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ABSTRACT

This work reports a high-performance Mn-doped ZnO multilayer structure Love mode surface acoustic
wave (SAW) biosensor for the detection of blood sugar. The biosensor was functionalized via
immobilizing glucose oxidase onto a pH-sensitive polymer which was attached on Mn-doped ZnO
biosensor. The fabricated SAW glucose biosensor is highly sensitive, accurate and fast with good anti-
interference. The sensitivity of the SAW glucose biosensor is 7.184 MHz/mM and the accuracy is
6.96 x 10> mM, which is sensitive and accurate enough for glucose monitoring. A good degree of
reversibility and stability of the glucose sensor is also demonstrated, which keeps a constant differential
frequency shift up to 32 days. Concerning the time response to human serum, the glucose sensor shows a
value of 4.6 + 0.4 min when increasing glucose concentrations and 7.1 + 0.6 min when decreasing, which
is less than 10 min and reach the fast response requirement for medical applications. The Mn-doped ZnO
Love mode SAW biosensor can be fully integrated with CMOS Si chips and developed as a portable,

passive and wireless real time detection system for blood sugar monitoring in human serum.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Diabetes has become a worldwide public health problem that
affects more than 347 million people around the world (WHO, 2013)
and causes an estimated 3.4 million deaths every year due
to hypoglycemic and severe diabetic complications (Kottmann
et al,, 2012). Results from the diabetes care and complications trials
show that frequent testing of blood sugar level and timely insulin
administration are crucial to prevent diabetic complications (Shibata
et al., 2010). Nowadays, millions of diabetics need to test their
glucose every day and most of the testing system needs a drop of
blood collection for each measurement. The pain and inconvenience
of blood collection testing have led to poor patient acceptance of a
tight control regimen, which causes the glucose testing performed
rarely frequently enough to follow glucose dynamics. Fortunately,
continuous glucose measurement is promising to solve the problem
(Vashist, 2012). The continuous glucose monitoring system provides
maximal information about floating glucose levels throughout the
day, which not only alarms the danger of hypo- and hyperglycemia
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but also assists in adjusting the diet and medical treatment. There-
fore, numerous efforts have been focused on the development of
continuous glucose monitoring system during the last decades
(Atanasov et al., 1997; Klueh et al., 2005; Boss et al., 2011; Vashist,
2012; Wang et al., 2013).

In the past few years, surface acoustic wave biosensors have
been widely used in bioanalytical and biosensing field due to
its advantages of highly sensitive, reliable and reusable for
responding to various measurands (Gronewold, 2007; Jung et al.,
2007; Laenge et al., 2008; Rocha-Gaso et al., 2009; Voiculescu and
Nordin, 2012; Yan et al., 2012; Katardjiev and Yantchev, 2012;
Di Pietrantonio et al., 2013). SAW devices are mass transducers
that can be integrated into portable micro-array systems, making
it cheap and suitable for medical application. The majority of these
devices were fabricated on thick commercial piezoelectric sub-
strates such as lithium niobate (LiNbO3), lithium tantalate (LiTaOs)
and quartz. SAW biosensors on quartz suffer from low electro-
mechanical coupling coefficients, high penetration depth, and low
dielectric permittivity when working in a liquid media, while SAW
biosensors on LiNbO3 and LiTaO3 suffer from the attenuation of the
acoustic wave due to the excitation of bulk acoustic waves in the
crystal (Krishnamoorthy et al., 2008).

