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A B S T R A C T   

The abnormal protein phosphorylation is closely related to a series of diseases including cancers, neuro
degeneration, and other immune/inflammatory disorders. However, a simple, accurate, and pragmatic meth
odology for the direct detection of phosphorylation levels of target proteins is largely unavailable. Herein, a 
surface plasma resonance (SPR) biosensor was developed to detect phosphorylated protein based on significant 
SPR enhancement using UiO-66 and its high affinity for phosphate residues. Furthermore, the pH of the incu
bation buffer and the NaOH concentration in the washing solution to eliminate nonspecific adsorption of 
nanoparticles on the chip surface were optimized to adjust the surface charges of UiO-66. This improved the 
specificity and sensitivity of the proposed method. The designed biosensor could distinguish 1% phosphorylated 
peptides from non-phosphorylated peptides background. Moreover, the method could directly analyze the 
phosphorylation level of target protein in complex samples such as cell or tissue extracts without requiring a 
purification step in a single workflow. This simple and robust biosensor is a sensitive, accurate, and pragmatic 
toolbox to detect phosphorylated proteins without destroying the protein structure and can significantly facilitate 
phosphoproteomics and clinical diagnosis research.   

1. Introduction 

Protein phosphorylation, a process involving the attachment of 
phosphate groups to specific amino acid residues (serine (S), threonine 
(T), or tyrosine (Y)) in target proteins, is closely linked to various bio
logical processes including signal transduction, apoptosis, and gene 
expression [1]. In the past years, it has been shown that the aberrant 
protein phosphorylation could lead to various diseases such as cancer, 
diabetes mellitus, neurodegeneration, and other immune-inflammatory 
disorders [2,3]. Therefore, analysis of the phosphorylated proteins is 
necessary for deciphering the fundamental biological processes and 
indicating pathogenesis and diseases development at the molecular 
level. 

Western blotting (WB) is a commonly used technique to examine 
phosphorylated proteins [4,5]. However, this method requires a 

complex operation that can be influenced by many factors, such as the 
incubation temperature and time, quality of primary antibodies, clean
ing solution composition, etc. that may cause poor repeatability and 
quantification. Advanced development in the field of mass spectrometry 
(MS) technology has made it possible for the sensitive, accurate, and 
high-throughput analysis of protein phosphorylation by detecting the 
mass-to-charge ratio of proteins or peptides [6,7]. Nevertheless, it re
quires sophisticated and expensive equipment. Also, the pretreatment of 
the sample may destroy the original structure of the candidate 
phosphoprotein. 

Recently, metal oxide affinity chromatography (MOAC) has been 
reported to isolate the phosphorylated peptides based on Lewis acid- 
base-interaction between the metal oxide and phosphate group of 
phosphorylated peptides in an acidic environment [8–10]. Besides, 
several studies explored the individual metal oxides such as Zr 4+, Ti 4+, 

* Corresponding authors. 
E-mail addresses: chengwei@hospital.cqmu.edu.cn (W. Cheng), xiaqianfeng@hainmc.edu.cn (Q. Xia).   

1 These author contributed equally to this work. 

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2022.137000 
Received 10 December 2021; Received in revised form 15 April 2022; Accepted 12 May 2022   

https://www.bing.com/dict/search?q=complex%26FORM=BDVSP6%26cc=cn
mailto:chengwei@hospital.cqmu.edu.cn
mailto:xiaqianfeng@hainmc.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2022.137000
https://doi.org/10.1016/j.cej.2022.137000
https://doi.org/10.1016/j.cej.2022.137000
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2022.137000&domain=pdf


Chemical Engineering Journal 446 (2022) 137000

2

Fe 3+ and Zn 2+, except Si4+ [11,12], for their high affinity towards 
phosphate group and application in the field of phosphor-proteomics 
[13–16]. For instance, Gaurav et al. used Zn 2+-Phos-Tag SDS-PAGE to 
detect the phosphorylated protein at neutral pH based on Zn 2+ coor
dination with the protein phosphate group [17,18]. 

