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A robust, efficient and sensitive quartz crystal microbalance (QCM) for glucose detection has been
constructed using Au@bovine serum albumin (Au@BSA) nanoparticles as an active layer. The
nanoparticles serve as tandem nanozymes and their stability over natural enzymes enable the sensor to
show a wider linear dynamic range between 0.05 and 15 mM, a higher acid-resistance (pH 2.0-8.0) and
heat-resistance (35-60 °C) than conventional glucose oxidase (GOx)-based sensors. The sensor has
been further applied to measure glucose content in artificial urine directly without dilution, where the
recovery of 99.6-105.2% and the relative standard deviations (RSDs) below 0.88% confirm a good
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Accepted 11th October 2022 reproducibility for the measurement results. In addition, the developed Au@BSA QCM sensor can retain
95% of its initial activity after 40 days of storage. Overall, the Au@BSA sensor shows better

DOI: 10.1039/d2ra04707a comprehensive performance than the commercial sensor strips for urine glucose analysis and provides
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Introduction

As the main energy source and metabolic intermediate in
mammal bodies, glucose is an important carbohydrate
molecule,"® where its concentration is usually maintained
between 3 and 8 mM. But high levels of glucose in the body may
lead to diseases such as diabetes.* Currently, diagnosis tech-
nology developments allow people to monitor their blood
glucose levels in real time at home using convenient test kits,
e.g. glucose test strips,® however, this method is not suitable for
frequent collecting and monitoring blood glucose samples.®” In
some cases, high blood glucose levels doesn't mean high
glucose levels as found in renal diabetes,® where misdiagnosis
may occur if only relying on the blood glucose measurement.
Therefore, developing more direct urine glucose measurement
technology is highly desirable, which is convenient for non-
invasive urine glucose sampling and monitoring.’

In terms of sensing techniques, more and more enzyme-based
electrochemical sensors have been developed and commercial-
ized in recent years for glucose detection. This provided high
sensitivity and facile manufacturing for the sensors, more
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a promising approach in a more precise and robust manner.

sophisticated design such as the combination of two natural
enzymes have been utilized." This sensor device may suffer from
test unresponsiveness, and large measurement deviations and
multiple calibrations for the long-term use." In addition, immo-
bilizing the enzyme can lead to the deterioration of its long-term
stability for glucose detection. It is well known that the activity of
nature enzymes can be greatly inhibited under harsh conditions
such as strong acidic solution, organic solvents and high opera-
tion temperatures, say nothing about the time-consuming and
expensive preparation and purification of these enzymes. There-
fore, it is desirable to develop a more facile, robust and non-
enzymatic glucose biosensor to target the above problems.

In 2007, Gao et al.** found that the Fe;0, nanomaterial have
peroxidase-like properties and from then on, more and more
nanoparticles with enzymatic activities (so-called nanozymes)
have been discovered. Nanozymes usually have only a single
catalytic effect under certain conditions and, therefore, multiple
nanozymes can be used to reach a combination effect, if inter-
ference or inactivation of the two nanozymes can be avoided.****
Li et al.”® found that Au@BSA NPs can simultaneously exhibit
both GOx and horseradish peroxidase (HRP) dual-enzyme
activities at broad pH range, to achieve rapid, enzyme-free,
and one-step glucose detection. In addition, sandwich-type
photoelectrochemical immunosensor has also been developed
by making use of the precipitation amplification effect caused
by the tandem catalytic of Au@BSA NPs,'® thereby greatly
improves its detection sensitivity as the immunosensor. At
present, enzyme-based glucose determination mainly relies on
UV spectrophotometry and electrochemical methods,"”*° which
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is easy to be interfered by the purity and color of the sample or
the external environment to cause measurement errors and
signal drift, particular in higher glucose concentration. There-
fore, a new technology, quartz crystal microbalances has been
gradually developed to monitor reactions in real time in a label-
free and convenient manner.>* QCM has been reported to be
good for high concentration measurement but limitedly used
for macromolecule detection like protein due to its low
response sensitivity and it is, therefore, necessary to improve its
detection sensitivity to amplify the response signal.** Petr
Skladal et al?* have developed a multi-step modification
method using two natural enzymes on QCM sensor, a sensitive
electrochemical and QCM biosensor based on biocatalytic
precipitation, for one-step successful detection of glucose.
However, the sensor is limited to use due to the high complexity
on the fabrication procedure. Therefore, it is necessary to
optimize the preparation scheme in a more facile manner, e.g.
one-step fabricating nanomaterials-based tandem enzyme on
substrates for fast and easy detection of glucose in urine.

