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Abstract

Combining the surface modification and molecular imprinting technique, a novel

piezoelectric sensing platform with excellent molecular recognition capability was

established for the detection of uric acid (UA) based on the immobilization of TiO2

nanoparticles onto quartz crystal microbalance (QCM) electrode and modification of

molecularly imprinted TiO2 (MIT) layer on TiO2 nanoparticles. The performance of

the fabricated biosensor was evaluated, and the results indicated that the biosensor

exhibited high sensitivity in UA detection, with a linear range from 0.04 to 45 μM

and a limit of detection of 0.01 μM. Moreover, the biosensor presented high selectiv-

ity towards UA in comparison with other interferents. The analytical application of the

UA biosensor confirmed the feasibility of UA detection in urine sample.
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1 | INTRODUCTION

Uric acid (UA), a primary final product of purine metabolism, is found

in urine, saliva, blood serum, and plasma.1 UA detection is clinically

important because of its association with several diseases such as

gout, hypertension, Lesch‐Nyhan syndrome, hyperuricemia, pneumo-

nia, cardiovascular, and leukemia.1,2 Recently, the low UA level in the

serum and/or cerebrospinal fluid has been proved to be a key

biomarker of Parkinson disease.3 In the past years, some analytical

methods have been developed for UA detection, including high‐

performance liquid chromatography (HPLC),4 chemiluminescence,5

electrochemistry,6-8 enzymatic assay,9,10 fluorescence,11,12 surface

plasmon resonance,3 and photoelectrochemistry.11,12 Despite many

advances in UA detection, many of these methods still do not meet

the growing demand for more sensitive and selective detection of
wileyonlinelibrary.com/jour
UA. Thus, the further development of stable and facile methods with

high sensitivity and selectivity for UA detection is highly desirable.

The quartz crystal microbalance (QCM) is a simple, portable,

cost‐effective, high‐resolution mass‐sensing instrument, which has

been favorably adopted for analytical application because of its

extreme sensitivity to the nanogram level of mass change loaded

onto surface of the QCM resonator.13,14 As a mass sensor, QCM

has been widely used in biochemistry, environment, food, life

science, and clinical analysis because the instrument provides a

label‐less method for the direct study of biospecific interaction

process.15-17 Still, the QCM response lacks selectivity because of

the nature of mass sensing, which will limit its application. Therefore,

how to realize the selectivity of a QCM sensor is a quite critical

issue. Molecular imprinting technique, the design and construction

of mimetic receptor system with predetermined recognition for
© 2018 John Wiley & Sons, Ltd.nal/jmr 1 of 7
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target molecule, has been proposed and developed rapidly.18-23

QCM sensors based on molecularly imprinted polymer (MIP)

have been fabricated and exhibited a favorable selectivity towards

template molecules.24,25 Recently, inorganic matrices have been

employed for molecular imprinting. Compared with MIP,

molecularly imprinted inorganic matrices not only possessed a better

stability and structural rigidity but also relieved some drawbacks of

organic material such as low binding efficiency, slow binding process,

and difficult fabrication.26 Silica, hydroxyapatite, and TiO2 sol‐gel

materials have been used to prepare molecularly imprinted thin

films at the surface of QCM electrode, which were used for the

detection of organisms.27-29 Despite molecularly imprinted inorganic

films exhibited favorable selectivity in piezoelectric sensing, the

electrodes usually possessed a small surface to volume ratio, signifi-

cantly affecting their sensing performance. It is expected that, if an

imprinted inorganic layer on QCM electrode is highly rough, the

surface area of electrode will be greatly elevated, facilitating

adsorption of molecules or ions and improving the sensing perfor-

mance for UA.

