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Supramolecular Host-Guest Interaction-Driven
Electrochemical Recognition for Pyrophosphate and

Alkaline Phosphatase Analysis

Lingxia Qin,™ < Xinxin Ren,” Kaiyue Hu,” Di Wu,*¢ Zhiyong Guo,” Sui Wang,"

Linwen Jiang,” and Yufang Hu** "

We report an electrochemical biosensor based on the
supramolecular host-guest recognition between cucurbit[7]uril
(CB[7]) and L-phenylalanine-Cu(ll) complex for pyrophosphate
(PPi) and alkaline phosphatase (ALP) analysis. First, L-Phe-Cu(ll)
complex is simply synthesized by the complexation of Cu(ll)
(metal node) with L-Phe (bioorganic ligand), which can be
immobilized onto CB[7] modified electrode via host-guest
interaction of CB[7] and L-Phe. In this process, the signal of the
complex-triggered electro-catalytic reduction of H,O, can be
captured. Next, due to the strong chelation between PPi and
Cu(ll), a biosensing system of the model “PPi and Cu(ll)
premixing, then adding L-Phe” was designed and the platform

1. Introduction

Alkaline phosphatase (ALP), which is a kind of membrane-
bound enzyme, can catalyze regularly the de- and trans-
phosphorylation of phosphate-containing biomolecules,"™
which is involved usually for intracellular regulation and signal
transduction in the process of cell apoptosis and growth.™”
Some recent studies show abnormal ALP expression has
associated with various diseases (prostate cancer, liver disease,
bone disease, etc.),®” so ALP is one of the most broadly utilized
biomarkers/indicators in ALP-related clinical diagnosis and
disease treatment®? On the other hand, pyrophosphate
(P,0,*, PPi) is a significant metabolite in many biochemical
processes of human (Citrate/ATP hydrolysis, DNA replication,
etc), which can often act as a common substrate in ALP-
dominated system.'®' Specially, PPi plays clinically an indis-
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was applied to PPi analysis by hampering the formation of L-
Phe-Cu(ll) complex. Along with ALP introduction, PPi can be
hydrolyzed to orthophosphate (Pi), where abundant Cu(ll) ions
are released to form L-Phe-Cu(ll) complex, which gives rise to
the catalytic reaction of complex to H,O, reduction. The
quantitative analysis of H,0,, PPi and ALP activity was achieved
successfully and the detection of limits are 0.067 uM, 0.42 puM
and 0.09 mU/mL (§/N=3), respectively. With its high sensitivity
and selectivity, cost-effectiveness, and simplicity, our analytical
system has great potential to for use in diagnosis and treatment
of ALP-related diseases.

pensable role in diagnosis and treatment of arthritic
diseases,"*'® and scientists can also make a definite diagnosis
for chondrocalcinosis and dehydration crystal deposition of
Ca,P,0; through the status of PPi in living cells."*'” Often, ALP
and PPi tend to appear in biological system simultaneously and
can be analyzed as a close associate team.'*'” Up to now,
varied methods have been designed for PPi and ALP detection,
such as colorimetry,"® fluorescence,"” chemiluminescence,*”
and surface-enhanced Raman scattering.”"! Among these, some
metal ions (including Zn(ll), Cu(ll), etc.) were used as medium/
binding site, and the related strategy could be applied for ALP/
PPi biosensing on the account of the strong chelation between
metal ion and PPi.”*® However, this detection mechanism
tends to occur in optical approaches, and to achieve on-site/
point-of-care testing (similar to glucometer). Therefore, estab-
lishing a novel method for the detection of PPi and ALP activity
through conducting electrochemical interface is needed and
garners plenty of attention.

Supramolecular complexes have been developed rapidly
owing to their excellent properties and wide applications in all
fields.”** Generally, these materials can be prepared through
various noncovalent interactions, in which host-guest molecular
recognitions are known as one of the most concerned non-
covalent interactions. In this process, macrocyclic host (recep-
tor) and guest (ligand) molecules with appropriate properties
can be assembled to varied supramolecular systems.?*?” What's
really interesting is that the association and dissociation of
supramolecular host-guest systems can be handled via numer-
ous external stimulus.?** Currently, plenty of macrocyclic host
molecules (involving crown ethers, calix[n]arene, cyclophane,
cucurbit[n]uril, cyclodextrin, pillar[n]larene, etc.) have been used
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for the production of supramolecular complex with stimuli-
responsive and selective abilities via amphiphilic, hydrogen
bonding, electrostatic interactions, and so on.***? Among
these, cucurbit[n]urils (CB[n]s) have one hydrophobic cavity and
two carbonyl-lined portals, which are a family of pumpkin-
shaped macrocyclic host molecules.**** Why is there a strong
host-guest complexation force between CB[n] and certain
molecule? There are two main factors: (1) the high-energy water
captured in CB[n] cavity is released so as to lead to non-classical
hydrophobic effect; (2) the electron-rich carbonyl portals of
CBIn] is preferable binding with some guest molecules with
positive charges due to the typical electrostatic attraction.?**
Among the family of CB[n]s, CB[7] can combine harmoniously
with the majority of guest molecules owing to its low
cytotoxicity and good aqueous dispersity.*’*® For example, this
cooperation between cavity and portal in CB[7] has been
demonstrated to bind well with some special peptides (phenyl-
alanine (Phe), tryptophan (Trp), tyrosine (Tyr), etc.).®**" There-
fore, CB[7] is identified as a suitable host molecule to construct
a new electrochemical biosensing interface based on host-guest
interaction.

