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ABSTRACT: Conventional solid/liquid electrochemical interfa-
ces typically encounter challenges with impeded mass transport for
poor electrochemical quantification due to the intricate pathways
of reactants from the bulk solution. To address this issue, this work
reports an innovative approach integrating a target-activated DNA
framework nanomachine with electrochemically driven metal−
organic framework (MOF) conversion for self-sacrificial biosens-
ing. The presence of the target biomarker serotonin initiates the
DNA framework nanomachine by an entropy-driven circuit to
form a cross-linked nanostructure and subsequently release the Fe-
MOF probe. Acting as a natural metal precursor and a
nanoconfined source of reactant, the Fe-MOF probe is converted
into electroactive Prussian Blue during electrochemical processes.
Taking advantage of the confinement effect, our proposed biosensor exhibits the excellent capability to detect serotonin in a linear
range from 1 pM to 5 μM with a remarkable detection limit of 0.4 pM and exceptional specificity against other interferents. The
proof-of-concept demonstration of serotonin detection in clinical serum samples from patients with carcinoid tumors highlights the
utility of a complex sample analysis. The design could be applied for other biomarker detection with a high potential to inspire
innovative sensing approaches, holding promise for applications in biomedical research and disease diagnosis.

■ INTRODUCTION
Serotonin (ST), also known as 5-hydroxytryptamine, plays a
pivotal role as a signaling molecule influencing human
emotions and behaviors.1,2 Acting as a neurotransmitter in
the brain, it regulates various biological systems as a peripheral
hormone.3 Dysregulation of ST levels is linked to various
disease conditions such as depression,4 addiction,5 and
carcinoid tumors.6 Therefore, the determination of ST
amounts is crucial for disease prevention and clinical diagnosis.
Conventional methods for measuring ST rely on its redox
activity, chemical structure, or optical properties, including
electrochemical analysis,7 mass spectrometry,8 fluorescent
analysis,9 and so on. Among these, electrochemical sensors
offer advantages such as high sensitivity, rapid response,
affordability, ease of use, and miniaturization. Additionally,
there has been a surge in the development of molecular probes
capable of detecting and responding to ST by various covalent
or noncovalent interactions, such as aptamers,10,11 genetically
encoded proteins,12,13 and organic molecules.14 Aptamers,
synthetic oligonucleotides derived from in vitro selection
experiments, offer benefits such as high affinity, selectivity,
and ease of synthesis.15−17 In comparison, genetically encoded
proteins require genetic manipulation, while organic molecules
come with concerns regarding selectivity.17 Consequently, an

aptameric electrochemical sensor represents an efficient tool
for monitoring ST levels.
Driven by the entropic gain of the liberated molecules, the

entropy-driven circuit is a convenient and stable amplification
circuit.18,19 Since the groundbreaking study in 2007,19 entropy-
driven DNA circuits have found extensive applications in
molecule detection, logic analysis, and nanostructure assembly.
This wide application is attributed to their remarkable catalytic
efficiency, signal amplification, and customizable net-
works.20−22 For example, intracellular entropy-driven multi-
valent DNA circuits leverage target biomarkers to initiate signal
amplification processes, allowing for multibit computing to
differentiate cancer cell types and track tumor advancement.23

Compared with alternative enzyme-free amplification techni-
ques, the entropy-driven module adeptly prevents circuit
leakage, leading to decreased noise levels and enhanced
reliability. However, the canonical entropy-driven circuit
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consists of several freely diffusible components in solution,
thus severely lowering the reaction speed and efficiency due to
the molecular proximity effect.24,25 The DNA nanoarchitecture
fabricated by DNA components could confine reactants within
a compact space,26−28 which increases the local concentrations
of DNA reagents to exert a spatial-confinement effect, resulting
in steerable dynamic operations and exhibiting a higher signal-
to-noise ratio. Therefore, a DNA framework nanomachine
(e.g., 3D DNA triangular prism) functionalized with the
reagents of an entropy-driven circuit is expected to yield an
efficient electrochemical platform.
The mass transport at the sensing interface significantly

