
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 8
:2

7:
57

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A highly sensitive
aState Key Laboratory of Transducer Tech

Institute (AIR), Chinese Academy of Scien

mail.ie.ac.cn; cxliu@mail.ie.ac.cn
bUniversity of Chinese Academy of Sciences,
cCentral South University, Changsha, China
dRuijin Hospital, Shanghai Jiao Tong Univer

E-mail: zhuangchengyu@msn.com
eLingang Laboratory, Shanghai, China. E-m

Cite this: RSC Adv., 2025, 15, 30969

Received 21st July 2025
Accepted 21st August 2025

DOI: 10.1039/d5ra05254h

rsc.li/rsc-advances

© 2025 The Author(s). Published by
label-free aptamer sensor for
timely detection of human serum albumin

Hanghang Cheng, ab Wentao Chen,ab Zejun Deng,c Minghui Yin,ab

Chengyu Zhuang,*d Zhi-mei Qi,*ab Ning Xue*e and Chunxiu Liu*ab

The trace-level detection of proteins in the human body holds significant importance for health monitoring

and disease prevention. To conduct real-time monitoring of the human body's health status, both wearable

and implantable devices require label-free sensing. However, the signals of a considerable number of label-

free electrochemical sensors originate from the signal capture medium. These signals are weak and are

prone to being lost or masked by other signals. We report a Prussian blue (PB)-based self-redox aptamer

sensor was developed, enabling real-time human serum albumin (HSA) detection without external redox

mediators. The designed sensing interface successfully achieved the quantitative detection of HSA in PBS

with a sensitivity of 124 fg mL−1. In addition, to validate universality, the sensor was tested with retinol-

binding protein (RBP4), showing comparable performance. This label-free electrochemical sensor can

achieve one-step detection without additional reagents. This system has application potential in on-site

detection, as well as wearable sensing.
1 Introduction

Immunoanalysis is gradually becoming the most popular plat-
form in clinical testing and biosensors.1–3 Immunological
techniques selectively respond to specic biological targets by
capturing the specic interaction between probe and target.
Various mechanisms for detecting target biomolecules have
been developed and studied based on immunorecognition.
These can be divided into mechanical,4 optical,5

electrochemical,6–8 and colorimetric9,10 methods according to
the response mechanisms.

HSA, synthesized and secreted by the liver, is the most
abundant protein in the circulatory system. Decreased HSA
concentration usually accompanies the occurrence of liver
disease.11 Quantitative detection is crucial for assessing liver
function and the human circulatory system. Mechanisms for
detecting HSA include mechanical,12 optical,11,13 and electro-
chemical14,15 methods. Previous wearable sensing systems were
limited to analyzing substances within the micro-molar to milli-
molar range.16 However, since the content of HSA in sweat is
small and there are many interferents, a sensor suitable for non-
invasive, rapid, and sensitive detection is required.
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Electrochemical immunosensors have received extensive
attention due to their portability, good performance, simplicity
of equipment, and low cost.17 Selecting appropriate immunor-
ecognition substances is also crucial. Replacing antibodies with
aptamers in immunoanalysis has been widely investigated, as
aptamers have few limitations on target substances and can be
used to detect a variety of substances, with advantages such as
small molecular weight, rapid amplication, and simple quality
control.18 Gold nanoparticles (AuNPs) are considered the most
popular nanomaterials for developing aptamer sensors due to
their physical and chemical properties.19,20 The binding of
AuNPs in electrochemical aptamer sensors has the potential to
amplify electrochemical signals based on AuNPs performance,
and decorating AuNPs on electrode surfaces can signicantly
enhance their electrochemical activity.

