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ABSTRACT: Glycine is an important biomarker in clinical analysis due to its involvement in multiple physiological processes. As
such, the need for low-cost analytical tools for glycine detection is growing. As a neurotransmitter, glycine is involved in inhibitory
and excitatory neurochemical transmission in the central nervous system. In this work, we present a 10 M Pt-based electrochemical
enzymatic biosensor based on the flavoenzyme glycine oxidase (GO) for localized real-time measurements of glycine. Among GO
variants at position 244, the H244K variant with increased glycine turnover was selected to develop a functional biosensor. This
biosensor relies on amperometric readouts and does not require additional redox mediators. The biosensor was characterized and
applied for glycine detection from cells, mainly HEK 293 cells and primary rat astrocytes. We have identified an enzyme, GO
H244K, with increased glycine turnover using mutagenesis but which can be developed into a functional biosensor. Noteworthy, a
glycine release of 395.7 + 123 uM from primary astrocytes was measured, which is ~fivefold higher than glycine release from HEK

293 cells (75.4 = 3.91 uM) using the GO H244K biosensor.

B INTRODUCTION

Biosensors are becoming increasingly popular for their ability
to enable real-time analyte detection. The use of biosensors is
revolutionizing many research areas, including neuroscience
and clinical testing. Amperometric biosensors are one class of
sensors that allow for quantification of concentration changes
based on measured current changes." One particular example
of amperometric biosensors and their successful commercial-
ization in point-of-care devices are glucose test strips.”” Along
the lines of amperometric biosensing, our laboratory has
previously shown the success of amperometric enzymatic
biosensors in pre-clinical studies on the detection of D-
serine,” a co-agonist at excitatory NMDA receptors in the
brain, especially at extrasynaptic sites.” A number of other
enzymatic electrochemical probes have also been developed for
neurotransmitter detection such as glutamate,7’8 dopamine,g
and acetylcholine.'” No such amperometric sensors are
available for localized measurements of the neurotransmitter
and NMDAR co-agonist, glycine.

As a neurotransmitter, glycine is involved in inhibitory and
excitatory neurochemical transmission in the central nervous
system.'" Glycine release in the brain has varying overall
impact depending on the cellular release source.”” It is
endogenously synthesized from other amino acids, primarily in
the liver and kidney, making it a non-essential amino acid.”?
Although non-essential, glycine plays other important roles in
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physiological functions of humans and animals. In the rest of
the body, glycine has anti-inflammatory, cryoprotective, and
immune modulating roles.'* Previous efforts to associate
glycine level measurement with diseased states have shown
that low glycine levels are related to obesity, diabetes, and
schizophrenia."® Nutritionally, insufficient glycine intake may
result in suboptimal growth, impaired immune responses, and
other adverse effects on health and nutrient metabolism."

Currently, glycine levels are measured using chromato-
graphic methods, which are expensive and time-consum-
ing.'™"® Glycine-detecting electrochemical sensors have been
developed to avoid the shortcomings of chromatogra-
phy.'®""7>! However, none of these sensors have been
developed for localized glycine measurements, making it
impossible to measure glycine levels associated with synaptic
transmission without microdialysis."""*

Herein, we present a rapid approach for the development of
an enzymatic amperometric electrochemical biosensor for time
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Scheme 1. Random Clone Selection Strategy and Schematic of High-Throughput Screening Methodology to Search for

Variants with Enhanced Glycine Turnover Activity
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measurements of glycine release from localized regions. To
develop the biosensor, we used high-throughput screening to
identify glycine oxidase (GO) variants with increased glycine
activity. In detail, we screened a library of GO clones produced
through site-saturation mutagenesis at position 244 for
enhanced activity on glycine (Schematic 1). GO is a
flavoenzyme responsible for catalyzing the oxygen-dependent
deamination of glycine in which hydrogen peroxide is
produced as a side product.””** The H244 residue on GO is
localized in the active site cavity and is involved in
optimization of the reaction catalyzed by GO.”*** Substitu-
tions at the H244 position frequently result in a substrate
turnover number increase compared to the wild-type GO.***°

