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Abstract
A ternary hybrid material composed of Ni nanoparticles (NPs), TiO2 NPs, and poly(L-lysine) (Ply) was used as a sensing
material. It was electrodeposited in situ onto a commercial 433-MHz surface acoustic wave (SAW) resonator to construct a
Ni-TiO2-Ply/SAW sensor. The Ni-TiO2-Ply sensing layer fully covered the resonant cavity of the SAW resonator. As the sensing
layer completely covers the interdigital transducer and piezoelectric substrate, the sensing area is significantly increased, and the
resonator is protected from damage or contamination. To detect the level of dopamine (DA) in serum, the fabrication of the Ni-
TiO2-Ply sensing layer, distributions of various components in the sensing layer, and responses of the SAW biosensor to DA
were investigated in detail. In addition, an electric field-assisted liquid-phase oxidation technique was developed for loading
analytes onto the SAW sensors. After optimizing the pH value and L-lysine content of the sensing layer electrolyte and the pH
value of the DA solution, the SAW biosensor responded to DA with a linear concentration range of 1 to 1000 nM, sensitivity of
5.77 MHz nM−1 cm−2, and limit of detection of 0.067 nM. Moreover, the sensor exhibited good selectivity, reproducibility, and
stability at ambient temperature.

Keywords Poly(L-lysine) . Nickel . TiO2
. Surface acoustic wave . Biosensor . Dopamine determination

Introduction

Dopamine (DA, 3,4-dihydroxyphenethylamine) is a neuro-
chemical whose signals are among the most important

indicators of brain disorders and diseases [1, 2]. For instance,
degradation of the brain DA neurons causes deficient levels of
DA, indicating schizophrenia and Parkinson’s disease [3, 4].
The DA level in the brain extracellular fluid is generally with-
in the range of 1 to 50 nM [5]. According to reports in the
literature, human serum contains DA at widely changing
levels of concentration [6, 7]. For the assessment of human
ideology in clinical medicine and special environments such
as battlefields and harsh climates, DA level determination can
provide important reference values.

A number of analysis methods have been developed for DA
detection, including high-performance liquid chromatography
(HPLC), liquid chromatography-mass spectrometry (LC-MS),
fluorescence analysis (FLA), immunoassay, chemilumines-
cence (CL), electrochemiluminescence (ECL), and electro-
chemical (EC) methods [8]. Of these, HPLC and LC-MS re-
quire cumbersome sample pretreatment processes, and
immunoassaying, FLA, and ECL have high test environment
requirements, and the EC method is yet to be developed for
practical application. Recently, the surface acoustic wave
(SAW) technique has been applied to chemical sensors because
of its high sensitivity, high stability, low power consumption,
low cost, and wireless control capabilities [9, 10]. The SAW
sensors that detect DA levels in human sera may enable the
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development of wireless sensor network nodes because SAW
resonators are used in wireless communication devices.

In human body fluids, the levels of biomarkers are mostly
reflected by their concentrations in solution [11]. The SAWdelay
lines and two-port resonators are assembled into liquid-phase
SAW biosensors direct or in combination with microfluidic
channels [12–14]. In general, the sensing material of a SAW
sensor is attached to the delay zone between the input and output
interdigital transducers (IDTs), i.e., the nonexcitation zone [13,
15, 16]. The size of the SAW resonator decreases significantly
with increasing frequency. For example, as the frequency of the
SAW device increases from 100 MHz to 1 GHz, its size de-
creases from 8 to 1 mm [10]. Typically, to expand the sensing
area, the size of the SAW sensor is increased, i.e., a low-
frequency device is manufactured [16]. Among SAW sensors
with the same sensing layers, high-frequency devices are more
sensitive than low-frequency devices, mainly because the high-
frequency devices have narrow frequency bands [17–19].

In fact, the IDTs of the SAW device can also be used as
attachment points for sensing materials. In 2020, the use of all
the excitation zones of the delay line (165.2MHz) to construct
the sensing layers was reported [20]. A 433-MHz single-port
SAW resonator has the advantages of relatively high frequen-
cy, narrow frequency band, and small size [21]. In our previ-
ous work, graphene-Ni-L-alanine composite was modified for
a 433-MHz SAW resonator to detect CO2 gas, which verified
the feasibility of fully covering the resonant cavity with the
sensing material and increasing the sensing area [22].

