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metabolites (glutathione, creatine, purines, heme, and ser-
ine) and is also a neurotransmitter in the central nervous 
system, acting as a co-agonist, together with D-serine, of 
glutamate and glutamatergic N-methyl-D-aspartate recep-
tors (NMDAR) in the forebrain. Dysregulation of glycine 
levels affects health in certain diseases, such as non-ketotic 
hyperglycinemia (NKH), a severe autosomal recessive neu-
rometabolic disorder characterized by glycine accumulation 
in fluids and body tissues, including the brain. In the severe 
form of NKH, the symptoms include spasticity, epileptic 
encephalopathy, absent psychomotor development, and 
therapy-resistant epilepsy (Shelkowitz et al. 2022).

Detecting glycine in blood and physiological fluids can 
provide information for diagnosing specific diseases and 
monitoring patient treatment (Sandlers 2020). The healthy 
basal glycine concentrations in plasma/blood range from 
147 to 299 µM for males and 100–384 µM for females, 
and increase to 450–2363 µM in unhealthy levels (Pérez-
Ràfols et al. 2020). In clinical settings, glycine is typically 

Introduction

The α-amino acid glycine is a major constituent in extra-
cellular structural proteins in animals. It is the smallest 
amino acid in nature and does not possess chirality (Wang 
et al. 2013). Glycine is a biosynthetic precursor of several 
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Abstract
Glycine level is an indicator of diseases related to the central nervous system and metabolic disorders such as diabetes 
and obesity. It is, therefore, relevant to have tools that can detect glycine at physiological concentrations. Biosensors are 
a reliable alternative to chemical methods for glycine detection, with low cost and high response speed. In the case of 
glycine detection, a glycine oxidase (GO) can be used as the molecular recognition element in a biosensor. The GO from 
Azotobacter vinelandii is an uncharacterized enzyme with high sequence identity to the only monomeric FAD-dependent 
GO from P. putida KT2440. The monomeric state is favorable for oriented immobilization of active sites in a biosensor, 
which is attractive for future applications. This work characterized the GO from A. vinelandii, and a second-generation 
glycine amperometric biosensor was assembled. The enzyme was recombinantly expressed and purified. The oligomeric 
state of the enzyme was also confirmed as the monomer. Therefore, a substrate inhibition behavior was detected in the 
enzyme kinetics experiments with parameters Km=4.65, kcat=0.38, and ksi=23.0. Two second-generation biosensors were 
assembled, and electrochemical characterization for the detection of glycine was carried out by chronoamperometry. The 
linear ranges of the biosensors (0.1 to 3 mM and 0.1 to 5 mM, for one- or two-enzyme layers respectively) are in the 
range of concentration of physiological fluids such as urine and sweat. This research opens new opportunities for applying 
new strategies that involve monomeric FAD-dependent glycine oxidases in glycine biosensing.

Keywords  Monomeric glycine oxidase · Azotobacter vinelandii · Glycine biosensor · Enzymatic characterization

Received: 11 August 2025 / Accepted: 17 October 2025 / Published online: 11 November 2025
© The Author(s) 2025

Monomeric Glycine oxidase from Azotobacter vinelandii for Glycine 
biosensing

Aaron Mena-Rodríguez1 · Raul Garcia-Morales1,3 · Oscar González-Davis1 · Rafael Vazquez-Duhalt1 · 
Alejandro Huerta-Saquero1 · Andrés Zárate-Romero1,2

1 3

https://doi.org/10.1007/s11274-025-04657-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s11274-025-04657-4&domain=pdf&date_stamp=2025-11-11


World Journal of Microbiology and Biotechnology (2025) 41:449

measured using liquid chromatography, a method known 
for its precision and reproducibility. However, it relies 
on costly instrumentation and demands skilled operators. 
Alternatively, commercial fluorometric assay kits are avail-
able, offering high sensitivity and specificity. Despite these 
features, they come with limitations, such as the need for 
sample dilution, multiple preparation steps, reliance on 
sequential enzymatic reactions, and the requirement for 
a fluorometer (Pérez-Ràfols et al. 2020). As a promising 
alternative, electrochemical biosensors offer several advan-
tages, such as rapid detection, low-cost manufacturing, and 
the potential for miniaturization. There are some successful 
examples of these features in biosensors for glucose, uric 
acid, and L-lactate (Kim et al. 2019).