Recently, ZnO piezoelectric film based SAW biosensor have
gained attention (Fu et al., 2010; Arya et al., 2012; Voiculescu and
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Nordin, 2012). ZnO possesses strong piezoelectric nature and good
biocompatibility. Furthermore, it can grow on SiO,/Si and Si
substrates with good quality, which offers the advantage of
monolithic integration with the advanced complementary metal
oxide semiconductor (CMOS) and microelectromechanical systems
(MEMS) technology, providing the opportunity for full integration
with read-out and signal processing circuitry (Krishnamoorthy
et al., 2006, 2008; Voiculescu and Nordin, 2012). In many bio-
detection applications, the biosensor can be based on passive and
wireless SAW devices with small size (Pohl, 2000; Lee et al., 2007).
No direct physical connections to the sensor are needed, nor is any
internal power source (i.e., battery) needed for sensor operation.
Therefore, SAW biosensors are particularly suit for continuous
detection with real-time patient evaluation. Moreover, SAW bio-
sensor using ZnO piezoelectric film based multilayer structure can
reach high working frequencies and large electromechanical
coupling coefficient, which provides the enhanced sensitivity.
This prompted us to develop ZnO piezoelectric film multilayer
structure SAW biosensor targeting continuous glucose mentoring.
Based on its compatibility with CMOS and MEMS technology,
ZnO multilayer structure based SAW glucose biosensor can be
integrated on the biosensor chip with readout circuitry and a
microfluidic system, and thus the biosensor can be operated with
simple and cheap electronic components.

In this work, Mn-ZnO/SiO,/Si multilayer Love mode SAW
biosensor was used to monitor the glucose level for the first time.
It was found that the glucose biosensor was highly sensitive,
accurate, reversible and stable, which is promising for continuous
glucose monitoring.

2. Materials and methods
2.1. Reagents and materials

Acrylic acid, Poly(ethylene glycol) diacrylate (PEGD, 0.02 mol%),
isooctyl acrylate, 2,2-Azobis (isobutyronitrile) (AIBN, 0.4 mol%),
glucose, glutaric dialdehyde (50 wt%), dimethylaminopropyl-3-ethyl
carbodiimide (EDC, 0.46 g/1), N-hydroxysuccinimide (NHS, 0.38 g/L),
Glucose oxidase (2 g/L), catalase (0.2 g/L) and bovine serum albumin
(BSA, 99%) were purchased from Sigma-Aldrich (Shanghai, China).
Bayhydrol 110, an anionic dispersion of an aliphatic polyester urethane
resin in water/N-methyl-2-pyrrolidone solution was purchased
from Bayer Corp. 0.1 M phosphate buffered solutions (PBS, pH 7.4)

containing 10 mM Na,HPO,4, 10 mM KH,PO4 and 2 mM MgCl, was
used throughout the experiment. All the chemicals were of analytical
grade or better quality. Human blood serums with glucose concentra-
tions of 4 and 14 mM measured by standard glucose meter were
supplied by Nanhua Hospital as the model biological fluid.
The human serums were stored at —20 °C and NaN; was added as
preservative.

