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ABSTRACT: D-Amino acid oxidase (DAAO) enzymes bind a range of D-amino acids with variable affinity. As such, the design of
selective DAAO-based enzymatic biosensors remains a challenge for real-world biosensor application. Herein, a methodology for
developing biosensors with varying substrate selectivity is presented. First, we address DAAO-based biosensor selectivity toward D-
serine by introducing point mutations into DAAO using rational design. Next, the wild-type yeast DAAO (RgDAAO WT) and
variants human DAAO W209R and yeast M213G are characterized for their selectivity and activity toward D-serine and D-alanine,
the preferred DAAO substrates. The DAAO enzymes have been immobilized for final biosensor design, where they demonstrate
selectivity comparable to free DAAO. The cross-linking procedure impacts on DAAO structure and function and the use of a
regeneration strategy allows the biosensor response to be improved.
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■ INTRODUCTION

D-Amino acids are increasingly reported for their roles in
kidney function1 and brain synaptic transmission regulation.2

Altered D-amino acid levels, namely D-serine and D-alanine, are
associated with disease prevalence such as kidney diseases,3,4

schizophrenia,5 and cancer,6,7 making D-amino acids potential
disease biomarkers.8−10 To monitor and understand the role of
D-serine and D-alanine in disease diagnosis,5 management,11

and treatment,12,13 rapid online tracking of D-amino acid levels
is essential.
The most employed method for D-amino acid detection is

chromatography.14−18 While useful for trace analyte detection,
chromatography entails extensive sample preparation and long
detection times and requires regular maintenance.17,18 For
clinical implementation, alternatives to chromatography should
employ low-cost, rapid, and high-throughput measurements.19

Biosensors are viable low-cost alternatives for analyte detection
and quantification.20 However, remaining improvement areas
in biosensor design include analyte sensitivity and selectivity.
We previously demonstrated the application of D-amino acid

oxidase (DAAO) biosensors for D-serine measurements in
vivo.21,22 These biosensors rely on DAAO surface immobiliza-
tion onto a permselective polymer-modified platinum micro-

electrode (PPD-ME). DAAO is responsible for D-serine and D-
alanine catalysis into equimolar amounts of hydrogen peroxide
(H2O2),

23,24 which is oxidized at the ME polarized Pt surface
(0.5 V). In practical application of D-serine biosensors, DAAO
must preferentially detect D-serine among other substrates,
especially in samples where D-alanine may also be present.
Wild-type yeast Rhodotorula gracilis DAAO (RgDAAO) is the
classical enzyme used to develop DAAO-based biosensors.
Using RgDAAO WT-based biosensors, both D-alanine and D-
serine are detected simultaneously.21,25,26

To increase DAAO-based biosensor selectivity and sensi-
tivity, we use DAAO from different sources (variants)
generated via protein engineering to produce biosensors with
a range of analytical detection properties. DAAO variants share
the same catalytic and kinetic mechanism (Scheme 1) while
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the rate constants associated with individual steps vary. Thus,
kinetic constants for D-serine and D-alanine oxidation are
impacted.

Using different DAAO enzymes (wild-type, M213G
RgDAAO27,28 and the W209R variant of the human counter-
part (hDAAO)27,28), we report the successful fabrication of
three different biosensors with variable D-serine:D-alanine
selectivity. Improving the detection properties of DAAO-
based biosensors enable increased D-serine and D-alanine
quantification accuracy. Moreover, we explore the mechanism
in which immobilization impacts biosensor performance,
noting that significant structural changes occur due to enzyme
cross-linking. Finally, a unique biosensor strategy which
increases biosensor lifetime is presented and the mechanism
behind the regeneration principle is discussed.