A selected recombinant GO variant (GO H244K) was used
for enzymatic electrochemical biosensor development. First,
the GO enzyme was immobilized on the electrochemical
sensor surface. Next, GO turned over glycine into hydrogen
peroxide (H,0,). The H,0, diffused through a permselective
polymer layer and was subsequently oxidized (0.5 V) on the
electroactive sensor surface, where an oxidative current is
measured that enables indirect glycine quantification.” To
further reduce biosensor development time (~30%), an
approach using high-throughput assay techniques was
developed for biosensor calibration and application. We then
measured glycine levels from astrocyte-conditioned media,
HEK 293 cells, and primary astrocytes. Our biosensors were
found to be useful in glycine detection measurements, making
them an important new tool for localized glycine measure-
ments in neurologically relevant systems (Scheme 1).

B EXPERIMENTAL SECTION

Chemicals. Horseradish peroxidase (HRP), amino acids,
ampicillin, chloramphenicol, and all other compounds were
purchased from Sigma unless otherwise stated. The final
concentration of ampicillin (Amp) and chloramphenicol
(Cam) used were 100 and 34 pg/mL, respectively.

Library Generation and Variant Screening. A library of
GO variants previously generated by site-saturation muta-
genesis at position 244, using a QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA), and the GO cDNA
subcloned in the pT7(ABH)-HisGO plasmid were used for
screening on glycine as a substrate.”® The introduction of the
mutations was confirmed by automated DNA sequencing of
selected clones. The PCR products were used to transform
JM109 Escherichia coli cells. Subsequently, the recombinant
plasmids were transferred to BL21(DE3)pLysS E. coli , and
these clones were used for the screening procedure.

The GO library was screened using a rapid colorimetric
assay.”” Briefly, the colorimetric assay is based on the
quantification of hydrogen peroxide produced. Oxidase activity
toward 36 mM Dp-serine, 36 mM D-alanine, or 18 mM glycine
was assayed on the crude E. coli clones following cell lysis and
using HRP and ortho-dianisidine (0-DNS) assay. The time
course of the absorbance change at 450 nm was recorded at
room temperature using a microtiter plate reader (Tecan). The
average response was calculated, and the clones which
outperformed the control were selected for a repetition of
the screening. Multiple reparations were performed for the
screenings (n = 3 replicates for each substrate). Among the
clones showing the highest activity on glycine, six clones were
selected for further analyses and biochemical characterization.
The DNA of the interesting clones was isolated and sequenced.
The Supporting Information contains more details on the
experimental methodology corresponding to the screening and
clone selection.

Expression and Purification of His-GO WT, H244K,
H244F, and H244Q. The pT7(ABH) expression plasmids
coding for His-tagged wild type, H244K, H244F, and H244Q_
were transferred to the host BL21(DE3)pLysS E. coli strain
cells. Recombinant cells were grown under aerobic conditions
at 37 °C in LB medium (20 g/L) containing Amp and Cam.**
Protein expression was induced in the exponential phase (at an
ODgoonm—2) by adding ITPG to a final concentration of 0.5
mM. The cells were then grown at 30 °C under agitation (130
rpm) and collected after 18 h by centrifugation and stored at
—20 °C. Crude extracts were prepared by sonication (four
cycles of 30 s each—pulsed and then continuous) of the cell
paste suspended with 50 mM disodium pyrophosphate buffer,
pH 8.5, containing S mM EDTA, 20 uM FAD, S mM 2-
mercaptoethanol, 0.7 ug/mL pepstatin, and 10 pg/mL
deoxyribonuclease I (2—3 mL of buffer/gram of E. coli cells).
The insoluble fraction of the lysate was removed by
centrifugation. The recombinant GO variants were purified
from the crude extracts by using a HiTrap chelating affinity
chromatography column (GE Healthcare) previously loaded
with 100 mM NiCl, and equilibrated with 50 mM disodium
pyrophosphate buffer (pH 7.2), 1 M NaCl, 20 mM imidazole,
and 5% glycerol. The purified GOs were then equilibrated with
50 mM disodium pyrophosphate, pH 8.5, and 10%
glycerol.”>*°

