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ARTICLE INFO ABSTRACT

Keywords: Avian Leukosis Virus-J (ALV-J) poses significant challenges to poultry health and food safety, highlighting
Nanocomposites the need for innovative detection technologies due to existing limitations in detection time, sensitivity, and
?;:f’x properties selectivity. This study presents a self-actuating and self-sensing microcantilever sensor that uses reduced gra-

phene oxide functionalized with carboxylic groups, copper nanoparticles, and cerium-based metal-organic
frameworks (rGO-COOH@CuNPs@Ce(Ill, IV)-MOF) nanocomposites to enhance signal amplification. The
sensing platform design integrates a piezoelectric actuator and sensors, using both positive and inverse piezo-
electric effects of piezoelectric ceramic (PZT) to facilitate real-time tracking via OpenCV. The fabrication process
effectively combines the actuator and sensors, optimizing piezoelectric effects for improved sensitivity and rapid
response. Signal amplification is achieved through the incorporation of rGO-COOH@CuNPs@Ce(IIl, IV)-MOF
nanocomposites, which significantly enhance conductivity and dispersibility, promoting the formation of a
conductive network with CuNPs. Additionally, Ce(III, IV)-MOF serves as a catalyst for the CuNPs, promoting
electron transfer and enhancing the efficiency of antigen—antibody interactions. The sensor demonstrates a linear
detection range from 2.1 x 10! to 1.0 x 10! ng mL ™!, with a limit of detection (LOD) of 1.3 x 10! ng mL ™! and
rapid detection capabilities, yielding results within seconds. Furthermore, it exhibits satisfactory selectivity,
storage stability, and reproducibility, with a relative standard deviation (RSD) of 3.57 %. This self-actuating and
self-sensing microcantilever sensor shows significant potential for the detection of ALV-J in clinical diagnostics.

Self-actuating and self-sensing
Real-time tracking

1. Introduction ensuring food safety and supporting the sustainability of the poultry

sector. Current detection methods for ALV-J include enzyme-linked

Avian Leucosis Virus (ALV) is a neoplastic infectious agent belonging
to the retrovirus family, known for its high mutability. This virus can be
categorized into 11 subgroups based on various characteristics,
including envelope protein, host range, and cross-neutralization modes.
Among these, the Avian Leukosis Viruses subgroup J (ALV-J) is partic-
ularly virulent, primarily causing malignant proliferation of hemato-
poietic cells and vascular tumors in chickens [1,2]. The emergence of
ALV-J has resulted in increased poultry mortality, reduced production
performance, and significant economic losses within the poultry farming
industry, adversely affecting the quality and availability of poultry meat
in the food supply chain. Therefore, the development of a detection
sensor with high stability and selective specificity for ALV-J is crucial for
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immunosorbent assay (ELISA) [3], real-time quantitative polymerase
chain reaction (QPCR) [4], cross-priming amplification (CPA) [5], and
chromatography [6], among others. While these techniques are effec-
tive, they often require expensive equipment, complex operational
protocols, and specialized personnel, which limits their practical
application.

The microcantilever bioimmunosensor (MCBS) integrates piezo-
electric ceramic-microcantilever (PZT-MC) technology with specific
immunological reactions, offering significant research potential in food
safety. The MCBS, developed from atomic force microscopy (AFM),
biosensors, and surface stress effects, is characterized by high sensitivity
and reproducibility [7]. When exposed to an external dynamic
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excitation voltage, the piezoelectrically driven resonant microcantilever
sensor (MCS) responds dynamically in terms of charge and amplitude.
Small molecule antigen-antibody interactions on the microcantilever
surface induce conformational changes in the antibody, resulting in
tensile stress and bending toward the binding surface. In contrast, in-
teractions with larger molecules generate repulsive forces that cause the
microcantilever to bend away from the binding surface [8-10]. Thus,
the interactions between target molecules and probe molecules on the
MCS surface lead to measurable changes in the charge and amplitude,
facilitating detection. By using the positive and inverse piezoelectric
effects of PZT, the target actuator, sensor, and microcantilever are in-
tegrated into a single device, resulting in the self-actuating and self-
sensing microcantilever sensor (SASS-MS) [11,12]. Compared to the
complex and costly optical lever readout systems used with MCS, the
SASS-MS employs an OpenCV-based system for image processing and
machine learning, along with a responsive charge output system,
allowing for high-precision detection of target analytes through
simplified operational protocols. Despite its potential, research on the
SASS-MS is relatively limited compared to the MCBS, with no prior re-
ports on its application for detecting ALV-J.

Several factors significantly influence the sensitivity of the SASS-MS,
including the conductivity of the PZT-MC, the activity of antibodies, and
the effectiveness of their immobilization. Nanomaterials such as copper
nanoparticles (CuNPs), gold nanoparticles (AuNPs), and graphene oxide
(GO) are commonly used as conductive dielectrics in sensing systems
due to their large surface area, abundant active sites, and excellent
conductivity [13-15]. Additionally, reduced graphene oxide with
carboxyl groups (rGO-COOH) can be synthesized by modifying GO to
increase carboxyl content, allowing for covalent conjugation with
antibody molecules [16,17]. Incorporating nanomaterials as signal
amplification composites onto the PZT-MC surface enhances the sensor’s
charge signal and amplitude. Moreover, metal-organic frameworks
(MOFs), composed of metal ions and versatile organic ligands, exhibit
large specific surface areas, porosity, and excellent catalytic properties,
making them widely applicable for detection [18-20]. The oxidation
states of cerium (Ce) can undergo rapid and reversible transitions be-
tween Ce>* and Ce**, demonstrating exceptional redox properties,
catalytic activity, and high electron transfer rates [21,22]. Ce-MOF fa-
cilitates interactions with nucleic acid sequences via hydrogen bonding,
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forming functional groups that enhance antibody recognition and
immobilization [23]. The excellent catalytic activity of Ce-MOF,
attributed to its semiconductor properties and redox capabilities, com-
bined with its large specific surface area and porous structure, provides a
large number of active sites for antibody loading [24-27]. To further
enhance detection performance, antibody loading can be improved
through the preparation of nanofiber film (NFF) using polyvinylidene
difluoride (PVDF), which possesses piezoelectric properties. The NFF
produced by electrospinning not only has a high specific surface area but
also transforms the loading structure from “one-dimensional” to “three-
dimensional” due to its high porosity and hierarchical architecture [28].
Additionally, nanomaterials such as rGO-COOH, Au nanoparticles, and
NFF can undergo activation of carboxyl groups via EDC/NHS treatment,
facilitating antibody coupling [8,28,29].

