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a b s t r a c t

In this article, we used the self-excitation and self-inductance characteristics of polyvinylidene fluoride

(PVDF) piezoelectric materials, combined with the powerful signal processing and calculation analysis

capabilities of integrated circuits, for the first time to explore a set of microcantilever sensor "readout

system" without additional driver (self-driving) and can realize self-sensing external signal (self-sensing).

It was successfully applied to the unlabeled detection of avian influenza virus (AIV) H9N2. The specific

force of the antigen-antibody complexes on the surface of the microcantilever leads to the change of the

stress of the cantilever, which drives the constructed detection device, and does not require an additional

excitation source to drive it, that is, the self-driving part. At the same time, due to the movement of

piezoelectric charges in the film caused by the positive piezoelectric effect of the PVDF film, self-inductive

charges are generated on the surface of the sensor dielectric. The charge signal is converted into a voltage

signal, and the sensing part is completed, that is, self-sensing. The immunosensor has a linear range of

100-1000 ng/mL with a detection limit of 2.9 ng/mL. The method will also open up a new avenue for the

detection of other analytes based on antigen-antibody responses.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Avian influenza virus (AIV) was first found in sick turkeys in

1996. It has attracted extensive attention all over the world be-

cause of its high infectivity and mortality. The outbreak of in-

fluenza virus every year poses a great threat to people’s economy

and health. According to previous reports, H9N2 can be transmit-

ted between animals and humans, indicating H9N2 as a poten-

tial hazard [1,2]. Traditional virus related detection methods usu-

ally include virus isolation and culture, serological test, polymerase

chain reaction (PCR), enzyme-linked immunosorbent assay (ELISA),

etc. [3,4]. Although these methods have high sensitivity, they are

not suitable for real-time virus detection because of long analysis

time, high detection cost and the need for professional operators.

Therefore, it is of great practical value to develop a quantitative,

highly sensitive, simple and cheap method for virus detection.

In recent years, biosensors have been widely used in biologi-

cal detection [5,6]. Biosensors based on microcantilever have at-

tracted much attention because of their miniaturization, label free

detection and high sensitivity [7–9]. Generally, microcantilever can

be used as both microbalance and surface stress sensor. The for-
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mer realizes the detection by measuring the shift of resonance

frequency caused by the change of mass before and after surface

adsorption of target molecules; The latter is realized by detecting

the bending deformation of the cantilever beam in the biochemi-

cal reaction [10–12]. All microcantilever sensors are equipped with

a readout device that can measure the mechanical response of the

system. There are many traditional readout systems, among which

the measurement based on optical method is the most commonly

used. The researchers of our research group successfully achieved

the quantitative detection of H9N2 virus via the micro cantilever

sensor based on optical detection [13]. Maruyama et al. reported

a cantilever surface stress sensor based on optical interferome-

try to achieve the detection of human serum albumin [14]. Al-

though the detection technology based on optics is very sensitive,

it also has some limitations, mainly including high cost, large vol-

ume and high surface treatment requirements. The piezoelectric

method (that is, a layer of piezoelectric material is adhered to the

cantilever surface. When the cantilever is bent and deformed, the

piezoelectric layer will produce induced charge, and the bending

deformation of the micro cantilever is reflected by measuring the

induced charge). With the advantages of high sensitivity, fast re-

sponse, low cost and easy circuit integration, it has become a new

field of micro cantilever sensor research [15].
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At present, the reports on piezoelectric microcantilever biosen-

sors only focus on self-driven micro cantilever sensors or self-

sensing microcantilever sensors. “Self-driving” means that mate-

rials do not need to be driven by external excitation conditions

(such as electricity, heat, light, magnetic field and sound wave),

but mainly based on spontaneous physical or chemical processes

of materials [16]; “self-sensing” refers to the ability of materials to

perceive their own state (such as stress, strain and temperature),

and transmit dynamic information in real time without additional

sensors [17,18]. Zhou et al. first reported the detection of freon gas

using self-driven piezoelectric micro cantilever as a mass sensi-

tive sensor [19]. Faegh research group used ZnO as piezoelectric

material to prepare self-sensing micro cantilever sensor to detect

glucose molecules with different concentrations [20,21]. However,

there is no report on the construction of micro cantilever sensor

with self-driving and self-sensing characteristics and its application

in biological/chemical measurement system. Therefore, we hope to

develop a sensor device with self-driving and self-sensing charac-

teristics.

