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ABSTRACT: The sensing performance of a microchannel-based electrochemiluminescence (ECL) biosensor is related to the
change ratio of charge density on the surface of microchannels caused by a target recognition reaction. In this study, adenosine
triphosphate (ATP) served as a model target. The dsDNA superstructures containing a capture probe (CP, containing an ATP
aptamer sequence) and alternating units of ssDNA probes of P1 and P2, CP/(P1/P2)n, were grafted onto the inner wall of
microchannels first. The CP in dsDNA superstructures captured ATP molecules, causing the release of dsDNA fragments containing
alternating units of P1 and P2, (P1/P2)n. The target recognition reaction significantly changed the charge density of microchannels,
which altered the ECL intensity of the (1,10-phenanthroline)ruthenium(II)/tripropylamine system in the reporting interface. The
ECL intensity of the constructed system had a linear relationship with the logarithm of ATP concentration ranging from 1 fM to 100
pM with a detection limit of 0.32 fM (S/N = 3). The biosensor was successfully applied to detect ATP in rat brains.
KEYWORDS: charge density, microchannel, amplification, electrochemiluminescence, adenosine triphosphate

1. INTRODUCTION
An artificial microchannel has been coupled with electro-
chemiluminescence (ECL) technology to construct a micro-
channel-based ECL sensing platform.1,2 Different from the
traditional ECL detection system,3−5 the ECL intensity of the
luminophore/coreactant system can be altered by the charge
density in microchannels. The change ratio of charge density
has a great effect on its sensing performance; the greater the
change in the charge density of microchannels in the presence
of the target, the higher the sensitivity of the system. But in the
previously reported two systems, the change ratio of charge
density caused by a target recognition reaction was limited.
There is an urgent need to find some approaches to improve
the performance of the system.

Many amplification strategies have been designed to
enhance the sensing performance of channel-based electrical
sensing.6−8 For example, Jiang and co-workers integrated a
concatemer with a larger number of charges and multiple
aptamer sequences on the inner wall of a nanochannel; the

target bound to the aptamer sequence and melted the DNA
concatemers, and the fully stuffed and opened nanochannel
exhibited an extremely high gating ratio.9−11 Liu and co-
workers provided a built-in amplification mechanism via a
target DNA-triggered hybridization event to create long
concatemers on the inner surface of the nanochannel; this
strategy can cause a significant change in charge density after
the addition of targets and result in the enhancement of the
detection sensitivity of the system.11,12 Increasing the change
ratio can improve the sensing performance; if this character
can be applied in the microchannel-based ECL biosensing
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platform, the biosensing performance of the system can be
enhanced greatly.

Adenosine triphosphate (ATP), one of the chemical
indicators in energy metabolism and signal transduction, is
considered as a disease marker. Therefore, it is of great
significance to identify and detect ATP.13−15 In this study, the
dsDNA superstructures containing a capture probe (CP,
containing an ATP aptamer sequence) and alternating units
of ssDNA probes of P1 and P2, CP/(P1/P2)n, were prepared
and grafted onto the inner wall of the microchannel. In the
presence of ATP, the CP in CP/(P1/P2)n captured ATP,
causing (P1/P2)n fragments to be released from the surface.
The target recognition reaction caused a significant change in
charge density and ECL emission, which enhanced the
performance of the microchannel-based ECL system. The
proposed biosensor has been successfully applied to detect
ATP in rat brains.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. The borosilicate capillaries