Our research group has systematically studied micro-scale piezo-
electric devices, focusing on their fabrication, electromechanical
coupling modeling, performance characterization, parameter testing,
and integration with drivers and sensors [30-36]. In this study, we
engineered a self-actuating and self-sensing microcantilever sensor
based on rGO-COOH@CuNPs@Ce(IlIl, IV)-MOF (rGCNCM) nano-
composites to detect ALV-J (Scheme 1). Initially, GO was modified to
obtain rGO-COOH, which was subsequently mixed with synthesized
nanomaterials, including CuNPs and Ce-MOF. This mixture was used to
modify the PZT-MC, which had been sputter-coated with Au. Following
this, EDC/NHS cross-linking agents were then used for the carboxylation
treatment of Au and nanofibers to facilitate the covalent fixation of the
monoclonal antibody 5D3 (Abspg). Finally, we constructed an OpenCV
real-time tracking system and a self-actuating and self-sensing system to
evaluate the detection performance of the SASS-MS for ALV-J. The ac-
curacy of the sensor was validated using enzyme-linked immunosorbent
assay (ELISA). The sensor demonstrated high sensitivity, high integra-
tion, low cost, and real-time tracking capability for response signals,
making it widely applicable in portable biological and chemical detec-
tion systems.
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Scheme 1. The self-actuating and self-sensing microcantilever sensor for detecting ALV-J.
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2. Experimental sections
2.1. Reagents and materials

The specific content can be found in the Supplementary Information.
2.2. Apparatus and characterization

The specific content can be found in the Supplementary Information.
2.3. The synthesis of rGO-COOH@CuNPs and Ce-MOF

The rGO-COOH@CuNPs nanocomposite was synthesized according
to established methodologies [37-39]. Initially, 10 mg of graphene
oxide (GO) was dispersed in 100 mL of deionized water, preparing a GO
suspension (0.1 mg mL™!). Subsequently, 100 mg of L-ascorbic acid (L-
AA) was introduced into the suspension, and the pH was adjusted to 10
using ammonia solution (NHs3-H20). The mixture was stirred for one
hour at 65 °C, after which the resultant reduced graphene oxide (rGO)
was collected via filtration through a 0.2 pm acetic acid fiber membrane.
Following this, rtGO was combined with a NaOH/chloroacetic acid
(CAA) (m:m = 6:5) solution in a mass ratio of 1:11 and stirred at room
temperature for one hour. The mixture was then filtered and dried in a
vacuum oven to yield carboxyl-functionalized reduced graphene oxide
(rGO-GOOH). In parallel, a solution of L-AA (25 mL, 1 M) was added to
an aqueous solution of CuCly-2H0 (25 mL, 0.2 M). The mixture was
stirred at 80 °C for 14 h, followed by washing with deionized water and
subsequent drying. Finally, rtGO-GOOH (10 mL, 1 mg mL ') was com-
bined with the CuNPs solution (10 mL, 1 mg mL 1) at room temperature
for 12 h to obtain the rGO-COOH@CuNPs nanocomposite.

The synthesis of the cerium-based metal-organic framework (Ce(Ill,
IV)-MOF) was conducted following established protocols [22,40].
Initially, 2.1 g of H3BTC was added to a mixed solution of water and
ethanol (20 mL, V: V = 1:1) and stirred thoroughly. Subsequently, 4.34 g
of cerium nitrate hexahydrate (Ce(NOs)3-6H20) was dissolved in 45 mL
of deionized water and added to the H3BTC solution, which was stirred
in a water bath maintained at 75 °C for 2 h. Upon cooling to room
temperature, the resulting white precipitate was isolated via high-speed
centrifugation, washed with deionized water and ethanol, and then
dried in an oven at 70 °C for 12 h to obtain Ce(III)-MOF. Finally, 20 mg
of Ce(III)-MOF (20 mg) was dispersed in 4 mL of deionized water, and a
specific volume of NaOH/H20, (50 pL, NAHO-x) was added. After
stirring for 2-5 min, the mixture was washed and dried, yielding a
yellow Ce(IlL, IV)-MOF powder.

2.4. The fabrication of the SASS-MS

Initially, conductive silver paste was applied to the upper and lower
surfaces of the PZT-MC and allowed to cure. The assembly was then
placed in a thermostatic oil bath at 100 °C, where a polarization reaction
was induced by applying a voltage of 1.5 kV using a pressure-resistant
tester. After 60 min, the sample was allowed to cool to room tempera-
ture, removed, cleaned, and dried, resulting in a polarized PZT-MC
preform. Subsequently, epoxy conductive adhesive (ECA) was uni-
formly deposited on one surface of the PZT-MC preform, and copper foil
was affixed. The assembly was subjected to uniform pressure for 24 h to
facilitate bonding. Finally, the assembly was completed using heat
shrink tubing and ECA, with silver wire serving as a conductor for
electrode output, resulting in the formation of the SASS-MS preform.

The target reaction zone (TRZ) of the SASS-MS preform was sub-
jected to sputtering using an ion sputter for 10 s, resulting in a sputtered
Au coating (SAC). A solution consisting of 2.5 g of PVDF was added to a
DMF/Acetone mixture (10 g, m:m = 2:3), and stirred until fully dis-
solved. The rGCNCM nanocomposites (0.052 g, m:m = 1:1) were then
incorporated into the solution, achieving a relative PVDF content of 2.0
wt%. This mixture was transferred into a syringe equipped with an 18 G
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needle (inner diameter of 0.86 mm), and electrospinning was conducted
on the sensor’s TRZ under environmental conditions (25 °C, 45 %
relative humidity). The electrospinning apparatus operated at a feed rate
of 0.8 mL h™}, a spinning distance of 15 cm, a working voltage of 15 kV,
and a drum rotation speed of 100 r min~". Following the cutting of the
nanofiber film, the non-immunized state of the SASS-MS was obtained.

The TRZ on the non-immunized SASS-MS was immersed in an EDC/
NHS solution (1 mM) for 2 h to activate the carboxyl groups of Au, rGO-
COOH, and PVDF, at room temperature. After rinsing with PBS, the
sensor’s TRZ was immersed in an Absps solution (100 pL) and reacted at
4 °C for 3 h. The sensor was washed with PBS (0.2 M, pH = 7) to
eliminate unbound Absps. Any unreacted carboxyl sites were subse-
quently blocked with BSA (100 pL, 1 %). Finally, following PBS washing,
the immune-modified SASS-MS, incorporating rGCNCM nano-
composites, was stored at 4 °C.

2.5. The detection process of the SASS-MS

Initially, varying concentrations of the antigen p27 (Agp27, 50 uL)
were placed on the TRZ of the SASS-MS and incubated at room tem-
perature for 15 to 30 min. Subsequently, a sinusoidal alternating current
with a frequency of 1 Hz and a voltage of 10 Vpp was used as the
actuating signal. The sensing signal was collected as a charge signal via a
data acquisition card and transmitted to LabVIEW. Additionally, real-
time monitoring of the vibrations of the MC was conducted using
OpenCV through the monitoring system. Ultimately, an analysis of the
charge signal and amplitude of the SASS-MS at various Agp27 concen-
trations was performed, alongside an exploration of the SASS-MS po-
tential for detecting real samples.