The final preparation of GO WT, H244Q, and H244K was
stored in 0.01 M phosphate-buffered saline (PBS), pH 7.4,
containing 1% glycerol. Enzyme purity was >90% as
determined by SDS-PAGE (Figure S1). Enzymes were
concentrated with a Centricon ultrafiltration device (MW
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cutoff = 30 kDa, Amicon). Protein concentration of the
purified enzymes was determined using the extinction
coefficient at 450 nm (11.8 mM™ cm™ for GO and 14.4
mM™' em™! for GO H244K).***

GO Activity Assay. Standard polarographic assays (0.253
mM O, and 25 °C) for GO WT and GO H244K on 10 or 100
mM glycine in 50 mM sodium pyrophosphate buffer (pH 8.5)
were employed.”””” One enzyme unit is defined as the amount
of enzyme that converts 1 gmol amino acid per minute at 25
°C.”” Substrate specificity was investigated using a colorimetric
assay based on detection of hydrogen peroxide production
using a coupled assay with peroxidase and o-DNS (e = 13
mM~! cm™). Briefly, H,0, produced from GO is reduced by
HRP that simultaneously oxidizes 0-DNS to give a colored
compound with an absorption maximum at 440 nm. Different
concentrations of standard p-alanine (1 mM), p-serine (1
mM), and glycine (100 uM—10 mM) were used as substrates.
The specific activity (SA) for each enzyme on the substrate of
interest was calculated as follows

AAbs, 4 /min < v

total

SA

mg
X [enzyme] (E) W
1

€-DNS I}enzyme

Electrochemical Experiments. Electrochemical measure-
ments were performed using an electrochemical probe scanner
3 (Heka Elektronik, Lambrecht, Germany; bipotentiostat
model PG340). All potentials were recorded relative to a
chloridized silver wire (fabricated in-house, radius = 0.125
mm) quasi-reference electrode (Ag/AgCl QRE).*® All electro-
chemical solutions were prepared in PBS (0.01 M and pH 7.4).
Measurements performed using chronoamperometry, involved
a microelectrode (ME) biased at 0.5 V versus Ag/AgCl All
recorded potentials are reported against an Ag/AgClI reference.

GO WT and GO H244K Biosensor Fabrication. For
biosensor development, the final GO WT and H244K
preparations were concentrated to 50 mg mL™' PBS (pH
7.4) containing 1% glycerol and 25 mg mL™' bovine serum
albumin using a Centricon device (MW cutoff = 30 kDa,
Amicon). Platinum (Pt) disk MEs (10 ym) were prepared
according to a previously reported procedure.”® Briefly, a soda-
lime glass capillary was pulled and a Pt wire was inserted into
the capillary, which was then sealed. The ME tip was polished
until the Pt wire was exposed, revealing a disk-shaped surface
geometry. The final ME was rinsed with deionized water (18.2
MQ), 70% ethanol, and acetone. The R, is the ratio of the glass
sheath to the diameter of the electroactive surface and was
confirmed with optical microscopy using a customized Axio
Vert Al inverted microscope (Zeiss, Oberkochen, Germany)
to be between 2 and 3 for all MEs. A permselective polymer
was then electrodeposited on the electrode surface using cyclic
voltammetry (0 to +1 V, five cycles) with 0.1 M m-
phenylenediamine (PPD) prepared in 0.01 M PBS (pH 7.4).
The full biosensors were fabricated according to a literature
protocol.”" Briefly, 2 uL of each enzyme was drop-cast on a
PDMS-coated glass slide. The PPD ME was immersed in the
enzymes for five s and then removed to dry for 4 min. This
procedure was repeated four times, followed by enzyme cross-
linking using glutaraldehyde (50% v/v in H,O).