Herein, we describe firstly a new electrochemical biosensor
for exploring PPi/ALP-dominated biological process on the basis
of supramolecular host-guest interaction between CB[7] and a
L-Phe-based complex and the detailed analysis processes are
illustrated in Scheme 1. This method involves the following key
parts: (1) Inspired by the combination of organic ligand and

metal ion, L-phenylalanine-Cu(ll) complex is synthesized by
aromatic environment-caused hydrophobic interaction and
both hydrogen bonding and Cu(ll) chelation-resulted hydro-
philic interaction; (2) L-Phe-Cu(ll) complex not only has an
excellent affinity with CB[7] modified interface in the view of
supramolecular host-guest recognition but also displays good
electro-catalytic activity to H,O, reduction; (3) A new model of
“PPi and Cu(ll) premixing, then adding L-Phe” is employed for
PPi analysis, in which the formation of typical PPi—Cu(ll)
complex can effectively hinder the synthesis of L-Phe-Cu(ll)
complex, thus leading to a “signal-off” mode; (4) Incorporation
of ALP into PPi—Cu(ll) complex can benefit from the regener-
ation of electrochemical signal because of a great deal of
released Cu(ll) ions via ALP-catalyzed hydrolysis to PPi, thus
achieving indirectly the detection of ALP; meanwhile, the
electrochemical signal can be affected again due to the
introduction of ALP’s inhibitor (Na;VO,), which can achieve the
screening of inhibitor for ALP biosensing. The supramolecular
host-guest recognition-dominated biosensor has excellent ana-
lytical performances and can be applied well in serum samples,
indicating great prospect in a PPi/ALP-based biomedical
analysis and clinical diagnosis.
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Scheme 1. Schematic illustrations of supramolecular host-guest interaction-driven electrochemical recognition: (A) the preparation of a unique complex of L-
phenylalanine (L-Phe) and Cu(ll); (B) pyrophosphate (PPi), alkaline phosphatase (ALP) and its inhibitor (Na;VO,) analysis based on the catalytic effect of the

complex to H,0,.
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Experimental Section

Reagents and apparatus

Alkaline phosphatase (ALP), trypsin, papain, cholesterol oxidase
(ChOx), acetyl cholinesterase (AChE), urease, and cucurbit[7]uril
(CB[7]) were obtained from the Aladdin Industrial Co. (Shanghai,
China). Protein kinase A (PKA) and histone acetyltransferase (HAT)
were obtained from Sigma-Aldrich Co. L-Phenylalanine (L-Phe) and
Na,P,O; (PPi) were purchased from Sangon Biotech. Co. Ltd.
(Shanghai, China). CuSO,-5H,0 and H,0, were from Sinopharm
Chemical Reagent Co. Ltd. (China). Unless otherwise specified, all
reagents used in our work were analytical reagent grade or higher.
All  solutions were prepared with double-distilled water
(18.2 MQ-cm) generated from the Millipore Milli-Q system.

All electrochemical experiments were carried out on a CHI 760E
electrochemical workstation (Chenhua Instrument Company of
Shanghai, China) by using a conventional three-electrode system
(the working electrode, Au electrode (Au, 2 mm in diameter); the
counter electrode, platinum wire electrode; the reference electrode,
Ag/AgCl electrode). Size and zeta potential analysis was performed
on Malvern Zetasizer Nano ZS90 (Malvern, UK). UV-vis spectra were
measured with Shimadzu UV-1800 spectrophotometer (Kyoto,
Japan). The morphologies of L-Phe-Cu(lll complex and its
supramolecular structure were achieved by scanning electron
microscopy (SEM, Hitachi SU-70 and Japan).

Synthesis of L-phenylalanine-Cu(ll) complex

In a 1 mL of combination solution containing L-Phe (20 uM) and
CuSO,-5H,0 (200 puM), the synthesis of L-Phe-Cu(ll) complex was
carried out at 37°C for 20 min under vigorous stirring (2800 rpm).
After it, the mixture was centrifuged at 4°C for 15 min under
13000 rpm to remove supernatant and redispersed to a total
volume of 1T mL with double-distilled water.