3. Results and discussion
3.1. Structural characterization of the nanocomposites

The morphology of the prepared nanomaterials was characterized
using SEM and TEM (Fig. 1). GO exhibits a wrinkled appearance due to
its significant layer stacking (Fig. la). This phenomenon can be
explained by the Lerf-Klinowski model, which postulates that an irreg-
ular force distribution occurs when oxygen-containing functional groups
on the surface basal plane (such as hydroxyl, epoxy groups) and at the
edges (including carboxyl, carbonyl groups) interact with sp> carbon
atoms, resulting in the formation of wrinkles [39,41]. Additionally,
thermal treatment and drying may induce the aggregation or stacking of
layers, which can adversely affect conductivity and dispersibility. Upon
reduction with L-Ascorbic acid (L-AA), the surface of reduced graphene
oxide (rGO) reveals increased roughness, with layers appearing frac-
tured and aggregated, resulting in the formation of porous structures
(Fig. 1b). This modification is primarily caused by the dissociation of
oxygen-containing functional groups (hydroxyl, epoxy groups) within
the basal plane or aromatic structure during the reduction reaction [42].
While the reduction reaction enhances the electrical conductivity of
rGO, the loss of oxygen-containing functional groups, along with n-n
conjugation and hydrophobic interactions, reduces its dispersibility
[43,44]. Therefore, carboxylation treatment with Chloroacetic acid
(CAA) is performed under weak alkaline conditions. After carboxylation,
the layered and porous structure of rGO-COOH is significantly altered,
resulting in a smoother surface with reduced wrinkling and markedly
improved dispersibility (Fig. 1c). The carboxylation treatment in-
troduces a substantial number of carboxyl functional groups to rGO-
COOH, thereby enhancing its surface wettability, hydrophilicity, and
electroactivity [45]. The morphology and distribution of the synthesized
copper nanoparticles (CuNPs), including their aggregation, were char-
acterized using SEM, as shown in Fig. 1d. The SEM images reveal that
the CuNPs exhibit a uniform spherical structure with an average diam-
eter of approximately 50.0 nm. The particles display smooth surfaces,
relatively uniform distribution, and stable morphology, indicating the
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Fig. 1. A-e, g-h) sem images of go (a), rgo (b), rgo-cooh (c), cunps (d), rgo-cooh@cunps (e), ce(iii)-mof (g) and ce(iiii, iv)-mof (h). f) TEM images of

rGO-COOH@CuNPs.

reliability of the synthesis process. The aggregated states of CuNPs
enhance their structural stability and promote efficient attachment to
rGO-COOH, contributing to the stability of the composite material. The
significant attachment of CuNPs to the rGO-COOH surface, while
maintaining the morphological integrity of the nanoparticles, was
confirmed by SEM and TEM analysis following their integration with
rGO-COOH (Fig. le and f). The adhesion of CuNPs to the rGO-COOH
surface transforms its initially flat, two-dimensional structure into a
three-dimensional configuration with microscale topography, enriching
the surface morphology with a layered texture. SEM characterization
reveals that Ce(III)-MOF exhibits a distinct nanorod morphology char-
acterized by smooth edges. Upon reaction with NaOH/H;0, (NAHO), a
portion of Ce>" is oxidized to Ce**, resulting in the transformation of the
white Ce(III)-MOF into yellow Ce(Ill, IV)-MOF featuring a mixed
oxidation state [22]. The microscopic structure of Ce(Ill, IV)-MOF re-
tains the nanorod configuration, but its edges are sharper. The mixed
valence states of Ce>" and Ce*' in Ce(lll, IV)-MOF induce charge
transfer transitions, allowing the material to absorb light over a broader
visible range. Additionally, the interaction between valence states en-
hances electron delocalization, further influencing the optical properties
of the material, resulting in its yellow appearance (Fig. 1g and h) [46].

The X-ray diffraction (XRD) patterns of GO before and after modi-
fication are presented in Fig. 2a. The diffraction peak of unprocessed GO
at 11.19° corresponds to the (001) plane, while the diffraction peak at
42.3° corresponds to the (100) plane. Following the reduction of GO to
rGO, a characteristic diffraction peak at 22.98° is observed, corre-
sponding to the (002) plane. This indicates a structure with sp?

hybridization similar to graphite, suggesting a reduction in the number
of oxygen functional groups [39]. According to Bragg’s Law (2dsinf =
ni, where d denotes the distance between crystal planes, 0 represents
the angle formed by the incident X-ray with the specific crystal plane, A
is the wavelength of the X-ray, and n denotes the diffraction order), the
interlayer distance of rGO is reduced to 0.39 nm, compared to 0.79 nm
for GO. Consequently, the interlayer interactions in rGO are strength-
ened, which may lead to an increased tendency for aggregation and
difficulty in dispersion, corroborating the observations from SEM. The
XRD diffraction of rGO-COOH reveals peaks at 27.37° (111), 31.70°
(200), 45.45° (220), 56.47° (222), 66.22° (400), and 75.29° (420),
which correspond to the residual NaCl following carboxylation treat-
ment (consistent with PDF#99-000-1459). Furthermore, the diffraction
pattern remains similar to that of rGO, indicating that the introduction
of carboxyl groups does not significantly disrupt the rGO structure. The
XRD pattern of rGO-COOH decorated with CuNPs (rGO-COOH@CuNPs)
exhibits diffraction peaks at 43.17° (111), 50.13° (200), and 73.96°
(220), attributed to CuNPs. This suggests the successful removal of NaCl
and the effective attachment of CuNPs (consistent with PDF#98-000-
0172).

FTIR spectra recorded before and after the modification of GO are
illustrated in Fig. 2b. In the range of 3600 cm™* to 3300 cm ™Y, the in-
tensity of the peaks associated with carboxyl groups decreases in the
order of rGO-COOH, GO, and rGO, indicating a reduction in carboxyl
group content following modification. Conversely, the carboxylation
with Chloroacetic acid (CAA) significantly enhances the carboxyl group
content, consistent with the results obtained from SEM and XRD.
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Fig. 2. a, c) XRD patterns and FTIR spectra of GO, rGO, rGO-COOH, and rGO-COOH@CuNPs. b, d) XRD patterns and FTIR spectra of Ce(III)-MOF and Ce(III, IV)-MOF

under different oxidation conditions.

Additionally, the diffraction peaks in the ranges of 800 cm™! to 750
cm ! and 620 cm™! to 500 cm ™! are attributed to Cu-O stretching vi-
brations, confirming the successful incorporation of CuNPs [47].