Biosensor High-Throughput Assay. Experiments were
conducted in a Faraday cage positioned on a vibration
dampening table (Micro 60, Halcyonics, Ames, IA, USA) to
minimize noise. A custom-made well plate (4 X 5 wells) was
fixed to the ELP-3 sample plate (See Supporting Information

for information on the well preparation). The biosensor was
lowered to approach the well plate using a z-piezo micro-
positioner until contact was made with the solution in the well
(~6 mm). Upon contact with the solution, an electrical
connection was made and a chronoamperometric protocol was
applied in which a potential of 500 mV was applied at the
biosensor tip after a stabilization period of 30 s at 0 V.
Following the completion of a § min current recording in a
single microwell, the biosensor was retracted upward to break
the electrical connection, moved 6 mm in the x-direction
toward the next well, and the approach and recording process
was repeated. For each biosensor, independent chronoampero-
grams were recorded in a 4 X § grid. A macros protocol was
written to iterate the hopping-mode recording process until
recording from all individual wells in each was completed. To
move to the next row, the biosensor was moved 4 mm in the y
direction. Currents were sampled at 10 Hz.

Glycine Quantification from Astrocytes and Astro-
cyte-Conditioned Media. All studies using animals were
conducted in accordance with the guidelines of the Canadian
Council for Animal Care and approved by the Montreal
Neurological Institute Animal Care Committee. Primary
astrocyte cultures were obtained by mechanically dissociating
and discarding non-astrocyte cell types from mixed glial
cultures derived from P2 Sprague-Dawley rat pup cortices.”
Astrocytes were cultured in poly-D-lysine-coated 100 mm
dishes in Dulbecco Modified Eagle media (DMEM) containing
10% fetal bovine serum (FBS), penicillin/streptomycin, and L-
glutamine and passaged at least three times before use.
Cultures were checked with optical microscopy to ensure
>95% astrocyte purity. Cells were cultured until confluency,
and the media were collected after 7 days and after 10 days for
analysis. Astrocyte-conditioned media were passed through
0.22 um filters and stored at —80 °C until ready for analysis.

Biosensor Application for In Vitro Glycine Detection
from Cells. Cultured HEK 293 cells were grown in 100 mm
dishes and DMEM (Sigma-Aldrich, Oakville, ON, Canada)
supplemented with 9.1% FBS (Thermo Fisher, Ottawa, ON,
Canada) and 0.5 mg mL™! primocin (InvivoGen, San Diego,
CA, US.A.). Following confluency (~7—8 days), the plates
were scraped (STEMCELL) and centrifuged for S min (6000
rpm) at room temperature to form a cell pellet. The cells were
washed with sterile PBS twice and then resuspended in PBS
buffer using a pipette tip for buffer exchange. For any biosensor
experiment, an aliquot corresponding to 1 X 10° cells was
transferred to a well on a well plate. The same protocol was
repeated for null biosensor measurements and for rat-derived
astrocytes.

Data Analysis. All experimental data are presented as the
mean of triplicate measurements unless otherwise stated. Error
bars represent the standard error of the mean (+SEM). Data
were analyzed using in-house-developed software (Sensorlyze),
or Python 3.7 and treated in Python 3.7. Electrochemical
signals were blank (PBS) signal-corrected, resulting in i,qm,. To
generate the calibration curves, the steady-state signals from
the noise-filtered data were extracted at each concentration and
fit to a linear regression line. The limit of detection (LOD)
corresponds to three times the standard deviation of the blank.
The limit of quantification (LOQ) corresponds to 10 times the
standard deviation of the blank. Selectivity toward glycine was
calculated as follows
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Figure 1. HTS Assay screening results for a GO library at position 244 following 24 h of incubation in 18 mM glycine. (A) Absorbance values (4 =
440 nm) for all GO expressing E. coli clones screened in a 96-well plate. Position H11 corresponds to the clone for GO WT, and position H12
corresponds to the control well with no clone present. (B) Absorbance values (440 nm) for GO clones selected from initial screening of 94 clones.
Position G5 corresponds to the clone for GO WT, and position H1 corresponds to the control well without E. coli cells. Gray boxes represent
empty wells. (C) Normalized absorbance values [corrected for the control plate and normalized by a factor of 1 to GO WT (purple, GS)] for the

