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With the prevalence of diabetes and its secondary complications, the effective monitoring of diabetic
biomarkers is necessary. While portable analytical devices for blood glucose have been sophisticatedly
developed, those for haemoglobin (Hb) and, especially haemoglobin Alc (HbA;.), a glycated form of Hb,
remain elusive. Here, we developed an aptamer-based duplexed electrochemical sensor for the
simultaneous detection of Hb and HbA;.. Ferrocene (Fc) and a thiol group were introduced to the 5 and
3’-end of aptamers that bind Hb and HbA,., respectively. While the thiol group facilitates the formation of a
self-assembled monolayer of the aptamers onto a customized, duplexed screen-printed gold electrode,
the presence of Fc provides the electrodes an internal electrochemical signal. Upon analyte binding, the
secondary conformation of the aptamers is changed, thus leading to a quenched current signal because of
an increased distance between Fc and the electrode surface. Our duplexed electrochemical sensor showed
a good linearity for both analytes over a wide concentration range, and has proved effective in

rsc.li/sensors

Introduction

According to The International Diabetes Federation (IDF), in
2023, there were 537 million people diagnosed with diabetes
worldwide (10% of the world's adult population)." The
diagnosis, monitoring and treatment of diabetes cost ~548
billion US dollars per year, which accounts for 11% of the
world's total health-care costs.> By 2045, the number of people
with diabetes worldwide is estimated to reach 783 million.
According to a report by the Chinese Diabetes Society (CDS), the
predicted number of diabetic patients in China reached 141
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simultaneously quantifying Hb and HbA. in calibration samples.

million (aged 20-79) in 2021, of which 51.7% were undiagnosed
and 1.4 million died. According to the International Diabetes
Federation, an estimated diabetes-related expenditure was 165.3
billion USD in 2021, which poses a large social and economic
burden on the world health-care system.’

While the monitoring of blood glucose offers guidance for
risks of diabetes, the detection of haemoglobin (Hb) in its
glycated form is the gold standard for the definite diagnosis
of diabetes. Clinically, chromatographic techniques are
employed to quantify Hb and HbA,. (a glycated form of Hb)
in the whole blood, and the HbA,./Hb ratio is used as a
measure for diagnosing diabetes. This method is time-
consuming and requires complicated sample pre-treatment,
and therefore is not suitable for point-of-care testing (POCT).
The use of antibodies to directly capture Hbs is an alternative
to chromatographic approaches. Antibodies are generally
labelled with a colorimetric, fluorescent or chemiluminescent
(CL) species for immunosorbent assays.* This method
facilitates the POCT of Hbs to be achieved in the form of
paper strips (with colorimetric and fluorescent labels) and
miniature bedside facilities (with CL labels). However,
antibodies face challenges in terms of shelf-stability,
reproducibility from batch to batch and interference from
autoantibodies and heterophil antibodies existing in the
human blood. Attempts of wusing phenylboronic acid
derivatives to bind glycated Hbs have also been made,”” but
the propensity of boronates to unselectively binding diols that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are structurally diverse in humans might compromise the
accuracy of this approach.

Electrochemical sensors have been extensively developed for
biosensing. By using portable electrochemical workstations and
miniaturized screen-printed electrodes (SPEs), the POCT of a
variety of disease-relevant biomarkers has been achieved.® Both
self-assembly and covalent conjugation could be used to
functionalize working electrodes with a capture agent
(antibodies, peptides, aptamers, carbohydrates, etc.) to
selectively bind an analyte of interest. The capture of the analyte
subsequently causes a signal variation through perturbing the
redox kinetics of the electrochemical system. With this sensing
rationale, electrochemical sensors based on diffused (such as
Fe(CN)s*/Fe(CN)s*", Ru(NH;)*" and Hemin/G4) and embedded
electroactive species (such as ferrocene (Fc), methylene blue
(MB) and anthraquinone (AQ)) have been successfully
constructed.”*® However, electroactive sensors for the
simultaneous detection of Hb and HbA, . are elusive.

