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ABSTRACT: Evaluating the bacterial activity effectively is critical
to addressing the challenges posed by bacterial infections.
Electrochemistry offers significant advantages in accuracy and
cost efficiency compared with methods that are more time-
consuming or require expensive instrumentation. This study
initially established an electrochemical method for detecting
bacterial activity using heat treatment as the pretreatment step.
Subsequent optimization of the heat treatment and detection
conditions further enhanced the method efficiency. The detection
results of Escherichia coli (E. coli) and Staphylococcus aureus (S.
aureus) under different heating conditions showed that the peak
current values of E. coli and S. aureus were the highest after heating
at 50 °C for 15 min. The dynamic changes in the electrochemical
signals from the heat-treated bacteria with alteration in heating conditions were indicated to be related to the effects of heating on
the external structure and purine metabolism of the bacterial cells. Although heat-treated E. coli and S. aureus exhibited similar peak
potentials, different substances were observed to have contributed to these potentials. A positive linear correlation was observed
between the peak current and bacterial concentration. Compared to the plate counting method, the electrochemical method
detected the activity changes in E. coli and S. aureus from the logarithmic to the stationary phase earlier. The findings support the
broad application of electrochemical methods in microbial detection and provide valuable insights into the purine metabolism of
heat-stressed bacteria.

1. INTRODUCTION
Bacterial infections are a leading cause of death globally. A
recent study conducted in 2019 analyzed 33 types of bacteria,
leaking them to 7.7 million deaths, which represent 13.6% of
all global deaths.1 Therefore, it is imperative to develop
effective and reliable methods to monitor and detect
pathogenic bacteria. However, most traditional methods,
such as microbiological culture, which depend heavily on
bacterial multiplication,2 do not meet accuracy standards. This
is because bacterial viability involves complex physiological
activities beyond mere proliferation, as further studies of
bacterial physiology suggest.3,4 Molecular biology-based
techniques, including enzyme-linked immunosorbent assay
(ELISA),5 polymerase chain reaction (PCR),6 and deoxy-
ribonucleic acid (DNA) probe,7 show high sensitivity and
selectivity in detecting bacteria. However, these methods
necessitate sophisticated instrumentation and skilled profes-
sionals due to their complex procedures.

Electrochemistry has emerged as a breakthrough method
that overcomes the limitations of existing techniques for
detecting microorganisms. Compared to the conventional
methods like turbidity measurement and plate counting,
electrochemical techniques offer superior efficiency and
significantly reduce detection times from hours down to

minutes.8,9 Unlike the techniques based on molecular biology,
electrochemical methods require lightweight equipment, are
cost-effective, are simple to operate, and maintain high
sensitivity and accuracy. The principle underlying electro-
chemical bacterial detection involves converting bacterial
metabolites into electrical signals by using an electrochemical
analyzer. This method measures changes in current, resistance,
or voltage to indicate the presence and activity of bacteria.10

Therefore, electrochemistry is widely utilized for tasks such as
monitoring microbial growth,11,12 quantifying microbial
concentrations,13,14 and accessing antimicrobial drugs15−17 as
well as for sterilization and the selective and qualitative
detection of bacteria.18−20 Electrochemistry has also advanced
our understanding of the mechanism behind bacterial electron
transfer mediated by redox shuttles.21−23 For instance, Han et
al. detected six microorganisms including Escherichia coli (E.
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coli), Bacillus subtilis, and Staphylococcus aureus (S. aureus) on a
tetracycline-modified glassy carbon electrode (GCE). This
study preliminarily inferred that electrochemical reactions are
caused by electron mediators within electron-transport chains,
such as cytochrome oxidase and cytochrome C.24 Similarly,
You et al. demonstrated how flavins in the culture suspension
of isolated Gram-positive Bacillus megaterium strain LLD-1 act
as effective electron shuttles, enhancing our understanding of
extracellular electron transfer mechanisms.25 In addition,
previous studies have shown that phenazine26,27 and
quinone28,29 secreted by bacteria could also act as mediators
of bacterial electron transfer. Wang et al. investigated the
electrochemical behavior of S. aureus secretion over 2 h using
the GCE modified by multiwalled carbon nanotubes
(MWCNTs).30 This study elucidated the electron transfer
mechanism by linking electrochemical signals to the oxidation
of purine and established a strong linear relationship between
the bacterial concentration and peak current. Furthermore,
monitoring bacterial growth and evaluating levofloxacin
inhibition suggested that this dual-signal electrochemical
detection system could become a novel tool for analyzing
bacterial vitality. However, there are limitations to consider:
the electrically active substances secreted by bacteria must
reach a specific concentration to be detectable, a process that
can be time-consuming due to their gradual secretion.
Additionally, these electroactive substances may vary over
time, potentially impacting the precision of the detection
process.

