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For D-amino acid (DAA) electrochemical biosensors, it is necessary to achieve chiral recognition in racemic
solutions or mixtures. However, common chiral recognition is only performed in a single isomer solution. Here,
D-amino acid oxidase (DAAO) was used as a chiral selector, and carbon nanotubes (CNTs) as a signal amplifier to
construct a non-mediator-style DAA biosensor. The biosensor showed high performance against enantiomer
interference: in alanine (Ala) enantiomer mixtures, accurate quantification of D-Ala was achieved when the
concentration ratio of L-Ala to D-Ala was 100. In Ala racemic solutions, the linear equation slope was almost
consistent with that of standard D-Ala. This high performance was due to the combination of stereoselectivity
(enzyme protein) and a catalytic reaction (redox center). The mechanism for the electrical signal change of the
biosensor was explored and verified by cyclic voltammetry (CV). The results showed that (i) flavin adenine
dinucleotide (FAD, redox center of DAAQO) was a direct electroactive substance that produced a reduction peak
current; in the presence of O,, the amount of FAD increased leading to an increase of the reduction peak current.
(ii) In the presence of DAA, the chemical reaction FAD + DAA — imino acids + FADH, occurred and
consumed FAD, which resulted in its decrease; thus, the reduction peak current also decreased. Under the same
oxygen concentration, the linear decrease of the reduction peak current in the presence of DAA was due to FAD
consumption. The biosensor was used for practical analyses in milk and urine samples with satisfactory results.

1. Introduction

Chiral molecules are ubiquitous, in general, and are present in the
basic components of life (amino acids, proteins, DNA), medicine, pes-
ticides and new synthetic functional materials, but only one isomer
exhibits activity or functionality; the other is ineffective and even cause
side effects, so chiral analysis is of vital importance in life, drugs and
materials sciences (Bergantini et al., 2018; Du et al., 2013; Hao et al.,
2019; Zhang et al., 2017). Among the developed chiral analysis
methods, electrochemical methods (electrochemical sensors) have been
widely used in the field of chiral analysis because of their simple oper-
ation, fast response and easy miniaturization. The most critical element
of the electrochemical sensor is the chiral selector which directly de-
termines the performance of the sensor. There are many kinds of chiral
selectors currently used for chiral recognition, including (i) natural
polysaccharides, such as chitosan (CS) (Bao et al., 2016; Gholivand and
Mohammadi-Behzad, 2015) and cyclodextrin (Tao et al., 2017; Wu and
Kong, 2019; Zaidi, 2017), (ii) synthetic chiral polymers, such as 3,
4-methylenedioxymethamphetamine derivatives (Dong et al., 2017) and
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MOFs materials (Wu et al., 2017) and (iii) biological materials, such as
chiral amino acids (Gou et al., 2016; Zhang et al., 2019), enzymes that
catalyse chiral substrates (Arai et al., 1998; Zhu et al., 2017) and chiral
specific nucleic acid aptamers (Challier et al., 2016; Tohala et al., 2015).

Most chiral selectors used for chiral recognition are based on inter-
action differences or stereo matching differences with enantiomers to
achieve chiral recognition; the greater the difference, the better the
recognition performance. However, these differences are so weak that it
is difficult to convert them into electrical signal differences in the
enantiomer mixture. Furthermore, another difficulty is that most elec-
trochemical chiral sensors only perform in a single isomer (L- or D-iso-
mer) solution, and chiral quantitative identification cannot be achieved
in an enantiomer mixture (L- and D-isomer).

To solve this problem, researchers have focused on bio-enzymes that
catalyse chiral substrates not only by weak interactions but also by
stereospecific chemical reactions. These enzymes, such as DAAO (FAD-
dependent oxidase)(Arai et al., 1998; Kiss and Ferenczy, 2019; Sacchi
et al., 1998), which has a high degree of stereospecificity, can catalyse a
variety of DAA molecules with different degrees of oxidation but are
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resistant to L-amino acid (LAA). The catalytic reaction formula is as

