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innovative electrochemical
approach for quantifying glycine betaine in
bacterial cultures

El-Sayed Khafagy,a Amr Selim Abu Lila,b Ashraf M. Ashmawy,c Ragab A. M. Saidde

and Mahmoud Rabee *f

Monitoring bacterial biosynthesis in real-world developments using electrochemical sensing has been

a challenging task. Our research focused on fabricating and optimizing a sustainable and economical

electrochemical sensor (GB-CG) to quantify glycine betaine (GB) amount in various bacterial cultures.

The sensor's design was based on the ion-association complex between GB and phosphotungstic acid

(PTA) anion as an ion exchange site, using polyvinyl chloride (PVC) as the main polymeric matrix and

dioctyl phthalate (DOP) as a solvent mediator/plasticizer. It exhibited a rapid, linear, and stable linear

Nernstian response (57.52 mV per decade) over a wide concentration range (1 × 10−7 to 1 × 10−1 M),

with a detection limit of 1 × 10−8 M. The performance of the proposed sensor was evaluated in terms of

selectivity, response time, operational lifespan, and pH/temperature working range, together with the key

validation parameters. In comparison to a reported HPLC method, the sensor was efficiently utilized to

determine the GB amount in three different bacterial cultures. The selected bacterial species were

Escherichia coli, Bacillus subtilis, and Corynebacterium glutamicum. The sensor was also evaluated by

using a Trichromatic Sustainability Assessment (TSA) protocol to ensure its environmental compatibility,

sustainability, and practicality. Also, the proposed sensor was statistically compared to recently reported

GB sensors, proving its reliability and optimal performance.
1. Introduction

Glycine betaine (GB, betaine, trimethylglycine, N,N,N-tri-
methylammonioacetate) is a small, highly polar quaternary
ammonium osmoprotectant that accumulates intracellularly in
different bacteria, plants, and animals.1 It plays an important
role in the stabilization processes of the membranes and
protein structures inside the cell.2 It also helps the cells main-
tain their osmotic balance without affecting the physiological
processes and protects them from different abiotic stresses.3

GB has become a high-demand product recently due to its
numerous benecial applications in different elds.4 In agri-
culture, it plays an important role in improving the plant
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tolerance against different abiotic stresses (high salinity, severe
heat/dryness).5 It also protects the plants from the heavy metals'
toxicity by stabilizing the intracellular structures and boosting
the antioxidant enzymatic activities.6 In the industry, GB is
widely used as a protein stabilizer for several products. It is also
used for the production of eco-friendly solvents called deep
eutectic solvents (DES) and natural deep eutectic solvents
(NADES).7 These solvents are used as effective green alternatives
to the toxic organic solvents in extracting natural compounds
and raw materials.8 GB has gained considerable interest in the
pharmaceutical eld as a potential therapeutic agent for treat-
ing homocystinuria.9 It is a rare genetic syndrome characterized
by elevated homocysteine levels, which can lead to many
cardiovascular complications.10 GB can reduce the homo-
cysteine levels in the blood and also improve the blood ow by
reducing platelet aggregation and preventing the formation of
thrombosis without undesirable side effects.11 This information
boosts many clinical trials to study the option of using GB as
a potential anticoagulant and anti-hemorrhagic agent for long-
term treatments.12

The main traditional source for GB is extracting it from
natural plant-based materials, such as sugar beet molasses and
brown marine algae.13 Chemical synthesis can be carried out to
meet the industrial demand, but it suffers from several draw-
backs, like complex purication steps, generation of toxic by-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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products, and high production costs.14 The GB biosynthesis
through biotechnological routes becomes a more favorable and
cost-effective alternative.15 One of the recent biotechnological
advancements is “bacterial milking.” It is a procedure that
enables the repeated extraction of the intracellular GB from the
living bacterial cells that grow under osmotic stress. This
increases the yield sustainably without harming the living
bacterial cells. Commonly used bacteria for this purpose
include Escherichia coli, Bacillus subtilis, and Corynebacterium
glutamicum.16,17

Introducing rapid and selective analytical approaches to
quantify the GB amount during large-scale biosynthesis
production is a critical step. Different analytical methods have
been reported for quantifying GB in bacterial cultures. These
include high-performance liquid chromatography (HPLC),18–20

liquid chromatography-mass spectrometry(LC-MS),21–24 and
spectrophotometric assays.25 However, these methods have
many limitations, such as tedious sample preparation, expen-
sive equipment, and the need for trained personnel.26 Electro-
chemical sensors provide many benets over those
conventional methods. They are characterized by their simple
instrumentation and operation, reasonable selectivity, and
short time of analysis. These benets make them suitable for
reliable large-scale bacterial biosynthesis monitoring.27 A few
electrochemical sensors have been recently developed for
determining GB in different matrices like plant tissue, blood,
and urine samples.28–30 Despite their high sensitivity, these
sensors face challenges in fabrication and practical utility,
limiting their suitability for quick on-site analysis. Also, none of
these sensors has been used to determine GB in bacterial
cultures. Potentiometric sensors provide many benets over
those existing sensors. These benets include easy fabrication
and operation, cost-effectiveness, quick analysis time, improved
selectivity, and a low detection limit.31

Our research focused on developing a sustainable and
economical electrochemical sensor for the rapid, in situ quan-
tication of GB in bacterial cultures without the need for
complex sample preparation or derivatization procedures. The
developed sensor may be very useful in selecting and screening
the high-yield species or strains of GB. It could also be valuable
for microbiologists conducting research on halophilic or
osmoprotectant-producing bacteria. The GB-CG sensor could
also help enhance bacterial biosynthesis and facilitate
advancements in the large-scale GB production. The sensor's
design was based on an ion-association complex between GB
Table 1 Comparison of the GB-CG sensor and chromatographic metho