In previous studies, the signal generation layer of aptamer
electrochemical sensors was oen xed at the end of the
aptamer, and the electrical signal change was generated
through the conformational change of the aptamer aer
binding to the target. To solve the problems of signal loss and
poor signal quality, this study proposes an electrochemical
deposition signal layer to detect the target substance. Firstly, PB
was modied on the surface of the glassy carbon electrode by
cyclic voltammetry (CV) method as an electrical signal genera-
tion layer. Aer that, AuNPs were deposited on stereoscopic
screen-printed carbon electrodes using an electrochemical
deposition method.21 Then, the activated aptamer was chemi-
cally bound to AuNPs through disulde bonds. Finally, 6-mer-
captohexanol (MCH) was used to close the remaining sites on
the AuNPs surface,22 reducing non-specic adsorption and
RSC Adv., 2025, 15, 30969–30979 | 30969
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obtaining easily prepared and highly sensitive sensor electrode
materials. The method's universality was validated using RBP4
protein. Aer electrode preparation, SEM, EDS and other tech-
niques were used to characterize the electrode surface, differ-
ential pulse voltammetry (DPV) and square wave voltammetry
(SWV) were primarily used to detect HSA to evaluate the
performance of the sensing materials.
2 Materials and methods
2.1 Reagents and instruments

Ferric chloride (FeCl3, 98%, Shanghai Aladdin Biochemical
Technology Co., Ltd), potassium ferricyanide (K3[Fe(CN)6],
$99.5%, Shanghai Aladdin), potassium ferrocyanide
(K4[Fe(CN)6], $99.5%, Shanghai Aladdin), potassium chloride
(KCl, AR, Sinopharm Chemical Reagent Co., Ltd), chloroauric
acid (AR, Aladdin), hydrochloric acid (HCl, AR, Beijing Chem-
ical Works), 6-mercapto-1-hexanol (98%, Aladdin), Tris–EDTA
buffer (TE buffer, AR, Beijing Wokai Biotechnology Co., Ltd),
tris(2-carboxyethyl)phosphine (TCEP, AR, Shanghai Macklin
Biochemical Co., Ltd), phosphate buffered saline (PBS tablets,
Shanghai Solarbio Technology Co., Ltd), interleukin-6 (IL-6, AR,
Beijing Borui De Biotech Co., Ltd), human serum albumin
(HSA, Recombinant, AR, Anbaishun Diagnostics Co., Ltd),
Fig. 1 Electrode schematic. (a) Electrode modification steps. (b) Electro

30970 | RSC Adv., 2025, 15, 30969–30979
retinol-binding protein 4 (RBP4, AR, Shanghai Yubo Biotech-
nology Co., Ltd).

Electrochemical workstation CHI760E, Shanghai Chenhua
Instrument Co., Ltd. Magnetic stirrer MS7-H550-Pro, Jiangsu
Jinyi Instrument Technology Co., Ltd. Electronic analytical
balance FA2004N/0.1 mg, Bangyi Precision Measuring Instru-
ment (Shanghai) Co., Ltd. Scanning electron microscope S-
4800, Hitachi, Japan.

2.2 Electrode preparation process

The exible electrode used in the experiment was prepared by
screen printing conductive carbon ink on a polyimide exible
substrate (produced by Shanghai Chen Hua Instrument Co.,
Ltd). Carbon is printed on a exible substrate as the base
material for the working electrode and the counter electrode to
obtain a glassy carbon electrode (GCE) and Ag/AgCl was printed
as the reference electrode. A schematic diagram of the electrode
is shown in Fig. 1. In the experiment, the functionalization of
the electrode was performed on the working electrode. The
specic steps are shown in Fig. 1a.