(B150-86-10) were obtained from Sutter Instrument. Capture probe
(CP): 5′-NH2-(CH2)6-TTT TTT TTT ACC TGG GGG AGT ATT
GCG GAG GAA GGT-3′, probe DNA1 (P1): 5′-GTG TTA TTG
CGG AGG TAC CTT CCT CCG CAA TAG TG-3′, probe DNA2
(P2): 5′-ACC TCC GCA ATA ACA CCA CTA TTG CGG AGG
AAG GT-3′, phosphate-buffered saline (PBS) buffer, and streptavidin-
modified magnetic beads (MBs) were obtained from Sangon Biotech
(Shanghai, China). Dimethyl sulfoxide (DMSO), tris(hydroxymethyl)
aminomethane (Tris), inorganic salts (i.e., KCl, NaCl, (NH4)2S2O8,
MgCl2, and CaCl2), and ethanol (C2H5OH) were purchased from
Sinopharm Chemical Reagent (Shanghai, China). Uridine triphos-
phate (UTP), ATP, 1-ethyl-3-(3′-dimethylaminopropyl) carbodii-
mide (EDC), cytosine triphosphate (CTP), (1,10-phenanthroline)-
ruthenium(II) [Ru(phen)32+], guanosine triphosphate (GTP), 3-
aminopropyltriethoxysilane (APTES), adenosine monophosphate
(AMP), succinic anhydride (SA), adenosine 5′-diphosphate (ADP),
N-hydroxysuccinimide (NHS), and tripropylamine (TPrA) were
provided by Sigma-Aldrich (Shanghai, China).

2.2. Fabrication and Functionalization of Microchannels.
The borosilicate capillaries were pretreated with piranha solution first.
Then, the pretreated borosilicate capillaries were heated and pulled
with a micropipette puller (P-2000g, made by Sutter Instrument) to
obtain conical microchannels; the diameter and the cone half angle of
the conical microchannel were 3 μm and 5°, respectively. After this,
the bare conical microchannels were backfilled with APTES (10%, in
ethanol) and SA (0.01 g mL−1, in DMSO) solution, respectively, to
prepare carboxyl group-functionalized microchannels.1,16 The CP (1
μM), P1 (1 μM), and P2 (1 μM) were mixed at 37 °C for 3 h to form
dsDNA superstructures. Then, carboxyl-modified microchannels were
backfilled with PBS buffer (pH = 7.0) containing EDC (2 mg mL−1),
NHS (1 mg mL−1), and dsDNA superstructures for 10 h. The dsDNA
superstructure-functionalized microchannels were obtained after
washing.

2.3. Electrochemical and ECL Measurements. The ion
transport behavior in microchannels was measured using two Ag/
AgCl electrodes in KCl solution (10 mM). The current−voltage (I−
V) curves were measured by cyclic voltammetry scanning; the
potential ranged from −1.0 to 1.0 V, and the scan rate was 50 mV s−1.

The detection system is the same as previously reported.1 For
target detection, the recognition elements on the surface of
microchannels reacted with ATP solution with different concen-
trations first. Then, ECL spectra (voltage of photomultiplier tube,
−650 V) were recorded using a three-electrode system in bulk
solution (0.5 M KCl, 10 mM Tris, 5 μM Ru(phen)32+, and 13 mM
TPrA). The scanning voltage ranged from 0.4 to 1.6 V. The parallel
experiments were conducted at least three times.

2.4. In Vivo Microdialysis. In vivo microdialysis experiments
were performed according to previous work.13,17 Adult male
Sprague−Dawley rats (250−300 g) were obtained from the
Experimental Animal Center of Fuzhou University (Fuzhou,
China). The rats were anesthetized and then placed in a stereotaxic
framework. The body temperature of the rats was maintained at 37
°C. A guide cannula was implanted into the rat cerebral cortex, and
then the position was fixed with dental cement and three small screws.
A microdialysis probe was implanted into the guide cannula to perfuse
artificial cerebrospinal fluid solution at 1.0 μL min−1 to collect the
microdialysate. The microdialysate was stored at −20 °C before use.
Animal surgery protocols were approved by the Ethics Committee of

Scheme 1. (a) Schematic Illustration of the Microchannel-Based ECL Biosensor Setup. (b) Preparation of CP/(P1/P2)n
Superstructures. (c) Principle of the Biosensor for ATP Detection via a dsDNA Superstructure Amplification Strategy.
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Experimental Animals of Fuzhou University (approval no. 2020-SG-
001).

