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Abstract: The rapid and sensitive detection of the important biomarker C-reactive protein (CRP) is of
great significance for monitoring inflammation and tissue damage. In this work, an electrochemi-
luminescence (ECL) aptasensor was fabricated based on dual signal amplification for the sensitive
detection of CRP in serum samples. The sensor was constructed by modifying a silica nanochannel
array film (SNF) on a cost-effective indium tin oxide (ITO) electrode using the Stöber solution growth
method. Gold nanoparticles (AuNPs) were grown in situ within the nanochannels using a simple
electrodeposition method as a nanocatalyst to enhance the active electrode area as well as the ECL
signal. The negatively charged nanochannels also significantly enriched the positively charged ECL
emitters, further amplifying the signal. The recognition aptamer was covalently immobilized on
the outer surface of SNF after modification with epoxy groups, constructing the aptasensor. In the
presence of CRP, the formation of complexes on the recognitive interface led to a decrease in the
diffusion of ECL emitters and co-reactants to the supporting electrode, resulting in a reduction in
the ECL signal. Based on this mechanism, ECL detection of CRP was achieved with a linear range
of 10 pg/mL to 1 µg/mL and a low limit of detection (7.4 pg/mL). The ECL aptasensor developed
in this study offers advantages such as simple fabrication and high sensitivity, making promising
applications in biomarker detection.

Keywords: electrochemiluminescence aptasensor; dual dignal amplification; silica nanochannel array
film; confinement; C-reactive protein

1. Introduction

C-reactive protein (CRP) is an acute phase protein induced by cytokines, primarily
synthesized in the liver and regulated by interleukin [1,2]. In healthy individuals, CRP
levels are very low (<1 µg/mL), but they rapidly increase during infections, tissue damage,
or inflammation. Specifically, serum CRP concentration can rise to more than 500 µg/mL at
about 6 h and peak at about 48 h, and the half-life is about 19 h [3]. For instance, sepsis is a
severe infectious disease [4]. In patients with sepsis, the levels of CRP are typically elevated.
This is because the infection stimulates the immune system to produce an inflammatory
response, leading to an increase in CRP synthesis. Therefore, CRP is commonly used as
an important indicator, assisting in the diagnosis and treatment monitoring of sepsis. In
addition, CRP has been widely used as a non-specific biomarker for inflammation and
tissue damage, such as cardiovascular diseases, in clinical medicine [5–7]. The American
Heart Association (AHA) and the Centers for Disease Control and Prevention (CDC) use
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serum CRP levels to assess the risk level of cardiovascular diseases. Therefore, the rapid
and reliable determination of CRP is of great significance.

Given the value of CRP as a pathological diagnostic indicator in clinical applications,
CRP detection has been a research hotspot in the fields of medicine and bioanalytical
chemistry. Immunoassay based on the principle of antigen-antibody binding is currently
the mainstream technique for CRP clinical monitoring [8–10]. However, antibodies them-
selves have certain limitations, such as complex preparation processes, large batch-to-batch
variability, and susceptibility to variability. In recent years, an aptamer-based CRP analysis
has attractive attentions. Aptamers are typically short single-stranded oligonucleotide
(DNA or RNA) sequences, ranging in length from 25 to 80 nucleotides [11]. In addition to
high binding affinity and specificity, aptamers have advantages over traditional antibodies,
including ease of modification, good stability, low manufacturing costs, non-toxicity, mini-
mal batch-to-batch variation, reversible folding, and lack of immunogenicity [12]. They also
have a wide range of target molecules, including small molecules, peptides, proteins, cells,
and tissues. These characteristics make aptamers highly selective bio-recognition elements
that have attracted wide attention in constructing various types of biosensors [13–15]. Dur-
ing the binding between the recognitive aptamers and target analytes, detection based on
aptasensors can be achieved through monitoring optical signals such as fluorescence [16]
and surface plasmon resonance (SPR) [17], or electrochemical signals like impedance spec-
troscopy (EIS), current and voltage changes [18,19], or electrochemiluminescence (ECL)
signals [20,21]. Among these, ECL aptaensors offer advantages such as low background
noise and high sensitivity. The development of convenient ECL aptasensors for the efficient
detection of CRP is highly desirable.