2.2. SAW resonators design and SAW glucose sensor fabrication

SiO, layers with the optimal thickness of 80 nm were grown on
the Si (100) wafer by dry oxidation in an atmospheric furnace at
1025 °C. And then, Mn-doped ZnO film with the concentration of 8 at
% was deposited onto SiO, layer by direct current reactive magnetron
cosputtering. In order to achieve high quality Mn-ZnO films, the
sputtering parameters were optimized. The base pressure of the
working chamber was lower than 107 Pa, and the working pressure
was a mixture of Ar (0.2 Pa) and O, (0.2 Pa). The substrate tempera-
ture was 200 °C and the sputtering power was 150 W. The sensitivity
of the biosensor and the wave propagation in ZnO/SiO,/Si structure is
related to the thickness of ZnO film (Zhang et al, 2013; Krishn-
amoorthy et al, 2008). The optimized thickness of 350 nm was
determined in this work. The devices were designed to be love mode
SAW devices and the displacement of the acoustic wave is in-plane of
ZnO film guiding layer, which provides minimal damping of the
waves when the film surface is in contact with liquid environments.
Thanks to the guided nature of the surface waves, the devices offer
the potential of enhanced detection sensitivity. The SAW devices
were designed as 2-port resonators which were fabricated via
photolithography and the schematic is shown in Fig. 1a. The finger
width and spacing of IDTs and reflectors are of 2 um and the
metallization ratio is 0.5. The number of fingers in the input and
output IDTs is 30. The number of fingers in the reflectors is 45. The
length of the IDTs is 150 um with an aperture of 130 um and the
length of the reflectors is also 150 pm. The resonator was designed
with the SAW wavelength of 8 um for operation at ~433 MHz which
is the industrial, scientific and medical (ISM) license-free frequency
bands. The metallizations for the IDTs and reflector plates were
100 nm thick Al films deposited by e-beam evaporation. The central
frequency (fo) of the SAW resonator shown in Fig. 1b is 433.5 MHz,
which is coincident to the design one. The SAW resonators with good
quality were first subjected to degreasing in pentane, rinsed with
acetone and distilled water and dried, then covered with vinyl resin
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Fig. 1. (a) Schematic diagram of the glucose biosensor based on Mn-ZnO/SiO,/Si Love-mode SAW resonator. (b) The frequency responses of SAW glucose biosensor. fy is the
initial resonant frequency of the SAW biosensor without glucose. f4, fio and fi¢ denote the resonant frequencies of SAW biosensor when the glucose applied on the sensitive
area under the concentrations of 4, 10 and 16 mM respectively. and (c) Schematic diagram of the SAW glucose biosensor measurement system.
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and mounted with an O-ring on a cell which was designed to expose
only the sensitive area.

The key to achieve a stable glucose sensor is the functional
immobilization of glucose oxidase (GOx) and catalase on the
biosensor (Lee et al., 2005; Dai et al., 2009; Wu et al.,, 2012). Some
research works have demonstrated that magnetoelastic sensor
coated with a pH-sensitive polymer (P-COOH) immobilized of GOx
and catalase is successfully used for glucose detection (Cai et al.,
2004; Gao et al,, 2007). Similarly, in this work, the SAW resonator
coated with P-COOH and GOx was used to monitor the glucose level.
The synthesis process of P-COOH is shown the Supporting Informa-
tion and the SAW Glucose Sensor fabrication is shown in Fig. S1.

2.3. Experimental setup and measurements

Fig. 1(c) shows the schematic of the SAW glucose biosensor
measurement system, which possesses a working sensor cross-
correlated with a reference sensor. This is a dual-channel differ-
ential measurement system, which can eliminate the false results
from the external interference. A mixer is employed to mix the
signals from working and reference sensors and outputs their
frequency difference. The frequency difference is filtered by a low-
pass filter and a comparator is utilized to generate a square wave.
Then a frequency counter is used to count frequencies and the data
is transported to a computer by RS232 port. In this study, the
responses of SAW biosensors system to various glucose level were
monitored by recording the differential frequency shifts (dAf)
between SAW working sensor and reference sensor, which can
reflect the changes of mass loading on the sensitive area of SAW
biosensor and indicate the changes of glucose concentration. All
the measurements were carried out at the same environmental
conditions in an incubator chamber with temperature of 25 °C.

High-resolution transmission electron microscopy ((HRTEM),
JEM2011, Hitachi, Japan) was used to study the structural

(@]

160 -

120

80 A

XPS Intensity (CPS)

635 640 645 650 655 660
Binding Energy (eV)

characteristics of Mn—ZnO films. The functional immobilization of
enzyme on the biosensor was observed using a LEO1530 field
emission scanning electron microscope (SEM). Atomic force micro-
scopy (AFM) was employed to characterize the functionalization of
SAW glucose biosensor. X-ray photoelectron spectroscopy (XPS) was
used to characterize the chemical state and composition of Mn-doped
ZnO films. The pH value around the sensitive area of the working
sensor was measured by pH measuring instrument (Orion STAR A211).