GB-CG sensor

Analysis time Seconds
Energy consumption a < 0.1 kWh per
Solvents usage Minimal
Total costs Minimal
Waste production Minimal

a Energy is measured in kilowatt-hours (kWh), a unit equivalent to 3600 k

© 2026 The Author(s). Published by the Royal Society of Chemistry
and the phosphotungstic acid (PTA) anion, which acts as an
ion–exchange site. This complex was then incorporated into
a polymeric matrix using polyvinyl chloride (PVC) as the main
component and dioctyl phthalate (DOP) as a solvent mediator
and plasticizer. The resulting membrane was then glued to
a graphite rod. A comprehensive assessment of the proposed
sensor was conducted to ensure its optimal performance. In
comparison to a reported HPLC method,32 the sensor effectively
quantied the GB amount in three different bacterial cultures:
Escherichia coli, Bacillus subtilis, and Corynebacterium gluta-
micum. Table 1 demonstrates a comparison between the GB-CG
sensor and chromatographic methods in terms of analysis time,
energy consumption, solvent usage, total costs, and waste
production. The sensor was also statistically compared to other
recently reported GB sensors to conrm its optimum
performance.28–30

2. Experimental
2.1. Instruments

The following instruments were used for the respective proce-
dures. Potentiometric measurements were performed using
a JENWAY 3540 mV pH−1 bench meter with an Ag/AgCl refer-
ence electrode (UK). Stoichiometric/conductometric titration
was conducted with a JENWAY 4520 bench conductivity meter
(UK). Elemental analysis of the ion associate was carried out
using a Vario EL cube elemental analyzer (Germany). Bacterial
sample preparation was performed using a Thermo Scientic
Sorvall ST 8 centrifuge (USA).

2.2. Materials

2.2.1. Chemicals. Chemicals were sourced as follows: GB
($99.0%) from Alfa Aesar (USA); DOP and PVC from Sigma-
Aldrich (Germany); PTA and THF from Acros Organics (Bel-
gium); hydrochloric acid and sodium hydroxide from VWR
chemicals (France); sodium chloride and potassium chloride
from Merck (Germany); calcium chloride and magnesium
chloride from Riedel-de Haën (Germany); nickel chloride and
copper chloride from Strem Chemicals (USA); glucose and
fructose from Sigma-Aldrich (Germany); sucrose and choline
from AppliChem (Spain); amino acids (dimethylglycine, glycine,
L-alanine, L-cysteine, asparagine) from BDH Chemicals (UK);
and the Luria-Bertani (LB) medium from Oxoid (UK).

2.2.2. Bacterial samples. Escherichia coli (ATCC, 9637),
Bacillus subtilis (ATCC, 19659), and Corynebacterium glutamicum
ds

Chromatographic methods

Minutes to hours
sample > 1.5 kWh per sample

Intermediate to high
Intermediate to high
Intermediate to high

ilojoules.
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(ATCC, 13032) were kindly obtained from the National Research
Centre (NRC, Egypt).
2.3. Standard solutions

A 1 × 10−1 M stock GB solution was prepared by dissolving
1171.5 mg of the standard powder in 100 mL of distilled water.
From this stock, working solutions with concentrations varying
from 1 × 10−10 to 1 × 10−2 M were freshly prepared by serial
dilution of the stock standard solution using the same solvent.
2.4. Samples solutions

Escherichia coli, Bacillus subtilis, and Corynebacterium gluta-
micum were obtained and stored on Luria-Bertani (LB) medium
agar plates. They were cultured aseptically in three separate
100 mL conical asks using LB medium. These asks were then
incubated aerobically at 37 °C and 200 rpm for 24 hours to
promote growth. The seed cultures of each bacterium were
aseptically transferred into 250 mL asks containing 100 mL of
LB medium. The medium was supplemented with 0.4% glucose
as a carbon source, 0.2% choline chloride as a precursor for GB
production, and 10% (w/v) NaCl to induce osmotic stress and
choline oxidation. The cultures of each bacterium type (n = 5)
were incubated aerobically at 37 °C with shaking at 200 rpm for
24 hours to ensure complete intracellular GB accumulation.
Fig. 1 A flow chart for sample preparation procedure.

15302 | RSC Adv., 2026, 16, 15300–15312
Aer incubation, bacterial cells of each bacterium were har-
vested by centrifugation at 4000 rpm for 20 minutes. The
supernatant was discarded, and the resulting bacterial pellet
was collected. The harvested bacterial pellet for each bacterium
was weighed, and its wet weight (in g) was recorded. The
bacterial pellet of each bacterium was then separately re-
suspended in 10 mL of distilled water. Bacterial cell lysis was
performed by ultrasonic bath for 10 minutes to release the
intracellular GB. The obtained lysate was centrifuged again at
4000 rpm for 20 minutes to remove cell debris. The clear
supernatants, containing the extracted GB, were transferred to
clean 25 mL Falcon tubes. The pH of each sample was brought
to 5.5 by dropwise addition of 0.1 N NaOH or 0.1 N HCl to be
suitable for the working pH range (3–8) of the proposed sensor.
The procedure was summarized in Fig. 1. The preconditioned
GB-CG sensor was applied to determine the GB amount (mg
g−1) in each sample at room temperature (25 °C). The samples
(n = 5) were additionally analyzed using a reported HPLC
method,32 and the acquired results were compared with those
obtained from the proposed GB-CG sensor.
2.5. Procedures

2.5.1. GB-PTA ion-associate preparation. In a 250-mL ask,
the GB-PTA ion-associate was prepared by adding a 1 × 10−1 M
GB solution (100 mL) to a 1 × 10−1 M PTA (100 mL) solution.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Conductometric curve for titration of 10 mL of 10−1 M GB
with 10−1 M PTA, (B) typical calibration curve for the GB-CG sensor.
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The mixture was stirred for about 16 hours. The produced white
precipitate was ltered, rinsed with puried water, dried at 35 °
C, and ground into a ne powder.