impacts the detection performance of the sensor. Impeded
electrochemical quantification often results from complex
transportation pathways and reactant dilution in a large
volume of bulk solution.29−31 By introducing reactants or
precursors onto the sensing interface, a confinement effect can
be generated on the reactants near the electrodes,32,33

presenting a facile avenue for manipulating mass transport
near the sensing interface. Metal−organic frameworks
(MOFs)34−37 are widely acknowledged for their abundant
metal elements, customizable functional groups, superior
biocompatibility, and other advantageous properties. There-
fore, it is of high interest to combine MOFs as templated
reactant sources with suitable signal detection technologies to
mitigate the mass transportation issue in bulk solution.
This work presents an innovative electrochemical sensing

strategy that combines electrochemical self-sacrificial label
conversion employing a MOF substrate nanomaterial with a
DNA framework nanomachine for signal detection. The
proposed sensing strategy offers three key advantages. First,
the abundant metal elements in the MOF can be converted to

generate amplified sensing signals, eliminating the need for
additional reactants. Second, entropy-driven DNA circuit
reactants fixed on the 3D DNA framework can significantly
enhance reaction efficiency and reduce background signals.
Lastly, effective signal amplification and minimal background
noise can lead to a low detection limit in human serum,
showing promise for the sensitive detection of various
biomarkers directly relevant to the diagnostic confirmation of
varying disease conditions.

■ EXPERIMENTAL SECTION
The Preparation of SP-MOF. The Fe-MOF was

synthesized via a hydrothermal route. Initially, Pluronic F127
(0.16 g) was dissolved in the deionized water (11 mL) and
then mixed with 4 mL of 200 mM FeCl3 solution.
Subsequently, 75 μL of CH3COOH was added to the mixture
and stirred for 1 h, followed by the addition of 60 mg of 2-
aminoterephthalic acid (NH2-BDC) with stirring for 2 h. The
resulting solution was then transferred to a stainless-steel-lined
Teflon autoclave and heated to 110 °C for 24 h. The Fe-MOF
product was obtained after three rounds of centrifugation and
washing with ethanol. Additionally, a mixture of Fe-MOF (1
mL, 1 mg/mL), signal probe (SP, 100 μL, 1 μM), 40 mM N-
ethyl-N′-(3-(dimethylamino)propyl)carbodiimide hydrochlor-
ide (EDC), and 10 mM N-hydroxysuccinimide (NHS) was
stirred for 5 h, and the precipitate was collected by
centrifugation to yield SP-MOF.

The Fabrication of MCH/IP/AuE. The gold electrode
(AuE, 3 mm) was pretreated by immersion in a freshly
prepared piranha solution (98% H2SO4 and 30% H2O2 at a
volume ratio of 3:1) for 30 min. Subsequently, the electrode
was thoroughly rinsed with water, polished with a 0.3 and 0.05

Scheme 1. Schematic Diagram of a Target-Activated DNA Framework Nanomachine Coupled with Electrochemical Self-
Sacrificial Label Conversion for Signal Amplification to Detect Serotonin of Ultralow Concentration
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μm aluminum slurry for 5 min each, and then sonicated in pure
water, ethanol, and pure water for 5 min each to remove any
residual alumina powder. Following this, each AuE underwent
electrochemical cleaning in 0.5 M H2SO4, with potential
scanning from 0.3 to 1.5 V until stable characteristic
voltammetric peaks occurred. Subsequently, a mixed solution
of immobilization probe (IP, 0.6 μM) and tris(2-
carboxyethyl)phosphine hydrochloride (TCEP, 10 mM) was
allowed to react for 60 min to reduce the disulfide bond and
then transferred to the cleaned AuE overnight. Finally, 6-
mercapto-1-hexanol (MCH, 1 mM) was cast onto the sensing
interface for 1 h to block it.
The Detection Procedure of ST. The DNA triangular

