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C-reactive protein (CRP) is a crucial clinical biomarker for inflammatory and cardiovascular diseases.

Therefore, the sensitive, selective and convenient detection of CRP is of great significance. Using gold

nanoparticles (AuNPs) and combining the specific interaction between an aptamer and CRP, we

developed a simple and convenient assay for CRP detection. The aptamer-based probe was fabricated

through the hybridization of CRP-aptamer immobilized on magnetic beads (MBs) to a short

complementary DNA (cDNA) chain attached to AuNPs to form a MB–Aptamer–AuNP sandwich

structure. Upon the addition of CRP, aptamer–cDNA dehybridization occurred due to the strong

interaction between CRP and the aptamer, resulting in the release of AuNPs, which were subjected to

DFM imaging and subsequently counted using the MATLAB program. The number of AuNPs was

therefore positively correlated to the concentration of CRP and a detection limit as low as 2.71 nM was

achieved. The current approach could also exclude the disturbance of other proteins, including

thrombin, IgG, Lys and BSA. In addition, the concentration of CRP detected was in good agreement with

the amount cast in bovine and mouse serum, indicating that the proposed probe is robust and accurate,

and it is very promising for practical applications where CRP detection is necessary. The current strategy

is also promising for the detection of other proteins where a suitable aptamer is selected.
Introduction

C-reactive protein (CRP) is a major acute-phase reactant protein
produced in the liver that rises sharply in the plasma when the
human body is infected or damaged.1 The serum CRP level is
a sensitive and objective indicator of bacterial infection and an
important predictor of early joint destruction; it is also associ-
ated with atherosclerosis and cerebral infection.2–4 The current
techniques for the clinical detection of CRP are mainly
antibody-based techniques associated with low sensitivity,
expensive reagents and instruments.5–9 Sensors based on
aptamer-CRP interactions have been developed recently to
avoid the use of expensive antibodies.
Shenzhen Key Laboratory for Minimal

chool at Shenzhen, Tsinghua University,

.shuqing@sz.tsinghua.edu.cn

, Tsinghua University, Shenzhen, 518055,

mics, Key Laboratory of Chemical Biology,

iversity, Shenzhen, 518055, P. R. China

, Beijing 100084, P. R. China

ated Hospital of Shenzhen University,

en 518035, China

tion (ESI) available. See DOI:

hemistry 2019
Aptamers are single-stranded oligonucleotides with dozens
of nucleotides (20–80 nucleotides) selected from specic
oligonucleotide libraries by the Systematic Evolution of Ligands
by Exponential Enrichment (SELEX) technology.10,11 They can
form secondary or tertiary structures by self-folding, such as
a stem, a convex ring, a hairpin, a G-quadruplex, a pseudo-
junction and a tetragonal ring, which can specically bind to
the targets through spatial structure matching.12 Compared to
antibodies, aptamers are easily obtained and modied for
a wide range of target molecules with excellent stability.13,14 In
recent years, some aptamer-based assays have emerged and
shown excellent performances over others.15–17 Vance et al. re-
ported the detection of CRP using an aptamer-functionalized
surface plasmon resonance (SPR) chip,18 and Centi et al.
developed a disposable electrochemical assay using an aptamer
as the capture probe.19 On the other hand, due to the strong
plasmonic resonance effect, gold nanoparticles (AuNPs) scatter
light very strongly and each AuNP can be individually identied
using dark-eld microscopy (DFM). A digital sensor system
based on the enumeration of encoding AuNPs can thus be
designed, in which the number of AuNPs are correlated with the
concentration of target molecules. This approach is cost-
effective and sensitive for biomolecule detection with
simplicity.20–24
RSC Adv., 2019, 9, 34293–34298 | 34293
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Herein, we developed a simple and sensitive assay for the
detection of CRP based on the digital counting of encoding
AuNPs using DFM. First, the complementary DNA (cDNA)-
modied AuNPs were coupled to the aptamer-functionalized
magnetic beads (MBs) to form an aptamer-based probe with
a sandwich structure through hybridization between the
aptamer and cDNA. Followed by magnetic separation, the
probes were isolated and added to a sample solution, and
AuNPs were displaced from the magnetic beads by the target
molecules. Second, aer removing the magnetic microspheres,
the free AuNPs in the supernatant were subjected to DFM
imaging and counted by the MATLAB program. The concen-
tration of CRP correlated to the number of AuNPs was then
obtained. Fig. 1 shows a schematic diagram of the fabrication
process of the probes and the mechanism for CRP detection
through the competitive displacement of AuNPs on MBs.