In this work, TiO2 nanoparticles and MIT were employed as

carrier and sensing layer, respectively. A novel QCM biosensor with

molecular recognition capability has been developed for UA detection

based on the immobilization of TiO2 nanoparticles onto QCM

electrode and modification of MIT layer on TiO2 nanoparticles. The

constructed QCM biosensor with high sensitivity, selectivity, and

stability showed excellent performance for the detection of UA.
2 | EXPERIMENTAL SECTION

2.1 | Materials and apparatus

Ti(O‐nBu)4 was purchased from Sigma Chem Co and used as received.

TiO2 nanoparticles with ca 100 nm of mean particle diameter were

purchased from Aladdin Reagent Co. UA, ascorbic acid (AA), urea, glu-

cose, glutamic acid (GA), purine, and cytosine were purchased from

Shanghai Sinopharm Chemical Reagent Co, China. All other chemicals

were of analytical grade, and deionized (DI) water was used through-

out the experiments.

Piezoelectric measurements were performed using a Q‐sense

instrument (Gothenburg, Sweden). Mechanically polished AT‐cut

9‐MHz quartz crystals (diameter of 12 mm, Beijing Chenjing Co,

Beijing, China) were vacuum deposited with gold electrodes (6‐mm

diameter) on both sides of the surface. To reduce background

frequency drift, one electrode was completely insulated from the test

liquid. This was accomplished by the method reported in our previous

study.30 The frequency was monitored by a frequency counter

(Iwatsu, Model SC‐7201), and the recorded data were stored in a com-

puter. X‐ray diffraction (XRD) was recorded on a Bruker‐AXS D8 X‐ray

diffractometer system operating with a Cu‐Kα radiation. Infrared spec-

tra were recorded on Nicolet 200SXV Fourier‐transform infrared

(FTIR) spectrometer using a KBr wafer. Scanning electron micrograph

(SEM) was conducted on a Hitachi S‐520 scanning electron micro-

scope (Hitachi Ltd, Tokyo, Japan) working at 20 kV.
2.2 | Design and fabrication of the UA biosensor

The TiO2 nanoparticles were attached to the surface of QCM elec-

trode according to the procedures reported in our previous study.31

The TiO2 coatings with 0.8 μm thickness were employed in our study,

unless otherwise stated. The obtained coatings were finally heat‐

treated at 300°C for 1.5 hours and then used for MIT modification.

The formation of MIT layer on TiO2 nanoparticle/QCM electrode

was performed by sol‐gel hydrolysis of Ti(O‐nBu)4 followed by calcina-

tion treatment. Specifically, Ti(O‐nBu)4 (0.8 mmol) and UA (0.3 mmol)

were dissolved in 10 mL of toluene‐ethanol (v/v, 2:1) mixture and then

vigorously stirred at room temperature. Subsequently, the solution

was diluted by 20 times with water‐saturated toluene and continu-

ously stirred for 6 hours to get a sol‐gel solution, which was used as

a dipping solution. The obtained TiO2 nanoparticle/QCM electrode

was immersed into the dipping solution for 8 minutes at room temper-

ature, rinsed with toluene, hydrolyzed in water, and dried in N2 atmo-

sphere. The “dipping‐rinse‐hydrolyzation‐drying” cycle was repeated

three times, and then the TiO2 nanoparticle/QCM electrode whose

surface was covered with a TiO2 layer containing the template mole-

cule of UA was obtained. Finally, the TiO2 nanoparticle/QCM elec-

trode modified by TiO2 layer was dried at 80°C for 2 hours and then

calcined in air at 350°C for 3 hours to remove template molecules

and crystalline the TiO2, causing the formation of MIT/TiO2

nanoparticle/QCM electrode. Thus, the UA biosensor was fabricated.

For comparison, the formation of nonimprinted TiO2 on TiO2

nanoparticle/QCM electrode was carried out using a similar procedure

without template molecules and was denoted as NIT/TiO2

nanoparticle/QCM electrode.