■ EXPERIMENTAL SECTION
Chemicals. All reagents were purchased from Fischer Scientific or

Sigma-Aldrich unless otherwise noted. All solutions were prepared
using Millipore Milli-Q water (18.2 MΩ cm−1).
Enzyme Preparation. Recombinant RgDAAO WT (RgDAAO,

EC 1.4.3.3) was prepared as reported in literature.29 Briefly,
recombinant RgDAAO WT was expressed in using the pT7-
HisDAAO expression vector. Enzyme variants were selected by
rational design. Recombinant RgDAAO M213G variant was expressed
using the pT7-HisDAAO M213G expression vector.28 Recombinant
hDAAO W209R was expressed using the pET11b-His hDAAO
W209R expression vector.30 Recombinant enzyme variants were
produced in BL21(DE3)pLysS E. coli cells and purified to >90%
purity. Enzymes were characterized using standard polarographic
assays (0.253 mM O2, 25 °C) with 28 mM D-alanine in 50 mM
sodium pyrophosphate, pH 8.5 (containing 40 μM FAD for hDAAO
W209R).31 One enzyme unit is defined as the amount of enzyme that
converts 1 μmol of D-amino acid per minute at 25 °C. Substrate
specificity was investigated by a spectrophotometric assay based on
detection of hydrogen peroxide production using a coupled assay with
peroxidase and o-dianisidine (o-DNS, ε = 13 mM−1 cm−1).31 Pure
enzymes were concentrated, stored in BSA and 1% glycerol,
characterized using activity assays, and then used for the development
of D-amino acid detecting biosensors (SI).
Biosensor Calibration, Storage, and Regeneration. In vitro

calibrations in 0−50 μM D-serine or D-alanine in PBS (0.01 M, pH
7.4) were obtained using chronoamperometry (15 min, 0.5 V vs Ag/
AgCl). Biosensors were stored at −20 °C dry. To test storage stability,
biosensors were removed from storage, left for 10 min at room

temperature in PBS, and calibrated using D-serine standard solutions
(0−50 μM).

Biosensor regeneration capability was evaluated through the
immersion of the biosensor in a solution of 1 mM D-serine. The
biosensor was immersed for approximately 30 s under constant
potential application (0.5 V) at the biosensor tip. The biosensor was
then calibrated in standard D-serine solutions. The pre- and post-
regeneration measurements were compared to quantify the impact of
regeneration on the biosensor signal.

Characterizations of Free and Cross-Linked RgDAAO. Free
and crosslinked RgDAAO were characterized using multiple
characterization methods. Transmission electron microscopy (TEM)
images were acquired using a Brightfield Philips CM200 TEM at 200
kV. Circular dichroism (CD spectra were recorded at 25 °C on a
Jasco J-810 spectropolarimeter using a 1 cm path length cuvette.
Infrared spectra were measured using a Fourier transform infrared
(FTIR) spectrometer (Bruker) with attenuated total reflectance
(ATR). A dynamic light spectrometer (DLS, Brookhaven instru-
ments) was used to measure the particle size dispersion.
Spectrophotometric measurements were performed using a thermo-
stated UV/Vis spectrophotometer (V-560, Jasco) at 25 °C. Detailed
experimental methodology on the characterization methods is
presented in the Supporting Information.

Data Preprocessing, Analysis, and Statistics. All experimental
data presented is the mean of triplicate measurements unless
otherwise stated. Error bars represent the standard error of the
mean (±SEM). Data was analyzed on either Excel 2013 or Python 3.7
and treated in Python 3.7. Error propagation calculations were
performed on Python 3.7 All electrochemical signals were blank
(PBS) signal corrected, resulting in inorm. To generate the calibration
curves, the steady state signals from noise-filtered data were extracted
at each concentration and fit to a linear regression line. The limit of
detection (LOD) corresponds to 3 times the standard deviation of the
blank.32 The limit of quantification (LOQ) corresponds to 10 times
the standard deviation of the blank. The sensitivity was calculated
from the slope of the regression fit. Selectivity toward D-serine was
calculated as follows:

= × = ×−
−

−

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
Selectivity

SA

SA
100

SA
SA

100D ser
desiredproduct

undesiredproduct

D ser

D ala

where SA is the specific activity of the selected D-amino acid.

