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ABSTRACT: Nitrite plays a critical role in a variety of
physiological processes and maintaining the nitrite level in an -[,Q
appropriate range is vital to keep healthy. Current nitrite
analysis methods lack sensitivity and require tedious oper-
ations, which could not meet the need of point-of-care (POC)
nitrite detection in precision medicine. Here we present a
cyanocobalamin (VB;,) bionic enzyme-assisted ion-selective J e S
amperometric biosensor based on 3D porous conductive matrix D ¢
(PCM), which can facilitate rapid and accurate POC nitrite

monitoring in complex biofluids. The experimental findings
quantitatively demonstrate that the biosensor has a sensitivity
of 64.08 pA/(mM-cm?), a wide linear range of 0.025—45 mM,
and low limit of detection of 1 nM. Moreover, the developed
VB,,/BSA-PCM biosensor shows outstanding stability after 21 days with 2% decline in current signal, and high repeatability
between batches with RSD of only 1.29%. Real salivary nitrite detection has been evaluated, and the results match well with
the commercial nitrite analyzer. Thus, the bionic enzyme-assisted ion-selective amperometric biosensor proposed herein has
potential utility as an affordable tool for POC detection and home-based healthcare.
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tomach cancer is the fourth leading cause of cancer

deaths worldwide, where the rate of median survival is

less than 12 months for the advanced stage." One of the
biological causes of stomach cancer is the chronic elevation of
blood nitrite level caused by abnormal metabolism, which
gradually leads to the accumulation of endogenous N-nitroso
compounds.” Besides, a lasting high nitrite level in the human
body can also cause other severe diseases including anemia,
lactic acidosis,” spontaneous abortion, and blue baby
syndrome.” However, for nitrite, less is not always better. A
moderate level of nitrite is not only necessary to prevent and
treat fatty liver,” but also significant to regulate vascular
functions.” Thus, maintaining blood nitrite level at an
appropriate range is vital to keep healthy. However, nitrite
concentration fluctuates greatly at the early stage of a
metabolic disorder without obvious symptoms. Therefore,
regular detection of nitrite levels in the body to distinguish an
abnormal metabolism is important for the diagnosis, treatment,
and prognosis of a variety of diseases especially stomach
cancer.
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Among all kinds of body fluids, saliva has been considered
promising for accurate, fast, and noninvasive detection of
nitrite. For one thing, saliva, as the body fluid with the highest
nitrite concentration and strongest correlation with blood
nitrite,” can be utilized to effectively reflect the metabolism of
nitrite in the whole body. For another, saliva can be examined
conveniently in a noninvasive manner with the lowest
discomfort and shortest sampling time, making routine salivary
nitrite detection feasible. Therefore, saliva nitrite analysis is a
potential approach for noninvasive nitrite detection to realize
early disease diagnosis and long-term health management. So
far, various methods based on spectrophotometry,® chem-
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Figure 1. Schematic illustration of the design and construction of VB,,/BSA-PCM electrochemical biosensor for nitrite detection. (A) The
screen-printed carbon electrode is composed of a three-electrode system, where the working electrode is modified by AuNPs/BSA/CNTs
solution and VB,, solution in sequence. (B) Configuration of the 3D VB,/BSA-PCM sensing interface on the working electrode. (C)
Structural formula of VB,,. (D) Schematic illustration of detailed fabrication processes of the VB,,/BSA-PCM electrochemical biosensor.
(E) Schematic diagram of covalent combination between VB, and carboxyl modified AuNPs.

iluminescence,” high-performance liquid chromatography
(HPLC),'”"" and so forth have been implemented to analyze
salivary nitrite. Although these techniques can test nitrite with
high sensitivity, they suffer from complex sample pretreatment
and long processing time, and require cumbersome instru-
ments. Thus, convenient and rapid detection methods with
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excellent sensitivity, high specificity, and low-cost for salivary
nitrite detection are in urgent need.

Point-of-care testing (POCT), taking advantage of their
portability, short processing time, and small sample con-
sumption, shows promising applications in community and
home-based disease management and has the potential to
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Figure 2. Property characterization of VB,,/BSA-PCM biosensor. SEM images of the PCM surface at (A) 10,000 times magnification, (B)
12,000 times magnification, and (C) 50,000 times magnification. (D) EDS image of the VB,,/BSA-PCM at 10,000 times magnification. (E)
Cyclic voltammetry response of the bare SPCE, SPCE-CNTs, SPCE-CNTs/BSA, and SPCE-VB;,—CNTs/BSA electrode in 2 mM NaNO,
solution at the scanning rate of 100 mV/s. (F) Nyquist plots of EIS results of the bare SPCE, SPCE-CNTs/BSA, and SPCE-VB,,-CNTs/BSA
electrodes in 1 mM [Fe(CN)4]*~/#" containing 0.1 M KClI solution. The inset shows enlarged view of the EIS result of SPCE-CNTs/BSA and
SPCE-VB,,-CNTs/BSA electrodes, while the equivalent circuit is shown in the dashed box.

achieve decentralized medicine.'> Among all POCT methods,
electrochemical methods with high sensitivity, rapid response,
and low cost have attracted wide attention. Nitrite, as an
electrocatalytic active substance prone to redox, is particularly
suitable for electrochemical detection. Therefore, an electro-
chemical biosensor provides a promising method for
convenient, rapid, and accurate point-of care nitrite detection.