The XRD patterns and FTIR spectra of Ce-MOF are shown in Fig. 2¢
and Fig. 2d, respectively. The XRD patterns indicate that the Ce-MOF
adopts a UiO-66-type structure characterized by narrow and intense
diffraction peaks that reflect excellent crystallinity, consistent with the
literature reported [24,48]. Moreover, the diffraction peaks of Ce(III)-
MOF and Ce(IIL, IV)-MOF are similar, suggesting that the treatment with
NAHO alters the valence states of some Ce ions without affecting the
crystal structure of Ce-MOF. The FTIR spectra reveal characteristic peaks
in the ranges of 1650 em~! to 1500 cm’l, 1480 cm~! to 1330 cm’l, and
570 cm ™! to 500 cm’l, corresponding to the asymmetric (Vassy (-COO-))
and symmetric (Vsym (~COO-)) stretching vibrations of the carboxylate
ions, as well as the Ce-O stretching vibration [49]. Additionally, peaks in
the range of 3500 cm ™! to 3300 cm™! are associated with water mole-
cules adsorbed on the surface of Ce-MOF.

3.2. Performance analysis of the nanocomposites

The XPS analysis of GO and rGO-COOH@CuNPs reveals the presence
of the Cl 2p peak at 200.5 eV and the Cu 2p peak at 934.4 eV (Fig. 3a).
The results are consistent with the XRD analysis, further confirming the
decoration with CuNPs. The C1s core level spectra of GO and rGO-COOH
were analyzed by XPS to assess the changes in functional groups due to
modification. As illustrated in Fig. 3b, the principal peaks for both GO
and rGO-COOH are centered at 284.8 eV, 286.9 eV, 287.3 eV, 288.6 eV,
and 289.5 eV, corresponding to sp?/sp° carbon (C=C or C-C), ether
bonds (C-O-C), carbonyl groups (C=0), ester groups (O-C=0), and
carboxyl groups (-COOH), respectively [50]. Notably, the carboxyl
group content in modified rGO-COOH is significantly elevated at 22.9 %,
compared to only 1.4 % in untreated GO. This indicates the successful
introduction of carboxyl functional groups, which is consistent with

prior characterization results. The Cu 2p XPS spectrum (Fig. 3c) displays
peaks centered at 955.3 eV and 935.5 eV corresponding to the doublet
Cu 2py,2 and Cu 2ps/, respectively. Additionally, a prominent peak at
944.3 eV is identified as the satellite peak of Cu?*. The binding energies
for the Cu 2ps, peak for Cu®>" and metallic Cu within the range of 932.2
eV to 932.9 eV cannot be distinguished [51]. Therefore, an analysis of
Cu LM2 Auger peaks was performed. The Auger peak at 918.7 eV kinetic
energy is associated with the presence of Cu (0) (Fig. S1) [52]. There-
fore, the peak at 932.7 eV indicates the presence of metallic Cu.
Collectively, the XRD and XPS results indicate that CuNPs are success-
fully attached to the surface of rGO-COOH, with minimal oxidation of
copper occurring.

The investigation further demonstrates that the particle size of
CuNPs decreases with increasing concentrations of L-AA. At concen-
trations of 0.5 M, 1.0 M, 1.5 M, and 2.0 M, the particle sizes of CuNPs are
approximately 1274.8 nm, 759.4 nm, 281.6 nm, and 73.2 nm, respec-
tively (Fig. 3d). The increase in L-AA concentration facilitates the
reduction of more Cu®" to zero-valent Cu, while the presence of surface
oxides inhibits particle growth, resulting in smaller CuNPs [38]. More-
over, as the concentration of L-AA increases, the color of CuNPs tran-
sitions from gray (dark state) to a brighter hue, indicative of the match
color. The phenomenon is attributed to the surface plasmon resonance
effect of CuNPs, wherein changes in size influence the absorption and
reflection of light, thereby resulting in different colors [53]. Through
BET-specific surface area analysis, it is observed that an increase in L-AA
concentration correlates with a decrease in the particle size of CuNPs,
while the specific surface area and pore volume gradually increase. At a
concentration of 0.5 M, the specific surface area and pore volume are
measured at 3.1707 m? g~! and 0.0150 cm® g7}, respectively. In
contrast, at a concentration of 2.0 M, both the specific surface area and
pore volume increase to 6.7848 m2 g ! and 0.0266 cm® g1, as shown in
Fig. 3e and Fig. 3f. The reduction in particle size contributes to an
enhanced specific surface area and increased pore volume, promoting
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Fig. 3. A) the xps spectra of GO and rGO-COOH@CuNPs. b) The C 1 s core level XPS spectra of rtGO-COOH@CuNPs. ¢) The Cu 2p XPS spectra of rGO-COOH@CuNPs.
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MOF and Ce(IIl, IV)-MOF under different oxidation conditions. j) The energy band structure of Ce-MOF. k) Impedance analysis of the nanocomposites. 1) Electrical

conductivity analysis of the nanocomposites.

the uniform development of fine crystals and enhancing both electrical
conductivity and surface energy [51,54].

The analysis of the Ce 3d core level XPS spectra for the Ce-MOF re-
veals a distinct structure characterized by two multiplet features (v and
u) corresponding to the spin-orbit split 3ds,2 and 3ds/» core levels
(Fig. 3g) [22]. The peaks centered at 885.5 eV and 903.9 eV are
attributed to Ce?’*, while the peaks centered at 882.0 eV, 890.2 eV,
900.5 eV, 907.5 eV, and 916.8 eV are indicative of Ce*. The results
suggest that this Ce-MOF is composed of mixed valence states.

When the concentration ratio of NAHO is varied, the macroscopic
morphology of the resulting Ce-MOF changes. Specifically, for NAHO
ratios of pure NaOH, 1:2, 1:1, 2:1, and pure H505, a color transition is
observed, progressing from milky white to yellow and subsequently to
light hue, as shown in Fig. 3h. Notably, at a 1:1, the Ce-MOF displays a
distinctive appearance characterized by a pure yellow flocculent

structure. Analysis of the UV-visible diffuse absorbance spectra (Fig. 3h)
reveals that the absorption edges of Ce-MOF, following various NAHO
oxidative modifications, are approximately located at 332.9 nm (Ce(III)-
MOF), 428.8 nm (pure NaOH), 435.3 nm (1:2), 467.7 nm (1:1), 459.4
nm (2:1), and 335.3 nm (pure Hy05). These observations indicate that
when the reaction involves only NaOH or H30,, the absorption edge of
Ce-MOF remains relatively low. Conversely, the participation of both
NaOH and H305 in defined proportions results in a redshift of the ab-
sorption edge, suggesting an enhancement in electron transfer capability
[55,56]. Further analysis of UV-vis spectra allows for the determination
of the band gap value of the samples using the Kubelka-Munk formula

(Equation (1)).
ahy = A(hy — E,)"?