follows (Moreno et al., 1996): DAA + Ogmiéoirnino acid + H,0,.
Importantly, the redox center of DAAO can realize direct electron
transfer (DET) on the surface of the electrode by producing an electro-
chemical signal. Furthermore, the electrochemical signal can be
changed by a catalytic reaction of DAAO to DAA, and the electro-
chemical signal change has a linear relationship with the concentration
of DAA in a certain range so that DAA can be determined quantitatively.
Utilized in an electrochemical biosensor, DAAO has two advantages: (i)
for non-electroactive DAA, the linear relationship between the electrical
signal change of DAAO and DAA concentration can be utilized to realize
its electrochemical detection, such as for D-Ala and (ii) for electroactive
DAA, the electrical signal change of DAAO combined with the electrical
signal of DAA itself can be utilized to realize dual electrochemical signal
detection, such as for D-tryptophan.

At present, electrochemical biosensors based on DAAO have been
studied for DAA chiral recognition (Pernot et al., 2008; Pundir et al.,
2018; Zain et al., 2010), but quantitative identification in racemic so-
lutions or mixtures have rarely been discussed. In addition, because of
the diversity of redox mediators, studies mainly concentrated on the
introduction of redox mediators, which mediate electron transfer of
DAAO, H50, (a by-product of DAAO catalysis to DAA) or peroxidase to
indirectly determine DAA (Fig. 1A) (Moreno-Guzman et al., 2017; Nieh
et al., 2013; Wcislo et al., 2007). However, a non-mediator-style DAA
biosensor based on DAAO (Fig. 1B) has rarely been reported, despite its
advantages of a simple electron transfer process and less electrode
contamination.

Herein, a non-mediator-style DAA biosensor was constructed, which
was simply modified layer of DAAO/CNTs composite film and a layer of
Nafion (as a protective agent). The only electrical signal was produced
by DET between the DAAO and electrode. As commonly used carbon
materials in biosensors (Alim et al., 2018; Katz and Willner, 2004), CNTs
with excellent conductivity, commercial availability and biocompati-
bility (Britto et al., 1999; Gupta et al., 2018; Nugent et al., 2001) was
chosen as a signal amplifier. In our work, the electrical signal decreased
with the increased DAA concentration. This phenomenon was consistent
with the electrical signal change of a non-mediator-style glucose
biosensor based on glucose oxidase (GOD, which is also an
FAD-dependent oxidase), but was inconsistent with that of
mediator-style DAA biosensors. For example, a non-mediator-style
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glucose biosensor based on GOD has a reduction peak current (at
—0.517 V) that decreased with increasing glucose (Kang et al., 2009).
However, with a mediator-style DAA biosensor based on DAAO and a
mediator of pentacyanoferrate-bound poly (1-vinylimidazole) polymer
(PVI[Fe(CN)s]), the reduction peak current (at 0.1 V) increased with
increasing DAA (Nieh et al., 2013). Because of this contradiction, the
mechanism that caused the change in the reduction peak current was
further explored by a CV analysis from the point when the reduction
peak current was generated. In addition, the performance and practical
applications for chiral DAA recognition were also studied.

2. Experimental
2.1. Reagents and materials

CS (Deacetylation degree >90%) was purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). L-Ala, D-Ala, CNTs (>95%
purity and ~50 pm long), NasHPO4, NaH,PO4 and KCI were purchased
from Aladdin Chemistry Co., Ltd (Shanghai, China). DAAO (from a
porcine kidney, >1.5 units/mg solid) and Nafion solution (5 wt% in a
mixture of low aliphatic alcohols and 45%water) were purchased from
Sigma Aldrich Co (USA). The stock DAAO solution was prepared in
phosphate buffer saline and stored at 4 °C. Acetic acid (>99.5%) was
purchased from Beijing Chemical Reagent Co., Ltd (Beijing, China). All
other chemicals were analytical grade and directly used without further
purification. A milk sample was purchased from Jingdong Mall and a
urine sample was donated from a healthy volunteer. Phosphate buffer
saline with 0.1 M KCI (PBS 50 mM, pH 7.4) was used as a supporting
electrolyte.

2.2. Fabrication of enzyme electrode

DAAO/CNTs solutions were prepared by mixing CNTs solutions
(dispersing CNTs in a CS solution and ultrasonication for 20 min) with
appropriate amounts of DAAO.