Electrochemical methods have been quantitatively ana-
lyzed based on the proportional relationships between the an-
alyte concentration and electrocatalytic signals [23, 24]. The
electrocatalytic signal is obtained from only a small part of the
analyte that diffuses or is adsorbed on the sensor surface; that
is, not all of the molecules of the analyte in the solution are
attached to the sensor. It can be seen that the number of bio-
markers attaching to the sensor will be proportional to the
concentration of biomarkers in the bodily fluid. Based on this,
we propose an electric field-assisted liquid-phase oxidation
technology to electrically adsorb biomarkers, that is, a SAW
sensor serves as an electrochemical working electrode for the
electrical attachment of biomarkers to the sensing layer.

Compared with the extensive literature on the electrochem-
ical detection of DA, only a few works have reported SAW
sensors for the biomolecule detection [23]. For example,
Maouch et al. [25] prepared a polypyrrole molecular imprint-
ing polymer film modified on the 104-MHz SAW delay zone
to achieve selective detection of DA, within a limit of detec-
tion (LOD) of 10 nM. Fourati et al. [15] constructed a SAW
sensor by modifying the cobalt phthalocyanine thin film on
the gold-sensing area, with a low LOD of 0.1 nM for DA.
These SAW sensors can achieve specific determination of
DA: the former utilizes the molecularly imprinted chemical
reaction of the sensing membrane to DA, whereas the latter

utilizes its complex reaction with the sensing materials.
However, these SAW sensors are equipped with microfluidic
channels and do not involve detection of DA in real samples.
Here, it is understood that the sensing layer must have high
selectivity for specific biomarkers.

In the molecular structure of DA, the acid dissociation con-
stant of the catechol hydroxyl group (–OH) is pKa ≈ 9.0, and it is
usually dispersed in the electrolyte in the form of cations [26, 27].
However, DA exhibits a self-polymerization phenomenon, and
Ni and TiO2 nanoparticles (NPs) electrocatalyze the carboxyla-
tion process (–OOH), resulting in a negative charge [26, 28].
Poly(L-lysine) (Ply) is a biological cationic polymer that has
strong electrostatic interaction with biological anions [29]. In
addition, H bonds can be formed between Ply (–C=O) and DA
(–OH or NH2). Further, the TiO2 NPs are dispersed with numer-
ous hydroxyl groups (–OH) owing to the residual bonds, and
there is coordination adsorption between Ni and Ply. Therefore,
the Ni-TiO2-Ply sensing layer has not only hydrophobic proper-
ties but also high capacity for selective adsorption of DA.

Herein, we report a biosensor based on SAW resonators for
the determination of DA level in serum. The SAW biosensor
consists of a Ni-TiO2-Ply sensing layer for selective adsorp-
tion of DA, Al electrodes as IDT for detecting and exciting the
SAWs, and quartz as the piezoelectric substrate. We effective-
ly demonstrate for the first time a sensing layer/IDT/piezo-
electric substrate-SAW device structure to detect DA in se-
rum. In addition, we developed an electric field-assisted liq-
uid-phase oxidation technique to attach biomarkers propor-
tionally to the SAW sensing layer. Finally, we report the per-
formance of the proposed sensitive, reliable, and stable sensor
for DA detection.

Experimental section

Materials and reagents

Na2SO4 and NiSO4 were purchased from Tianjin Kewei
Co., Ltd. (Tianjin, China). NaH2PO4, Na2HPO4, H3PO4,
and L-lysine were purchased from Tianjin Guangfu Fine
Chemical Research Institute (Tianjin, China). TiO2 NPs
were purchased from Siping Gaosida Nano Material
Equipment Co., Ltd. (Siping, China). Human serum
specimens were purchased from Beijing Solarbio
Science and Technology Co., Ltd. (Beijing, China).
DA, glucose, and L-lysine were purchased from
Sigma-Aldrich. Ultrapure water (18.25 MΩ cm, 24 °C)
was used in all the experimental processes.