Previous studies have reported that the bacterial membrane
system exposed to heat stress could exhibit increased
permeability, potentially leading to leakage of the intracellular
substances.31,32 For example, Hoffman et al. discovered that
heating E. coli at 43 °C and above resulted in cell wall
expansion.33 Russell et al. found that the cytoplasmic
membrane of E. coli was damaged at 50 °C, causing leakage
of bacterial internal nucleic acids.34 Therefore, brief heat
treatment of bacteria may significantly enhance the electro-
chemical response. In the present study, heating was utilized as
a pretreatment in the electrochemical detection process to
enhance the release of intracellular metabolites, shorten the
detection time, and improve the detection efficiency.

MWCNTs are currently regarded as a highly stable and well-
researched electrode modification material. Their high surface
area renders them ideal for immobilization on the electrode
surfaces, facilitating the attachment of additional biosensor
receptors. This, in turn, enhances the efficiency of electron
transfer on the electrode surface and amplifies the electrical
signal.35−37 The electrochemical behaviors of heat-treated E.
coli (Gram-positive) and S. aureus (Gram-negative)
MWCNTs/GCE were extensively studied, focusing on the
effects of the heating duration and temperature on the
electrochemical signals and their underlying mechanisms. It
was observed that changes in the electrochemical signals were
closely related to alterations in the external cell structures and
purine metabolism. Although both E. coli and S. aureus
exhibited the same electrochemical peak potentials, differences
were noted in the substances contributing to the peak currents.
The results of bacterial growth monitoring showed that the
system had significant potential in reflecting changes in the
bacterial activity. The findings of this study may underscore the
utility of electrochemical methods in microbial detection and
provide detailed insights into the physiological changes that

bacteria undergo under heat stress, including associated
electron transfer mechanisms.

2. MATERIALS AND METHODS
2.1. Reagents and Chemicals. Sodium chloride, peptone,

beef paste, and AGAR powder were obtained from AOBOX
Biotech (Beijing, China). Uric acid (UA), xanthine (X),
guanine (G), adenine (A), hypoxanthine (HX), and xanthine
oxidase (XO) were acquired from Sigma (USA). Multiwalled
carbon nanotubes (MWCNTs) were obtained from Shenzhen
Nanotech Port Co. (China). 2-Nitrophenyl-β-D-galactopyrano-
side (ONPG) and N-phenyl-1-naphthylamine (NPN) were
purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. (China). 4-(2-Hydroxyethyl)-piperazine-1-ethanesul-
fonic acid (HEPES) was acquired from Shanghai Macklin
Biochemical Technology Co., Ltd. (China). Glucose was
purchased from Beijing Solarbio Science & Technology Co.,
Ltd. (China). All other chemicals used were of analytical grade
and were used as received.
2.2. Bacterial Cultivation and Sample Preparation.