2.5.2. GB-PTA ion-associate stoichiometry determination.
To determine the GB-PTA ion-associate stoichiometry,
a conductometric titration was performed by titrating a 10 mL
sample of 1 × 10−1 M GB with a 1 × 10−1 M PTA solution. The
conductance (in mS) was monitored and plotted versus the
molar ratio of GB to PTA ([GB]/[PTA]). The stoichiometry of the
resulting GB-PTA ion-associate, obtained from the conductance
curve, was conrmed by elemental analysis.

2.5.3. Fabrication of the GB-CG sensor. A 10 cm long
graphite rod with a diameter of 2 mm was wrapped in a Teon
sheet, exposing a 2 cm section at each end for electrical
connections and coating. A coating solution was prepared by
mixing 50 mg of the GB-PTA complex with 100 mg of DOP,
100 mg of PVC, and 5 mL of THF. One exposed end of the rod
was repeatedly dipped into this solution and allowed to dry for 6
minutes per coat until a 1 mm thick polymeric lm was formed.
To activate the sensor, it was soaked in a 1 × 10−1 M GB solu-
tion and conditioned for a minimum of 2 hours. When not in
use, the sensor was stored in the air.

2.5.4. Calibration procedure for the conditioned GB-CG
sensor. The conditioned sensor and an Ag/AgCl reference elec-
trode were immersed in a series of GB standard solutions, with
concentrations ranging from 1 × 10−10 M to 1 × 10−1 M. The
solutions were continuously stirred, and their pH was main-
tained between 3 and 8. For each measurement, the sensor was
allowed to equilibrate with stirring until a stable potentiometer
reading within ±1.0 mV was achieved. The sensor was rinsed
with distilled water beforemoving to the next standard solution.
A calibration curve was generated by plotting the measured
sensor potential (mV) against the negative logarithm of the GB
concentrations. The resulting regression equation was subse-
quently used to determine the concentrations in the unknown
samples.

2.5.5. Bacterial sample analysis. The GB-CG sensor was
employed to determine the GB amount (mg g−1) in three
bacterial species: Escherichia coli, Bacillus subtilis, and Coryne-
bacterium glutamicum. Five culture samples of each bacterium
were prepared following the mentioned procedure (Section 2.4).
For analysis, the GB-CG sensor and an Ag/AgCl reference elec-
trode were dipped in each sample solution, and the potentio-
metric potential (mV) was measured in triplicate. These values
were used with the sensor's calibration regression equation to
calculate the produced GB amount. To validate the method, the
same set of samples was analyzed using a previously established
HPLC technique.32 The results from the HPLC analysis were
then compared with those obtained from the GB-CG sensor.

3. Results and discussion

The quaternary amino group (R-N+(CH3)3) in the GB structure
indicates a potential to form a water-insoluble ion-associate
with anionic substances. PTA, a common reagent, reacts with
nitrogenous basic compounds to yield such water-insoluble
complexes.33 This principle suggests that the ion association
© 2026 The Author(s). Published by the Royal Society of Chemistry
can be utilized to develop an economical, sustainable potenti-
ometric sensor (GB-CG) for the on-site measurement of GB
levels in bacterial cultures during production.

The stoichiometry of the formed GB-PTA ion-associate was
determined using conductometric titration according to the
described procedure in ref. 34–36. Fig. 2(A) presents the
conductometric titration curve, where conductance values (mS)
were plotted versus the GB : PTA molar ratio. A distinct break in
the conductance curve appeared at a 1 : 1 GB : PTA ratio, indi-
cating 1 : 1 stoichiometry. This nding was further veried by
elemental analysis, with results provided in Table S1. Elemental
analysis is a crucial and denitive characterization tool for ion-
associate-based sensors. It provides quantitative evidence of the
chemical composition and purity of the electro-active material,
directly affecting the density and availability of xed anionic
exchange sites in the polymeric membrane, which in turn
inuences sensor performance.37 While Fourier Transform
Infrared (FTIR) spectroscopy can identify functional groups, it
may not clearly show shis upon ionic association and does not
measure bulk purity.38 Scanning Electron Microscopy (SEM)
with Energy Dispersive X-ray (EDX) Analysis can reveal surface
RSC Adv., 2026, 16, 15300–15312 | 15303
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morphology but may not directly correlate with electrochemical
performance once the material is plasticized within a PVC
matrix. It conrms surface elemental presence but lacks the
detailed stoichiometric and purity data provided by bulk
elemental analysis.39

The GB-PTA complex results from van der Waals interactions
between the quaternary amino group (R-N+(CH3)3) of GB and
the anionic PTA−, as illustrated in Fig. 3(A). The sensing
mechanism and response of the GB-CG sensor depended on an
ionic charge transfer that occurred when GB molecules in the
sample solution bound to receptor sites within the GB-PTA
polymeric membrane. This charge transfer established an ion-
exchange equilibrium, causing a buildup of positive charge at
the membrane interfaces. Consequently, conducting electrons
from the graphite rod were attracted to these positively charged
sites, generating an electric eld and altering the potential at
the sensor surface, as described in Fig. 3(B).