Electrode fabrication

Prior to modification, the bare Au electrode was thoroughly
polished on a chammy with 1.0 and 0.05um AlLO; slurry,
respectively, followed by sequentially sonication for 5 min each in
water and ethanol, and then dried under N, condition. The
electrode was noted as Au. Since CB[7] can spontaneously adsorb
onto Au surfaces via physical adsorption and forms a stable
monolayer,*'™ the cleaned Au above was immersed in CB[7]
(1 mM) aqueous solution for 12 h. Afterwards, it was washed gently
for three times with the cleaning buffer (PBS, 10 mM, pH 7.0) and
then dried under N, condition, which was labelled as CB[7]/Au.
Finally, 5 uL of the synthesized L-Phe-Cu(ll) complex above was
added onto the surface of CB[7]/Au, and the electrode was put into
37°C environment for 1 h and then rinsed with slowly the cleaning
buffer to remove the residual complex. We named it complex/
CB[7]/Au.

Electro-catalytic performance analysis of L-Phe-Cu(ll) complex

Various final concentrations of H,0, (0, 0.0001, 0.0002, 0.002, 0.005,
0.02, 0.05, 0.1, 0.5, 1, 2, 3, 4, 5, 5.5 and 6 mM) were added into PBS
(0.1 M, pH 7.4). Subsequently, cyclic voltammograms (CVs) of
complex/CB[7]/Au were performed in the prepared PBS (0.1 M,
pH 7.4) containing H,0,, setting the potential range from —1.2 to
0 V with the scanning rate of 50 mV/s. Meanwhile, amperometric i-t
curves were recorded in the 800 s by successive addition of H,O,
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(0.6 pL, 1 mM) every 50 s at —0.8 V in a 2 mL of PBS (0.1 M, pH 7.4)
under stirring.

PPi analysis

Initially, 10 pL of PPi with different final concentrations (0, 2, 10, 40,
80, 140, 200, 260, 320, 380, 440, 500 and 560 uM), 20 pL of Tris-HCl
buffer solution (50 mM, pH 7.6), 10 uL of double-distilled water and
Cu(ll) (10 uL, 2 mM) were mixed at 37°C for 1 h to combine
sufficiently. Then, L-Phe (50 pL, 40 uM) was added to the reaction
solution. In a volume of 100 pL, the final concentration of Cu(ll) was
maintained at 200 uM and the final concentration of L-Phe was
kept at 20 pM. The rest of the experiment went as described in
Section 2.2. Additionally, we replaced L-Phe-Cu(ll) complex in
Section 2.3 with the resulting solution here to discuss the role of
PPi, but the other steps remained the same.

ALP activity and its inhibitor analysis

For ALP activity analysis, 10 uL of ALP with various final concen-
trations (0, 0.1, 0.5, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 mU/mL),
20 pL of Tris-HCI buffer solution (50 mM, pH 7.6) and PPi (10 uL,
4.4 mM) was mixed and incubated at 37°C for 1h, and then of
Cu(ll) (10 pL, 2 mM) was added and the reaction was continued for
another 1 h at 37°C. Then L-Phe (50 pL, 40 pM) was added into the
reaction solution above. The rest of the experiment was similar to
describes above. The rest of the experiment was similar to
Section 2.2. Additionally, we replaced L-Phe-Cu(ll) complex as
described in Section 2.3 with the resulting solution here to discuss
the role of ALP, but the other steps remained the same.

In the study of ALP inhibition, 5 pL of Na;VO, with different final
concentrations (0, 5, 15, 30, 45, 60, 75, 90, 105, 120 and 150 uM)
was premixed with 5 uL of ALP (final: 40 mU/mL) for 10 min. The
subsequent ALP enzymatic reaction, the interaction of Cu(ll) and
PPi, and the combination of Cu(ll) and L-Phe were consistent with
the abovementioned ALP detection steps and conditions. Also, CV
responses as a function of different concentrations of Na;VO, were
recorded.

Detection of PPi and ALP Content in goat serum samples

Unless otherwise specified, all real samples used in our work were
goat serum. First, it should be noted that excess NaF solution
should be added in real serum samples to eliminate the influence
of pyrophosphatase (PPase) activity. Also, the detection of PPi or
ALP content in real sample should be consistent with the step of
PPi and ALP analysis above, but only the real serum samples were
employed to take part in PPi or ALP analytical processes.

2. Results and Discussion

The feasibility verification on PPi and ALP analysis mainly
focuses on the following parts: (1) successful synthesis of L-Phe-
Cu(ll) complex; (2) efficient assembly of complex/CB[7]/Au and
its electro-catalytic capacity to the reduction of H,0,; (3) a new
model of “PPi and Cu(ll) premixing, then adding L-Phe” for PPi
analysis; and (4) the hydrolysis of ALP to PPi and inhibition
effect of ALP activity.