2.3 Deposition of Prussian blue

In order to detect electrical signals originating from the elec-
trode itself, substances with inherent redox properties are
de working principle.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chosen to bemodied onto the electrode. Prussian blue23 (PB) is
a substance with redox properties commonly used in experi-
ments. The preparation methods of PB mainly include electro-
deposition, chemical assembly, hydrothermal synthesis, and
microwave synthesis. Through electrodeposition,24 researchers
have deposited PB on various substrates such as carbon elec-
trodes, tin-oxide steel, and carbon nanotubes to synthesize
composite materials with specic properties. First, CV is used to
deposit PB on a carbon-based electrode, and the preparation of
the electrolyte consists of 5 mM potassium ferrocyanide and 1 :
1 ferric chloride (including 0.13 M hydrochloric acid solution
and 5 mM potassium chloride). Then the electrode is immersed
in the above electrolyte, and a continuous scan of 20 cycles is
performed at a potential range of −0.2 V to 0.9 V using a three-
electrode system (with a carbon electrode as the working elec-
trode, an Ag/AgCl electrode as the reference electrode, and
a platinum wire electrode as the counter electrode).25

2.4 Deposition of gold nanoparticles

We used a simple and rapid constant potential electrochemical
deposition method to deposit AuNPs on electrodes.26 Perform
potentiostatic deposition at −0.3 V for 100 s in 1 mM chloro-
auric acid (HAuCl4). The HAuCl4 solution was continuously
stirred using a magnetic stirrer equipped with a stirring bar
(stirring speed: 200 rpm). Aer deposition, the electrode was
rinsed thoroughly with deionized water and soaked in deion-
ized water for 10 minutes to remove residual HAuCl4. Finally,
the electrode was dried with a rubber bulb syringe and stored in
a clean Petri dish for subsequent use.

2.5 Assembly of specic recognition molecules

The HSA-binding ssDNA aptamer used in this study was
purchased from Biological Engineering (Shanghai Co., Ltd). The
selection of aptamers was rigorously guided by a comprehensive
literature review synthesizing ndings from prior investigations
on these molecules.27 The HSA-binding aptamer consists of 23
bases and has beenmodied on both ends with an amine group
on the 50 and a thiol group on the 30(50Amino C6/
TGCGGTTGTAGTACTCGTGGCCG/Thiol C6 SS 30).28 The lyoph-
ilized aptamer powder was initially reconstituted in Tris–EDTA
(TE) buffer to prepare a 100 mM stock solution.29 To prevent
thiol group cross-linking, the aptamer was treated with 100 mM
tris(2-carboxyethyl)phosphine (TCEP) to reduce disulde
bonds.30 The solution was diluted to 10 mM with TE buffer and
stored at 4 °C. Aptamer solution was dropped onto the electrode
modied with AuNPs, and reacted at 4 °C for 7 hours. To
passivate residual active sites on the AuNPs, 20 mL of 1 mM
MCH solution was applied to the working electrode and incu-
bated at room temperature for 1.5 hours. Excess MCH was
rinsed off with deionized water, and the electrode was dried and
stored at 4 °C for subsequent use.31 The sensing interface of
MCH/aptamer-SH/AuNPs/PB/GCE was obtained.

2.6 Electrochemical measurements

Cyclic voltammetry (CV) measurements were per formed in PBS
with the parameters set as follows: step potential, 4 mV;
© 2025 The Author(s). Published by the Royal Society of Chemistry
amplitude, 50 mV; and potential range, −0.4 to 0.6 V. Electro-
chemical impedance spectroscopy (EIS) tests were conducted in
a mixed solution containing 0.1 M KCl and 5 mM K3[Fe(CN)6]/
K4[Fe(CN)6] (1 : 1) with AC voltage amplitude set as 5 mV,
scanning frequency ranged from 0.1 Hz to 100 kHz. Differential
pulse voltammetry (DPV) tests were conducted in a solution
containing 20 mM K3[Fe(CN)6] with voltage amplitude set as
50 mV, potential ranges from −0.4 V to 0.6 V, pulse width is
0.06 s, potential increment is 4 mV, sampling width is 0.02 s,
and the pulse period is 0.5 s. Square wave voltammetry (SWV)
detection is carried out in PBS, and the parameter settings are
as follows: potential ranges from −0.4 V to 0.4 V, frequency is
30 Hz, step potential is 4 mV, and amplitude is 25 mV. Error
bars shown in the gures signify standard deviation of three-
times parallel measurements.