So far two types of electrochemical biosensors have been
developed for nitrite detection, amperometric biosensors based
on conductive nanomaterials, and potentiometric biosensors
based on ion-selective membranes. Amperometric biosensors
utilize different kinds of electroactive materials including MoS,
microsphere,”> Au nanoparticles(AuNPs)/graphene oxide,"*
AuNPs/polyaniline/SnO, nanocomposite,'”” and so on to
improve the sensitivity of nitrite detection. However, these
biosensors suffer from low selectivity and inaccuracy. To
overcome this problem, potentiometric ion-selective biosen-
sors based on cobalt phthalocyanine,'® lipophilic Co**, tert-
butylsalophen ionophore,'” Schiff base-derived Co*" com-
plex,18 and so on, show high selectivity to nitrite since cobalt
ions can specifically recognize and strongly interact with nitrite.
However, these potentiometric biosensors require long
response time and are only effective in acidic conditions,
making pretreatment of the saliva sample indispensable.
Therefore, developing an electrochemical biosensor with high
sensitivity, high selectivity, short response time, and simple
sample processing for point-of-care nitrite monitoring is of
great importance.

In this work, we present a bionic enzyme-assisted ion-
selective amperometric biosensor for point-of-care salivary
nitrite detection. While cyanocobalamin (VB,,) bionic enzyme
forms an ion-selective layer to specially capture and oxidize
nitrite, bovine serum albumin (BSA)-based PCM constructs
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the solid contact layer to immobilize bionic enzyme and
prompts the transfer of electrons generated by redox on the
ion-selective layer, simultaneously improving the sensitivity
and selectivity of the biosensor. On the one hand, PCM is
formed through carbon nanotubes (CNTs) modification and
BSA cross-linking,'”*° resulting in conductive 3D porous
structures that greatly improve the surface-to-volume ratio.
This increases the immobilization density of VB, bionic
enzymes and enlarges the area in contact with saliva samples,
endowing the biosensor outstanding electron conductivity,
high sensitivity, and good stability. On the other hand, VB,
bionic enzyme modification is based on covalent binding,
which enhances the stability of the ion-selective layer and
generates a stronger field ligand between PCM and nitrite,
improving the selectivity of the nitrite biosensor in complex
biological fluids. To assess the characteristics of this POC
nitrite biosensor, we performed electrochemical tests with
standard nitrite solutions and real saliva samples to evaluate its
stability, sensitivity, and selectivity. We envision that the
presented biosensor can be a promising tool for POCT and
home-based healthcare in the future.

RESULTS/DISCUSSION

Property Characterization of the VB,,/BSA-PCM
Biosensor. The developed electrochemical biosensor is
based on the proposed 3D VB,/BSA-PCM electrode
interface. Figure 1(A) shows the configuration of the
developed 3D VB,,/BSA-PCM electrochemical biosensor.
The working electrode in Figure 1(B,C) consists of the BSA-
PCM based solid contact layer and VB, bionic enzyme-based
ion-selective layer. On the one hand, BSA-PCM greatly
increases the immobilization density of the CNTs and VB,
bionic enzyme, endowing the biosensor high electron
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Figure 3. Performance characterization of the VB,,/BSA-PCM biosensor. (A) Cyclic voltammograms of 2 mM NaNO, catalyzed by VB,,-
BSA/PCM electrode at scanning rates of 20—300 mV/s with an interval of 20 mV/s. (B) Plot of peak oxidation currents versus scanning
rates. The peak oxidation current increased as the scanning rate increased in a linear manner. (C) Amperometric i—t curves of the VB,,-
BSA/PCM electrode in different concentrations of nitrite. (D) The linear curve fitting of the absolute values of steady-state currents and
nitrite concentrations ranging from 0.8 mM to 45 mM. The inset shows the linear curve fitting with nitrite concentrations ranging from

0.025 mM to 0.8 mM.

conductivity and good stability. On the other hand, VB,
bionic enzyme coating generates a stronger field ligand
between PCM and nitrite, improving the selectivity and
specificity of the nitrite biosensor in complex biological fluids.
The BSA-PCM electrochemical biosensor was successfully
fabricated and modified with VB,, (seen from Figure 1(D),
methods), and after combining the advantages of BSA-PCM
and VB, bionic enzyme, an amperometric ion-selective
electrode with excellent selectivity and high sensitivity was
developed. What is more, the whole interface does not involve
any organic enzymes or other volatile substances, and VB,
bionic enzyme is immobilized on the surface of BSA-PCM by
covalent bonds (Figure 1(E)), endowing the sensor excellent
stability and a long working life.