Polyvinylidene fluoride (PVDF) is a kind of piezoelectric poly-

mer, which has the advantages of large piezoelectric constant (un-

der the same external load condition, the voltage is more than

ten times that of piezoelectric ceramics), light, thin, soft and easy

to process into any shape. Therefore, we choose PVDF piezoelec-

tric film as the sensing element, and establish a sensor with self-

driving and self-sensing characteristics through self-made circuit,

analog-to-digital converter, demo board and the personal computer

(PC) detection program. When the stress on the cantilever surface

changes, the voltage signal can be obtained. The antigen antibody

specific force changes the surface stress of the cantilever and drives

the constructed detection device without additional excitation con-

ditions, that is, the self-driving part; at the same time, due to

the positive piezoelectric effect of the piezoelectric film, the self-

induced charge is generated on the sensor surface. Through the

analog-to-digital converter and the demo board, the charge signal

is transformed into voltage signal output, and the sensing part is

completed, that is, the self-sensing part.

In addition, nano materials have the advantages of large specific

surface area and easy surface modification, which are helpful to fix

more signal probes. In recent years, nano materials have become a

common method to improve the sensitivity of biosensors [22,23].

UiO-66-NH2 is a classic Zr-based metal-organic framework (MOF),

which can be used as an excellent carrier for the immobilization

of biomolecules due to its advantages of large specific surface area,

simple function, and good stability. In addition to this, they can

also serve as carriers for the deposition of metal nanoparticles and

other species [24,25]. Because of its large specific surface area and

good biocompatibility, Au nanoparticles (AuNPs) can be used as a

good substrate material for immobilizing biomolecules and ampli-

fying the detection signal [26]. The sensitivity of microcantilever

sensor is improved by double signal amplification of UiO-66-NH2

and AuNPs. The essence of signal amplification of nanomaterials is

that its larger specific surface area leads to an increase in the ad-

sorption amount of the measured object [27]. UiO-66-NH2 has a

large specific surface area, and the amino group on its surface can

connect more AuNPs, and AuNPs can bind to antibodies by Au-N

bond. In addition, the carboxyl group on the surface of UiO-66-

NH2 can form an amide bond with the amino group on the surface

of the antibody to bind the antibody, thus achieving double signal

amplification [28,29]. Therefore, we amplified the signal through

AuNPs/UiO-66-NH2 nano materials and modified the H9N2 anti-

body on one side of the micro cantilever. The specific reaction of

antigen antibody changed the surface stress of the cantilever, thus

changing the output voltage of the sensor, and established the re-

lationship between H9N2 concentration and the output voltage of

the sensor.

The materials, apparatus, and the preparation of nanomaterials

are described in Supporting information.

The structural diagram of PVDF piezoelectric film is shown in

Fig. S1a (Supporting information). From top to bottom, there are

upper surface silver layer, PVDF piezoelectric layer, lower surface

silver layer and PET polyester sheet (used to protect the lower sur-

face silver layer).

The processing steps of the experimental sensor are as follows:

(1) spray gold on the upper surface of the sensor, which can be

used for protecting the electrode on the one hand and functional

modification on the other hand; (2) take a 5 cm Farrow Cable dou-

ble core shielded wire (to prevent external static electricity from

interfering with the sensor signal), remove the 5 mm skin at both

ends, and then weld the two inner core wires at one end with

the pins on the upper and lower surfaces of the sensor, and the

other end with PH 2.0 terminal wire. In order to facilitate subse-

quent experiments, the upper surface is connected with black wire

and the lower surface is connected with red wire by default; (3)

wrap parafilm sealing film around the welding position for fixa-

tion, while preventing mutual contact between electrodes. The fab-

ricated sensor is shown in Fig. S1b (Supporting information).

The test cell consists of two parts: sealing ring (hollow area of

10×11 cm) and base (Fig. S1c in Supporting information); first, ap-

ply phenolic epoxy resin evenly on the surface of the sealing ring,

then cover the sensor on it. (Fig. S1d in Supporting information,

the hollow position is the sensing part). After the glue is cured,

apply phenolic epoxy resin around the sealing ring, push the sen-

sor and the sealing ring into the base, and apply phenolic epoxy

resin at the interface for sealing (Fig. S1e in Supporting informa-

tion).

The schematic illustration of the fabrication of the proposed

microcantilever sensor was shown in Fig. 1. The previously fab-

ricated microcantilever sensor is washed with absolute ethanol

and deionized water, dried with nitrogen, and then placed in a

sealed bag for storage. AuNPs/UiO-66-NH2 nanoparticles dispersion

(7 mg/mL) was dropped on the sensor surface and dried at room

temperature. Add 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide

hydrochloride/N-hydroxy succinimide (EDC/NHS) mixture drop-

wise, wait for 1 h, and then rinse the sensor surface with PBS.