2.7 Experimental principle

In the presence of the target analyte, the surface-immobilized
aptamers undergo specic binding with target molecules,
inducing enhanced steric hindrance at the electrode interface.
This interfacial modication manifests as a measurable
decrease in the faradaic current during electrochemical detec-
tion. Conversely, in the absence of the target, the electrode
surface remains largely unperturbed, resulting in negligible
current variation. Schematic diagram of the working principle is
shown in Fig. 1b.

3 Results and discussion
3.1 SEM and EDS imaging of immunosensor surface

Scanning electron microscopy (SEM) was employed for
morphological characterization. As shown in the le side of
Fig. 2a, the carbon electrode surface exhibits distinct grooves
and plateaus, providing favorable nucleation sites for subse-
quent AuNPs electrodeposition. The le side of Fig. 2b displays
a high-resolution SEM image of AuNPs-modied electrodes,
revealing cluster-deposited AuNPs with an average diameter of
approximately 100 nm. Fig. 2c shows the modication of gold
nanoparticles on the Prussian blue substrate on the le side.

Energy-dispersive X-ray spectroscopy (EDS) analysis was
conducted to verify elemental composition. The pristine carbon
electrode spectrum (right side of Fig. 2a) shows dominant C and
O peaks, where the oxygen signal originates from the acrylic
acid binder. Aer depositing gold nanoparticles, the EDS
mapping (right side of Fig. 2b) conrmed the existence of the
characteristic peak of Au, aligning with SEM-observed nano-
particles. The characteristic peaks of iron and gold appearing in
the EDS on the right side of Fig. 2 indicate that both Prussian
blue and gold nanoparticles have been successfully modied.

3.2 Detection of HSA

The sensor has a PB signal layer formed by electrochemical
deposition and can perform label-free sensing detection. When
depositing PB on the carbon electrode and starting to deposit
gold nanoparticles, it can be obtained that the electrodeposi-
tion of AuNPs may lead to an increase or decrease in the signal,
RSC Adv., 2025, 15, 30969–30979 | 30971
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Fig. 2 Electrode structure and morphology characterization. (a) SEM and EDS image of carbon electrode. (b) SEM and EDS image of electro-
depositing gold electrode. (c) SEM and EDS image of electrode modified with gold nanoparticles on Prussian blue substrate.
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and the electrochemical signal can be enhanced when the
electrodeposition time is relatively short (within 60 seconds)
due to the stronger conductivity of AuNPs. As the electrodepo-
sition time increases further, AuNPs gradually cover PB,
resulting in a decreasing signal in PBS. The results are shown in
Fig. 3c. However, a higher signal is not always better. Consid-
ering that the aptamer for specic recognition of the target
substance is modied on AuNPs the content of AuNPs is also
very important. Aer considering, it was decided to electrode-
posit for 100 s to maintain a high signal while having enough
AuNPs for aptamer modication. Aer modication with
AuNPs, perform aptamer and MCH modication.

Aer preparing the HSA aptamer sensor, SWV is used to
electrochemically detect HSA to characterize the sensor
performance, and the detection solution is PBS. First, different
concentrations of HSA solutions are prepared, including 0.1 pg
mL−1, 1 pg mL−1, 10 pg mL−1, 100 pg mL−1, 1 ng mL−1, and 10
ng mL−1, dissolved in PBS. Then, the test starts from low
concentration to high concentration. 20 mL of a certain
concentration of HSA solution (transferred in order from low to
high concentration) is transferred to the surface of the prepared
working electrode, and the reaction is combined for 30minutes.
30972 | RSC Adv., 2025, 15, 30969–30979
Aerward, the remaining HSA solution is slowly washed offwith
deionized water, and the working electrode is dried with
a rubber bulb syringe. SWV detection is performed in PBS and
the electrochemical signal is recorded. From Fig. 3a and b, it
can be seen that as the concentration of HSA increases from 0.1
pg mL−1 to 100 pg mL−1, the SWV peak current decreases, and
the electrochemical signal value shows a linear relationship
with the logarithm of the HSA concentration, I = 103.7 −
21.2 log C, where I is in mA and C is in g mL−1. The limit of
detection (LOD) is 124 fg mL−1 based on a signal-to-noise ratio
(S/N) of 3. Table 1 lists the detection limits of different detection
methods for HSA and the detection limits of the same aptamer
electrochemical sensor for other molecules. This indicates that
the Prussian blue-based aptamer sensor electrode has been
successfully prepared, and the sensor has good sensitivity. The
detection range is wide possibly because PB itself also has
a signal amplication effect, which can recognize subtle
changes on the electrode surface.