Figure 2(A—D) and Figure S1 show the surface micro-
structure of the working electrode of the screen-printed carbon
electrode (SPCE) before and after VB,;,/BSA-PCM mod-
ification. The rough surface of the bare carbon electrode
without modification, as can be seen in Figure S1(A,B), is
conducive to the stable attachment of the PCM layer. After
BSA-PCM immobilization by the drop casting method, the
surface of the SPCE was covered by a porous, sponge-like
protein skeleton, as seen from the SEM image in Figure 2(A).
To be specific, the BSA-PCM had apertures of about 1 ym,
which uniformly distributed on the surface of the skeleton.
When the magnification of SEM increases further, the organic
layer on the surface of BSA-PCM can be clearly seen in Figure
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2(B,C), which preliminarily verified the successful modification
of the ion-selective membrane on the conductive porous
skeleton. The ion-selective membrane is immobilized by the
carboxyl modified AuNPs, which has a regular shape and
uniform size about 20 nm, as seen in Figure S1(C). Further,
the EDS and TEM images shown in Figure 2(D) and Figure
S1(D—F) demonstrate the introduction of cobalt ions and
AuNPs, supporting the successful immobilization of VB,
bionic enzymes on the upper surface of BSA-PCM. Addition-
ally, the surface profile of the electrodes before and after
modification was measured by an atomic profiler and the result
is shown in Figure S1(G), where the developed VB,;,/BSA-
PCM layer has a thickness of about 20 ym. On the one hand,
the developed staggered 3D porous skeleton structure greatly
increases the adhesion surface area of VB;, and promotes the
rapid transfer of electrons, which improves the sensitivity of
the sensor while ensuring the selectivity. On the other hand, it
effectively protects the conductive layer that assists the
electron transfer, avoiding the damage of the conductive
interface in complex biofluids as much as possible.

The electrochemical properties of the bare SPCE, SPCE-
CNTs, SPCE-CNTs/BSA, and SPCE-VB,,-CNTs/BSA were
recorded by cyclic voltammetry in 2 mM NaNO, solution. As
shown in Figure 2(E), the SPCE-CNTs/BSA electrode
exhibited excellent peak current response, suggesting our
developed BSA-PCM skeleton had outstanding electrocon-
ductibility, and allowed electrons to transfer with low
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Table 1. Comparison of the Analytical Performance of the VB;,-BSA/PCM Biosensor in This Work with Other Detection
Methods, Especially with Those of Electrochemical Sensors

method specificity linear range/mM LOD/uM working condition ref
Chromatography
VIM-EDMA column Medium 0.27—-54 0.001 Neutral 22
Colorimetry
P—N (1,2-diaminoanthraquinone) fluorescent probe Excellent 0-0.016 0.054 Neutral 23
CQD/3-Aph fluorescent probe Excellent 0.0025-0.1 0.001 Acidic 24
Electrochemistry
ZIF-8@ZIF-67/Au NPs/GCE Poor 0.00064—22 0.002 Neutral 25
AuNPs/GO-SH Poor 0.005—-1.0 0.25 Neutral 26
(HOOC-MWCNTs) /GCE Poor 0.1-0.7 0.565 Neutral 27
GO-PANI-AuNPs-GEC Poor 0.24-2.58 0.17 pH = 6.0 13
Cobalt(II)tert-butyl salophen ionophore Excellent 0.01-10 1.0 pH = 3.1 16
EAB Excellent 0.006—2.1 0.28 pH= 7.6-8.6 17
Hb/Au/GACS/GC Medium 0.00005—1 0.01 Neutral 28
Hb/poly(nBA)-rGO/SPE Medium 0.001—0.1 0.65 Neutral 29
L-Arginine/Co0;0,/FTO Medium 0.01- 16 0.00195 Neutral 30
VB,,-BSA/PCM Excellent 0.025—4S 0.001 pH = 5.0-9.0 This work
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Figure 4. Selectivity and stability characterization of VB,,-BSA/PCM biosensor. (A) Selectivity test of VB;,-BSA/PCM biosensor by adding
NaCl at 40 mM, NaHCOj, at 25 mM. (B) The bar graph of the absolute values of response currents of VB12-BSA/PCM biosensor of nitrite
and interferents. The pie chart mainly shows the proportion of different interferents in the solution, and the deep pink part of the pie chart
shows the concentration proportion of the corresponding substance. (C) Stability test results of the VB,,-BSA/PCM biosensor in nitrite
solution before (black, N = 3) and after (red, N = 3) storage in a refrigerator at 4 °C for 21 days. (D) Stability of the VB,,-BSA/PCM
biosensor in nitrite detection for the duration of 20 days. Bar graph shows the stability of the biosensors, and the line chart inset shows the
current response of three biosensors selected randomly. The biosensors were retrieved every 5 days from 4 °C refrigerator, and the
performance was investigated by amperometric i—t measurement using the nitrite solution at the concentration of 2 mM. Error bars are the
standard error of the mean (N = 3).

hindrance. Upon subsequent immobilization of VB, bionic
enzyme, a semi-insulating ion-selective layer was formed and
blocked the charge transfer between the electrode and the
substance that could not bond to the membrane, so that a
decrease in peak current was observed for SPCE-VB,,-CNTs/
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BSA. These results demonstrated outstanding electrocatalytic
performance of the SPCE-VB,,-CNTs/BSA electrode for
nitrite detection. Further, the interfacial properties of bare
SPCE, SPCE-CNTs/BSA, and SPCE-VB12-CNTs/BSA were
compared by conducting EIS tests. As seen from Figure 2(F),
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the Nyquist diagram comprises a semicircle in the range of
high frequencies and a linear part in the range of low
frequencies, representing an electron transfer-limited process
and diffusion-limited process, respectively. Then, the Randles
model is used to calculate the kinetics parameters of electron
transfer, which includes solution resistance (R,) in series with a
parallel combination of constant phase element (CPE) and
electron transfer resistance (R,) together with Warburg
resistance (R,). The electron transfer resistance decreased
significantly from bare SPCE (9044 2) to SPCE-CNTs/BSA
(86 Q), demonstrating that the CNTs/BSA modification
endows the SPCE excellent conductivity. R, of SPCE-VB,,—
CNTs/BSA (143.9 Q) increased slightly due to the composite
of semi-insulating ion-selective layer, consistent with the results
obtained by CV measurements.”"