Based on this data, an electrochemical/potentiometric cell
was conceptualized, comprising two primary components. The
Fig. 3 (A) Reaction pathway for the GB-PTA association, (B) sensing me

15304 | RSC Adv., 2026, 16, 15300–15312
rst is the GB-CG sensor, which generates a sample-dependent
potential, and the second is an Ag/AgCl reference electrode,
which provides a constant, sample-independent potential (k).
The potential difference between these electrodes (ECell) was
measured using a potentiometer. The relationship between
(ECell) and glycine betaine concentration [GB] follows the Nernst
equation for potentiometry, demonstrating a linear correlation
as shown in eqn (1):

Ecell = k + 0.05916 log[GB]Sample (1)

3.1. Sensor performance evaluation

The analytical performance of the GB-CG sensor was assessed in
accordance with the IUPAC guidelines.40 Key parameters
assessed included selectivity, response time/range, detection
limit, operational pH/temperature range, stability, operational
lifetime, accuracy, and precision. Fig. 2(B) presents the cali-
bration curve for the sensor, displaying potential (mV) versus
chanism and response of the GB-CG sensor.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of the GB-CG sensor's analytical performance

Performance features The GB-CG sensor

Linearity (M) 10−7–10−1

Slope (mV per decade) −57.52
Intercept 258.7
Correlation coefficient (r2) 0.9996
LOD 10−8 M
LOQ 10−7 M
Accuracy (mean � SD) 98.56 � 0.96
Repeatability (% RSD) 0.322
Intermediate precision (% RSD) 1.122
Operational pH range 3–8
Response time (second) 10
Operational temp. Range (°C) 10–40
Stability and life-time (days) 75
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the negative logarithm of GB concentration. The calibration
slope was measured at 57.52 mV per decade, closely
approaching the theoretical Nernstian value of 59.1 mV per
decade. The sensor demonstrated a linear Nernstian response
across a broad concentration range from 1 × 10−7 M to 1 ×

10−1 M, with a detection limit of 1 × 10−8 M. Excellent linearity
was conrmed by a coefficient of determination (r2) of 0.9996. A
complete summary of the sensor's performance characteristics
is provided in Table 2.

3.2. Optimization of sensor membrane composition

The GB-CG sensor's polymeric membrane consists of two key
elements: the GB-PTA ion-associate and solvent mediators/
plasticizers. For an effective active membrane, it is essential
to employ an ion-associate that exhibits stability, rapid
exchange kinetics, suitable hydrophobicity, solubility, and
overall durability.41 In this study, phosphotungstic acid (PTA)
was selected as the optimal electroactive compound for forming
the ion-associate with GB, owing to its high stability and rapid
exchange kinetics. Other compounds, like sodium tetraphenyl
borate, molybdic acid, silicotungstic acid, and tributyl phos-
phate produced unstable ion-associates with signicantly non-
Nernstian responses.

The selection of an optimal ion-pairing agent for GB was
guided by four fundamental chemical requirements: (i) sufficient
charge density to form a stable electrostatic complex with the
quaternary amino group (R-N+(CH3)3) of GB, (ii) adequate lip-
ophilicity to ensure retention within the hydrophobic PVC
membrane, (iii) structural complementarity with GB for ordered
Table 3 Effect of membrane composition (% w/w) on the GB-CG senso

Membrane composition (%w/w)

Linearity (M) SlopeGB- PTA PVC DOP

5 47.5 47.5 10−7–10−1 −50.2
10 45 45 10−7–10−1 −53.3
15 42.5 42.5 10−7–10−1 −54.1
20 40 40 10−7–10−1 −57.5
25 37.5 37.5 10−7–10−1 −52.2
30 35 35 10−7–10−1 −51.1

© 2026 The Author(s). Published by the Royal Society of Chemistry
packing, and (iv) rapid, reversible ion-exchange kinetics.
Systematic evaluation of alternative reagents revealed their
failure to satisfy one ormore of these criteria. Sodium tetraphenyl
borate, despite its established utility in ion-selective electrodes,
formed a GB-TPB ion-pair with inadequate lipophilicity and poor
steric complementarity between the compact GB and the bulky
tetraphenylborate anion, resulting in rapid leaching and
unstable potentials. Molybdic acid, existing as small, highly
charged molybdate anions, produced extremely hydrophilic ion-
pairs with high hydration energies that strongly favored aqueous
partitioning over membrane retention. Silicotungstic acid, while
structurally analogous to phosphotungstic acid, carries a higher
negative charge, which increases hydration and reduces lip-
ophilicity, compromising membrane compatibility. Tributyl
phosphate, as a neutral organophosphate ester, lacks anionic
exchange sites entirely and therefore cannot function as an ion-
exchanger, yielding only non-specic responses. In contrast,
phosphotungstic acid uniquely satises all four requirements: it
provides optimal charge density for stable electrostatic
complexation; its large, delocalized polyoxometalate structure
confers sufficient lipophilicity for membrane retention; its
approximately spherical geometry offers complementary surface
interactions with the GB; and its oxygen-bridged tungsten-oxo
framework facilitates rapid, reversible ion-exchange kinetics,
collectively yielding the observed near-Nernstian response and
excellent membrane stability.

Polyvinyl chloride (PVC) with high-molecular-weight was
selected as the main polymeric matrix, as it offers sufficient
structural support and effectively entraps the other membrane
components. An effective membrane plasticizer must impart
exibility and increase the distribution constant of the ion
exchanger.42 In this research, DOP proved to be the optimal
plasticizer, as it produced a favorable Nernstian response. This
performance is due to its suitable lipophilicity, which facilitates
the solvation and mobility of the ion-associate inside the poly-
meric membrane.