H9N2 antibody was dropped onto the surface of the sensor and

placed at 4 °C for 12 h. After removal, the microcantilever sensor

was washed with PBS, and then sealed with 1% BSA. Finally, the

modified micro cantilever sensor was stored at 4 °C.
The microcantilever sensor processed above is connected with

analog-to-digital converter and demo board through self-made cir-

cuit, and connected with PC through USB cable to enter the op-

eration interface of Arduino software and input the corresponding

detection code (Fig. 2). Adding 100 μL different concentration stan-

dard solutions containing H9N2 antigen fragments on the micro-

cantilever sensor, when immune reaction occurs between antigen

and antibody, specific force is generated, which changes the stress

on the upper and lower surfaces of the micro cantilever, result-

ing in the increase of output voltage. We can detect H9N2 anti-

gen with high sensitivity by recording the voltage changes gener-

ated by antigen solutions with different concentrations through Ar-

duino software, to establish the relationship between antigen so-

lution concentration and output voltage. The sensor proposed by

us does not need external power supply, but relies on the voltage

generated by the stress change of the piezoelectric film to realize

the self-driving and self-sensing detection of H9N2.

Figs. 3a and b displayed the SEM and TEM images of UiO-66-

NH2/AuNPs. SEM images show that the crystal structure of UiO-

66-NH2 presents octahedral geometry with an average size of 100

nm. As Fig. 3b shows, a large number of Au particles are attached

to the surface of UiO-66-NH2, indicating the successful prepara-

tion of UiO-66-NH2/AuNPs. The crystal structure of UiO-66-NH2

2



Y. Zhang, F. Shi, C. Zhang et al. Chinese Chemical Letters 34 (2023) 107700

Fig. 1. Schematic diagram of preparation process of micro cantilever immunosensor.

Fig. 2. (a) Schematic diagram of detection platform. (b) Comparison between actual

detection device and qualitative filter paper. (c) Comparison between actual detec-

tion device and an one yuan coin.

Fig. 3. (a) SEM of UiO-66-NH2. (b) TEM of UiO-66-NH2/AuNPs. (c) XPS of UiO-66-

NH2/AuNPs and (d) the Au 4f region.

Fig. 4. (a) Voltage response of microcantilever sensor to H9N2. (b) Comparison of

sensor signal amplification effects. (c) Optimization of UiO-66-NH2 concentration,

and (d) the EDC/NHS activation time.

and AuNPs/UiO-66-NH2 composites were further characterized by

XRD. Fig. S2 (Supporting information) shows the XRD pattern of

the sample. It can be seen that UiO-66-NH2 is consistent with

the results reported in the literature [30]. The resultant Zr-based

MOF presents three typical diffraction peaks at 4.8o (111), 7.1o

(002), and 12.1o (022), which support the cubic configuration of

the sample [30]. The diffraction peaks at 17.08o (400), 19.16o (420),

22.38o (511), 25.18o (600), and 30.88o (640) the octahedral geome-

try (JCPDF card number: 36-1452), indicating the octahemioctahe-

dral crystal structure of the MOF materials [31]. In the AuNPs/UiO-

66-NH2 composites, a new single metallic Au peak appears. There

are four characteristic peaks of Au at 38.18o (111), 44.4o (200),

64.58o (220) and 77.55o (311) [32]. These results also show that

the Au nanoparticles overlap intensively on the MOFs, thus isolat-

ing the XRD signals of the MOFs. In addition, XPS was performed

for the investigation of elemental analysis of UiO-66-NH2/AuNPs.

As shown in Fig. 3c, the fully scanned spectra suggested the exis-

tence of carbon, nitrogen, oxygen, gold, and zirconium elements in

UiO-66-NH2/AuNPs. The Au4f (Fig. 3d) indicate the existence of the

Au. According to the results of elemental analysis, the formation of

UiO-66-NH2/AuNPs was further confirmed.

Fig. 4a is a voltage response signal of a microcantilever sensor

modified with H9N2 antibody by injecting a certain concentration

of antigen into the surface of the microcantilever sensor modified

with H9N2 antibody and only H9N2 antibody. As can be seen from

Fig. 4a, after the antigen solution is injected, the voltage value con-

tinues to increase and does not return to the initial voltage. This
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is because after dropping a certain concentration of H9N2 antigen,

the surface stress of the microcantilever is changed due to the spe-

cific reaction of antigen antibody, which leads to the change of the

output voltage of the cantilever.

In order to investigate the effect of nanomaterials on the volt-

age signal of the sensor, we investigated the voltage signal value

of the sensor when using AuNPs, UiO-66-NH2 and AuNPs/UiO-66-

NH2 materials to immobilize the antibody in Fig. 4b, respectively.

We can observe that the peak output voltage of the sensor is about

−55 μV when the antibody is immobilized by AuNPs; the peak

output voltage is about −40 μV when the antibody is immobilized

by UiO-66-NH2; and the peak output voltage increases to −30 μV

when the antibody is immobilized by the composite material. The

response differences are attributed to the differences of specific

surface area. On one hand, more AuNPs can connect with amino

groups of UiO-66-NH2 for signal amplification. On the other hand,

the carboxyl groups on the surface of UiO-66-NH2 can also be the

binding sites of the antibodies. Therefore, the nanomaterials im-

prove the sensor sensitivity by increasing antibody load.