Preparation of Ni-TiO2-Ply/SAW sensor

The basic device of the biosensor was a single-port SAW
resonator with a central frequency of 433.92 MHz ± 75 kHz,

  671 Page 2 of 10 Microchim Acta         (2020) 187:671 



which was purchased from Beijing Zhongxun Sifang Science
and Technology Co., Ltd. (Beijing, China). The piezoelectric
substrate was an ST-cut quartz with dimensions 3.62 × 0.82 ×
0.33 mm. In total, 160 pairs of Al fingers (IDTs) with individ-
ual widths of 2.1 μm, thicknesses of 130 nm, and periods of
7.3 μmwere patterned on the ST-cut quartz piezoelectric sub-
strate using the conventional photolithography method (Fig.
S1). The IDTs served as acoustic/electric transducers. When
an alternating electric signal was applied to the input end of a
group of IDTs on the piezoelectric substrate, a periodic elec-
tric field was generated. The inverse piezoelectric effect excit-
ed an elastic deformation near the surface of the piezoelectric
medium, which induced the vibration of solid particles and
caused surface acoustic waves to propagate along the surface
of the substrate.

Figure 1a shows the electrodeposition process for modify-
ing the Ni-TiO2-Ply sensing film on the SAW device. First, a
mixed suspension of 0.1 M NaSO4, 0.1 M NiSO4, 1 mM L-
lysine, and 10 mg mL−1 TiO2 NPs was prepared using pH 5
phosphate-buffered saline (PBS) solution (0.1 M).
Subsequently, electrochemical deposition of the Ni-TiO2-Ply
layer was performed in a two-electrode cell comprising a
SAW resonator as the working electrode and a Pt wire (diam-
eter: 0.5 mm) as the counter electrode. Cyclic voltammograms
(CVs) were measured using an electrochemical workstation
(CHI 760E, Shanghai CH Instrument Company, China). The
SAW resonators were treated by potential scanning between
− 0.4 and 1 V at 50 mV s−1 for 10 cycles in the mixed solu-
tions (Fig. S2). After deposition, the SAW resonators were
flushed using ultra-pure water and dried at ambient

temperature. The Ni-TiO2-Ply sensing layer was deposited
on the entire surfaces of the IDTs and quartz substrate.

Adsorption of DA on SAW sensor

DA molecules were electro-adsorbed on the Ni-TiO2-Ply
sensing layer of the SAW biosensor using an electric field-
assisted liquid-phase oxidation method. The analyte adsorp-
tion system comprised a three-electrode system with a SAW
sensor, a saturated calomel electrode (SCE), a DA electrolyte,
a Pt wire electrode, and an electrochemical workstation.
Electroadsorption of the DA molecules on the SAW sensor
was achieved in the DA solution by cyclic voltammetry, while
the potential was scanned from − 0.6 to 0.8 V at a scan rate of
20 mV s−1 for two cycles (Fig. S3a). For human serums, the
method and parameters of electroadsorption are consistent
with the above content. The DA-adsorbed SAW biosensor
was rinsed with ultrapure water and then dried at room tem-
perature for 5 min.

SAW measurement

The performances of the SAW devices were characterized
using a Keysight ENA-E5071C vector network analyzer
(USA) with a resolution of 625 Hz, as shown in Fig. 1a. We
chose the center frequency signal (f0) as the main detection
signal, and the phase signal was used to assist in the analysis
of the frequency shift phenomenon. The measurement range
of the center frequency was 420–448 MHz, and the corre-
sponding phase signals were collected synchronously. The
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Fig. 1 Schematics of the a
preparation process and b
formation mechanism of the Ni-
TiO2-Ply/SAW biosensor
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SAW sensor was inserted into the shielding test box through
the pins (Fig. 1a). The center frequency signal was then re-
corded, and the frequency shift, Δf = fx - f0, was calculated,
where fx is the center frequency of the sensor for x-nM DA.

The SAW sensor used in the study is immersed in PBS
solution, and the CVs are continuously scanned for two
cycles at 20 mV s−1 in the potential range of − 0.6 to 0.8 V
to remove the adsorbed DA (Fig. S3b). The DA redox pro-
cess is reversible. When the CV curve is scanned backward
in the blank solution (PBS), the reaction product will be
reduced to DA and re-dissolved into the PBS, thereby
desorbing from the sensor. As a result, the center frequency
of the SAW sensor returns to the original center frequency
(Fig. S3c). Subsequently, the regenerated SAW sensor im-
mersed in the next sample solution to electrically adsorb the
DA, and the center frequency recording is continued.