The S. aureus (ATCC6538) and E. coli (ATCC8739) strains
were revived through overnight incubation at 37 °C in a broth
medium. The strains were inoculated in 150 mL of the broth
medium and incubated overnight at 37 °C with shaking. Cells
in the logarithmic growth phase (for both E. coli and S. aureus)
were harvested by centrifugation at 6000 rpm for 15 min,
washed, and resuspended in PBS. The bacterial suspension was
heated in a water bath and then centrifuged at 6000 rpm for 15
min. The resulting supernatant was used as the test sample.
2.3. Preparation of MWCNTs/GCE and Electrochem-

ical Detection. The GCE (3 mm diameter, Wuhan Gaoshi
Ruilian Technology Co., Ltd., China) was polished and
ultrasonically cleaned in triple-distilled water followed by
ethanol. Subsequently, the GCE was coated with 6 μL of a 2
mg/mL MWCNT suspension and dried to obtain the
MWCNTs/GCE. Electrochemical detection was conducted
using a CHI615 electrochemical workstation (Shanghai
Chenhua Apparatus Co., China). A three-electrode system
was employed, consisting of MWCNTs/GCE as the working
electrode, Ag/AgCl (saturated KCl, Wuhan Gaoshi Ruilian
Technology Co., China) as the reference electrode, and a
platinum wire (Wuhan Gaoshi Ruilian Technology Co.,
China) as the counter electrode. Cyclic voltammetry (CV)
was performed over a potential range of 0−1.2 V.
2.4. Attribution of Electrochemical Signals. The

preliminary attribution of electrochemical signals was achieved
by electrochemical detection. First, the CV behavior of 5
μmol/L UA, X, G, A, and HX, and their mixtures, was detected
and compared to complete the identification of the signal peak
sources from the mixture. Subsequently, the CV profiles of the
test sample and the mixture were compared to tentatively
determine the electrochemical signal source from heat-stressed
bacteria.

The origins of the electrochemical signal peaks were further
determined by using high performance liquid chromatography
(HPLC). HPLC chromatograms for a mixed standard of UA,
X, G, A, and HX were compared against individual standards
to determine the retention time of each substance. By
comparison of the retention time of chromatographic peaks
between the test samples and the mixed standard, the sources
of the electrochemically active substances were identified.
HPLC analyses were performed using a model e2695 HPLC
system (Thermo Fisher Scientific Inc., USA) at 254 nm,
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equipped with an Agilent 1100 separation module comprising
an Ascenis RP-Amide column (250 mm × 4.6 mm, ID 5.0 μm)
at 25 °C. The mobile phase, consisting of 0.047 mmol/L
KH2PO4 (pH = 4), was run at a rate of 1.0 mL/min. Each
injection into the HPLC system was 20 μL. Both the standards
and test samples were filtered through 0.22 μm microporous
filters before analysis.

The enzyme-catalyzed electrochemical method was used for
further accurate attribution of the detected electrochemical
signals. XO, the rate-limiting enzyme in the purine degradation
process, oxidizes HX into X and subsequently X into UA.
Comparing the electrochemical behaviors before and after
adding XO to the samples and mixed standards revealed the
specific substances responsible for the electrochemical signal
peaks. Following the CV detection of purine standards and
bacterial supernatant, 10 μL of diluted XO was added followed
by incubation at 37 °C for 10 min. The CV detection was then
carried out.
2.5. External Morphology Observation of Heat-

Stressed E. coli and S. aureus. E. coli and S. aureus cells
in the logarithmic growth phase were collected through
centrifugation, washed twice, and then suspended in PBS.
Subsequently, the bacterial suspension was heated in a water
bath. The bacterial sediment was obtained through centrifu-
gation and fixed at 4 °C for 4 h using a fixative solution of
paraformaldehyde−glutaraldehyde (2/2.5%, Shanghai, China)
and dehydration using an ethanol gradient. After being dried,
the collected bacterial powder was affixed to conductive tape
and subsequently coated with a uniform spray of gold particles.
The bacterial morphology was examined using a GeminiSEM
360 field emission SEM instrument (Carl Zeiss Co., Ltd.,
Germany).
2.6. Permeability Detection of the Bacterial Cell

Membrane and Cell Wall. The disruption of the bacterial
cell membrane and cell wall can lead to the leakage of
intracellular macromolecules. A BCA protein concentration
assay kit (Boster Biological Technology Co., Ltd., Wuhan,
China) was used to quantify the protein concentrations in the
test sample. The protein leakage amount was indicated by the
absorbance of the bacterial supernatant at 562 nm.38

The permeability of the inner membrane was measured
using the ONPG method.39 β-Galactosidase, an enzyme in the
inner membrane of bacterial cells, converts the substrate
ONPG into a colored product known as o-nitrophenol (ONP).
The absorbance of the ONP serves as a measure of the
bacterial inner membrane permeability. In this study, 30
mmol/L ONPG was added to the bacterial supernatant and
incubated at 37 °C for 3 h. Subsequently, the permeability of
the bacterial inner membrane was determined by measuring
the absorbance at 415 nm.