In this work, we combine QCM detection and Au@BSA NP
nanozyme to explore new approach for real-time detection of
glucose in weak acid and neutral urine,” where nanozymes
accelerate both the oxidization of glucose to H,O, and the
subsequent conversion from soluble 4-CN to the insoluble 4-CD,
which is accumulated on the surface of the QCM sensor for signal
amplification. Through this strategy, the linear dynamic detec-
tion range for glucose can be widened to 0.05-15 mM. In addi-
tion, the ex situ detection should be carried out under harsher
conditions e.g. in a more acidic solution (urine) or at an elevated
temperature. Its detection capability in acidic condition (pH 2.0-
8.0) and at high temperature (35 to 60 °C) where our sensor works
more efficiently compared with other natural enzyme-based
glucose sensors (pH 5.0-8.0 and ~37 ©°C). This method is
further applied to detect glucose in artificial urine at high
concentration. Compared with commercial urine glucose test
strips, the method developed here shows better recovery between
98.1% and 105.2% and higher repeatable measurement preci-
sion (RSDs) between 0.38% and 0.88% demonstrating its ability
to precisely quantify the glucose concentration in urine.

Experimental

Materials

HAuCl,-3H,0, NaBH,, NaCl, KCI, MgCl,, Na,S, sodium oxalate,
monosodium citrate and urea were purchased from Shanghai
Sinopharm Chemical Reagent Co., Ltd. BSA (66 kDa), TMB and
HRP were purchased from Sigma-Aldrich (St. Louis, USA), and
GOx was purchased from Macklin. All reagents were of analyt-
ical grade and used without further purification. The distilled
water was purchased from Wahaha Group (Hangzhou, China).
Artificial urine and Phosphate Buffer Solution (PBS) (pH 2.0-
11.0) were purchased from Regen Technologies.

Characterization

Scanning electron microscopy (Hitachi S4800) and trans-
mission electron microscopy (Tecnai G2 20) were used for
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morphology analysis. The QCM chips before and after the
catalytic oxidation reaction were air dried at room temperature
for SEM analysis. A few drops of diluted Au@BSA NPs solution
were placed on copper grids coated with carbon film and dried
in air at room temperature for TEM analysis. The XRD and XPS
spectra of Au@BSA NPs were obtained by Rigaku Ultima IV,
Japan and Thermo Scientific K-Alpha, USA, respectively. Fourier
transform infrared (FTIR) spectra were used to determine the
changes in functional groups of BSA before and after coating
using a Thermo Fisher Scientific (Nicolet iS50) spectrometer at
the wavenumber range of 650-4000 cm ™ '. Thermogravimetric
analysis (TGA8000) was used to determine the gold content in
Au@BSA NPs at 0 to 800 °C with a heating rate of 15 °C min '
under air flow. UV-vis absorbance was performed on a UV
spectrophotometer Cary 60 (Agilent Technologies). Precipita-
tion detection assays were performed using Au@BSA NPs-
coated quartz crystal microbalance sensor (Biolin Q-Sense E1,
Sweden). Urine glucose test strips (URIT 1V°) were purchased
from Guilin Unitech Medical Electronics Co., Ltd.

Synthesis of Au@BSA-n NPs

Au@BSA-n nanoparticles were synthesized according to
previous literature.”® Specifically, we denote Au@BSA-n nano-
particles as being prepared by mixing 4 mL of BSA ligand at
different concentrations (n = 1, 5, 10, 20 pM) with 1%
HAuCl,-3H,0 (1 mL) and stirred at 600 rpm under dark
conditions for 5 min, then 100 pL of NaBH,4 (1 mg mL ') was
rapidly added. Finally, the mixture was stirred at room
temperature for 30 min and centrifuged to obtain the final
product.