Introducing a catalyst is an effective method to enhance the ECL signal. Commonly
used catalysts include metal nanoparticles, enzymes, or organic molecules [22–25]. These
catalysts can undergo specific reactions with an ECL emitter or co-reactor, resulting in
stronger luminescent signals. In addition, catalysts can alter the kinetics of ECL reaction,
making it more efficient. For instance, gold nanoparticles (AuNPs) possess a large surface
area and abundant surface-active sites, promoting electron transfer processes [26] and
accelerating the excitation/emission process. It has also been proven that the confinement
of metal nanoparticles catalysts within nanospaces provides an effective approach for
developing catalysts with high performance [27–29]. This is attributed to the fact that
confining metal nanoparticles within nanospaces could enhance catalytic activity, selectivity,
controllability, and stability. Specifically, precise control over the size and structure of
metal nanoparticles catalysts can be achieved by adjusting parameters such as the size,
shape, and chemical environment of the nanospaces [30–32]. For instance, confining metal
nanoparticles within nanospaces provides a smaller size, higher specific surface area and
abundant active sites. This facilitates improved contact and reaction rates between the
catalyst and reactants, thereby enhancing catalytic activity. At the same time, restricting the
diffusion and movement of reactants within nanospaces allows for control over the local
environment of the reaction, leading to enhanced selectivity of the reaction. In addition,
nanospace confinement can form a protective layer, reducing the interaction between the
metal catalyst and the external environment or reactants, and minimizing the deactivation
of active sites [33–36]. This extends the lifetime of the nanocatalyst and enhances its stability
in complex reaction systems. Therefore, the utilization of metal nanoparticles confined
within nanospaces holds promise for constructing highly sensitive ECL sensing platforms.

The loading and dispersion of metal nanoparticles is also a major difficulty. Porous ma-
terials have extensive applications in fields such as separation, catalysis, energy, and sensing
due to their high specific surface area, permeability, tunability, and strength stability [37–39].
Silica nanochannel array film (SNF) is a thin nanofilm with nanoscale channel-like struc-
tures, offering tunability, high selectivity, and stability [40–43]. On the one hand, the pore
size and film thickness of SNF can be adjusted by controlling the preparation conditions.
The uniformly distributed nanochannels enable selective filtration, separation, or trans-
port of molecules or ions of specific sizes or shapes [44–47]. This high selectivity gives
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them great potential in selective enrichment, separation, and filtration applications. For
instance, the ionization of silicon hydroxyl groups (pKa~2–3) on the SNF surface results in
a negatively charged surface that can significantly enrich positively charged ions [48–51].
Furthermore, the high specific surface area of the densely packed ultrasmall nanochannels
enhances this enrichment effect [52]. On the other hand, SNF exhibits excellent chemical
and thermal stability due to their robust silica structure. Thus, SNF exhibits great potential
in constructing high-performance ECL sensing platforms.

In this study, an electrochemiluminescence (ECL) aptasensor platform was constructed
by combining the confinement effect of silica nanochannel array film (SNF) on nanocatalysts
and the efficient enrichment of ECL emitters, which can be applied for the highly sensitive
determination of CRP. Using a cost-effective and readily available ITO electrode as the
supporting electrode, SNF was grown on ITO surface through the Stöber solution growth
method. Confined gold nanoparticles (AuNPs) were in situ electrodeposited within the
nanochannels as nanocatalysts. After the outer surface of SNF were derivatized by the
epoxide group, the recognitive interface could be obtained after covalent immobilization
of amino-modified aptamers followed by blocking the non-specific sites. The ECL signal
could be enhanced combined with the electrostatic attraction of NH2-SNF towards the ECL
emitter, Ru(bpy)3

2+, and the increased electrode active area as well as a catalytical process
by AuNPs. Because the formed aptamer-CRP complex hinders the diffusion of the ECL
emitter and co-reactant into the nanochannel array as well as the underlying electrode, it
leads to a decrease in the ECL signal. Based on this principle, the ECL determination of
CRP can be achieved. The constructed aptasensor also exhibits the advantages of a simple
preparation method, high sensitivity, stability, and selectivity.

2. Results and Discussion
2.1. Construction of Aptasensor and CRP Detection Based on Dual Signal Amplification

The construction of the aptamer-based sensor and ECL determination of CRP based
on dual signal amplification are shown in Figure 1. Firstly, a layer of SNF is grown on the
patterned ITO electrode surface using the Stöber solution growth method. The growth
mechanism involves the self-assembly of siloxane precursors under the surfactant mi-
celle (SM) template, resulting in SM within the nanochannels of the obtained electrode
(SM@SNF/ITO). Subsequently, the electrode is epoxy-functionalized. Since the nanochan-
nels are sealed by SM, the reaction occurs selectively on the outer surface of SNF, leading
to the electrode being abbreviated as SM@O-SNF/ITO. The sealed SM prevents an epoxy
reaction inside the nanochannels, avoiding a blockage of the nanochannels. After removing
SM, open nanochannels are obtained (O-SNF/ITO).