■ RESULTS AND DISCUSSION
DAAO Selection Strategy, Expression, and Character-

ization. Based on their reported kinetic properties (Table
1),23,24,27,30 three DAAO enzymes were selected to develop

biosensors with increased D-serine selectivity. Wild-type
hDAAO (hDAAO WT) has a higher D-serine:D-alanine
turnover ratio than the control wild-type RgDAAO (RgDAAO
WT). Compared to the WT counterpart, hDAAO W209R has
a higher turnover for both D-amino acids. hDAAO W209R also
has a higher D-serine:D-alanine turnover ratio than both
RgDAAO WT and hDAAO WT. However, the M213G variant
of RgDAAO, previously identified as a DAAO variant with

Scheme 1. Kinetic Mechanism of DAAO Enzymes23,24a

aThe reaction can follow two kinetic mechanisms, i.e., ternary
complex or ping-pong mechanism. AA, FADox, FADred, and IA
correspond to D-amino acid, oxidized FAD, reduced FAD, and imino
acid, respectively. The rate constants for single steps depend on the
DAAO enzyme type.

Table 1. Apparent DAAO Kinetic Parameters at 25 °C, pH
8.5

enzyme
D-Ala kcat
(s−1)

D-Ser kcat
(s−1)

D-Ser:D-Ala turnover
ratio ref.

hDAAO WT 5.2 3.0 0.58 24
RgDAAO WT 85 40.7 0.48 23
hDAAO W209R 11.8 7.2 0.61 30

RgDAAO
M213G

4.9 6.7 1.37 27
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improved catalytic activity on unnatural substrates, presents
the highest D-serine:D-alanine turnover ratio.27,28

The selectivity and activity of DAAO enzymes were assessed
via spectrophotometric activity assays on D-serine, D-alanine,
and glycine (Figure 1). While all enzymes have negligible
activity on glycine, enzyme activity toward D-serine and D-
alanine varies with substrate concentration (as a result of
different Km,app values). The substrate concentration-depend-
ent enzyme activity affects the D-serine and D-alanine specificity
of the enzyme. At saturating substrate conditions (25 mM),
hDAAO W209R has the highest D-serine selectivity (i.e., the
ratio of the experimental activity values on D-serine vs D-
alanine) whereas at 0.1 mM, hDAAO W209R D-serine
selectivity drops from 70% to 3% (Figure 1C).
While not possible to assay activity at substrate concen-

trations lower than 0.1 mM due to o-DNS assay sensitivity
limitations, the results at 0.1 mM (a concentration in the
higher range of in vivo biosensor application) indicate that
RgDAAO M213G is the most D-serine selective enzyme among
the tested enzymes. The superior RgDAAO M213G selectivity
suggests the potential of its incorporation into biosensor design

for enhanced D-serine detection as compared to previously
published DAAO biosensors.21,33,34

DAAO Variants for Biosensor Development. Charac-
terization of the free enzymes highlighted the potential of
RgDAAO M213G use for biosensor development. Yet, to fully
compare RgDAAO M213G performance against other DAAO
enzymes in the final biosensor architecture, the free enzymes
were used to build individual biosensors.
To develop biosensors with the different DAAO enzymes,

the enzymes were immobilized on individual PPD-Pt MEs.
Initial attempts of hDAAO W209R biosensor development
were unsuccessful (Figure S1). As such, we established that
enzyme concentrations >40 mg mL−1 are essential for
biosensor design success (Figure S1A,D). Another factor
important for biosensor success is the presence of FAD.
RgDAAO WT and RgDAAO M213G show high FAD binding
affinity (Kd = 2 × 10−8 M for RgDAAO WT)24,35,36 resulting in
a tightly bound FAD which assures the presence of the active
holoenzyme during enzyme immobilization. Conversely,
hDAAO has a weak FAD binding affinity (Kd = 2 ×
10−6),37,38 making its exogenous presence a requirement in

Figure 1. Characterization of RgDAAO WT, RgDAAO M213G, and hDAAO W209R using the spectrophotometric assay (pH 8.5). (A) Specific
activity (U mg−1) values for the enzymes at various substrate concentrations of D-serine, D-alanine, or glycine. (B) SEM values for the specific
activities as reported in panel A. (C) Selectivity of enzymes toward D-serine over D-alanine. Error bars represent mean values ± SEM.

Figure 2. RgDAAO WT (A), RgDAAO M213G (B), and hDAAO W209R (C) biosensor calibration in standard solutions of 0−50 μM D-serine
and D-alanine. Error bars represent ± S.E.M, (n = 3). The shaded area represent 95% confidence interval regions.