Fabrication of Au@BSA-n NPs nanozyme on QCM sensor

The scheme for the preparation of the Au@BSA-n NPs and their
deposition on QCM sensor is shown in Scheme 1. Firstly, the
unmodified QCM electrodes were soaked in piranha solution
(30% H,0,:90% H,SO0y, 1:3 v/v) for 10 min and washed with
ultra-pure water and ethanol, respectively.

Then, Au@BSA-n NPs was coated on the surface of QCM
electrodes by direct deposition. The sensor was mounted into
the QCM chamber after drying by nitrogen purge.

HAuCl, Au@BSA NPs

CCcC

Q @ @ ;>
min Gl
Step 1 mu,.u Step 2 Step 4 ac;l;ose
0, + Glucose
@ QCMsensor #} Au@BSANPs ¥ 4-CD Step 3

Scheme 1 Fabrication process of the QCM-based glucose sensor and
the corresponding catalytic conversion of 4-CN to 4-CD.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fabrication of HRP + GOx enzyme on QCM sensor

For comparison, a dual natural enzyme modified sensor was
also prepared and the detailed preparation process can be
found in the ESL{

Glucose measurement based on QCM sensor

QCM frequency is initially recorded as f; (f, is the fundamental
frequency of the QCM, ESI¥) after the frequency is stabilized in
air and then 10 mg mL ™" of Au@BSA-n NPs suspension flows at
a rate of 100 pL min~ ", resulting in the formation of Au@BSA-n
NPs nanozyme on QCM sensor as the frequency is stabilized.
And same procedure for the HRP + GOx dual natural enzyme
formed on QCM sensor. Different concentration of glucose was
introduced into the sensor chamber and incubated for 10 min
to ensure sufficient contact with the sensor, where the precipi-
tated product 4-CN, is accumulated on the QCM sensor to gain
significant signals even for trace glucose.

The sensors were run in PBS buffer with pH 2.0-10.0 at
temperature 25-60 °C and storage conditions at pH 7.0 and 4 °C
in PBS buffer. 25 mM PBS buffer with different pH was used to
adjust the pH value of the catalytic reaction. For the reaction
temperature, the variable temperature control system built in
QCM was used to control the temperature before and after the
reaction.

Results and discussion

Fabrication of QCM sensor for glucose detection

In order to optimize the catalytic activity, the Au@BSA NPs with
different size have been prepared from reducing 1% HAuCl,-
-3H,0 by NaBH, in the presence of different concentration of
BSA ligands, e.g., 1, 5, 10, 20 uM. The diameter of the AuNPs
obtained from the above preparations is 10, 6, 4 and 2 nm,
respectively as seen in Fig. 1(a-d) corresponding to 1, 5, 10 and
20 puM BSA, respectively.

Fig.1 TEM images of Au@BSA NPs synthesized in the presence of (a) 1
uM, (b) 5 uM, (c) 10 uM and (d) 20 pM of BSA.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The reduction of gold ions (AuCl, ") can be determined by UV-
vis spectroscopy as shown in Fig. 2(a), where a distinct Au
absorption peak appears at 500-600 nm indicating the forma-
tion of Au nanoparticles compared with the absorption peak at 2
= 280 nm as the evidence for the presence of tyrosine and
tryptophan groups in BSA Fig. 2(b).>* Accordingly, the color of
the mixed solution changed from colorless to purple. Further-
more, the results of ICP-MS and TGA show that the Au mass
fraction is about 24% in Au@BSA-10 NPs. (Fig. S11). As seen in
Fig. 2(c), the stretching vibration peak of the protein corona on
Au NPs is basically same as that of the free BSA protein, such as
O-H/N-H, C-H and COOH vibrations at 3420, 2955 and 1640
ecm !, respectively.” The peak set for amide I ranging from 1500
to 1600 cm ™' represents a typical secondary alpha spiral struc-
ture of protein. The amide II peak at 1380 cm™* mainly indicates
the bend vibration of the N-H single bond and the stretch
vibration of the C-N single bond. The position of amide I shifts
from 1530 to 1517 cm™ ' while the amide II peak shifts from 1380
to 1389 cm ™, with a significantly lower intensity demonstrates
the formation of Au@BSA NPs complexes and the change of its
secondary protein structure.*® According to XRD patterns
(Fig. 2(d)), BSA alone (in red) presents peak at 26 = 19.5°.*” In the
XRD pattern of Au@BSA the peak of BSA are disappeared
respectively and these peaks can be attributed to the formation
of a highly crystalline monometallic phase Au (JCPDS 04-0784)