© 2022 Wiley-VCH GmbH
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2.1. Characterization of L-Phe-Cu(ll) complex and its
host-guest interaction with CB[7]

A series of characterization experiments were performed to
verify the formation of L-Phe-Cu(ll) complex and its host-guest
interaction with CB[7], involving DLS, UV-vis spectroscopy and
SEM experiments. As shown in Figure 1A, the average hydro-
dynamic diameter significantly increases to ca. 218+39 nm
after the metal-organic complexation of L-Phe and Cu(ll). While
the average hydrodynamic diameter further increases to ca.
15734+211 nm in the presence of CB[7], which is greater than
that of sole L-Phe-Cu(ll) complex. Meanwhile, it can be seen
that along with the interaction of L-Phe and Cu(ll), the zeta
potential of the L-Phe-Cu(ll) complex becomes more positive
than sole L-Phe and sole Cu(ll). But after supramolecular host-
guest interaction between the complex and CB[7], the zeta
potential gets smaller than that of sole L-Phe-Cu(ll) complex
due to the CB[7]'s cavity surrounded by carbonyl groups
(Figure 1B). Next, we compare the UV-vis absorption spectra of
L-Phe, L-Phe-Cu(ll) complex and the combination of the
complex and CB[7] (Figure 1C). Compared with sole L-Phe (black
curve), a new absorption band at around 662 nm is exhibited at
L-Phe-Cu(ll) complex (red curve) or the combination of the
complex and CB[7] (blue curve), which can be ascribed to the
charge transfer between L-Phe and Cu(l).*” Meanwhile, a high
and wide shoulder peak at around 300 nm is observed under
the complex of L-Phe-Cu(ll) and CB[7] due to the bridge of
certain interaction such as hydrogen bonding and electrostatic
interactions.***! In addition, the morphologies of L-Phe-Cu(ll)

(A) (B)

complex before and after host-guest interaction with CB[7]
were analyzed by SEM. Figure 1D illustrates that the assembled
L-Phe-Cu(ll) complex shows flexible ribbon structure, while L-
Phe-Cu(ll) complex after host-guest interaction with CB[7]
displays a thick blocky shape due to the binding effect of CB[7].
According to the previous work®! we believe that the
synthesized L-Phe-Cu(ll) complex possesses a highly periodic
structure, whose matrix units are constructed through hydro-
phobic (aromatic environment) and hydrophilic (hydrogen
bond and Cu(ll) coordination) interactions; on the other hand,
supramolecular host-guest interaction recognition is achieved
favorably by the unique cooperation on the cavity and portal of
CB[7] with the L-Phe.

2.2. Fabrication of complex/CB[7]/Au and its catalytic
reduction to H,0,

Recently, electrochemical sensors for H,0, are constructed
based on a synergistic catalytic mechanism of complex,
including oxidation of metal centers and simultaneous reduc-
tion of hydrogen peroxide; in addition, copper metal ions are
active agents of redox processes with several stable oxidation
states, and Cu(ll)-supported complex shows good potential for
electrochemical applications.*** In the view of the successful
synthesis of L-Phe-Cu(ll) complex and its host-guest interaction
with CB[7], we expect L-Phe-Cu(ll) complex can be attached
stably onto CB[7]/Au surface, and subsequent verification is
carried out by typical electrochemical method including electro-
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Figure 1. Characterization of L-Phe-Cu(ll) complex and the combination of complex and CB[7]: (A) Size distributions and (B) Zeta potential determined by
dynamic light scattering (DLS); (C) UV-vis absorption spectra; and (D) SEM images.
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chemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV). As illustrated in Figure STA, EIS response is monitored and
labelled by electron transfer resistance (Ret). The bare Au (black)
exhibits a small semicircle, while a higher semicircle appears on
CB[7]/Au (blue) due to the electron-rich carbonyl portals of
CBIn], indicating the successful binding of CB[7] to the Au. After
L-Phe-Cu(ll) complex are coated onto CB[7]/Au, a small increase
of Ret is observed due to abundant L-Phe biological molecules,
but there is not a huge increase of Ret which benefits from
Cu(ll) with positive charge. Additionally, it shows a well-defined
pair of redox peaks at the Au, and the CV signal of [Fe(CN) > *~
decreases due to the negative charge of CB[7] (Figure S1B).
When L-Phe-Cu(ll) complex is efficiently adsorbed on the
surface of CB[7]/Au, the current decreases somewhat, but not
much, because of L-Phe as biomolecule and Cu(ll) with positive
charge at the same time. The results of the CV are consistent
with that of the EIS, which further confirms the successful
fabrication of the biosensor based on supramolecular host-
guest interaction.