Table 2. Biosensor Calibration Parameters for the Various DAAO Enzymes Variants

RgDAAO WT RgDAAO M213G hDAAO W209R

D-Ser D-Ala D-Ser D-Ala D-Ser D-Ala

sensitivity (pA mM−1) 89.5 ± 1.52 154 ± 2.23 104 ± 5.61 117 ± 6.12 143 ± 3.42 291 ± 6.54
relative response at 50 μM (%) 63 ± 2.4 100 ± 0.30 80 ± 2.4 82 ± 4.2 80 ± 3.5 213 ± 5.3

D-Ser selectivity (%)
biosensor 63 ± 3.10 97.6 ± 1.75 37.6 ± 2.25
free DAAO (100 μM) 17.3 ± 1.14 52.6 ± 6.29 1.75 ± 0.21

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.1c00409
ACS Appl. Bio Mater. 2021, 4, 5598−5604

5600

https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00409/suppl_file/mt1c00409_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00409/suppl_file/mt1c00409_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00409?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00409?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00409?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00409?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00409?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00409?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00409?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00409?fig=fig2&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00409?rel=cite-as&ref=PDF&jav=VoR


biosensor design to avoid the production of the inactive
apoprotein form. Although FAD coimmobilization with
hDAAO W209R was ineffective at generating a linear
calibration curve (Figure S1C), the presence of exogenous
FAD (100 μM) in calibration solutions resulting in linear
calibration curves (Figure S1B,D).
Biosensors were produced using enzyme concentrations of

56.8, 48, and 45 mg mL−1 for RgDAAO WT, RgDAAO
M213G, and hDAAO W209R, respectively. Calibrations of all
biosensors in standard D-serine and D-alanine solutions (Figure
2) indicate that each biosensor differs in selectivity and
sensitivity toward D-serine and D-alanine (Table 2). Calibration
curve regression parameters are listed in Table S1. Defining
RgDAAO WT’s response to D-alanine as 100%, the relative
response of all three biosensors toward D-serine and D-alanine
is compared at 50 μM (Table 2).
As seen in the calibrations, the hDAAO W209R biosensor

surpasses the performance of the other biosensors with respect
to substrate response at 50 μM (D-ser, 80%; D-ala, 213%).
Additionally, the hDAAO W209R biosensor supersedes the
other biosensors in sensitivity (D-ala: 291 pA mM−1) and D-
alanine selectivity (62.4%, Table 2). Although the greatest in
response when immobilized, the activity of free hDAAO
W209R on D-serine and D-alanine is the lowest among other
enzymes. The difference between free and immobilized
hDAAO W209R responses suggests a strong impact of
immobilization on enzyme behavior.
Additionally, both free and immobilized DAAO follow a

similar trend for D-serine selectivity. Both DAAO forms
demonstrate that RgDAAO M213G has the greatest selectivity
(55% free, 97.6% biosensor), followed by RgDAAO WT (20%
free, 63% biosensor), and finally hDAAO W209R (3% free,
37.6% biosensor). For free DAAO, the observed trend only
applies at 0.1 mM substrate.
The results suggest that the free enzyme selectivity ratio at

low substrate concentrations is a predictive parameter of
biosensor selectivity. Thus, by characterizing free enzyme
activity in the concentration range relevant to biosensor
application, costs associated with enzymatic biosensor
optimization are reduced. The biosensor performance may
also be easily predicted.
Moreover, to evaluate the long-term enzyme stability

following immobilization, biosensors were stored at −20 °C.
After 2 weeks of storage, biosensors were calibrated and
generated linear calibration curves with almost no change in
the slope for hDAAO W209R. The sensitivity of RgDAAO
M213G and RgDAAO WT, on the other hand, was impacted
(Figure S2 and Table S2).
Immobilization Impacts DAAO Biosensor Perform-

ance. Despite reproducible biosensor fabrication method-
ology, each enzyme variant has its own intrinsic properties
associated with structure−function relationships affecting
biosensor performance. To understand the impact of the
enzyme structure on the biosensor performance, we focus on
the DAAO layer in the biosensor design. The DAAO layer in
the biosensor represents a mixture of cross-linked DAAO and
BSA aggregates. BSA is a highly hydrophilic protein used to
stabilize enzymes.39 BSA presence has no observed effect on
enzyme activity (Table S3).
It is, however, the interenzyme differences that explain the

reason behind hDAAO-biosensors surpassing the performance
of other biosensors. Free RgDAAO is a homodimer with head-
to-tail interactions between the monomers40 (Figure 3A),

whereas free hDAAO exists as a homodimer with head-to-head
interactions between the monomers (Figure 3B).41 hDAAO
more hydrophobic than RgDAAO (Figure 3A vs Figure 3B).
hDAAO also has less polar contacts than RgDAAO due to the
net dipole moments of the molecules.
When immobilized onto the surface, and in comparison to

