
Aptamer-Driven Biosensor Technology for the Quantitative
Analysis of C-Reactive Protein
Marlon Oranzie,*[a] Jaymi L. January,[a] Nelia A. Sanga,[a] Zandile D. Leve,[a] Sixolile Mini,[a]

Candice Cupido,[a] Samantha F. Douman,*[a, b] and Emmanuel I. Iwuoha*[a]

C-reactive protein (CRP) is a widely recognized biomarker for
early myocardial infarction (MI) detection, released into the
bloodstream during heart inflammation. Traditional assays for
CRP detection, like ELISA and immunoradiometric assays, are
costly, time-consuming, and require large sample volumes.
Aptasensors are becoming increasingly popular for MI diagnosis
due to their affordability, simplicity, and potential for point-of-
care use. In this study, an electrochemical aptasensor incorpo-
rating mercaptosuccinic acid-capped nickel selenide quantum
dots (MSA-NiSe2 QD) were developed for CRP detection. The
amine-modified aptamer was immobilized on the MSA-NiSe2

QD using EDC/NHS coupling chemistry. Chronocoulometric
measurements showed high selectivity towards CRP in
phosphate buffer, with a linear range of 10–110 pg/mL and a
detection limit of 2.80 pg/mL. Cross-reactivity experiments
confirmed the aptasensor’s high selectivity for CRP. Testing in
human serum samples demonstrated recovery rates of 94–
100.5%, indicating its suitability for clinical diagnostics. Valida-
tion studies with a commercial CRP ELISA kit showed the
aptasensor’s superior sensitivity in both physiological buffer
and human serum.

1. Introduction

Myocardial infarction (MI) is a concern for many countries across
the world. Myocardial infarction is responsible for 32% of all
deaths worldwide as reported by the World Health Organization
(WHO).[1,2] The traditional techniques for diagnosing patients
with MI include electrocardiograms (ECGs) and blood tests.[3,4]

The problems with these techniques are they are expensive,
waiting on results is time-consuming and it is invasive for
patients. Therefore, biomarkers are required to monitor and
provide effective treatments for patients suffering from MI.
Biomarkers are biological molecules found in bodily fluids and
blood that measure the presence or progress of diseases.[5,6] C-
reactive protein (CRP) is a biomarker for MI and is released into
the bloodstream due to the inflammation of the heart.[7] The
American Heart Organization states that the normal concen-
tration of CRP in the bloodstream is 1 ng/mL and anything
above 5 ng/mL is considered a high risk for a myocardial infarct

attack.[8] Most detection techniques investigated for CRP include
kit-based models such as enzyme-linked immunosorbent assay
(ELISA) and fluorescence spectroscopy. These techniques are
efficient and can detect CRP at picomolar levels, but they are
time-consuming, costly, and necessitate huge sample
volumes.[9] Therefore, research today is focused more on
electrochemical biosensors due to the fact they are inexpensive,
portable, require small sample volumes and are highly
sensitive.[10] Most electrochemical detection methods reported
for CRP in literature are immuno-based methods which are an
antibody-antigen recognition system.[11] The problems with
immuno-based sensors are that the antibodies are expensive to
produce, they can undergo non-specific binding with foreign
molecules and can lead to depuration from the bound label.[12]

Therefore, aptasensors are being researched as an alternative
detection protocol to immuno-based sensors. The systematic
evolution of ligands by exponential enrichment (SELEX) tech-
nology is used to make single-stranded DNA or RNA oligonu-
cleotides called aptamers that are intended to bind and
recognize targets.[13] Aptamers are preferable to antibodies
because of their high specificity, affinity, stability, ease of
modification, and low cost of production.[14] The aptasensor can
be enhanced with nanomaterials like quantum dot (QD), gold
nanoparticles, and carbon nanotubes, as these materials
increase the sensitivity and specificity of the sensor because of
their large surface area and high conductivity.[15] Wang et al.[16]