Later, we industriously look for a link between L-Phe-Cu(ll)
complex and electrochemical signal output. Figure 2A shows
the CVs of complex/CB[7]/Au in PBS (0.1 M, pH 7.4) with or
without 5 mM H,0,. In the absence of H,0,, no reduction peak
can be observed at complex/CB[7]/Au, while an obvious
reduction peak is observed with addition of 5mM H,0,,
presenting an excellent electro-catalytic reduction to H,0,. So,
what are the conditions for the electro-catalytic reduction of

(A)

H,0,? We go further into the in-depth discussion for these
ingredients in the proposed electrode. As depicted in Figure 2B,
as the assembly orderly of CB[7] and L-Phe-Cu(ll) complex on
Au surface, only a strong electrochemical signal appears on
complex/CB[7]/Au, hence we believe that the electro-catalytic
factor comes from the complex. Moreover, we further inves-
tigate the role of L-Phe, Cu(ll), and L-Phe-Cu(ll) complex,
respectively (Figure 2C). Similarly, compared with the strong
electro-catalytic signal of complex/CB[7]/Au to H,0,, a smaller
signal appears at Cu(ll)/CB[7]/Au, but a negligible signal is
observed at L-Phe/CB[7]/Au, which can attribute to the non-
special absorption of Cu(ll) in CB[7]. The results suggest that
only a good combination of L-Phe and Cu(ll) can stimulate an
excellent electrochemical signal, and the main reason is that
the synergistic catalytic mechanism of metal-organic complex
involves oxidation of metal centers and simultaneous reduction
of H,0,. It led us to wonder what forces cause the favorable
immobilization of the complex on electrode surface. Interest-
ingly, there is no CV signal at the electrode without CB[7]
(namely complex/Au), on the contrary, a significant CV signal
occurs at complex/CB[7]/Au (Figure 2D), indicating an excellent
supramolecular host-guest recognition interaction between the
complex and CB[7] again. It follows that the proposed biosensor
(complex/CB[7]/Au) has been fabricated well, and can be
applied for electro-catalytic to H,0, successfully.

In view of these, we employ the complex/CB[7]/Au to
discuss the CV response for different concentrations of H,0,.

(B)
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Figure 2. Cyclic voltammetry (CV) with a scanning rate of 50 mV/s in PBS containing 5 mM H,0,: (A) CV responses of complex/CB[7]/Au in the presence or
absence of H,0,; (B) CV responses of the three-step assembly electrodes in the presence of H,0,; (C) CV responses of composition of the complex (such as L-
Phe and Cu(ll)) in the presence of H,0,; (D) CV responses of the modified electrodes with or without CB[7] in the presence of H,0, to discuss the role of CB[7].
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Before testing, we optimize the experimental conditions
directing at the electrode fabrication. The ratio of L-Phe and
Cu(ll) has a great effect on the electro-catalytic reduction of
H,O,, and as shown in Figure S2A, the maximum CV signal
occurs in the ratio of 1: 10, then a plateau comes, which is
chosen for the synthesis of L-Phe-Cu(ll) complex. In a similar
way, 1 mM of CB[7] concentration, and 1 h of incubation time
and 37°C of incubation temperature between the complex and
CB[71/Au are received favorably (Figure S2B, S2 C, and S2D).
Subsequently, it can be seen from Figure 3A that the reduction
peak current of H,0, increases as the concentration increasing
from 0 to 6 mM. The fitting curves of the CV current to H,0,
concentration are obtained in the range of 0.0002 to 5 mM with
a detection limit (LOD) of 0.067 uM (S/N=3) (Figure 3B). These
results indicate that L-Phe-Cu(ll) complex has a good electro-
catalytic activity, making it a viable electrochemical sensing
material for H,O, detection. Compared with other H,O,-targeted
methods in Table S1, the sensitivity of our electrochemical assay
is more excellent. We hypothesize that the outstanding electro-
catalytic property of complex/CB[7]1/Au can be attributed to two
factors: the L-Phe-Cu(ll) complex attached by CB[7] can provide
not only plenty of adsorption sites for -OH species of H,0, but
also a good-sized, naked catalytic surface which can act as
highly active electro-catalysts.**>"

Furthermore, to ensure high efficient electro-catalytic reac-
tion and continuous stable output signal, H,0, (0.6 puL,1 mM) is
continuously added to PBS (0.1 M, pH 7.4) every 50s to test