Then, the inuence of the electrode storage time on the
electrode stability was explored. Fig. 3d is the SWV current peak
diagram of the Prussian blue-based albumin aptamer sensor
aer being continuously placed for 0, 1, 2, and 3 days (4 °C)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The Prussian blue-based aptamer sensor sensitivity testing data graph for HSA. (a) SWV curve graph detected at different HSA
concentrations. (b) Relationship graph between SWV peak current after data processing and HSA concentration. (c) The influence of electro-
chemical deposition time on CV electrical signal. (d) The stability of the SWV peak current of the Prussian blue-based aptamer sensor.
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respectively. It can be seen that the current decreased by 6.2%
aer 1 day, increased by 3.3% aer 2 days, and increased by
7.1% aer 3 days. The relative error of the current signal of the
Prussian blue-based aptamer sensor within 3 days is less than
10%, indicating that the prepared sensor also has good stability.
3.3 Sensor functional verication

3.3.1 Electrochemical method conrms surface modica-
tion. In order to conduct a feasibility analysis of the sensor and
optimize its functional parameters, electrodes without
Table 1 Comparison of sensor sensitivity

Detect substances Detection limit Method R

HSA 32 ng mL−1 Photoluminescence 11
HSA 39 ng mL−1 Magnetoelastic 12
HSA 20 mg mL−1 Electrochemical 32
HSA 865 ng mL−1 Electrochemical 33
HSA 2.6 ng mL−1 Electrochemical 34
HSA 124 fg mL−1 Electrochemical T
TNF-a 5 pg mL−1 Electrochemical 35
Insulin 20 nM Electrochemical 36
Immunoglobulin E 60 pM Electrochemical 37
Thrombin 360 nM Electrochemical 38

© 2025 The Author(s). Published by the Royal Society of Chemistry
a deposited PB signal layer were used for functional verication.
In this step, potassium ferricyanide served as the redox probe
for characterizing electrode modication efficacy via cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy
(EIS). Following aptamer immobilization (10 mM, 4 °C for 5 h),
the AuNPs-modied electrode exhibited signicantly increased
charge transfer resistance (Rct, evidenced by expanded semi-
circle diameter in Nyquist plots39) and attenuated CV peak
currents with positive potential shis (Fig. 4a). These observa-
tions conrm successful aptamer graing onto AuNPs through
eference Signal sources Solution Label required

— — —
— — —
[Fe(CN)6]

3−/4− [Fe(CN)6]
3−/4− Yes

[Fe(CN)6]
3−/4− [Fe(CN)6]

3−/4− Yes
[Fe(CN)6]

3−/4− [Fe(CN)6]
3−/4− Yes

his work PB PBS No
Fc for aptamer Tris buffer No
MB for aptamer Tris buffer No
MB for aptamer Human serum No
MB for aptamer Tris buffer No

RSC Adv., 2025, 15, 30969–30979 | 30973
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Fig. 4 Cyclic voltammogram and Nyquist plot. (a) A, B, C, D represent electrodeposition of AuNPs, adapter modification, MCH blocking, and
carbon electrode, respectively. (b) A, B, C, D, E represent electrodeposition of AuNPs, adapter modification, MCH blocking, carbon electrode, and
sealed electrode with addition of 1 ng per mL HSA. The inset shows an enlarged view near the origin in plot.
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thiol–gold covalent binding, which introduces steric hindrance
and reduces interfacial electron transfer efficiency due to the
non-conductive nature of DNA strands.