NPN was used to detect the permeability of the E. coli outer
membrane.40 NPN, a hydrophobic probe, is commonly used to
assess the integrity of the bacterial outer membrane. When the
outer membrane is compromised, the exposed phospholipid
layer allows the NPN to bind. This binding induces blue
fluorescence upon excitation at a specific wavelength. The
intensity of this fluorescence quantifies the extent of damage to
the outer membrane. A sediment of E. coli in the logarithmic
growth phase was collected via centrifugation, washed twice,
and then suspended in HEPES and glucose buffer. After
heating, the suspension was cooled in an ice bath before
adding 30 μmol/L NPN. Fluorescence intensity was measured
using a Fluoroskan Ascent FL fluorescence and chemilumi-

nescence microplate reader (Thermo Fisher Scientific Inc.,
USA) at excitation and emission wavelengths of 350 and 420
nm, respectively.

Alkaline phosphatase (AKP), located between the bacterial
cell membrane and cell wall, provides valuable insights into the
integrity of the bacterial cell wall due to its presence and
activity.41 Therefore, the bacterial supernatant was collected
and analyzed using an AKP kit (Beyotime Biotechnology,
Shanghai, China), and the absorbance was measured at a
wavelength of 405 nm. AKP activity in the samples was
calculated based on the definition of diethanolamine (DEA)
enzyme activity.
2.7. Detection of Purine Leakage. The purine content

was measured using HPLC by first analyzing purine standards
at various concentrations to establish a linear relationship
between the concentration and chromatographic peak area.
Subsequently, the chromatographic peak area of each purine in
the samples was used to calculate the purine content via
corresponding linear equations. All standards and test samples
were filtered through 0.22 μm microporous filters before
analysis.
2.8. Description of the Growth Curve of E. coli and S.

aureus. The E. coli and S. aureus cells were cultured,
inoculated at 10% into a fresh broth medium, and then
transferred into 11 test tubes for further culturing at 37 °C. CV
and plate counting were performed at 0, 1, 2, 4, 6, 8, 10, 12, 24,
28, and 32 h.

3. RESULTS AND DISCUSSION
3.1. Repeatability, Reproducibility, Stability, and

Anti-Interference Ability of MWCNTs/GCE. The repeat-
ability of MWCNTs/GCE was evaluated by continuously
measuring the 1 × 10−3 μmol/L G standard solution. The
relative standard deviation (RSD) of 27 consecutive measure-
ments was 3.83%, demonstrating that MWCNTs/GCE could
be used for continuous measurements in subsequent research
(Figure S1A). Subsequently, five parallel MWCNTs/GCE
samples were used for detecting the G standard solution,
yielding an RSD of 1.79% in peak current, which indicated
excellent reproducibility (Figure S1B). Additionally, when the
MWCNTs/GCE electrode was stored in PBS (pH 7.4) at 4
°C, the peak current of the guanine standard solution
measured after 48 h was 96.1% of the initial current, decreasing
slightly to 92.3% after 5 days. This consistent performance over
time suggests that MWCNTs/GCE maintains stability under
these conditions. To assess the anti-interference resistance of
the electrode, organic and inorganic substances potentially
present in the bacterial samples were added to a 5 μmol/L
mixed standard solution. The relative errors in the peak current
intensity caused by interfering substances were within ±10%
each, indicating minimal interference with the electrochemical
detection (Table S1). This finding underscores the good
selectivity of MWCNTs/GCE toward purine. Furthermore,
good recoveries obtained using spiked samples also confirmed
the reliability of MWCNTs/GCE (Table S2).
3.2. CV Behavior of Heat-Stressed E. coli and S.