The GB-CG sensor's polymeric membrane was prepared by
combining GB-PTA ion-associate, DOP, and PVC in specic
weight proportions. In this study, we systematically varied the
weight percentage of GB-PTA ion-associate while maintaining
a constant 1 : 1 ratio between DOP and PVC (Table 3). The
membrane formulation containing 20% GB-PTA exhibited
optimal performance, demonstrating a Nernstian slope of
−57.52 mV per decade.
r's performance

(mV per decade) Intercept Correlation coefficient (r2)

246.45 0.9982
247.3 0.9921

2 246.5 0.9987
2 258.7 0.9996
5 244.5 0.9992
4 238.5 0.9971
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An optimal polymeric membrane thickness of approximately
1 mm was determined to balance response time and sensitivity
while preserving the coating's structural integrity. Excessive
thickness can prolong response time by increasing the analyte's
diffusion path through the membrane and may reduce sensi-
tivity by attenuating the analyte concentration that reaches the
electrode surface. On the other hand, thinner coatings, while
potentially faster and more sensitive, oen lack the robustness
required for sustained operational durability.
3.3. Effect of conditioning time on sensor performance

Prior to initial use, the newly fabricated GB-CG sensor must be
soaked in a GB solution to activate its membrane surface,
forming a thin gel layer essential for ion exchange. The sensor
was conditioned in a 1 × 10−1 M GB solution and calibrated
periodically until the response slope deviated signicantly from
Nernstian behavior. As shown in Table S2, a conditioning
period of two hours was found to be optimal. As it yields a near-
ideal Nernstian behavior with a slope of −57.52 mV per decade
and a high coefficient of determination (r2 = 0.9996).
3.4. Sensor selectivity assessment

The selectivity of the GB-CG sensor was evaluated against
various potential interfering substances following the IUPAC-
recommended Separate Solution Method (SSM). This proce-
dure involved measuring the potentiometric response of both
a 1 × 10−3 M GB solution and individual 1 × 10−3 M solutions
of each interfering species. The corresponding selectivity coef-
cients (KC+pot.

GB,X ) were subsequently calculated using eqn (2) 40:

K
pot:

GB; XCþ ¼ EX � E1

S
þ log½GB� � log

�
XCþ�1C (2)
Table 4 Selectivity profile of the proposed GB-CG sensor using the
SSM protocol

Interferents a

Selectivity coefficientsb (KC+pot.
GB,X )

GB-CG sensor

Na+ 2.4 × 10−2

Mg2+ 1.1 × 10−3

Ni2+ 4.2 × 10−3

K+ 5.4 × 10−3

Cu2+ 1.9 × 10−2

Ca2+ 3.4 × 10−2

Choline 2.9 × 10−1

Glycine 3.6 × 10−1

Dimethyl glycine 1.2 × 10−1

Carnitine 1.6 × 10−1

Glucose 7.6 × 10−3

Fructose 5.3 × 10−3

Sucrose 2.5 × 10−4

L-alanine 1.3 × 10−3

Asparagine 3.4 × 10−3

L-cysteine 7.2 × 10−3

a All solutions were prepared at a concentration of 10−3 M. b Each value
is the mean of three replicate measurements.

15306 | RSC Adv., 2026, 16, 15300–15312
In eqn (2), E1 and EX represent the measured potentials for 1 ×

10−3 M solutions of GB and each interferant (XC+), respectively. S
denotes the sensor's slope and C+ is the charge of the interferant.
The interference study evaluated metal cations (Na+, Mg2+, Ni2+,
K+, Cu2+, and Ca2+), structural analogs (choline, glycine, di-
methylglycine, and carnitine), and common bacterial matrix
components such as sugars (fructose, glucose, and sucrose) and
amino acids (L-cysteine, L-alanine, and asparagine). As shown in
Table 4, all calculated selectivity coefficients (KC+pot.

GB,X ) were below
1, conrming the sensor's strong preference for GB ions.

The exceptional selectivity of the GB-CG sensor can be
explained by three key principles: ion-ionophore complemen-
tarity, ion hydration energetics, and lipophilicity-driven parti-
tioning.43 The experimental selectivity coefficients
(KC+pot.

GB,X ) obtained for the tested potential interferents align with
these principles. Metal cations exhibited low selectivity coeffi-
cients due to their high hydration energies, such as Mg2+ with
a DGhyd of −1900 kJ mol−1 and Ca2+ with −1500 kJ mol−1,
making it energetically unfavorable for them to lose their
hydration shells and enter the membrane, leading to their
preferential retention in the aqueous phase.34

For structural analogs, the sensor's selectivity for GB mole-
cules is attributed to ion-ionophore complementarity “lock-and-
key” mechanism.44 The sensor's membrane contains a GB-PTA
ion associate, which acts as a specic receptor site with
dened steric and electronic complementarity to GB. Choline,
on the other hand, despite having a quaternary ammonium
group, lacks a carbonyl group and cannot engage in the
necessary hydrogen bonding or dipole interactions with the PTA
framework that stabilize the ion-associate complex. This lack of
ion-ionophore complementarity leads to a lower binding
affinity and less partitioning into the membrane phase. Glycine
lacks methylation on its nitrogen atom, leading to a primary
ammonium group with reduced cationic character and limited
steric bulk. This hinders the formation of an effective ion-pair.
Dimethylglycine, with two methyl groups on its nitrogen, has an
incomplete methylation pattern that does not provide the
optimal steric t needed for stable complexation in the receptor
site. Carnitine, with its quaternary ammonium group and
carboxylate functionality, has a long carbon chain that ends
with a distal carboxylate. This structure creates steric hindrance
and unfavorable electrostatic repulsion, making it challenging
to t into the binding site due to geometric constraints.