developed an RNA-based electrochemical aptasensor incorpo-
rating silica microspheres for the detection of CRP. The micro-
spheres enhanced the analytical signal of the sensor due to its
large surface area and the sensor had a linear range of
0.005 ng/mL to 125 ng/mL and a limit of detection (LOD) of
0.017 ng/mL. The sensor was applied in real sample analysis
and achieved a percentage recovery ranging from 91.1 to 103%
which makes the sensor suitable for clinical applications for the
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detection of CRP. In another study Tabrizi el al.[17] developed an
RNA-based electrochemical aptasensor for the detection of CRP
using carbon nanofiber-chitosan modified screen printed elec-
trode. The carbon nanofiber-chitosan was used to enhance the
electrochemical signal as well as increase the surface coverage
of the aptamer. Square wave voltammetry (SWV) was used as a
detection technique and the sensor was able to detect CRP
over a wide linear range of 23 –3450 pg/mL and achieved a
LOD of 8.51 pg/mL. This research study focuses on the
fabrication of an electrochemical aptasensor incorporating
mercaptosuccinic capped nickel selenide quantum dots (MSA-
NiSe2 QD) for the detection of CRP in physiological buffer and
human serum in real time. The MSA-NiSe2 QD is incorporated
on the screen-printed carbon electrode (SPCE) via an electro-
grafting method followed by immobilization of the amine-
modified aptamer through cross-linking chemistries for detec-
tion of CRP via chronocoulometry (CC).

Experimental

Chemical and Reagents

The full list of the chemical reagents and instrumentation used are
shown in detail in the supplementary material. The aptamer with
the sequence the 5’ amino modified aptamer (sequence:5’-
NH2GCCTGAAGGTGGTCGGTGTGGCGAGTGTGTTAGGAGAGATTGC-3’)
with a dissociation constant of 33.34�1.15 nM was first produced

by Li and co-workers[18] and purchased from Integrated DNA
Technologies Inc. (Coralville, IA, USA).

Synthesis of MSA-NiSe2 QD

The MSA-NiSe2 QD was prepared as described by Marlon and co-
workers with full details described in the supplementary
document.[19]

Electrochemical Grafting of 4 Nitrophenyl Layers on SPCEs

Nitrophenyl groups were formed on the screen-printed carbon
electrode (SPCE) surface through an in situ diazonium cation
process by mixing a solution containing 2.0 mM NaNO2 and 1.0 mM
of 4-nitroanaline and 0.5 M HCl, it was possible to. The mixture was
subsequently left to react for 5 minutes at room temperature. The
SPCE was drop-coated with 50 μL of the solution and linked to a
PalmSens electrochemical workstation. Cyclic voltammetry (CV) was
conducted, scanning from +0.7 V to � 0.4 V at a rate of 0.05 V/s.
The nitro-modified SPCE was then rinsed with deionized water. To
reduce the nitro groups to amine groups, CV was performed again,
scanning from 0 V to � 1.2 V at 0.05 V/s in a 1.0 M KCl solution.
Finally, the amine-modified SPCE was washed with deionized water
for aptasensor fabrication.

Aptasensor Fabrication

Scheme 1 depicts the fabrication process of the CRP sensor. After
electrographting the SPCE was subjected to 1-ethyl-3-(3-dimethyla-
minopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS) cross-
linking chemistries for 30 min at room temperature for activation of

Scheme 1. Illustration for the fabrication of the CRP aptasensor.
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the amine groups to bind covalently to the carboxyl functionalized
QD. Once the QD were drop coated on the SPCE it was left to react
overnight in a dark environment. The SPCE/QD was then activated
with EDC/NHS for 30 min to activate the free carboxyl groups of the
QD to covalently bind to the amine-modified aptamer. Once the
aptamer was drop coated on the SPCE/QD it was left in the fridge
for 24 h. The SPCE/QD/Apt was then blocked with BSA for 30 min
to block non-specific sites on the electrode surface. The SPCE/QD/
Apt/BSA sensor was then ready for CRP detection. It should be
noted that 50 μL of each reagent was added onto the electrode
surface and after each step; the electrode was rinsed with dulbecco
phosphate buffer saline (DPBS, pH 7.4).