Subsequent treatment with MCH for 1 hour further elevated
Rct and diminished CV currents (Fig. 4b, B vs. C), attributable to
MCH passivation of residual AuNPs surface sites, thereby
amplifying electron transfer blocking effects. Post-target
recognition, the impedance shi (Fig. 4b, C vs. E) validates
both the biorecognition capability of immobilized aptamers
and the feasibility of this surface functionalization strategy.

From the CV and EIS characterization, it can be known that
the experimental steps and plan are feasible, and each step
successfully modied the electrode surface.
Fig. 5 Optimization of experimental conditions for electrode functionali
(b) Peak current values in CV at different potentials. (c) CV plots at diff
deposition for 500 s at−0.3 V potential. (e) DPV signal after binding of liga
blocking for different durations.

30974 | RSC Adv., 2025, 15, 30969–30979
3.3.2 Electrochemical optimization of the immunosensor.
Electrodeposition of AuNPs was carried out in 1 mM gold
chloride solution, the experimental potentials were −0.2 V,
−0.3 V, −0.4 V, −0.5 V, −0.6 V, and −0.8 V. Electrodeposition
was carried out for the same time (400 s) under each potential,
and characterized using CV method. The optimal deposition
condition corresponds to the highest peak current, indicating
the strongest signal enhancement effect of AuNPs. From Fig. 5a
and b, it can be seen that under the same electrodeposition time
of 400 s, the CV peak is the highest when the deposition
potential is −0.3 V. Subsequently, the electrodeposition time
was optimized (Fig. 5c), and carbon electrode was electro-
deposited for 300 s, 400 s, 500 s, and 600 s under −0.3 V. It was
zation. (a) CV plot of electrodeposition at different potentials for 400 s.
erent deposition times at −0.3 V deposition potential. (d) i–t plot of
nd solution to electrode for different durations. (f) CV curves after MCH

© 2025 The Author(s). Published by the Royal Society of Chemistry
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found that the signal continuously increased between 300 s and
500 s, but decreased at 600 s. This might be due to the fact that
the volume and number of AuNPs reached their optimal state at
500 seconds, and as time went on, the nanoparticles further
grew, resulting in a decrease in specic surface area and signal
size. Therefore, the experimental condition for electro-
depositing AuNPs was selected as electrodeposition for 500 s at
a constant potential of −0.3 V.

The binding degree of aptamer and AuNPs on the electrode
affects the sensitivity of target molecule detection signal, which
is inuenced by the aptamer concentration and the modica-
tion time of aptamer on the electrode. Therefore, the modi-
cation time of aptamer was optimized in this experiment, and
the inuence of different binding times on the DPV peak
current of aptamer electrochemical sensor at aptamer concen-
tration of 10 mM was studied. Under the optimal electrodepo-
sition conditions, 20 mL of 10 mM aptamer solution was
transferred to the working electrode with a pipette, and the
working electrode surface was covered with a centrifuge tube
and placed at 4 °C for reaction. The reaction was carried out for
2 hours, 5 hours, 7 hours, and 9 hours, and then the electrode
surface was rinsed with deionized water and dried with a rubber
bulb syringe. DPV testing was then performed. It can be seen
from the Fig. 5e that before the reaction time of 7 hours, the
signal continued to decrease, indicating that the aptamer
continued to bind to the electrode, andmore andmore aptamer
was bound to the AuNPs through thiol groups, affecting elec-
tron transfer and leading to a continuous decrease in signal.
However, aer 7 hours of reaction, since the aptamer modi-
cation had reached saturation, most of the aptamer modica-
tion sites were occupied. Therefore, the optimal time for
Fig. 6 The composition and the measured outcomes of detecting the
modules on the PCB. (b) The detailed contents of the circuit module sy
electrodes, 3D printed enclosures, and PCB. (d) The result diagram of de

© 2025 The Author(s). Published by the Royal Society of Chemistry
aptamer modication is 7 hours, and this will be used as the
best reaction time for further research.

