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A B S T R A C T   

A novel quartz crystal microbalance (QCM) sensor for trace-phosphoprotein ultrafast detection was constructed 
based on the bridge interactions between the NH2-TiO2 sites enriched on Au-electrode and phosphate groups. 
Herein, 11-mercaptoundecanoic acid (MUA) modified by Au-S bond acted as carrier for immobilizing NH2-TiO2. 
Functionalized NH2-TiO2 to absorb phosphoproteins. Under the optimal conditions, the proposed sensor showed 
a linear frequency shift to the concentration of α-casein ranging from 1.0 × 10− 3 to 1.0 mg mL− 1 with a low 
detection limit of 5.3 × 10− 6 mg mL− 1 (S/N = 3), and the limit of quantitation was 0.001 mg mL− 1. Compared 
with traditional Ti4+-IMAC/MOAC-system, the analysis process of NH2-TiO2/MUA/AuE-QCM sensor was simpler 
and faster which could complete within 5 min. Additionally, the constructed biosensor was successfully used for 
the non-fat milk and chicken egg white. This proposed sensor presents a great prospective strategy for the 
evaluation of the nutrition in different foods.   

1. Introduction 

Protein phosphorylation is a very important post-translational 
modification in addition to glycosylation, methylation, acetylation 
(Tramutola, Lanzillotta, Perluigi, & Butterfield, 2017), etc. Phosphory
lation affects gene expression and activities of regulatory cellular 
(Gruhler et al., 2005; Hunter, 1995; Manning, Whyte, Martinez, Hunter, 
& Sudarsanam, 2002). At present, phosphorylation is often used as an 
effective method to improve the functional properties of food proteins. It 
has health benefits, such that phosphorylated proteins can effectively 
improve the body’s absorption of calcium and human immunity as well 
as its good antioxidant effect on lipids(Lebetwa, Suzuki, Tanaka, 
Nakamura, & Katayama, 2019; Li, Enomoto, Hayashi, Zhao, & Aoki, 
2010). A marked increase in solubility, emulsification and emulsifica
tion stability was observed when native peanut protein was 

phosphorylation-modified by sodium tripolyphosphate (Yu et al., 2015). 
Li Wang (Chen et al., 2019) also proved phosphorylated wheat gluten 
proteins had better solubility, emulsifying-property and foamability; the 
thermal stability and calcium-binding capacity of ovalbumin can be 
improved by dry heat-phosphorylation (Li, Chen, Peng, Enomoto, Hay
ashi, Li et al., 2010; Twisk, 2013). In terms of physiological function, 
phosphorylated-β-LG, α-LA and bovine serum proteins have weaker 
antigenicity than all-non-phosphoproteins, as verificated by Enomoto 
et al. (2007). Therefore, it is conceivable that the moderate intake of 
phosphoproteins was better for human health. However, the amount of 
phosphoprotein is not same in different foods and the aberrant phos
phorylation may be one of the potential factors for signs of cancer, 
diabetes, chronic inflammation, or neurodegenerative diseases (Chen 
et al., 2017; Zanivan et al., 2008). Thus, the fast and convenient analysis 
method for phosphoprotein is very important for evaluating the 
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nutrition of food. 
To date, various techniques have been developed for the detection of 

phosphoproteins, including mass spectrometry, fluorescence, marked 
radio-isotopes, immunoassay approaches and electrochemistry (Gao, 
Wang, Wang, & Xia, 2016; Zhang et al., 2013). Among these methods, 
laser desorption ionization-time-of-flight mass spectrometry (MALDI- 
TOF/MS) is most commonly used due to its sensitivity and reliability, 
but there still exist some disadvantages such as expensive instruments, 
tedious sample preparation and time-consuming analysis procedure, 
which reduce the detection efficiency of phosphoproteins. To overcome 
these disadvantages, it is urgent to develop a novel strategy for phos
phoproteins analysis. The detection technology of phosphoproteins 
based on quartz crystal microbalance (QCM) sensors have not been re
ported yet. 

QCM, as a kind of mass-sensitive detector at nanogram levels, has 
been widely applied in various fields, including bioscience, immuno
assay, environmental and food analysis due to its advantages of rapidity, 
extreme sensitivity and simple operation (Kong et al., 2014; Pan et al., 
2013). However, the unmodified quartz crystal microbalance has no 
specificity for different molecules (Say, Gultekin, Ozcan, Denizli, & 
Ersoz, 2009). Outstanding selectivity can be realized by modifying 
specific functional materials on the surface of QCM sensor as recognition 
element (Avila, Zougagh, Escarpa, & Rios, 2007). As it is well known, 
the stability of material-electrode binding, the thickness of membrane 
and the transducer surface of the sensor can directly affect the perfor
mance of sensor. In Zhao’s work(Zhao, He, Wang, Wang, & Wang, 
2020), the proposed method utilized the traditional molecularly 
imprinted polymers (MIPs) as the recognition elements and methima
zole as template molecule, in which imprinted polymers performed high 
selectivity, yet slow transfer, small binding capacity, or even leakage of 
template molecules (Haupt, Medina Rangel, & Bui, 2020). In addition, a 
time-consuming MIP-film be generated adjacent to the Au-electrode 