aureus. The CV behavior of samples on the bare GCE and
MWCNTs/GCE was investigated. The CV curve for
MWCNTs/GCE in PBS (pH 7.4) was smooth, showing no
signal peaks and indicating that PBS (pH 7.4) as a blank
solution had no impact on the electrochemical detection. In
addition, the electrochemical response of heat-treated E. coli
and S. aureus on MWCNTs/GCE was significantly stronger
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than on the bare GCE, suggesting that MWCNTs effectively
accelerated electron transfer (Figure 1). For both heat-stressed

E. coli and S. aureus, two stable and significant electrochemical
signals were observed on MWCNTs/GCE, with no reduction
peaks detected upon reverse scanning, indicating irreversible
electrochemical reactions (Figure 1). For heat-stressed E. coli,
two distinct oxidation peaks were obtained at +0.71 V (signal
1) and +1.01 V (signal 2). Similarly, the CV curve for heat-
stressed S. aureus also had two distinct oxidation peaks at +0.70
V (signal 1) and +0.97 V (signal 2).
3.3. Attribution of Electrochemical Signals. The

electrochemical behaviors of both monomers and a mixture
of purine standards were compared (Figure S2). Signal 1 was
consistent with the signals of X and G, while signal 2
corresponded to those from HX and A (Figure 2A). The
analysis of HPLC demonstrated that heat-stressed E. coli
contained G, X, HX, and A, whereas heat-stressed S. aureus
contained only G and A (Figure 2B). Given that XO catalyzes

the conversion of X and HX into UA, observing changes in
electrochemical response before and after adding XO could be
crucial for further identification. The reduction of signal 1 and
signal 2 in E. coli and the appearance of a new peak at around
+0.3 V after adding XO implied that signal 1 of heat-stressed E.
coli was due to X and G and signal 2 to HX and A (Figure 2C).
However, the electrochemical responses of heat-stressed S.
aureus remained unchanged after adding XO, indicating that
signal 1 and signal 2 originated from G and A, respectively
(Figure 2C). This finding aligned with the CV and HPLC for
unheated S. aureus reported by Wang et al.30 Therefore, it was
concluded that the substances causing electrical activity
differed, although heated E. coli and S. aureus exhibited similar
peaks at potentials around +0.7 and +1.0 V, respectively.
3.4. Dynamic Changes in Electrochemical Responses

of Heat-Stressed E. coli and S. aureus. To optimize heating
conditions, dynamic changes in electrochemical signals on
MWCNTs/GCE for E. coli and S. aureus were investigated
across various durations and temperatures. For E. coli, as the
temperature increased, the peak currents of the two signals
initially rose, peaking at 50 °C before decline. At 70 and 80 °C,
no significant differences were observed in the two signals,
indicating that higher temperatures do not enhance the
electrochemical responses. The peak currents from E. coli
heated at 50 °C were significantly higher than those from
unheated bacteria, remaining stable from 15 min for both
signals (Figure 3A,B). Similarly, for S. aureus, peak currents at

50 °C are higher than those at other temperatures, mirroring
the phenomenon observed in E. coli (Figure 3C,D). Addition-
ally, at 40 and 50 °C, the rise in S. aureus peak currents lagged
behind E. coli, reaching maximum values after a longer
duration. This lag may be attributed to the greater robustness
of the S. aureus membrane system. The results clearly
demonstrate the heat’s crucial role as a pretreatment in
electrochemistry, significantly enhancing peak currents, with
varying conditions producing distinct outcomes.

Figure 1. CV behavior of heat-treated E. coli and S. aureus on the bare
GCE and MWCNTs/GCE.

Figure 2. (A) CV of PBS, heated E. coli, heated S. aureus, and a
mixture of standards on MWCNTs/GCE. (B) HPLC of heated E. coli
and S. aureus and mixture. (C) CV of the supernatant from the
mixture, heated E. coli, and heated S. aureus before and after adding
XO. XO: xanthine oxidase, HX: hypoxanthine, X: xanthine, A:
adenine, G: guanine, UA: uric acid. Mixture: mixture of UA, X, G,
HX, and A. Heating temperature: 50 °C. Heating time: 15 min.