Results and discussion

Formation mechanism of Ni-TiO2-Ply layer

Figure 1 illustrates the deposition process and formation
mechanism of the Ni-TiO2-Ply sensing layer on the SAW
device. The anatase TiO2 NPs had large polarities and
many unsaturated bonds on the surfaces, so the adsorbed
water was polarized and converted into hydroxyl groups
(TiO2(–OH)n). L-lysine has a typical zwitterionic molec-
ular structure ((NH3

+)(CH2)4CH(NH3
+)COO−). Prior to

applying the electric field, a neutralization reaction occurs
in the electrolyte between the NH3

+– of L-lysine and the
OH– on the surface of TiO2 NPs. In the electrodeposition
process, the Ni2+ ions are reduced to Ni atoms and com-
bined with the N and O atoms of L-lysine (or L-lysine
combined with TiO2 NPs) to form coordination com-
pounds. Simultaneously, L-lysine (or L-lysine combined
with TiO2 NPs) is electropolymerized to form Ply to con-
struct a Ni-TiO2-Ply sensing layer on SAW surface. The
main chemical reactions are shown in Fig. 1b.

Fig. S2 shows the CVs of Ply and Ni-TiO2-Ply electrode-
posited on SAW devices. Oxidative polymerization of L-
lysine occurs in the range of 0.3 to 0.6 V. The reduction
potential of Ni2+ ions was around − 0.2 V, and the presence
of TiO2 NPs catalyzed the electropolymerization of L-lysine,
so the oxidation potential was obviously shifted toward nega-
tive potentials. This experimental phenomenon further con-
firms the Ni-TiO2-Ply layer formation mechanism suggested
by Fig. 1b.

Characterization of Ni-TiO2-Ply/SAW sensor

Figures 2a and S4 show the atomic force microscopy (AFM;
Agilent 5600LS, USA) topographic images of local areas of

the bare, Ply, Ni-Ply, TiO2-Ply, and Ni-TiO2-Ply/SAW de-
vices. After modifying the Ni-TiO2-Ply sensing layer on the
SAW device, the width, peak-to-valley height, and roughness
of the IDT fingers obviously changed. As is seen from the line
profiles of the SAW devices in Fig. S5, the width of the IDT
fingers significantly increased in the Ni-TiO2-Ply/SAW case,
reaching 2.7 μm, while that in the bare SAW case was only
2.1 μm. Figure 2b shows that the peak-to-valley height differ-
ence of the Ni-TiO2-Ply/SAW sensor (0.1267 μm) is larger
than those of the bare SAW (0.1212 μm) and the other sen-
sors. The change in the height difference is small, which indi-
cates that the sensing material was deposited on the IDT and
quartz surface at almost the same rate. Figure 2c shows the
RMS roughness values of the IDT fingers of the SAW, Ply/
SAW, Ni-Ply/SAW, TiO2-Ply/SAW, and Ni-TiO2-Ply/SAW
devices. Among these, the Ni-TiO2-Ply/SAW has a signifi-
cantly high roughness value of 0.982, which is approximately
1.3 times that of the SAW device (0.763). However, the RMS
values of the IDT fingers of the other SAW devices are lower
than that of the bare SAW. The Ni and TiO2 NPs are close in
size to or even smaller than the Al grains. These sensitive
materials are individually distributed or dispersed within the
Ply polymer matrix, filling the gaps between the Al crystal
grains and reducing the roughness of the IDT fingers.

Figure 2d shows the SEM image and corresponding
energy-dispersive spectroscopy (EDS) elemental mapping of
the Ni-TiO2-Ply/SAW sensor. The signals of the Al and Si
atoms were derived from the IDT of the SAW resonator.
The O signal was attributed to the quartz (SiO2) substrate
and TiO2 NPs. The Ti atoms were distributed on the quartz
surface more than those on the surfaces of the Al fingers,
which indicate the distribution of TiO2 NPs. The C and N
atoms belonging to Ply as well as the Ni atoms were distrib-
uted over the entire surface of the SAW device. The distribu-
tions of these elements indicate that Ni-TiO2-Ply covered the
entire area of the SAW device, but more TiO2 NPs were de-
posited on the quartz substrate surface.

The dimensional changes of the IDT fingers and the ele-
mental distribution of sensitive components confirmed that
the Ni-TiO2-Ply sensing material was successfully deposited
over the entire propagation region of the SAW.