In addition, the metal–organic framework (MOF) having excellent 
characteristics like higher surface area, specific symmetry, and ease of 
modification has rapidly emerged as an alternative approach for its 
diverse applications [19–21]. For instance, Fe-MOF and Zr-MOF [22,23] 
are commonly used for the isolation and enrichment of phosphorylation 
peptides or proteins by forming coordination covalent bonds with 
phosphoric acid groups. Also, these have higher phosphate adsorption 
capacity than amorphous zirconium oxide nanoparticles [24]. Zhao 
et al. used the hydrophilic core–shell-shell structured magnetic MOF to 
analyze the phosphate protein. In this work, the phosphorylated pro
teins were hydrolyzed into separate peptide chains for further enrich
ment and detection by MS [25]. Similarly, Yao Wu and co-workers 
synthesized a new type of magnetic guanylyl-functionalized MOF nano- 
spheres to achieve the enrichment and detection of phosphor-peptides 
[26]. Although these detection methods focused on the isolation and 
enrichment effect of MOF, the process is time-consuming requiring 
tedious steps like isolation, purification, and detection, and could not 
realize quantitative detection of phosphorylated proteins. Overall, a 
simple, accurate and pragmatic methodology for the direct detection of 
phosphorylated proteins remains an urgent requirement. 

Surface plasma resonance (SPR) biosensor is a kind of optical tech
nique that enables real-time and multiplexed detection of biomolecules 
using the captured probes modified on an SPR chip. The amount of the 
substance could be tested based on the change in refractive index in the 
vicinity of thin metal layers [27–32]. It is a high sensitivity, label-free, 
real-time, in-situ, and multiplex biomarker detection method, which 
has made SPR biosensors a powerful tool in many scientific fields, such 
as antigen–antibody interaction monitoring, immunological identifica
tion, medical diagnostics, and so on [33–35]. 

Recent studies found that the inherent Zr–O clusters in the UiO series 
of MOFs present a high affinity toward phosphoric groups and could 
help in realizing the remarkably enhanced uptake of phosphor-bearing 
phosphates or phosphonates via the formation of Zr–O–P bonds 
[36,37]. Inspired by this, we logically speculated that the Zr–O clusters 
in Zr-based MOFs could also serve as effective anchorages for the 
binding with phosphoric groups containing phosphorylated peptides. 
Numerous nanomaterials (such as gold, silver, magnetic nanomaterials, 
etc.) have been used to improve the SPR signals sensitivity [38,39]. For 
now, not many researchers use individual Zr-MOFs to enhance the SPR 
effect. Herein, a pH-adjusted SPR biosensor was designed for the 
detection of phosphorylated proteins based on the specific binding be
tween Zr-MOF (UiO-66) and phosphate residues. In this method, UiO-66 
served as a dual-functional element that not only specifically bound to 
phosphoprotein but also enhanced the SPR signal. Furthermore, the 
effect of the pH environment on the specificity combination of UiO-66 
for the phosphate group was systematically investigated. This method 
realizes direct detection of phosphorylated residues in protein extracts 
without additional isolation and purification. This simple, specific, and 
sensitive biosensor can be an alternative platform for the direct analysis 
of phosphorylated proteins and peptides. 

2. Materials and methods 

2.1. Materials and reagents 

Tris, zirconyl chloride (ZrOCl2⋅8H2O), 1,4-benzenedicarboxylic acid 
(H2-BDC), and N,N-Dimethy-Formamide (DMF) were purchased from 
Aladdin Chemistry Co., Ltd (Shanghai, China). MDA-MB-231 cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM, HyClone; 
Thermo Scientific) with 10% fetal bovine serum (FBS), 100 U/mL 
penicillin, and 100 μg/ml streptomycin at 37 ℃ and 5% CO2. Bovine 

serum albumin (BSA) was obtained from Thermo Fisher Scientific 
(Wilmington, USA). All cell lines were purchased from American Type 
Culture Collection (ATCC). Phosphorylated (PP; KpYRKNLDFEQLKC) 
and non-phosphorylated (NPP; KYRKNLDFEQLKC) peptides were pur
chased from Sangon Biotech. Co. Ltd. (Shanghai, China). Akt, Anti-total 
Akt antibody, Anti-p-akt antibody, and 2-(4-morpholinyl)-8-phenyl- 
chromone (LY294002) (PI3K inhibitor) were supplied by Abcam (MA, 
USA). HRP rabbit IgG was purchased from Beyotime (Jiangsu, China). 
All other reagents were of analytical grade and used without further 
purification. Ultrapure water, used for preparing all aqueous solutions, 
was from Milli-Q gradient ultrapure water system (Millipore, MA). 