0 ‘{;J
<
=220
~
+—
5
& -40 0 mM
=]
O Cuo,
-60 1
6 mM

Potential / V

Au
601 CB[7]/Au

Complex/Au
Complex/CB[7]/Au

Current / pA
&

0 200 400 600 800

Time /s

12 08  -04 0.0

(D)

amperometric i-t responses of complex/CB[7]/Au (Figure 3C).
Under a fixed potential of —0.8V, it can be seen that the
complex/CB[7]1/Au exhibits a fast response with the change in
H,O, concentration, but other electrodes display a slight change
of current, which is a sharp contrast. This further proves well
the successful assembly of electrode, the stable electro-catalytic
capacity of the complex and the binding between complex and
CB[7]. In addition, the specificity for H,0, is elucidated by
comparing it with several other substances (ascorbic acid (AA),
citric acid (CA), uric acid (UA), dopamine (DA), glucose (GLU),
sucrose (SUQ)). A significant change in current occurs after the
addition of H,0, (0.6 uL,1 mM), while the currents are almost
unchanged after the same addition of other interferents (Fig-
ure 3D), illustrating that these interferents cannot be captured
by complex/CB[7]/Au and cannot affect the reduction of H,0,.
Subsequently, by taking five of the same biosensors under four
concentration levels of H,0, the biosensor exhibits good
reproducibility (Figure S3A). Repeatability is also the basic
evaluation indicator of electrochemical biosensor, so five
electrodes are tested under the same conditions by comparing
their CV responses to H,0,. As shown in Figure S3B, the
differences in the displayed CV responses are negligible,
implying an excellent repeatability. We also investigate the
stability of biosensors, and CV measurements are taken after
storage for every 3 days at 4°C (Figure S3C). After a month, the
CV current still keeps 87.4% of the original current with a
relative standard deviation (RSD) of 4.27 %, indicating that the

601 Jadhd
< 40
% ¥ y=10.77x+7.565
20 R?=0.9933
0_

0_
3
s
>
5
& -30+
=
@) 45 sucC

0 200 400 600 800
Time /s

Figure 3. Detection of H,0,: (A) CVs of the complex/CB[7]/Au in the presence of H,0, with different concentrations (final: 0, 0.0001, 0.0002, 0.002, 0.005, 0.02,
0.05,0.1,0.5, 1, 2, 3, 4, 5, 5.5 and 6 mM); (B) the linear relationship between the CV current and the concentration of H,0,. (C) Amperometric i-t responses of
different modified electrodes on the successive addition of H,0, (0.6 pL, T mM) in 0.1 M PBS (pH 7.4) solution. (D) Amperometric i-t responses at complex/
CB[7]/Au on the alternating successive addition of H,0, (0.6 puL, T mM) and other substances with the same content (AA, CA, UA, DA, GLU and SUQ).
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complex/CB[7]/Au is considerable stable. Nevertheless, the
developed biosensor should not only be accomplished in the
lab but also needs to meet the real sample analysis, so we
design recovery experiments for different concentrations of
H,O, in serum samples, and the results are shown in Table S2.
Satisfactory recoveries (from 97.2% to 103.4%) and well-
pleasing RSDs (from 1.4% to 3.2%) are obtained, indicating that
the biosensor has potential applications for H,0, analysis in
practical application.

2.3. Detection of PPi, ALP and its inhibitors

Generally, Cu(ll) has a strong binding with PPi and there is a
higher stability constant (K) of Cu(ll)-PPi complex (logKc,.ppi=
12.45),"? but Cu(ll) and L-Phe also can occur metal-organic
complexation to some extent. So, the competitive cohesion of
PPi and L-Phe to Cu(ll) decides the direction of our strategy. As
shown in Figure 4A, we set four combinations based on the
interaction of Cu(ll), L-Phe and PPi, and the model of “two of
them premixing, then adding the third substance” is designed.
For combination 3, a great decline of CV current is observed
relative to combination 4 (without PPi), presenting a higher
interaction of Cu(ll) and PPi. But in three factors system,
whether PPi is mixed with Cu(ll) first (combination 1), or PPi is
mixed with L-Phe first (combination 2), the corresponding
current is very closer to the background, suggesting a

644 premixing  adding
1 PPi+Cu(ll)  L-Phe
4812  PPi+L-Phe  Cu(Il)

<
=
= 3 Cu(ID+L-Phe PPi

4  Cu(I)+L-Phe -

0 uM

Potential / V

12 08  -04 0.0

preferentially binding of PPi to Cu(ll) relative to L-Phe. There-
fore, the model of “PPi and Cu(ll) premixing, then adding the L-
Phe” is employed in the following experiments. Then, we found
that only in the absence of PPi, the CV signal will be more
obvious, otherwise the CV signal is extremely weak (Figure 4B).
These results indicate that our strategy can further be applied
for PPi analysis. Before it, we optimize the interaction time, the
interaction temperature and the reaction ratio of PPi and Cu(ll)
(Figure S4), the optimal incubation time, temperature and ratio
is 1.0h, 37°C and 2.2: 1, respectively. Under the optimal
conditions, the changes of CV current at complex/CB[7]/Au are
recorded after the addition of PPi with different concentrations
from 0 to 560 uM (Figure 4C), and the CV responses gradually
decrease along with an increasing concentration of PPi. A good
linear relationship is received between the CV response and PPi
concentration in the range from 2 to 440 uM (Figure 4D), and
the LOD is calculated to 0.42 uM (S/N=3), which was superior
to most values reported in the literature (Table S3).