Chronocoulometric Detection

CRP was measured electrochemically using choronocoulometry
(CC) in 10 mM dulbecco phosphate buffer saline (DPBS) (pH 7.4) at
room temperature. Choronocoulometry was used as a detection
technique since it has a fast signal readout of 10 s, which is
advantageous over other electrochemical techniques such as cyclic
voltammetry (CV), square wave (SWV), and differential pulse
voltammetry (DPV). These advantages make it suitable for real-time
analysis for sensor applications. The concentration of the CRP was
directly proportional to the charge generated in choronocoulom-
etry and this was used to generate the curve of calibration. In this
work, different standard CRP concentrations were spiked in
phosphate buffer solution and were detected using the aptasensor.
The investigation of the selectivity and stability of the sensor
followed the same methodology.

Various analytes, including L-cysteine, troponin I (cTnI), and bovine
albumin serum (BSA), were compared to CRP in the selectivity
investigation. Human serum was used for real-world sample

analysis. Before usage, the serum sample was diluted in a 1 :10 ratio
with 10 mM DPBS (pH 7.4). The serum sample was then spiked with
different CRP concentrations.

2. Results and Discussion

2.1. Optimization of the Aptasensor

Parameters affecting the sensitivity of the aptasensor were
investigated such as the aptamer concentration, aptamer
incubation time, different blocking buffers and accumulation
time. In Figure 1A different aptamer concentrations were
investigated ranging from 1 μM to 6 μM. It can be observed
that there is a steady increase in the peak charge with
increasing aptamer concentration and after 5 μM the charge
remains constant which is an indication that the saturation of
the aptamer has been reached. Therefore 5 μM was chosen as
the optimum concentration as it displays the highest peak
charge before saturation. In Figure 1B the aptamer incubation
time was investigated to determine the total amount of time
for the aptamer to bind to the electrode surface and produce
the highest peak charge before saturation. A lengthy incubation
with oligonucleotides is thought to decrease non-specific
binding between the aptamer probe and the transducer
surface.[20] It can be observed that the peak charge increases at
a steady rate for the first 12 h after 12 h the saturation of the
aptamer occurs, and the peak charge remains constant. There-
fore 12 h was chosen as the optimum aptamer incubation time.

Figure 1. Optimization of A) aptamer concentration B) aptamer incubation time C) blocking buffers D) Accumulation time in 10 mM DPBS, pH 7.4.
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Another parameter investigated in Figure 1C was the effect of
different blocking buffers such as sea block, polyethylene glycol
(PEG), mercaptohexanol (MCH), ethanolamine and bovine
albumin serum (BSA) on the aptasensor. This experiment aimed
to determine the blocking buffer that displays the lowest peak
charge as it blocks all non-specific binding sites of the
aptasensor and this in turn slows down the transfer of electrons
and leads to a lower peak charge. BSA was chosen as the
suitable blocking buffer for the sensor as it displayed the lowest
peak charge. The final parameter investigated was the accumu-
lation time as displayed in Figure 1D from 1 to 12 min. The
accumulation time is the amount of time it takes for the
complete binding between the aptamer and the analyte, and it
is displayed as an increase in peak charge.[21] It can be observed
that 5 min had the highest peak charge compared to the other
times chosen and thus was selected as the ideal duration for
the aptamer and analyte to fully bind prior to detection.