Glycine oxidases (GOs) are enzymes that catalyze the 
conversion of glycine to glyoxylate, H2O2, and NH3 in the 
presence of molecular oxygen (Scheme 1). The enzyme 
produces glycine imine, which is later hydrolyzed to gly-
oxylate and H2O2. In the genus Bacillus, the production of 
glycine imine is the first step for the synthesis of the thia-
zole moiety of thiamine (Settembre et al. 2003). Most of 
the characterized enzymes are tetrameric FAD-dependent 
enzymes. There are several studies discussing the enzymatic 
and structural properties of some glycine oxidases, such as 
BsuGo from Bacillus subtilis (Settembre et al. 2003), BliGO 
from Bacillus licheniformis (Zhang et al. 2016), BceGO 
from Bacillus cereus (Zhan et al. 2013), and GOXK from 
Geobacillus kaustophilus HTA 426 (Martínez-Martínez et 
al. 2008). Additionally, the reported glycine oxidases can 
catalyze the oxidative deamination of secondary amines 
such as sarcosine and also D-amino acids. Sarcosine is a 
small endogenous amino acid that is present in blood and 
urine in low concentrations (Rosini et al. 2014). It has been 
proposed that the measurement of its concentration can be 
used as a biomarker in the progression of prostate cancer, as 
sarcosine levels are increased in metastatic prostate cancer 
cells (Sreekumar et al. 2009; Khan et al. 2013).

The use of GO for glycine biosensing has been reported 
recently. A fluorescence biosensor was developed using an 
engineered GO from B. subtilis, which presents an 11-fold 
kcat/Km value compared to the wild-type (Rosini et al. 2014). 
Conversely, a different type of glycine oxidase dependent 
on a cysteine tryptophylquinone cofactor has also been 
characterized. This GO from Marinomonas mediterra-
nea showed a higher kcat for glycine than FAD-dependent 
GOs. An amperometric biosensor based on this enzyme 

was developed by incorporating the mediator Prussian Blue 
(PB). The biosensor showed a useful detection range in con-
ditions of normal blood/serum glycine concentrations and 
presented 0.575 nA/µM sensitivity (Wang et al. 2021).

Furthermore, among several characterized homotetra-
meric FAD-dependent glycine oxidases, as far as we know, 
there is only one report of a monomeric FAD-dependent 
GO, identified in Pseudomonas putida KT2440 (Equar et 
al. 2015). This was characterized and presented a higher Km 
and lower kcat for glycine than the tetrameric GOs. Addi-
tionally, the enzyme showed activity on D-proline, sarco-
sine, and N-methylglycine. The use of monomeric enzymes 
opens novel opportunities to improve biosensors by ori-
ented immobilization of the active site (Vazquez-Duhalt 
et al. 2014), as well as other biotechnological applications 
such as genetic fusion strategies. Azotobacter vinelandii is a 
soil gram-negative bacterium that has been used to produce 
polyhydroxybutyrate and alginate (Galindo et al. 2007). The 
organism belongs to the Gammaproteobacteria class, simi-
lar to P. putida, the organism that possesses the aforemen-
tioned monomeric GO. The amino acid sequence of the GO 
from A. vinelandii presents 75% sequence identity to GOPP 
and was chosen for this study.

In this work, the GO from A. vinelandii CA6 was 
recombinantly expressed and purified to homogeneity. The 
oligomeric state and kinetic properties of the enzyme were 
analyzed, and a biosensor based on the enzyme was assem-
bled and characterized to evaluate its potential application 
for glycine biosensing.

Materials and methods

Genes and cloning

A synthetic gene fragment optimized to express of the 
amino acid sequence of the glycine oxidase from A. vine-
landii (AGK18858.1, Genbank) was acquired from the La 
Proteina Co (CDMX, Mexico). The sequence was ampli-
fied by polymerase chain reaction, using the specific oligo-
nucleotides AviGOFw 5’-ATACATATG​C​G​T​G​T​G​C​T​G​G​T​G​
G​T​G-3’ and AviGORv 5’-CATTCTAGA​T​T​A​A​C​C​G​A​T​G​C​
G​A​C​C-3’, that contain the NdeI and XbaI restriction sites, 
respectively (recognition sequences appeared in italic). The 
amplified product was digested with the restriction enzymes 
and cloned into the NdeI and XbaI sites of the pCold I vector.

Scheme 1  Reaction catalyzed by 
the glycine oxidase
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Protein expression and purification