Ni-TiO2-Ply/SAW sensor assembly process

The frequency response characteristics were recorded using
an E5070B network analyzer. Figures 3a and S6 show the
S11 frequency responses of the bare SAW (433.956 MHz),
Ply/SAW, Ni/SAW, TiO2/SAW, Ni-Ply/SAW, TiO2-Ply/
SAW, and Ni-TiO2-Ply/SAW (433.919 MHz) devices at
room temperature. The SAW devices modified with various
sensing components exhibit center frequencies less than that
of the bare SAW. The center frequency of the Ni-TiO2-Ply/
SAW is about 37 kHz lower than that of the bare SAW
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resonator. In addition, the Ply and TiO2 NPs significantly
increase the propagation losses, but Ni reduces the propaga-
tion loss (S11). Figure 3b shows the center frequency-phase
angle curves of the SAW devices. Ply has a considerable in-
fluence on the phase angle owing to the absorption of energy
along the propagation path. The TiO2 NPs were more dis-
persed in the gaps between the IDT fingers (Fig. 2d), leading
to loss of phase angle by wave scattering. The Ni NPs reduced
the acoustic impedance and adjusted the energy propagation
path. It can be seen that Ni NPs make up for the unfavorable

effects of Ply and TiO2 NPs in reducing signal resolution. To
obtain a basis for optimizing the sensitive layer, we also in-
vestigated the role of three sensitive components in the DA
response.

As shown in Figs. 3c and S6, the bare SAW resonator
responds to the DA load but with Δf values that are the same
at different concentrations of DA. This indicates that the bare
SAW resonator is sensitive to the mass load but does not
selectively respond to DA. The Δf of the Ply/SAW sensor
increases with the DA concentration, indicating that Ply layer

Fig. 3 Frequency characteristics of bare-, Ply-, Ni-, TiO2-, Ni-Ply-, TiO2-Ply-, and Ni-TiO2-Ply/SAWs of a loss vs. frequency and b phase angle vs.
frequency. c Corresponding frequency shifts in response to DA
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Fig. 2 a AFM images of bare SAW and Ni-TiO2-Ply/SAW biosensors. b Peak-to-valley heights of various devices. c RMS surface roughnesses of IDT
fingers. d SEM image and EDS element mapping of Ni/TiO2/Ply-SAW biosensor (Al, Si, O, C, Ni, N, and Ti)
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has DA recognition capability. Obviously, the Ni and TiO2

NPs also quantitatively respond to DA. Furthermore, although
the Δf of the TiO2-Ply/SAW sensor is much smaller than that
of the TiO2/SAW device, the changes in Δf with DA concen-
tration are similar. This indicates that Ply can reduce the back-
ground signal. The surface area of the TiO2 NPs layer is re-
duced as a result of adhesion by the Ply, but the combination
with the SAW device is enhanced.

Although Ply responds to DA and enhances the bonding of
the sensing material on the SAW surface, it also has the neg-
ative effect of generating large propagation loss. Accordingly,
the DA response signal was used as a basis for optimizing the
concentration of L-lysine and the pH of the electrodeposition
solution, and a condition for obtaining the best DA response
was selected at 1 mM L-lysine and pH 5.0. Related data and
discussions are provided in the supporting information (S3.1,
Figs. S7–S9). Our analysis of the effect of frequency on tem-
perature also confirmed that the frequency signal of the sensor
in responding to DA is not affected by the ambient tempera-
ture (Fig. S10).

Principle of DA determination

We developed a new analyte immobilization technique called
electric field-assisted liquid-phase oxidation to immobilize the

biomarker DA on the Ni-TiO2-Ply/SAW sensor. Fig. S3a
shows the CV curve recorded in the DA solution using the
SAW sensor. The CV curve shows a pair of redox peaks
belonging to DA/dopamine quinone (DAQ), which indicates
that the sensor successfully adsorbedDA [30] according to the
following reaction:

ð1Þ

The quantity of DA electroadsorbed by the SAW sen-
sor increases with the DA concentration as a result of
the increase in the number of oxidized DA molecules.
A CV method for the electropolymerization of DA onto
various electrodes has been reported in the literature
[30–32]. In fact, the method follows the basic principles
of electrochemical quantitative analysis. The DA/DAQ
redox process is also a reversible reaction: the electro-
chemical oxidation reaction of DA can adsorb it onto
the sensor, whereas the reduction reaction desorbs DA,
enabling the regeneration of the sensor for repeated use.