By placing the O-SNF/ITO electrode in a chloroauric acid solution for in situ electro-
deposition, gold nanoparticles are deposited inside the nanochannels [34], resulting in the
AuNPs@O-SNF/ITO electrode. Then, amino-functionalized aptamers undergo a covalent
binding with the epoxy groups on the external surface of the nanochannels, forming the
recognition and capture interface for CRP. After blocking the non-specific active site with
BSA, the aptasensor, BSA/Apt/AuNPs@O-SNF/ITO, is constructed. The main role of BSA
is to prevent non-specific binding through blocking the remaining space on the electrode
surface after fixing the recognitive ligands. When the target substance, CRP, is present, it
binds to the aptamer on the electrode surface. The formed large-sized complex obstructs
the diffusion of the ECL probe Ru(bpy)3

2+ and the co-reactant tri-n-propylamine (TPrA)
through the nanochannels to reach the underlying electrode, resulting in a decrease in ECL
signal. Based on this mechanism, ECL detection of CRP can be achieved.

Figure 1 also illustrates the dual signal amplification during ECL detection of CRP. On
one hand, SNF features a vertically oriented array of silica nanochannels on the supporting
electrode. The inner wall of nanochannel contains a large number of silanol groups with
low pKa (2~3), which ionize in common buffer systems, forming negatively charged sites
that significantly enrich the positively charged ECL probe Ru(bpy)3

2+ through electrostatic
attraction, leading to a significantly enhanced ECL signal [53]. On the other hand, AuNPs
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deposited inside the nanochannels serve as nanocatalysts to enhance the signal of the
Ru(bpy)3

2+/TPrA system [28]. When CRP binds to the aptamer to form a complex on the
outer surface of SNF (e.g., the entrance of nanochannel), the steric hindrance effect prevents
the ECL emitter Ru(bpy)3

2+ and the co-reactive agent TPrA from reaching the electrode
surface, affecting the mass transfer and electron transfer of the probe. Thus, the ECL signal
decreases. Based on this mechanism, CRP can be detected.
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2.2. Characterization of the SNF/ITO and AuNPs@SNF/ITO Electrodes

The electrochemical properties of the SNF film grown on the electrode surface were
characterized. The electrochemical signals of three redox probes with various charges in-
cluding (neutral, Fc-MeOH; negatively charged Fe(CN)6

3−, positively charged Ru(NH3)6
3+)

were used to investigate the integrity and charge-selective permeability of the SNF film
(Figure 2a–c). When SM@O-SNF/ITO was placed in a FcMeOH probe solution, SM@O-
SNF/ITO exhibited an extraction effect on FcMeOH due to the hydrophobic interactions
between FcMeOH and SM [40]. As shown in Figure 2a, the SM@O-SNF/ITO electrode
showed a pair of oxidation-reduction peaks, with the peak potential shifting towards the
positive direction compared to that obtained on an ITO electrode. Since the oxidation
product of FcMeOH carries a positive charge and can be enriched by the negative-charged
nanochannels, the reduction peak current of FcMeOH on O-SNF/ITO is greater than the ox-
idation peak current [40]. Due to the presence of hydrophobic SM inside the nanochannels,
SM@O-SNF/ITO shows no signal in the solutions of Fe(CN)6

3− (Figure 2b) and Ru(NH3)6
3+

(Figure 2c) probes, only exhibiting a charging current. This indicates the complete coverage
of SNF on the ITO surface with SM-blocked nanochannels. After the removal of SM, the
electrode displays significant Faradaic current in the charged redox probes. Compared to
ITO, SNF/ITO exhibits apparent suppression of Faradaic current in the anionic Fe(CN)6

3−

solution. On the contrary, an enhancement current is observed in the case of cationic
Ru(NH3)6

3+ probes. This is because the SNF surface and nanochannels contain numerous
silanol groups, causing a negative charge in the detection medium. This negative charge
can repel anions while attracting cations through electrostatic interactions, demonstrating
significant charge-selective permeability. The electrochemical impedance spectroscopy (EIS)
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plots of the different electrode are shown in Figure 2d. As shown, SM@SNF/ITO electrode
displays a significantly high electron transfer resistance (Ret) of 7057 Ω, which results
from hindered electron transfer between the probe and the electrode due to the sealing
of nanochannels by SM. When SM was removed, Ret obtained on SNF/ITO remarkably
decreased (336 Ω) because of the open nanochannels, which is also higher than that of ITO
(29 Ω) owing to the silica structure. These results also prove the successful modification of
SNF on the ITO electrode.
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Figure 2. CV curves obtained on ITO, SM@SNF/ITO, and SNF/ITO in 50 mM KHP containing 0.5 mM
(a) Fc-MeOH, (b) Fe(CN)6