2.3 | QCM measurements

The piezoelectric measurements of the obtained UA biosensor were

performed at 25°C. After mounting the MIT/TiO2 nanoparticle/QCM

electrode in the cell, 20 mL of 0.01‐mM phosphate buffer solution

(PBS, pH 7.4) was introduced into the cell. When the frequency

became stable, UA aqueous solution (1 mL) with various concentra-

tions was injected into the detection system within 5 seconds. Time‐

dependent change in the frequency was recorded continuously by a

frequency counter and stored in a microcomputer during the reaction

process of UA.
3 | RESULTS AND DISCUSSION

3.1 | Fabrication and characterization of the UA
biosensor

The route of design and fabrication of the UA biosensor was shown in

Figure 1. The TiO2 coatings were formed at the surface of QCM elec-

trode using the aqueous suspensions of ca 100‐nm diameter TiO2

nanoparticles by spin coating. The MIT layer was functionalized on

theTiO2 nanoparticle modified QCM electrode by the sol‐gel hydroly-

sis of Ti(O‐nBu)4 in the presence of the template molecules UA. UA

was embedded in TiO2 layer by strong hydrogen bond formed



FIGURE 1 Schematic illustration for
fabrication and detection mechanism of the
UA biosensor
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between N‐H groups of UA and hydroxyl groups of TiO2. After

removal of UA, recognition sites complementary to the molecular

shape, size, and functionality of UA were formed in TiO2 layer, which

would efficiently and selectively rebind UA in solution, causing a fre-

quency change of QCM.

Corroborating evidence for the presence of MIT layer on theTiO2

nanoparticle modified QCM electrode was provided by SEM studies.

Figure 2 shows the surface morphologies of quartz crystal, TiO2 layer,

and MIT layer. Compared with bare surface of a QCM electrode

(Figure 2A), the quartz crystal modified by TiO2 nanoparticles was

actually rather rough and was composed of closely packed nanome-

ter‐sized spherical grains, which were remarkably uniform with an

average size of ca 100 nm in the diameter (Figure 2B). The MIT

modification at the surface of TiO2 nanoparticles attached to QCM

electrode showed significant difference. As seen in Figure 2C, the

electrode surface appeared to be completely covered by the MIT

modification layer, which was homogeneous and free from appreciable

cracks. From the enlarged SEM image (Figure 2D), the plentiful cavities

were present in the MIT modification layer. These relative uniform

cavities can be related to the removal of UA molecules in the process

of MIT layer formation at the surface of a QCM electrode. SEM obser-

vation indicated the formation of MIT/TiO2 nanoparticle modification

layer on QCM electrode. The crystal structure and composition of

electrode were identified by XRD and FTIR. As seen in Figure 3A,

the relatively narrow diffraction peaks at 2θ = 25.4o, 37.9o, 48o,
FIGURE 2 A, SEM micrographs of QCM
electrode; B, TiO2 nanoparticle/QCM
electrode; C, MIT/TiO2 nanoparticle/QCM
electrode; and D, MIT modification layer at
high magnification
54.6,o and 62.7 o could be perfectly assigned to the typical crystal

planes of anatase,26 and the infrared spectrum also revealed the

characteristic peaks of TiO2 at 3410, 1657, and 900 to 400 cm−1

(Figure 3B).31 Both XRD and FTIR analyses indicated the presence of

anatase TiO2 on the QCM electrode.

The formation of MIT layer on the TiO2 nanoparticle/QCM

electrode was further evaluated using piezoelectric measurements.

Figure 4 shows the frequency responses with time on QCM

electrode, NIT/TiO2 nanoparticle/QCM electrode, and MIT/TiO2

nanoparticle/QCM electrode in 10‐μM UA solution. No obvious fre-

quency response was found on the bare QCM electrode, while the

larger frequency responses to the adsorption of UA were clearly

observed on NIT/TiO2 nanoparticle/QCM electrode and MIT/TiO2

nanoparticle/QCM electrode. The frequency change on MIT/TiO2

nanoparticle/QCM electrode reached 275 Hz, which was 3.3 times

that on NIT/TiO2 nanoparticle/QCM electrode. Significantly, the

imprinted electrode exhibited much larger response compared with

the nonimprinted electrode. The larger frequency change can be

closely related to the presence of MIT layer on the electrode surface.