Electrode modification was conducted by casting appropriate
amount of a DAAO/CNTs and Nafion solution onto the surface of a glass
carbon electrode (GCE, 3 mm in diameter). The modified electrode was
stored at 4 °C in PBS when not in use.
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Fig. 1. (A) Indirect detection of DAA by mediator-style biosensors based on DAAO. (B) Direct detection of DAA by a non-mediator-style biosensor based on DAAO.
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2.3. Electrochemical measurements

Electrochemical experiments were performed in a conventional
three-electrode cell connected to a CHI-660E electrochemical worksta-
tion (CH Instruments, Inc., China) with the above GCEs as the working
electrode, a saturated calomel electrode (SCE) as the reference electrode
and a platinum wire as the counter electrode. Ny-saturated PBS and No-
saturated DAA solutions were prepared by purging with high-purity
nitrogen for at least 30 min, and air-saturated PBS and the air-
saturated DAA solutions were without any pretreatment. CV measure-
ments were performed in an air-saturated solution at 35 °C unless
otherwise stated.

3. Results and discussion
3.1. Electrochemical signal of DAAO

A DET between DAAO and the surface of the electrode was hardly
achieved. The redox center of DAAO is deeply embedded into the large
three-dimensional structure of the enzyme molecule, which leads to a
significant decrease in the electron transfer capacity (Liu et al., 2005).
To improve this capacity, CNTs with excellent conductivity, commercial
availability and biocompatibility were chosen as the signal amplifier.

There are two points to consider, (i) the DAAO electrochemical
conversion mechanism and (ii) verification of the CNT effect. (i) For the
electrochemical conversion of DAAO, electrons transfer occurs in its
redox center, FAD/FADH,, which is known to exchange two protons and
two electrons via a redox reaction (Degani and Heller, 1988; Iannlello
et al.,, 1982; Liu and Ju, 2003). Fig. S1 shows the CV curve of
FAD/CNTs/GCE. A pair of redox peaks was observed at approximately
—0.5 V. Regarding DAAO/CNTs/GCE, the reduction peak potential
moved negatively because of protein masking (Fig. S2). In general, both
the potential and peak shapes were similar between DAAO/CNTs/GCE
and FAD/CNTs/GCE. In addition, the peak potential of
DAAO/CNTs/GCE linearly changed with a pH increase over a certain
range (Fig. S3). The linear slope was close to the theoretical value of
—58.6 mV/pH (Liu et al., 2007), suggesting that two protons and two
electrons participated in the DET of DAAO. The consistencies of the
potential, peak shapes and transfer process between DAAO/CNTs/GCE
and FAD/CNTs/GCE, suggested that the DAAO electrochemical con-
version was achieved with FAD/FADH,; (Degani and Heller, 1988).

(ii) For effects of the CNTs that were studied, Fig. 2A shows the CV
curves of GCE, DAAO/GCE and DAAO/CNTs/GCE in PBS. No peak
appeared for the bare GCE, and a weak reduction peak appeared for
DAAO/GCE, suggesting a weak DET of DAAO on the surface of the GCE.
The reason for these results is that FAD was deeply embedded in a
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protective protein matrix (Andreu et al., 2007), resulting in difficult
electron transfer with the electrode. However, the reduction peak for
DAAO/CNTs/GCE increased by 1.9 times compared to that of
DAAO/GCE, and the oxidation peak appeared, suggesting that the DET
of DAAO on the surface of the electrode was obviously promoted. This
promotion contributed to a high local density of electronic states in the
CNTs and a large surface area of CNTs-based electrodes (Sa et al., 2019;
Zhang et al., 2004). Fig. 2B shows the relationship between the reduc-
tion peak current and different concentrations of DAA for DAAO/GCE
and DAAO/CNTs/GCE. For DAAO/GCE, the electrical signal response in
DAA from 0 to 0.4 mM varies little (<1 pA). For DAAO/CNTs/GCE, the
signal response magnitude was obviously enhanced and linearly related
to different DAAs in a certain range, suggesting that CNTs can be suc-
cessfully used as signal amplifiers.