10 clones (yellow) selected from the screening.
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Figure 2. Substrate specificity of GO WT and H244K as determined using spectrophotometric assay (sodium pyrophosphate buffer, pH 8.5). (A)
SA (U mg™") values for the enzymes at various substrate concentrations of p-serine, p-alanine, or glycine. (B) SEM values for the specific activities
as reported in panel A. (C) Selectivity of GO H244K enzymes toward glycine over p-serine and p-alanine. Error bars represent mean values +
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where SA is the specific activity of the selected amino acid.

B RESULTS AND DISCUSSION

Screening for GO Variant Enzymes with High Glycine
Activity. Glycine is turned over by GO during the enzyme
catalytic cycle, producing H,0O, as a byproduct. His-GO WT
has a catalytic efficiency of 0.86 s~ mM~.>° Enzyme catalytic
efficiency, a measure of enzyme specificity and turnover, can be
improved through protein engineering.”> >° To minimize
discovery time associated with biocatalyst development with
enhanced efficiency for use in biosensor design, we applied a
site-saturation mutagenesis approach, namely, mutant library
generation and high-throughput activity screening (HTS).

Following the generation of a GO mutant library at the
H244 position through site-saturation mutagenesis,ZG a 96-well
plate and an automated liquid handling system were used for a

16507

colorimetric assay. The signal observed from o-DNS assay on
18 mM glycine and the crude extracts of E. coli cells expressing
GO variants corresponds to the enzyme variant activity.”” Any
alteration in the GO clone activity on glycine was monitored
using a change in absorbance at 440 nm (Figure 1A).

After a second round of screenings (Figure 1B), 10 clones
with increased glycine activity were identified. To confirm the
increased activity of the 10 selected clones, one final screening
was performed with only the 10 clones. The absorbance values
for these clones normalized to the absorbance for GO WT are
presented in Figure 1C. These clones correspond to GO
variants with enhanced glycine activity compared to that of GO
WT (Figure 1C, gold vs purple), making their use for
biosensor development an attractive option.

The most active clones harbored the H244F, H244Q, and
H244K substitutions (Figure 1C: E3, E4, and FS). These GO
variants expressed their activity on glycine, which was
determined using the polarographic method. From the specific
activities (Table SI, GO WT: 0.8 U mg~!, GO H244F: 0.523
U mg ™!, GO H244K: 1.038 U mg ™}, and GO H244Q; 0.177 U
mg ') and literature activities,”® GO H244K had the highest
glycine turnover ratio compared to GO WT (Table S2, 11.22
vs 1.00). As such, the activity of GO WT and H244K was

https://doi.org/10.1021/acs.analchem.1c03620
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Figure 4. Glycine detection from primary rat cultured astrocytes using GO H244K biosensors. (A) Schematic of the experimental protocol. (B)
Biosensor calibration curve in standard glycine solutions prepared in DMEM. (C) Concentrations obtained from biosensor calibrations for
individual batches and for the batches combined. Batch 1 corresponds to media collected after 7 days. Batch 2 corresponds to media collected after
10 days; total corresponds to the average of all batches. Average concentrations + SEM are shown.

determined at different glycine concentrations using spec-
trophotometric 0-DNS assays (Figure 2). At all tested
concentrations (0.1, 1, and 10 mM), GO H244K had higher
glycine activity than GO WT. Moreover, GO H244K had high
activity toward glycine compared to D-serine and D-alanine
(Figure 2C), two amino acids of neurological relevance which

. . 36-38
are simultaneously present in the central nervous system.