@

a, h, v, A, and E; represent the absorption coefficient, Planck constant,
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incident light frequency, proportionality coefficient, and band gap en-
ergy, respectively [57].

The band gap of Ce(III)-MOF is 3.4 eV, whereas the band gap of Ce
(II, IV)-MOF after modification via NAHO-1/1 is reduced to 2.7 eV
(Fig. 3h). This reduction may be attributed to the formation of impurity
energy levels, which enhance the electron transition ability. Addition-
ally, the band structures of Ce-MOF can be elucidated through VB-XPS
and Tauc plots (Fig. 3j), with a detailed analysis provided in Fig. S2
and Note 1. The work function of the modified Ce(Ill, IV)-MOF is
recorded at 6.36 eV, an increase from the 5.12 eV associated with Ce
(IID)-MOF. This increase contributes to enhanced built-in electric fields
and higher electron concentrations, thereby improving its electron
transport capability.

The catalytic activity of the samples was assessed by mixing them
with the chromogenic substrate TMB (Fig. 3i) [58,59]. At a 1:1 NAHO
ratio, the reaction proceeds rapidly, yielding pure blue. During this
process, Ce>* is swiftly oxidized to Ce**, resulting in the formation of
blue oxTMB. The UV-vis spectra indicate that the sample modified with
NAHO-1/1 shows the optimal catalytic activity. This observation high-
lights the influence of the NaOH to H30» ratio on the oxidation states
ratio (Ce>*/Ce*") of Ce(Ill, IV)-MOF, which in turn affects electron
transfer efficiency and catalytic activity in Ce-MOF.

The electronic transfer performance of the rtGCNCM nanocomposites
was evaluated using electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) techniques (Fig. 3k, 1). Nyquist plots show that
the rGCNCM nanocomposites exhibit the smallest semicircle diameter,
indicating the lowest charge transfer resistance (Rct) and enhanced
charge transfer rate. The significant decrease in Rct suggests that the
introduction of CuNPs, together with rGO-COOH, contributes to the
formation of a highly conductive network, thereby enhancing the charge
transfer rate and electron mobility. In contrast, Ce(III, IV)-MOF displays
relatively higher impedance, suggesting that its intrinsic conductivity is
limited. However, the incorporation of Ce(III, IV)-MOF further reduces
Ret, implying the presence of additional electron pathways and contact
points within its structure that facilitate charge transfer. The CV results
further confirm these findings. The rtGCNCM nanocomposites electrode
exhibits higher current response, reflecting its strong electron transport
capability and high redox activity. CuNPs display typical reversible
redox behavior, which promotes rapid electron exchange, while the
Ce>*/Ce** redox couple in Ce(III, IV)-MOF in Faradaic reactions further
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o
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enhances redox performance. Additionally, the porous framework of Ce
(111, IV)-MOF facilitates fast electrolyte ion diffusion, accelerates charge
transport, and provides numerous active sites for redox reactions.
Therefore, the rGCNCM nanocomposites are highly suitable for appli-
cation in conductometric sensors to improve detection sensitivity.

3.3. Preparation of the SASS-MS and construction of the detection system

3.3.1. Design and fabrication of the SASS-MS

The detection methodologies employed for microcantilever sensors
can be categorized into static and dynamic techniques. The static
approach primarily uses optical methods to measure the displacement or
deflection of the cantilever beam. In contrast, the dynamic method in-
volves instrumental analysis to detect parameters such as amplitude,
resonance frequency, and charge signals. However, the static method is
characterized by lower accuracy and a significant stabilization period
for sensor output and is unsuitable for applications requiring real-time
responses.

Initially, wires were connected to the upper and lower surfaces of the
PZT for piezoelectric testing, revealing no vibration or bending defor-
mation (Fig. 4al). This lack of response is attributed to the disordered
crystal structure of PZT, where the internal electric dipole moments are
randomly oriented, preventing charge separation and consequently
resulting in the absence of a piezoelectric effect. To improve the crys-
talline structure of PZT, a highly controllable method involving a high-
temperature oil bath was used for polarization (Fig. 4a2). To ensure the
effective application of voltage, uniform transmission of voltage within
the PZT, and uniform distribution on the surface during the polarization
process, conductive silver paste was coated on the upper and lower
surfaces of the PZT. The application of conductive silver paste improved
the contact performance between the electrode and PZT, reduced the
resistance between the electrode and PZT, minimized energy loss during
polarization, and achieved a more uniform polarization effect. These
enhancements resulted in improved piezoelectric effect, stability, and
energy transmission efficiency of the PZT. The assembly of the polarized
PZT yielded the SASS-MS preform with dimensions of 4.0 x 0.6 x 0.2
mm, as shown in Fig. 4a3 and Fig. 4b. The overall cantilever beam
structure comprises piezoelectric ceramics and copper foils (Fig. 4b and
Fig. 4c). At the fixed end, two copper foils served as electrodes inte-
grated into the piezoelectric ceramic, while the corresponding surface
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12/50 1250 2
7.81 7.81/| \ Cu Au
3.13 "" 313 "
Ll [
0.9 12 15 1.8
Diameter (um)

Fig. 4. A) polarization of the pzt and preparation of the sass-ms. b) the three-dimensional model diagram of the SASS-MS. c¢) The mechanism diagram of the SASS-
MS. d) SEM images of the SASS-MS reaction area. €) Attachment status of the rGCNCM composites in nanofibers. f) Diameter distribution diagram of nanofibers. g)