surface result in blocking a large portion of the electroactive surface 
area. Moreover, macromolecules proteins are generally more difficult 
produced for MIP than smaller molecular targets (for example, 1- 
methyl-2mercaptoimidazole, MMZ). To a certain extent, the applica
tions of MIP are limited. Recently, self-assembling is a simple and 
effective method to prepare specificity membrane on the transducer 
surface of QCM sensor. In this study, aminated nano-titanium film self- 
assembled on AuE serving as an identification element for trace phos
phoproteins, which provided not only specific selectivity but also a large 
surface area and a high mass-transfer rate. This functional nano-material 
recognition, in combination with modern sensing techniques QCM to 
monitor changes in the recognition targets, offers the promise of selec
tive, sensitive sensors capable of detecting and online-testing analytes in 
a non-labeling way. 

Nano-TiO2, a vital member of the phosphoprotein-enrichmented 
material family, has drawn significant interest due to its excellent per
formance such as high specific surface areas, excellent thermal/me
chanical stability and its specific and reversible chemisorption of 
phosphate groups on their amphoteric surface. TiO2 is positively 
charged as a Lewis acid under acidic conditions, which can form an 
electrostatic attraction with the phosphate of the anion and combine 
with each other; under alkaline conditions, it will be separated from the 
phosphoproteins as a Lewis base (Lu, Duan, He, Hu, & Yin, 2010; Ma 
et al., 2012), so it can selectively enrich trace phosphoproteins. How
ever, the poor hydrophilicity of TiO2 greatly reduces its ability to 
selectively adsorb phosphoproteins with higher hydrophilicity. In 
addition, the higher Lewis acidity of TiO2 makes it more easily to adsorb 
the non-phosphoproteins. 

TiO2 bond distances are small and unequal which makes the polarity 
of the molecules very strong. The strong polarity can make the surface 
easily absorb water molecules, further polarizing to form surface hy
droxyl groups which make it easy to be modified in surface under the 

Scheme 1. The preparation of NH2-TiO2/MUA/AuE-QCM sensor and the detection process of phosphoproteins.  
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special structure. Therefore, it can be used as a generalized base com
bined with modifiers to complete its surface modification (Baker et al., 
2011). Amino-functionalized (NH2-TiO2) has stronger specific adsorp
tion for phosphoproteins due to its lower Lewis acidity and higher hy
drophilicity. The aminated nano titanium dioxide has a particle size of 5 
nm, which is characterized by high purity, good dispersibility and large 
surface activity. It was reported, Dai (Dai, Wang, & Liu, 2017) firstly has 
synthesized a novel immobilized metal affinity chromatography (IMAC) 
material with DOTA(1,4,7,10-tetraazacyclododecane N,N′,N′′, N′′-tetra- 
acetic acid) coated on the surface of NH2-TiO2 (Zr4+(TiO2@DOTA-Zr) to 
improve the enrichment specificity and sensitivity for phosphopeptides 
successfully. NH2-TiO2 nanomaterials were chosen as a support matrix, 
which would offer a high specific surface area and good hydrophilia to 
provide an additional selectivity for enriching phosphopeptides. 

Inspired by above explorations, an “all-in-one” type QCM-sensor for 
detection of phosphoproteins was constructed to validate the proposed 
strategy. Compared to MS-method (Hong et al., 2018; Zhu et al., 2019), 
this proposed technology integrates all step-analysis steps (including 
online enrichment, separation and detection) together. It can simulta
neously enrich and detect the phosphoproteins containing a number of 
proteins and high levels of urea and salts. Moreover, it provides time- 
saving, simplified test-process via QCM analysis without complicated 
multi-step enrichment procedures of up to 60 min or longer reported 
(Hussain et al., 2013; Wang, Zhang, Sun, & Ni, 2014). In addition, there 
has been much success in MS-method, but the detection of phospho
proteins by electrochemical-method is sporadic in the literature, espe
cially from a complex biological sample. In 2016 (Gao et al., 2016), 
although an electrochemical sensor based on ZrO2 film were being 
employed to detect phosphopeptides and overcoming the shortcoming 
of time-consuming, yet the sensitivity (LOD: 0.09 mM) of ZrO2-sensor 
was low. Thus, our technology increase analysis efficiency of the phos
phoproteome and may further provide significant information for the 
functional foods. 

Herein, for the first time, a novel QCM sensor was fabricated for the 
phosphoproteins rapid determination by using NH2-TiO2 nano- 
membrane as a recognition element on Au electrode (AuE) surface 
modified with 11-mercaptoundecanoic acid. To the best of our knowl
edge, this is the first attempt to modified functional NH2-TiO2 nano
materil on the transducer surface to construct QCM sensor for the 
detection of phosphoproteins. NH2-TiO2 was used to increase the 
effective adsorbed sites and thus amplify the frequency response signal, 
by increasing effective surface area on the electrode and enhancing 
effectiveness of the self-assembly process. This research was aimed at 
overcoming some shortcomings of time-consuming, complicated pre
treatment process of mass spectrometric analysis, and also offering an 
ultrafast, selective, simple, reproducible and stable QCM sensor for on- 
line enrichment and detection of phosphoproteins in real samples. The 
NH2-TiO2/MUA/AuE-QCM sensor construction and detection process is 
outlined in Scheme 1. 

