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Abstract

Challenges facing enzyme-based electrochemical sensors include substrate specificity, batch to batch reproducibility, and lack of
quantitative metrics related to the effect of enzyme immobilization. We present a quick, simple, and general approach for
measuring the effect of immobilization and cross-linking on enzyme activity and substrate specificity. The method can be
generalized for electrochemical biosensors using an enzyme that releases hydrogen peroxide during its catalytic cycle. Using
as proof of concept RgDAAO-based electrochemical biosensors, we found that the Michaelis-Menten constant (X,,) decreases
post immobilization, hinting at alterations in the enzyme kinetic properties and thus substrate specificity. We confirm the decrease
in K, electrochemically by characterizing the substrate specificity of the immobilized RgDAAO using chronoamperometry. Our
results demonstrate that enzyme immobilization affects enzyme substrate specificity and this must be carefully evaluated during

biosensor development.
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Introduction

Enzyme immobilization on solid supports is a cost reduction
technique that has been widely adopted in biosensing [1-7]
and biocatalysis [8—10]. Yet, the catalytic performance of an
immobilized enzyme will change based on the chosen meth-
od, i.e., nature of the substrate, enzyme loading, and concen-
tration [11-14]. For biosensors based on redox-active en-
zymes, there are established quantitative analytical expres-
sions to evaluate the enzyme activity but they do not apply
to non-redox enzymes [15-19]. Techniques such as AFM
[20], SECM [21-23], SEM [24], and FTIR [25, 26], employed
to characterize non-redox enzymatic biosensors, are neither
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quantitative nor representative of the final device structure.
There is no simple and analytically valid method to quantify
the activity of immobilized non-redox enzymes. Thus, it is
difficult to compare performance between different biosensor
designs and fabrication methods.

Traditionally, enzymes are immobilized through a range of
methods [27]. The key immobilization methods are either
chemical (i.e., covalent attachment and cross-linking) or phys-
ical (i.e., adsorption and entrapment) [28]. Depending on their
application, which ranges from the pharmaceuticals to the
cosmetic industries, support materials for enzyme immobili-
zation are either organic (i.e., natural or synthetic polymers) or
inorganic (i.e., silica and glass) based [28-30]. Both support
type and immobilization impact enzyme stability, a desired
property for enzyme industrial application. Covalent-based
enzyme immobilization is the most commonly used technique
due to the resulting high enzyme stability. It is based on chem-
ical linker functional group reactivity with reactive residues of
the enzymes, such as amino groups, to form stable bonds
which impact enzyme conformation, giving rise increased en-
zyme stability [31]. In addition to enzyme stability, enzyme
activity is an important parameter in assessing enzyme perfor-
mance. Studies using optical oxygen assays and electrospray
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ionization-mass spectrometry have shown that immobilization
may either reduce [32], maintain [33, 34], or improve enzyme
activity [35].

Herein, we propose to immobilize an enzyme to the surface of
a poly-m-phenylenediamine modified microelectrode (PPD-ME)
and measure the chronoamperometric current of the enzyme
electroactive byproduct to quantify its catalytic activity. As a
proof of concept, the microelectrode-based electrochemical char-
acterization approach (MECA) is applied to yeast D-amino acid
oxidase (RgDAAO), which has significant potential for applica-
tions as a D-amino acid detecting biosensor [21, 36-39].

RgDAADO is involved in the degradation of D-amino acids
such as D-serine [40], which regulates neurotransmission in
the central nervous system. Hence, changes in DAAO func-
tion and D-amino acid levels are linked to the onset of chronic
diseases such as depression, schizophrenia, Alzheimer’s, and
gut inflammation [41-43]. Biosensors are simple, low-cost
tools that allow for real-time analyte detection: employing
RgDAAO biosensors is an attractive approach for probing D-
amino acids [44, 45]. Furthermore, in oxidase enzymes like
RgDAAO, the clectroactive enzyme catalysis byproduct is
hydrogen peroxide (H,0O,), which is oxidizable at platinum
ME surfaces [45-47]. As such, the MECA method is applica-
ble to enzymes producing an electroactive product.