The EDS mapping analysis of the nanofiber film.
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positions of the piezoelectric ceramic also function as electrodes,
thereby creating two electrode pairs (EP), namely the upper surface EP
and the lower surface EP on the fixed end (Fig. 4c). Upon applying an
alternating voltage to one of the electrode pairs, the cantilever beam
undergoes vibration deformation due to the inverse piezoelectric effect,
while the other electrode pair generates corresponding charges as a
result of the piezoelectric effect. This configuration enables dynamic and
real-time detection of the sensor performance based on the amplitude of
the cantilever beam vibration and the generated charge. Compared with
traditional piezoelectric microcantilevers, optical (optical lever
method), capacitive, and piezoresistive sensors, the SASS-MS developed
in this study adopts a vertically layered sandwich structure. The bottom
piezoelectric layer is used for actuation, the middle microcantilever
beam for mechanical vibration response, and the top piezoelectric layer
for electrical signal sensing. Traditional microcantilever sensors often
rely on single-parameter detection methods such as the optical lever
technique, which limits performance. In single-layer piezoelectric
structures, actuation and sensing share the same material, leading to
signal interference and reduced precision and reliability. Additionally,
direct excitation signal input may cause overload, damage, and coupling
effects, compromising stability. The SASS-MS eliminates signal inter-
ference, significantly improving stability while enabling multi-
parameter detection based on vibration amplitude, frequency, and
electrical signals, thereby enhancing detection accuracy and reliability.
Compared with optical sensors, it does not require complex optical
systems, facilitating miniaturization and array integration; compared
with capacitive sensors, it is unaffected by humidity and electrolytes,
with a simpler fabrication process; compared with piezoresistive sen-
sors, it offers a higher signal-to-noise ratio. In summary, the SASS-MS
demonstrates significant advantages in interference resistance, signal
stability, portability, integration, and multi-parameter detection.
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To enhance the performance of the sensor, nanocomposites were
used for surface modification as a strategy for signal amplification. This
approach aims to increase the number of reactive sites between the
sensor and target analyte, thereby improving reaction efficiency and
detection sensitivity. The sensing element, TRZ, was treated via spray
coating and electrospinning (Fig. 4d). Spray coating not only enhances
the microscale surface roughness of the PZT but also improves charge
transfer efficiency between the reaction layer and the sensor. Concur-
rently, electrospinning facilitates the formation of a three-dimensional
porous reaction structure, which increases the loading capacity of the
nanocomposites and promotes enhanced adsorption and catalysis ac-
tivity of reactants, thereby augmenting signal amplification perfor-
mance [60]. Upon magnification, irregular protrusions and adherences
on the surface of nanofibers were clearly observable, indicating the
stable capacity of the nanofibers to support the rGCNCM nano-
composites (Fig. 4e). The smaller diameter of nanofibers facilitates the
attachment and exposure of rGCNCM on their surfaces, thereby
increasing the number of reactive sites and enhancing the interaction
with the reactants, which in turn improves reaction efficiency. With an
average diameter of approximately 1.51 pm, the nanofibers exhibit a
larger specific surface area, increasing contact points and attachment
areas with rGCNCM (Fig. 4f). Furthermore, the porous structure en-
hances the loading capacity for reactants, such as antigens and anti-
bodies. Energy dispersive spectroscopy EDS mapping analysis reveals
the presence and uniform distribution of elements such as C, Ce, Cu, and
Au, further confirming the successful attachment of rtGCNCM on the
nanofibers (Fig. 4g).

3.3.2. Construction of the detection platform
A detection platform, designated as SASS-MS, was developed based
on the characteristics of the fabricated sensor, which is both self-

Ll Grayscale conversion

I Histogram equalizatioﬂ|

Fig. 5. A) construction diagram of multifunctional detection platform. b) flowchart of algorithm operation for real-time tracking system.
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actuating and self-sensing, as shown in Fig. 5al and Fig. S3. The plat-
form comprises two primary components: the actuating system and the
sensing system, thereby achieving self-actuating and self-sensing of the
sensor. The actuating system consists of the Frequency Response
Analyzer (FRA) that generates the input frequency, a Power Amplifier
(PA) that provides the input voltage, and a Piezoelectric Ceramic
Controller (PCC) that delivers the alternating electrical signal, serving as
the excitation signal. The sensing system is divided into two segments:
charge reading and displacement reading. The “charge reading” com-
ponents include a Quasi-Static Charge Amplifier (QSCA) for converting
voltage to charge output, a Data Acquisition Card (DAC) for signal
acquisition, and LabVIEW software for receiving and graphically rep-
resenting the signals. The “displacement reading” segment comprises a
high-magnification camera (up to 1000x) and the OpenCV Vision
Development Kit, which captures real-time displacement of the micro-
cantilever (MC) (Fig. 5a2 and 5a3). The traditional detection methods
used in microcantilever sensors, such as the optical lever method and
capacitive detection method, present various limitations. The optical
lever method is highly sensitive to environmental conditions and re-
quires complex tuning, while the capacitive detection method is sus-
ceptible to electromagnetic interference, leading to complex signal
processing. In contrast, the SASS-MS detection platform is characterized
by low construction cost, resistance to environmental interference, and
real-time monitoring capabilities, thus saving time 0069n assessing
experimental feasibility. Furthermore, this platform is adaptable for use
with various piezoelectric sensors, including piezoelectric fiber sensors,
enhancing its versatility.

The programming and functional implementation of the real-time
tracking system are shown in Fig. 5b. This system is divided into three
phases. In the initial phase, a camera scans the SASS-MS to capture the
corresponding image. The second phase involves executing image pro-
cessing algorithms to determine camera focal lengths and pixel di-
mensions. Accuracy and success rate in image processing are improved
through the application of algorithms such as grayscale conversion (to
highlight features), Gaussian blur (for noise reduction), and histogram
equalization (to enhance image features). In the third phase, a program
is executed to track the motion trajectory of the SASS-MS using the
camera. This process enables rapid, accurate, and stable tracking of the
MC-SASS motion through the implementation of algorithms such as
MOSSE (for high precision, fast-tracking), jitter suppression (to elimi-
nate vibration effects caused by the environment), and background
modeling (to reduce external interference). Analysis conducted with
TRACKER software indicates a strong correlation between sensor
displacement data and data obtained from the real-time tracking system,
thereby validating its applicability for experimental investigations. The
operating procedure of this detection platform is as follows: First, the
input frequency and peak-to-peak voltage of the alternating voltage are
configured via the FRA and PA in the actuating system, followed by the
input of the alternating voltage signal through the PCC. Subsequently,
the QSCA converts the voltage signals feedback from the sensor into
charge signals, which are then processed by DAC. Using the LabVIEW
software, these signals were transformed into a two-dimensional image,
enabling the visualization of the charge signals. Concurrently, OpenCV
facilitates real-time tracking of the MC vibration through the camera as
per the programmed instructions, with the displacement data being
recorded by the Spyder software on the computer. Finally, a dynamic
response model is established based on the detected substance, the
feedback charge signals, and displacement signals. The real-time
tracking system enables dynamic response analysis, real-time feedback
control, and fault detection, thereby improving sensor performance,
accuracy, and reliability.

3.3.3. Performance testing

To evaluate the detection performance of the SASS-MS, the sensor
was tested on the designated platform. Under conditions of low fre-
quency and a fixed input voltage of 10.0 Vpp, the SASS-MS was assessed
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in different states to determine the potential of the rtGCNCM attachment
as a signal amplifier. The results shown in Fig. 6a indicate that as the
number of chemical elements in the nanocomposites increases, both
charge and displacement signals recorded by the detection platform
exhibit a corresponding increase. Notably, when the rGCNCM is
attached to the sensor surface, the detection signal reaches its peak,
approximately 3.72 times greater than the original, thereby confirming
the efficacy of rGCNCM as a signal amplifier.