prism (DTP) structure was prepared by mixing the S1, S2, and
S3 in equal quantities, followed by annealing hybridization in
20 mM Tris-HCl buffer (2 mM EDTA, 12.5 mM MgCl2, pH
7.4), which was heated to 95 °C for 5 min and then slowly
cooled to room temperature. Next, the DTP structure was
hybridized with aptamer/blocking probe (BP), SP-MOF,
assistance probe (AP), S1D, S3U, and S3D at room
temperature for 2 h, further mixed with fuel probe (FP) at
the same molar ratio, and incubated at room temperature for
another 2 h. When the sensor was applied for the quantitative
determination of ST, DTP/(aptamer/BP+(SP-MOF)-AP+FP)
(600 nM) was reacted with different concentrations of ST on
the electrode for 30 min. After the SP-MOF was introduced on
the sensing interface, the sensor underwent electrochemical
conversion in a solution containing 0.5 mM K3[Fe(CN)6] and
0.1 M K2SO4, followed by a potential of 1.6 V scanned for 600
s and a potential of 0 V scanned for 300 s, with a sample
interval of 0.002 s.
Clinical Sample Analysis. Sera from patients with

carcinoid tumors and healthy volunteers were obtained from
the affiliated hospital of Xuzhou Medical University (Jiangsu,
China). All participants provided informed consent prior to the

study. The collection and handling of samples adhered to the
World Health Organization (WHO) guidelines for blood
collection (WHO Publication ISBN-13:978-92-4-159922-1,
2010) and were approved by the Ethics Committee of the
affiliated hospital of Xuzhou Medical University. Prior to
analysis, red blood cells (RBCs) were isolated from the blood
samples by centrifugation at 7500g for 10 min, and other
proteins or tissues were removed using Amicon Ultra-05
centrifugal Ultracel-10 membrane filter tubes. Subsequently,
the serum samples were either mixed with DTP/(aptamer/BP
+(SP-MOF)-AP+FP) for electrochemical detection or reacted
with reagents from an enzyme-linked immunosorbent assay
(ELISA) kit for colorimetric detection.

■ RESULTS AND DISCUSSION
Mechanism of the Electrochemical Self-Sacrificial

Label Conversion Sensing. The programmable DNA
framework nanomachine is constructed following the design
strategy shown in Scheme 1. The DTP basic structure is
obtained through the annealed hybridization of three single-
stranded DNA molecules (S1, S2, and S3) with similar lengths
(Figures S1, S2). Three modules of aptamer/BP, SP-MOF, AP,
and FP could be self-assembled on the DTP structure, in which
aptamer/BP and FP are located at opposite vertices of the
triangular prism. The three-stranded hybridization complex
DTP/(SP-MOF)-AP along the opposite edge of the triangular
prism could act as an entropy-driven module. The association
of ST with the aptamer probes leads to a conformational
change in the pseudoknot aptamer structure and releases the
BP strand, which could activate the entropy-driven strand
displacement reaction. In this reaction, BP first combines with
the terminal toehold to displace the SP-MOF probe, resulting
in exposure of the new toehold at the middle domain of the
DTP opposite edge. The FP strand on the middle toehold

Figure 1. SEM of Fe-MOFs before (A) and after (B) EC conversion. Scale bar: 300 and 400 nm for parts A and B. (C) EDS profile of the Fe-MOF
probe after EC conversion. EDS mapping of (D) C, (E) O, (F) N, (G) P, (H) Fe, and (I) overlays in the Fe-MOF probe after EC conversion. Scale
bar: 1 μm. (J) Differential pulse voltammetry (DPV) responses in 0.1 M K2SO4 solution containing (a) 100 mM FeCl3 and (b) 100 mM
K3[Fe(CN)6].
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further results in the second strand displacement reaction to
cause the release of BP and AP from the DTP complex. The
released BP would react with the next DTP to initiate the
cascade strand displacement reaction. Accompanying the
entropy-driven strand displacement reaction, the adjacent
DTP complexes would self-assemble with each other to form
the cross-linked nanostructure. On the other hand, a large
number of SP-MOF released during the cascade reaction
would be hybridized with IP and loaded on the electrode.
Ultimately, the modified MOF probes serve as porous metal
precursors for electrochemical conversion (EC), facilitating the
production of electroactive Prussian Blue (PB) and con-
sequently amplifying the signal for ST detection. The
conversion mechanism is succinctly outlined as follows: EC
input with a high potential applied to the electrode initiates the
water-splitting reaction, leading to the production of H+ ions
on the sensing interface. The presence of H+ establishes an
acidic microenvironment, facilitating the dissociation of the
MOFs to release Fe3+. Subsequently, Fe3+ and [Fe(CN)6]3−