Other common bacterial matrix components such as sugars
and amino acids, have very low selectivity coefficient values
ranging between 10−4 and 10−3, which means they do not signif-
icantly interfere. This can be attributed to their high hydrophilicity
(low lipophilicity), which provides no thermodynamic driving force
for partitioning into the hydrophobic membrane.45
3.5. Sensor response time

The sensor response time was determined by recording the time
required to achieve a stable potential reading within a ±3 mV
variation. The sensor was tested in successive GB solutions
across a concentration range from 1 × 10−7 M to 1 × 10−1 M
while monitoring the potential response. For all concentrations
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) The GB-CG sensor response time, (B and C) the pH and temperature profiles of the GB-CG sensor, (D) stability and life-time profile of
the GB-CG sensor.
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tested, the sensor reached equilibrium within 10 seconds, as
demonstrated in Fig. 4(A). The measured potentials remained
stable within the±3 mV threshold for a minimum period of 300
seconds (5 minutes).
3.6. Sensor measurement reproducibility

The sensor measurement reproducibility was evaluated by
measuring a 1 × 10−2 M GB solution immediately aer
measuring a 1 × 10−3 M GB solution. For six replicate
measurements, the percent relative standard deviation (%RSD)
was 0.729% at 1 × 10−3 M and 0.515% at 1 × 10−2 M. Both %
RSD values being below 2% conrms the sensor's excellent
measurement reproducibility.
3.7. Inuence of pH on the GB-CG sensor response

The inuence of pH on the GB-CG sensor's performance was
studied to identify its optimal operational range. Sensor
© 2026 The Author(s). Published by the Royal Society of Chemistry
potential was recorded for a 1 × 10−2 M GB solution across pH
levels from 0.5 to 12. As shown in Fig. 4(B), the sensor showed
a consistent and reliable response from approximately pH 2.7 to
pH 8. To ensure reliability and buffer capacity under all
conditions, the operational range was reported as pH 3–8. The
sensor maintains a stable response even at pH 8, where GB
exists predominantly as a zwitterion. This behavior is explained
by the sensor's recognition mechanism: the quaternary
ammonium group of GB carries a permanent positive charge
independent of pH, while the distal carboxylic acid group
undergoes deprotonation above pH 2 (pKa ∼1.8), resulting in
a net neutral zwitterion. The sensing mechanism, as depicted in
Fig. 3(B), relies on the ion-exchange interaction between the GB
quaternary ammonium group and the anionic PTA sites in the
polymeric membrane. The protonation state of the distal
carboxyl group does not affect this recognition event, allowing
the sensor to selectively respond to the quaternary ammonium
moiety over a broad pH range.
RSC Adv., 2026, 16, 15300–15312 | 15307
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Outside this range, at pH values below 3 and above 8, the
measured potential gradually decreased and became unstable.
This deviation is attributed to protonation and deprotonation of
the PTA itself in the ion-associate, leading to charge loss and
eventual dissociation of the GB-PTA complex. Therefore, all
subsequent measurements were conducted within the pH 3–8
range to ensure reliable sensor performance.
3.8. Inuence of temperature on the GB-CG sensor response

The inuence of temperature on the GB-CG sensor's perfor-
mance was studied to identify its optimal operational range.
Sensor potential was recorded for a 1 × 10−2 M GB solution
across temperature levels from 5 °C to 55 °C. As shown in
Fig. 4(C), the sensor exhibited a stable response between 10 °C
and 40 °C. Below 10 °C, the potential gradually decreased and
became unstable, potentially due to partial surface freezing of
the solution restricting GB mobility. Above 40 °C, a marked
increase in potential was observed, likely resulting from accel-
erated GB diffusion and possible thermal effects on the sensor
membrane that could reduce its operational lifetime.
3.9. Sensor stability and lifetime

The sensor stability and lifetime were assessed by tracking its
calibration graph slopes over a 75-day period. Throughout this
duration, the sensor maintained stable Nernstian slopes near
optimal values, conrming its reliable functionality for up to 75
days. Beyond this period, deviations from Nernstian behavior
were observed, as illustrated in Fig. 4(D). This long-term
stability was due to the strong binding between the
membrane components and the hydrophobic PTA anion, which
certainly anchor the GB-PTA complex at specic sites rather
than allowing free diffusion. However, PTA transport involves
jumps between binding sites, indicating a degree of mobility
that may lead to gradual leaching over extended periods (>75
days), particularly under dynamic operational stress. Prolonged
use beyond 75 days may also reduce or damage the membrane's
mechanical properties, indirectly affecting the GB-PTA complex
stability. Such damage could modify the membrane matrix,
potentially inducing the complex leaching or dissociation.
Table 5 Glycine betaine (GB) amounts in each bacterial sample
(mg g−1, n = 5)

Samples

Amount of GB, mg g−1 (mean � SD)

GB-CG sensor HPLC32

Escherichia coli 15.266 � 0.079 15.349 � 0.127
Bacillus subtilis 19.015 � 0.030 18.983 � 0.275
Corynebacterium glutamicum 23.278 � 0.123 23.429 � 0.233
3.10. Method validation

3.10.1. Linearity. The calibration graph for the GB-CG
sensor, which plots sensor potential against the negative loga-
rithm of GB concentration, exhibited a linear response over
a broad concentration range from 1 × 10−7 M to 1 × 10−1 M
(Fig. 2(B)). This linear relationship was established using the
mean of three replicate measurements at each of the seven
concentration levels tested. The corresponding calibration
parameters, including the linear range, slope, intercept, and
coefficient of determination (r2), are summarized in Table 2.

3.10.2. Limits of detection and quantitation. Following
IUPAC guidelines,40 the limit of detection (LOD) was deter-
mined to be 1 × 10−8 M from the point of intersection of the
extrapolated linear portions of the calibration curve (Fig. 2(B)).
The limit of quantitation (LOQ), which signies the lowest
15308 | RSC Adv., 2026, 16, 15300–15312
concentration quantiable with acceptable accuracy and preci-
sion, was subsequently found to be 1 × 10−7 M.