3− and (c) Ru(NH3)6
3+. (d) EIS plots of SM@SNF/ITO and SNF/ITO in a

0.1 M KCl solution containing 2.5 mM Fe(CN)6
3−/4−. The scan rate in (a), (b) and (c) was 0.05 V/s.

The morphology of SNF-modified ITO electrodes was characterized using scanning
electron microscopy (SEM). As commonly known, the ITO electrode, also known as ITO
conductive glass, is formed by depositing an ITO layer on the surface of glass. In this
work, ITO electrodes were used as the support electrode and further modified with SNF.
Figure 3a gives the SEM image of the cross-section of the SNF/ITO electrode. As shown,
ITO/SNF displays a three-layer structure including the glass substrate, the ITO layer,
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and the SNF layer from bottom to top. Since ITO electrodes cannot be characterized by
transmission electron microscopy (TEM), SNF was carefully scraped off using a scalpel,
followed by ultrasonication, and then drop-cast onto a copper grid for TEM characterization.
Figure 3b depicts the cross-sectional TEM images of two separate layers of SNF. Each SNF
is composed of mutually parallel nanochannels with a thickness of approximately 100 nm.
Figure 3c displays the top-view TEM image of SNF. As observed, SNF has densely packed
nanochannels, as each bright spot represents a nanochannel. The average diameter of the
nanochannels is 2.7 nm. Within the observed range, SNF shows no cracks.
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(c) TEM images of SNF.

To confirm the successful deposition and localization of AuNPs, the SNF/ITO electrode
before and after AuNPs’ deposition (AuNPs@SNF/ITO) was investigated using cyclic
voltammetry (CV) and X-ray photoelectron spectroscopy (XPS). The CV curves of both
electrodes are shown in Figure 4a. The SNF/ITO electrode exhibits virtually no signal in
0.1 M of sulfuric acid, while AuNPs@SNF/ITO shows characteristic oxidation-reduction
peaks of gold at 1.18 V and 0.96 V, respectively. In comparison with SNF/ITO, characteristic
peaks of Au4f appear in the XPS spectrum for AuNPs@SNF/ITO, further confirming the
successful modification of AuNPs (Figure 4b). Figure 4c,d show the CV curves of SNF/ITO
and AuNPs@SNF/ITO electrodes in the absence or presence of different probe solutions. It
can be found that the charging current and peak current of the AuNPs@SNF/ITO electrode
are higher than those of the SNF/ITO electrode for both positive and negative probes. This
indicates that the accessible electrode area is improved after the modification of AuNPs.

Due to the ultrasmall nanochannels of SNF, the size of in situ grown AuNPs is relatively
small. The surface morphology of the obtained electrode was determined by dissolving the
SNF membrane. Figure 5a,b show SEM and elemental mapping images of the electrode
surface after removing SNF using sodium hydroxide solution. From the images, it can be
observed that the nanoparticles appear irregular and spiky, and they tend to aggregate
(Figure 5a). The elemental mapping images confirm the Au element (Figure 5b). As SNF
is dissolved, the small AuNPs undergo aggregation, leading to the formation of larger-
sized gold materials. SEM images of SNF/ITO before and after AuNPs deposition have
been investigated. SNF/ITO surfaces remain smooth and flat before (Figure 5c) and after
(Figure 5d) modification of AuNPs. Thus, AuNPs exposed outside the nanochannels are
not observed. After combining the signal peak for the gold element in XPS characterization,
which has a testing depth of only a few to several tens of nanometers, and the gold element
mapping result after dissolving the SNF film, it is speculated that the deposited AuNPs are
on the electrode surface or within the nanochannels.
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2.3. Dual Signal Amplification Based on Enrichment of ECL Emitter and AuNPs’ Nanocatalyst

Figure 6a presents the CV curves obtained on ITO, SNF/ITO, and AuNPs@SNF/ITO
in a Ru(bpy)3

2+/TPrA solution. No oxidation peak for gold around 1.2 V was observed.
Additionally, the CV curve of AuNPs@SNF/ITO in blank PBS has also been added as
an inset of Figure 6a. No gold oxidation peak at ~1.2 V was observed and only a weak
reduction peak with very low current near 1.05 V was observed. These results confirm
that the deposited gold remains stable during the ECL measurement and does not produce
interfering electrochemical signals. The corresponding ECL signals measured on the three
types of electrodes are shown in Figure 6b. Compared to bare ITO, the CV oxidation peak
of the SNF-modified electrode significantly increases. It can also be observed that SNF/ITO
exhibits a 12.4-fold enhancement in ECL intensity compared to the ITO electrode, resulting
from the enrichment of negatively charged nanochannels on positively charged Ru(bpy)3