The recognition sites situated in the MIT layer can specifically rebind

and accumulate UA molecules on the electrode surface. As a result,

more UA molecules were adsorbed on the imprinted electrode, caus-

ing a higher frequency change. The results demonstrated that the

binding affinity of the imprinted electrode was due to the specific rec-

ognition sites formed in the imprinting process. Thus, the piezoelectric



(A)

(B)

FIGURE 3 XRD pattern (A) and infrared spectrum (B) of MIT/TiO2

nanoparticle modification layer on QCM electrode

FIGURE 5 Effect of pH on frequency response of the UA biosensor;
10‐μM UA, 25°C, average of three experiments

(A)
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measurements confirmed strongly the existence of MIT layer on the

TiO2 nanoparticle/QCM electrode surface. Furthermore, note that a

steady‐state response could be reached within ca 35 minutes.
FIGURE 4 Frequency change of QCM after the addition of 10‐μM
UA solution (pH 7.4, 25°C) to the detector cell. A, QCM electrode;
B, NIT/TiO2 nanoparticle/QCM electrode; and C, MIT/TiO2

nanoparticle/QCM electrode
3.2 | Biosensing performance

The frequency response of UA biosensor as a function of pH was

examined, and the obtained results were exhibited in Figure 5. The

value in frequency change increased sharply when pH was varied from

4.5 to 6, kept a small change in the pH range of 6 to 7.4, and then
(B)

FIGURE 6 A, Calibration graph obtained for the UA biosensor in a
UA concentration range from 0.01 to 65 μM. B, The linear part of
the calibration graph. Experimental conditions: pH 7.4 and 25°C



TABLE 1 Comparison in performance of molecularly imprinted TiO2/TiO2‐based uric acid (UA) sensor with other reported UA sensors

Sensing Materials Methods Linear Range, μM Detection Limit, μM Ref

HNP‐PtTi Electrochemistry 100‐1000 5.3 7

PEI/[P2W16V2‐Au/ Electrochemistry 0.25‐150 0.08 8

PDDA‐rGO]n

Enzyme‐UCNPs Enzymatic assay 20‐850 6.7 9

AUR‐Co2+ Fluorometry 0.05‐1 0.02 11

G‐quadruplex/ Fluorometry 2‐300 0.5 12

Hemin DNAzyme

Fe3O4@C@MIT Photoelectrochemistry 0.3‐34 0.02 13

ZnS urchin Photoelectrochemistry 10‐540 0.045 14

MIT/TiO2 Piezoelectricity 0.04‐45 0.01 This work

Abbreviations: AUR, Amplex UltraRed; G, graphene; HNP, hierarchical nanoporous; PDDA, poly(diallyldimethylammonium chloride); PEI, poly(ethylenimine);
rGO, reduced graphene oxide; UCNPs, upconversion nanoparticles.

FIGURE 7 Comparison of adsorption selectivity of the QCM
biosensors. Concentration 10.0 μM, pH 7.4, and temperature 25°C
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decreased obviously at pH above 7.4. The isoelectric point (ca 6.8) of

TiO2
32 and pKa (5.4) of UA33 are responsible for the frequency change

with pH. The comparatively low frequency change at pH below 6 and

above 7.4 can be attributed to the low solubility of UA and electro-

static repulsion respectively, inhibiting the UA adsorption, and the

strong frequency response in the pH range of 6 to 7.4 can be due to

the electrostatic attraction between TiO2 and UA, enhancing the UA

adsorption. Considering the physiological conditions, the optimum

pH 7.4 was used in the following experiments.