3.10.3. Sensor accuracy and precision. The sensor analyt-
ical performance was validated through accuracy and precision
tests at three concentrations (1 × 10−6, 1 × 10−4, and 1 × 10−2

M). Accuracy was determined from triplicate measurements by
calculating the mean percentage recovery of the measured
concentration. Precision was evaluated as both repeatability
(intra-day) and intermediate precision (inter-day) by analyzing
ve replicates and calculating the % RSD. The high values for
mean % recovery and low % RSD values, presented in Table 2,
conrm the sensor's excellent accuracy and precision.
3.11. Application

The fabricated sensor (GB-CG) was effectively used to determine
the GB amount in three distinct bacterial cultures: Escherichia
coli, Bacillus subtilis, and Corynebacterium glutamicum. As
summarized in Table 5, the GB amounts are expressed in mg
g−1 for each bacterium. Corynebacterium glutamicum exhibited
the highest GB level among the three. To conrm the reliability
of these ndings, all bacterial samples were additionally
prepared and analyzed via a previously established HPLC
method.32 The chromatographic results aligned closely with
those from the GB-CG sensor, as presented in Table 5. The
chromatographic analysis of the bacterial samples was also
illustrated in Fig. S1. Furthermore, the accuracy of the sensor
was evaluated using the standard addition technique. Each
bacterial sample solution was spiked with a GB standard solu-
tion at three different concentrations. Percent recoveries for GB
were calculated using the corresponding regression equation
aer subtracting the amounts of the added standard. The
standard additionmethod conrmed that the sensor's potential
values accurately corresponded to the GB quantity, with no
observable interference from other components in the bacterial
matrix.
3.12. Trichromatic sustainabilityassessment (TSA) for the
GB-CG sensor

The TSA is a recent, comprehensive method used primarily in
analytical chemistry to evaluate a procedure's overall sustain-
ability based on three distinct “color” metrics: green, blue, and
white.46

3.12.1. Greenness assessment. The sensor's greenness was
evaluated with the Analytical Greenness (AGREE) metric tool,
which provides a straightforward and thorough assessment of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the environmental friendliness and sustainability of analytical
methods while yielding clear, accessible results. AGREE calcu-
lates greenness based on the twelve principles of Green
Fig. 5 A multi-metric sustainability evaluation of the GB-CG sensor: (A)
algorithm for whiteness, and (D) RGBfast for overall and automated eval

© 2026 The Author(s). Published by the Royal Society of Chemistry
Analytical Chemistry (GAC), translating them into a score from
0 to 1. Results are presented in a circular pictogram which is
divided into twelve segments. Each segment represents one of
AGREE metric for greenness, (B) BAGI metric for blueness, (C) RGB12
uation.
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each GAC principle, with colors ranging from dark green
(excellent greenness) to dark red (signicant decits). The
center of this circular pictogram shows the nal evaluation
score (0–1) and its associated color. The criteria cover multiple
factors, including sample amount, sample treatment, sample
preparation stages, derivatization, device positioning, automa-
tion, analysis throughput, energy consumption, waste genera-
tion, reagent toxicity, sources, and operator safety. For
additional data on the AGREE tool, readers may directed to the
cited reference number.47 As shown in Fig. 5(A), the AGREE
circular pictogram for the GB-CG sensor achieves a total score of
0.78. This result was close to the maximum value of 1 and
reects the high degree of environmental friendliness of the
method.

3.12.2. Blueness assessment. The sensor's blueness was
evaluated by using the Blue Applicability Grade Index (BAGI).
BAGI is a visual, quantitative, and standardized tool that
assesses the applicability and practicality of analytical methods.
It enables laboratories to make well-informed decisions that
consider both environmental sustainability and operational
efficiency. BAGI evaluates analytical methods based on ten key
attributes, such as the type of analysis, type of sample prepa-
ration, sample quantity needed, required instrumentation, level
of automation, used reagents and materials, analysis
throughput per hour, the need for preconcentration, the
number of analytes simultaneously determined, and the
number of samples that can be simultaneously treated. The
BAGI evaluation is based on four different scores that have
equal weight. The scoring system includes points of 10, 7.5, 5.0,
and 2.5, which are represented by dark blue, blue, light blue,
and white colors, respectively. The total result is visualized in an
asteroid shaped pictogram that contains a number at its center.
This nal score, which ranges from 25 to 100, is derived from
the sum of the points assigned to each attribute. A minimum
score of 60 is required for a method to be considered “prac-
tical.” For more details on the specic criteria used to assess the
total score and scores for individual attributes, readers are
directed to the cited reference number.48 The BAGI assessment
for the GB-CG sensor is presented in Fig. 5(B), displaying a total
score of 77.5. This obtained result indicates the developed
sensor's practicality and its potential for use in a real bi-
oanalytical situation.

3.12.3. Whiteness assessment. The sensor's whiteness was
evaluated by using the RGB12 metric tool. RGB12 is a multi-
criteria evaluation protocol based on White Analytical Chem-
istry (WAC) principles.49 The WAC principles are considered to
be an extension of GAC principles, taking into consideration
further criteria beyond environmental impact or greenness. The
Table 6 Comparative performance analysis of the GB-CG sensor again

Ref. Linearity range (M) LOD (M) pH range

GB-CG 1.0 × 10−7–1.0 × 10−1 1.0 × 10−8 3.0–8.0
Ref. 28 1.0 × 10−5–6.0 × 10−5 7.6 × 10−8 —
Ref. 29 1.0 × 10−15–1.0 × 10−2 7.1 × 10−16 7.1–7.5
Ref. 30 2.8 × 10−4–2.8 × 10−3 1.5 × 10−4 7.1–7.3