2+.
Thus, the significant enrichment of the ECL emitter by nanochannels can markedly improve
the ECL signal. When AuNPs were further in situ modified, the oxidation-reduction peak
current in the CV curve further increased, and the ECL intensity increased by an additional
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34% compared to SNF/ITO, demonstrating that AuNPs can act as nanocatalysts to enhance
the ECL signal. This may be attributed to the electrocatalytic oxidation of TPrA by AuNPs,
generating more TPrA cationic-free radicals (TPrA+), promoting the generation of more
excited states and enhancing the ECL signal.
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2.4. Feasibility of the Construction of the Aptasensor

To investigate the feasibility of fabricating the aptasensor, the electrodes obtained in
the stepwise modifications were investigated through electrochemical methods. As shown
in Figure 6c,d, the signal slightly decreased. Upon covalently attaching the aptamer to
the surface of the AuNPs@O-SNF/ITO electrode, the ECL signal of the Apt/AuNPs@O-
SNF/ITO electrode decreased. This can be attributed to the potential hindrance of the
aptamer attachment, which may obstruct the entry of co-reactants and ECL probes into the
nanochannels, resulting in a reduction in the ECL signal.

After blocking non-specific sites with BSA, the electrode surface was covered with
a non-conductive, large-sized protein layer, further impeding the transfer of probes and
electron transfer, resulting in a further decrease in the ECL signal of BSA/Apt/AuNPs@O-
SNF/ITO. In the presence of CRP, the formation of complexes due to CRP binding to
the aptamer further hindered probe transfer and electron transfer, causing a significant
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reduction in the ECL signal. These results confirm the successful construction of the
aptasensor and the feasibility of CRP detection.
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2.5. Optimization of Experimental Conditions

To achieve high detection performance of the fabricated aptasensor, certain relevant
conditions for the experiment were optimized. The deposition time of AuNPs, the con-
centration of the aptamer for the fabrication of the recognitive interface, the incubation
time for CRP, and the results are shown in Figure 7. As observed in Figure 7a, compared
to the electrode without AuNPs (deposition time of 0 s), the ECL signals of the electrode
exhibit an initial increase followed by a decrease as the AuNPs deposition time increases.
The increase in ECL signal is attributed to the enhanced electrode active surface area
due to the presence of AuNPs, which also catalyze the ECL luminescence process. As a
prolonged deposition time may lead to blockage within the nanochannels, resulting in
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reduced enrichment of Ru(bpy)3
2+ by the nanochannels and subsequently a decrease in

the ECL signal of the sensor, the optimal deposition time for AuNPs was chosen at 3 s
(Figure 7a). The modification of the bio-recognitive interface is crucial for the fabrication
of the aptasensor, taking into account both time and cost factors. When the incubation
time for aptamer immobilization was fixed at 90 min [54], the aptamer concentration was
optimized. As shown in Figure 7b, the fixed incubation time was 30 min, and ECL signal
decreases with increasing aptamer concentration and stabilizes at around 0.3 µM. Further
increasing the aptamer concentration only results in minimal changes in the ECL signal.
Thus, the aptamer concentration of 0.3 µM was chosen as the optimal condition. Similarly,
in the case of antigen concentration of 1 ng/mL, the optimal incubation time for CRP, as
obtained through optimization, was 80 min (Figure 7c).
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The red dots represent the optimized conditions.

2.6. ECL Determination of CRP

Under optimal conditions, the proposed aptasensor exhibits a negative correlation
between ECL intensity and CRP concentration (Figure 8a). Commonly, logarithmic pro-
cessing is usually performed on the electrochemical data to explore a good coefficient
of determination across a wide concentration range [55]. As observed from Figure 8b,
within the range from 10 pg/mL to 1 µg/mL, the ECL signal (IECL) demonstrates a lin-
ear relationship with the logarithm of CRP concentration (logCCRP). The corresponding
linear regression equation (IECL = −863.3 logCCRP + 5717) exhibits a high linear corre-
lation coefficient of 0.9995. The detection limit (DL) calculated using three signals to
noise (S/N = 3) is 7.4 pg/mL. Comparison of CRP detection performance with other sen-
sors is shown in Table S1 (SI) [18,56–61]. The LOD of the fabricated aptasensor is lower
than that of electrochemical sensors using square wave voltammetry [56] or differential
pulse voltammetry [57], or ECL immunosensors based on platinum nanowire/titania nan-
otube composites [58] or Ir(III) compound and β-cyclodextrin complex [59]. The LOD
is higher than that of the ECL immunosensor based on the resonance energy transfer of
Ru(bpy)3