Aer aptamer modication, since the AuNPs on the elec-
trode were not completely blocked, there will still be a certain
degree of non-specic adsorption. To reduce the non-specic
adsorption of the electrode, MCH is used to block the remain-
ing active sites on the AuNPs, and the sealing time is closely
related to the sealing effect. Evaluating the sealing effect is
similar to aptamer modication: when the MCH binding to the
AuNPs reaches saturation, it maximizes the impedance of
electron transfer to the electrode, showing the lowest signal.
Due to the irritating smell of MCH, a 1 mM solution is used for
sealing, and the operation is carried out in a fume hood. The
sealing time is varied from 0.5 h, 1 h, 1.5 h, to 2 h. CV tests are
performed on the electrode signal aer sealing, and the nal CV
results are shown in Fig. 5f. The lowest electrode signal is ob-
tained when the sealing time is 1.5 h, indicating the best sealing
effect. Therefore, 1.5 h is selected as the optimal sealing time.
3.4 Portable circuit design and sensing system

To enhance the portability of this protein sensor and adapt it to
daily life application scenarios, this study developed an inte-
grated circuit system for interleukin-6 (IL-6) detection. To ach-
ieve the integration of the electrode and PCB, we 3D-printed
a housing that is compatible with both the electrode and the
circuit board. The IL-6-binding aptamer has been modied on
both ends with an amine group on the 50 and a thiol group on
the 30(50Amino C6/CTTCCACGCTCGTATTGTGCTTAGT/Thiol
C6 SS 30).40 The system is powered by a circuit chip and
directly transmits data to the computer interface, as shown in
Fig. 6a and b. The microcontroller unit (MCU) regulates the
IL-6 content with the circuit board. (a) The constitution of the circuit
stem. (c) Schematic diagram of the integrated test for the assembly of
tecting IL-6 by using the PCB.
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digital-to-analog converter (DAC) through Serial Peripheral
Interface (SPI) communication to generate the staircase pulse
waveform required for DPV measurements. The processed
signal from the operational amplier (OPA) is subsequently
applied between the reference electrode and working electrode.
During electrochemical reactions, the current generated at the
working electrode is converted to voltage through a trans-
impedance amplier (TIA), facilitating analog-to-digital
conversion (ADC) acquisition. Aer the ADC collects the
voltage, it sends the data to the MCU for processing, and then
sends it to the mobile phone or computer via Bluetooth. A
dedicated power module ensures stable system operation
through optimized power management. Fig. 6c shows the
assembly of the sensor and the PCB, which enables portable
one-step detection.

To evaluate circuit functionality and improve signal stability,
20 mM potassium ferricyanide solution was employed as the
electrochemical signal transmission medium. Experimental
results (Fig. 6d) validate the system's functional efficacy in IL-6
detection. This integrated platform establishes a technological
foundation for next-generation portable biosensors, particularly
promising for clinical monitoring and environmental detection
applications.

3.5 Exploration of the possibility of sensor detection for
other proteins

Nucleic acid aptamer-specic detection should have strong
universality, so the experiment also conducted sensitivity
detection for another protein molecule, RPB4. The concentra-
tions of RPB4 protein are as follows: 0.1 pg mL−1, 1 pg mL−1, 10
pg mL−1, 100 pg mL−1, 1 ng mL−1, and 10 ng mL−1, with PBS
solution as the diluent. Before testing, it is necessary to exclude
any interference from PBS on the electrode signals. The specic
experimental method is the same as that for detecting HSA. The
RPB4-binding aptamer has been modied on both ends with an
amine group on the 50 and a thiol group on the 30(50Amino C6/
ATACCAGCTTATTCAATTACAGTAGTGAGGGGTCCGTCGTGGG
GTAGTTGGGTCGTGGAGATAGTAAGTGC/Thiol C6 SS 30). Aer
conducting the gradient test, the DPV signal is shown in Fig. 7,
it can be observed that when the RPB4 concentration ranges
Fig. 7 RPB4 protein sensitivity detection data. (a) DPV curve under differe
current and RPB4 protein concentration after data processing, with the