2.2. Determination of Aptamer Surface Density, ΓDNA

The aptamer surface density was determined by calculating the
surface density of the sensor with QD and without the presence
of QD and just the aptamer alone (done through electro-
graphting carboxyl groups directly on the SPCE) in 0.1 M
[Ru(NH3)6]

3+. The surface density can be determined based on
the electrostatic interaction of the negatively charged
phosphate backbone of the aptamer and the positively charged
RuHex probe. The surface density could then be obtained using
the integrated Cottrell equation from data obtained from the
chronocoulogram.[22] The Cottrell equation:

G� 0 ¼
Q
nFA (1)

Then, GDNA ¼ G� 0
Z
m

� �

NAð Þ (2)

where G� 0 is the surface excess (excess amount of the redox
probe present at the surface of the material) of the redox
marker, Q is the charge of the redox marker estimated from the
chronocoulometric graph in the presence and without the
presence of QD, n is the number of electrons transferred, F is
Faraday’s constant, A is the microscopic area of the electrode,
GDNA is the surface coverage of aptamer, z is the charge of the
redox probe [Ru(NH3)6]

3+, m is the number of bases in the
aptamer, and NA is Avogadro’s number.

The surface density of the SPCE-Apt-QD and SPC-Apt was
calculated to be 5:86� 1013 molecules cm� 2 and
1:08� 1013 molecules cm� 2 respectively. These results suggest
that incorporating the QD into the aptasensor platform
enhances its loading capacity by five times compared to using
the aptamer only, thanks to the QD’s large surface area.

2.3. Chronocoulometric and Electrochemical Impedance
Behaviour of the Modified Screen-Printed Electrode Interface

Chronocoulometry (CC) and impedance (EIS) were used as an
indicator for the modification of the electrode interface.[23]

It’s observed from Figure 3A there that is an increase in
charge from (curve a) SPCE which had a charge of 1.16 μC to
(curve b) SPCE-QD which had a charge of 8.53 μC. This is due to
the QD being conductive and increasing the flow of electrons
thus increasing the peak charge.[24] In addition, this statement is
supported by comparing the electroactive surface area (ECSA)
of the Bare SPCE with the SPCE-QDs (Figure S1) which was

Figure 2. Chronocoulograms of the aptasensor sensor prepared without the MSA-NiSe2 QDs in the absence (a) and presence (a’) of [Ru(NH3)6]
3+.

Chronocoulograms of the aptasensor prepared with the MSA-NiSe2 QDs in the absence (b) and presence (b’) of [Ru(NH3)6]
3+.
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1.872 cm2 and 2.963 cm2 respectively. This was done using the
Randels Sevcik equation:

Ip ¼ 2:69� 105AD
1
2 n

1
3n

1
2C (3)

where Ip represents the peak current (mA), n is the number of
electrons, A is the electrode surface area (cm2), D is the diffusion
coefficient (cm s� 1), and n is the scan rate (VS� 1). The ESCA of
the SPCE-QDs was 1.5 times higher than that of the Bare SPCE
and supports the increase in charge observed in Figure 3A (red
line). The charge then decreases at (curve c) SPCE-Q-APT to
7.25 μC. This could be due to the electrostatic repulsion
between the negatively charged carboxyl groups on the QD
and the negative phosphate backbone of the aptamer.[25] There
is a further decrease in peak charge at (curve d) SPCE-QD-Apt-
Block which had a peak charge of 5.66 μC. This is due to the
role of the blocking buffer that blocks all non-specific binding
sites, which slows down the transfer of electrons and thus
decreases the peak charge.[26]

In Figure 3B it can be observed that the charge transfer (Rct)
decreases from 793 Ω to 280 Ω respectively when the QD are
applied this is because the QD are conductive and lead to less
charge transfer resistance. When the aptamer is applied there is
an increase in Rct to 569 Ω this is because of the insulating
properties that occur due to the interaction between the QD
and aptamer. Finally, when the blocking buffer is added to the
electrode interface the Rct increases to 765 Ω due to the
blocking of non-specific binding sites which hinders electron

transfer and in turn, leads to an increase in charge transfer
resistance.