To further evaluate the specificity of PPi biosensor, some
potential interferences are studied by the replacement of target.
Only there is a decline of the CV response in the presence of
PPi, but other controls have almost no influence over CV signal
(Figure S5A). It can be ascribed to the strong and effective
chelation effect between PPi and Cu(ll). Meanwhile, the anti-
interference of the strategy is designed by the way to coexist
with PPi. Compared with the case of sole PPi, no CV signal
changes are observed with other interferents (Figure S5B), and

64] LPhe Cu@)  PPi
1 - + +

<ﬂ48‘2 + - +
=
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y=-0.14x+61.21

481
2__
g_ R2=0.9895
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Figure 4. Detection of PPi: (A) CV responses to discuss the relationship of L-Phe, Cu(ll), and PPi, any two of the three are pre-mixed and one is added later,
inset: mixed sequential presentation; (B) CV responses to investigate the missing ingredient in this PPi analytical system, inset: ingredient list presentation; (C)
CVs of the complex/CB[7]/Au with different concentrations of PPi (final: 0, 2, 10, 40, 80, 140, 200, 260, 320, 380, 440, 500 and 560 uM) with in PBS (0.1 M,

pH 7.4) containing 5 mM H,0,; (D) the linear relationship between the CV current and the concentration of PPi.

ChemBioChem 2022, 23, €202200413 (7 of 10)

© 2022 Wiley-VCH GmbH

85U80|7 SUOWIWOD aA 1D 3cedljdde aup Aq pausenob ae sapfe VO ‘@SN JO S8 10j A%eiq1 8ulUO A1 UO (SUORIPUCO-pUB-SWLRY/LIO" A3 1M AReIq 1 U1 |UO//SANY) SUORIPUOD pue Swid | 8y 88S *[2Z02/TT/S0] uo Ariqiiauluo feim ‘Ariqi Aisienunenybuss L Aq 14002202 2100/200T 0T/10p/wi0d A8 |im Areiq1jul juo'adoine-Alis iweyo//sdny wouy pepeoumod ‘0z ‘Z§0z ‘€€9L6€0T



Research Article
ChemBioChem

doi.org/10.1002/cbic.202200413

Chemistry
Europe

European Chemical
Societies Publishing

the reason is the inability of these interferents to bind with
Cu(ll) tightly. Furthermore, five proposed biosensors with four
concentration levels of PPi are used to assess the reproduci-
bility, and as shown in Figure S5C, the biosensor displays good
reproducibility. Next, as illustrated in Figure S5D, five electrodes
show negligible differences in CV response for PPi detection,
indicating a good repeatability of our proposed biosensor. After
one month, PPi testing results have no obvious changes with a
RSD of 1.46% (Figure S5E), which can attribute to a “signal-off”
mode of PPi detection, and demonstrate that the biosensor can
be applied in detecting PPi with acceptable stability. Next, the
practicability of complex/CB[7]/Au is evaluated by monitoring
PPi in serum sample. As summarized in Table S4, recoveries of
98.4% ~103.6 % are achieved with RSDs of no more than 4 %.

(A)

64
With ALP

48
<
=
% 324

16

Without ALP
0 :
1 2

ALP is closely relevant to certain critical diseases, and ALP
and PPi are often discussed together, illustrating great feasibility
for ALP analysis. In our system, ALP can catalyze hydrolysis of
PPi to result in no PPi—Cu(ll) complex. Firstly, to achieve the
optimum effect for probing ALP, several experimental parame-
ters, including incubation time and temperature of ALP, and pH
of ALP reaction buffer are systematically optimized (Figure S6).
Finally, incubation time of 60 min and temperature of 37 'C for
ALP catalytic reaction, and pH of 7.6 for enzymatic reaction
buffer are selected because of the best CV signal. After it, we
test the CV current in the presence or absence of ALP
(Figure 5A), and an obvious CV current appears under ALP
condition, verifying the feasibility of our method to ALP
detection. Furthermore, we also discuss several major compo-
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64 4 L-Phe Cu(ll) PPi ALP
<:48_: R i 7
TR |
TR |

o .