RgDAAO, the water molecules are not as tightly packed
between the hDAAO enzyme molecules, creating a larger
effective enzyme concentration (Figure 3C). The increased
hDAAO effective concentration occurs due to a concept
known as molecular crowding, a common biological
phenomenon, occurring typically in cells. Molecular crowding
may affect the enzyme stability, packing density, and
oligomerization state.42−44 As a result of molecular crowding
and increased hDAAO stability, H2O2 production from the
enzyme reaction rises and H2O2 diffusion toward the biosensor
surface increases. As such, although the activity of free hDAAO
is significantly lower on both D-serine and D-alanine than
RgDAAO (Table 1), hDAAO biosensors offer better limits of
detection and sensitivities.45−47

In addition, structural changes which occur with gluta-
raldehyde cross-linking impact the immobilized enzyme
behavior. Taking RgDAAO WT for instance, circular dichroism
(CD) spectra in the near UV range (Figure S3) suggest
structural changes upon enzyme cross-linking. The CD spectral
signals likely corresponding to phenylalanine (270−290 nm)
and tryptophan (280−300 nm) residues vary between the free
and the solution cross-linked DAAO. Moreover, ATR-FTIR
spectra of glutaraldehyde, free RgDAAO WT and cross-linked
RgDAAO WT demonstrate differences between the three

Figure 3. Structural representations of RgDAAO WT and hDAAO
WT and their interactions with surrounding nonbonded solvent
molecules. The figures were prepared with PyMOL. (A) Crystal
structure of RgDAAO WT (dimer); the black dots correspond to the
nonbonded water molecules (PDB code: 1C0P). RgDAAO has a
calculated 47.9% solvent accessible surface area. (B) Crystal structure
of dimeric hDAAO WT; the black dots correspond to the nonbonded
water molecules (PDB code: 2DU8). hDAAO is slightly more
hydrophobic than RgDAAO with a 43.0% solvent accessible surface
area. (C) (1) Effect of RgDAAO enzyme immobilization onto the
microelectrode surface resulting in low crowding and allowing for the
diffusion of both H2O2 and H2O through the PPD layer. (2) Effect of
hDAAO immobilization onto the microelectrode surface resulting in
high crowding and low level of solvent molecules present near the
electrode surface: this allows for the diffusion of only H2O2 produced
by the enzyme close to the PPD layer.
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samples (Figure S4). The spectra for free and cross-linked
RgDAAO WT demonstrate changes in peaks for selected
functional groups for the latter RgDAAO form. The main
distinctions can be made in four spectral regions: 3800−3300
cm−1 (O−H stretch), 3000−2800 cm−1 (C−H stretch),
1700−1500 cm−1 (N−H bend, CC stretch), and 1450−
1000 cm−1 (fingerprint region). Hence, it is evident that
enzyme cross-linking alters certain enzyme functional groups,
resulting in enzyme structural changes and impacting
enzymatic biosensor performance.
Biosensors Can Be Regenerated with a Simple

Strategy. For practical applications, biosensors must be easily
regenerated after use. Regeneration is achievable through
several mechanisms such as thermal heating, manual polishing,
and chemical regeneration.38 Chemical regeneration is the
most widely used approach for biosensor regeneration taking
advantage of enthalpic and entropic changes in solvent
environment. Changes in the solvent environment include
ionic strength, pH, and the presence of competitor ions,
possible through use of regeneration buffers and acidic
solutions.38−40

Using RgDAAO WT as a prototype for DAAO biosensors, a
novel biosensor regeneration strategy was developed. The
biosensor was placed in a solution of 1 mM D-serine for a
period of 30 s under simultaneous potential application to
oxidize H2O2 (0.5 V) at the biosensor tip (Figure 4A). The
biosensor was regenerated and the electrochemical signal was
also amplified. Regeneration resulted in a 2.5-fold amplification
of calibration curve steady-state currents (Figure 4B). The
linear range is similar for pre and postregeneration calibrations
(Table S4).