The AviGO-pCold I construct was transformed into chemi-
cally competent bacteria of the E. coli BL21 (DE3) strain. 
The positive transformants were selected on Luria Broth 
(LB) agar plates supplemented with 100 µg/mL ampicillin. 
A single colony of the positive transformants was used to 
inoculate 150 mL of LB liquid media, containing 100 µg/
mL ampicillin. The culture was incubated overnight at 
37 °C and agitated at 200 rpm. The overnight culture was 
used to inoculate 1.5 L of LB medium with ampicillin and 
incubated at 37 °C and 200 RPM until an OD 600 ~0.5–0.7 
was reached. The culture was cold-shocked in an ice bath for 
30 min, then IPTG 200 µM was added, and the incubation 
continued in a shaker at 20 °C and 200 rpm for 20 h. Bacte-
rial cells were harvested by centrifugation at 6,000 rpm for 
10 min. The bacterial pellet was resuspended in 60 mL of 
binding buffer (Na2HPO4-NaH2PO4 50 mM pH 7.4, 50 mM 
NaCl, 10 mM imidazole, 2 mM β-mercaptoethanol, and 
10% glycerol), 1 mM phenylmethylsulfonyl fluoride, and 
1 mg lysozyme were added and incubated for 1 h at 37 °C. 
The cell suspension was lysed by ultrasonication at 20 kHz, 
applying cycles of 10 s of sonication and 5 s of resting. Sub-
sequently, the sample was centrifuged at 13,000  rpm for 
1 h. The first purification step was performed by injecting 
the supernatant into a HisTrap column (Cytiva) previously 
equilibrated with binding buffer. The column was washed 
with binding buffer, and protein fractions were eluted using 
a binding buffer containing increasing concentrations of 
imidazole. The fractions containing the GO were dialyzed 
against buffer A (50 mM Na2HPO4-NaH2PO4 pH 7.4, 50 
mM NaCl, 2 mM β-mercaptoethanol, and 10 glycerol) to 
eliminate imidazole. The dialyzed fraction was injected into 
a Q-sepharose column previously equilibrated with buffer 
A. The bound protein was eluted in a linear gradient with 
buffer B (50 mM Na2HPO4-NaH2PO4 pH 7.4, 1 M NaCl, 
2 mM β-mercaptoethanol, and 10% glycerol). The protein-
containing fractions were evaluated by SDS-PAGE at 12% 
and protein bands were revealed by Coomassie’s staining.

AviGO enzymatic characterization

The glycine oxidase activity of the purified enzyme was 
evaluated by a coupled reaction to horseradish peroxidase 
(HRP, Sigma Aldrich) according to the protocol described 
by García-Morales for AvLOx (García-Morales et al. 2023). 
Briefly, the reaction was performed in 500 µL of 100 mM 
Tris-HCl pH 8.5, 2 mM 4-aminoantipyrine, 0.04% N, N 
diethylaniline, and 10 mM glycine. A volume of 5 µL of 
HRP (0.5 U/µL) was added, and the reaction was initiated 
by adding the AviGO solution. The concentration of the 

produced H2O2 was calculated using the ε565 of the quinone 
diimide compound formed.

For the optimal pH determination, the reaction activity 
measurement was conducted as described above, but the 
buffer was substituted with Britton Robinson buffer (40 mM 
sodium phosphate, 40 mM sodium citrate, and 40 mM boric 
acid) in a 6.5 to 11 pH range.

For thermal stability, the enzyme was incubated in buffer 
A (50 mM Na2HPO4-NaH2PO4 pH 7.4, 50 mM NaCl, 2 mM 
β-mercaptoethanol, and 10% glycerol) at 25, 30, 37, and 
45 °C. The residual activity was measured after each hour 
until an accumulated time of 4  h using the reaction mix-
ture previously described. All experiments were performed 
in triplicate, and the results were plotted using Origin 8.0 
(OriginLab).

Saturation kinetics experiments were performed in 500 
µL of 100 mM Tris-HCl pH 8.5, 2 mM 4-aminoantipyrine, 
0.04% N, N-diethylaniline, and the substrate at different 
concentrations. A volume of 5 µL of HRP (0.5 U/µL) was 
added, and the reaction was initiated by adding the purified 
GO at 20 nM final concentration. The substrate concentra-
tions ranged from 0.5 to 100 mM of glycine or sarcosine. 
The initial velocities were calculated and plotted vs. the sub-
strate concentration. For glycine, the kinetic data was fitted 
to a substrate inhibition model (Eq. 1), and for sarcosine, 
a Michaelis-Menten model was used (Eq. 2). Plotting and 
data analysis was performed using Origin 8.0 (OriginLab). 
All measurements were performed in triplicate.

Substrate inhibition model used for glycine data:

v = Vmax [S]
Km + [S] (1 + [S]/Ksi)

� (1)

In Eq. 1, v refers to the initial transformation rate, Vmax is 
the maximal transformation rate, [S] is the substrate concen-
tration, Ksi is the substrate inhibition constant, and Km is 
the substrate concentration at half of the maximal velocity.

Michaelis-Menten model used for sarcosine data:

v = Vmax [S]
Km + [S] � (2)

Bioelectrode assembly

Carbon paper electrodes were trimmed out to have an elec-
troactive geometric area of 5 × 5 mm. Ten µL of ethanolic 
Prussian Blue 2.5 mg/mL, as the electrochemical mediator, 
was drop-casted and left to dry. Then, the purified AviGO 
was concentrated at 38  mg/mL in PBS 1X buffer, added 
with 1% glycerol, by using an Amicon ultrafiltration device 
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J = Jmax [S]
Kmapp + [S] � (3)

Where J is the current density (µA/cm2), Kmapp (mM) is the 
apparent Michaelis constant that quantifies the enzymatic 
affinity for the substrate, and Jmax is the maximum current 
density (µA/cm2). In this case, Jmax represents the maximum 
apparent current density that the biosensor can provide 
under conditions where the enzyme layer is saturated with 
glycine and the electrochemical reduction of H₂O₂ does not 
limit the rate (Teng et al. 2010; Kalinke et al. 2024).