For optimization of the working potential, the response
currents of nitrite were recorded under both low and high
nitrite concentration. The peak response current increased
gradually as the working potential increased from 0.4 to 1.0 V
and then decreased obviously when the potential was larger
than 1.0 V (Figure S2). Therefore, the optimal working
potential was determined to be 1.0 V for the following
experiments.

Figure 3 panels A and B demonstrate the cyclic voltammo-
grams of the VB,,-BSA/PCM biosensor under different
scanning rates. The oxidation current increased as the scanning
rate increased from 20 to 300 mV/s with 20 mV/s intervals
(Figure 3(A)). In Figure 3(B), the peak oxidation current of
cyclic voltammetry curves increased in a linear manner (R* >
0.997) as the scanning rate increased, which fits well with the
Randled-Sevcik equation:

n’F?
L=

vAT™*
4RT (1)

In eq 1, Ip is the peak current (A) in cyclic voltammograms,
n represents the number of electrons transferred in the redox
event, A stands for the electrochemical active area (cm?) of the
electrode, v stands for the scanning rate (V/s), F represents

Faraday constant, and T*represents the specific area (mol/
cm?) of the reactants attached to the electrode surface. It is
evident that the catalytic oxidation reaction of nitrite by VB,,-
BSA/PCM electrode was surface adsorption controlled. To be
specific, nitrite was first chelated with cobalt ion in VB, and
adsorbed on the surface of ion-selective layer, and then redox
reaction was started to carry out electron transfer.

The amperometric i—t curves of different concentrations of
nitrite solutions are presented in Figure 3(C,D). Figure 3(D) is
the linear relationship between the absolute value of the
current signal and the nitrite concentration. The linear range is
divided into two sections, where the corresponding linear
equations are I(uA) = 9.9996C, e (mM) + 3.3533, R* >
0.997, for nitrite concentrations of 0.025—0.8 mM, and I(uA)
= 8.0478C e (mM) + 2351, R* = 0.991, for nitrite
concentrations of 0.8—45 mM, respectively. According to the
measured results, the LOD of the biosensor was calculated to
be 1 nM and the sensitivity reached up to 64.08 pA/(mM-
cm?), which outperformed most of the previously reported
nitrite electrochemical biosensors (Table 1) and could meet
the clinical requirement for salivary nitrite detection.

To evaluate the selectivity of the fabricated VB,,-BSA/PCM
biosensor, amperometric response was measured at the applied
potential of 1.0 V by introducing nitrite and other interferents

including nitrate, chloride, carbonate, bicarbonate, and sulfite.
Figure 4 panels A and B show that the current response of the
VB,,-BSA/PCM biosensor to nitrite is nearly 20 times higher
than that of the interferents under the highest concentration
level in healthy human saliva. The exhibited negligible effect of
interferents of the biosensor indicated that the VB,,-BSA/
PCM biosensor was feasible for specific detection of nitrite in
the presence of other ions and biomolecules in saliva,
demonstrating its potential in practical application for accurate
and specific salivary nitrite detection.

In addition, the stability is of great significance to evaluate
the performance of the developed biosensor. The morpho-
logical properties of the porous, sponge-like VB;,-BSA/PCM
biosensor remains uniform after testing, 3 months storage, and
testing following 3 months storage, seen from Figure S3(A—
C). As shown in Figure S4(A), the CV responses of the VB,-
BSA/PCM biosensor before and after the durability experi-
ment for 3 months are similar, and the peak currents almost
coincide, ensuring the stability of the interfacial properties.
Additionally, the selectivity of the biosensor after 3 months of
storage is still excellent, and the current variation caused by
interferents at physiological concentrations is negligible (see
Figure S4(B)). What is more, as seen in Figure 4(C,D) and
Figure S4(C,D), after 21 days of storage in a 4 °C refrigerator,
the performance of the 3D VB,,-BSA/PCM electrochemical
biosensor remained largely unchanged. After 21 days of
storage, the absolute values of peak oxidation currents at the
same concentration of nitrite, remained at least 98% compared
to those before storage. The linear fitting curves of the peak
oxidation currents before and after storage almost overlapped,
both at low (Figure S4(C)) and high (Figure 4(C))
concentrations, suggesting excellent stability and a long
working time of the VB,-BSA/PCM biosensor.