3. Results and discussions
3.1. Characterization of Mn-doped ZnO piezoelectric thin film

It is known that, the sensitivity of the SAW biosensor strongly
depends on the microstructure and piezoelectric property of the
piezoelectric material (Fu et al,, 2010). Our previous works have
demonstrated that the piezoelectric property of ZnO films can be
greatly enhanced via Mn-doping. The piezoelectric coefficient ds3
was enhanced from undoped ZnO of 12.1 pC/N to ~8% Mn-doped
ZnO with maximum value of ~86 pC/N (Luo et al., 2010). There-
fore, 8% Mn-doped ZnO film was used as the piezoelectric material
in this work. For the successful application of ZnO film in SAW bio-
sensing, ZnO film should possess high crystal quality with low
defects and high uniformity in microstructure and thickness.

The HRTEM was used to investigate the microstructure of
Mn-ZnO films. Fig. 2(a) exhibits a representative low magnifica-
tion TEM image of Mn-ZnO film, which is taken from a cross-
sectional specimen. Columnar grains that penetrate through the
film can be clearly observed, indicating the strong c-axis preferred
orientation of Mn-ZnO films. A relatively flat surface and a
uniform thickness of ~350 nm are also revealed. Fig. 2(b) shows
that the film has a nanoscale polycrystalline structure. A typical
(002) crystal grain is marked by two black arrows which shows
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Fig. 2. (a) A low magnification TEM image of the cross-sectional specimen of Mn-ZnO films on SiO,. (b) A HRTEM image of Mn-ZnO films. (¢) Mn 2p XPS spectra of the dMn-

doped ZnO film. and (d) ZnO 2p XPS spectra of the Mn-doped ZnO film.
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the growth direction of the film. The area between the two black
arrows is a ~20 nm diameter columnar grain. Herein, the depos-
ited Mn-ZnO film is of high crystal quality with low defects, which
is promising for SAW bio-sensing applications. XPS spectra taken
from the Mn and Zn regions of Mn-doped ZnO film were shown in
Fig. 2(c) and (d), respectively. It is shown that the Mn 2p3/, and Mn
2p12 in the film are located at about 6424 and 654.1 eV,
respectively, which are very close to that of Mn**. The peaks at
about 1021.8 and 1044.7 eV (Fig. 2(d)) are attributed to Zn,p3/ and
Znyp1 2, Which agrees well with the data for Zn,, in ZnO.

3.2. Morphological and binding properties of enzyme on the sensitive
area

The functional immobilization of enzyme on the biosensor is
crucial for SAW bio-sensing. SEM and AFM were employed to
characterize the functional immobilization of enzyme on the
sensitive area of SAW biosensor. Fig. 3(a) shows the SEM image
of the bare cleaned and fresh sensitive area. Before functionaliza-
tion, the bare sensitive area is pretty smooth with low roughness,
which is satisfied for SAW bio-sensing applications. Fig. 3(b) shows
the SEM images of GOx functionalized sensitive area. It is found
that some dots with a similar diameter around 50 nm are
distributed on the surface. It is suggested that these dots could
be the immobilized enzyme. AFM was used to further characterize
the surface morphology and binding properties of enzyme on the
sensitive area. The AFM scans of a larger area show the similar dots
distribution on the sensitive area immobilized with enzyme
(Fig. 3(c)). Fig. 3(d) shows the height of the dots is approximately
10-20 nm. The large and similar size of the dots on the sensitive
area shows that the covalent functional immobilization of enzyme
is efficient. The covalent immobilization of enzyme is much stable
than physical absorption due to the much stronger forces between
enzyme and sensitive surface, which is important for sensitive and
stable SAW bio-sensing (Krishnamoorthy et al., 2006).