2+@Cu3(HHTP)2 and graphene oxide-gold nanoparticles (GO-AuNPs) [60], an
ECL immunosensor using Ru(bpy)3

2+-labeled AuNPs’ modified screen-printed electrode
(SPE) combined with a flow measurement [61], or an electrochemical aptasensor based on
AuNPs anchored in covalent poly deep eutectic solvent functionalized graphene-modified
glassy carbon electrode (Apt/AuNPs/GO/PDES/GCE) [18]. However, the fabricated ap-
tasensor does not conducted a complex preparation of nanocomposite materials or labelled
bioligands and exhibits a wider detection range.
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2.7. Specificity, Selectivity, Repeatability and Stability of the Fabricated Aptasensors

Other aptamers with an amino label, such as the AFB1 aptamer, PSA aptamer, and CEA
aptamer, were employed to assess the specificity of the sensor. As shown in Figure 9a, only
sensors modified with the CRP aptamer exhibit significant signal changes. Selectivity is
also a crucial parameter for assessing sensor performance. Figure 9b displayed the change
of ECL signal (∆ECL intensity) when the aptasensor incubated with CRP (10 ng/mL), or
one (100 ng/mL) of the other tumor biomarkers (AFP or CA15-3) or substances (glucose,
L-serine, Na+, K+ and Ca2+) found in serum. As observed, even the concentrations of other
substances are ten times higher than that of CRP, and the change of ECL signal is very
minimal. In contrast, a significant ECL change is observed when the aptasensor incubates
with CRP because of the decrease in ECL signal resulting from the specific binding with
aptamer, indicating that the aptasensor possesses excellent selectivity. Six aptasensors are
individually fabricated to measure CRP, as shown in Figure 9c. The results indicated a
relative standard deviation (RSD) of 2.3%, demonstrating excellent repeatability of the sen-
sors (Figure 9c). As shown in the upper image in Figure 9b, when the electrode undergoes
continuous electrochemical scanning, the RSD of the continuously measured ECL signals is
only 1.1%, demonstrating high signal stability. Furthermore, even after 15 days of storage
at 4 ◦C, the ECL intensity of the sensors remains at 85% of the initial signal, indicating
excellent storage stability (the bottom image of Figure 9d).

2.8. Real Sample Analysis

Compared to turn-on sensors, turn-off sensors are more susceptible to matrix effects
when analyzing samples with complex matrices, thereby affecting detection sensitivity and
accuracy. The potential application of the aptasensor in measuring CRP in real biological
samples was assessed through standard addition experiments conducted in serum. The easy
detection of CRP levels even when the serum is diluted to 1/50 is achieved. After incubating
the sensor with serum containing 0.1–100 ng/mL CRP, ECL signals were measured, and
recovery rates were calculated. The results are shown in Table 1. As shown, the recovery
ranges between 94.4% and 104%, with a low RSD of less than 2%, indicating high detection
reliability. Thus, the impact of complex matrices on the detection is low thanks to the size
exclusion and charge-selective permeability of the employed nanochannel array. Although
the dilution of the sample diminishes the convenience of the detection process compared
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with turn-on sensors, the proposed strategy can potentially be extended to the detection of
other biomolecules with a simple replacement of the corresponding aptamer.
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2+ and 3 mM TPrA. The recognitive interface was fabricated using different
aptamer PSA, AFB1, and CEA. (b) ECL signal change values of BSA/Apt/AuNPs@O-SNF/ITO after
incubation with 10 ng/mL CRP or other substances. The concentrations were 100 ng/mL for CEA,
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Na+, 1 mM for k+ and 1 mM for Ca2+. (c) The reproducibility of the aptasensor. ECL intensity after
incubation with different batches of six electrodes and 10 ng/mL CRP. (d) ECL signal stability of the
aptasensor for a single measurement.

Table 1. Determination of CRP in serum sample using the fabricated aptasensor.

Sample Added a

(ng/mL)
Found b

(ng/mL)
Recovery

(%)
RSD

(%, n = 3)

0.100 0.104 104 1.8
Serum c 1.00 0.947 94.4 1.6

100 102 102 1.2
a The concentration was obtained after serum dilution. b The concentration represents the average of measure-
ments on three serum samples. c The sample was diluted by a factor of 50.
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3. Materials and Methods
3.1. Chemicals and Materials