—— BSA-10
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Fig. 2 (a) UV-vis spectra of nanoparticles prepared with different
concentrations of BSA, the illustration was the corresponding photo of
Au@BSA-n (n =1, 5, 10, 20), and (b) Au@BSA-10, BSA (10 uM), HAuCl,
(1%) and BSA (10 uM) + HAuUCl, (1%), (c) FT-IR spectra of BSA and
Au@BSA, (d) XRD patterns of Au@BSA, (e) XPS survey spectra and (f)
XPS profile of Au 4f in Au@BSA NPs.
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Fig. 3 (a) Based on the QCM detection process, from sensor prepa-
ration to glucose response. SEM images of Au@BSA NPs coated gold
electrodes before (b) and after (c) the formation of Au@BSA NPs
nanozyme-catalyzed precipitate.

on BSA with typical Au diffraction plane of (111), (200), (220) and
(311).%® XPS spectra in Fig. 2(e) confirms the presence of C, O, N
and Au elements, where the Auy¢ spectra can be further divided
into four peaks at 83.74-87.16 eV and 84.55-88.05 eV, respec-
tively, representing Au (0) and Au(1) as shown in Fig. 2(f).>°

Furthermore, UV-vis spectrophotometer was used to
examine different types of enzyme catalytic effects (HRP + GOx)
assisted by QCM as shown in Fig. S2.f The content of the
glucose can be determined by the amount of the insoluble 4-CD
produced from the reaction between 4-CN and H,O, which is
the product of the glucose oxidization. Fig. 3(a) shows the QCM
frequency response in different stage with the reaction process
of the target molecule 4-CN over the Au NPs.** The introduction
of the nanozyme, 10 mg mL™~' Au@BSA NPs causes the QCM
frequency dropped sharply and stable after several min, corre-
sponding to self-assembly of Au@BSA NPs on gold sensor
surface. The magnitude of the frequency change (Af) decreases
with time and reaches to steady-state after 35 min, indicating
the full coverage of the Au@BSA NPs on gold sensor. 5 mM
glucose solution has gone through the sensor chamber for
10 min without causing frequency change (<5 Hz) prior to the
introduction of 1 mM 4-CN when a sharp frequency drop of
about 100 Hz can be observed and indicates the formation of
the insoluble product, 4-CD. The frequency drops slowly with
the reaction time and becomes stable after 12 min. Since the
insoluble 4-CD is accumulated little by little on the QCM sensor,
the frequency decrease is proportional to the accumulative
amount of the product formed on the sensor and, therefore,
represents the ability of the Au@BSA NPs to oxidize the glucose
in solution.

SEM shows the morphology on sensor before (Fig. 3(b)) and
after reaction (Fig. 3(c)), where a large amount of 4-CD is formed
and deposited on the electrode surface during the reaction and
consistent with the results measured by other methods,** which
again confirms that the QCM sensor can work effectively for the
enzymatic catalysis with mass variance.