30976 | RSC Adv., 2025, 15, 30969–30979
from 0.1 pg mL−1 to 1 ng mL−1, the DPV peak current decreases
with increasing concentration, and the DPV peak current value
shows a linear relationship with the logarithm of the RPB4
concentration, expressed as I= 16.9− 6.9 log C, where I is in
mA and C is in g mL−1, with R2 = 0.940. This also indicates that
the sensor has a highly sensitive recognition capability for RPB4
protein and has an extremely low LOD.

The sensitivity detection of RPB4 indicates that the exible
electrochemical aptamer sensors constructed using the afore-
mentioned experimental methods have strong universality. By
simply changing the type of modied aptamer, they can be used
to detect different proteins, providing insights for the potential
expansion of sensors in the future.

3.6 Specicity and reproducibility

Selectivity is also one of the important characteristics of
electrochemical sensors, thus further studying the selectivity of
sensors through DPV. The specic experiment method is as
follows: rstly, add 100 pg per mL IL-6 protein solution to the
working electrode surface, conduct DPV scanning to record the
current signal. Then, add 10 nM cortisol to the electrode
surface, conduct DPV scanning to record the current signal, and
nally add 100 pg per mL HSA and conduct DPV scanning to
record the current signal, with a reaction combination time of
30 minutes each time. As can be seen from Fig. 8a, the signal
rises aer adding IL-6 and cortisol (with PBS as the blank
control group), and the signal decreases sharply aer adding
HSA due to specic capture, which reduces the activity on the
electrode surface, hinders electron transfer. This demonstrates
that the constructed aptamer sensor can show good selectivity
for the target substance.

The stability of the sensor is also a crucial factor, and a large
signal dri cannot indicate a good sensor. Repetitive tests are
conducted on the constructed sensor to observe its signal
stability. Four modied electrodes were tested in the same
batch, and the average of three repeated measurements was
calculated for each group (direct measurement of the signal,
without PBS treatment). As can be seen from Fig. 8b, the DPV
peak current signals are basically identical, indicating that the
constructed aptamer sensor has good reproducibility.
nt RPB4 protein concentrations. (b) Relationship between the DPV peak
shaded area indicating the error margin.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Selectivity and stability of sensors. (a) Selectivity of sensors. (b) Stability of sensors, the horizontal axis corresponds to the detection
sequence.
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4 Conclusion

This study presents an electrochemical biosensor leveraging
AuNPs to amplify the signal of the PB-based electrode, enabling
label-free and ultrasensitive detection of HSA at the femtomolar
level. Material characterization via SEM and EDS conrmed
homogeneous PB and AuNPs electrodeposition on carbon
electrodes. CV and EIS validated successful aptamer immobili-
zation and subsequent biorecognition functionality, while MCH
effectively passivated nonspecic binding sites on AuNPs
surfaces.

The Prussian blue-based aptamer sensor can directly detect
in sweat without needing to perform external detection (no need
to detect signals in potassium ferricyanide medium), making it
more promising for wearable detection of HSA in sweat. The
peak current changes versus HSA concentration logarithmic
relationship diagram reveals a linear correlation between the
peak current values and the logarithm of HSA concentration
from 0.1 pg mL−1 to 1 ng mL−1, with a detection limit of 124 fg
mL−1 for HSA detection. The sensitivity detection of RBP4 also
indicates that this aptamer sensor has universality. The sensor
exhibits advantages such as non-invasiveness, miniaturization,
portability, and integration. This study anticipates further
development into wearable detection devices, and with the
extremely low detection limit of the sensor, it is expected to be
used for detecting HSA in human body, displaying considerable
application potential in future clinical trials.
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