3.3. Detection of glucose

After the functionalization of the SAW glucose biosensor, the
sensors were activated in PBS (0.1 M pH 7.4) to wet the polymer

before measurement, and then immersed in the testing solution.
In the presence of glucose, the following reactions occur on the
glucose biosensor (Gao et al., 2007; Cai et al., 2004; Guerrieri et al.,
1998):

Glucose + 0, + Hzoggluconic acid + H,0, @)
H,0, 21 /20, + H,0 2)

Resulting in the overall enzyme reaction:

GOx-+catalase

Glucose +1/20, =  gluconic acid 3)

The dissociation of gluconic acid produces H*, resulting in a
decreasing pH that is detected by P-COOH. In response to the pH
decrease, the P-COOH shrinks, reducing the mass loading on the
SAW biosensor. The SAW resonator is sensitive to the mass loading
on the path of the traveling wave (Gronewold, 2007; Laenge et al.,
2008; Voiculescu and Nordin, 2012). With the mass loading
decreases, the resonant frequency of SAW biosensor increases.
As shown in Fig. 1(b), when the glucose with the concentration of
4,10 and 16 mM applied on SAW biosensor, the resonant frequen-
cies shift to fa, fio and fi6, respectively. The resonant frequency
shifts gradually, reflecting the change of mass loading, and in turn
monitoring the glucose concentration change in the measurement
system.

3.4. Sensitivity characterization of SAW glucose biosensor

Under normal physiological conditions, serum glucose concen-
tration is around 3.8-6.1 mM, while the glucose level of diabetic
could decrease to 2 mM at midnight or under excessive injection
of insulin, and could reach as high as 16 mM when hyperglycemia
happens. Therefore, we calibrated our sensor using glucose con-
centrations ranging from 2 to 16 mM with the spacing of 2 mM,
meanwhile, 0.15 M NaCl was added to imitate physiological con-
ditions. The time-dependent response profiles of the SAW glucose
sensor in physiological solutions with glucose concentrations
ranging from 2 to 16 mM are shown in Fig. 4(a). The instantaneous
shifts in the differential frequency occurred by the addition
of glucose and rapidly reached stationary levels within 200 s.

Fig. 3. Characterization of functional immobilization of enzyme on the sensitive area. (a) SEM image of the bare cleaned and fresh sensitive area. (b) SEM image of the
sensitive area immobilized with enzyme. (c) AFM scans of the sensitive area immobilized with enzyme and (d) the height of the three dots crossed by the oblique straight

line in (c).
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After the dAf of the glucose biosensor system was stable, a pH
measuring instrument was used to detect the pH value around the
sensitive area of the working sensor and the pH value with respect
to glucose concentration is shown in Fig. 4(b). The pH value
decreases with increasing of glucose concentration, which indi-
cates the increasing of gluconic acid content. The statistical total
dAf of SAW in response to glucose concentrations are shown in
Fig. 4(b). It is known that the frequency shift Af due to mass
loading change Am of a SAW device is described by (Buttry and
Ward, 1992)

2
amf? @

Af =k
where k, fo, and A are the basal coefficient of the sensitive material,
the intrinsic resonant frequency of the SAW biosensor and the
sensitive area. The increase of glucose concentration enhances the
reaction of glucose to gluconic acid and produces more H®,
resulting in a decreasing pH and the shrinking of P-COOH. As a
result, the mass loading on the SAW biosensor decreases and the
resonant frequency of SAW biosensor shifts to a higher one.
Plotting the dAf against the glucose concentration, a calibration
curve is obtained with a regression coefficient of 0.991 (Fig. 4(b)).
It is indicated that a well linear response can be obtained in a
concentration-dependent manner in the concentration ranging
from 2 to 16 mM. The sensitivity of this glucose biosensor can be
obtained by the slope of the calibration curve, and the obtained
7.184 MHz/mM does show it. For SAW biosensor measurement, the
noise can be smaller than ~300Hz from the blank response.
Defining the detection limit as the concentration that can be

a

detected at ten times the noise level, the detection limit is lower
than 4.2 x 107 mM.