Additionally, repeatability is also an important indicator for
evaluating sensor performance. Five fabricated VB ,-BSA/
PCM biosensors were randomly selected and measured when
adding 10 mM nitrite in PBS. It can be seen from Figure SS(A)
that the relative standard deviation (RSD) between the
electrodes was only 1.29%, indicating that the difference
between biosensor batches is negligible, which makes mass
production of this type of biosensors promising. Besides, we
took the damage of pungent liquid to the surface of the VB,,-
BSA/PCM biosensor during eating into consideration. To
assess the antijamming capability of the developed biosensor,
milk, Sprite, ketchup, brine, acetic acid, and alcohol were
adopted to represent common drinks, extremely salty and acid
environments, and organic liquid environments, respectively.
As seen from Figure SS(B), the difference of response currents
before and after soaking the sensors in common drinks was
within 7%, and in extreme pungent liquid was less than 12%,
indicating that diet and an interfering environment did not
cause significant damage to VB;,-BSA/PCM biosensors. What
is more, Figure S6 shows overlapped i—t response in nitrite
solutions under different pH values, meaning our VB,,-BSA/
PCM biosensor is compatible with samples at different pH
levels. Thus, biofluids can be detected directly without pH
adjustment or sample purification. The results further proved
that the developed VB,-BSA/PCM biosensor could be a
universal tool for rapid, accurate, robust point-of-care salivary
nitrite detection without complex sample preprocessing steps.

Overall, our developed VB,,-BSA/PCM biosensor shows
outstanding performance in sensitivity, selectivity, stability,
repeatability, and has the potential to be applied without
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Figure 5. Practicability evaluation of the VB,,/BSA-PCM biosensor. (A) Determination of nitrite concentration in artificial saliva samples
and in standard solution with the VB,,-BSA/PCM biosensor (N = 3). The inset line chart shows the accuracy of our developed VB,,-BSA/
PCM biosensor in artificial saliva samples. (B) Determination of nitrite content in real saliva samples collected from human volunteers in
multiple activity states. The red line marks the boundary between normal and abnormal nitrite concentrations. The green bars and the
yellow bar indicate the nitrite concentrations below and exceeding the threshold, respectively. (C) Determination of nitrite content in real
saliva samples collected from healthy human volunteers after different activities including sleeping, exercising, eating, and working with our

biosensor and the commercial nitrite kit (N = 3).

complex sample preprocessing steps. Compared to the
previously reported nitrite sensors (Table 1), our work is a
step forward in building 3D porous amperometric ion-selective
biosensors due to the PCM with larger contact area for the
immobilization of CNTs, and VB, bionic enzyme, which is
helpful in improving its sensitivity and selectivity. To be
specific, this work demonstrated a 3D porous amperometric
ion-selective nitrite biosensor with low LOD and wide linear
range, which has potential utility in salivary nitrite detection of
clinical samples and nitrite metabolism disorder diagnosis.

Practicability Evaluation of the VB,,/BSA-PCM Bio-
sensor. To evaluate the feasibility of the VB ,-BSA/PCM
biosensor in practical applications, we first evaluated the
biosensor with artificial saliva samples spiked with NaNO,
solution, and then assessed its performance in sensing nitrite
from real saliva samples of healthy human volunteers. The
current response of the developed sensor was examined using
artificial saliva samples spiked with standard nitrite solution to
a final concentrations of 0.2, 0.5, 1, §, 10, and 20 mM. The
response current was converted to nitrite concentration using
linear curve fitting of the VB,-BSA/PCM biosensor, and the
relative error values were negligible, as shown in Figure 5(A)
and Table S1. The results demonstrated that the accuracy of
the 3D PCM biosensor can satisfy the needs for nitrite
detection in saliva samples.

14855

For real saliva sample test using the developed VB,,-BSA/
PCM biosensor, both disease warning and health management
scenarios were simulated and tested. First, six saliva samples
from human volunteers in any activity state were collected and
analyzed by both the VB,,-BSA/PCM biosensor and a
commercial nitrite assay kit. We set 125 yM salivary nitrite
as the threshold of diseased states’' and would give an alarm to
the samples that exceeded the threshold, as shown in Figure
5(B). The nitrite concentration detected by our VB;,-BSA/
PCM biosensor was highly consistent with the results of the
commercial nitrite kit. Both the biosensor and the nitrite kit
ring alarm for the abnormal nitrite concentration of volunteer
6, implying the imbalance of nitrite metabolism of the
volunteer. Short-term overshoot of salivary nitrite may be
caused by oral ulcer, frequent long vigils, or an inordinate daily
schedule, while a long-term abnormality requires attention for
the possibility of a series of sever diseases. Based on the above
results, the accuracy of our developed VB ,-BSA/PCM
biosensor for salivary nitrite detection was verified, and the
capability of early detection of abnormal nitrite levels of the
biosensor was proven to be effective.

Next, saliva samples from one healthy volunteer were
collected and analyzed under different activities, including
sleeping, exercising, eating, and working. As can be seen from
Figure 5(C), compared to a commercial nitrite assay kit, our
VB,,-BSA/PCM biosensor showed excellent sensitivity and
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can effectively visualize the nitrite fluctuations during different
metabolism states. Besides, since the VB,,-BSA/PCM
biosensor possesses excellent selectivity and antijamming
ability, sample processing can be simplified or omissible,
retaining the content of salivary nitrite to the maximum extent
during sample processing and ensuring that the detection
result is accurate and reliable. What is more, it takes less than 7
min for unskilled personnel to complete the salivary nitrite
detection using our portable VB,,-BSA/PCM biosensor, while
it takes at least 40 min to accurately detect salivary nitrite using
a commercial nitrite kit with the help of a cumbersome
microplate reader and frequent standardization. Thus, the
VB,,-BSA/PCM biosensor for nitrite detection was nearly 6
times faster than the commercial kit, which is extremely time-
saving and use-friendly, making home-based routine salivary
nitrite monitoring feasible and promising.