Here, we developed a duplexed aptamer-based electrochemical
sensor (aptasensor) for the simultaneous detection of Hb and
HDA, . (Fig. 1). Aptamers are short DNA or RNA sequences with a
defined secondary structure to selectively bind ions, small
molecules and biomacromolecules.™*™® Because of their relatively
small size, simplicity in functionalization with other molecules,
low immunogenicity, minimal batch-to-batch variation and
physical stability, aptamers have been extensively used for
biosensing and targeted delivery of imaging and therapeutic
agents."” ' In this study, Fc and a thiol group were introduced to
the 5- and 3-end of previously reported aptamers for Hb and
HDbA,., respectively. An SPE with dual gold working electrodes
whose redox signals could be measured in a duplexed manner
was customized. One electrode was modified with the Hb
aptamer and the other with HbA,. aptamer, both through thiol-
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CCC AAA CGC GGCCAC GGA
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Fig. 1 Predicted secondary structure of the aptamers used in this
study, and a scheme illustrating the sensing mechanism of the
ferrocene (Fc)-labelled aptasensor for Hb and HbA;..
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gold self-assembly. Moreover, mercaptoethanol (MEH) was used
as a blocking agent to reduce non-specific adsorption.”® Using a
portable electrochemical workstation, our experimental results
demonstrated the effectiveness of the electrode system for the
simultaneous sensing of Hb and HbA,. and the quantification of
their concentrations in calibration samples.

Results and discussion

Two aptamers, apHb and apHbA,., which are reported to
selectively bind Hb and HbA,. were synthesized according to
a previous report, respectively (Fig. 1).>' To the 5’ and 3-end
of the aptamers, the electroactive Fc and a thiol group were
introduced, respectively. When bound to gold electrodes
through thiol-gold self-assembly, an internal current signal
could be measured due to the spatial proximity of Fc to the
electrode surface, and upon protein binding, the
conformation of the aptamers is changed, leading to a
quenched current signal because of an increased distance
between Fc and the electrode.

An SPE with two parallel gold working electrodes, whose
electrochemical activities could be measured simultaneously on
a portable workstation, was customized. The Fc-functionalized
apHbA, ¢ and apHb aptamers were self-assembled onto the two
electrodes, producing Aptasensor 1 and Aptasensor 2,
respectively. The gold electrodes functionalized with Fe-
modified apHbA;c aptamers were characterized by X-ray
photoelectron spectroscopy (XPS). Binding energy values of 86.3
eV, 706.8 eV and 162.3 €V, characteristic of Au 4f, Fe 2p and S
2p, were observed (Fig. S1a and bt), respectively, indicating the
successful assembly of the aptamers onto the electrodes. Cyclic
voltammetry (CV) was used to characterize the electroactivity of
the aptamer-assembled electrodes. By applying an increasing
sweep speed of 0.02-0.2 V s, typical cyclic voltammograms of
Aptasensor 1 (Fig. 2a) and 2-functionalized (Fig. 2b) electrodes
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Fig. 2 Cyclic voltametric curves of (a) Aptasensor 1 and (b)
Aptasensor 2 as a function of potential (-0.2-0.6 V). Plotting the
current intensity of (c) Aptasensor 1 and (d) Aptasensor 2 with
different scan rates (20-200 mV s™3).
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over a scanning range of —0.2-0.6 V were obtained. An
electrolytic reduction and oxidation peak at 0.22 V and 0.13 V,
characteristic of potassium ferricyanide, were observed for both
electrodes, respectively. Plotting the current intensity of
Aptasensor 1 (Fig. 2¢) and 2-functionalized (Fig. 2d) electrodes
as a function of potential produced good linearity for both the
oxidation and reduction peak. In addition, we found that the
current of the aptasensors at both peaks scaled up linearly as
the scan rate increases, suggesting the redox process was
surface-controlled.>* A surface coverage amount (I*) of apHb
and apHbA, was calculated to be 2.19 x 10" M em ™ and 1.92
x 107" M cm™?, respectively. The results obtained from CV
demonstrated the successful self-assembly of the Fc-modified
aptamers onto the gold electrodes.