15310 | RSC Adv., 2026, 16, 15300–15312
RGB12 tool consists of twelve sections categorized into red,
green, and blue groups. The red group evaluates main valida-
tion parameters like accuracy, precision, limit of detection,
limit of quantitation, and scope of application. The green group
focuses on GAC parameters such as energy efficiency, effect on
living organisms, reagent toxicity, and waste generation. The
blue group considers operational simplicity, cost-effectiveness,
productivity, and time efficiency. The RGB12 tool combines
the score from each color group to give a total “whiteness”
score. This total score indicates that the analytical method
adheres to the WAC principles.49 Our fabricated sensor attained
a total whiteness score of 90.0, as shown in Fig. 5(C). This ob-
tained result indicates the developed sensor's sustainability,
practicality, and economic viability. Using the RGB12 tool along
with other metrics like AGREE and BAGI enables a full
sustainability evaluation. But these tools oen depend on self-
scoring. This procedure may lead to bias and subjective evalu-
ation. Recent research has overcome this issue by introducing
the automated RGBfast model.50 This model computerizes the
evaluation process by using objective criteria and reference
points to ensure standardized and unbiased assessment. The
GB-CG sensor received an RGBfast score of 91, as depicted in
Fig. 5(D). This score indicates a fair, computerized, and holistic
assessment. For more details on the RGBfast model, readers
may refer to the cited reference number.50
3.13. A statistical comparison

To comprehensively evaluate the analytical performance and
practical utility of the proposed GB-CG sensor, a detailed
comparison was conducted with recently reported GB sensors
from the literature (ref. 28–30), as summarized in Table 6. These
comparisons are contextualized by briey describing the
sensing principles and target matrices of each reportedmethod,
as they differ substantially from the potentiometric approach
presented herein.

Raja et al. (ref. 28) developed an electrochemical sensor
based on a molecularly imprinted polymer (MIP) fabricated on
a glassy carbon electrode, which was successfully applied to GB
determination in Adhatoda vasica leaf extracts. This sensor
demonstrated good selectivity owing to the MIP recognition
sites but exhibited a relatively narrow linear range (1.0× 10−5 to
6.0 × 10−5 M) and a limited operational lifetime of only 5 days.
Ai et al. (ref. 29) reported an exceptionally sensitive
photoelectrochemical sensor utilizing an advanced nano-
composite architecture, achieving detection limits in the fem-
tomolar range (7.1 × 10−16 M) with a remarkably broad linear
response from 1.0 × 10−15 to 1.0 × 10−2 M. This sensor was
st recently reported GB sensors

Life-time (days) AGREE score BAGI score RGB12 score

75 0.78 77.5 90.0
— 0.65 72.5 88.5
14 0.72 75.0 84.7
1 0.68 72.5 85.5

© 2026 The Author(s). Published by the Royal Society of Chemistry
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validated in human urine and serum samples, demonstrating
the power of photoelectrochemical transduction for ultra-trace
analysis, though its fabrication complexity and cost may limit
routine adoption in resource-limited settings. Ahmad et al. (ref.
30) described a potentiometric sensor incorporating a multi-
walled carbon nanotube (MWCNT) composite within a poly-
meric membrane, which was applied to GB determination in
pharmaceutical formulations and plant tissue samples. While
this sensor offered the simplicity inherent to potentiometry, its
linear range (2.8 × 10−4 to 2.8 × 10−3 M) and detection limit
(1.5 × 10−4 M) were modest compared to other reported
methods.

In contrast to these existing sensors, the GB-CG sensor pre-
sented in this work offers several distinct advantages: (i) it
represents the rst potentiometric sensor designed explicitly
for, and experimentally validated in, complex bacterial culture
matrices without requiring extensive sample pretreatment; (ii) it
achieves a wide linear range (1.0 × 10−7 to 1.0 × 10−1 M) with
a detection limit of 1.0 × 10−8 M, well-suited for monitoring GB
production in bacterial fermentation processes; (iii) its fabri-
cation is remarkably simple and cost-effective, using readily
available graphite rods and common chemicals; and (iv) it
demonstrates superior sustainability metrics, including an
AGREE greenness score of 0.78, a BAGI practicality score of 77.5,
and an RGB12 whiteness score of 90.0, reecting its environ-
mental compatibility, operational simplicity, and economic
viability. While the photoelectrochemical sensor reported by Ai
et al. (ref. 29) offers superior sensitivity for trace analysis in
clinical matrices, the GB-CG sensor provides an optimal balance
of analytical performance, practical simplicity, and sustain-
ability for routine monitoring of bacterial cultures, an applica-
tion space previously unexplored with potentiometric methods.
Additionally, with an extended operational lifetime of 75 days
and a rapid 10-second response time, the GB-CG sensor is well-
positioned for real-time, on-site monitoring in bioprocessing
environments where robustness, simplicity, and cost-
effectiveness are paramount considerations.

4. Conclusion

This research aimed to develop and optimize a polymer-coated
graphite sensor (GB-CG) to be utilized for the direct in situ
quantication of the GB amount in various bacterial cultures
without the need for complex sample preparation steps. The
GB-CG sensor was simply fabricated by using a basic graphite
rod and commonly available chemicals. Its performance was
evaluated using a standard laboratory pH/potentiometer, and
the overall operation was cost-effective. The GB-CG sensor
showed a fast, linear, and selective Nernstian response over
a wide concentration range (1 × 10−7 to 1 × 10−1 M) with a low
detection limit of 1 × 10−8 M. The sensor was effectively
employed to determine the GB amounts in various bacterial
cultures, producing results consistent with a reported HPLC
method. Comparative studies under different experimental
conditions demonstrated the advantages of the GB-CG sensor
over previously reported GB sensors. However, validation in
real-life conditions, such as production facilities, is essential.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Future research has to explore its use to determine the GB
amount in larger sample sizes and various types of bacterial
cultures and also has to improve the sensor durability for
precise monitoring in complex environments.
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