Materials and methods
Reagents and apparatus

Streptavidin-modied magnetic beads were purchased from
Thermo Fisher Co., Ltd. AuNPs with a diameter of 60 nm were
bought from Nanoseedz Co., Ltd. Recombinant Human CRP
was obtained from Novoprotein Co., Ltd. (g-Aminopropyl)trie-
thoxysilane (APTES) was supplied by Chen Gong Co., Ltd
(Nanjing, China). Bovine serum albumin (BSA), immunoglob-
ulin G (IgG), lysozyme (Lys), thrombin (Thr) and Tris(2-
carboxyethyl)phosphine (TCEP) were purchased from Sigma-
Aldrich Co., Ltd (USA). Fetal bovine serum (Cat. No. S0415)
was purchased fromMillipore Biochrom Co., Ltd. Mouse serum
was collected from 2 week-old male NIH mice, which were
purchased from Guangdong Medical Animal Center (Guangz-
hou, China). All animal experiments followed the animal
protocols approved by the Animal Care and Use Committee of
Tsinghua University (No. 17-lf1#, Beijing, China). Animals
received care following the NSFC regulations concerning the
use of experimental animals. University protocols and experi-
ments were approved by the Animal Ethics Committee of NSFC.
A 40-mer DNA aptamer25 that specically binds CRP was custom
synthesized and HPLC-puried by Sangon Biotech Co., Ltd
(Shanghai, China) aer modifying with biotin at the 50-terminal.
The sequence of the modied DNA aptamer is 50-biotin–(CH2)6–
Fig. 1 Schematic diagram of the fabrication process of probes and
mechanism for CRP detection through competitive displacement of
AuNPs on MBs.

34294 | RSC Adv., 2019, 9, 34293–34298
CGA AGG GGA TTC GAG GGG TGA TTG CGT GCT CCA TTT GGT
G-30. The complementary DNA strand (cDNA) modied with 50-
terminal thiol groups was synthesized and HPLC-puried by
Sangon Biotech Co., Ltd (Shanghai, China). Their sequences are
shown in Table 1. All other reagents are of analytical grade. A
solution of 0.2 mM phosphate buffered saline (PBS) (pH 7.4)
was used as the incubating and washing buffer. All solutions
were prepared with ultrapure water produced by a Milli-Q
system ($18.2 MU, Millipore, USA).

DFM images were obtained using an optical microscope
(BX53, Olympus) specially equipped with Colorful CCD (DP73,
Olympus, Japan) and analyzed by Olympus cell senstry soware.
Scanning electron microscopy (SEM) images were obtained by
a ZEISS SUPRA®55 eld emission scanning electron micro-
scope (Carl Zeiss, Germany). Energy dispersive spectra (EDS)
were recorded by an Oxford X-Max 20 spectrometer. Ultraviolet-
visible (UV-vis) absorption spectra were recorded using an UV-
2450 Spectrophotometer (Shimadzu Corporation, Japan).

Glass slide cleaning and modication

Glass slides were rst soaked in piranha solution (H2SO4 : H2O2

¼ 7 : 3) for over 6 h to remove stains. Following ultrasonic
cleaning three times with ultrapure water, the glass slides were
soaked in a 10% (v/v) (g-aminopropyl)triethoxysilane (APTES)
ethanol solution for 6 h. Finally, the slides were ultrasonically
cleaned three times again with pure water and dried in
a vacuum oven for 3 h.

Preparation of the aptamer-based probe

The scattering characteristics of AuNPs change with their shape
and size. AuNPs of 30–60 nm in diameter scatter light around
530 nm and appear green under DFM.20,26 In order to clearly see
the signal of AuNPs in DFM and to obtain a stable aptamer-
based probe, AuNPs of 60 nm in diameter were used. The
preparation of the aptamer-based probe includes three parts:
the modication of AuNPs with SH-cDNA and the modication
of MBs with an aptamer, followed by the assembly of the probe
by mixing MBs and AuNPs to form MBs-aptamer/cDNA-AuNPs.
The experimental details are described below.