The linear dynamic range of the UA biosensor was investigated by

monitoring the UA solution in the concentration range from 0.01 to
TABLE 2 The recovery determination of uric acid (UA) in urine
sample

UA Concentration, μM Recovery, %

Added Founda

0.30 0.29 ± 0.01 96.67

2.00 2.03 ± 0.08 101.50

17.00 16.67 ± 1.12 98.06

26.00 26.00 ± 1.18 100.00

35.00 35.22 ± 1.33 100.63

aAverage of three measurements ± SD.
65 μM. Figure 6A shows the plot of frequency response versus UA

concentration. Over the low concentration range (0.04‐45 μM), good

linearity was obtained, as illustrated in Figure 6B. The linear regression

equation was y(Hz) = 10.41–28.45[UA] μM, R = 0.9952, n = 7. The

detection limit of the UA biosensor was estimated to be about

0.01 μM (S/N = 3). It was obvious that MIT/TiO2 nanoparticle/QCM

electrode exhibited superior linear range and lower detection limit to

UA molecules while comparing with the previously reported UA sen-

sors (Table 1),7-9,11,12,34,35 which guaranteed its possible applications.

Anti‐interference is a significant parameter of sensor for the UA

determination in physiological conditions. Some potentially common

compounds, such as AA, urea, glucose, GA, purine, and cytosine, may

be present in samples, which is necessary to investigate the influence

generated from these compounds. Figure 7 shows the frequency

responses caused by UA and interferents on the imprinted and

nonimprinted TiO2 electrodes under the same experimental condi-

tions. The MIT/TiO2 nanoparticle/QCM electrode exhibited a higher

response to template molecules compared with the NIT/TiO2

nanoparticle/QCM electrode. According to the frequency change,

the relative selectivity coefficients of MIT/TiO2 nanoparticle/QCM

electrode for UA/AA, UA/urea, UA/glucose, UA/GA, UA/purine, and

UA/cytosine pairs were 3.10, 3.87, 3.65, 3.62, 2.97, and 3.50

times greater than that for NIT/TiO2 nanoparticle/QCM electrode,

respectively. It was obvious that the constructed MIT/TiO2

nanoparticle/QCM electrode remarkably reduced the influence of

possible interferents and presented excellent selectivity and reliability

towards UA determination.

The reusability of the same UA biosensor was evaluated by mea-

suring the response signal 15 times in a continuous manner. After each

injection of UA solution and the attainment of equilibrium, the UA bio-

sensor was recovered by calcination treatment until the frequency of

QCM reached a steady value. The obtained results demonstrated that

the UA biosensor could be used repeatedly, and the response signal

decreased by only 1.8% at the 15th cycle. The storage stability of

the UA biosensor was also investigated. The sensor was stored at

room temperature for 6 months and taken out for measurements of

UA at the same condition per month. The sensor retained above

96% of the original frequency response after 6 months, demonstrating

the high stability for UA sensing.
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Urine sample was selected as the real sample to investigate the

practical applicability of constructed biosensor for the determination

of UA using the standard addition method. The urine sample was

diluted 1000 times with 0.01‐mM PBS (pH 7.4) before measure-

ment, and no other pretreatment process was performed. The UA

concentration in the urine sample determined by the biosensor

was 0.39 μM. The workability of constructed biosensor was

confirmed from the obtained recovery in the range of 96.67% to

101.50% (Table 2), guaranteeing the routine analysis of UA in real

biological samples.
4 | CONCLUSIONS

The MIT was prepared by molecular imprinting and surface sol‐gel

technique. By using the MIT layer as the recognition material, a novel

UA piezoelectric biosensor was fabricated by a convenient attachment

of MIT on TiO2 nanoparticle modified QCM electrode. The con-

structed biosensor exhibited good reproducibility, short response

time, wide linear range (0.04‐45 μM), low detection limit (0.01 μM),

and high sensitivity and selectivity. Detection of UA in urine sample

was also performed with satisfactory results.
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