Assessing the Performance of GO WT and H244K
Biosensors. Using both GO WT and H244K, the enzymes
were incorporated into biosensors. Through enzyme immobi-
lization on PPD-Pt MEs, biosensors were fabricated and
calibrated in standard solutions of glycine.”’ To rapidly
generate calibration curves, Sensorlyze, an in-house python-
based software tool developed by the author, was used for
biosensor performance assessment. Sensorlyze software
automates data processing and manipulation by converting
raw data files into figures and allows users to generate
calibration curves from multiple data files and provides
statistics such as linear regression parameters and limits of
detection and quantification. Sensorlyze was also used to
extract steady-state currents from multiple chronoampero-
grams and to average these values over a 30 s range.

The current response of GO WT and GO H244K was
linearly related to the logarithmic value of the glycine
concentration within the range of 50—1000 uM (Figure 3).
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GO WT at 13.3 mg mL™" resulted in calibration curves with
lower sensitivity (Figure S3A) compared to the more
concentrated GO WT at SO mg mL™' (Figure S3B).
Additionally, the non-log calibration curves for GO WT and
GO H244K were non-linear and are presented in Figure S3.

To assess the stability of the biosensors, GO H244K and
GO WT biosensors were stored at 4 and —20 °C following an
initial calibration. Both biosensors lost sensitivity following 2
week storage at —20 °C (Figure S4A,B). The lack of response
was due to enzyme film delamination, suggesting that the
adsorption of GO requires improvement for increased
biosensor lifetime. GO biosensors were stored dry at 4 °C
and calibrated the following day. A linear calibration curve was
obtained for GO H244K (Figure S4C).

GO H244K Biosensors Detect Glycine in Astrocyte-
Conditioned Media. Astrocytes are thought to be a major
source of glycine® and were studied with GO H244K
biosensors (Figure 4A). The biosensor was first calibrated in
standard solutions of glycine spiked into DMEM buffer, which
already contained 400 yM glycine (Figure 4B). Following
astrocyte culture, media collection and filtering, and biosensor
calibration, the biosensor was applied for glycine detection in
300 pL of filtered, astrocyte-conditioned DMEM. Media from
two sets of cultures were collected. From batch 1, the media
were collected after 7 days of conditioning. From batch 2, the
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Figure S. High-throughput hopping-mode real-time glycine detection from multiple biological analytes. (A) Schematic of the electrochemical
experimental setup. (B) Buffer-normalized currents from HEK 293 cells using the null and enzymatic biosensors. (C) Calibration curve with the
GO H244K enzymatic biosensors. (D) Corresponding current reading from HEK 293 cells using the biosensor. The average reading corresponds
to 75.4 + 3.91 uM. (E) Histogram of the steady-state currents from null and active biosensors immersed in buffer and astrocytes. (F) Calibration
curve of the biosensor prior to glycine detection from astrocytes; corresponding current readings of glycine released from astrocytes following a 30
min biosensor incubation period. (G) Average reading corresponds to 395.7 + 123 uM. Error bars correspond to +SEM.

media were collected after 10 days of conditioning. Using the
biosensor, an average of 572 + 113 uM glycine was measured
(Figure 4C), suggesting batch-to-batch differences. Although
DMEM has 400 uM glycine, it was possible to measure
additional glycine levels as shown in Figure 4. From the
biosensor readings in Figure 4, it is suggested that astrocytes
do release glycine, possibly through astrocyte §lycine trans-
porters, as shown in the published literature.**~"