CONCLUSIONS

In this work, we have successfully developed a portable, robust,
and low-cost ion-selective electrochemical biosensor for point-
of-care testing with high sensitivity, high selectivity, high
stability, wide linear range, and short response time. The
developed VB,,-BSA/PCM electrochemical biosensor, as a
special kind of bionic enzyme-assisted ion-selective ampero-
metric biosensor, demonstrates high sensitivity and selectivity,
making accurate, specific, and rapid point-of-care nitrite
detection in complex biofluids feasible and promising.

To be specific, the VB, bionic enzyme can generate a strong
field ligand to capture nitrite in complex biofluids, and then
Co** bound to nitrite can induce redox reactions rapidly under
an appropriate voltage. The process does not involve any
organic enzymes or other volatile substances, and therefore the
biosensor is not affected by temperature, pH, or other
interfering conditions, endowing the sensor excellent selectiv-
ity, high stability, and long working life. Additionally, the 3D
PCM is used as an electron conduction medium in our VB,-
BSA/PCM biosensor, whose increased surface-to-volume ratio
greatly prompts the transfer of electrons generated by redox on
the ion-selective membrane, ensuring the sensitivity and short
response time of the biosensor.

The VB,-BSA/PCM electrode exhibits outstanding per-
formance with a wide linear range of 0.025—45 mM, high
sensitivity of 64.08 uA/(mM-cm?®) and low LOD of 1 nM,
which straddles the levels of salivary nitrite of healthy people
(0.06—0.085 mM) and those with nitrite metabolism disorders
(0.15—0.2 mM). Moreover, the VB,,-BSA/PCM biosensor is
ready for mass production for its easy fabrication based on
one-step drop casting procedures and negligible variation
between batches with a RSD of only 1.29%. Additionally, this
biosensor shows high stability with peak current retaining 98%
of the original values after 21 days’ storage and exhibits good
antijamming capability in common drinks and extreme fluid
conditions, suggesting that the biosensor with a long working
life can meet the demand of practical applications in POC
salivary nitrite detection without complex sample pretreatment.
Finally, both the VB, bionic enzyme and conductive porous
BSA skeleton can be expanded to other applications. For one
thing, the VB,, bionic enzyme can be regarded as a
biocompatible nonmetallic chelating agent immobilized on
other electrodes for accurate nitrite detection or nitrite
impurity removal. For another, the 3D PCM electrode,
which can achieve sensitive and accurate detection of different
types of metabolites by coating specific ion-selective layers or

immobilizing enzymes, holds potential utility in the diagnosis
of a variety of metabolic disorders.

In conclusion, we have proposed a kind of ion-selective
amperometric biosensor, which can utilize a bionic enzyme-
modified ion-selective membrane to specifically capture target
molecules and generate current through a redox reaction, and
achieve high electron conduction efficiency with the help of
conductive nanomaterials. Based on the concept of this
biosensor, we successfully developed a bionic enzyme-assisted
ion-selective amperometric biosensor for rapid and sensitive
salivary nitrite detection, which is in line with the emerging
clinical need of POC nitrite monitoring. The construction and
application of this biosensor not only facilitate improved
diagnosis, treatment and prognosis of a variety of diseases
especially stomach cancer, but also empower long-term health
management and dietary conditioning, promoting the
realization of precision medicine and smart medicine. We
believe the proposed ion-selective amperometric biosensor can
be widely adopted in rapid, sensitive, and specific non-
enzymatic detection of various ions and biomolecules in the
future.

METHODS/EXPERIMENTAL

Materials Preparation. Cyanocobalamin (VB;,), carboxyl
functionalized gold nanoparticles (AuNPs, diameter 20 nm, >
99%), and artificial saliva (ISO/TR10271) were purchased from
Macklin (Shanghai, China). 1-(3-Dimethylaminopropyl)-3-ethylcar-
bodiimide hydro (EDC) and N-hydroxysuccinimide (NHS) were
purchased from Sigma (Steinheim, Germany). Potassium ferricyanide
(K5[Fe(CN)g4]), potassium hexacyanoferrate(II) (K,Fe(CN)g), and
potassium chloride (KCl) were purchased from Aladdin (Shanghai,
China). Multiwalled carbon nanotubes (MWCNTSs, diameter 2—5
nm, length 10—-30 um, >99%) were purchased from XFNANO
(Nanjing, China). Bovine serum albumin (BSA) and sodium nitrite
(NaNO,) were purchased from Sigma (Steinheim, Germany).
Phosphate buffer solution (PBS, pH = 7.2—7.4) was from Solarbio
(Beijing, China). All other chemicals used were of analytical grade
without further purification. Double distilled water was used
throughout the experiments. All electrochemical measurements were
performed on the CHI660E electrochemical workstation (Chenhua,
Shanghai, China).

Electrochemical Detection Mechanism of the VB,,/BSA-
PCM Electrode. The developed 3D VB;,/BSA-PCM electrochemical
biosensor is based on the three-electrode scheme. First, the VB,,-
based ion-selective layer identifies and captures the nitrite in complex
biological samples with the aid of a strong interaction between
trivalent cobalt ions (Co®*) and nitrite. Then, nitrite is oxidized by
high-valence Co*". The electrons lost by nitrite are transferred to
PCM-based solid contact layer and the corresponding current can be
detected by the electrochemical workstation. The following chemical
eqs 2—6 show the detailed detection mechanism of nitrite on a VB,/
BSA-PCM electrode.