2. Materials and methods 

2.1. Materials and chemicals 

11-Mercaptohexadecanoic acid (MUA), N-hydroxysuccinimide 
(NHS) N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide(EDC), and 
carbonate buffered saline (NH4HCO3, 50 mmoL− 1, pH 6.5) were brought 
from Sigma-Aldrich (USA). Trypsin, β-Casein, ɑ-Casein, Casein, Bovine 
serum albumin (BSA), Lactoglobulin, Lactoferrin, Whey protein all these 
proteins were bought from Sigma-Aldrich (USA). Aminated nano tita
nium dioxide was purchased from Liuzhou Nanometer Material Co. Ltd 
(Guangzhou, China). Trifluoroacetic acid (TFA) and 2,5-dihydroxyben
zoic acid (2,5-DHB) was obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Non-fat milk and chicken eggs were brought from a local super
market (TESCO Tianjin). All aqueous solutions were prepared using 
Milli-Q water by Milli-Q purification system (Millipore, Milford, MA, 

USA). All other chemicals and reagents were of the highest grade 
commercially available. 

2.2. Instruments and electrodes 

A QCA922 quartz crystal analyzer (Princeton Applied Research, Oak 
Ridge, TN, USA) was used to monitor frequency change(Δf) in real time 
during aminated nano titanium dioxide immobilization, phosphopro
teins adsorbing. 

All electrochemical experiments were performed using a PARSTAT 
2273 electrochemistry workstation (Princeton Applied Research, USA) 
coupled with a QCM (QCM-922, Princeton Applied Research, USA) 
equipped with a commercial 9 MHz AT-cut quartz crystal coated with 
AuE (area 0.196 cm2) on both sides (Seiko EG&G). In the experiments, 
the quartz crystal was mounted into the Teflon holder (well-type, QA- 
CL3, Seiko EG&G) to ensure that only one side of the AuE was 
exposed to the solution. All electrochemical experiments were per
formed with a conventional three-electrode system, consisting of a bare 
or modified quartz crystal AuE as the working electrode, a saturated 
calomel electrode as the reference electrode, and a platinum column 
electrode as the counter electrode. QCM was also used to record the 
frequency change of the quartz crystal AuE. The surface morphologies of 
electrodes were characterized by atomic force microscope (AFM, SUPRA 
55 sapphire Germany). MALDI-TOF MS (Bruker, Germany) was utilized 
to qualitatively validate the accuracy of the results from sensor. 

2.3. Preparation of NH2-TiO2/MUA/AuE 

Prior to modification, the bare AuE of quartz crystal was ultrasoni
cally washed with ethanol and then cleaned with freshly prepared 
“piranha” solution (30% H2O2/H2SO4 = 1:3, v/v) for 5 min. After 
rinsing with ultra-pure water and ethanol, the crystal was blown dry 
with a gentle flow of pure nitrogen gas and mounted into the well.  

(A) 11-mercaptoundecanoic acid self-assembly on the AuE: the 
electrode was soaked in an ethanol solution of 0.01 mol⋅L− 1 11- 
mercaptoundecanoic acid for overnight reaction. On the surface 
of the quartz crystal gold electrode, a carboxyl-terminated thiol 
monolayer (Ding et al., 2013) was formed directly through the 
Au-S bond, which served as a surface functionalization. The self- 
assembled QCM electrodes were washed three times with ethanol 
and ultrapure water, respectively, to remove unbound thiol 
undecanoic acid on the surface of the gold electrode and then 
stored in absolute ethanol. It should be blown dry with N2 before 
use.  

(B) Activation: 10 µL of the EDC and NHS mixed solution (0.4 mol 
L− 1 EDC/0.1 mol L− 1 NHS = 1:1, v/v) was added to the surface of 
the self-assembling electrode and reacted in the dark for 2 h. After 
the reaction, the surface of the electrode was washed with ul
trapure water three times and blown dry by nitrogen for use. This 
activation process causes the carboxyl group on the surface of the 
electrode to be replaced by an ester group (Altintas, Uludag, 
Gurbuz, & Tothill, 2012).  

(C) Connection of NH2-TiO2: on the surface of the electrode obtained 
above, 10 µL of aqueous amidated nano-titanium oxide solution 
was added, and it took 20 min to modify the electrode, then 
rinsing with water and drying with nitrogen at room temperature.  

(D) Closing site: on the surface of the electrode obtained above, 10 µL 
of a 1% solution of BSA was added to block the carboxyl site of the 
unbound aminated nano titanium dioxide for 1 h. After that, it 
was washed twice with ammonium bicarbonate buffer and ul
trapure water and dried with nitrogen, storing at 4 ◦C for use. 