Results

Protein purification and oligomeric state of AviGO

AviGO was expressed and purified according to the proto-
cols described in the experimental section. The expression 
of the protein was evidenced by the presence of an intense 
band at ~ 40  kDa in the polyacrylamide gels. The AviGO 
content was enriched in the Ni2+ chromatography fractions 
eluted with imidazole (Figure S1), and a unique band was 
observed after anionic exchange chromatography (Fig. 1a). 
The yield of the purified AviGO was 5.8 mg/L of culture. 
The FAD/AviGO ratio was calculated from UV-visible spec-
troscopy of the purified enzyme (Figure S2), yielding a ratio 
of 0.38. This value indicates the fraction of the enzyme that 
is functional and was subsequently used to properly cal-
culate the molar concentration of the enzyme for further 
experiments.

To further confirm the enzyme’s molecular weight, another 
qualitative characterization was performed by size exclusion 
chromatography, in which the enzyme was eluted at approxi-
mately 52 mL. According to the Sephacryl S-100 h 16/60 
column protocols, this corresponded to a molecular weight 
between that of β-lactoglobulin (35 kDa), which eluted at 56 
mL, and bovine serum albumin (67 kDa), which eluted at 48 
mL. Based on the calculation from its amino acid sequence, 
the molecular weight of the monomer is 39.4 kDa. In com-
parison, the molecular weight of the tetramer is 157.6 kDa, 
suggesting that AviGO is a monomeric enzyme.

Dynamic light scattering (DLS) analysis revealed an 
average hydrodynamic radius of 3.31 ± 0.59 nm (Figure S3). 
Compared to the theoretical Hr calculated in HullRad (Flem-
ing and Fleming 2018) from the PDB for the tetrameric 
glycine oxidase from B. subtilis, and also for an I-TASSER 
(Yang and Zhang 2015) homology model for AviGO, the 
calculated hydrodynamic radius was 4.74  nm for the B. 
cereus tetramer and 2.88 nm for the model of the monomer, 

(Millipore) with a 10 kDa cut-off membrane. This enzyme 
solution was mixed 1:3 v/v with 1% chitosan in acetic acid 
0.5%. Subsequently, 10 µL of the AviGO-chitosan mixture 
was drop-casted on the previous PB layer, and the bioelec-
trodes were left to dry. Two different electrodes were pre-
pared from this point: for single-layer bioelectrodes (SLB) a 
second layer of 10 µL of only chitosan was drop-casted; for 
two-layer bioelectrodes (TLB) a second layer of the AviGO-
chitosan mixture was drop-casted.

Electrochemical characterization

The electrochemical evaluation was performed using a 
µStat400 potentiostat (Metrohm Dropsens) with a three-
electrode system, a saturated calomel electrode (SCE) as the 
reference electrode, a platinum wire electrode as the counter 
electrode, and the working electrode was the assembled bio-
electrode. All measurements were performed in 5 mL of 200 
mM phosphate buffer (pH 7.4) at 25 °C under continuous 
agitation using a magnetic stirrer, which properly allowed 
the diffusion of the analyte.

Chronoamperometry measurements were conducted at a 
fixed potential of 0 mV, this potential was selected based 
on preliminary studies that demonstrated the stability of 
the baseline and the immediate response after the addi-
tion of glycine (Figure S5). The steady-state amperometric 
response of working electrodes at different glycine concen-
trations was determined by successive glycine additions 
reaching concentrations from 0.1 to 50 mM. Next, the back-
ground current (I1) was determined until a constant cur-
rent was obtained without the substrate addition (0 mM). 
Then, after the glycine addition, the steady-state current 
response was recorded (I2). The obtained current differ-
ence (∆I = I2 − I1) was used to plot a calibration curve of 
∆I vs. glycine concentration. The steady-state current was 
obtained by averaging the signal during the 50 s preceding 
each new glycine injection. Transient current spikes imme-
diately after the injection were excluded from the analysis, 
as they arise from hydrodynamic disturbances and capaci-
tive charging. All measurements were taken in triplicate.

Nonlinear regression of the Michaelis-Menten model was 
used to evaluate the apparent electrochemical enzyme kinet-
ics of bioelectrodes toward the substrate, i.e., to describe 
the steady-state current response (I) as a function of sub-
strate concentration ([S]). This model can be used to study 
the influence of factors such as temperature, pH, immobi-
lization technique, and diffusion-limiting membranes in an 
enzyme system (Economou 2013; Mross et al. 2015). The 
following modified equation was used:
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Enzymatic characterization of the AviGO

The purified AviGO was assayed for activity with glycine as 
substrate, and its pH activity profile was determined (Fig. 2). 
The best activity for our enzyme was observed at pH 8.5. 
However, at a pH of 9, it decreased by only 2.5%. Identi-
cally as for AviGO, the reported optimal pH value is 8.5 for 
all the tetrameric GOs, such as B. subtilis (Job et al. 2002), 
B. licheniformis (Zhang et al. 2016), B. cereus (Zhan et al. 
2013) G. kaustophilus (Martínez-Martínez et al. 2008), and 
also for GOPP, the only monomeric enzyme found in the 
literature (Equar et al. 2015). To compare AviGO with these 
enzymes, and due to the similarity in optimal pH values, all 
the subsequent enzyme kinetics characterization was carried 
out at pH 8.5.

respectively. The results of both SEC and DLS analyses 
confirmed that AviGO is a monomeric glycine oxidase.