2.2. Apparatus 

The SPR platform and sensor chips with gold array were home-built. 
This platform has two separate channels, each with 50 µL volume, for 
temporally detecting proteins. A 46 nm thick gold layer was deposited 
on each layer via e-beam evaporation after a 2 nm thick layer of chro
mium was fabricated on the SPR chip as an adhesion layer. Emitting 
diode (LED, 650 nm) was used as an optical source to stimulate the 
Surface Plasmon Resonance on the SPR chip and a polarizer was used to 
ensure p-polarized light for SPR measurement. The matching liquid (n =
1.616) was mediated between the sensor chip and prism (heavy flint 
glass) to avoid any air influence. All sensorgrams were evaluated by a 
lab-developed program written in LabVIEW. The surface morphology of 
the sample was examined by Scanning Electron Microscopy (SEM) 
(Hitachi, Japan). X-ray diffraction (XRD) patterns were obtained using a 
D8 focus diffractometer (Bruker AXS, Germany). The SDS-PAGE and 
image analysis were performed with an electrophoresis analyzer and a 
ChemDoc XRS system (Bio-Rad, USA), respectively. 

2.3. Synthesis of UiO-66 

UiO-66 samples with different sizes were synthesized according to 
the previously reported solvothermal route with slight modification of 
acetic acid (Ac) ratio and reaction time [40]. Briefly, 21 mg of 
ZrOCl2⋅8H2O and 50 mg of H2-BDC were added to 6 mL of DMF with 
magnetic stirring until the powder fully dissolved. Subsequently, 1.5 mL 
of Ac was added as a modulator to adjust the size of the crystals. The 
resulting suspension was put into a Teflon-lined autoclave (50 mL), 
sealed, and heated at 120 ℃ for 24 h. Next. The suspension was cooled 
down to room temperature and the resultant precipitate was washed 
with DMF several times followed by three times washing with ethyl 
alcohol to remove the trapped DMF molecules. Lastly, the obtained 
product was overnight vacuum dried at 60 ℃ for further use. 

2.4. Cell culture 

Human breast cancer cell line MDA-MB-231 was obtained from the 
Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All 
cells were grown in DMEM (Gibco, Gaithersburg, MD, USA) supple
mented with 10% heat-inactivated FBS (Biowest, Ru du Vieux Bourg, 
France), 100 U/mL penicillin, and 100 mg/mL streptomycin (Beyotime 
Biotechnology, Shanghai, China) at 37 ℃ and 5% CO2 (Thermo, Wal
tham, MA, USA). The cells were cultured as described previously [41]. In 
brief, the cells were subcultured for 12 h and then added with 20 µM 
LY294002 dissolved in RPMI 1640 with shaking for 24 h. The control 
group was added with the same amount of DMSO, while the other 
treatments were the same as the inhibitor groups. The construction of 
the chronic migraine (CM) rat model is described in the supplementary 
materials. 

2.5. Western blotting 

Fresh trigeminal nucleus caudalis (TNC) tissue from rats or MDA-MB- 
231 cells were homogenized in RIPA lysis buffer (150 mM NaCl, 0.5% 
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Triton X100, 50 mM Tris-HCl (pH 7.4), 25 mM NaF, 20 mM EDTA, 1 mM 
dithiothreitol (DTT), and 1 mM Na3VO4; Beyotime, China) supple
mented with phenylmethylsulphonyl fluoride (PMSF, Beyotime, China), 
1% protease inhibitor, and 3% phosphatase inhibitor cocktails at 4 ℃ for 
1 h. The homogenate was centrifuged at 12,000 rpm at 4 ℃ for 15 min 
and the collected supernatants were estimated for protein concentration 
using a BCA Protein Assay Kit (Beyotime, China). After denaturation in 
Laemmli buffer (60 mM Tris-Cl (pH 6.8), 2% sodium dodecyl sulfate 
(SDS), 10% glycerol, 5% β-mercaptoethanol, and 0.01% bromophenol 
blue), equal amounts of protein (30 μg) from whole cellular homoge
nates were subjected to SDS-PAGE. 