undergo electrochemical reduction to form Fe2+ and [Fe-
(CN)6]4− at a low applied potential. The reaction between
Fe2+ and [Fe(CN)6]4− results in the formation of Prussian
White (PW), which is then oxidized by O2, leading to the
generation of PB. The detailed reactions are elucidated as
follows.
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Characterizations of the Fe-MOF Conversion. The
scanning electron microscopy (SEM) image in Figure 1A
shows the characteristic polyhedral morphology of the
prepared Fe-MOFs, with an average size of approximately
300 nm. Electrochemical conversion changes the crystal
structures of Fe-MOFs due to the in situ production of cubic
PB on the surface of Fe-MOFs (Figure 1B). Investigation of
the constitution of the Fe-MOF probe with energy-dispersive
X-ray spectrometry (EDS) indicated the existence of C, N, O,
Fe, and P elements (Figure 1C). The elemental mappings in
Figures 1D−I suggest a homogeneous distribution of these
elements throughout the Fe-MOF. As evidenced by the
presence of the P element, the DNA probes are loaded on the
Fe-MOFs. By applying the electrochemical method, the
reduction process of Fe3+ and [Fe(CN)6]3− is examined to
understand the generation mechanism of PB. The reduction of
Fe3+ to Fe2+ begins below 0.6 V, whereas the reduction of
[Fe(CN)6]3− to [Fe(CN)6]4− begins below 0.5 V (Figure 1J).
As a result, only Fe3+ reduces to Fe2+ at a potential between 0.5
and 0.6 V, but the electrochemical reduction of Fe3+ and
[Fe(CN)6]3− to Fe2+ and [Fe(CN)6]4− occurs simultaneously
for a potential of less than 0.5 V. The electrochemical
reduction of Fe2+ and [Fe(CN)6]4− leads to the formation of
PW, which is eventually oxidized to PB.

The cyclic voltammetry (CV) characterization of the EC
conversion product PB shows remarkable redox peaks near 0.2
V for the sensor with Fe-MOF (a) compared to unobvious
peaks without (b) (Figure 2A), suggesting the satisfactory

electrochemical activity of PB. In addition, the solution of Fe-
MOF, K3[Fe(CN)6], and K2SO4 changes from a tan to a blue
color (Figure 2B) after the EC conversion, in which the
gradually deepened blue color demonstrated the formation of
PB, indicating that Fe-MOF is the self-sacrificial template of
Fe3+ for PB generation. The traditional electrochemical
deposition method was carried out using FeCl3 under identical
conditions as a comparison. Figure 2C illustrates that the
current response of PB synthesized via the proposed EC
strategy (Fe-MOF) significantly exceeded that of the tradi-
tional electrochemical deposition method, using FeCl3.
Notably, when the Fe3+ concentration in the conventional
electrochemical deposition method was below 0.05 mM, the
current responses of PB were negligible. In contrast, the EC
conversion strategy displayed a significant current response
even at an Fe3+ concentration as low as 1 μM, suggesting the
high production efficiencies of PB. The superior performance
could be attributed to the generation-confinement effect,
where Fe3+ was generated in situ on the sensing interface and
confined within a nanoliter-volume layer, leading to increased
local reactant concentrations that enhance electrosynthesis.
Conversely, in the traditional method, the concentration of
Fe3+ was decreased after a transportation gradient (Figure 2D).
These findings highlight the superiority of the EC conversion
strategy in improving electrodeposition and quantification over
the conventional approach.
The influences of EC potential and the amount of

K3[Fe(CN)6] on the sensor’s responses were investigated. As
shown in Figure S3A, the current response of the sensor
increased gradually with the elevation of EC potential from