Interestingly, the phenomenon that the reduction peak current
decreased with increasing DAA (Fig. 3), was opposite with previous
reports that the reduction peak current increased in mediator-style
biosensors based on DAAO (Dominguez et al., 2001; Nieh et al.,
2013). However, it was consistent with previously reported
non-mediator-style glucose biosensors based on glucose oxidase (GOD,
which is also a FAD-dependent oxidase) (Kang et al., 2009). The previ-
ous published paper attributed oxygen consumption in the solution as
the reason for the decrease in the reduction peak current. However, in
our system, the oxygen concentration in DAA solution at different con-
centrations was basically the same level (air-saturated), indicating that a
decrease in oxygen concentration was not the key reason for our
experimental phenomenon. To clarify the reason, reactions occurring on
the electrode surface should be analysed in detail.
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Fig. 3. CV curves of DAAO/CNTs/GCE in different concentrations of DAA
(from a to g): 0, 0.08, 0.1, 0.2, 0.3, 0.4 and 0.5 mM.
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Fig. 2. (A) CV curves of bare GCE, DAAO/GCE and DAAO/CNTs/GCE in air-saturated PBS. (B) The electrical signal responses (/\I= Ipps-Ipaa) of DAAO/GCE and

DAAO/CNTs/GCE at different concentrations of DAA (from 0O to 0.4 mM).
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3.2. Mechanism of the electrochemical signal change

As discussed above, DET of DAAO occurred in its redox center (FAD/
FADH,), where two protons and two electrons were exchanged. The
transfer process can be described by two electrochemical reactions (Liu
and Ju, 2003):

FAD+ 2e + 2H"—>FADH, (a

FADH, —FAD+ 2 +2H' (b)

Since FAD obtained electrons from the electrode, electrochemical
reaction (a) produced a reduction current. Correspondingly, electro-
chemical reaction (b) produced an oxidation current due to FADH,
losing electrons on the electrode. In an air-saturated DAA solution, DAA
and dissolved O are involved in chemical reactions (Nieh et al., 2013):

FAD + DAA- imino acid + FADH, (©)
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FADH, +0,—-FAD + H,0, (d)

By studying the effect of DAA and Os on FAD, the reason for the
decrease in the reduction peak current will become clear. Therefore, CV
experiments with four solutions (i) No-saturated PBS, (ii) Np-saturated
DAA solution, (iii) air-saturated PBS and (iv) air-saturated DAA solution
were conducted to study the effects of O, and DAA.

The reaction processes and corresponding CV curves are shown in
Fig. 4. (i) For Ng-saturated PBS, a pair of reversible redox peaks was
observed in the CV curve due to electrochemical reactions (a) and (b)
(Fig. 4A). (ii) For the Ny-saturated DAA solution, the reduction peak
current decreased compared with that of (i) (Fig. 4B). This was because
of the additional occurrence of chemical reaction (c). In chemical re-
action (c), DAA competitively combined with FAD, which directly
decreased the amount of FAD in electrochemical reaction (a) so that the
reduction peak current decreased. Comparing (i) and (ii) showed that
DAA decreased the reduction peak current of DAAO. (iii) For air-
saturated PBS, the reduction peak current obviously increased
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Fig. 4. Reaction process on the DAAO/CNTs/GCE surface in (i) Ny-saturated PBS, (ii) Nop-saturated DAA solution, (iii) air-saturated PBS and (iv) air-saturated

DAA solution.
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compared with that of (i) (Fig. 4C). This was because chemical reaction
(d) occurred in addition to electrochemical reactions (a) and (b). In
chemical reaction (d), O combined with FADHj to produce FAD, which
directly increased the amount of FAD in electrochemical reaction (a). A
comparison of Nj-saturated and Os-saturated PBS showed that O,
increased the reduction peak current of DAAO. (iv) For air-saturated
DAA solution, the reduction peak current decreased compared with
that of (iii) (Fig. 4D) because of FAD competitive consumption by DAA
in chemical reaction (c). A comparison of Op-saturated PBS and Oo-
saturated DAA solution showed that DAA decreased the reduction peak
current of DAAO. In conclusion, two points should be noted: (i) Os
increased the reduction peak current of the DAAO modified non-
mediator style biosensor and (ii) regardless of the absence or presence
of Oy, DAA addition will decrease the reduction peak current. Because
the reduction peak current was generated by electron transfer between
the electrode and FAD, FAD decreased due to the competitive combi-
nation with DAA, so the reduction peak current decreased. In our sys-
tem, as DAA increased, more FAD was consumed so the reduction peak
current decreased.