In this work, MECA 1is used to measure the kinetics for
both free and ME-immobilized RgDAAO. The Michaelis-
Menten constant (K,,,) obtained using MECA is compared to
spectrophotometric assays for free RgDAAO and the Shu and
Wilson method for immobilized RgDAAO. The MECA was
also applied to study RgDAAO substrate specificity. Finally,
we build on these findings by discussing the effect of the
presence of dual substrates (D-alanine and D-serine) on
RgDAAO biosensor response.

Experimental section

Chemicals D-Serine (99%), D-alanine (99%), D-aspartate
(99%), glycine (>98.5%), m-phenylenediamine flakes (99%), bo-
vine serum albumin (BSA, >98%), glycerol (>99), o-dianisidine
(0-DNS), H,O, (30% vol/vol in H,O), and 2-mercaptoethanol
were all purchased from Sigma-Aldrich. Glutaraldehyde (50% in
H,0) was purchased from Fischer Scientific.

Enzyme purification and expression Recombinant RgDAAO
wild type (WT) was prepared as reported in the literature [48].
Briefly, recombinant RgDAAO WT was expressed in
BL21(DE3)pLysS E. coli cells using the pT7-HisDAAO expres-
sion vector and purified by HiTrap Chelating chromatography
(GE Healthcare Bio-sciences). The final preparation of
RgDAAO WT was stored in 20 mM Tris-HCI (pH 8.0),
100 mM NaCl, 10% v/v glycerol, and 5 mM 2-mercaptoethanol.
The enzyme purity was confirmed by SDS-PAGE. The final
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enzyme solution was concentrated to 56.8 mg mL ™" protein in
0.01 M phosphate-buffered saline (PBS, pH 7.4) containing 1%
v/v glycerol and 25 mg mL ™" BSA.

Spectrophotometric characterization of RgDAAO¢,c.
Hydrogen peroxide production was detected using a coupled
enzyme o-DNS activity assay as discussed in the literature
[49]. Briefly, hydrogen peroxide produced from the enzymatic
reaction is reduced by horseradish peroxidase that simulta-
neously oxidizes o-DNS to give a colored compound with
an absorption maxima at 440 nm. To explore pH effects on
the specific activity of RgDAA Oy, activity assays were car-
ried out in both 100 mM sodium pyrophosphate (NaPPi, pH =
8.5) and 100 mM potassium phosphate (KPi, pH = 7.4) with
various substrates (D-serine, D-alanine, and glycine). One unit
of enzyme is defined as the amount of enzyme that converts
1 pmol of substrate per minute at 25 °C [50].

PPE-ME and RgDAAO-PPD-ME preparation Platinum (Pt) disk
ME:s (10 um) were prepared according to the literature [51].
Briefly, a soda-lime glass capillary was pulled and a Pt wire
was inserted into the capillary, which was then sealed. The
ME was polished until the Pt wire was exposed, revealing a
disk-shaped surface geometry. This was followed by rinsing
the ME with Millipore MilliQ water (18.2 MQ-cm), 70% cth-
anol, and acetone. The R,, defined as the glass sheath to the
exposed platinum diameter ratio, was confirmed with optical
microscopy using a customized Axio Vert.Al inverted micro-
scope (Zeiss, Oberkochen, Germany). The R, was 5 for all
MEs. A permselective polymer was then electrodeposited on
the microelectrode surface using cyclic voltammetry (0 to
+1000 mV, 5 cycles) with 0.1 M m-phenylenediamine
(PPD) prepared in 0.01 M PBS (pH=7.4) [44].

To fabricate the full biosensor, 2 pL of the enzyme
(56.8 mg mL™" in 25 mg mL™' BSA) was drop-casted onto a
polydimethylsiloxane-coated glass slide. This was done to ensure
hydrophobicity of the surface, which facilitated enzyme deposi-
tion onto the PPD-ME tip. The PPD-ME was immersed in the
enzyme droplet for 5 s and then removed to dry for 4 min. The
immersion process was repeated four times until a small amount
of enzyme had adsorbed onto the PPD-ME, confirmed with
optical microscopy. Glutaraldehyde vapor-based cross-linking
of the PPD layer with the enzyme layer was achieved by placing
the biosensor in a sealed chamber containing 10 mL of glutaral-
dehyde solution (50% v/v in H,O) for 10 min.