Quantitative analysis and measurement optimization

The nanozyme of Au@BSA NPs formed around the Au NPs with
different size have different catalytic activity and, therefore,
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corresponding to the different frequency shift for the QCM
sensor,** which is prepared by changing the ratio of BSA to Au.
As seen in Fig. S3,f the frequency shifts increases with the
decrease of the Au NPs size in nanozyme, corresponding to the
change of their catalytic activity. However, the catalytic activity
for 2 nm Au NPs decreases due to the instability of the Au@BSA
NPs complex system.**

As seen in Fig. 4, the Au@BSA NPs glucose sensor can work
under a wider and more acidic pH range with excellent thermal
stability and storage stability compared with the conventional
enzyme HRP + GOx sensor. For the performance comparison in
terms of pH, temperature and period of storage between native
enzymes and nanozymes, each experiment has been performed
3 times. It can be observed in Fig. 4(a) that the Au@BSA NPs
sensor exhibits higher relative activity over pH range of 2.0-8.0,
where the highest activity achieved at pH 6.0 is considered as
100%, and maintain above 80% of the relative activity in a pH
range of 3.0-7.0. In contrast, the HRP + GOx dual-enzyme sensor
is active only in a narrower pH range of 5.0-7.0 (Fig. 4(b))
indicating that the nanozyme sensor is more active and robust
compared with the natural enzymes. Interestingly, it can be
found in Fig. 4(c) that the activity of the Au@BSA NPs glucose
nanozyme increases with the increase of the incubation
temperature up to 60 °C. However, the activity of the natural
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Fig. 4 pH-dependent catalytic activity of (a) Au@BSA NPs and (b) HRP
+ GOx QCM sensor, temperature-dependent catalytic activity of (c)
Au@BSA NPs and (d) HRP + GOx QCM sensors (inset denotes the
change of QCM frequency), and comparison of the catalytic activity of
(e) Au@BSA NPs and (f) HRP + GOx QCM sensors after different period
of storage.
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Fig.5 (a) QCM responses of the sensor to different concentrations of

glucose standards (frequency vs. time), (b) standard curve of glucose
concentration vs. frequency (inset is a linear fit relationship) and (c) the
repeated ion selectivity test for the components in urine-like mixture.

enzyme decreases dramatically above 45 °C (Fig. 4(d)). In
addition, this Au@BSA NPs nanozyme sensor can be stored for
up to 40 days without significant deterioration on its catalytic
activity compared the natural enzyme as shown in Fig. 4(e) and
(f), and nearly 95% of its activity remains for the nanozyme after
40 days of storage in Fig. 4(e). In contrast, the activity of the
native enzyme decreases significantly over storage time and
only 34% of its activity remains after 40 days of storage under
the same conditions as seen in Fig. 4(f). Therefore, the nano-
zyme sensor developed in this work has much stronger envi-
ronmental tolerance and much longer activity-maintaining
storage time and higher stability, which is more applicable for
the use in household glucose detection.

Dual-purpose enzyme based on Au@BSA NPs with tandem
catalytic activity acts either as GOx to catalyze glucose to form
glucose acid and H,0,, which or works as HRP to convert 4-CN
to 4-CD, where trace 4-CD precipitate is formed on the sensor
surface to indicate the oxidization extent of the glucose as
monitored by QCM. As it can be seen in Fig. 5(a), the addition of
1.0 mM of 4-CN causes obvious frequency drop up to 230 Hz.
The experimental results show the frequency shift is linearly
correlated to the glucose concentration in the range of 0.05 to
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15 mM as seen in Fig. 5(b). The dose-response curves are
determined by the frequency shifts before and after the addition
of 4-CN, where f = f,, — fo, f» and f; are the frequency of the QCM
sensor in the presence and absence of 4-CN, respectively, and
the repeated times, n = 3 used in this work. The linear regres-
sion obtains an equation expressed as AF (Hz) = 8.74 + 14.18 X
C [glucose] (mM) (R* = 0.997). As glucose concentration >
15 mM, the dose-response is over-saturated since the binding
sites on the nanozyme surface are significant less than the
number of the glucose molecules.***> However, the normal
glucose level in human serum is between 3.3 and 6.1 mM, so the
measurement range of Au@BSA nanozyme can well meet the
need for both blood and urine glucose analysis and detection.®®

As we know, urine contains lots of components such as Ca*",
C,0,>7, K", CsH,05C00 ™, Mg**, Na*, CH,N,0, $*, glucose and
water etc., where the frequency change caused by these
components is significantly lower than glucose as seen in
Fig. 5(c) indicating its excellent selectivity for glucose detection
in urine-like mixture.