Next, electrochemical impedance spectroscopy (EIS) was
used to test the aptamer-protein binding using the Fe;(CN)q/
Fe4(CN)e redox pair as the electrochemical probe (Fig. 3). In
their representative Nyquist plots, we found a concentration-
dependent increase in the capacitive resistance of both
Aptasensor 1 (Fig. 3a) and 2 (Fig. 3b) in the presence of
increasing concentrations of Hb and HbA,., respectively. In
addition, an equivalent circuit was used to fit the Nyquist
plots (Fig. S27), and parameters of charge transfer resistance
(R.) were obtained accordingly (Table S17). This agrees with
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Fig. 3 Impedimetric changes of (a) Aptasensor 1 with increasing

concentrations of HbA;. (0-40 pg mL™) and (b) Aptasensor 2 with
increasing concentrations of Hb (0-500 pg mL™), where Zi, and Zimo
are the imaginary part of the impedimetric plots of an aptasensor in
the presence and absence of HbA;. and Hb, and Z,. and Z,.o are the
real part of the impedimetric plots of an aptasensor in the presence
and absence of HbA,. and Hb, respectively.
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previous reports that the binding of an analyte to a
functionalized electrode results in a larger polarization
resistance being obtained.** >

We also used differential pulse voltammetry (DPV) to
corroborate Hb sensing (Fig. 4). The optimal detection
conditions were obtained by running the tests at different scan
rates (Fig. S3a and bf) and pH (Fig. S3c and df). Similarly, we
observed a gradual current drop when increasing the
concentrations of Hb and HbA,. that were incubated with
Aptasensor 1 (Fig. 4a and c) and Aptasensor 2 (Fig. 4b and d),
respectively. This corroborates the binding of the protein to the
aptamer-functionalized electrodes leading to a quenched Fc
signal. We determined a dissociation constant (Ky) of 25.2 + 6.5
ug mL " and 9.3 + 2.0 ug mL " for Hb and HbA,,, respectively. A
linear range of 5-200 ug mL ' and 0.1-24 pg mL™ was
determined for the detection of Hb and HbA,, respectively. In
addition, over a clinically-relevant range of the concentration
ratio between HbA;. and Hb (HbA,./Hb) (NGSP% (National
Glycohemoglobin Standardization Program): 4.4-17.4%),>**" a
good correlation was obtained for the current intensity ratio of
Aptasensor 1/Aptasensor 2 (Fig. S4t). These data suggest that
the detection range of Aptasensor 1 and 2 meets the
requirements of clinical application. In addition, nanogram-
range limit of detection was obtained for Aptasensor 1 (49.0 ng
mL™") and 2 (19.1 ng mL™). The results obtained from DPV
suggest the good sensitivity of the aptasensor developed for Hb
sensing. The selectivity of Aptasensor 1 and 2 was also tested
with a range of proteins and disease biomarkers including
human serum albumin (HSA), immunoglobulin G (IgG),
carbohydrate antigen 19-9 (CA19-9), and cancer antigen 125
(CA125) (Fig. 5 and S5T). These proteins did not cause the
electrochemical signal of aptasensors to change. In addition,
potential interfering species including triglyceride (TG) and
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Fig. 4 Differential pulse voltammetric curves of (a) Aptasensor 1 with
increasing concentrations of HbA;. (0-24 ug mL™) and (b) Aptasensor
2 with increasing concentrations of Hb (0-200 pg mL™). Plotting the
current changes of (c) Aptasensor 1 with increasing HbA;. (0-24 ng
mL™) and (d) Aptasensor 2 with increasing Hb (0-200 pg mL™), where
I and Iy are the current intensity of an aptasensor in the presence and
absence of HbA;. and Hb, respectively.
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Fig. 5 Current intensity changes of (a) Aptasensor 1 and (b)
Aptasensor 2 in the presence of selective and unselective serum
proteins including hemoglobin Alc (HbA;., 50 pg mL™?), hemoglobin
(Hb, 50 png mL™), serum albumin (HSA, 50 pg mL™), immunoglobulin G
(IgG, 50 ng mL™), carbohydrate antigen 19-9 (CA19-9, 50 ug mL™?) and
cancer antigen 125 (CA125, 50 ug mL™), where | and I, are the current
intensity of the aptasensors in the presence and absence of a protein
analyte, respectively.