Figure 3. (A, B) Changes in peak current of (A) signal 1 and (B)
signal 2 from heat-stressed E. coli. (C, D) Changes in peak current of
(C) signal 1 and (D) signal 2 from heat-stressed S. aureus. Heating
times: 0, 5, 10, 15, 20, 30, 40, and 50 min.
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3.5. Changes in Morphology and Permeability of the
External Structure of Heat-Stressed E. coli and S.
aureus. Heat stress directly affects the morphology and
permeability of the bacterial external structure, which includes
the inner membrane, outer membrane, and cell wall.42

The morphologies of heat-stressed E. coli and S. aureus were
examined by using SEM (Figure 4A). Unheated E. coli
exhibited a regular and short rod shape. After 15 min of heat
treatment, its morphology became distorted and deformed,
featuring a shrunken and rough surface along with some
cavities. Fractures developed after 50 min of heating. No
evident changes were observed in the morphology of S. aureus
after increasing the heating duration from 15 to 50 min,
indicating greater heat resistance.

Membrane damage was assessed by evaluating protein
leaked into the supernatant. Heating did not aggravate
membrane damage in E. coli after 10 min. Protein leakage in
S. aureus increased at two points compared to E. coli, implying
that the prolonged heating disrupted membrane permeability
balance, possibly maintained by a regulatory mechanism
against heat stress (Figure 4B). β-Galactosidase leakage
analysis revealed rapid increases in inner membrane perme-
ability for both E. coli and S. aureus upon heating within a short
duration (Figure 4C). The decreased β-galactosidase levels
could be attributed to its denaturation. The extracellular AKP
levels in E. coli exhibited no significant increase after 10 min of
heating. In contrast, the AKP leakage in S. aureus showed a
delayed increase after 30 min, possibly due to its thicker cell
wall (Figure 4D).

The effect of heating on the outer membrane, a character-
istic structure of Gram-negative bacteria, was examined (Figure
4E). The stability of fluorescence intensity at 15 min suggested
that the heat’s impact on the outer membrane of E. coli peaked
at this time, coinciding with the stabilization of the peak
current.

Given the evidence, it was inferred that the changes in the
external structures of E. coli and S. aureus upon heat treatment
varied, with the latter exhibiting greater heat resistance.

However, while similarities were observed in their response
patterns to heating, it remains unclear whether the dynamic
changes in peak currents primarily result from the varying
permeability of the external structure.
3.6. Effects of Heat Stress on Purine Released by E.

coli and S. aureus. Using HPLC, we determined the
concentrations of purines released by E. coli and S. aureus
during heating at 50 °C. For the heat-treated E. coli samples,
the concentration of X increased with the duration of heating.
The level of HX decreased sharply after 5 min and then
gradually stabilized. Concentrations of G and A rose
significantly until 15 min and decreased after 30 min (Figure
5A). These results indicate that the initial rapid increase in the

E. coli signal 1 within 15 min results from concurrent rises in X
and G, while the post-15 min stability of this signal arises from
the ongoing increase in X and the reduction of G. Signal 2 for
E. coli remained stable after 15 min, reflecting the changes in A
and HX. In parallel, the purine profiles in S. aureus samples also
varied with heating time. The concentration of G notably
increased within the first 30 min and then stabilized.
Conversely, the concentration of A continuously increased

Figure 4. (A) SEM of E. coli and S. aureus treated with different heating conditions. Magnification was 20,000×. (B−D) Changes in the (B) protein
concentration, (C) OD415, and (D) AKP enzyme activity of heat-stressed E. coli and S. aureus. (E) Changes in fluorescence intensity of heat-
stressed E. coli. Heating temperature: 50 °C. Heating times: 0, 5, 10, 15, 20, 30, 40, and 50 min.

Figure 5. Concentration of purine released by heat-treated (A) E. coli
and (B) S. aureus. Heating temperature: 50 °C. Heating times: 0, 5,
10, 15, 20, 30, 40, and 50 min.
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throughout the heating process. X was not detected until 30
min, after which it started to increase. No HX was detected
during the entire heating period (Figure 5B). These variations
suggest that the increases in signal 1 of S. aureus before 30 min
are primarily due to G, while after 30 min, they result from
combined increases in X and G. The changes in signal 2 are
attributed solely to A. These findings demonstrate that heating
time significantly influences the purine content, thereby
affecting the composition of electrochemical signal contribu-
tions at this temperature.