First, we will describe the modication of AuNPs with cDNA.
Ten mL of 10 mM TCEP solution was added into 100 mL 10 mM
cDNA in TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH ¼ 8.0) to
activate the thiol group of cDNA and the mixture was shaken at
room temperature (RT) for 1 h. Then, 400 mL of 40 pM AuNPs
was added into the as-activated cDNA solution and incubated at
RT for 16 h. During this process, 10 mL of 2 M NaCl (0.1 M PBS,
0.1% SDS, pH ¼ 7.5) solution was used to neutralize the nega-
tive charges of cDNA and promote the attachment of cDNA onto
AuNPs. The salinization process was repeated 6 times with an
interval of 20 min. Finally, the mixture was incubated on
a shaking bed at RT for 16 h.

Second, we will describe the modication of MBs with the
aptamer. Ten mL 10 mg mL�1 MBs modied with streptavidin
was washed 3 times using 60 mL B&W Buffer (10 mM Tris–HCl,
1 mM EDTA, 2 M NaCl, pH ¼ 7.5) by the magnetic separation
technique, and 5 mg mL�1 MBs was obtained by adding 20 mL
This journal is © The Royal Society of Chemistry 2019
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Table 1 The sequences of cDNA for CRP-aptamer

cDNA Sequence of cDNAs

cDNA-1 5
0-SH-ðCH2Þ6-TTT TTT TTT TTT TTT TTT TCC CCT -30

cDNA-2 5
0-SH-ðCH2Þ6-TTT TTT TTT TTT TTT TTT TCACCC -30

cDNA-3 5
0-SH-ðCH2Þ6-TTT TTT TTT TTT TTT TTT ATG GAG -30

cDNA-4 5
0-SH-ðCH2Þ6-C ACC AAA TGG -30

cDNA-5 5
0-SH-ðCH2Þ6-TTT TTT TTC ACC AA -30

cDNA-6 5
0-SH-ðCH2Þ6-TTT TTT TTC ACC AAA T -30

cDNA-7 5
0-SH-ðCH2Þ6-TTT TTT TTC ACC AAA TGG -30
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hybridization solution (10 mM PBS, 0.01 wt% SDS, pH ¼ 7.4).
Then, 100 mL 1 mM solution of biotin-conjugated CRP-aptamer
diluted from 1 mL 100 mM was added to the as-prepared
dispersion of MBs and incubated at RT for 30 min, resulting
in the attachment of the aptamer to MBs through biotin-avidin
interactions. Free aptamer in solution was removed bymagnetic
separation and the aptamer-modied MBs were washed at least
3 times before use.

Third, we will describe the assembly of the probe. cDNA-
functionalized AuNPs were centrifuged at 5000 rpm for 7
minutes followed by the addition of 100 mL hybridization
solution. This process was repeated 3 times to remove free
cDNA in the supernatant. Similarly, MBs were washed with
hybridization solution 3 times to remove the unconjugated
CRP-aptamer by the magnetic separation technique, followed
by the addition of 100 mL hybridization solution. The as-
obtained solutions of AuNPs and MBs were mixed and
allowed to incubate at RT for 1 h. The supernatant of the
mixture was extracted by the magnetic separation technique 3
times to remove the AuNPs that did not attach to MBs.
The detection of CRP

For the detection of CRP using the fabricated aptamer-based
probe, CRP with a certain concentration was added to the
solution of the probe and incubated for 30 min. Due to the
specic interaction between CRP and the aptamer, the aptamer
in the probe folded adaptively to form a three-dimensional
structure, which bound closely to the target CRP and
destroyed the paired bases between the aptamer and cDNA on
MBs and AuNPs, respectively, resulting in the release of AuNPs
from MBs. Upon magnetic separation, the AuNPs in the
supernatant were extracted and subjected to DFM imaging. The
numbers of AuNPs displaced by CRP were counted using the
MATLAB soware. Typically, 10 mL CRP with a gradient
concentration in each group was tested. Three mL of the
supernatant containing displaced free AuNPs was pipetted onto
a clean slide for DFM imaging. The images recorded using DFM
were imported into the MATLAB program to quantify the
number of AuNPs. The MATLAB program converted the RGB
image into HSV format to extract the H value and obtain the
number of free AuNPs in the DFM image. A linear relationship
between the CRP concentrations and the counts of AuNPs was
obtained.
This journal is © The Royal Society of Chemistry 2019
Selection of aptamer and cDNA