The recombinant human CRP protein was purchased from Okay Biotechnology Co.,
Ltd. (Nanjing, China). Carcinoembryonic antigen (CEA), bovine serum albumin (BSA),
alpha-fetoprotein (AFP), and cancer antigen 15-3 (CA15-3) were obtained from Key-Bio
Biotech Co., Ltd. (Beijing, China). Human blood serum from a healthy male donor was
provided by the Hangzhou Institute of Occupational Diseases (Hangzhou, China). The
CRP aptamer, PSA aptamer, CEA aptamer, and AFB1 aptamer with amino labeling at the
5′ end were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The aptamer
sequence is shown below: CRP (5′-NH2-CGA AGG GGA TTC GAG GGG TGA TTG CGT
GCT CCA TTT GGT G-3′); PSA (5′-NH2-ATT AAA GCT CGC CAT CAA ATA GCT GC-3′);
CEA (5′-ATACCAGCTTATTCAATT-NH2-3′); AFB1 (5′-GTT GGG CAC GTG TTG TCT
CTC TGT GTC TCG TGC CCT TCG CTA GGC CCA CA-NH2-3′). Chemicals, including
potassium ferrocyanide ([K4Fe(CN)6], 99%), ethanol (EtOH, ≥99.7%), tri-n-propylamine
(TPrA, 98.0%), hydrochloric acid, hydroxymethyl ferrocene (FcMeOH, 98%) and potas-
sium ferricyanide ([K3Fe(CN)6], 98%), were purchased from Aladdin Reagents (Shanghai,
China). Hexaammineruthenium (III) chloride ([Ru(NH3)6]Cl3, 98%), (3-glycidyloxypropyl)
trimethoxysilane (GPTMS), tetraethyl orthosilicate (TEOS, ≥99%) and hexadecyl trimethy-
lammonium bromide (CTAB, 99%) were sourced from Sigma–Aldrich (Shanghai, China).
Tripropylamine and potassium hydrogen phthalate (KHP, 99%) were obtained from Maclin
Biochemical Technology Co., Ltd. (Shanghai, China). Indium tin oxide (ITO)-coated glasses
were purchased from Kaivo Optoelectronics Technology Co., LTD. (Zhuhai, China). The
dilution of biological reagents and the detection of CRP were carried out in phosphate
buffer solution (PBS, 0.01 M, pH = 7.4) obtained with KH2PO4 and Na2HPO4. Ultrapure
water (18.2 MΩ·cm) was prepared using a Milli-Q water purification system. All chemicals
were used as received without further purification.

3.2. Characteriaztions and Instrumentations

The film’s microscopic structure and morphology were examined using a transmission
electron microscope (TEM, HT7700, Hitachi, Japan) and field-emission scanning electron
microscope (SEM, SU-8010, Hitachi, Japan), respectively. AuNPs were characterized using
X-ray photoelectron spectroscopy (XPS) with a PHI5300 instrument, employing a Mg Kα

source excitation at 250 W and 14 kV. Elemental mapping was conducted with an Oxford
Xplore 50 energy spectrometer. The acceleration voltage was 15 kV. Cyclic voltammetry (CV)
measurements were conducted on an Autolab electrochemical workstation (PGSTAT302N,
Metrohm, Switzerland). A three-electrode system was employed, consisting of Ag/AgCl
as the reference electrode, Pt electrode as the counter electrode, and ITO or modified ITO
as the working electrode. ECL measurements were carried out in a quartz cell using an
electrochemiluminescence detector (MPI-E, Xi’an Remex Analytical Instrument Co., Ltd.,
Xi’an, China). ECL signal was measured during continuous CV scanning with a potential
range from 0 to 1.4 V at a scanning rate of 100 mV/s. The luminescent body was Ru(bpy)3

2+,
and the luminescent wavelength is 610 nm [62]. A bias voltage of 400 V was employed. All
measurements were performed at room temperature.

3.3. Synthesis of AuNPs’ Confined SNF/ITO Electrode

ITO electrodes were pre-treated before use [61]. They were firstly sonicated in a 1 M
NaOH aqueous solution to create a negatively charged surface for 10 min, followed by
ultrasonic cleaning in acetone, ethanol, and water for 10 min, respectively. Afterward, they
were dried at 60 ◦C before use.

SNF was grown on the pretreated ITO surface using the Stöber-solution growth
method using CTAB as the surfactant template [63]. This approach created a dense array
of nanochannels that were oriented vertically to the ITO surface. Subsequently, the ITO
glasses with SNF on the surface were cut into dimensions of 0.5 cm× 5 cm, and the working
electrode area was fixed to 0.5 cm× 1 cm using insulating glue. Given that the nanochannel
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interiors were filled with surfactant micelle (SM), the resulting electrode was designated as
SM@SNF/ITO. SM can be easily removed by immersing the SM@SNF/ITO electrode in
HCI (0.1 M in ethanol) for 8 min [63]. The final electrode with an open nanochannel array
that was oriented vertically to the surface of the underlying ITO electrode was named as
SNF/ITO.