0* — 64
| — oo
=20 < 48+
= =]
5 ~ 324
£ -40 OmU/mL | = P y=1.35x+1.378
6 Carp 16 R2=0.9919
-60 50 mU/mL 0.
12 -08  -04 00 0 15 30 45
Potential / V Carp/ mU/mL
(E) (F)
0o 641
N——— N
=20/ < 8
- =
I 324 1C4,=57.4 uM
£ -40+ 'a
5 C 161
© Na,VO,
%01 0 uM 0- .
12 08 -04 00 0 50 100 150
Potential / V Cia,vo,/ BM

Figure 5. Detection of ALP: (A) CV responses of complex/CB[7]/Au in the presence or absence of ALP; (B) CV responses to investigate the missing ingredient in
this ALP analytical system, inset: ingredient list presentation; (C) CVs of the complex/CB[7]/Au under ALP with different concentrations (final: 0, 0.1, 0.5, 5, 10,
15, 20, 25, 30, 35, 40, 45 and 50 mU/mL) in PBS (0.1 M, pH 7.4) containing 5 mM H,0O,; (D) the linear relationship between the CV current and the
concentrations of ALP; (E) CVs of the complex/CB[7]/Au under Na;VO, with different concentrations (final: 0, 5, 15, 30, 45, 60, 75, 90, 105, 120 and 150 uM) in
PBS (0.1 M, pH 7.4) containing 5 mM H,O,; (F) CV responses as a function of the concentration of Na;VO,.
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nents designed into the system (Figure 5B). When L-Phe and
Cu(ll) cannot bind well under PPi condition (combination 1, 2,
and 3), the CV signal is the same to that of PPi biosensor. But L-
Phe-Cu(ll) complex can form favorably in the presence of ALP
due to lack of substate for hydrolysis (combination 4), and the
role of PPi in ALP catalysis is pointed out favorably. It is worth
noting that for the combination 5, the CV responses do not
almost decrease in the presence of PPi, which can be ascribed
to the hydrolysis of PPi catalyzed by ALP. As expected, with the
increase of the ALP concentration up to 50 mU/mL, the CV
response on ALP is found to rise gradually (Figure 5C). There is
a linear relationship between the CV response and the ALP
concentration from 0.5 to 40 mU/mL (Figure 5D). The LOD is
evaluated to be 0.09 mU/mL (S/N=3), which is lower than other
methods for ALP detection (Table S5). Afterwards, to test
whether the ALP assay can quantitatively explore the inhibitors
of ALP, Na;VO, (a potent small molecule inhibitor of ALP) is
chosen for model. Briefly, by premixing a series of different
concentrations of Na;VO, in the ALP system, we found that the
ALP activity is significantly inhibited with the addition of
Na;VO,, and the corresponding CV signal decreases correspond-
ingly with Na;VO, concentrations from 0 to 150 uM (Figure 5E).
The relationship between CV responses and Na;VO, concen-
trations is shown in Figure 5F. The IC;, value (half maximum
inhibitory concentration of the inhibitor) is then determined to
be 57.4 uM, which is similar with previous literatures (Table S5).

Selectivity and anti-interference of the method are key to
the biosensing analysis. As shown in Figure S7A, the specificity
of the biosensor for ALP is also verified by challenging with
several proteins, including AChE, ChOx, urease, HAT, papain,
PKA, and trypsin. The CV signal for ALP is much higher than
that of other substances, indicating an excellent selectivity. The
resistance to interference is then evaluated and illustrated in
Figure S7B, and negligible CV signal changes could be observed
relative to that of ALP alone, displaying an excellent anti-
interference capacity. In addition, five biosensors with four
concentration levels of ALP are used to assess the reproduci-
bility of the method, and the tiny change of CV signals indicates
good reproducibility (Figure S7C). As shown in Figure S7D, the
differences in CV response for the five electrodes under the
same conditions is negligible, indicating a good repeatability.
After one month, the current response still maintains 89% of
original current, and the RSD of the current response is 3.35%
(Figure S7E), indicating that the electrochemical biosensor is an
effective platform for sensitive detection of ALP. In addition, the
developed biosensor is also applied to probing the ALP activity
in serum samples. Different amounts of ALP are added in the
diluted serum solution. As shown in Table S6, the recoveries of
ALP in diluted serum samples vary from 97.9% to 102.5% for
ALP activities in the range from 1 to 30 mU/mL. These results
demonstrate the promising applications of the method in
complex biological and clinical system.
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3. Conclusions

In summary, a sensitive, selective and low-cost electrochemical
biosensor is developed for the detection of PPi, ALP and its
inhibitor on the basis of the supramolecular host-guest
interaction between CB[7] and L-Phe-Cu(ll) complex. Notably,
the L-Phe-Cu(ll) complex which possesses electro-catalytic
capacity to H,0, can be prepared by a simple and green
method. Then, the complex can be attached onto electro-
chemical substrate owing to the host-guest recognition of CB[7]
and L-Phe. Then, we use PPi—Cu(ll) complex as a starting point,
and a new biosensing method for PPi testing is constructed by
hindering the formation of L-Phe-Cu(ll) complex. Furthermore,
the method is also applied for ALP analysis in the view of the
hydrolysis to PPi. The proposed biosensors with high sensitivity
and selectivity can be adapted not only to basic laboratory
experiments, but also to actual sample analysis, which can be
conducive to the diagnosis and treatment ALP-related diseases
clinically.
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