3.5. Anti-interference features and reversibility characterization

The mechanism of our SAW glucose biosensor is based on the
mass load change of the P-COOH, which is resulted from the pH
changing of the testing solution. However, the pH changing in the
blood is complicated. Besides the oxidation of glucose, the local pH
changing can also be contributed by ascorbic acid, lactic acid and
uric acid. Therefore, the anti-interference ability of the SAW
glucose biosensor to ascorbic acid, lactic acid and uric acid was
examined. Fig. 4(c) shows the selective response of the biosensor
to glucose and its interferent ascorbic acid, lactic acid and uric
acid. It was found that an instantaneous shift in the frequency
difference occurred by the injection of 2 mM glucose and rapidly
reached a stationary level. Control experiments results showed
that the daf for the glucose interferent is very small at the
beginning and almost no differential SAW frequency shift can be
observed with the time go on. Although the working SAW sensor
can be influenced by ascorbic acid, lactic acid and uric acid, this
effect is the same to the reference SAW sensor, and thus almost no
differential SAW frequency shift can be observed by the SAW
glucose biosensor measurement system through dual-channel
differential testing. Thus, the anti-interference ability of the SAW
glucose biosensor measurement system is good and the SAW glucose
biosensor system in this work is highly specific to glucose. The high
specificity of the glucose sensor is ascribed to the specificity of the
enzymatic reaction (Dai et al.,, 2009; He et al,, 2012).
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Fig. 4. (a) Time-dependent differential responses profiles from the mixer of working biosensor and reference one to various glucose concentrations. (b) The dAfof SAW
biosensor system as functions of glucose concentration. The red straight line is the calibration curve of the biosensor to glucose concentration. The blue line is the
corresponding pH value around the sensitive area when the dAfis stable. (c) The dAfof the SAW glucose biosensor system when glucose, ascorbic acid, lactic acid, and uric
acid were applied on it. (d) The dAfof the SAW glucose biosensor system to stepwise increasing and decreasing glucose concentrations (2-4-6-8-10-12-14-16 mM) in
physiological solution. The standard deviations in the measurement are no more than 50 kHz. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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The reversibility of the biosensor is also important for its
medical application. Therefore, continuous measurement of glu-
cose concentrations at the stepwise increasing levels (2-4-6-8-
10-12-14-16 mM) are performed, followed by similar decreasing
levels (16-14-12-10-8-6-4-2 mM), and the corresponding dAf is
shown in Fig. 4(d). The dAf characterizing a glucose level is the
same after increasing or decreasing the glucose concentration.
The reversibility of dAf is expected since the mass load of the
P-COOH is reversible with glucose concentration. Hereby, the
fabricated SAW glucose biosensor was highly reversible when
responsed to stepwise increasing and decreasing glucose concen-
trations in physiological solution.

3.6. Reproducibility and stability characterization

The reproducibility and stability of the biosensor are very
important for glucose monitoring. Therefore, two solutions with
extreme glucose concentration, namely 2 and 16 mM were alter-
nately added on the glucose sensor. As shown in Fig. 5(a), 11 full
cycles performed without interruption during 10 h demonstrated
a high reproducibility and stability of the sensor. The daf differ-
ence between 2 and 16 mM was constant throughout the mea-
surement. For each equilibrium value of glucose concentration,
more than 100 measurements were averaged, leading to a stan-
dard deviation of 25 kHz. The glucose sensitivity was 7.184 MHz/
mM, which combined with a 95% confidence interval of 50 kHz
(20), results showed that the accuracy of the SAW glucose
biosensor was 6.96 x 107> mM. This value is more accurate than
the 1 mg/dl (5.6 x 1072 mM) resolution of conventional glucose
meters (Boss et. al., 2011; Laenge et al., 2008). It was found that the
SAW biosensor resolution was accurate enough for tracking the
deviation of glucose level. Moreover, no decrease in the sensor
sensitivity was observed, demonstrating a high stability.
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3.7. In vitro determination of glucose in human serum