Electrochemical measurements For chronoamperometry, the
biosensor was biased at 0.5 mV vs. Ag/AgCl was performed
using an Electrochemical Probe Scanner 3 (HEKA Elektronik,
Lambrecht, Germany). All potentials were recorded relative to
a chloridized silver wire (fabricated in-house, radius =
0.250 mm) quasi-reference electrode [51]. All solutions were
prepared in phosphate-buffered saline (PBS, 0.01 M, pH 7.4).
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Similarly, cyclic voltammetry experiments using the
RgDAAO;meb-PPD-ME (biosensor) immersed in individual
solutions of D-serine and D-alanine were performed (—0.1 to
0.6 V vs. Ag/AgCl wire, 0.1 Vs™').

Electrochemical characterization of RgDAAO¢,.. and
RgDAAO;mob H2O; production from free RgDAAO reaction
with D-serine using a PPD-ME was measured to assess
RgDAAOge. activity. RgDAAO was thawed on ice and then
warmed to room temperature for 5 min. An oxidative potential
step 0of 0.5 V vs. Ag/AgCl was applied to a solution of 200 uL.
of D-serine (0.01 M PBS, pH =7.4); then, 1 uL of RgDAAO
(56.8 mg'mL ") was added during mixing. The increase in
current following the addition of RgDAAO was used to cal-
culate the specific activity of RgDAAO towards D-serine at a
given concentration.

To study the effect of enzyme immobilization on the biosen-
sor specific activity, the current response from a biosensor was
measured using a potential step of 0.5 V vs. Ag/AgCl in D-serine
solutions (0.01 M PBS, pH =7.4) at different concentrations.

Numerical simulations A 2D axisymmetric model was built
using COMSOL Multiphysics version 5.3a was used to sim-
ulate the steady-state current following the oxidation of H,O,
at the ME tip. A parametric sweep was applied to determine
the current value (i) at various concentrations to generate a
calibration curve for the RgDAAO-PPD-ME with D-serine.
The diffusion coefficient (D,,,) was also parametrized to de-
termine the apparent diffusion coefficient of H,O, through the
PPD layer. Following the minimization of the sum of squared
residuals between the simulated and experimental calibration
curve data, the diffusion coefficient was extracted. To ensure
that both calibration curves were similar, the slopes of the
regression lines were compared with a two-tailed Student’s
t-test (#(4)=0.27, p=.800) (see Supplementary Information
(ESM) for full model details).

Data analysis All experimental data presented are the mean of
triplicate measurements unless otherwise stated. Error bars
represent standard deviation (£S.D.) unless otherwise stated.
A two-tailed Student’s r-test was used for statistical testing
(v=0.05). Data were analyzed and treated on Matlab
R2016b (Mathworks, Natick, USA). Kinetic curves were built
using an in-house developed code on Matlab R2016b (see
ESM for full code details). All other data were imported into
Rx64 3.5.2 (Windows version) for visualization. All electro-
chemical currents were normalized by the blank signal.

Results and discussion

Developing an electrochemical method to probe kinetics of
redox molecule formation from immobilized enzyme catalysis

For neutral and basic D-amino acids, RgDAAQ’s reaction pro-
duces H,O,, ammonia, and o-keto acid (Fig. 1) [49]. The rate
of product formation is typically determined using spectro-
photometric methods, i.e., 0-DNS assays where absorbance
changes are measured corresponding to enzymatic H,O, pro-
duction (Fig. 1a). However, they have limited sensitivity, are
prone to optical interferences (such as solution turbidity) [52],
and cannot be applied to immobilized enzymes.

Alternatively, RgDAAO oxygen consumption can be mea-
sured with electrochemical assays (Fig. 1b). Electrochemical
oxygen consumption assays do not suffer from spectrophoto-
metric method disadvantages. Yet, oxygen consumption as-
says do not quantify H,O, product formation, require a spe-
cific device, and do not represent the final biosensor device
architecture [49].

The proposed MECA approach (Fig. 1c) enables direct
measurement of redox-active molecules formed from
immobilized enzyme catalysis, an approach free of optical
interferences. Using amperometric PPD-modified MEs, the
MECA measures the reagent-free enzymatic rate of H,O, for-
mation. Direct enzyme activity quantification is achieved by

DAAO .
D-amino Acid ——— H.0,+ NH, + keto-acid
a
HRP
Reduced Oxidized
o-DNS 0-DNS
Absorption @ 440 nm
A[H,0,]
b
02 02
DAAO
E,,=07V H,O,
Pt Disk Electrode |
Enzymatic Oxygen Consumption
2]
C
D-serine  D-serine
‘ DAAO
E,.=05V H,0,
Pt Disk UME
Enzymatic H,0, Production
A[H,0,]

Fig. 1 The a spectrophotometric, b electrochemical, and ¢ proposed
MECA method used to determine the activity of the RgDAOOg,. and
RgDAAO;mmob, form of the enzymes. The MECA method directly
quantifies H,O, production
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measuring the rate of current change (%) from H,O, oxidizing
under a fixed potential (0.5 V vs. Ag/AgCl) (Fig. lc).