The proteins were transferred to a membrane, which was blocked 
with 5% nonfat milk at 37 ℃ for 2 h and then overnight incubated with 
primary antibodies at 4 ℃, including anti-NR2B (1:1000, Proteintech), 
anti-p-NR2B (1:500, Abcam), anti-p-Akt (1:5000, Abcam), anti-total Akt 
(1:5000, Abcam), anti-GADPH (1:8000, Abcam), and anti-β-actin 
(1:5000, Proteintech, USA), respectively. The membrane was washed 
with 1 × TBST buffer three times and then incubated with the horse
radish peroxidase-conjugated secondary antibody (1:5000, Zhongshan 
Golden Bridge Bio, China) at 37 ℃ for 2 h. The membrane was washed 
again thrice with 1 × TBST buffer and the protein bands were illumi
nated with the enhanced chime-luminescence (ECL) detection kit (Mil
lipore, USA). β-actin and GADPH were used as a loading control to 
normalize the protein levels. 

2.6. Fabrication of antibodies microarray chip 

The antibodies were immobilized on the SPR chip as described pre
viously [9,42]. Firstly, the gold chip surface was cleaned with fresh 
piranha solution (70% H2SO4, 30% H2O2) for 10 min to eliminate the 
adsorbed organic impurities, and then rinsed thoroughly with ultrapure 
water. The washed gold chip was dried under nitrogen. Anti-Akt, anti-p- 
Akt, or anti-p-NR2B Antibodies were diluted to a final concentration of 
0.5 mg/mL with GTA reaction solution and printed in replicate on the 
bare gold-coated (thickness 50 nm) chip. The chip was incubated at 4 ◦C 
and 80% humidity overnight before rinsing with GTA reaction solution 

for 30 min and deionized water for 10 min. Next, the chip was blocked 
with 2% (w/v) BSA in GTA reaction solution for 2 h and washed with 
GTA reaction solution for 30 min and deionized water for 10 min, and 
then dried under a stream of nitrogen before further use. 

2.7. Selective detection of phosphoprotein with UiO-66 on SPR platform 

The dried chip was docked into the Biacore X™ instrument socket. 
The running solution pH was 4.0. For each SPR measurement, GTA was 
initially injected into both channels of the flow chamber at a constant 
rate of 50 µL/min at 25 ◦C to establish a steady-state sensorgram. Next, 
80 µL of 0.4 mg/ml total protein extract was injected into the flow 
chamber for 2 min and 40 s and then the injector was stopped; the 
injector was stopped for 1 h to form antibodies-antigen hybrid on the 
chip surface. Subsequently, the unbound protein was washed with the 
GTA reaction solution until the signal stabilized (~10 min). Next, 0.5 
mg/ml of MOF was passed into the reaction system for 90 min to 
generate the corresponding SPR signal indicating binding with the 
phosphate group of phosphoproteins. Lastly, NaOH was passed into the 
flow chamber to remove non-specifically adsorbed UiO-66. All experi
ments were performed with three replicates and the average value was 
calculated. 

3. Results and discussion 

3.1. Detection principle 

UiO-66 was obtained based on previously reported research 
(Scheme 1A) [40]. Briefly, ZrOCl2⋅8H2O and H2-BDC were used as raw 
materials to synthesize UiO-66, and Ac was used to adjust its particle 
size. The basic principle of the SPR biosensor for the detection of 
phosphorylated proteins due to specific binding of phosphate residues 
with UiO-66 is depicted in Scheme 1B. The monoclonal antibodies were 
immobilized on the surface of gold chips to separate certain proteins 
from the protein extracts. Subsequently, UiO-66 was utilized to distin
guish phosphorylated protein through Zr-O-P bond to obtain a 

Scheme 1. Schematic illustration of (A) UiO-66 synthesis; (B) UiO-66-based SPR biosensor for the detection of phosphorylated protein. (a) The protein extract was 
injected into the flow chamber and then (b) UiO-66 was added. (c) NaOH solution was used to remove the non-specifically adsorbed UiO-66. 
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significantly enhanced SPR signal in acidic conditions. Next, the non- 
specific adsorption of UiO-66 was eliminated by washing with NaOH 
solution to improve the specificity of the designed biosensor. This 
method realizes the separation and detection of phosphorylated proteins 
on a single SPR chip interface without destroying the original structure 
of the protein. 