The residues responsible for the stabilization of the tet-
ramer were proposed by Equar et al. (2015) after the analy-
sis of P. putida GOPP sequence. They proposed two lysine 
residues from one chain and two aspartate residues from 
the adjacent chain (Equar et al. 2015), which are paired as 
K155-D232 and K162-D233 in BsuGO crystal structure 
(PDB entry 1NG4). The analysis of a sequence alignment 
of AviGO with GOPP, BsuGO and BceGO (Fig.  1c) and 
the superposition of the homology model of AviGO with 
the crystal structure of BsuGO (Fig.  1b) suggest that the 
absence of the contacts between the proposed pairs of resi-
dues (K155 and D232 or K162 and D233) avoids the stable 
interaction between subunits in AviGO.

Fig. 1  Purified AviGO and tetramer stabilization residues. (a) The puri-
fied AviGO shows a band with a molecular weight of ~ 40 kDa. (b) 
Superposition of the structure of BsuGO (PDB entry 1NG4, shown as 
orange ribbons) and the homology model of AviGO shown as green 
ribbons), the residues that have been proposed to stabilize the tetramer 

are represented as cylinders and are indicated for BsuGO/AviGO (fig-
ure depicted in ChimeraX). (c) Sequence alignment of monomeric and 
tetrameric GOs, the arrows indicate the positions of residues proposed 
to stabilize the tetramer
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The kcat for glycine (0.38 ± 0.03 s−1) is higher than the mono-
meric enzyme of P. putida (0.10  s−1), and also that of all 
the tetrameric FAD-dependent enzymes, except that of B. 
subtilis (0.61 ± 0.03 s−1). Regarding the kinetic parameters 
for the enzyme from M. mediterranea, while the Km is 0.5 
mM, which is very similar to that of the tetrameric FAD-
dependent enzymes, the kcat is 93 s-1, meaning it is ~ 244-
fold faster than AviGO.

Regarding the AviGO characterization using sarcosine as 
substrate, the Km and kcat values were higher than those of 
glycine. In comparison with the kinetic parameters for other 
GOs, the Km and kcat values have been reported only for P. 
putida and B. cereus, in contrast, for G. kaustophilus Vmax is 
reported instead of kcat, which makes it difficult to compare 
AviGO with GOXK.

AviGO thermostability was assayed after incubation 
at different temperatures, and residual activity was deter-
mined. After 4 h, the enzyme retained 58% of its activity 
when incubated at 25 °C and 40% at 30 °C, and at 37 °C, 
the remaining activity was 48%. Finally, for the incubation 
at 45 °C, the residual activity was 2%.

Enzyme kinetics experiments were performed with gly-
cine and sarcosine as substrates. For glycine, the υ versus 
substrate concentration plot was fitted to a substrate inhi-
bition model, while for sarcosine, the inhibition was not 
observed; thus, the data fitted the Michaelis-Menten model 
(Fig. 3). The kinetic parameters of AviGO and other reported 
GOs are presented in Table 1. The Km values of AviGO for 
glycine are higher than those reported for the tetrameric 
enzymes and also the monomeric PPGO (1.9-fold higher). 

Fig. 3  Saturation kinetics of AviGO. Enzyme kinetics using glycine (a) and sarcosine (b) as substrate. Experimental measurements are presented 
as solid squares, SD as bars, and the fitting models for the data are presented as a continuous line

 

Fig. 2  Optimum pH and thermal stability of AviGO. (a) pH profile of AviGO. (b) Stability of AviGO incubated at different temperatures
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is selectively and indirectly detected by the PB-modified 
carbon-based transducer at a low potential of 0 V against 
the SCE (Koppenol et al. 2010), generating a cathodic cur-
rent that varies proportionally to the concentration of the 
added glycine as can be observed in the cyclic voltammetry 
of the SLB and TLB biosensors (Figure S4). The developed 
biosensor can be classified as a second-generation device, 
since, as extensively documented in the literature, Prussian 
Blue (PB) functions as a redox mediator (undergoing revers-
ible oxidation–reduction) and effectively acts as an electron 
carrier between the electrode surface and the hydrogen per-
oxide generated by AviGO (Chu et al. 2017).