3. RESULTS AND DISCUSSION
3.1. Principle of the Proposed System Based on a

dsDNA Superstructure Amplification Strategy. The
experimental device included a dsDNA superstructure-
functionalized microchannel and a three-electrode system
(Ag/AgCl, GCE, and Pt). The functionalized microchannel
was used as a target recognition reaction site, and GCE served
as an ECL reporting interface. The Pt electrode was placed in
the base end of the microchannel, and the GCE and Ag/AgCl
electrode were placed on the tip side of the microchannel. The
functionalized microchannel with high resistance resulted in a
correlation between ionic current and the interfacial properties
of the microchannel, and charge balance permits the
correlation between ionic current and ECL emission.1,18

Therefore, the ECL intensity of the Ru(phen)32+/TPrA system
was altered by the interfacial properties of the microchannel
(Scheme 1a). To assemble dsDNA superstructures in the inner
wall of the microchannel, dsDNA superstructures were first
prepared outside the microchannel. Amino-labeled CP can
hybridize with P1 with a toehold-mediated strand displace-
ment reaction to expose the ssDNA region within P1, which
can further hybridize to P2 via secondary toehold-mediated
DNA strand displacement to expose a new ssDNA region
within P2. The ssDNA region within P2 can also hybridize to
P1 to trigger the next circulation until P1 or P2 is exhausted.
The product of the DNA hybridization reaction was a long
concatemer, named CP/(P1/P2)n (Scheme 1b).

Amino-labeled CP/(P1/P2)n was grafted onto the inner wall
of the carboxyl-functionalized surface through an EDC/NHS
coupling reaction. The modification of CP/(P1/P2)n on the

inner surface of the microchannel significantly increased the
negative charge density because DNA is rich in phosphate
skeleton. The negatively charged surface generated electro-
osmotic flow (EOF) toward the cathode driven by the external
electrical field, and the EOF induced the transport of ions from
the tip to the base, which depleted the ionic concentration at
the tip; the phenomenon has been confirmed in our previous
work.1 In the absence of ATP, the generation of EOF in the
CP/(P1/P2)n-functionalized microchannel with high negative
charge density depleted the ionic concentration at the tip of
the microchannel, and a weak ECL emission was detected. The
CP in CP/(P1/P2)n can capture ATP molecules because CP
contains the aptamer sequence for ATP molecules. ATP will
replace (P1/P2)n on the inner wall of the microchannel, and
the negative charge density will decrease greatly. This change
caused a decrease in the EOF, thereby accumulating ionic
concentration at the tip, and an increase in ECL emission can
be obtained. (Scheme 1c). The dsDNA superstructure-
functionalized microchannel significantly changed the neg-
atively charged density on the inner wall of the microchannel
to improve the detection sensitivity.

3.2. Feasibility Test of the Microchannel-Based ECL
Biosensor for ATP Detection. The formation of dsDNA
superstructures and their melting by ATP molecules was
confirmed by 12% gel electrophoresis (Figure 1a). Lanes 1−5
represent CP (#1), P1 (#2), P2 (#3), CP + P1 + P2 (#4), and
CP + P1 + P2 + ATP (#5), respectively. Compared with lanes
1−3, a bright band was observed at the tip of lane 4; the
analysis indicated that CP, P1, and P2 can form the high-
molecular-weight dsDNA superstructures, CP/(P1/P2)n. After
being treated with ATP molecules, a CP band was observed at
the bottom of lane 5 because CP contained an ATP aptamer
sequence and ATP can bind with CP in dsDNA super-

Figure 1. (a) Gel electrophoresis images. Lanes 1−4: CP (#1), P1 (#2), P2 (#3), CP + P1 + P2 (#4), and CP + P1 + P2 + ATP (#5). (b)
Characterization of ionic transport in the carboxyl-functionalized microchannel, dsDNA superstructure-functionalized microchannel, and dsDNA
superstructures + ATP-functionalized microchannel. (c) ζ potentials of functionalized MBs before and after the addition of ATP. (d) Feasibility of
the proposed biosensor, and the concentrations of ATP solution were 0, 1, and 100 pM.
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structures to form the CP/ATP complex, which can cause the
release of (P1/P2)n from CP/(P1/P2)n. The results
demonstrated that ATP can bind to CP in CP/(P1/P2)n to
achieve a target recognition reaction.