3.2. Morphology and structural characterization of UiO-66 

SEM was used to characterize the size and morphology of the syn
thetic UiO-66 (Fig. 1A and 1B). The UiO-66 particles presented good 
dispersion status and regular octahedral morphology with a uniform 
particle size of 120 ± 30 nm. Zr-based MOFs with this size range have 
shown high affinity toward phosphoric groups bearing phosphorylated 
peptides [16,24]. Also, the corresponding energy dispersive spectros
copy (EDS) element mappings of UiO-66 revealed uniform distribution 
of zirconium, carbon, and oxygen throughout the octahedral crystals 
(Fig. 1C). Furthermore, XRD was employed to characterize the crystal
linity of the synthesized UiO-66 materials. Fig. 1D shows the peaks 
corresponding to UiO-66 particles at 2θ = 7.64◦ (111), 8.78◦ (200), 
15.04◦ (222), 17.32◦ (400), which are consistent with previous studies 
[24,43,44]. Besides, the sharp diffraction lines in Fig. 1D suggest the 
high crystallinity of the UiO-66 material. All these results suggest that 
UiO-66 samples were fabricated successfully. 

3.3. Feasibility of the biosensor strategy 

Oligonucleotides chains were utilized to verify the UiO-66 binding 
with phosphate groups. Fig. S1 shows that the terminal phosphate 
modified DNA strand generated a higher SPR signal compared with that 
without it. This suggested that UiO-66 binding for terminal phosphate 
was much higher than that to an intermediate phosphate [45]. Also, it 
indicated that the 3′-5′ phosphodiester bond of the DNA strand could 
serve as a combination site for UiO-66 generating an SPR signal that 
remained unaffected from NaOH washing. 

To further investigate the feasibility of SPR signal enhancement by 

UiO-66 for phosphorylation analysis, PP with phosphorylated tyrosine 
residue at the N’-end was modified on the surface of gold chips by using 
cysteine residues at the C’-ends (Fig. 2A). NPP-modified chip without 
phosphate groups was used as a negative control. Electrochemical 
impedance spectroscopy (EIS) was used to confirm the layer-by-layer 
modification on the gold chips using the electroactive probes [Fe 
(CN)6] 4− /3− . As shown in Fig. 2B, after immobilization of peptides, the 
electron-transfer resistance (Ret) of the electrode increased gradually 
(curves b and c) compared with the bare electrode (curve a) due to the 
electron inert effect of peptides. A higher negative charge of PP in the 
acidic condition increased the EIS of the electrode (curve c) compared 
with NPP (curve b). Also, a significant increase in Ret (curve e) was 
observed for the PP-modified electrode than the NPP-modified electrode 
(curve d) as UiO-66 binding obstructed electron transfer to the PP- 
modified electrode interface. Notably, the designed peptide chain had 
amine, phenol (tyrosine) amide, and COOH groups in K, Y, R, and N 
residues, respectively. These did not produce any SPR signal in the 
control group compared with the PP-modified electrode interface. SEM 
was used to image the biosensor before and after NaOH washing for the 
PP and NPP samples. As shown in Fig. S2, there were so many nano
particles loaded on the PP- (Fig. S2 B) and NPP-modified (Fig. S2 E) chip 
before the NaOH solution washing. After the washing, almost all UiO-66 
was washed away from the NPP-modified chip (Fig.S2 F), however, a lot 
of it remained trapped on the PP-modified chip. All these results 
demonstrated the success of the washing procedure and the high affinity 
of the PP samples for UiO-66. 

Next, we studied the SPR signal enhancement effect of UiO-66 on the 
surface of gold chips. As shown in Fig. 2C, after incubation with UiO-66, 
a prominent high SPR signal was obtained in PP-modified chips (curve i) 
compared with NPP modified chips (curve ii). This demonstrated the 
specific affinity of UiO-66 towards the phosphate group, which gener
ated a significant plasma resonance phenomenon with the gold chips. 
We also compared the ZrO2 and SiO2 results with UiO-66. Although 
ZrO2 specifically binds to phosphate residues [24], it does not enhance 
the SPR effect on the surface of the gold film (As shown in Fig.S3 A). SiO2 
can enhance the SPR effect on the surface of the chip (Fig.S3 B), 

Fig. 1. (A and B) SEM images; (C) EDS, and (D) XRD of synthesized UiO-66 particles.  
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however, the effect is the same for both PP-modified and NPP-modified 
chips. This indicates that SiO2 cannot directly achieve the distinguish of 
phosphorylated proteins. Therefore, UiO-66 was selected to enhance the 
SPR effect on the chip and realize the direct detection of phosphorylated 
proteins. According to the enhancement mechanism of other nano
materials such as gold, silver, and carbon nanomaterials to SPR, we 
inferred that UiO-66 can enhance SPR sensing through the following 
mechanism: (i) the LSPR of nanoparticles coupled with the surface 
plasmon wave excites the sensing film; (ii) large surface mass loading, 
and (iii) charge transfer from the nanomaterial surface to the metallic 
sensing film surface induce a larger evanescent field thereby magnifying 
the SPR signal [46]. Importantly, the binding between UiO-66 and 
phosphate group was stable while NaOH wash could fully eliminate the 
non-specific absorption. This result confirms the high selectivity of the 
proposed biosensor involving UiO-66 binding to phosphate group via Zr 
4+ [47]. 