Figure 2. (A) CV responses of AuE after EC conversion in the
absence (a) and presence (b) of 1 mg/mL Fe-MOF in a mixture of
0.5 mM K3[Fe(CN)6] and 0.1 M K2SO4. (B) Photos of the mixture
containing 1 mg/mL Fe-MOF, 0.5 mM K3[Fe(CN)6], and 0.1 M
K2SO4 before (a) and after (b) EC conversion. (C) The current
responses of PB produced by Fe-MOF and FeCl3 were under different
concentrations. Error bar: standard deviation (SD); the number of
measurements (n): 3. (D) The mass transport of Fe-MOF (I) and
FeCl3 (II) during EC conversion.
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1.50 V to 1.60 V and leveled off thereafter. This behavior
signified the attainment of equilibrium in the electrochemical
conversion reaction at 1.60 V. The dependence of the current
response of the sensor on the concentration of K3[Fe(CN)6] is
illustrated in Figure S3B. With the elevation of K3[Fe(CN)6]
concentration from 0.1 mM to 0.9 mM, the maximum current
signal was obtained at 0.5 mM, which is the optimal
concentration for sensing applications.
Characterizations of the DTP Machine. Gel electro-

phoresis experiments for entropy-driven strand displacement
reaction and DTP assembly investigate the mechanism of the
target-activated DNA framework nanomachine. The distinct
bands of S2/SP-AP, FP, and aptamer/BP (lanes 1−3 in Figure
3A) indicate the high hybridization efficiency of the DNA

probes. The same migration velocity from the mixture of S2/
SP-AP duplex and FP as the original DNA probes (lane 4)
suggests that the strand displacement reaction could not be
triggered by FP, because the BP strand was confined in the
aptamer/BP duplex in the absence of target. An insignificant
change in the DNA bands is observed when S2/SP-AP is
mixed with aptamer/BP (lane 5). Similarly, the S2/SP-AP, FP,
and aptamer/BP probes (lane 6) display the same migration
velocity as those of the DNA bands. The lower migration
velocity from the new band with added ST (lane 7) originated
from the S2/FP confirms the entropy-driven strand displace-
ment circuit initiated by target ST. Agarose gel electrophoresis
evaluates the hybridization of DTP probes (Figure 3B). A clear
independent and nontrailing band with lower electrophoretic
mobility (lane 3) suggests the complete hybridization between
these DNA strands (S1, S2, and S3) combined in equimolar
quantities during the thermal annealing process. The
successive hybridization with other DTP probes would further
decrease the electrophoretic mobility (lane 4) due to the
increase in the molecular weight, indicating the formation of
the DTP nanostructure. Importantly, the DTP incubated with
ST (lane 5) with a much lower electrophoretic mobility
suggests an interlinked DTP structure in the presence of ST.
The structural investigation of the DNA products with

atomic force microscopy (AFM) reveals a near monodisperse
particle population for the DTP complex (Figure 4A). In
comparison to the individual DTP, the intercrossing of
polymer chains results from the strand displacement initiated
by ST (Figure 4B), demonstrating the formation of multiple
interlinked DTP complexes. The size of the DTP can be

estimated based on the circumcircle diameter model. With the
34-base edge (a) of DTP measured as 12 nm, the radius (r) of
the circumscribed circle of the bottom face would be r = (2/3)
× (3/2)1/2 × 6.9 nm. The distance (d) from the center of the
sphere to the center of the bottom face is the same as half of
the side length, which is 6 nm. By applying the Pythagorean
theorem,38−40 the value of R can be determined as R = (6.92 +
62)1/2 = 9.2 nm (Figure S4). The circumcircle diameter of the
rigid DTP construction is then estimated to be 9.2 × 2 = 18.4
nm. A diameter range of 13.5 to 21 nm is observed in the
dynamic light scattering (DLS) analysis of the DTP structure
(blue, Figure 4C), which is slightly different from the
estimation possibly due to the distortion of DNA nanostruc-
tures. Coincident with the AFM characterization, the diameter
of the nanocomplexes expanded as a result of the intercrossing
DTP nanostructures (red). The shifted zeta potential of DTP
from −12.3 to −39.4 mV after the introduction of ST (Figure
4D) provides additional evidence of the association of the
DTP complexes.