Achieving Glycine Detection from Live HEK 293 Cells
and Astrocytes. Microelectrode biosensors are particularly
useful for localized quantification of analytes. To assess the
performance of these biosensors in glycine release measure-
ments using an automated methodology, a custom-made
micro-sized well plate was prepared as discussed in the
Experimental Section. In combination with a 0.125 mm Ag/
AgCl quasi reference electrode, the biosensor was approached
to the solution on the microwell plate using a z-piezo motor. A
constant voltage of 0.5 V was applied at the biosensor tip and
when the biosensor was immersed in solution, a faradaic
current corresponding to the oxidation of H,O, was recorded.
The biosensor was moved from one well to another using a
hopping mode with an ELP motor system, and the current
from each sample was recorded (Figure SA). To evaluate
glycine release, the biosensor was immersed in 100 yL of HEK
293 cell-conditioned medium (1 X 10° cells in PBS buffer),
which was pipetted into one of the wells on the well plate. The
current from the HEK 293 cells was monitored over a period
of 30 min, and the steady-state current after 30 min was
extracted from chronoamperograms (Figure SB purple, Figure
SS) and compared against the background signal from the
biosensor in PBS buffer (Figure 5B yellow). The same protocol
was repeated using a null biosensor (Figure SB blue). The
biosensor calibration curve (Figure SC) was then used to
convert the current responses of the biosensor from the HEK
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293 cell-conditioned medium into glycine concentrations
(Figure SD). Similarly, glycine release from astrocytes was
monitored using the active and null biosensors (Figure SE
purple vs blue), and the signal was compared against the
biosensor response in PBS buffer (Figure SE, yellow). The
biosensor calibration curve (Figure SF) was then used to
convert the current responses of the biosensor to astrocyte-
conditioned medium into glycine concentrations (Figure SG).
The concentrations recorded from Figure SD and G
demonstrate that GO H244K biosensors are useful tools for
real-time glycine detection from multiple cell types. Moreover,
Figure 5 shows that astrocytes release significantly larger
amounts of glycine (395.7 + 123 uM, Figure SD) compared to
HEK 293 cells (75.4 + 3.91 uM, Figure SG). Astrocytes
demonstrate ~fivefold greater release of glycine than HEK 293
cells. The relatively higher astrocytic glycine release is
consistent with the literature, suggesting that astrocytes store
glycine and that glycine release is mediated through the Asc-1
transporter, which is not typically found in HEK 293 cells.**~*
Moreover, liquid chromatography—mass spectrometry (LC—
MS) experiments demonstrate the presence of glycine in these
cell samples, confirming the release of glycine through both
biosensor and LC—MS measurements (Figure S6). Finally, the
potential of using Triton X-100 and Tween-20 to lyse cells for
release of stored glycine is also presented in Figure S7. The
effect of the surfactants on the biosensor response is shown to

be negligible.
B CONCLUSIONS

In this work, we demonstrated the first enzymatic ampero-
metric biosensor fabricated and applied for glycine detection
from cells based on GO H244K. Mutagenesis and high-
throughput enzyme screening enabled the rapid discovery of
enzyme variants with enhanced glycine turnover activity. The
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performance of the GO H244K biosensor superseded that of
the GO WT biosensor, and the GO H244K biosensor
demonstrated high reproducibility. Using only 100 uL of
cells, glycine was detected from both HEK 293 cells and
astrocytes without the need for additional reagents. Although
these sensors were shown to be applicable for detection of
glycine, future work entails quantification of glycine concen-
tration changes in real time at different time points.
Additionally, sensitivity improvements of such biosensors
occurs possibly through increasing the microelectrode back-
bone surface roughness or the generation of a double- or triple-
variant enzyme with even further enhanced glycine selectivity.
Given this paper’s advancements in reducing enzyme discovery
times, biosensor optimization, and assay miniaturization and
automation, this system can be developed with minimal effort
potentially for any stable oxidase enzyme, thus extending the
range of analytes probed with such sensors. These sensors may
then be used to study glycinergic functions and mechanisms in
the brain or as clinical tools for glycine analysis.
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