2.4. Measurement experiments 

The frequency value (Δf0, Hz) was recorded after the response 
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frequency of the NH2-TiO2/MUA/AuE electrode was stabilized. Then, 
10 µL of the α-casein solution was carefully dropped onto the NH2-TiO2/ 
MUA/AuE electrode surface and incubated for 20 min (equilibration 
time) at 4 ◦C. (The equilibration time of NH2-TiO2/MUA/AuE was 
shown in the supplementary material). The resulting frequency (Δfi, Hz) 
was recorded until the frequency change less than 1.0 Hz, regarding as 
the stable sensor response. The frequency shift Δf (fi − f0, Hz) was 
calculated, which was associated with mass change caused by the spe
cific recognition of phosphoproteins. At least three parallel experiments 
were performed above. Average value of Δf was used to calculate the 
mass of phosphoproteins adsorbed onto the quartz crystal surface ac
cording to the Sauerbrey equation (Sauerbrey, 1959), (1): 

Δf = − 2.26 × 10− 6Δmf 2
0 /A (1)  

where f0 is the original frequency of the quartz crystal (Hz), Δm is the 

mass change (g), and A is the surface area of the electrode (cm2). 
The cyclic voltammetry measurement was performed to investigate 

the electron transmission procedure of the surface-modified electrodes 
in 1.0 mmol L− 1 K3[Fe(CN)6] aqueous solution containing 0.2 mol L− 1 

KNO3 and with a scanned potential from − 0.2 V to 0.6 V at the scan rate 
of 100 mV s− 1. NH2-TiO2/MUA/AuE electrodes modified with different 
layers step by step were detected in 5.0 mmol L− 1 K3[Fe(CN)6] solution 
containing 0.2 mol⋅L− 1 KNO3. All impedance data was acquired via 
electrochemical impedance spectroscopy (EIS). The detection conditions 
were that the frequency change range was 100 mHz ~ 100 kHz, the 
scanning point was 50, and the scan rate was 10 mV s− 1. All working 
electrodes (GCE, 4 mm diameter), reference electrode (saturated 
calomel electrode, SCE) and auxiliary electrode (platinum column 
electrode) were tested under the above conditions. 

Fig. 1. The characterization of NH2-TiO2/MUA/AuE-QCM sensor. (A) bare electrode (AFM); (B) NH2-TiO2/MUA/AuE (AFM); (C) High resolution transmission 
electron microscopy (HR-TEM); (D) Zeta potential analysis; (E) and (F) X-ray photoelectron spectroscopy (XPS) spectra. 
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2.5. Sample preparation 

In this study, different sample matrixes (non-fat milk and the chicken 
egg white) were prepared.  

(A) Pre-processing process of non-fat milk: 4 mL of the non-fat milk 
(protein content 3%) purchased from a local supermarket was 
centrifuged at 5,000 rpm for 30 min at 4 ◦C and then the fat layer 
was removed. The treated milk was diluted 5 times, 10 times, 15 
times, and 20 times with NH4HCO3 solution (50 mmoL− 1, pH 6.5) 
and then kept in 4 ◦C refrigerator for use.  

(B) The chicken egg white was obtained from fresh shell eggs bought 
from the TESCO supermarket (Tianjin). The egg whites were 
treated according to the reported method (Duan et al., 2019). 
Chicken egg white was diluted to 50% (v/v) with phosphate 
buffer (20 mM, pH 8.0). The diluted egg white solution was 
stirred in ice bath for 30 min, then centrifuged at 4 ◦C and 3000 
rpm⋅min− 1 for 10 min. The supernatant was used as the source of 
proteins. 

3. Results and discussion 

3.1. Characterization of NH2-TiO2/MUA/AuE 

3.1.1. Morphological characterization of the AuE and NH2-TiO2/MUA/ 
AuE 

AFM was performed to visually show the morphological character
istics of AuE and NH2-TiO2/MUA/AuE. As shown in Fig. 1B, compared 
with AuE (Fig. 1A), the surface of NH2-TiO2/MUA/AuE showed a fibrous 

burr structure with a much rougher surface, which was possibly due to 
the good hydrophilicity and large specific surface area of aminated 
nano-titanium dioxide increasing the contact between 11-mercaptoun
decanoic acid and NH2-TiO2. The morphological change of the elec
trode indicated that the aminated nano-titanium dioxide had been 
successfully modified on the electrode, which also largely explained the 
specific recognition sites existed on the electrode surface. 

In addition, we characterized the nature of NH2-TiO2 nanoparticle by 
High resolution transmission electron microscopy (HR-TEM), X-ray 
photoelectron spectroscopy (XPS) and Zeta potential analysis. HR-TEM 
was used to demonstrated the detailed microstructures of the obtained 
nano NH2-TiO2. The HR-TEM image (Fig. 1C) showed a clear lattice 
fringes of 0.31 nm and could be assigned to the (011) plane of nano 
NH2-TiO2. The nano NH2-TiO2 as the substrate and specific recognition 
element can provide larger surface areas to load on AuE, which is 
beneficial for facilely capturing the α-casein. 