3.4. Influence of pH on the detection specificity 

To reduce the influence of peptide chain steric hindrance affecting 
the sensitivity of the method, the concentration of modified peptide 
chains on the surface of the gold chip was optimized (Fig. S4). 50 μM 
peptide chains with the optimal signal-to-noise ratio (S/N) were chosen 
for the subsequent experiments. To investigate the phosphate sorption of 

the Zr-based MOFs with different sizes, the UiO-66 with the sizes of 40 
± 10 nm and 300 ± 30 nm were also synthesized by adjusting the vol
ume of acetic acid. As shown in Fig. S5, there were conspicuous SPR 
responses in Fig. S5 B (120 ± 30 nm) compared with Fig. S5 A (40 ± 10 
nm) and Fig. S5 C (300 ± 30 nm). Interestingly, the SPR signal of UiO-66 
with 40 ± 10 nm size was completely washed away by the reaction 
buffer (Fig. S5 A), and the synthesized UiO-66 did not show the typical 
octahedral structure (the insert of Fig. S5 A). This might affect the 
identity of UiO-66 to phosphate peptides. Also, a lower SPR response 
was observed in Fig. S5 C for two reasons: first, there was less binding 
between UiO-66 and phosphate peptides due to the steric hindrance 
effect of the large particle size; second, the UiO-66 influence on the 
surface electric field strength of the gold film was lower. Therefore, Zr- 
MOF with 120 ± 30 nm size was chosen in this work. 

In order to investigate the influence of pH on UiO-66 binding to 
phosphate groups, 10 mM GTA solution of different pH was used as the 
UiO-66 binding buffer. As shown in Fig. 3A, an increase in pH gradually 
decreased the SPR signal of UiO-66 for both PP- and NPP-modified chips. 
The S/N reached the plateau at pH 4.0–5.0 and then decreased with a 
further increase in pH. This phenomenon can be attributed to the point 
of zero charge (PZC; the pH at which the net surface charge is zero), 
which was about pH 4.7 for UiO-66 (Fig. 3B) [48]. At binding pH lower 
than PZC, the UiO-66 surface became protonated and positively 
charged, increasing nonspecific adsorption of UiO-66. While, at pH >

Fig. 2. (A) Illustration of specific binding of UiO-66 to phosphate groups of peptides on the chip surface for SPR signal enhancement; (B) EIS of (a) bare Au electrode, 
(b) NPP + BSA, (c) PP + BSA, (d) NPP + BSA + UiO-66 and (e) PP + BSA + UiO-66 in 0.1 M KCl containing 5 mM Fe(CN)6 

4-/3-; (C) SPR sensorgrams of UiO-66 
binding with (i) PP and (ii) NPP modified chips. 
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5.0, a higher negative charge was produced on the nanoparticle surface 
(Fig. 3B) [49]. On the contrary, with an increase in pH, the phosphate 
species on the phosphorylated peptide progressively change from H2PO4

- 

to HPO4
2- to PO4

3- increasing the negative charge [50,51]. This created a 
higher repulsive force between the phosphate residues and UiO-66 
decreasing S/N. Notably, acidic conditions were well known to change 
the structure of antibodies and antigens decreasing the binding affinity 
of immune-complex leading to antigen leaching from the immune- 
affinity layer. However, several studies suggested that the binding 
force between antibody and antigen does not change in the investigated 
pH range of 4.0–12.0, however, the number of interaction events 
‘counts’ could be higher at lower pH (pH ≤ 5.0) [52]. Also, pH 2.5 in
duces an artificial ELISA signal potentially due to IgG rather than other 
serum proteins [53]. Above all, pH 4.0 was chosen as the optimal con
dition for UiO-66 binding in the subsequent experiments. 