To explain the regeneration behavior, the biosensor
electrochemical response was further explored. Immersed in
100 μM of substrate in PBS buffer, a steady current response is
observed with the biosensor (Figure 4C, top). Immersed in 1
mM of substrate, the steady state current is also initially
observed. However, after a period of 100−200 s a sudden burst
in product formation occurs, characterized by over a 10-fold
increase in the oxidation current (Figure 4C, bottom). The
biosensor response at different substrate concentrations
suggests microenvironment changes within the biosensor
vicinity due to elevated H2O2 and H+ ion levels around the
enzyme layer (H+ is the byproduct of H2O2 oxidation at the
microelectrode surface), resulting in molecular crowding. The
PPD layer rejects 70−80% of the H2O2 produced from
diffusing toward the platinum sites.21 As such, H2O2 and H+

ion presence induce a pH change in the microenvironment of
the enzyme layer, affecting both BSA and RgDAAO tertiary
conformation and spatial arrangement on the microelectrode
surface.48 In solution, the electrochemical behavior of free and
cross-linked RgDAAO WT is dissimilar to that of the
biosensor, further supporting the presence of microenviron-
ment changes only at the biosensor’s enzyme-PPD interface
(Figure S5).
Moreover, dynamic light scattering (DLS) measurements of

free and cross-linked RgDAAO in the presence of 1 mM D-
alanine demonstrate aggregation and larger particle diameters
for cross-linked RgDAAO WT (Figures 4D and S6).
Comparison of TEM images of cross-linked RgDAAO
incubated in D-alanine also demonstrate enzyme aggregation:
the degree of aggregation, size, and morphology is tied to the
D-alanine concentration (Figure 4E,F). Energy-dispersive X-ray

Figure 4. Biosensor regeneration strategy. (A) Scheme of biosensor placed in a solution of D-serine and the sequentially occurring reactions
underlying D-serine detection. (B) Effect of biosensor regeneration on the calibration curve. (C) Electrochemical response of the biosensor in
solutions of PBS added of 100 μM D-serine or D-alanine (top) and of 1 mM D-serine or D-alanine (bottom). (D) Laser light scattering size
dispersion of 1 mM D-alanine, 0.5 μL of free RgDAAO in 1 mM D-alanine, or 0.5 μL of cross-linked RgDAAO in 1 mM D-alanine. (E) TEM image
of immobilized RgDAAO incubated in 100 μM D-alanine; scale bar: 200 nm. (F) TEM image of immobilized RgDAAO incubated in 1 mM D-
alanine; scale bar: 200 nm.
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spectroscopy (EDS) analysis confirmed the presence of protein
in the darker regions (Figure S7). The increased aggregation of
cross-linked RgDAAO suggests that enzyme aggregation plays
a role in biosensor regeneration in addition to structural
changes.49,50

■ CONCLUSION

Improving D-serine and D-alanine detection using enzymatic
electrochemical biosensors is important for their practical
application.21 Significant improvements in biosensor sensitivity
are owing to developments in the biorecognition elements. In
this work, we altered the selectivity and specificity of the D-
serine sensing element by using enzymes from different sources
and variants, generated by point substitutions. The enzymes
were successfully developed into DAAO-biosensors.
We also demonstrated that, while free enzyme activity does

not necessarily define immobilized enzyme activity, it can serve
as a predictive indicator for biosensor selectivity. Moreover, the
cross-linking step in enzyme immobilization results in DAAO
structural changes, enabling a simple biosensor regeneration
strategy. Overall, this work enables the future development of
DAAO biosensors with improved substrate selectivity and
increased lifetimes. Future work consists of multiple biosensor
application to quantify individual levels of D-serine and D-
alanine in mixed substrate environments. These biosensors
may be used to probe single or dual D-amino acid presence,
enabling novel insights on D-amino acid function and roles in
neurological disease onset and management.
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