(Co’Co®*)(VB,,) + 0, — (Co**)(VB,) + H,0 + 3¢~ (2)

Co**(VB,,) + NO,
< C03+(NO;)(V312)

A C02+(VB12) + NO, 3)
2NO, + H,0 < 2H" + NOj + NO; (4)
NO; + H,0 — 2H* + NOj + 2¢~ (s)
Co® - Co®*(VB,) + ¢~ (6)

Fabrication of the VB,,/BSA-PCM Electrode. The VB,,/BSA-
PCM electrode was modified by drop casting AuNPs/BSA/CNTs
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solution and VB;,—AuNPs solution, as shown in Figure 1. First,
AuNPs/MWCNTSs solution was prepared by adding S 4L of carboxyl-
functionalized AuNPs into 1 mL of MWCNTs solution (0.1 wt %)
with ultrasonic mixing for 30 min to achieve complete dispersion.
Next, 5 mg of BSA was added to 1 mL of AuNPs/MWCNTs solution.
The solution was thoroughly mixed and dispersed by vortex
oscillation and ultrasonication until no agglomerates were observed
to obtain AuNPs/BSA/CNTs solution. Then, the AuNPs/BSA/
CNTs solution was stored in a refrigerator at 4 °C overnight to
facilitate the cross-linking between BSA and CNTs. A drop of
AuNPs/BSA/CNTs solution (8 L) was introduced onto the working
electrode of screen-printed carbon electrode (SPCE), which was
incubated at 55 °C for 2 h to form BSA-PCM.

Afterward, VB, bionic enzyme was immobilized on the surface of
BSA-PCM by applying 1 uL of VB;,—AuNPs solution (0.3 wt %) and
drying at 37 °C for 30 min, and the VB;,—AuNPs/BSA/CNTs
electrode was thus prepared. The covalent binding between VB, and
carboxyl-functionalized AuNPs was formed with the help of EDC/
NHS (0.25% EDC/0.09% NHS) after incubating at 37 °C. The
working electrode was gently rinsed 3 times with PBS by pipetting,
and then the modified biosensor was stored in refrigerator at 4 °C
until use.

Topographic Characterization of VB,,/BSA-PCM Electrode.
Scanning electron microscopy (SEM) studies of bare SPCE working
electrode and VB,,/BSA-PCM electrode were carried out to confirm
the structure of PCM, as shown in Figure 2 and Figure S1. The
electrodes were cut into small pieces and placed on a copper disc.
Gold particles were deposited on the surface using a spray machine,
and electron micrographs were recorded. Energy dispersive spectros-
copy (EDS) studies were then carried out to characterize the
immobilization of VB,. The morphological study of the biosensor
after testing, 3 months storage, and testing following 3 months storage
were conducted following the same processes. The thickness of the
SPCE before and after modification was tested by an atomic profiler
(P-7, KLA-Tencor, China). Transmission electron microscope
(TEM) study was conducted by drying the solution of carboxyl
modified AuNPs on an ultrathin carbon film.

Electrochemical Characterization of the VB;,/BSA-PCM
Electrode. The electrochemical performance of the VB,,/BSA-
PCM electrode was evaluated by a CHI660E electrochemical
workstation. First, control experiments between bare SPEC electrode,
CNTs-SPEC electrode, BSA-PCM electrode, and VB,,/BSA-PCM
electrode in 2 mL of NaNO, solution (5 mM) were performed, and
the cyclic voltammetry response was recorded respectively. The
potential range during the cyclic voltammetry tests was between 0.6
and 1.6 V, and the scanning rate was set to 100 mV/s. Second,
electrochemical impedance spectroscopy (EIS) of SPCE electrode,
BSA-PCM electrode, and VB,,/BSA-PCM electrode in 1 mM
Fe(CN)** (1:1) solution containing 0.1 M KCI were tested, and
the Nyquist spectrograms were recorded in order. The equivalent
circuit modeling and data fitting were both completed by Zview 3.1
(Scribner Associates, Inc., North Carolina, USA).

Third, to further study the reaction kinetics on the developed
VB,,/BSA-PCM biosensor, cyclic voltammograms were recorded at
different scanning rates, ranging from 20 to 300 mV/s with a 20 mV/s
interval. All tests were performed at room temperature (25 °C), and
each experiment was repeated three times. After each test, the
working electrode was cleaned three times with deionized water (DI
water). All cyclic voltammetry data were processed using OriginPro
8.5 (OriginLab Corporation, Northampton, MA).

Optimization of Experimental Condition. To obtain better
catalytic performance and optimal signal, the effect of the working
potentials to the VB;,/BSA-PCM electrode was investigated through
amperometric i—t measurement. First, the i—t test was carried out by
increasing working potentials in high concentration nitrite solutions
from 0.4 to 1.2 V with a 0.2 V intervals. To be specific, the VB,,/BSA-
PCM electrode was immersed in 2 mL of PBS (0.01 M, pH = 7.4) to
obtain the aclinic baseline. Then, S uL of NaNO, (1 M) solution was
added every 100 s for five times, ensuring the stability of the double
electric layer on the interface and uniform dispersion of the nitrite.