During the whole experiment, the thickness of PVDF film we

used was 28 μm (a fixed product parameter). Actually, modifier

quantity on the PVDF film surface can affect sensitivity of this sen-

sor. As one of optimization experiments, we controlled modifier

quantity with the modifier concentration for the sensitivity control

of this sensor. The experimental results are shown in Figs. 4c and

d. The response of microcantilever sensor in the range of UiO-66-

NH2 concentration of 1-9 mg/mL was studied. As can be seen from

Fig. 4c, with the increase of UiO-66-NH2 concentration, the voltage

output extreme value of the microcantilever continues to increase.

This is because the larger the antibody fixation amount on the sur-

face of the microcantilever, the more antigen binding sites, result-

ing in the increase of the stress of the microcantilever, that is, the

output voltage value will also increase. When the concentration of

UiO-66-NH2 reaches 7 mg/mL, the voltage output extreme value

of the microcantilever reaches the maximum. If the concentration

of UiO-66-NH2 continues to increase, the voltage output value will

not increase, which may be due to the saturation of the antibody

fixed per unit area. Therefore, the optimal concentration of UiO-66-

NH2 is 7 mg/mL. In addition, the activation time of EDC/NHS also

has a certain effect on the immune response. In this experiment,

the relationship between different activation time and the voltage

output extreme value of microcantilever sensor was investigated.

The activation times were 30, 40, 50, 60 and 70 min, respectively.

It can be seen that the sensor voltage increases with the increase

of activation time (Fig. 4d). When the activation time reaches 60

min, the voltage output value of the microcantilever reaches the

maximum value. If the activation time continues to increase, the

peak voltage output of the microcantilever beam will not increase.

Therefore, the optimal activation time for EDC/NHS is 60 min.

As shown in Fig. 5a, under the optimum conditions, the peak

voltage signal of microcantilever sensor increased with increas-

ing concentration of H9N2 antigen. The H9N2 microcantilever sen-

Fig. 5. (a) Voltage response towards different concentrations of AIV H9N2. (b) Cal-

ibration curve for H9N2 AIV determination.

sor showed a wide linear range from 100 ng/mL to 1000 ng/mL

with a low detection limit of 2.9 ng/mL and a correlation coef-

ficient of 0.991, as shown in Fig. 5b. The detection limit is cal-

culated according to 3σ /S, (σ represents the standard deviation

of the blank signal, and S represents the slope of the calibration

curve). In addition, this method was compared with the previ-

ous immunosensors for virus detection, and shown in Table S2

(Supporting information). We found that the self-driven and self-

sensing microcantilever sensor we constructed has high sensitivity;

in addition, it also has the advantages of simple operation and low

price (< 300 CNY), which is not available in other immunosensors

advantage.

To determine the selectivity of the method for AIV H9N2, new-

castle disease virus (NDV), reticuloendoth eliosis virus (REV), avian

leukosis virus (ALV), goose parvoviruse (GPV), and chicken anaemia

virus (CAV) were selected as interferers. As shown in Fig. S4 (Sup-

porting information), the interference group (500 ng/mL) did not

cause significant voltage signal enhancement, and its voltage value

was close to that of the blank group. The voltage signal was signif-

icantly enhanced only in the presence of H9N2 virus (500 ng/mL),

indicating that the method has good selectivity.

To evaluate the reproducibility of this sensor, five microcan-

tilever immunosensors prepared from the same batch were used to

detect H9N2 at 300 ng/mL. The relative standard deviation (RSD)

of the five sensors was 4.2%, indicating that the designed micro-

cantilever immunosensor has good reproducibility. Besides, we also

investigated the stability of the sensor. The prepared immunosen-

sor was stored in the refrigerator at 4 °C, and the signal intensity

was still maintained at 85.9% of the original 300 ng/mL after three

weeks. The above tests show that the sensor has satisfactory sta-

bility.

In this work, a new type of microcantilever sensor with self-

driving and self-sensing properties was constructed through piezo-

electric materials. H9N2 antibody was successfully immobilized

on the gold surface of the microcantilever through nanomaterials,

and the concentration of H9N2 antigen and its voltage were es-

tablished. The value output relationship realizes the detection of

H9N2. The sensor has the advantages of high sensitivity, simple

operation and fast response. Compared with the traditional opti-

cal detection method, the microcantilever sensor detection tech-

nology using the electrical principle not only saves the high cost

of optical equipment, but also can use the self-built detection de-

vice to monitor the specific interaction process of H9N2 in real

time. Therefore, the microcantilever sensor, as a new detection

platform, has broad application prospects in the research of tumor

markers and biomolecules detection process and their interaction

force.
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