Analytical equations for H,0, detection at the ME surface
Under diffusion limited regimes (V>0.5 V vs. Ag/AgCl),
the H,O, oxidative steady-state current (7)) at a disk ME is
defined by [53]:

i = B(Rg)4nFaDqy,C (1)

where G(R,) is a parameter associated with the R, of the disk
ME (B(R) =1.04 for R, = 5) [54], n is the number of electrons
involved in the rate-determining reaction, F is Faraday’s num-
ber, C is the H,O, concentration (M), Dy, is the apparent
H,0, diffusion coefficient towards the electroactive ME sur-
face, and a is the radius of the electroactive area (m). Optical
microscopy is used to evaluate ¢ and f.

Using the relationship between concentration and current
measured at the microelectrode surface, the rate of H,O, de-
tection (dCp, % ) is as follows:

dCryo, _ di 1
di  dt 4nFDyyB(Ry)a

(2)

Accounting for the presence of a permeable polymer layer at
the ME surface in H,0, detection To solve for dCy, %, an
approximation of the apparent H,O, diffusion coefficient,
D, is required. Due to the presence of a permeable PPD layer
at the Pt surface, transport across the PPD layer must be con-
sidered in the D, value. To extract D,y, corresponding to
H,0, diffusion from the bulk through the PPD and towards
the ME surface, a numerical model in COMSOL Multiphysics
was built to generate simulated calibration curves at various
D, values (see SI for full model details). Next, the simulated
calibration curves were fit to experimental calibration curves.

The experimental calibration was generated by
extracting i, from the oxidation current profile for H,O,
produced by the RgDAAO reaction with 0-25 uM D-ser-
ine (ESM Fig. S2). This concentration range is relevant to
D-serine levels in brain extracellular spinal fluid (0-—
10 uM) from quantification studies performed in human
and animal models [36, 44, 55, 56].

Contribution of enzyme kinetics towards H,0, detection
Enzyme kinetics play a dominating role in H,O, detection at
the PPD-modified ME surface. To demonstrate that the signal
detected at the ME surface is associated with enzymatic H,O,
production, a calibration curve of the PPD-ME immersed in
H,0, solutions was generated. The PPD-ME calibration curve
was compared to calibration curves of the biosensor immersed
in D-serine solutions. The two different calibrations showed
good agreement with one another (ESM Fig. S2). As such, the
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electrochemical enzyme activity (EA) in pmol min~' mL™"
can be related to the H,O, current at the PPD-ME (Eq. 2).
The enzyme reaction-dependent increase in H,O, production
is proportional to the current transient measured at the ME
surface.

To compare RgDAAOge. and RgDAAO;mob, the EA
values are normalized by the enzyme concentration
(mgpaao/mL), total solution volume (ML), and enzyme
volume used for the assay (mLpaao). Normalization yields
the specific electrochemical activity (SEA) expressed as
U/mgpaao as follows:
mLtotal mL

= EA x X (3)

mlpaso  MEpaao

mgpaao

K., values are determined with the MECA method for
RgDAAOs,.. and RgDAAO;mob To determine the SEA at dif-
ferent D-serine concentrations, the current transient (% ) was
calculated from chronoamperograms. Using a PPD-ME im-
mersed in D-serine solutions ranging from 0.1 to 25 mM,
chronoamperograms were recorded at 0.5 V vs. Ag/AgCl for
each concentration (Fig. 2a). The initial current transient at D-
serine concentrations lower than 0.1 mM was not used due to
the PPD-ME response time and instrument resolution. In the
first 400 s, a background current was recorded. At 400 s, the
addition of RgDAAOg.. under solution mixing led to the ob-
served current transient from H,O, production. Time-
dependent current changes in the initial linear range (30 s) of
the RgDA AOy, reaction were used to determine SEA values
at each D-serine concentration. By fitting SEA values to the
Michaelis-Menten equation using a non-linear least squares
regression hyperbolic model (Fig. 2b), the K, for D-serine of
RgDAAOg. is calculated (Eq. 4).