This mechanism is suitable for non-mediator-style biosensors based
on (i) all kinds of FAD-dependent oxidases and (ii) the kind of enzyme
that has a redox center that is electroactive, where its oxidation state is
directly involved in the substrate catalytic reaction. Furthermore, this
mechanism contributes to explaining the change of electrochemical
signals in mediator-style electrochemical sensors.

3.3. Chiral recognition performance

Condition optimization was conducted for the electrode modification
process, including the concentration of CNTs and the amount of DAAO
deposition, and for the testing process, namely, variations in tempera-
ture, pH and the scan rate. We found that the amount of DAAO depo-
sition and temperature were the two most influential factors, with an
optimal DAAO deposition of 0.57 U and an optimal temperature of 35 °C
utilized in this experiment, respectively. Thus, D-Ala sensors with
excellent performance were finally obtained. The reduction peak current
linearly decreased with the concentration of D-Ala from 9 pM to 600 pM
(Fig. 5), and the detection limit was 7.91 pM (S/N = 3), which was of the
same magnitude as that of mediator-style sensors (Wcislo et al., 2007).

To realize chiral recognition of D-Ala with high efficiency, it is
necessary to discuss the interference of L-Ala. In our work, three ex-
periments were conducted: (i) comparing the electrical signal responses
caused by the same concentrations of L-Ala and D-Ala, (ii) mixing
different concentrations of L-Ala with a fixed concentration of D-Ala,
comparing the electrical signal response of this enantiomer mixtures
with that of the D-Ala single isomer and (iii) studying the quantitative
recognition of D-Ala in an Ala-racemic solution. As a result, in experi-
ment (i), we found that the CV curves for different concentrations of L-
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Fig. 5. Linear relationship between the electrical signal responses of DAAO/
CNTs/GCE vs. the D-Ala concentration.
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Ala (0.1-0.5 mM) almost overlapped with that of PBS, while the CV
curves for the corresponding D-Ala obviously changed (Fig. 6A);
furthermore the electrical signal response in D-Ala was found to be
significantly larger than that in L-Ala at the same concentration
(Fig. 6B). In experiment (ii), different concentrations of L-Ala and 0.2
mM D-Ala were mixed, and the reduction peak currents in the enan-
tiomer mixture were consistent with that of 0.2 mM D-Ala. When 20 mM
of L-Ala was in the mixture, that is, the concentration ratio of L-Ala to D-
Ala was 100, the reduction peak current was still almost identical to that
of the 0.2 mM D-Ala single isomer (Fig. 6C). In experiment (iii), D-Ala
determination was conducted in an Ala racemic solution. We found that
the change in the electric signal response was linearly correlated with
the concentration of D-Ala and that the slope was almost consistent with
that of the standard D-Ala single solution (Fig. 6D). The results of these
three experiments showed that: (i) the interference of L-Ala was negli-
gible for quantitative detection of D-Ala in the enantiomer mixture and
that (ii) the sensor could realize the quantitative recognition of D-Ala in
a racemic solution.

Actually, most electrochemical sensors are only performed in a single
isomer solution because they cannot achieve quantitative chiral recog-
nition in an enantiomer mixture or can only predict the percent content
of a single isomer. Because the proposed sensor based on DAAO can
effectively exclude interference due to LAA, we believe that other non-
enzyme chiral selectors are based on a difference in interaction or
stereo-specific matching towards enantiomers (Afkhami et al., 2015;
Atta et al., 2019; Feng et al., 2014); by contrast, the advantage of a
DAAO selector is the combination of stereo-selectivity and a chemical
catalytic reaction. That is, the enzyme proteins achieve
three-dimensional selectivity to the DAA and exclude LAA following the
selected DAA oxidation by the internal catalytic center, which results in
an electrical signal change of the redox center, so that the electrical
signal change is directly related to the concentration of DAA. Therefore,
the chiral recognition efficiency is greatly improved.