From a chemical point of view, the interactions of O-
containing groups of the TiO2 NPs with the –OH or amino
groups (–NH2/or –NH3

+) of DA molecules were used to ad-
sorb large amounts of DA molecules onto the sensor surface

Fig. 4 Response characteristics
of the Ni-TiO2-Ply/SAW sensors
to different concentrations of DA.
a Frequency characteristic curves
of the Ni-TiO2-Ply/SAW sensor.
b Frequency shifts of Ni-TiO2-
Ply/SAW sensor for DA
responses at various pH values
and c corresponding sensitivity
histograms
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[33]. Furthermore, the TiO2 and Ni NPs act as electrocatalysts
to catalyze the carboxylation of DA (–OH→ –OOH), and the
carboxylated DA has a strong attraction with the –NH2 of Ply.
Finally, the Ni NPs contribute to the rapid capture and transfer
of electrons to the sensor, promoting the oxidative self-
polymerization of DA on the Ni-TiO2-Ply/SAW sensor.

From a physical point of view, the frequency shift (Δf) is
related to the change in SAW velocity (Δv) as follows:

Δ f
f 0

¼ Δv
v0

¼ −cm f 0Δ
m
A

� �
−
K2

2
Δ

1

1þ v0cs
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� �2

2
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3
75

þ 4ce
f 0
v20
Δ hG

0
� �

ð2Þ

where v is the SAW velocity, cm is the coefficient of mass
sensitivity, m/A is the mass per unit area, K2 is the electrome-
chanical coupling coefficient of the piezoelectric substrate, σs
is the sheet conductivity of the sensing film, cs is the surface
capacitance per unit length, ce is the elasticity sensitivity co-
efficient of the substrate, h is the sensing layer thickness, and
G’ is the real part of the shear modulus. The SAW velocity v is
very sensitive to the surface perturbations along the propaga-
tion path. The adsorption of DA causes changes in the mass
load, conductivity, and viscoelasticity of the sensitive layer,
which in turn change Δf.

In short, the process described above is a new biomarker
adsorption strategy for SAW biosensors. The method is ad-
vantageous in terms of adsorbing biomarkers because it does
not require complicated microfluidic channels, which allows
for a simplified overall SAW sensor structure, and the sensor
response can be directly measured using resonators or filters.
On the other hand, there are drawbacks in that the SAW sensor
cannot directly determine the liquid phase and, therefore, the
frequency characteristic curve must be collected in a dry state.
To further develop the approach, the constant potential
adsorption/desorption method of DA should be systematically
investigated, as the results could be used to rapidly develop a
wireless sensor node (Videos S1 and S2).

Quantitative analysis of DA

Figures 4a, S11, and S12 show the frequency characteristic
curves of the Ni-TiO2-Ply/SAW sensor in response to DA with
different pH values (pH 5–8). For all pH values, the center
frequencies of the sensor decrease as the DA concentration
increases from 1 to 1000 nM. Figure 4b shows the working
curves; the corresponding linear range, linear regression equa-
tion, sensitivity, and limit of detection (LOD) are listed in
Table S1. Due to the small size of the sensor, there is a big
difference in the binding strength of the single-layer and multi- Ta
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layer adsorption of DA on the sensor surface, which leads to
two linear ranges of 1 to 50 nM and 50 to 1000 nM. For DA
solutions of pH 5–8, the sensitivity of the sensor is changed,
and the maximum sensitivity is 5.77MHz nM−1 cm−2 at pH 7.0
(Fig. 4c). The LOD value (S/N = 3) of the sensor reached
0.067 nM at pH 7.0. The method for calculating LOD is de-
scribed in the supportingmaterial (S3.2). Several types of chemical
sensors have been proposed for DA determination, as sum-
marized in Table 1. Analytical methods for the measure-
ment of DA using ECL, electrochemical, fluorescence,
LC-MS, HPLC, and SAW sensors have been reported in
the literature [6, 8, 34–41]. From the statistical results
in Table 1, the linear concentration range of as-prepared
Ni-TiO2-Ply/SAW sensor tends to the middle level of
various analytical methods, but the LODs are lower than
those obtained using most methods. The proposed SAW
sensor uses electrosorption of the analyte, a simpler and
easier approach than SAW sensing using a fluid channel
and a peristaltic pump [15]. Furthermore, the LOD of
the SAW sensor is significantly superior to those of
SAW sensors applying MIP technology [25].