The I−V curves were measured to characterize the assembly
of different elements in the microchannel (Figure 1b). The I−
V curves of the functionalized microchannels show obvious
ionic current rectification, and the ionic current recorded at a
negative potential was higher than that at a positive potential.
Compared with the ionic current in the carboxyl-functionalized
microchannel, the ionic current at the negative potential
increased and the ionic current at the positive potential
decreased in the dsDNA superstructure-functionalized micro-
channel. The reasons are as follows: at the negative potential,
the negative charge density surface promoted cation
accumulation at the tip of the microchannel, and the
microchannel was in a high conductance state. However, at
the positive potential, the charged surface caused cation
depletion at the tip of the microchannel, and the microchannel
was in a low conductance state. The change in ionic current
demonstrated the successful assembly of the dsDNA super-
structure on the inner surface of the microchannel. The
phenomena have been confirmed in previous work.19,20 Then,
the ionic current at the negative potential decreased after
treating the dsDNA superstructure-functionalized microchan-
nel with ATP. Because dsDNA superstructures contained the
ATP aptamer sequence (CP), and ATP molecule may trigger
the release of (P1/P2)n from the inner wall of the
microchannel. The ATP recognition reaction resulted in a
significant decrease in the negative charge density of the
microchannel. The results demonstrated the successful
assembly of different elements in the microchannel.

To further confirm the regulation of the negative charge
density of the dsDNA superstructure-functionalized interface
by ATP, ζ potential measurements were performed. The ζ
potential of streptavidin-modified magnetic beads (MBs) was
negative because streptavidin can dissociate a larger number of
−COO− in the neutral condition. The ζ potential value of
dsDNA superstructure-functionalized MBs was higher than
that of streptavidin-functionalized MBs. The results demon-
strated that biotin-modified CP was grafted onto the surface of
streptavidin-functionalized MBs, and then the alternating units
of P1 and P2 grew from the CP on the streptavidin-modified
MBs surface to create dsDNA superstructures, which efficiently
increased the ζ potential of the functionalized MBs. In the
presence of ATP, the ζ potential value decreased (Figure 1c).
The results further demonstrated that the charge density of
dsDNA superstructure-functionalized MBs can be regulated by
an ATP recognition reaction.

The dsDNA superstructure-functionalized microchannels
reacted with ATP with different concentrations (1 pM and 1
nM) to assess the feasibility of the proposed system. Figure 1d
shows the ECL intensity of the dsDNA superstructure-
functionalized microchannel after immersing in ATP solution
with different concentrations. The combination of ATP
molecules with CP in CP/(P1/P2)n caused (P1/P2)n
fragments to be released from the inner wall of the
microchannel, which significantly decreased the negative
charge density. The negatively charged surface generated
EOF toward the cathode driven by the external electrical field,
and the strength of EOF decreased after the target recognition
reaction, causing the accumulation of ions at the tip, and thus
the ECL emission increased. Hence, the ECL emission
responded to ATP concentration. These results validated

Figure 2. Effect of (a) ionic strength, (b) pH of Tris−HCl buffer, and (c) the reaction time of the target recognition reaction between dsDNA
superstructures and ATP molecules on ECL emission. The concentration of ATP solution was 100 pM.

Figure 3. (a) ECL spectra of ATP at different concentrations. (b) Relationship between ECL emission and the logarithmic concentration of ATP
(lg CATP) was obtained. The ECL spectra were obtained by immersing dsDNA superstructure-functionalized microchannels into ATP solution with
different concentrations: 0 fM, 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, and 100 pM.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c10776
ACS Appl. Mater. Interfaces 2022, 14, 37222−37228

37225

https://pubs.acs.org/doi/10.1021/acsami.2c10776?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10776?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10776?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10776?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10776?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10776?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10776?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10776?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c10776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that the dsDNA superstructure-modified microchannel can be
used for the ATP recognition reaction.