This paper deals with the competitive replacement of AuNPs on
aptamer-based probes; thus, it is necessary to screen the
complementary DNA (cDNA) of aptamer that is better for this
purpose. There are two key points for the successful detection of
CRP. One is to prepare stable MB-aptamer/cDNA-AuNP
sandwich-structured probes, and the other is that AuNPs on
MBs can be successfully displaced by CRP. To prepare a stable
probe, MBs and AuNPs need to be linked together by strong
base complementary pairing. Competitive replacement of
AuNPs on MBs by CRP requires that the specic interactions
between the CRP and aptamer should be greater than that
between the aptamer and cDNA.

In order to obtain the most suitable complementary paring
between CRP-aptamer and cDNA, two rounds of screening were
performed. The rst round of screening aimed to nd the most
suitable complementary position between CRP-aptamer and its
cDNA. We designed three cDNAs, namely, cDNA-1, cDNA-2 and
cDNA-3 (shown in Table 1) paired with the aptamer in different
complementary positions. In this step, cDNA-1, cDNA-2 and
cDNA-3 were attached to AuNPs and the AuNPs modied with
cDNA-1, cDNA-2 and cDNA-3 were conjugated to MBs modied
with the aptamer.

The complementary base number of cDNA in the whole
detection system is an important factor. In the second
screening, we designed four cDNAs, namely, cDNA-4, cDNA-5,
cDNA-6 and cDNA-7 (shown in Table 1) with different lengths.
In this step, cDNA-4, cDNA-5, cDNA-6 and cDNA-7 were attached
to AuNPs, and the AuNPs modied with cDNA-4, cDNA-5, cDNA-
6 and cDNA-7 were conjugated to MBs modied with the
aptamer. Then, the same concentration of CRP was added into
the MB-aptamer/cDNA-AuNP sandwich-structured probes.
Result and discussion
The selection results of aptamer and cDNA

As shown in Fig. S1A,† the color of the supernatant from AuNPs
modied with different cDNAs is still pink and indicates the
successful attachment of cDNAs on AuNPs. Fig. S1B† shows
a photograph of the supernatant aer the addition of MBs to the
solution of AuNPs, in which changes in the color of some
solutions can be observed. When AuNPs were conjugated onto
MBs, the number of free AuNPs was reduced and the color of the
RSC Adv., 2019, 9, 34293–34298 | 34295
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Fig. 3 SEM image: (A) cDNA-5-modified AuNPs are coupled to MB, (B)
cDNA-6-modified AuNPs are coupled to MB, and (C) cDNA-7-modi-
fied AuNPs are coupled to MB.
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supernatant changed. As more AuNPs attached to MBs, less free
AuNPs lest in the supernatant, the color of the supernatant
became lighter. Aer incubation, as shown in Fig. S1C,† the
change in the color of the supernatant with cDNA-1 and cDNA-2
was negligible, while the one with cDNA-3 became lighter in
color, which indicated that the formation of the sandwich-
structured probe using cDNA-3 was more efficient than that
using cDNA-1 and cDNA-2. To further check this point, SEM
analysis was performed. As shown in Fig. 2, no AuNP can be
found onMBs using cDNA-1 and cDNA-2 (Fig. 2A and B), while it
is clear that a number of bright dots are present on MBs using
cDNA-3 (Fig. 2C), indicating the successful conjugation of
AuNPs to MBs using cDNA-3. This is observed because the 30-
terminal of the aptamer is located outside the surface of MBs,
which has smaller steric hindrance between the aptamer, cDNA,
AuNPs, and magnetic nanoparticles. We thus chose the 30-
terminal of the aptamer as the complementary position.