To further eliminate the non-specific adsorption of UiO-66, NaOH 
solution was used as a cleaning solution and its concentration was 
optimized. As displayed in Fig. 3C, after binding with UiO-66, the chips 
were washed with NaOH solutions with incremental concentrations 
(from a to e). The SPR signal of the NPP-modified chip decreased sharply 
almost to the initial baseline after washing with 5 mM NaOH solution. 
Even though the concentration of NaOH continued to increase, the SPR 
signal held steady (black curve). The SPR signal of the PP group did not 
show a significant change after washing with < 6 mM NaOH cleaning 
solutions (red curve). This result indicated that a 5 mM NaOH solution 
could eliminate the non-specific absorption of UiO-66 without affecting 
its specific binding. However, when the concentration of NaOH solution 
increased to 10 mM, the SPR signal of the PP group showed a sharp 
decline. This indicated that the specific coordination bond of UiO-66 
with phosphate species was broken at this NaOH concentration. The 

biosensor synthesized in this work could not be regenerated. However, 
after the chip was washed with piranha solution which destroyed the 
ligands modified on the chip, antibodies and peptides could be re- 
modified on the chip for the detection of phosphate. This way the chip 
in this work could be reused about 30 times. The ΔSPR was used to 
quantify the specific binding of UiO-66 and found that 5 mM NaOH 
solution was the optimal cleaning solution concentration (Fig. 3D). 

3.5. Sensitivity of the biosensor 

Under the optimum conditions, the sensitivity of the designed 
biosensor was examined by preparing different peptide-modified chips 
with a series coverage of PP ratios. As depicted in Fig. 4A, the SPR signal 
began to rise after UiO-66 addition and displayed distinct SPR intensities 
for PP and NPP groups after ~ 90 min. Next, 5 mM NaOH solution was 
used to wash away the non-specifically adsorbed UiO-66 until the signal 
became stable. The final signal was recorded as ΔSPR. As shown in 
Fig. 4, ΔSPR signals gradually increased with the increasing coverage 
(%) of the phosphorylated peptide showing a linear relationship be
tween the two (from 1% to 100%, Fig. 4B). The linear regression 
equation is ΔSPR = 4.574 * PP% + 104 with a correlation coefficient of 
0.9883. Notably, the limit of detection (LOD) of our SPR biosensor for 
the coverage of phosphorylated peptides was about 1%. Such high 
sensitivity can be attributed to the significant SPR enhancement of UiO- 
66 and its highly specific pH-adjusted binding to phosphate residues. 
Table 1 summarizes different detection methods of phosphorylated 
peptides or proteins. The sensitivity of our method is almost comparable 
to those methods. Compared with the traditional detection methods 
(Table S1) [54,55], this method is more economical (about 4.3$/test), 
and the detection time is shortened to 90 min. In addition, the method 

Fig. 3. (A) SPR signal response of UiO-66 binding on peptide-modified chips to different pH binding buffers. (B) UiO-66 surface potential under different pH 
conditions. (C) The influence of NaOH cleaning solution concentration 3, 4, 5, 6, and 10 mM (from a to e, respectively) on SPR signal. ΔSPR is the SPR signal of UiO- 
66 after NaOH solution cleaning. (D) The relation of ΔSPR with the concentration of NaOH cleaning solution. Error bars are standard derivations obtained from three 
independent experiments. 
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does not involve the pre-enrichment and denaturation of phosphory
lated proteins into peptide chains, which greatly simplifies the operation 
process. 

3.6. Distinguishing phosphoprotein from complex samples 

Phosphorylated Akt (p-Akt), the most critical signal molecule in the 
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)-Akt signaling 
pathway, has been linked to human breast cancer [62,63]. To estimate 
the feasibility of the developed SPR biosensor for the detection of 
phosphoproteins in cells extracts, p-Akt was selected as a model target. 
Anti-p-Akt (Fig. 5A) and anti-total Akt (Fig. 5B) antibody-modified chips 
were used to capture corresponding proteins from MDA-MB-231 breast 
cancer cells extracts. UiO-66 was utilized to distinguish phosphorylated 
protein and obtain a significantly enhanced SPR signal. 