3.3. Optimization of Experimental Conditions of the
Microchannel-Based ECL Biosensor for ATP Detection.
The experimental conditions were optimized to enhance the
sensing performance of the microchannel-based ECL biosensor
for ATP detection, such as ionic strength, pH of Tris−HCl
buffer, and the reaction time between dsDNA superstructures
and ATP molecules. The ionic concentration of KCl solution
and pH of Tris−HCl buffer not only affect the luminescence
efficiency of the Ru(phen)32+/TPrA system but also affect the
EOF strength in the charged microchannel. The ionic current
increased, and the EOF decreased with the increase of the KCl
concentration. Therefore, the effect of KCl concentration on
ECL intensity was studied first. Figure 2a shows the
relationship between the ECL intensity and KCl concentration
in bulk solution from 0.4 to 0.6 M. It clearly shows that the
ECL intensity reached the maximum value when the
concentration of KCl was 0.5 M. Then, the influence of pH
on ECL intensity was studied. The signal increased with the
increase of pH and then decreased when the pH was more
than 8.0 (Figure 2b). Figure 2c shows the effect of ATP
recognition reaction time on ECL intensity; the signal reached
a plateau after 90 min. So, the optimized KCl concentration
was 0.5 M, the optimized pH was 8.0, and the optimized time
of target recognition reaction was 90 min; those experiment
conditions were used in subsequent experiments.

3.4. Analysis Performance of the Microchannel-Based
ECL Biosensor. The analysis performance of the constructed
method was evaluated under the optimized experimental
conditions. ECL emission of the proposed systems increased
with the increase of ATP concentration (Figure 3a). The
proposed method has a linear relationship between ECL

intensity (IECL) and lg CATP in the range of 1 fM to 100 pM
(Figure 3b), and it can be represented as

= + =I C R177.8 lg 201.67, 0.992ECL ATP
2

The limit of detection (LOD) was 0.32 fM (S/N = 3). R
represents the correlation coefficient. The detection of ATP
with high sensitivity can be attributed to the significant change
in negative charge density after the addition of the target,
which provided a signal amplification strategy for target
detection.

3.5. Selectivity, Reproducibility, and Stability Test.
The selectivity is an important index of microchannel-based
ECL biosensors, and the selectivity of the proposed system for
the ATP assay was determined. The microchannel-based ECL
biosensor has a highly selective response toward ATP without
interference from its analogues, such as UTP, GTP, CTP,
AMP, and ADP. There was an obvious ECL intensity change
after adding 10 pM ATP into the functionalized microchannel,
while almost no ECL intensity change was recorded after
adding 10 nM interference substances (Figure 4a). The results
indicated that the biosensor can be applied to detect ATP with
high selectivity.

Parallel experiments on dsDNA superstructure-function-
alized microchannel were repeated at least five times, and the
relative standard deviation (RSD) of the ECL intensity was
4.9%, which presented a favorable reproducibility for the ATP
assay (Figure 4b). The stability of functionalized microchannel
was assessed by continuous scanning for 10 cycles, and the
ECL intensity of scanning for 10 cycles was stable (Figure 4c),
demonstrating the satisfactory stability of the constructed
sensor.

3.6. Application of the Proposed Biosensor for ATP
Detection in Rat Brains. The cortex of rat brains was
selected as the sample to study the potential application of the

Figure 4. (a) Selectivity measurement of the constructed method. The concentration of ATP and interference substances was 10 pM and 10 nM,
respectively. (b) Reproducibility measurement of five dsDNA superstructure-functionalized microchannels. (c) Stability measurement of the
constructed method; the concentration of ATP was 10 pM.
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constructed biosensor for target detection. The samples were
diluted 106 times for testing, and the results are presented in
Table 1. The concentration of ATP in the cortex of rat brains

ranged from 4.2 to 5.4 nM. The standard addition method was
applied to test the accuracy of the proposed system, and two
levels of ATP standard solution were added to the real samples.
The recovery rates were in the range of 87.0 to 109.0%, and
the RSD was below 8.0% (n = 5). The results demonstrated
that the constructed system has potential application in the
detection of ATP in rat brains.

4. CONCLUSIONS
In conclusion, dsDNA superstructures were applied to increase
the change ratio of charge density of the microchannel to
enhance the sensing performance of the microchannel-based
ECL biosensor. The target recognition reaction can cause a
significant change in the negative charge density and further
significantly affect the ECL emission in the reporting interface,
which improves the detection sensitivity. The constructed
microchannel-based ECL biosensor can be applied to detect
ATP in rat brains with satisfactory results. This amplification
strategy not only achieves a highly sensitive detection of the
target but also provides a new method for the screening of
disease markers.
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