Characterizations of the Sensing Interface Construc-
tion. Electrochemical impedance spectroscopy (EIS) and CV
measurements analyze the stepwise modification of the
electrodes, substantiating the construction of this sensing
interface. The EIS response fitted to a Randles equivalent
circuit (inset in Figure 5A) consists of the solution resistance
(Rs), electron transfer resistance (Ret), Warburg impedance
(W), and constant phase element (Qdl). The diameter of the
semicircle in the Nyquist diagram reflects the Ret of the redox
conversion of the electroactive substance [Fe(CN)6]3−/4− at a
specific applied potential. The bare electrode (curve a)
demonstrates a low Ret value to suggest exceptional electrical
conductivity of the AuE (Figure 5A). A significant increase in
Ret after the IP and MCH mixed monolayer self-assembled on
the electrode (curve b) is primarily attributed to the repulsion
of [Fe(CN)6]3−/4− from AuE due to the negative charges on
the phosphate backbone of IP. Incubation of MCH/IP/AuE
with DTP/(aptamer/BP+SP-AP+FP) gives a negligible in-
crease in Ret (curve c), suggesting that the SP is unable to
hybridize with IP in the absence of ST. The significant increase

Figure 3. (A) Native polyacrylamide gel electrophoresis character-
ization of S2/SP-AP (1), FP (2), aptamer/BP (3), S2/SP-AP + FP
(4), S2/SP-AP + aptamer/BP (5), S2/SP-AP + FP + aptamer/BP (6),
and S2/SP-AP + FP + aptamer/BP + ST (7). (B) Agarose gel
electrophoresis of S1 (1), S1 + S2 (2), S1 + S2 + S3 (3), DTP (4),
and DTP + ST (5).

Figure 4. AFM images of DTP/(aptamer/BP+SP-AP+FP) in the (A)
absence and (B) presence of ST. (C) DLS and (D) zeta potential
analysis of the DTP/(aptamer/BP+SP-AP+FP) structure. Error bar:
SD, n = 3.
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in Ret upon the addition of ST (curve d) primarily comes from
the hybridization of SP on the electrode caused by ST. The CV
responses (Figure 5B) reveal a pair of clear redox peaks in the
bare electrode (curve a) and decreased peak currents upon
successful fixation of IP and MCH on the electrode (curve b).
The presence of ST (curve d) results in a noticeably larger
response than that in the absence of ST (curve c). Consistent
results from both CV and EIS characterizations confirm the
successful fabrication of the biosensor.
Feasibility for the Amplified Detection of ST. The

feasibility of the designed approach for ST detection is
examined by performing DPV tests on different modified AuE
surfaces (Figure 6). Due to the lack of PB signal in the buffer,

the sensing electrode does not exhibit any peak current (curve
a) when incubated with DTP/(aptamer/BP+SP-AP+FP).
Similarly, when the sensor is incubated with DTP/(aptamer/
BP+SP-AP+FP) and the target ST, there is hardly any change
in the current (curve b). In the absence of ST, the electrode
surface based on DTP/(aptamer/BP+(SP-MOF)-AP+FP)
exhibits a low current response, as seen from curve c,
suggesting the nonspecific adsorption of a small amount of
PB. The sensor exposed to the mixture of ST and DTP/
(aptamer/BP+(SP-MOF)-AP) without FP results in a distinct
peak at approximately 0.23 V (curve d), indicating the
electrochemical reduction of the surface-confined PB. Addi-
tionally, the introduction of FP induces a substantial increase
in current response (curve e), which is attributed to the
significantly attached PBs onto the sensor surface via a cascade

strand displacement reaction. These results thus provide clear
evidence of remarkable signal amplification from the proposed
method.