Control experiments revealed that electrodes modified 
only by PB without AviGO, or AviGO electrodes without 
PB, did not give a significant analytical signal for the detec-
tion of glycine (data not shown). Therefore, both compo-
nents play an important role in providing the selectivity to 

Electrochemical evaluation of AviGO-based 
biosensor

The detection mechanism proposed for the two types of bio-
electrodes developed in this work (SLB and TLB), which 
were prepared by varying the number of biorecognition 
layers, is illustrated in Scheme 2. The initial oxidation of 
glycine to glyoxylate is catalyzed by the enzyme AviGO to 
generate H2O2 This process is divided into two stages: first, 
glycine donates electrons to FAD within AviGO, reducing it 
to FADH2; then, molecular oxygen accepts electrons from 
FADH2, regenerating FAD and thus forming H2O2. Mean-
while, at the carbon electrode, the PB deposited is reduced 
to its Prussian white (PW) form, which is the species that 
reduces and detects the H2O2 formed by the AviGO, clos-
ing the catalytic cycle by forming the HO− ions (Jiang et 
al. 2022; Matos-Peralta and Antuch 2019). Thus, glycine 

Table 1  Kinetic parameters of Glycine oxidases
Enzyme Glycine Sarcosine

Km (mM) kcat (s−1) ksi (mM) Km (mM) kcat (s−1) ksi (mM) Reference
A. vinelandii 4.76 ± 0.83 0.38 ± 0.03 23.00 ± 3.71 11.09 ± 0.75 0.62 ± 0.01 / This work
B. licheniformis 0.90 ± 0.01 0.31 ± 0.13 / / / / (Zhang et al. 2016)
G. kaustophilus HTA426 0.25 NR 2.78 0.45 NR 5.27 (Martínez-Martínez et al. 2008)
P. putida KT2440 2.43 0.10 / 4.86 0.11 / (Equar et al. 2015)
B. subtilis 0.7 ± 0.10 0.61 ± 0.03 / 0.7 ± 0.10 0.60 ± 0.02 / (Rosini et al. 2014)
B. cereus HYC-7 1.04 ± 0.17 0.14 ± 0.1 / / / / (Zhan et al. 2013)
M. mediterranea 0.51 ± 0.42 93 ± 18 / / / / (Sehanobish et al. 2016)

Scheme 2  Assembly of the 
biosensor
 

1 3

Page 7 of 13  449



World Journal of Microbiology and Biotechnology (2025) 41:449

types of bioelectrodes (Fig. 4c). The pseudo-kinetic param-
eters Jmax and Kmapp were obtained, which turned out to 
be more favorable for the 2-layer design which obtained a 
higher current density of 3.57 µA/cm2 vs. 0.81 µA/cm2 of a 
single layer. TLB also showed a lower Kmapp of 33.27 mM 
vs. 11.90 mM of SLB. The substrate inhibition observed in 
solution for AviGO was not observed in the pseudo-kinetic 
plot of both biosensors.

The ΔI values were plotted versus glycine concentration 
(Fig.  4d), and the linear range LOD and sensitivity were 
determined (Table 2). A linear range for TLB was obtained 
from 0.1 to 5 mM, and from 0.1 to 3 mM for SLB.

To evaluate the potential applicability of the AviGO-
based biosensor in biological matrices, typical serum inter-
ferents (ascorbate, glucose, lactate, urea, and human serum 
albumin) were assayed at physiological concentrations (see 
Supplementary Information, Figure S6). In the presence of 

the design of this bioelectrode. The two types of bioelec-
trodes were assayed, and the enzymatic pseudo-kinetic 
parameters of both SLB and TLB in the glycine detection 
were obtained. The amperometric measurements were car-
ried out in PBS buffer at pH 7.4, over a concentration range 
of 0–50 mM at a constant potential of 0 V vs. SCE. This 
potential was selected based on preliminary amperometric 
studies that demonstrated the stability of the baseline and 
the immediate response after the addition of glycine (Figure 
S5). Representative amperometric plots of SLB and TLB 
are shown in Fig. 4a and b, where there is an evident electro-
catalytic signal after successive addition of glycine, obtain-
ing a cumulative ΔI of 0.15 µA and 0.55 µA, respectively, 
for SLB and TLB at 50 mM glycine, which was the highest 
concentration assayed for this experiment.

The Michaelis-Menten behavior was observed by plot-
ting the current vs. glycine concentration from data of both 

Fig. 4  Electrochemical characterization of glycine biosensors based on 
AviGO. (a) Chronoamperometry of SLB, and (b) TLB in response to 
increased glycine concentrations. (c) Pseudo-kinetic fit of the ΔI vs. 

[glycine] for SLB and TLB. (d) Determination of the linear range for 
SLB and TLB
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al. 2020) G. kaustophilus (PDB entry 4YSH). In all of them, 
the residues proposed for stabilization of the tetramer are 
conserved. However, those interactions are absent in PPGO, 
which possesses K153-A232 and L150-E233 (Equar et al. 
2015), instead of K155-D232 and K162-D233 of BsuGO. 
In AviGO both pairs are substituted for A151-A230 and 
R159-E231, even if these last pair of residues would pres-
ent charge complementarity. The homology model suggests 
that the orientation of side chains is not compatible with 
electrostatic interactions, which make difficult to stabilize 
the dimer and also the tetramer.