2.4. Chronocoulometric Detection of CRP

Here, the detection of CRP was investigated using choronocoul-
ometry (CC) as shown in Figure 4A. The CC experiments were
performed in DPBS, pH 7.4 and the detection of CRP was
determined based on the change observed with the change in
the charge response signal with each addition of CRP. It can be
observed from Figure 4A that there is an increase in charge
with each addition of CRP. This might be attributed to the
aptamer binding to the CRP biomarker through an electrostatic
attraction between the aptamer’s negative phosphate back-
bone and the positively charged monomeric isoform of the CRP
biomarker, forming a CRP-aptamer complex.[27] The CRP-
aptamer complex occurs due to the conformational change the
aptamer undergoes once it binds to the biomarker. This
conformational change occurs close to the electrode surface
and with each addition of CRP, there is an increase in the
charge response.[28] This was further supported by Figure S2
where a controlled experiment was performed to investigate
the sensor’s behaviour towards the detection of DPBS without
the addition of the CRP analyte and it was observed that the
signal increase was <1% further proving that the sensor’s
detection for DPBS was negligible and instead the CRP analyte
was being detected by the aptasensor. Furthermore, the
corresponding calibration curve in Figure 4B indicated a linear

Figure 3. The electrochemical characterization of the modified electrodes: CC (A) and EIS (B) of SPCE (curve a), SPCE-QD (curve b), SPCE-QD-Apt (curve c), and
SPCE-QD-Apt-block (curve d) measured in 10 mM DPBS, pH 7.4. (C) Randles equivalent circuit.
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relationship due to the change in charge with each addition of
the CRP biomarker in the range of 10–110 pg/mL. A linear
regression of R2=0.998 with a limit of detection (LOD) achieved
was 2.80 pg/mL for (S/N=3). Thus, it can be said that the
aptasensor achieved a limit of detection much lower than the
clinical cut-off value for CRP which is approximately 5.2 ng/mL.
Therefore, the aptasensor displayed a satisfactory performance
for detecting CRP as its LOD falls below the clinical cut-off
range used to diagnose patients suffering from MI associated
with CRP.

A comparison study of the aptasensor to a commercially
available ELISA kit for CRP was also done in Figure 5. It could be
observed that the ELISA kit had a LOD of 8.39 pg/mL which was
three times higher than the aptasensor. Thus, it proves that the
aptasensor is more sensitive than the commercially available
ELISA kit for CRP and can be applied in clinical applications for
CRP. The sensitivity of the electrochemical aptasensor could
also be validated by the fact more aptamer binds to the large
surface area of the QD. This was confirmed by calculating the
aptamer’s surface density using the integrated Cottrell equation
and data from the chromatogram in Figure 2.[29] Below in

Figure 4. Chronocoulometric detection of CRP A) corresponding calibration plot B) in 10 mM DPBS, pH 7.4.

Figure 5. ELISA assay calibration plot for CRP.
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Table 1 is a comparison of the parameters of the CRP
aptasensor of this work with those of other CRP biosensors
reported in the literature.[30–37] It can be observed from the table
that we achieved a low LOD compared to previous biosensor
studies for CRP. This could be due to the chalcogenide quantum
dot amplification of the sensitivity of the aptasensor.

2.5. Selectivity and Stability of the Aptasensor

Selectivity studies were done on the aptasensor to investigate
the effect of other interferences such as L-cysteine, BSA, cTnI
and CRP. Here the interferences were incubated on the
aptasensor in DPBS. From Figure 6A when compared to the
blank (control), the other interferences have little to no impact
on the peak charge. It can be observed that the charge for CRP
increases significantly when compared to the blank. This
suggests that the sensor is particularly sensitive to this protein.
In addition, stability studies were done over 15 days to
investigate any change in peak charge over these consecutive
days. In this proposed work the aptasensor was stored at 4 °C

and a 100 pg/mL of CRP was incubated on the electrode
surface. Figure 6B shows that the charge was steady for the first
9 days and that the sensor kept around 100% of its initial
response. From day 12 to day 15 the charge response starts to
decrease to about 3% from its original charge response.
Inferring that the aptasensor had good stability, therefore it can
be said that the sensor kept roughly 97% of the initial charge
response after 15 days.