SEAuax ]

SEA = ———
K+ [5]

(4)

Similarly, the SEA for RgDAAO;mop Was determined.
Briefly, a biosensor poised at 0.5 V vs. Ag/AgCl was im-
mersed in a solution of PBS for 300 s where a background
current was observed. At 300 s, a standard D-serine solution
(025 mM) replaced the PBS solution, where mixing resulted
in several current transients. An increase in H,O, oxidation
current is observed upon D-serine addition (Fig. 2¢). The first
15 s of the linear portion of the current profile of the
RgDAAO;mmob reaction was used to calculate %. Using a
modified version of Eq. (3) where mL/mLpaao=1, EA
was normalized to the concentration of enzyme immobilized
on the PPD-ME surface (56.8 mg/mL). Then, individual SEA
values were fit to a Michaelis-Menten model (Fig. 2b). For
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fitting the data points to a Michaelis-Menten model, we rec-
ommend using a minimum of four data points. However, to
improve the fit of a Michaelis-Menten model, we recommend
using nine data points over a wide range of substrate
concentrations.

From the Michaelis-Menten model fit, the RgDAAO;mob
K., value obtained by MECA (Fig. 2b, d) is 3-fold lower than
that of RgDAAO4.., suggesting an increase in apparent D-
serine affinity. From the MM curves in Fig. 2, both
RgDAAO forms exhibit substrate saturation at 25 mM.
Moreover, cyclic voltammograms (CVs) of the biosensor in
D-serine and D-alanine solutions show changes in substrate
selectivity as a function of substrate concentration for
RgDAAO;me» (ESM Fig. S3). Both results suggest the pos-
sibility of tuning the enzyme’s substrate specificity through
immobilization as previously demonstrated for other enzymes
such as lipase [57] and ester hydrolase [58]. Substrate speci-
ficity changes are tied to the cross-linker nature which affects
enzyme orientation, substrate access to the enzyme active site,
and the altered surface chemistry of the support matrix [59].

While the MECA does not determine all enzyme kinetic
parameters, it is suitable for comparisons of surface-
immobilized enzymes unlike conventional methods such as
spectrophotometric assays. The MECA is applicable for bio-
sensors where an electroactive product is probed. For practical
MECA application, we recommend consistency in enzyme
concentrations for immobilization: this enables valid compar-
isons across biosensor design strategies.

Validation of the MECA method To determine the validity of
MECA, its results were compared against established methods
namely the standard 0o-DNS spectrophotometric assay [49]
and an electrochemical method, defined in this work as the
Shu and Wilson method [36, 60-62]. The Shu and Wilson
method (Eq. 5), derived for the rotating enzyme disk elec-
trode, has been applied in the past as an analytical method to
determine the K, value for electrode surf immobilized en-
zymes [7, 36, 60, 63, 64]. This method uses steady-state cur-
rent measurements for analysis and is usually applied only for
surface bound enzymes. Spectrophotometric assays, on the
other hand, use rates of absorbance changes and are typically
employed with free enzymes.

The Shu and Wilson method is based on the theory of
Levich rotating disk electrodes [60]. The method demon-
strates that the Levich electrode equation is consistent with
the steady-state current trend of amperometric enzyme elec-
trodes. Chronoamperometry is used to extract iy, correspond-
ing to H,O, oxidation at different substrate concentrations.
The K, is calculated using the measured i, for each D-serine
concentration as follows [65, 66]:

imax[S]

SRl ?

where i, 1S the maximum H,O, oxidative current at sub-
strate saturating conditions and [S] is the substrate
concentration.
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Fig. 3 K, values derived from non-linear least squares fit of the individ-
ual activity values using the spectrophotometric assay, the Shu and
Wilson method, and the MECA approach for both the free and
immobilized RgDAAOg,. and RgDAAO;mop WT at pH=7.4