Long-term stability, selectivity, and reversibility

Figure 5a shows the relationship between the DA concen-
tration and the frequency shift (Δf) of the sensor in pH 7.0
DA solutions with different concentrations; the correspond-
ing frequency characteristic curves are shown in Fig. S13.

Comparing the Δf values of the DA response of the same
sensor after the first and fifteenth days, the sensitivities were
noted to have changed by approximately 1.6% (1–50 nM)
and 5.8% (50–1000 nM).

Interfering substances of 10-nMAA, glucose, glutamate,
Trp, Try, and UA were used to investigate the specificity of
the sensor. The frequency response curves of the sensor
were recorded in 100-nM DA and in mixtures of individual
interferents and 100-nM DA (Fig. S14). The frequency re-
sponse of the sensor to the DA alone was similar to that to
the DA and interferent mixtures, with the latter having fre-
quency fluctuations of less than 5% (Fig. 5b). These results
indicate the favorable anti-interference ability of the pro-
posed Ni-TiO2-Ply/SAW sensor.

Reversibility was investigated by comparing the cen-
ter frequency of the sensor before and after the 10-nM
DA detection (Fig. S3). The sensor was regenerated in
PBS using a CV method (two cycles). Following DA
detection, the center frequency changed by 0.02 MHz,
which is less than 10% of the Δf in the DA response
and indicates that the sensor has good reversibility char-
acteristics in scanning the CV curve in PBS.

Analysis of real samples

To assess the reliability of the Ni-TiO2-Ply/SAW sensor in
practical applications, a recovery experiment was carried out
on the No. 1 serum sample, and the DA levels in five serum

Fig. 5 a Frequency shifts of the
Ni-TiO2-Ply/SAW sensor
responding to DA on the first day
and after 15 days. The inset shows
the sensitivities. b Frequency
shifts of the sensor for 100-nM
DA samples containing 10-nM
glucose, glutamate, Trp, Tyr, and
UA, respectively. c Frequency
characteristic curves of sensor re-
sponse to DA in serum and mix-
tures of serum and DA reagent.
The inset shows frequency shifts
and recoveries. d Frequency shifts
and DA concentrations of five
serum samples
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samples were determined. Figs. S15 and S16 show the corre-
sponding frequency characteristic curves. For serum sample
No. 1, 30–500-nM DA standard reagent solutions were added
to the undiluted serum, and the DA recoveries were analyzed
(Fig. 5c and Table S2). The DA recoveries were all in the range
of 95.9 ± 1.54 to 98.89 ± 1.54%, which indicates that the detec-
tion results of the sensor were accurate. The DA concentrations
in the five serum samples ranged from 6.65 to 12.18 nM. A
review of the DA concentrations in human serum in the litera-
ture revealed concentrations of 0.43 ± 0.03 and 0.51 ± 0.04 nM
obtained using ECL [6], 0.92–2.59 nM using fluorescence [7],
320.5(4.91 × 10−8)–334.2 (5.12 × 10−8 g mL−1) nM using
HPLC [40], and 36.55–226.93 nM using LC-MS/MS [41].

Conclusions

In this study, a Ni-TiO2-Ply-modified SAW biosensor for de-
termining DA levels in serum was investigated in detail. The
main contributions are as follows. First, a Ni-TiO2-Ply hybrid
sensing layer was electrodeposited in situ on the finished
SAW device, producing a novel SAW biosensor with the
sensing layer covering the entire excitation area. Second, an
electric field-assisted liquid-phase oxidation strategy was de-
veloped to selectively immobilize DA onto the SAW surface.
An electric field was applied to the liquid sample to attach the
analyte to the sensor, thereby producing a linear dependence
between the analyte concentration and center frequency shift
of the SAW device, providing a new strategy for SAW bio-
sensor development. The electroadsorption technology can be
used in conjunction with a selective sensitive membrane to
selectively adsorb glucose, amino acids, and other electro-
chemically active species in serum. Third, we determined that
the Ni-TiO2-Ply/SAW biosensor has a wide concentration
range and a low LOD for DA response and has the ability to
determine DA in serum. If the 433-MHz biosensor can be
made compatible with wireless communication modules, it
can be used to track and monitor the mental states of people
in battlefields and in the wilderness.
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