Regarding applications in biosensors, the monomeric 
enzymes could be useful for oriented immobilization in 
electrode surfaces, avoiding common problems of multi-
meric enzymes, where the active sites commonly point in 
different directions (Arrocha et al. 2014; Vazquez-Duhalt et 
al. 2014). For example, in tetrameric glycine oxidases, the 
active sites of individual monomers are rotated relatively to 
each other, making it impossible to orient all sites toward 
an electrode surface at the same time. The confirmation of 
the monomeric state of the AviGO is pivotal for the further 
development of the glycine biosensor.

Enzymatic properties of AviGO

The optimal pH for AviGO activity was determined to 
be 8.5, with a progressive decrease in catalytic activity 
observed at lower pH values. This decrease in enzymatic 
activity at pH values below 8.5 could be a disadvantage for 
the AviGO application in glycine biosensing. Different pH 
values can be found in physiological fluids. Still, all of them 
are below the optimal pH of AviGO, i.e., in blood serum, the 
pH is ~ 7.4 (where AviGO activity is 37%), and in sweat, 
where pH oscillates between 4.1 and 5.9. The activity was 
not measured at these pH values; however, at pH 6.5 it was 
7%, suggesting that it would tend toward zero at lower pH 
values.

Given the low stability of the enzyme at room temper-
ature, its applicability could be limited, as biosensors are 
often operated at ambient temperature or at 37 °C. Never-
theless, several strategies are available to enhance enzyme 
performance in terms of pH tolerance and thermostability, 
including the use of chemical additives, protein engineer-
ing, and immobilization techniques (Beaufils et al. 2021).

After kinetic characterization of AviGO and comparison 
of parameters with other characterized GOs, it is important 
to highlight that the kinetic mechanism for GOs was pro-
posed for B. subtilis GO, and involves the hydride transfer 
from Cα of glycine to N5 of the isoalloxazine moiety of 
FAD. The residues R298, R327, and N328 are conserved 
in the other characterized GOs and are involved in the 
proper binding of glycine (Settembre et al. 2003; Wu et al. 

this mixture, the single-layer biosensor (SLB) retained its 
amperometric response to glycine, exhibiting a linear cali-
bration with a sensitivity of 31.16 nA mM⁻¹ over 1–5 mM 
(R² = 0.9928), compared to 16.8 nA mM⁻¹ over 0.1–3 mM 
in buffer (R² = 0.9974). Although the linear range shifted to 
higher concentrations under the interferent matrix, the sen-
sitivity remained of the same order of magnitude, indicating 
no significant loss of analytical performance.

Discussion

AviGO is a monomeric enzyme

The crystal structure of several tetrameric GOs has been 
reported for B. subtilis (PDB entry 1NG4) (Settembre et al. 
2003), B. cereus ATCC 14,579 (PDB entry 7CYX) (Seok et 

Table 2  Electrochemical performance of different bioelectrodes based 
on Glycine oxidases
Bioelectrode Lin-

ear 
range 
µM

Sensitivity LOD R2 refer-
ence

Electrode path- 
PB-GlyOx @
chi-naf
dimeric 
quinoprotein
Marinomonas 
mediterranea 
GO

25–
500 
µM

Batch
0.881 nA/
µM
Drop
0.399 nA/
µM

11.1 µM
16.4 µM

(Wang 
et 
al. 2021 
)

MN-PB-GlyOx 
@Chi-naf
Microneedle, 
dimeric 
quinoprotein
Marinomonas 
mediterranea 
GO

25–
600 
µM

−0.147 nA/
µM

7.9 µM - (Wang 
et 
al. 2022 
)

GlyOx-266TF-
Bodipy373/
CNT/GCE
Tetrameric
Bacilus subtilis
wiring

Sweat 
sample 
Refer-
ence value 
(mM) from 
LC-MS 
1.22 ± 0.05
Measured 
value 
(mM) from 
Amperom-
etry 
1.34 ± 0.10

(Xia et 
al. 2019 
)

SLB
Monomeri-
cAviGO

100–
3000

16.8 nA/
mM

0.126 
mM

0.9974 This 
study

TLB
Monomeri-
cAviGO

100–
5000

16.2 nA/
mM

0.421 
mM

0.9983 This 
study
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tryptophyl quinone cofactor, first by developing a path with 
the direct electrodeposition of PB, followed by the modifica-
tion of chitosan-entrapped GO covered with a Nafion layer, 
and applied to a microneedle (Wang et al. 2022). The devel-
oped biosensors presented a linear range between 25 and 
500 µM glycine, LOD of 11.7µM, and a sensitivity of 0.575 
nA/µM, which are consistent with normal glycine levels in 
physiological fluids such as blood, plasma, or cerebrospinal 
fluid. However, this approach represents an invasive proce-
dure that should be avoided in the new technologies.