For RgDAAOx., the Shu and Wilson method underesti-
mate the K,,, by a factor of ~30 compared to the spectropho-
tometric method (Fig. 3). In comparison, the MECA approach
underestimates the K, by a factor of ~0.12. The difference
between the spectrophotometric and MECA derived K, is
ascribed to the rejection of approximately 80% of the pro-
duced H,O, by the permselective PPD layer: the PPD layer
induces hindered diffusion towards electroactive ME surface

a
[l pH=85
6 Il pH=74
@
£>
55
0 S
og 4
oL
ci=
.g.g
So
[=)
2
0
0.01 1.0 5

Substrate Concentration /mM

Fig. 4 a The specific activity of RgDAAO was measured at various
concentrations of D-alanine and D-serine individually using the 0-DNS
assay in NaPPi buffer (pH = 8.5) and KPi buffer (pH = 7.4). The specific
activity at each concentration was used to calculate the D-alanine:D-serine
specific activity ratio of RgDAAOg... Each bar shows the average
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[21]. This hindered diffusion masks the original rate of H,O,
production, causing a deviation in matching the K, deter-
mined with spectrophotometry. For RgDAAO;mob, the Ky
value is lower than for RgDAAOy,. for both the MECA and
Shu and Wilson methods (Fig. 3). Moreover, when comparing
MECA to the Shu and Wilson method, the latter method gave
a lower K, value for RgDAAO;mop Suggesting that the Shu
and Wilson method also underestimates this kinetic
parameter.

Using the MECA, the RgDAAO;mob Kim value (1.21 mM)
is less than the RgDAAOye Ky, (3.69 mM). The change in the
K., is due to alterations in the rate of enzyme catalysis (kca()
and/or dissociation (Ky4) as both impact the overall K,,, value
[67]. Variations in K, values for the same enzyme represent
changes in enzyme substrate specificity.

Immobilization alters RgDAAO substrate specificity To iden-
tify RgDAAO’s most electrochemically active substrates, four
different amino acids (D-serine, D-alanine, D-aspartate, and gly-
cine) were tested with RgDAAOg.. Chronoamperometric
measurements monitoring the current profile from the incuba-
tion of RgDAAOg. in 100 uM of each substrate were per-
formed. The steady-state current responses demonstrated that
D-serine and D-alanine were the preferred substrates of
RgDAAO (ESM Fig. S4). Accordingly, D-serine and D-
alanine were tested with both RgDAAO¢... and
RgDAAO;nmob using spectrophotometry and
electrochemistry, respectively. The spectrophotometric and
electrochemical measurements were used to quantify
concentration-dependent D-alanine:D-serine specific activity
ratios (Fig. 4A & B). The ratios allow to evaluate the effect
of enzyme immobilization on enzyme selectivity.

2
Avg ratio: 1.44 + 0.36

25 50 10 100 1000
Substrate Concentration /pM

b

Iss.n-ala llss.n-ser

-

specificity ratio of three ratios derived from measurements for each
concentration. B) Ratio of biosensor response (iss) at various
concentrations towards D-ala and D-ser (n=3). Error bars represent
+SD. The biosensor steady state response was not measured at higher
substrate concentrations due to a substrate inhibition effect masking i
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Fig. 5 RgDAAO;mob production of H,O, from various substrate
conditions. a Biosensor steady-state currents (n =3 +S.D.) for standard
solutions of D-serine (yellow), D-alanine (navy), and equimolar D-serine/
D-alanine mixtures (black) in PBS (pH =7.4). b The steady-state current
measured with the biosensor immersed in a solution of 0-25 uM D-serine,
combined with 2.5 uM D-alanine (n = 3 + S.E.M). The response increases

For RgDAAOg., RgDAAO is generally more selective
towards D-alanine (Fig. 4a). Moreover, the RgDAA Oy spe-
cific activity ratios highlighted two main points: the ratios are
on average >2 and the ratio increases drastically below
7.5 mM substrate concentration. Taken together, the results
emphasize that the enzyme specificity depends on substrate
concentration in the biosensor linear range. Additionally, a pH
change has no significant effect on RgDAAO specificity ratio
(Fig. 4a) as confirmed with a Welch’s #-test (for specific ac-
tivity ratio values at pH 7.4 and 8.5, f.5c = 0.5774 < feitical =
3.182). In contrast to RgDAAOy,.., the average
RgDAAO;mmop D-alanine/D-serine specificity ratio is <2
(Fig. 4b). While for both enzyme forms there is preferential
selectivity of D-alanine over D-serine, enzyme immobilization
results in a lower dependence on the substrate concentration,
apparently increasing RgDAAO selectivity towards D-serine.