To deposit AuNPs within the nanochannels of SNF, the working electrode was im-
mersed in a 0.5% aqueous solution of HAuCl4, and a constant voltage of−0.5 V was applied
for 3 s. The AuNPs-modified electrode was obtained after rinsing with ultrapure water.

3.4. Fabrication of Aptamosensor

For the covalent immobilization of recognitive aptamer, the outer surface of SNF
is firstly derivatized by epoxy groups. To ensure that the epoxyization reaction occurs
primarily on the outer surface of SNF rather than inside the nanochannels, an electrode with
SM-sealed nanochannels (SM@SNF/ITO) was employed for epoxy derivatization, followed
by the removal of SM. Specifically, SM@SNF/ITO was immersed in a 25 mL ethanol solution
containing GPTMS (2.26 mM) for 1 h to introduce reactive epoxy groups onto the external
surface of the SNF. Then, the obtained electrode was cleaned with ultrapure water followed
with removal of SM. The obtained electrode was designated as O-SNF/ITO.

Subsequently, AuNPs were confined within the nanochannels of O-SNF/ITO, through
simple electrodeposition [34]. Briefly, O-SNF/ITO was subjected to a 5% HAuCl4 solution
and electrodeposition was performed at −0.5 V for 3 s, yielding AuNPs@O-SNF/ITO.

For the fabrication of the recognitive interface, AuNPs@O-SNF/ITO was immersed
in the CRP aptamer (Apt) solution (0.3 µM in 0.01 M PBS) and incubated at 4 ◦C for
80 min. This process led to the covalent immobilization of the CRP aptamer, resulting in
Apt/AuNPs@O-SNF/ITO. Finally, Apt/AuNPs@O-SNF/ITO was incubated with BSA
(10 mg/mL) at 4 ◦C for 30 min to block non-specific active sites, creating the aptasen-
sor, BSA/Apt/AuNPs@O-SNF/ITO. The fabricated aptasensor was directly stored in a
refrigerator at 4 ◦C when not in use.

3.5. ECL Determination of CRP

The ECL intensity before and after CRP binding was assessed by incubating the fabri-
cated aptasensor with different concentrations of CRP at 37 ◦C for 80 min. Specifically, the
aptasensor before (BSA/Apt/AuNPs@O-SNF/ITO) or after CRP binding (CRP/BSA/Apt/
AuNPs@O-SNF/ITO) were immersed in a PBS solution (0.01 M, pH = 7.4) containing the
ECL emitter (Ru(bpy)3

2+, 10 µM) and co-reactor (TPrA, 3 mM). The ECL signal of the
electrode was then recorded. For the analysis of real samples, CRP in human serum (from
a healthy male) was determined using a standard addition method. Briefly, human serum
was spiked with different concentrations of CRP and then diluted 50-fold with PBS (0.01 M,
pH 7.4) before measurement.

4. Conclusions

In this work, a simple and label-free ECL aptasensor has been successfully developed
for the highly sensitive detection of CRP in biological samples. Large-area SNF-modified
electrodes were fabricated on cost-effective and readily available ITO glass, allowing the
simultaneous preparation of multiple SNF-modified electrodes. Due to the low cost of both
ITO and silica-based SNF, the cost of SNF/ITO is very low (commonly 1 USD/cm2). The
modified electrode used can be easily miniaturized and patterned. Subsequently, AuNPs
were grown in situ within the nanochannels of SNF through electrodeposition. This achieve-
ment established a dual ECL signal amplification system based on the efficient enrichment
of ECL emitters within SNF nanochannels and the catalytic enhancement by AuNPs. By
functionalizing the outer surface of SNF with epoxy groups when the nanochannels was
blocked with a surfactant template, a covalently immobilized recognition interface was
obtained for aptamer immobilization. In comparison with the traditional sandwich-type im-
munoassay, e.g., enzyme-linked immunosorbent assay (ELISA), the fabricated aptasensor
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employs DNA aptamers as recognitive ligands and the immobilization process of aptamers
is similar to the immobilization step of antibodies in traditional immunosensors. However,
aptamers are cost-effective and exhibit much higher stability than antibodies [64,65]. For
CRP detection, the constructed aptasensor exhibited a wide linear range, low detection
limit, high selectivity, and excellent storage stability. Furthermore, the aptasensor also
demonstrated advantages such as low cost and rapid analysis, resulting in satisfactory
recovery rates in CRP detection in serum samples. The aptasensor developed in this
study has great promise for potential applications in disposable, portable detection or
point-of-care diagnostics.

Supplementary Materials: The following supporting information can be downloaded at: https:
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