Zeta potentials, electromotive potential, is used to directly measure 
the surface potential of nanoparticles and further evaluate the stability 
of the prepared particles (Crundwell, 2016; Lai, Deng, Wen, & Liu, 
2019). Fig. 1D shows the zeta potential of nano NH2-TiO2 under acidic 
conditions (pH = 6.5) and alkaline conditions (pH = 10.5), respectively. 
Indeed, the zeta potential of NH2-TiO2 at pH 6.5 has a positive charge (ζ 
= +57.5 mV) (a), while that of the NH2-TiO2, as a Lewis base, were 
− 35.7 mV (b). The zeta potential results shown above futher proved the 
separation and adsorption mechanism between the TiO2 and the 
phosphoproteins. 

XPS was employed to further investigate the elemental composition 
of NH2-TiO2 existing on the surface of the prepared NH2-TiO2/MUA/ 
AuE-QCM and the results were shown in Fig. 1E and F. The results of 

Fig. 2. (A) CV curves of different modified electrodes in K3[Fe(CN)6] solution: (a) bare Au electrode, (b) 11-mercaptohexadecanoic acid, (c) NH2-TiO2/MUA/AuE 
(Blue), (d) phosphoproteins; (B) EIS of different modified electrodes in K3[Fe(CN)6]/K4[Fe(CN)6] solution: (a) bare Au electrode, (b)11-mercaptohexadecanoic acid, 
(c) NH2-TiO2/MUA/AuE, (d) phosphoproteins; (C) The determination of α-casein concentration range; (D) Standard curve of the sensor. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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wide scan XPS show NH2-TiO2 that mainly consist of N, O and Ti, which 
means the N just only from -NH2. The presence of N1s and Ti2p was 
further confirmed the successful decoration of NH2-TiO2 with good 
hydrophilia instead of TiO2. 

3.1.2. Electrochemical behavior of the sensor 
Cyclic voltammetry (CV) is an effective and convenient method to 

investigate the electron transmission procedure of the surface-modified 
electrodes. In this work, various modified electrodes were monitored in 
1.0 mmol⋅L− 1 K3[Fe(CN)6] solution containing 0.2 mol⋅L− 1 KNO3 by CV 
(Fang, Liu, Yang, & Wang, 2016). As shown in Fig. 2A, the cyclic vol
tammogram of bare AuE showed a couple of redox peaks (curve a). 
When the electrode surface was covered with the 11-mercaptohexadeca
noic acid, the redox peak current in CV curve was significantly reduced 
(curve b). It decreased from 271.63 μA (bare electrode) to 206.05 μA. A 
lower peak current of electrode modified with aminated nano-titanium 
dioxide showed that the metal oxide hindered the electron transfer 
(curve c). In addition, it was seen the current response value (104.52 μA) 
of the electrode adsorbed with phosphoproteins was lower than the 
value (114.36 μA) of NH2-TiO2/MUA/AuE (curve d), it should be for the 
binding of the phosphoproteins to the aminated nano-titanium dioxide 
prevented the diffusion of the potassium ferricyanide probe on the 
electrode surface. 

Electrochemical impedance spectroscopy (EIS) is an effective elec
trochemical technique for monitoring the interface properties of surface- 
modified electrodes (Liu, Fang, Deng, & Wang, 2015). In this work, 
various modified electrodes were monitored in 5.0 mmol⋅L− 1 K3[Fe 
(CN)6] solution containing 0.2 mol⋅L− 1 KNO3 by EIS. It was seen from 
Fig. 2B, the EIS of MUA/AuE (curve b) exhibited powerful electron 
transfer resistance (Ret) to the redox of the probe K3[Fe(CN)6] (551 Ω) 
which was much larger than bare GCE (225 Ω curve a). The charge- 
transfer resistance for NH2-TiO2/MUA/AuE (curve c) showed an in
crease due to the weaked effect of non-conductive TiO2 for conductivity 
of electrode. Ret of NH2-TiO2-MUA assembled electrode obviously in
creases to 1075 Ω (curve c), indicating that non-conducting metal oxide 
blocked the penetration of the redox probe. Ret of the modified elec
trode increased gradually after layer-by-layer assembly by coating NH2- 
TiO2, BSA as well as phosphoproteins specifically binded to the sites of 
titanium dioxide (curve d in Fig. 1D) on account of intrinsic non- 
conductivity of proteins. The characterizations shown above implied 
that each modification layer was validly immobilized on the electrode 
and the NH2-TiO2/MUA/AuE had been fabricated successfully. 

3.2. Optimization of conditions for NH2-TiO2/MUA/AuE preparation 

3.2.1. Selection of buffer NH4HCO3 solution pH 
The pH of buffer NH4HCO3 solution is a critical factor that influences 

the activity of the phosphoproteins and further influences the adsorption 
performance of the aminated nano titanium dioxide film. 