Optimization of the Detection Conditions. To improve
the sensitivity of the sensor, some key experimental parameters
were optimized, including the concentration of IP, the reaction
temperature, and the reaction time. As shown in Figure 7A,

with the IP concentration increased from 0.2 to 1.0 μM, the
background current response increased gradually, whereas the
signal current response to ST increased from 0.2 to 0.6 μM and
decreased between 0.6 and 1.0 μM, indicating the steric
hindrance and diminished efficiency of the DNA reaction from
the high IP concentration. To achieve the highest signal-to-
noise ratio (represented by S/N = i/i0, where i and i0 are the
DPV currents in the presence and absence of ST), an IP
concentration of 0.6 μM was selected for the following studies.
The effect of reaction temperature on the sensor’s response
was investigated in Figure 7B. With the gradual increase in
reaction temperature from 15 to 25 °C, a corresponding rise in
current response was observed in the presence of ST, which
was attributed to the enhanced reactivity of the entropy-driven
DNA machine at higher temperature. However, the higher
temperature (>25 °C) resulted in increased background
response and a false-positive rate, ultimately causing a decrease
in the signal-to-noise ratio. Consequently, the optimal signal-
to-noise ratio was reached at 25 °C for ST detection.
Moreover, the effect of reaction time on the current responses
of the DTP machine and the traditional DNA machine is
contrastively studied in Figure 7C. The traditional DNA
machine followed the same design as the DTP machine but
used entropy-driven DNA circuit components in the bulk
solution (in contrast to the DTP structure). It was
demonstrated that the current response of the DTP machine

Figure 5. (A) EIS and (B) CV characterizations of the sensor in 1
mM [Fe(CN)6]3−/4− solution containing 0.1 M KCl: (a) bare AuE,
(b) MCH/IP/AuE, (c) MCH/IP/AuE incubated with DTP/
(aptamer/BP+SP-AP+FP) in the absence of ST, and (d) MCH/IP/
AuE incubated with DTP/(aptamer/BP+SP-AP+FP) in the presence
of ST. The DC potential, frequency range, and amplitude applied for
EIS experiments were 0.24 V, 105−0.1 Hz, and 5 mV, respectively.

Figure 6. DPV responses of the sensing electrode incubated with the
different solutions: (a) DTP/(aptamer/BP + SP-AP + FP); (b) DTP/
(aptamer/BP + SP-AP + FP) and ST; (c) DTP/(aptamer/BP + (SP-
MOF)-AP + FP); (d) DTP/(aptamer/BP + (SP-MOF)-AP) and ST;
and (e) DTP/(aptamer/BP + (SP-MOF)-AP + FP) and ST.

Figure 7. (A) The relationship between the current responses and the
concentration of IP was assessed with a reaction temperature of 25 °C
and a reaction time of 110 min. (B) The current responses of the
sensor at different reaction temperatures with the IP concentration of
0.6 μM and a reaction time of 110 min. (C) The effect of reaction
time on the current responses of the DTP machine (a) and the
traditional DNA machine (b) with an IP concentration of 0.6 μM and
a reaction temperature of 25 °C. Error bar: SD, n = 3.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.4c03452
Anal. Chem. 2025, 97, 157−165

162

https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03452?fig=fig7&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c03452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


initially increased with the reaction time and reached a plateau
of 22.8 μA at 30 min (curve a), which was much larger and
faster than the traditional DNA machine (17.3 μA at 90 min,
curve b). The advancement of reaction speed and detection
efficiency was attributed to the confinement effect and the
improved mass transport.
Detection Performances and Real Samples’ Analysis.

As shown in Figure 8A, under the optimal experimental

conditions, the DPV current of the sensor increased gradually
with the increase in ST concentration from 1 pM to 5 μM. The
linear relationship between the current and the logarithm of ST
concentration was obtained as i = 5.446 log c + 66.95 (R2 =
0.9957) (Figure 8B), and the limit of detection (LOD) was
calculated to be 0.4 pM according to the formula LOD = 3Sb/
m, where Sb signifies the standard deviation of the blank tests
and m stands for the slope of the calibration curve in the linear
region.41−43 As a result, the biosensor from this work exhibited
superior analytical capabilities when compared to the other
reported detection methods based on fluorescence, phosphor-
escence, or liquid chromatography (Table S1), possibly
attributed to the efficient signal amplification and the reduced
noise. To demonstrate the reproducibility of the sensing
system, the parallel detection of ST was performed with six
sensors prepared independently, and the DPV responses of six
different electrodes displayed a relative standard deviation
(RSD) of 3.9% following incubation with 10 nM ST under
identical experimental conditions, confirming excellent repro-
ducibility of the approach.
The specificity of the proposed strategy is showcased by