As shown in Fig. 5A, SPR signals of proteins were faint for both p-Akt 
containing and control extracts. However, a distinctive curve was 
observed when UiO-66 was injected to bind with p-Akt, while other 
control groups did not show an obvious SPR signal. Especially, the 
addition of LY294002 to inhibit the protein phosphorylation of MDA- 
MB-231 significantly decreased the SPR biosensor signal for p-Akt. 
This is consistent with the Western blotting results (Fig. 5D a). Also, p- 
Akt could be specifically distinguished from total Akt after binding to 
anti-total Akt antibodies (Fig. 5B). However, the SPR signal was lower 
than that of the anti-p-Akt antibody-modified chip. These results 
demonstrated that the designed biosensor could capture and identify 
target phosphorylated protein in a cell extract without requiring sepa
ration or purification step. 

The N-methyl D-aspartate (NMDA) receptor subtype 2B (NR2B) is 
considered an important tyrosine-phosphorylated protein in the brain. 
Its phosphorylation is closely related to increasing Ca 2+ entry through 
the receptor in both central sensitization and NMDA-dependent synaptic 
plasticity [64,65]. A previous study in the chronic migraine rat model 
found that phosphorylated NR2B (p-NR2B) was highly expressed and 

might decrease pain thresholds [66]. To further examine the feasibility 
of the proposed biosensor, the phosphorylation level of NR2B protein in 
TNC tissues of CM rats was detected with anti-p-NR2B antibody-modi
fied chip. As shown in Fig. 5C, the CM rat group showed a distinct SPR 
response compared with the normal rat group and other controls, indi
cating the high expression of phosphorylated NR2B protein in the CM 
rat. The result is also consistent with Western blotting results (Fig. 5D 
(b)). Therefore, this method was found feasible for monitoring the level 
of phosphorylated protein in tissue samples. To sum up, the proposed 
strategy can directly assess the phosphorylation level of target proteins 
in cell and tissue extracts by integrating all the operations such as target 
capture, specific recognition of phosphate residues, and signal 
enhancement in a single workflow. 

4. Conclusion 

In summary, an SPR sensor was developed to detect the phosphor
ylation level of a target protein using the antibody-modified gold chips. 
This sensor showed high sensitivity and specificity for phosphopeptides 
and phosphoproteins due to its specificity for phosphate residues and the 
SPR signal enhancement effect of UiO-66. Furthermore, optimizing the 
pH conditions and the concentration of NaOH washing solution 
improved reaction specificity by adjusting the surface charge of the 
nanoparticles. The designed SPR biosensor was successfully applied to 
quantitatively analyze the phosphorylated proteins in complex samples 
validating the excellent accuracy and practicability of the method. The 
proposed strategy has great potential for multi-component analysis of 
phosphorylated protein without further separation and purification, 
which can significantly promote biological and clinical research. 
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Fig. 4. (A) SPR sensorgrams of 5, 10, 17, 25, 50, 75, and 100% phosphorylated peptides (from a to h, respectively). (B) ΔSPR signal response shows a linear 
relationship with the increasing coverage of phosphorylated peptides on the chip (1, 5, 10, 25, 50, 75, and 100%). Error bars represent the standard deviations of 
three different measurements for each concentration. 

Table 1 
Comparison of sensitivity between different phosphorylation detection assays.  

Sensor Structure Assay type Target linear dynamic range LOD Ref. 

Zn2+-PO4
3- Fluorescence/FLIM p-Tau 1.0–5.0 μM 85.15 nM [56] 

Ti4+-PO4
3- Electrochemical/ Ti4+@TiP/SWV p-Aβ40 1 fM-100 pM 0.45 fM [57] 

Zr4+-PO4
3- ratiometric Fluorescence/ UiO-66(Fe/Zr)–NH2 phosphate ion 0.2–266.7 μM 85 nM [58] 

Antigen-antibody ELISA p-αS 0.25 ~ 2 ng/mL 50 pg/mL [59] 
Tb3+-PO4

3- Luminescentsensor/Tb3+ di-phosphorylated peptide 500–0.244 μM 0.2 μM [60] 
Immunoaffinity Fluorescence pTyr proteins – 8 μg [61] 
Zr4+-PO4

3- UiO-66/SPR Phosphorylated peptides/protein 0%-100% PP in peptides complex 1%/0.5 μM This work 

FLIM: Fluorescence lifetime imaging microscopy; p-Tau: Hyperphosphorylated Tau; SWV: Square wave voltammetry; p-Aβ40: Phosphorylated Amyloid-β40; SPR: 
Surface Plasmon Resonance; ELISA: enzyme-linked immunosorbent assay; FRET: Fluorescent Resonance Energy Transfer; QD: Quantum Dots. 
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the work reported in this paper. 
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