In general, the acidity coefficient (pKa) of 11-mercaptoundecanoic 
acid is 3.5 and the isoelectric points (pI) of α-casein and β-casein were 
4.1 and 4.5 respectively (Huang, Wang, Wang, Liu, & Wang, 2015). The 
pH (4.1) of the solution is greater than the surface of the quartz crystal 
gold electrode pKa (3.5), so that the surface of the quartz crystal gold 
electrode will be negatively charged at this time. Since the phospho
protein has a negative charge, it cannot be electrostatically adsorbed on 
the quartz crystal gold electrode surface. When the solution pH is greater 
than pI, the surface of quartz crystal gold electrode is still negatively 
charged, which can’t adsorb phosphoproteins. Almost all proteins have 
isoelectric points below 6.5 (BSA: 4.9; γ-casein: 5.8–6.0; serum albumin: 
4.7–4.9; β-lacto-globulin: 5.1–5.3, etc.) and casein will denature at pH 
less than 6.0 (Corredig, Nair, Li, Eshpari, & Zhao, 2019; Taterka & 
Castillo, 2015; Wang et al., 2017). Therefore, in this work, the pH of the 
selected buffer is in the range of 6.5 to 9.0 (pH > pI). Thus, the protein 
does not undergo static adsorption on the surface of the quartz crystal 
gold electrode but also ensures the activity of the protein. Fig. S1 shows 

the principle of electrode pre-binding experiment. 
In this study, the pH of NH4HCO3 (50 mmoL⋅L− 1) buffer solution was 

6.5, 7.0, 7.5, 8.0, 8.5, and 9.0 respectively. 10 µL of aminated nano ti
tanium dioxide solution was added to the activated quartz crystal gold 
electrode and reacted for 20 min under nitrogen conditions. Then, the 
quartz crystal gold electrode was washed twice with ultrapure water and 
dried with nitrogen. Finally, the optimal pH for adsorption of phos
phoproteins was determined based on the value of the frequency change 
(Δf, -Hz). The frequency shift showed a downward trend with the 
increment of pH from 6.5 to 9.0 and then reached a plateau after 8.0 
(shown in Fig. S2). The reason was mainly attributed to that the repul
sion between the negatively charged phosphoproteins and TiO2, in 
which TiO2 is negatively charged as a Lewis base under alkaline con
ditions. The corresponding variations of the frequency response were 
also recorded by QCM-sensor. Hence, 6.5 was considered as optimal 
adsorption pH. 

3.2.2. Optimization of NH2-TiO2 addition 
Moreover, the addition of NH2-TiO2 can influence the number of the 

phosphoprotein specific binding sites on sensor electrodes and further 
affect the sensitivity of the sensor. In the experiment, the optimal 
amount of NH2-TiO2/MUA/AuE-QCM sensor was determined by adding 
consecutive additions of NH2-TiO2 solution (0.25, 0.5, 0.75, 1, 1.25, 1.5, 
1.75, 2.0 mg⋅mL− 1). It was found that the frequency shifts of the NH2- 
TiO2/MUA-Au electrode under the same conditions increased with the 
addition of NH2-TiO2 to a maximum at 10 µg. Excessive NH2-TiO2 
resulted in a decrease of the frequency shift and then reached a plateau 
after 12.5 µg (Fig. S3). The reason may be that there were not enough 
effective adsorption sites on the electrode surface when the dropping 
amount was less than 10 µg. In contrast, superfluous NH2-TiO2 could 
induce the formation of thick rigid film layer, leading to the reduction of 
mass transfer rate and sensitivity of QCM sensor (Eriksson et al., 2013). 
The sensor prepared at the addition of 10 µg NH2-TiO2 exhibited the 
largest frequency shift during analysis. Thus, in the following experi
ments the addition of NH2-TiO2 was maintained at 10 µg. 

3.3. Analytical performance of NH2-TiO2/MUA/AuE-QCM sensor 

3.3.1. Piezoelectric frequency response at different α-casein concentrations 
In order to investigate the adsorption capacity of NH2-TiO2/MUA/ 

AuE-QCM sensor for the phosphoproteins, different concentrations of 
α-casein (4 ◦C, 0–1 mg⋅mL− 1) (Qi, Mao, Lu, Deng, & Zhang, 2010; Wei & 
Wang, 2017) was tested and the results were shown in Fig. 2C. The 
binding affinity of α-casein to the established sensor was evaluated by 
measuring the change in frequency response upon different concentra
tion of α-casein solution. With the decrease of α-casein concentration, 
more specific recognition sites were empty, and the frequency response 
reduced accordingly. When the α-casein concentration was 1 mg mL− 1, 
the frequency shift reached 1831.87 Hz, which could be attributed to 
increased occupation of the specific sites by α-casein. Moreover, the 
frequency changes were slight for the NH2-TiO2/MUA/AuE electrode in 
the concentration range of 0.001 mg mL− 1 to 0.03 mg mL− 1. All these 
results indicated that the frequency shifts were positively correlated 
with the concentration of α-casein. 

3.3.2. Evaluation of binding performance 
In this study, the binding affinity of phosphoproteins to the estab

lished sensor was evaluated by measuring the changes in frequency 
response upon consecutive additions of α-casein solution. With the in
crease of α-casein concentration, more specific sites were binded and the 
frequency response reduced accordingly. The results in Fig. 2D showed 
that the frequency shift was directly proportional to the concentration of 
α-casein ranging from 0.001 mg mL− 1 to 1.0 mg mL− 1 with a detection 
limit of 5.3 × 10− 6 mg mL− 1 (S/N = 3), the limit of quantitation was 
0.001 mg mL− 1. The linear regression equation was expressed as − Δf 
(Hz) = 1774.45Cα + 58.97(R2 = 0.9971). The frequency shift range and 
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linear range obtained from NH2-TiO2/MUA/AuE were broad. 

