
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in the presence of the target protein, bPAG9 is captured by
bio-CP immobilized on the microplate. Following the addition
of DP, a sandwich CP-bPAG9-DP complex is formed due to
the affinity of aptamer toward target protein at different epi-
topes. Then, the initiation sequence at the 3′ end of DP is
complementary to the 3′ end of bio-H1 (in italics), and 24-
bp at the 5′ end of bio-H1 (in bold) hybridizes with 24-bp at
the end of bio-H2 (in bold); the newly exposed 3′ end of bio-
H2 (in italics) hybridized with 3′ end of bio-H1 (in italics).
Thus, each initiation sequence on the sandwiched probes trig-
gered a chain reaction of hybridization events with the bio-
H1and bio-H2 to yield nicked double-helices DNA polymer.
When the SA-HRP is added, it can specifically bind with
biotin in DNA polymer, thus obtains a big UV-vis absorption
signal by the HRP catalyzing H2O2 + TMB system. By this
means we could determine the concentration of bPAGs ac-
cording to the intensities of UV-vis absorbance or change of
color.

To achieve a high detection sensitivity, several experimen-
tal parameters were optimized including the aptamer concen-
tration, bio-H1/bio-H2 concentration, SA-HRP concentration,
and incubation time for HCR. The corresponding results are
shown in Fig. S2. The following experimental conditions were
found to give best results: (A) capture probe concentration of
100 nM, and detection probe concentration of 150 nM; (B)
SA-HRP concentration of 0.025 U/mL; (C) bio-H1/bio-H2
concentrations of 600 nM; (D) interaction time of 20 min
between bPAGs and aptamer; (E) HCR hybridization time of
60 min.

Under the optimal conditions, the linear range and detec-
tion limit of colorimetric assay were evaluated by using a
series of bPAG9 standard solution within the concentration
range of 0–2680 ng/mL. As shown in Fig. 5, the color inten-
sity of the solution increased with increasing the concentration
of bPAG9 from 0.0134 to 2680 ng/mL. A qualitative detection
for bPAG9 can be achieved by visual observation, with the
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visual limit of 0.134 ng/mL. Furthermore, the variation of the
UV-vis absorbance at 450 nm with different concentrations of
the target protein is shown in Fig. 5. A good linear correlation
was obtained between the absorbance and the concentration of
bPAG9 from 0.134 to 134 ng/mL, with the correlation coeffi-
cient (R) of 0.990. The limit of detection (LOD) is estimated to
be 0.037 ng/mL based on 3σ/slope (σ, standard deviation of
the blank samples, n = 10).

Analytical application in real samples

To validate the actual effectiveness of the developed visual
HCR-SELAA, 6 serum samples from pregnant cows were
analyzed by the proposed method. As shown in Fig. S3, all
serum samples from pregnant cows were shown to be posi-
tive, which was in accordance with ultrasonography. This
suggested that the HCR-SELAA had good accuracy and reli-
ability in real samples.

Conclusion

In this study, aptamers against target bPAG9 were screened
successfully after seven rounds of selection by MB-SELEX
technology. The selected aptamers have high affinity and
specificity to the bPAG family. Furthermore, a signal-

amplified colorimetric bioassay with the selected aptamer
was developed for ultrasensitive detection of bPAGs. The de-
veloped method provides a detection limit of 0.037 ng/mL for
instrument detection and 0.134 ng/mL for visual detection.
Moreover, our assay had been successfully applied in real
samples, which indicate it holds promising potential for broad
applications in early pregnancy diagnosis.
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