Herein, the SAW glucose biosensor showed fast response, high
specificity, sensitivity and stability for glucose monitoring in
physiological solutions. However, when it is used to monitor the
glucose in the blood, some components in the blood could interfere
with the sensitive solutions. Thereby, the SAW glucose biosensor
system was also evaluated using human blood serum as a model
biological fluid. Two kind of human blood serum with glucose
concentrations of 4 and 14 mM were alternately added on the
glucose sensor and 12 full cycles of dAf are shown in the inset of
Fig. 5(b). The dAf for 4 and 14 mM serum are ~38.3 MHz and
~107.3 MHz, respectively. The diffusion of glucose to the sensor
and the gluconic acid to P-COOH were well described by the
exponential model, which tended to show that two diffusion
processes were governing the sensor kinetics. Therefore, the response
time was determined by fitting the sensor response to multiple
glucose variations (more than 100 measurements) using an exponen-
tial relationship. The time response of the sensor (time to reach 98% of
the equilibrium value) was 4.6 + 0.4 min when increasing glucose
concentrations, and 7.1 + 0.6 min when decreasing. As for medical
applications, the required time response of the glucose measurement
should be less than 10 min (Boss et al., 2011). Therefore, the glucose
biosensor in this work is satisfied to the fast response requirement for
medical application. The longer time constant related to decreasing
glucose concentrations could be explained by a smaller recover speed
of the pH value and P-COOH in the solution.

The long-term stability characterization of the SAW glucose
biosensor was performed by testing its responses to serum with
glucose concentrations of 4 mM and 14 mM every day for more
than 6 weeks. As shown in Fig. 5(b), the dAffor 4 mM and 14 mM
serum are ~38.3 MHz and ~107.3 MHz respectively on the first
day, and the responses of this biosensor to glucose is stable during
the subsequent 32 days. The dAfdecrease to ~37.2 MHz and
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Fig. 5. The reproducibility and long-term stability characterization of the SAW glucose biosensor. (a) The dAfresponse to 11 full cycles of glucose concentrations (2 and
16 mM) in physiological solution. (b) The dAfresponse to human blood serum with glucose concentrations of 4 and14 mM for 43 days. The 12 full cycles of dAfprofile to
human blood serum with concentrations of 4 and 14 mM on the three special days, the inset of (b) is on the first day, (c) on the 35th day, and (d) on the 40th day. dThe

standard deviations in the measurement are no more than 60 kHz.
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~105.1 MHz respectively for 4 mM and 14 mM serum on the 35th
day (Fig. 5(c)). On the 40th day (Fig. 5(d)), the dAfof SAW biosensor
system to 4 mM and 14 mM serum decreases to ~32.7 MHz and
~96.2 MHz respectively, which are still more than 85% of the initial
values and the sensitivity of the sensor in serum is still high enough
for glucose monitoring. It is suggested that the decrease of glucose
biosensor sensitivity is due to frequent measurement, exposure to
ambient and the gradual activity loss of GOx and catalase. The
stability of the glucose biosensor would be higher when it is sealed.
However, for long-term monitoring application, the function stabi-
lity of the SAW glucose biosensor is still a big challenge, which will
be the focus of our near future research works.

4. Conclusions

This work developed a highly sensitive Love mode Mn-ZnO/SiO,/Si
multilayer structure SAW biosensor targeting continuous glucose
monitoring for the first time. The glucose oxidase was well immobi-
lized onto a P-COOH attached on Mn-ZnO SAW biosensor for glucose
detection. The anti-interference ability of the fabricated SAW glucose
biosensor to ascorbic acid, lactic acid and uric acid was good. The
glucose biosensor demonstrated highly sensitivity, accuracy, reversi-
bility and long-term stable, which is promising for glucose monitoring,.
Owing to the passive, wireless and telemetering features of SAW
biosensor, our fabricated SAW glucose biosensor is promising for
glucose monitoring in vivo, and the implantation study of our SAW
glucose biosensor will be the focus of our near future research works.
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