3.4. Analysis time and selectivity capability experiment 

The adsorption static of developed QCM sensor towards phospho
proteins (α-casein) at a concentration of 1 mg mL− 1 was studied and 
shown in Fig. S4. Because of the large specific surface area, high spec
ificity and good hydrophilic of NH2-TiO2, NH2-TiO2/MUA- QCM sensor 
exhibited a steady frequency shift within 5 min. Compared with other 
reported measures (listed in Table 1), the fabricated NH2-TiO2/MUA/ 
AuE-QCM sensor in this study was quick and had a good sensitivity. The 
short analysis time was helpful for the rapid detection. 

The selectivity of the NH2-TiO2/MUA/AuE electrode was also eval
uated in this study. A selective experiment was carried out to evaluate 
the recognition capability of proposed sensor. α-Casein and a series of 
α-casein/BSA (concentration ratio of α-casein/BSA: 1:10, 1:100, 1:300, 
1:500, 1:1000) were tested, respectively. The results in Fig. 3A showed 
that the frequency shifts were almost consistent by comparing the 

frequency shift of α-casein at the same concentration (Fig. 3A black 
curve). This result validated that the NH2-TiO2/MUA/AuE sensor was 
significantly better than BSA in its ability to select and recognize 
phosphoproteins. In addition, α-casein and some non-phosphoproteins 
at the same concentration of 1 mg⋅mL− 1 were tested, including lacto- 
ferrin (LF), lacto-globulin (β-Lg), whey protein (ɑ-La), bovine serum 
albumin (BSA) respectively, and the results were shown in Fig. 3B. The 
frequency shifts for the non-phosphoproteins LF, β-Lg, ɑ-La and BSA 
were much less significant than for the ɑ-casein, indicating the good 
selectivity of the NH2-TiO2/MUA/AuE to ɑ-casein. Therefore, the con
structed NH2-TiO2/MUA/AuE had a good selectivity for 
phosphoproteins. 

3.5. Reproducibility and stability of NH2-TiO2/MUA/AuE 

Stability and reproducibility of the developed QCM sensor were 
evaluated. Fig. 3C showed the relative standard deviation (RSD) of the 
frequency shifts signal for 1 mg mL− 1 α-casein was 4.2% under 

Table 1 
Comparison of different methods for the determination of phosphoproteins/phosphopeptides.  

Methods Characteristics Sensitivity(µmol 
L− 1) 

Detection time 
(min) 

Samples Ref. 

Ti4+-IMAC Large surface area, hydrophilicity, 
magneticseparation 

– 60 β-casein/BSA(1:200),human serum (Wang et al., 
2014) 

Fe3+-IMAC Nanomaterial: large surface area 0.5 × 10− 7 75 Nonfat milk; egg yolk; human serum (Hussain et al., 
2013) 

TiO2-MOAC Mesomaterial: large surface area 0.3 × 10− 9 50 β-casein/BSA (1:100); nonfat milk; rat 
liver 

(Zhang et al., 
2012) 

ZrO2-GCE large surface area 0.0934 – – (Gao et al., 2016) 
NH2-TiO2/MUA/ 

AuE-QCM 
Nanomaterial Large surface area, 
hydrophilicity 

0.0002 5 nonfat milk; chicken egg white;α-casein/ 
BSA (1:1000) 

This work  

Fig. 3. (A) The frequency shift corresponding to the NH2-TiO2/MUA/AuE for only α-casein and α/BSA analytes at different ratios; (B) Selectivity of the NH2-TiO2/ 
MUA/AuE to ɑ-casein and some non-phosphoproteins with the same concentration; (C) Influence of the repeatability cycles on ɑ-casein adsorption using NH2-TiO2/ 
MUA/AuE; (D) The stability of the NH2-TiO2/MUA/AuE to ɑ-casein. 
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continuous five parallel experiments, indicating the QCM sensor having 
outstanding stability and reliability. In order to evaluate the reproduc
ibility of QCM sensor, five pretreated NH2-TiO2/MUA/AuE were 
measured after incubating at 1 mg mL− 1 α-casein solution, the RSD of 
the frequency shifts was 6.8%. The above results revealed that the 
proposed sensor had favorable reproducibility during preparation and 
measurement. 

To evaluate the long-term preservation stability of the proposed 
sensor, the frequency shifts of NH2-TiO2/MUA/AuE toward 1.0 mg mL− 1 

α-casein solution was measured and recorded weekly. The results in 
Fig. 3D revealed that the frequency shifts presented a slight change and 
the sensor maintained more than 90% response efficiency after being 
stored at room temperature for a month. The good reproducibility and 
stability of the developed QCM sensor were attributed to the good sta
bility of NH2-TiO2 metal oxide and rigid structure of the NH2-TiO2/MUA 
film. 