detecting endogenous molecules in complex biological
environments (e.g., ST metabolites with common neuro-
transmitters). The incubation of norepinephrine (NE), glycine
(Gly), tryptophan (Trp), glucose (Glu), histamine (His), or 5-
methoxy tryptophan (MTP) (concentration of 200 nM) with
the sensing probes produces minimal current changes

compared with the blank response in the absence of ST
(Figure S5). In contrast, the addition of ST (10 nM) even at a
20-fold lower concentration than the interferents results in a
significantly higher current response. Furthermore, the mixture
of ST and the control molecules (Mix) yields a current signal
similar to that of ST alone. These findings indicate that the
developed method exhibits excellent selectivity for the target
ST due to the highly specific binding between ST and the
aptamer sequence.
The long-term stability of the sensor was assessed by the

successive detection of 10 nM ST following storage at 4 °C for
various durations. It was found that the signal decline of the
sensor was less than 2% of the initial current within 5 days.
Subsequently, the current responses of the sensor were
obtained to be 97.3%, 96.4%, and 95.5% of the original signal
after storage of 10, 20, and 30 days, respectively, revealing
satisfactory stability of the sensor for continuous operation.
The application of the proposed method in complex

biological samples first starts with the evaluation using healthy
human serum samples spiked with different concentrations of
ST (1, 20, 100, 10, 500, and 5 μM). The presence of target ST
leads to significantly increased current in DPV responses with
the rising ST concentration (curves a to f in Figure 8C). A
strong linear relationship between the current and the
logarithm of ST concentration is also observed: i = 5.381 log
c + 67.38, as evidenced by a high coefficient of determination
(R2 = 0.9962, Figure S6A). The potential of the developed
sensor is further highlighted in a proof-of-concept demon-
stration to detect ST in clinical serum samples from patients
with carcinoid tumors. Based on the linear calibration curve,
the ST concentrations in the serum samples from three
carcinoid tumor patients are measured to be 0.55, 1.97, and
4.18 μM, which are higher than those in healthy serum samples
(Figure 8D). The rise of ST levels in serum samples of
carcinoid tumor patients, compared to those of healthy
volunteers, is consistent with previous research.44−46 The
accuracy of the established sensing system is validated by
analyzing the identical clinical serum samples with a
commercially available serotonin ELISA kit (Abcam,
ab133053) that shows a linear dependence as Abs =
−0.1330 log c − 0.7016 (R2 = 0.9775) (Figure S6B). The
detection results of the proposed sensor were compared with
the standard ELISA kit using the Student t-test, which
demonstrated an acceptable statistical variance of 0.4% at the
95% confidence level, confirming the accuracy of the sensor for
the assay of complex biological samples.

■ CONCLUSIONS
In conclusion, a highly effective and robust electrochemical
sensing platform is established for the sensitive detection of
serotonin with an ultralow detection limit. This system
introduces an innovative electrochemical self-sacrificial label
conversion strategy utilizing an Fe-MOF probe as the metal
precursor. In conjunction with a target-activated DNA
framework nanomachine, the developed sensor demonstrates
remarkable sensitivity for serotonin detection within a highly
linear range along with an ultralow detection limit of 0.4 pM
within 1 h. Moreover, the successful detection of serotonin in
serum samples from healthy and irradiated patients under-
scores its potential for practical applications. When the
appropriate affinity pairs are incorporated, the sensing
approach presented here can be expanded to detect a more
diverse set of biomarkers. This advancement is poised to

Figure 8. (A) DPV responses of ST at various concentrations in
buffer, from a to j: 0 pM, 1 pM, 5 pM, 20 pM, 100 pM, 1 nM, 10 nM,
50 nM, 500 nM, 5 μM. (B) The calibration curve of the current vs the
logarithm of ST concentration in buffer. (C) DPV responses of the
sensor to ST in the human serum samples, from a to f: 1 pM, 20 pM,
100 pM, 10 nM, 500 nM, 5 μM. (D) Analysis of ST in different
clinical samples. Error bar: SD, n = 3.
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stimulate novel methodologies in the design and application of
electrochemical platforms for biomolecular sensing and disease
diagnoses.
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