The second screening was based on the rst screening, where
we chose suitable length complementary bases at the 30-terminal
of the aptamer. The color of the 60 nm AuNP solution was pink.
When AuNPs were agglomerated, the color of the solution turned
blue and purple or it even became colorless. Generally, AuNPs
agglomerate in a solution of 0.1–0.2 M NaCl. Upon the successful
attachment of cDNA, AuNPs do not agglomerate and the solution
remains pink. As shown in Fig. S2A,† the supernatant color of
AuNPs modied with different cDNAs is still pink and indicates
the successful modication of AuNPs with cDNA-5, cDNA-6 and
cDNA-7; in contrast, the cDNA-4-modied AuNP solution became
almost colorless, indicating that cDNA-4 failed to attach to AuNPs
and thus, a subsequent discussion of cDNA-4 will not be con-
ducted. Fig. S2B† shows the supernatant photographs right aer
the addition of MBs to the solution of AuNPs, and changes in the
color of some solutions can be observed. Aer incubation,
Fig. S2C† shows that the supernatants using cDNA-5, cDNA-6 and
cDNA-7 become colorless, which indicates the formation of the
sandwich-structured probes. To further check the successful
formation of the fabricated probes, SEM analysis was performed
to determine whether AuNPs were attached to MBs through
aptamer and cDNA hybridization. As shown in Fig. 3, it is clear
that a number of bright dots are attached onto MBs using cDNA-
5, cDNA-6 and cDNA-7 (Fig. 3A–C), indicating the successful
conjugation of AuNPs to MBs. As the number of complementary
bases increased, the base pairing force became stronger between
cDNA and aptamer, and AuNPs attached more easily to MBs.
Fig. 2 SEM image: (A) cDNA-1-modified AuNPs are coupled to MB, (B)
cDNA-2-modified AuNPs are coupled to MB, and (C) cDNA-3-modi-
fied AuNPs are coupled to MB.

34296 | RSC Adv., 2019, 9, 34293–34298
Therefore, cDNA-5, cDNA-6 and cDNA-7 were selected as the
cDNAs to fabricate stable probes.

To verify whether AuNPs on the aptamer-based probe could
be successfully displaced by CRP to free particles, the same
amount of CRP was added into the same amount of the as-
prepared different probes reported above. Aer incubation for
5 minutes, the supernatant was subjected to DFM imaging.
Fig. S3† shows a typical DFM image of the AuNPs displaced by
CRP and the control group. As can be seen in the DFM image,
few AuNPs are observed for the control group, indicating that
AuNPs barely dropped from the probe without the addition of
CRP and illustrating the good stability of the probe. For the
samples in which CRP was added, it is clear that the probe
fabricated using cDNA-5 released the most AuNPs, which can be
seen from the bar chart of the number of AuNPs shown in Fig. 4.
This result indicated that the use of cDNA-5 will result in the
most efficient probe. From these results, it became clear that
when the number of complementary bases was more than 8 bps
(base pairs), such as that observed for cDNA-6 and cDNA-7, it is
difficult to replace AuNPs by CRP. In addition, according to the
results, cDNA-5 was selected as the cDNA of CRP-aptamer for
probe fabrication and CRP detection in this assay system.
Fig. 4 Counts of AuNPs displaced by CRP from different probes
modified with different cDNAs (cDNA-5, cDNA-6 and cDNA-7) and
their corresponding control groups. 10 mL 0.25 mMCRPwas added into
10 mL different probes as the reaction group; 10 mL PBS buffer was
added into 10 mL different probes in each corresponding control
group.

This journal is © The Royal Society of Chemistry 2019
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The characterization of the probe

The cDNA-modied AuNPs and aptamer-modied MBs estab-
lished a stable probe through the interaction of the comple-
mentary base pairing between the aptamer and cDNA. To
further verify the successful attachment of AuNPs onto MBs,
SEM analysis of the probe was performed. Fig. S4† shows the
SEM image of MBs before and aer conjugation with AuNPs. It
shows that there is no obvious bright particle on the surface of
MBs on the le control image, while bright particles appear on
the surface of MBs on the right image. EDS analysis, shown in
Fig. S5,† conrmed that the bright particles onMBs were indeed
AuNPs.
Sensitivity and specicity of the CRP detection assay