Dual substrate presence does not always prevent single sub-
strate detection with RgDAAO;,,mop Typically, a single amino
acid is probed with biosensors and the presence of unwanted
amino acids interferes with biosensor responses [68—70]. To
explore the extent of the interference effect, the RgDAAO
biosensor was calibrated in standard D-serine (2.5-25 uM)
(Fig. 5a, yellow), p-alanine (Fig. 5a, navy), and equimolar
D-serine and D-alanine solutions (Fig. 5a, black).

Using chronoamperometry, the iy, for D-serine and D-ala-
nine mixtures was larger than that for pure D-alanine and D-
serine solutions. For example, a mixture of 2.5 uM D-serine
and 2.5 uM D-alanine generates an iz, =3 pA, compared to an
iss < 2.5 pA for pure solutions of 5 uM D-alanine or D-serine.
The iy increase is attributed to substrate specific reaction ve-
locity (SEA) with RgDAAO [71]. The results suggest that
both amino acids are depleted by RgDAAO, resulting in

Concentration /uM

Experiment

linearly despite the presence of 2.5 uM p-alanine. ¢ Effect of adding
equimolar amounts (2.5 M) of one D-amino acid to a solution containing
the other on the oxidative steady-state current. The average of three mea-
surements is shown +S.D. The current is normalized to remove the ca-
pacitive contribution from the PBS buffer

increased H,O, production and making it challenging to attri-
bute the biosensor response to a single D-amino acid.
Consequently, in conditions where D-serine and D-alanine co-
localize, such as the plasma and the pituitary gland, the bio-
sensor may not accurately quantify a single D-amino acid.

Nonetheless, D-serine may still be quantified in the pres-
ence of constant D-alanine levels as evidenced by the linear
current increase in standard D-serine solutions (Fig. 5b).
Indeed, most biological environments do not have constant
or equimolar concentrations of D-alanine and D-serine and
the level of one or both D-amino acids may change
following a release process. To simulate time-dependent re-
lease, D-serine and D-alanine were added sequentially instead
of simultaneously. The addition of D-alanine to a D-serine
solution increased the ig, by more than 100% whereas the
addition of D-serine to a D-alanine solution increased the ig
by less than 20% (Fig. 5¢), allowing a valid evaluation of D-
serine level changes. Hence, constant D-alanine levels enable
quantification of D-serine level changes. Conversely, time-
dependent release of both D-serine and D-alanine do not allow
individual D-amino acid quantification.

Conclusions

We report an analytical method (MECA) to characterize the
kinetics of H,O, production from free and immobilized en-
zymes using PPD-modified MEs. Using RgDAAO for proof
of concept, we validated the MECA by comparing K, values
for RgDAAOg.. determined by a spectrophotometric assay,
the Shu and Wilson method, and the MECA method. The
MECA method enabled us to study enzyme selectivity differ-
ences between free and immobilized RgDAAO forms. As

@ Springer



6800

Moussa S. et al.

such, the MECA is a useful tool for the characterization of
other non-redox enzymatic biosensors that rely on quantifica-
tion of electrochemical products.

The development of such biosensors often employs glutar-
aldehyde cross-linking of RgDAAO to a modified electrode
surface [36, 38]. To assess alternative safe and sustainable
cross-linkers such as poly(ethylene glycol) diglycidyl ether
(PEDGE) [23], the MECA is used to extract generalized as-
sessment metrics for various enzymatic biosensor architec-
tures. Thus, the MECA could be useful to address questions
concerning the cross-linking and cross-linker efficiency and
their effect on enzyme activity.

We also demonstrate that substrate concentration modifies
enzyme selectivity for free and immobilized RgDAAO: mod-
ifications in enzyme selectivity are advantageous for biosen-
sor application in selective analyte measurements. The effect
of an unwanted D-alanine presence on D-serine quantification
was also evaluated showing that under fixed D-alanine levels,
biosensors remain useful for D-serine quantification.

Increasing the pool of methods to characterize immobilized
enzymes on solid supports is beneficial to wide a range of
fields, most prominently for biofuel cell and biosensor design.
Future extensions to this work include exploring alternative
cross-linker methodologies and the use of variant enzymes
with altered substrate selectivity for improved accuracy in
quantitative D-amino acid in situ measurements.
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