After five consecutive drops were added, the current response of each
time was averaged. To investigate the optimal potential in low
concentration nitrite solution, we followed the same procedures as
mentioned above, except the potential range was set to 0.7 to 1.1 V
with a 0.1 V interval, and the concentration of added NaNO, was 10
mM. All tests were performed at room temperature, and each
experiment was repeated three times. All the amperometric measure-
ments were conducted in cathodic direction, and the corresponding
currents used for data processing were given in absolute values.

Linear Range Measurement of VB,,/BSA-PCM Electrode.
The linear range and limit of detection (LOD) of the VB,,/BSA-PCM
electrode were evaluated by recording the i—t response in different
concentrations of nitrite. NaNO, was spiked in PBS (0.01 M, pH =
7.4) to prepare solutions with concentrations varying between 0.025
and 80 mM. Then, the VB,,/BSA-PCM biosensor was immersed in 2
mL NaNO, solutions and amperometric i—t tests were carried out at
the optimal working potential. All tests were performed at room
temperature and each experiment was repeated three times.

Selectivity, Repeatability, and Stability Assessment of VB,,/
BSA-PCM Electrode. First, to study the selectivity of the developed
VB,,/BSA-PCM electrode, an amperometric i—t measurement of the
biosensor was carried out by adding five different interferents such as
NaCl at 40 mM, NaHCO; at 25 mM, Na,CO;, NaNOj;, and Na,SO;
at 2 mM, respectively, into 2 mL of 1 mM NaNO, solution. The
interferents chosen were common in human saliva, and their
concentration in tests were the highest concentration level in healthy
human saliva.

Second, to investigate the repeatability of VB;,/BSA-PCM
electrode, six electrodes were selected randomly and their i—t
response were obtained separately after adding S uL of NaNO, (1 M)
in PBS. Afterward, 6 electrodes were soaked in 2 mL of Sprite, milk,
ketchup, brine, 12% ethanol, and 37.5% acetic acid solution for 1 h,
respectively. Then, the antijamming ability of VB,,/BSA-PCM
electrode was evaluated in the same i—t measurement of the
biosensor at five different measurements at the same test conditions.

Besides, to assess the robustness of the VB,,/BSA-PCM electrode,
three electrodes were selected randomly and soaked in 2 mL of PBS
solution under different pH. Then, 10 uL of NaNO, (1 M) was added
every 200 s for three times to obtain the i—t measurement of the
biosensor at five different measurements at the same test conditions.
The current response of the three electrodes under different pH was
plotted by normalizing the baseline.

Next, to evaluate the stability of the VB,,/BSA-PCM electrode,
after testing with nitrite solutions at 50, 100, 200, 300 uM and 2, 4, 6,
8, 10 mM, the biosensor was washed by DI water, dried, and stored at
room temperature for 21 days. The biosensor was retrieved every S
days and the performance was investigated by amperometric i—t
measurement of the biosensor at five different measurements at the
same test conditions. The working potential was set at optimal
potential (1.0 V). Each experiment was conducted at room
temperature and repeated three times.

Finally, to assess the performance of the VB,/BSA-PCM electrode
after durability experiment, the CV measurement of the biosensor
storing for 3 months in a 4 °C refrigerator was tested in 2 mL of
nitrite solution (5 mM). The potential range during cyclic
voltammetry tests was between 0.6 and 1.6 V, and the scanning
rate was set to 100 mV/s. Then, the selectivity test was tested
following the same procedure mentioned above.

Analysis of Simulated Samples and Real Samples. To
investigate the feasibility of the developed VB,,/BSA-PCM biosensor
for nitrite detection in biological fluids, artificial saliva spiked with
NaNO, to a final concentrations of 0.2, 0.5, 1, 5, 10, and 20 mM was
measured by our biosensor. The current response corresponded to
the standard curve to calculate the tested concentration of NaNO,,
and then the accuracy of NaNO, detection was assessed. Each
experiment was conducted at room temperature and repeated three
times.

To evaluate the practicability of the developed VB,,/BSA-PCM
biosensor for salivary nitrite detection and assess its possibilities in
routine monitoring and health management applications, saliva
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samples from different volunteers in multiple activity states were
collected and analyzed by both our biosensor and a commercial nitrite
analyzer within 2 h. To be specific, saliva samples under each test
condition were dropped on VB,/BSA-PCM biosensors after
centrifuging at 6000 rpm for 15 min at room temperature and
removing obvious impurity particles. Then, a stable i—t response was
collected under 1.0 V working potential and converted to nitrite
concentration according to the fitting curve of the VB,,/BSA-PCM
biosensor. Each experiment was conducted at room temperature and
repeated more than three times, and each VB,,/BSA-PCM biosensor
was calibrated by simulated saliva. In the control group, the nitrite
level in saliva samples was detected by a p-aminobenzenesulfonamide
kit (Boxbio, Beijing, China). The salivary samples were collected in 2
mL centrifuge tubes and used within 2 h after collection. The six
samples used to evaluate the abnormal nitrite detection capability of
VB,,—PCM biosensor corresponded to volunteers 1—6, respectively.
Dynamic measurement of salivary nitrite levels from real samples
under different daily activities including sleeping, having lunch,
working, and exercising was performed in the same manner, and all
the samples were collected from volunteer 2. Experiments involving
human saliva samples were performed according to protocols and
guidelines approved Ethics Review Committee of Tsinghua University
(Beijing, China) and written consent was obtained from all
participants.
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