To test the sensitivity of the as-prepared probes, the detection
of 0–2.17 mM CRP was carried out (Fig. S6 and S7†). Among
them, Fig. 5A shows the typical DFM images obtained for each
concentration (0–49 nM) of CRP. From the DFM images, it can
be seen that the higher the concentration of CRP, the more
AuNPs can be displaced. Fig. 5B shows the linear relationship
between the number of AuNPs and the concentration of CRP in
the range of 0–70 nM. The simulated functional relation is y ¼
9.0608 x + 50.0233 (y represents the number of AuNPs; x
represents the concentration of CRP) with a correlation coef-
cient of R2 ¼ 0.9973. The limit of detection (LOD) of CRP was
calculated to be 2.71 nM, which was much lower than that in
human serum (9 nM).27 When the concentration of CRP added
Fig. 5 (A) DFM images of AuNPs dropped from the probe due to the
addition of different CRP concentrations: 0, 6.1, 9.6, 18, 38, 49 nM. The
probe was fabricated using AuNPs, CRP-14, CRP-aptamer1 and MBs.
(B) Linear relationship between the AuNP count and CRP concentra-
tion. The error bar represents the standard deviation value of three
repetitions. (C) The specificity of the probe for CRP (0.43 mM),
Thrombin (5 mM), IgG (5 mM), Lys (5 mM), BSA (5 mM), and Blank was
tested. The error bar is the standard deviation value of three
repetitions.

This journal is © The Royal Society of Chemistry 2019
to the probe solution was high enough, the color of the
supernatant changed from colorless to pink, as shown in
Fig. S6,† indicating that more AuNPs were displaced into the
solution. In this case, the number of AuNPs was hard to
recognize and count by the MATLAB program and as shown in
Fig. S7,† a platform of the nonlinear curve appeared between
the AuNP counts and CRP concentrations.

In addition to sensitivity, sensors for biomolecule detection
also need to be highly selective. Other proteins were used to
check the selectivity of the as-prepared probe towards CRP.
Specically, 10 mL of 0.43 mM CRP was added to 10 mL probe
solutions and solutions of BSA, thrombin, IgG, and Lys with
concentrations 10 times higher than that of CRP were added to
the other 4 probe solutions for comparison. Ten mL buffer was
added to the last probe solution as a control experiment.
Fig. S8† shows the typical DFM images obtained from each
experiment described above. One can clearly see that
numerous AuNPs were released from the CRP group and only
a few AuNPs were released from the control group and the rest
of the protein groups. This indicates that the specicity of the
probe to CRP was far better than that to other proteins.
Repetition experiments were carried out and the bar chart is
shown in Fig. 5C, which conrms that the as-prepared probes
are specic to CRP over other proteins.
The detection of CRP in serum

To assess the potential practical applications of this strategy, we
performed CRP detection in bovine serum and mouse serum,
which are complex media containing various ingredients. The
results, shown in Fig. 6, indicated that the AuNP counts
increased upon the addition of 100 nM CRP, and the values for
the bovine serum and mouse serum were similar to those from
the hybridization buffer. These ndings suggest that this
strategy can be used for the detection of CRP in complex bio-
logical samples.
Fig. 6 Detection of added CRP in different media using the probe. The
red group shows the results of CRP detected in the hybridization
buffer, bovine serum and mouse serum. The black group shows the
results after 100 nM CRP was added into the hybridization buffer,
bovine serum and mouse serum.
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Conclusions

In summary, a stable aptamer-based probe with a strategy
combining AuNP counting with DFM to detect CRP was
proposed. The aptamer-based probes were highly sensitive and
selective towards CRP. An LOD value of 2.71 nM was achieved,
which was much lower than that in human serum (9 nM).
Furthermore, the as-prepared aptamer-based probe could be
used to test CRP in complex biological media including bovine
serum and mouse serum containing various ingredients. This
strategy offers straightforward fabrication of probes and a facile
and convenient detection process, which paves a way for an
accurate, convenient and low-cost approach for CRP detection.
The approach reported here is also promising for the detection
of other proteins with suitable aptamers.
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