bilirubin (BIL) were used to validate the specificity of the
aptasensor (Fig. S6f), and its reproducibility was also
demonstrated by measuring the same batch of HbA,. (Fig. S7a
and ct) and Hb (Fig. S7b and df) samples every two days.

Finally, we sought the application of the aptasensors for
the simultaneous detection of Hb and HbA,. in human whole
blood samples. International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC) certified whole-
blood calibration samples were used to verify the sensing
accuracy of the aptasensors. According to a standard
precision and accuracy verification protocol,® a total of nine
whole-blood calibration samples were selected, of which six
(from one batch) were used to obtain a standard calibration
curve, and three (from another batch) were used as external
quality assessment (EQA) samples (Table S21).

To improve the analytical accuracy, a separation material
based on magnetic beads (Fe;O,/Au core/shell (~200 nm/20
nm) particles) to isolate Hbs prior to analysis was prepared.
The beads were functionalized with the apHb aptamer (Fc
modification at the 5-end) through sulfhydryl-gold self-
assembly.”*** Beads were incubated with the samples for 30
min, and then Hbs bound to the surface of the beads as a
result of DNA-protein interaction were magnetically
separated. Then, the bound proteins were separated using a
desorption solution containing 50 mM Tris-HCI (pH 8.0) and
10 mM ethylenediamine tetraacetic acid disodium salt
(EDTA) prior to detection.*® The resulting mixtures were
dripped onto the two working electrodes, and then DPV was
used for the duplexed sensing to obtain the HbA,./Hb ratios
of all samples. As shown in Fig. 6, a good correlation between
the three EQA samples (orange dots) and the calibration
curve produced from the other six samples (gray dots) was
obtained. Notably, the deviation of the EQA sample with a
NGSP% of 6.73% (which is close to the clinical cutoff value
of NGSP% (6.5%) for diagnosis of diabetes) from the
standard curve was determined to be —6.7%, which is smaller
than the allowable error range (+7%) regulated by the
National Center for Clinical Laboratories of China. This
suggests the reliability of the aptasensor developed. A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Current intensity ratio changes of both Aptasensor 1 and 2 as a
function of increasing HbA;./Hb protein concentration ratios (4.96-
11.42%), where Iypaic and Iy, are the current intensity of Aptasensor 1
and Aptasensor 2, respectively. The gray dots are the concentration
points of the calibration curve samples, and the orange dots those of
the external quality assessment samples.

thorough comparison with previously developed sensors for
HbA,;. and Hb detection suggests that our aptasensors are
advantageous in terms of the ability to simultaneously detect
HbA,. and Hb; the detection range also meets the clinical
detection requirements (4.96-10.27%) (Table S3+).

Conclusions

We have constructed a duplexed aptasensor for the
simultaneous detection of Hb and HbA,.. Aptamers modified
with Fc and a thiol group were synthesized to self-assemble
onto gold-based working electrodes. The surface-bound Fc
gave rise to an internal current signal, which enabled the
sensitive and selective detection of Hb and HbA,. parallelly.
Importantly, we demonstrated the real-world applicability of
the aptasensor in terms of the determination of the HbA,./
Hb ratio with calibration samples. We thus believe that owing
to the simplicity of the sensing method and the portability of
miniaturized electrochemical workstations, our proposed
technique would find application in the context of POCT of
Hbs.
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