Furthermore, the detection performance of the platform was exam-
ined under both low-frequency and high-frequency conditions. In the
low-frequency regime, the output charge remained stable in relation to
the input voltage, with the output frequency demonstrating a consistent
linear relationship with variations in input frequency (Fig. 6b and
Fig. S4). At an input frequency of 1.0 Hz, the sensor displacement data
obtained from the real-time tracking system achieved its maximum
value before gradually diminishing. Investigations revealed that the
tracking accuracy of the camera, which is not a high-speed model, be-
comes compromised at elevated vibration frequencies of the micro-
cantilever (MC). In high-frequency conditions, while maintaining a
constant input voltage, the output charge exhibited variations corre-
sponding to changes in frequency (Fig. 6¢c and Fig. S5). The PZT dem-
onstrates both a positive piezoelectric effect (the conversion of electrical
signals into mechanical motion) and an inverse piezoelectric effect (the
conversion of mechanical motion into electrical signals) [61]. In the
context of the inverse piezoelectric effect, the correlation between the
feedback charge intensity and vibration frequency is influenced by the
ratio of the vibration frequency to the natural frequency of the PZT.
During low-frequency operation, the vibration frequency of the PZT
remains significantly below its natural frequency. This allows ample
time for the material to respond to alterations in the electric field
induced by frequency changes. Consequently, the feedback charge in-
tensity is linearly related to the vibration amplitude (i.e., the excitation
voltage intensity of the sensor) and remains independent of vibration
frequency. Conversely, under high-frequency conditions, the vibration
frequency approaches or exceeds the inherent frequency of the PZT. In
this scenario, the molecular structure is unable to deform rapidly in
response to changes in the electric field, resulting in incomplete charge,
accumulation, and release. Thus, the charge generated by the inverse
piezoelectric effect becomes frequency-dependent, losing its correlation
with the excitation voltage intensity. As a result, the input frequency was
set to 1.0 Hz in the following experiments.

3.4. Detection performance of the SASS-MS

Under optimized conditions, with a voltage of 10.0 Vpp and a fre-
quency of 1.0 Hz, the developed detection platform was utilized to assess
the performance of the SASS-MS in the identification of ALV-J. An in-
crease in the concentration of ALV-J resulted in a corresponding rise in
both the sensed charge intensity and the vibration displacement of the
microcantilever (MC). Notably, the concentration of ALV-J exhibited a
linear correlation with these two parameters (Fig. 7a). The linear
regression equation for the sensed charge with the concentration of ALV-
J is expressed as: y = 0.0749x + 1.0624, with an R? value of 0.9986.
Similarly, the equation for the vibration displacement relative to the
concentration of ALV-J is: y = 0.1059x + 0.2399, yielding an R? value of
0.9975. These findings indicate a robust linear correlation between both
the sensed charge and displacement with the concentration of ALV-J.
The regression coefficient (k = 0.1059) for the standard calibration
curve of the displacement is significantly greater than that for the sensed
charge (k = 0.0749), suggesting that displacement is a more sensitive
parameter for detecting ALV-J concentration. A three-dimensional
graph was also generated to illustrate the relationship among the con-
centration of ALV-J, the sensed charge, and the displacement; however,
it should be noted that this representation does not constitute a three-
variable calibration curve (Fig. 7b). The use of this graph for ALV-J
detection may introduce substantial errors through the “Interpolation-
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30biank
k

where o is the standard deviation of the blank samples (n = 3), and k
is the slope of the linear calibration curve between the response signal
and the analyte concentration.

After infection with ALV-J, poultry chickens exhibit various clinical
signs, including abnormal behavior, lethargy, and potentially infectious
diarrhea. These symptoms may also be associated with other substances
such as Clenbuterol, Ractopamine, H7N9 Avian Influenza, Escherichia
Coli, and Salmonella. To investigate the selective specificity of the SASS-
MS for ALV-J, potential interferents, including Clenbuterol, Ractop-
amine, H7N9 Avian Influenza, Escherichia Coli, and Salmonella, were
selected as interferents. The displacement signal generated by the SASS-
MS during ALV-J detection was established as the standard value (100
%), and variations in the displacement signal following the detection of
different antigens were analyzed. The displacement signals corre-
sponding to these interferents were notably less pronounced compared
to that of ALV-J, demonstrating the excellent specificity of the SASS-MS,
as illustrated in Fig. 7c.

To assess the long-term storage stability of the SASS-MS, tests were
conducted after stored periods of 15 days and 30 days. It was observed
that the detection performance gradually declined with extended stor-
age; however, over 90 % of the initial performance was retained after 15
days, and more than 80 % was maintained after 30 days, as shown in
Fig. 7d. The positive and inverse piezoelectric effects of the SASS-MS
preform can remain stable for several months or even years, thus pre-
serving its actuation and sensing capabilities over time [66]. Therefore,
the prevention of antibody and antigen denaturation or deactivation is
crucial for ensuring long-term storage stability. These results indicate
that the SASS-MS has satisfactory storage stability.

The reproducibility of the SASS-MS was further evaluated by pre-
paring ten identical sensors to detect the same concentration of ALV-J
(1.00 ng mL™Y). The detection recovery of the SASS-MS ranges from
94.58 % to 104.13 %, with a relative standard deviation (RSD) of 3.57 %
(n = 10), as shown in Table S1 and Equation (S3). These results confirm
that the SASS-MS has good reproducibility.

LOD =

@

3.5. The SASS-MS working mechanism and signal amplification
mechanism

The operational principles of the SASS-MS, along with the signal
amplification, are shown in Fig. 8. Untreated PZT does not exhibit
charge separation or polarization phenomena, resulting in the absence
of piezoelectric properties. During the polarization process, the
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The Structure of the Sensor
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application of high temperature and high electric field increases the
kinetic energy of atoms and molecules within the PZT, leading to a
modification in its crystal structure [67]. Additionally, the application of
high voltage generates an external electric field around the PZT, causing
internal charges to be influenced and redistributed. This redistribution
results in the rearrangement of internal polar molecules or electric di-
poles, accompanied by the generation of charges. In the conversion of
mechanical to electrical energy, lattice distortion induces non-central
symmetry in the lattice framework, prompting the displacement of
electric dipoles. This displacement results in the separation of positive
and negative charges, thereby manifesting piezoelectric properties.

In dynamic measurement methodologies, the integration of an
actuator capable of generating excitation with a microcantilever into a
single device is referred to as a self-actuating microcantilever sensor.
When this sensor is integrated with the microcantilever as a single de-
vice, it is referred to as a self-sensing microcantilever sensor. If the
actuator, sensor, and microcantilever are integrated into a single device,
it is referred to as the SASS-MS. Upon application of voltage to the
electrode pair of the PZT on the lower surface (Pr), the PZT on the upper
surface (Py) undergoes telescopic deformation due to the reverse
piezoelectric effect, resulting in bending deformation of the entire
microcantilever. When alternating voltage is applied, the microcanti-
lever experiences bending vibration. Concurrently, the PZT on the upper
surface generates corresponding electric charges on its electrode pair
due to the inverse piezoelectric effect. This establishes a sensing model
based on the charge generated by the PZT on the upper surface, the
vibration amplitude of the microcantilever, and the concentration of the
analyte, thereby facilitating the development of the SASS-MS. In com-
parison to the optical lever and capacitance methods in microcantilever
sensors, the self-actuating and self-sensing detection platform of the
SASS-MS offers significant advantages, including low cost, high effi-
ciency, sensitivity, precision, and real-time monitoring capabilities.
Consequently, the SASS-MS exhibits significant advantages in dynamic
measurement methods.