3.6. Application of the QCM sensor in practical samples 

In order to demonstrate the applicability and feasibility of the NH2- 
TiO2/MUA/AuE-QCM sensor, phosphoproteins in non-fat milk, egg 
white were tested by adsorption experiments. The statistical results were 
shown in Fig. 4A, the frequency shifts of NH2-TiO2/MUA/AuE-QCM 

sensor were different for the adsorption of phosphoproteins in different 
dilutions of non-fat milk. The frequency shifts (-Δf, Hz) decreased with 
the increase of the dilution of non-fat milk. The frequency shifts (-Δf, Hz) 
reached the maximum value of 1301.2 Hz without dilution of centri
fuged nonfat milk and the quality of phosphoproteins were 8.932 ×
10− 1 µg. The adsorption of phosphoproteins in different dilutions of egg 
white by NH2-TiO2/MUA/AuE-QCM sensor was shown in Fig. 4B. The 
smaller the frequency change value (− Δf), the greater the egg white 
dilution. When the egg white was not diluted by NH4HCO3 buffer, the 
frequency change value (-Δf) of the sensor reached a maximum of 402.7 
Hz, and the mass of the phosphoproteins were 2.764 × 10− 1 µg. These 
results proved that the NH2-TiO2/MUA/AuE-QCM sensor can be applied 
to the accurate detection and effective analysis of trace the phospho
proteins in actual samples. 

3.7. MALDI-TOF MS qualitative validation 

In order to further verify the detection accuracy of the constructed 
sensor, the trypsin hydrolysate of phosphoproteins eluted from the 
electrode were detected by the MALDI-TOF mass spectrum. The mass 
spectrum analysis was performed for trypsin hydrolysate of α-casein 
(Fig. 4C) and β-casein (Fig. 4D) in which the α-casein and β-casein were 
collected from the chips of the prepared sensor after being eluted with 

Fig. 4. (A) Frequency shift of the actual 
sample nonfat milk; (B) Frequency shift 
of the actual sample egg white; (C) 
MALDI-TOF MS spectra of phosphopep
tides from the trypsin hydrolysate of 
α-casein eluted from the electrode; (D) 
MALDI-TOF MS spectra of phosphopep
tides from the trypsin hydrolysate of 
β-casein eluted from the electrode; (E) 
MALDI-TOF MS spectra of phosphopep
tides from the trypsin hydrolysate of non- 
fat milk eluted from the electrode; (F) 
MALDI-TOF MS spectra of phosphopep
tides from the trypsin hydrolysate of 
mixture (casein) eluted from the elec
trode. (*dephosphorylated fragment).   
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15% aqueous ammonia (10 µL). The mass spectrum analysis based on 
MALDI-TOF revealed that the peaks were dominated by strong signals 
from the phosphopeptides. This result further demonstrated that the 
NH2-TiO2/MUA/AuE piezoelectric sensor had a high specific selectivity 
for phosphoproteins. 

To demonstrate that the NH2-TiO2/MUA/AuE-QCM sensor has good 
adsorption capacity for phosphorylated proteins in the actural sample, 
we further carried out the same verificatory experiments on complex 
samples (e.g. casein and non-fat milk). The mass spectrograms (Fig. 4E 
and F) were the trypsin hydrolysate of phosphoproteins eluted with 15% 
aqueous ammonia from sensor. The analysis results of the trypsin hy
drolysate of non-fat milk and mixture (casein) were displayed in Fig. 4E 
and F, respectively. It was reported (Baker et al., 2011) that only 3 
phosphopeptides can be detected by mass spectrometry when the 
phosphopeptides was not enriched. In contrast, the proposed sensor can 
detect more phosphopeptides and the detection method was more sen
sitive. These results proved the NH2-TiO2/MUA/AuE-QCM sensor has 
practical significance for the selective adsorption and rapid detection of 
trace phosphoproteins from real samples. 

4. Conclusion 

In summary, a novel based NH2-TiO2/MUA/AuE-QCM sensor for 
rapid determination of trace phosphoproteins had been successfully 
constructed by self-assembly onto 11-mercaptoundecanoic acid deco
rated AuE surface for the first time. The QCM sensor had advantages of 
large specific surface area, high specificity and good hydrophilic of NH2- 
TiO2, higher sensitivity and shorter analysis time. Under optimal con
ditions, the proposed QCM sensor using NH2-TiO2/MUA/AuE as work
ing electrode rapidly selectively recognized trace phosphoproteins 
under a complex system. The QCM sensor had ability to achieve linear 
detection of α-casein from 1.0 × 10− 3 to 1.0 mg mL− 1 with a LOD of 5.3 
× 10− 6 mg mL− 1 and LOQ of 1.0 × 10− 3 mg mL− 1. Moreover, repeated 
measurements and long-term storage hardly affected the stability of the 
proposed sensor. More importantly, the proposed sensor was success
fully applied for detecting trace phosphoproteins in non-fat milk and egg 
white, making it possible to detect trace phosphoproteins in actual 
samples. The experimental results had good correlation with the MALDI- 
TOF MS detection results, which showed that the QCM sensor had a 
good application prospect for rapid detection of phosphoproteins. 
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