Glucose detection in artificial urine

Timely monitoring the glucose level in the urine is crucial for
diabetic patients as the glucose concentration in the urine
increases significantly with the increase of the glucose level up
to the renal threshold (10 mM), leading to hyperglycemia.?” In
order to verify the practical applicability of the Au@BSA nano-
zyme sensor for urine glucose detection, the Au@BSA nanozyme
sensor is measured at different concentration of glucose, e.g., 5,
10, and 15 mM, respectively, in artificial urine. For comparison,
the same sample has also been analyzed by commercial urine
glucose test strips. As summarized in Table 1, the recovery by
Au@BSA nanozyme ranges from 98.1% to 105.2% which is
similar to that of the commercial strip, and the RSD% ranges
from 0.38% to 0.88% which is much lower than that of the
commercial one and indicates that the Au@BSA nanozyme
sensor has better detection precision for urine glucose than
commercial urine test strip.

As seen in Table 2, the QCM Au@BSA nanozyme technology
developed in this work can measure the urine glucose directly
without the need of sample dilution.®* However, in contrast to
other nanozyme technology, the QCM Au@BSA nanozyme
technology uses an in situ one-pot assay that does not require
the sample transfer. In addition, our Au@BSA nanozyme tech-
nology can achieve tandem catalysis effect for the two-step

Table 1 Glucose measured in artificial urine using both the commercial urine glucose test strips and the Au@BSA nanozyme QCM sensor

Urine glucose test strips

Au@BSA nanozyme glucose sensor

Ave. glucose

Sample Glucose (mM) Ave. glucose conc. (mM) RSD%“ N = 3 Recovery (%)° conc. (mM) RSD%“ N = 3 Recovery (%)°
1 5 4.33 18.48 80.0-111.0 5.24 0.38 104.4-105.2

2 10 9.67 9.75 90.0-111.0 10.35 0.88 102.8-104.5

3 15 10.00 16.33 53.33-80.0 14.84 0.75 98.1-99.6

“ Relative standard deviation (RSD%) = (standard deviation (SD)/arithmetic mean (x) of the calculation results) x 100. > Recovery calculated using

(measured value/glucose value) x 100.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Glucose catalysis by different enzymes

Catalyst Detection method Line range (mM) Steps Dilution Reference
Rh NPs UV-vis 0.005-0.125 2 Required 38
NiFe,O, NPs UV-vis 9.4 x 107*-0.025 2 Required 39
Free-standing Cu nanozyme UV-vis 0.5-15 2 No 40
Fe-Pd/rGO UV-vis 0.001-0.2 2 No 41
CuO-IL/r1GO cv 0.03-7.0 1 Required 42

Au/GO Ccv 0.5-9.0 1 No 43

Au NPs@DNA hydrogel UV-vis 0-20 1 Not mentioned 44
Au@BSA NPs QCM 0.05-15 1 No This work

reaction through a single enzyme system and simplify the
sensor fabrication besides its broad dynamic detection range
and excellent robustness.

Conclusion

In summary, this study provides a sensitive and robust
approach to detect glucose with broad dynamic concentration
range in artificial urine using Au@BSA NPs nanocomposite
based on QCM sensor. The QCM sensor was coated with
Au@BSA NPs by a simple one-step method, which can work as
dual-purpose enzyme in the presence of glucose and catalyzes
glucose into glucose acid and H,0, as GOx does and then the
formed H,O0, further oxidizes 4-CN to produce insoluble 4-CD as
HRP does. The experimental results show that the Au@BSA
nanozyme sensor can real-time monitor the oxidation of 4-CN
in the linear dynamic glucose range of 0.05-15 mM in urine
with good sensitivity and precision. In addition, Au@BSA
nanozyme shows better robustness over broad working
temperature and pH range than that of the conventional
enzyme system and ultra-long storage period compared to
natural enzymes, which can maintain excellent biological
activity up to 40 days. Therefore, the Au@BSA NPs nanozyme
QCM sensor is considered to be a promising technology for the
detection of high concentration of glucose in complex system.
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