The attachment of CuNPs to the surface of rGO-COOH involves
processes such as physical adsorption and chemical binding. This in-
cludes surface adsorption driven by van der Waals forces, electrostatic
interactions between oppositely charged species, and the functionali-
zation of carboxyl groups. The layer-by-layer stacking of rGO-COOH
creates a three-dimensional structure with continuous conductive
channels, while CuNPs interconnect to form a conductive network. This
network enhances the continuity of the conductive layer on the PZT
surface, thereby facilitating electron transfer between layers and
improving overall conductivity.
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The reversible transformation between Ce3t and Ce** in Ce(III, IV)-
MOF provides it with significant redox ability, accompanied by charge
transfer during the redox process (Equation (3) and (4)).

Ce** e —Ce*t

3)

Ce** +0,-0; + Ce** 4

Thus, Ce(IlI, IV)-MOF can also catalyze the redox reaction of CuNPs,
thereby enhancing the conductivity of the conductive network, as shown
in Equation (5) and (6) [38].

Cu+ 20H" —Cu(OH), + 2¢~ 5)

cu’* + 2e —>Cu’

©

This catalytic effect was further validated by CV and XPS analyses. As
shown in Fig. S6a, the CV curve of pure CuNPs exhibits a pair of char-
acteristic redox peaks at approximately —0.40 V (reduction) and 0.10 V
(oxidation), while Ce(IlI, IV)-MOF shows its redox peaks at around
—0.30 V (reduction) and 0.30 V (oxidation). In contrast, the CuNPs@Ce
(III, IV)-MOF composite displays multiple redox peaks at —0.40 V,
—0.30 V, and —0.20 V (reduction), and 0.00 V, 0.10 V, and 0.35 V
(oxidation), with significantly enhanced current response. Furthermore,
XPS analysis provided additional evidence for this redox interaction. As
shown in Fig. 3c and Fig. S6b, the Cu 2p spectrum of rGO-COOH@CuNPs
shows a higher amount of Cu®" (Fig. 3¢), whereas after reacting with Ce
(111, IV)-MOF, the Cu®* content decreases and Cu(0) increases (Fig. S6b).
Simultaneously, the Ce 3d spectra (before reaction in Fig. 3g, and after
reaction in Fig. S6¢) reveal an increase in Ce*" and a decrease in Ce3*.
Experimental results indicate that Ce(III, IV)-MOF possesses multivalent
redox capability, which can influence the valence state of Cu and pro-
mote the redox process of CuNPs through electron transfer, thereby
validating its catalytic mechanism to a certain extent.

Additionally, the strong redox ability of Ce(IIl, IV)-MOF may
improve the conformation of antibodies or enhance the affinity of an-
tigens, facilitating their activation and subsequent binding. Moreover,
Ce(IlI, IV)-MOF may improve antigen-antibody interactions and
enhance binding efficiency through mechanisms involving surface
functional groups, surface charge effects, and optimized binding sites.

3.6. Real sample analysis

To assess the applicability of the SASS-MS for detecting ALV-J in real
samples, recovery experiments were performed using both chicken
serum (CS) and vaginal swab (VS) samples. Various concentrations of
Ag,o7 were spiked into normal CS and VS samples and subsequently
analyzed using the SASS-MS. The results were then compared with those
obtained from enzyme-linked immunosorbent assay (ELISA). Recovery
rates were calculated according to Equation (7).

Found
Added

As shown in Table 2, the recovery rates of the SASS-MS ranged from
95.07 % to 103.88 % for CS and 91.06 % to 97.81 % for VS. ELISA
showed a slightly higher recovery range of 94.24 % to 106.57 % for CS
and 93.86 % to 99.12 % for VS. The data indicate that the SASS-MS
maintained stable detection performance across different samples.
However, the recovery rates for VS samples were slightly lower than
those for CS, possibly due to matrix effects from vaginal secretions.
Overall, both methods demonstrated high detection accuracy and reli-
ability in detecting ALV-J in CS and VS samples.

x 100% @)

Recovery =

4. Conclusion

In summary, this study presents a novel self-actuating and self-
sensing microcantilever sensor, which successfully integrates piezo-
electric actuator and sensing functionalities using piezoelectric ceramic
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Table 2
Comparison of the SASS-MS and ELISA for detecting ALV-J in chicken serum and
vaginal swab samples (n = 5, initial ALV-J content = 0).

NO.  Added Samples  SASS-MS ELISA
l(_;lf,l) Found + Recovery  Found + Recovery
Sp? (%) SD? (%)
(ng mL™Y) (ng mL™Y)
1 0.21 CS 0.20 + 95.07 0.21 + 100.54
0.01 0.07
Vs 0.19 + 91.06 0.20 + 95.24
0.02 0.06
2 0.85 CS 0.88 + 103.88 0.88 + 103.97
0.04 0.02
'S 0.83 + 97.81 0.84 + 99.02
0.05 0.04
3 3.39 CS 3.22+ 95.28 319+ 94.24
0.09 0.12
V' 3.16 + 93.17 3.21 + 93.86
0.11 0.13
4 8.45 Cs 8.76 + 103.64 9.01 + 106.57
0.33 0.31
Vs 8.23 + 97.43 8.39 + 99.12
0.39 0.34

a) Standard deviation.

(PZT) as the substrate, along with rGO-COOH@CuNPs@Ce(I1l, IV)-MOF
nanocomposites for signal amplification. This innovative approach
demonstrates effective detection of Avian Leukosis Viruses subgroup J
(ALV-J), enabling rapid detection within seconds with high sensitivity
and specificity, and significantly outperforming traditional ELISA
methods. Furthermore, the study establishes a multi-functional detec-
tion platform, integrating advanced instrumentation, software, and
computer vision techniques, which can be applied to the monitoring of
various piezoelectric sensors with enhanced sensitivity and real-time
monitoring. The sensor exhibits a detection range of 2.1 x 10! to 1.0
x 10! ng mL ™! and a limit of detection of 1.3 x 10! ng mL~?, along with
satisfactory long-term storage stability and reproducibility (RSD = 3.57
%). These results highlight the potential of the self-actuating and self-
sensing microcantilever sensor as a powerful tool for clinical
diagnostics.
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