On the other hand, Xia et al. (2019) obtained mutants of 
the tetrameric GO of B. subtilis, and the bioelectrode based 
on direct wiring to a CNT-modified GCE electrode showed 
determinations comparable to those obtained by LC-MS 
up to 0.12 mM in sweat samples (Xia et al. 2019). They 
highlight the need for new procedures, including the use of 
nanomaterials and direct wiring for signal enhancements. 
Moreover, applying targeted mutation to obtain favor-
able results in the determination of glycine by GO-based 
biosensing.

As described above, the kinetic parameters of the non-
FAD enzymes are more appropriate for detecting low con-
centrations of glycine in physiological fluids than those from 
the FAD-dependent enzymes. It seems that FAD-dependent 
monomeric enzymes can be applied to non-invasive situa-
tions, such as the glycine determination in urine or sweat 
samples, where concentrations are higher.

The glycine biosensors assembled in this work showed 
a sensitivity of 16.8 and 16.2 nA/mM with a linear range 
of 0.1–3.1 mM and 0.1 to 5 mM for SLB and TLB, respec-
tively. The linear ranges are much higher than those previ-
ously reported. The SLB could be useful to evaluate glycine 
in physiological concentrations in sweat (1759 ± 150 µM) or 
abnormal concentrations in urine (550–5000 µM) (Pérez-
Ràfols et al. 2020). Meanwhile, the TLB is useful for the 
range of abnormal glycine concentration in urine. How-
ever, improving the linear range of both biosensors for the 
physiological fluids is necessary, and it is difficult to achieve 
using the wild-type. In previous reports, GO mutants from 
B. subtilis, B. cereus, or B. licheniformis with lower Km and 
higher kcat have been obtained. Thus, mutation of AviGO 
could improve the linear range for the detection of gly-
cine. As previously mentioned, elucidating the structure 
of AviGO would provide valuable insights for the rational 
design of mutants with enhanced biosensing performance. 
Nevertheless, the straightforward design implemented here, 
based on drop-casting deposition techniques, represents a 
practical and easily scalable approach for developing non-
invasive technologies that demand simple fabrication pro-
cesses, such as wearable biosensors. On the other hand, 
some strategies to improve the electrode’s sensitivity should 
be considered, such as the pH modification of the buffer for 

2016). Several reports describe mutants of B. subtilis or B. 
licheniformis glycine oxidases; in some of them, the Km is 
increased and kcat is similar to AviGO. For example, in the 
H244A mutant of B. subtilis GO, the Km increased from 
0.34 to 1.5 mM, compared to wild-type, and in M261L, the 
resulting Km was 1.3 mM (Boselli et al. 2007). In AviGO, 
the residues equivalent to H244 and M261 are glycine and 
leucine, respectively, according to the homology model, 
and it could be possible that these differences in the active 
sites of the enzymes are at least partially responsible for the 
increased Km in the monomeric GOs described so far. As 
can be inferred from the model and the sequence compari-
son between GOs, several other differences in the residues 
that form the active site of the enzymes would require struc-
tural studies to perform appropriate comparisons. Regarding 
the enzyme from P. putida, which is also monomeric, lower 
kcat and Km values than AviGO are reported. Additionally, 
only one other enzyme has been reported to exhibit sub-
strate inhibition for glycine: the GO from G. kaustophilus 
(Martínez-Martínez et al. 2008), which also displays sub-
strate inhibition with sarcosine. In contrast, the saturation 
kinetics AviGO, with sarcosine, can be accurately fitted to 
the Michaelis-Menten model. Currently, there is insufficient 
information to elucidate the structural features underlying 
the substrate inhibition mechanism or to identify the resi-
dues involved. However, the differences in enzyme kinetic 
models for both substrates suggest a specific strong regu-
lation in activity for glycine. These findings point toward 
glycine as the physiological substrate of AviGO. Further 
structural characterization by X-ray crystallography or 
molecular dynamics with a homology model would help 
understand the specificity for the substrate inhibition of 
AviGO using glycine as substrate.

AviGO-based biosensor and potential application

Substrate inhibition was not observed at high glycine con-
centrations in the biosensors (Fig.  4). The immobilized 
enzymes in the chitosan-enzyme composite could experi-
ence constraints in mobility and modified diffusion of sub-
strates through the bioelectrode (Mateo et al., 2007; Bai et 
al. 2023). The lack of substrate inhibition in the biosensor 
suggests a limited access of the substrate to the site respon-
sible for enzyme inhibition, or a limitation of conforma-
tional changes that could be necessary for the inhibition. In 
any case, neither the kinetic nor the electrochemical results 
are enough to explain the mechanism for substrate inhibi-
tion specifically.

Few works are available in the literature on electrochem-
ical biosensors based on GO for glycine detection (Table 2). 
Wang et al. (2022) reported a biosensor based on the 
dimeric Marinomonas mediterranea GO dependent on the 
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