To evaluate the stability of the biosensor, the enzyme electrode was
stored in a refrigerator at 4 °C, after 15 days and 20 days of storage, the
electrical signal response remained at 96% and 94% of its original
electrical signal, respectively. In addition, the reproducibility and
repeatability of the electrical signal response were evaluated by intra-
assay and inter-assay analyses at three concentration levels (0 mM,
0.1 mM and 0.5 mM). All of the RSD% were less than 7.5% (Table S1).
These results showed satisfactory stability, reproducibility and repeat-
ability of the proposed biosensor.

3.4. Sample analysis

In the process of D-Ala determination, although the proposed
biosensor can effectively exclude the interference of L-Ala, DAAO can
catalyse a variety of DAA molecules that cause uncontrollable interfer-
ence and affect the accuracy of chiral recognition (Liu et al., 2017;
Pollegioni et al., 2008). However, there is still an extensive need in
practical application. First, the biosensor based on DAAO can be applied
to measure the dynamic change of one kind of DAA. For example,
D-serine (D-Ser) is an endogenous ligand for N-methyl-D-aspartate
(NMDA) receptors (Bains and Oliet, 2007; Ishiwata et al., 2018; Mothet
et al., 2000), and alterations in its concentration are related to several
brain disorders. The level of D-Ser in cerebrospinal fluid of patients with
a mental illness is significantly lower than that in normal people
(Hashimoto et al., 2004). By detecting the electrical signal difference of
cerebrospinal fluid in normal people and patients, the altered content of
D-Ser can be determined so that disease information can be obtained to
provide guidance for effective treatment (Quan et al., 2005). For another
example, D-Ala is an important marker of food contamination, and the
content of D-Ala is obviously increased while those of other DAAs are
basically unchanged in contaminated food (Csapo et al., 1995; Gandolfi
et al., 1994). By detecting the electrical signal difference in testing and
normal food, the quality of the test food can be evaluated. Second, the
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Fig. 6. (A) CV curves of DAAO/CNT/GCE in air-
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biosensor based on DAAO can be used to estimate the total content of
DAA in physiological fluids. The two main types of DAA in the human
body are D-Ala and D-Ser, DAAO has a similar catalytic efficiency to that
of these two DAAs, so using D-Ala as a standard, the total DAA content
can be roughly estimated (Nieh et al., 2013).

Based on the above, we tested the dynamic change of D-Ala in milk
with the standard-addition method. The recovery of 0.4 mM D-Ala
added to a milk solution that was diluted 40 times with 50 mM PBS (pH
7.4) was 80.85%, and the RSD was 1.3% (n = 3). To analyse the total
content of DAA, we evaluated the total content of DAA in human urine
samples by using the proposed sensor at 134 uM, consistent with a
previous report (Nieh et al., 2013). These results of practical analysis
were satisfactory and indicating extensive applications of the proposed
biosensor.

4. Conclusion

In conclusion, we constructed a non-mediator-style electrochemical
biosensor based on DAAO for DAA chiral recognition without complex
electron transfer processes. Chiral recognition was based on the specific
catalysis of DAAO to DAA. This specific catalysis resulted in a linear
decrease in the reduction peak current with the increase of DAA. The
mechanism for the decrease of the reduction peak current was discussed
for the first time and verified by CV experiments. The mechanism is also
suitable for non-mediator-style electrochemical biosensors based on
other oxidases and can provide guidance for the signal change mecha-
nism of mediator-style electrochemical biosensors. Moreover, the high
anti-LAA interference ability shows that the combination of stereo-
specificity and a catalytic reaction greatly improves the chiral recogni-
tion efficiency, so quantitative determination of D-Ala in Ala enantiomer
mixtures can be successfully achieved. Finally, the satisfactory results of
the practical analyses in milk and urine samples show potential appli-
cations for the proposed biosensor both in food testing and disease
assessment.
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