2.6. CRP Detection in Synthetic Human Serum

To further validate the aptasensor for implementation in clinical
applications, CRP was detected in synthetic human serum
samples and compared to the standard ELISA kit. The serum
samples were diluted in a 1 :10 ratio with 10 mM DPBS, pH 7.4.
Various concentrations of CRP were spiked in the serum
solution ranging from 10 pg/mL to 60 pg/mL. The recovery %
was computed and displayed in Table 2. Data extrapolated from
the calibration curve was used to determine the percentage
recovery. The table clearly shows that the aptasensor detected

Table 1. Comparison with other CRP aptasensors and immunosensors.

Method Platform Technique Linear range
(pg/mL)

LOD
(pg/mL)

Reference

Immunosensor IrNPs/GO/Ab1/BSA/GCE DPV 0.01–1000 4 [30]

Aptasensor CNFs/CHIT/Apt/MCH/SPCE DPV 1–3500 21.5 [31]

Aptasensor Apt/BSA/AuE SWV 23–2000 10 [32]

Immunosensor ZnO/MPC/Ab1/BSA/CPE DPV 0.01–2000 5 [33]

Immunosensor AuNPs/CoFe/N-GCT/Ab1/BSA/GCE DPV 0.5–2000 16.7 [34]

Immunosensor AuNPs/L-cyst/Ab1/BSA/SPCE SWV 10–500 15 [35]

Immunosensor AuNPs@BP@PDA/Ab1/MCH/AuE EIS 0–36000 700 [36]

Aptasensor AuNPs/GO-COOH/Apt/BSA/SPCE DPV 1–100000 10 [37]

Aptasensor MSA-NiSe2 QD/Apt/BSA/SPCE CC 10–110 2.80 This work

Figure 6. A) Selectivity of the CRP aptasensor. Interfering agents L-cysteine, BSA and cTnI (150 pg/mL) B). Stability studies of the aptasensor over 15 days in
10 mM DPBS.
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CRP with a percentage recovery of 94.7–100.5% and the ELISA
kit had an average recovery percentage of 94.1–98.7% in serum
samples. It is observed that the sensor has a slighter higher
percentage recovery than the commercial ELISA kit and thus
can be applied in clinical applications for CRP detection.

3. Conclusions

In this study, we demonstrated the successful preparation of an
electrochemical aptasensor for the detection of CRP incorporat-
ing mercaptosuccinic acid capped nickel selenide quantum dot
(MSA-NiSe2 QD) as it is highly sensitive, highly stable and
provides a large surface area for the immobilization of
aptamers. Compared to commercially available assays for CRP
this aptasensor requires small sample volumes, it has a short
assay time, high portability and it has multiplexing abilities. The
MSA-NiSe2 QD aptasensor binded to the CRP biomarker through
an binding interaction and it was evaluated in phosphate buffer
and human serum. The sensor achieved a low limit of detection
of 2.80 pg/mL, had a fast response time and showed a
satisfactory performance in synthetic human serum achieving
an average percentage recovery of 94.7–100.5%. The aptasen-
sor also showed excellent selectivity toward CRP with no
considerable cross-reactivity with other interferents. Subse-
quently, the stability of the aptasensor was also evaluated and
the experimental results proved that the sensor could be stored
for more than a week at 4 °C. This aptasensing platform has
multiple benefits, including simplicity, cost-effectiveness, and
high sensitivity and specificity. Compared to the ELISA, the
aptasensor demonstrates a lower detection limit in both buffer
and serum, making it a promising tool for clinical applications
in CRP analysis.
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