These changes may be linked to various enzymes involved in
purine biosynthesis, salvage, and interaction including purine
nucleoside phosphorylase and phosphoribosyltransferase.43,44

Initially, it was hypothesized that after 5 min, the accumulation
of X and the decline of HX in E. coli were due to the
heightened activity of xanthine dehydrogenase (XHD), which
catalyzes the oxidation of HX into X and then X to UA (Figure
5A). However, despite references to the optimal culture
temperature and the absence of UA, the lack of studies on the
thermostability of XHD released from E. coli or S. aureus does
not fully explain the observed changes. Therefore, it was
considered that heat might promote the branch reaction from
inosine monophosphate (IMP) to guanosine monophosphate
(GMP) through specific mechanisms.45 The similar trends in
the concentrations of G and A in E. coli during heating
suggested that the same enzyme, possibly purine nucleoside
phosphorylase, might facilitate the interconversion of these
purine nucleosides (Figure 5A). The concentrations of G and
A in S. aureus exhibited similar trends with increasing heating
time. Unlike E. coli, these concentrations of G and A in S.
aureus remained steady or even increased in the later stages of
heating (Figure 5B). In addition, there was no HX in the S.
aureus heat treatment solution. These findings might have been
attributed to differences in purine metabolism between E. coli
and S. aureus.

Heat-induced damage to cell structures can significantly
influence the permeability and variation in the purine content.
In E. coli, both cell structure permeability and purine content
increase rapidly during the initial phase of short-term heating.
Permeability then stabilizes during the mid to late stages, while
the purine content continues to change. This pattern suggests
that early heating disrupts E. coli structural integrity, causing a
swift release of purine accumulated within the cells. As the
heating extends, further damage worsens, but once the
maximum damage is reached, permeability plateaus. At this
stage, changes in purine levels are primarily driven by heat-
altered metabolic and transformation pathways within the
maximum limits of permeability. For S. aureus, which exhibits
greater heat tolerance than E. coli, initial heat stress rapidly
increases both permeability and purine leakage due to cell
structure damage. As heating continues, S. aureus likely
activates regulatory mechanisms that accelerate the synthesis
of structural components, although repair processes for
membrane and cell wall damage do not occur synchronously.46

This asynchrony results in varying rates of permeability
changes, with gradual increases in the leakage of A and G
within the established limits of permeability. Beyond 30 min,
the repair rate lags behind the damage rate caused by heating,
markedly increasing permeability and possibly enhancing A
leakage due to the direct impact of heat on A metabolism.
Meanwhile, the stability of the G concentration might be
predominantly due to metabolic adjustments rather than
structural changes. Notably, the absence of X detection during

cell damage and repair phases implies no initial accumulation
within the cells, suggesting that prolonged heating may
stimulate X generation, increasing its leakage. These
observations underscore that the release of purine during
heating is a complex interplay of cell structure permeability and
metabolic changes. This preliminary hypothesis highlights the
need for further investigation into the mechanisms driving
these changes in bacterial electrochemical responses and
purine metabolism upon heating utilizing molecular biology
and other advanced techniques.
3.7. Effects of Electrochemical Detection Parameters

on Electrochemical Signals. The peak currents for signal 1
of E. coli and both signals from S. aureus peaked when the
acidity of PBS was 7.4; however, this acidity did not
significantly affect signal 2 of E. coli (Figure S5). A decrease
in acidity led to a negative shift in the peak potentials for four
signals, suggesting involvement of hydrogen protons in the
electrochemical reactions. Furthermore, the signal potentials
exhibited strong linear relationships with pH (Figure 6A,B).

The slope of each equation approached a theoretical value of
0.0592 V/pH, as per the Nernst equation, suggesting that the
oxidation reactions for E. coli and S. aureus signals were
isoelectronic and isoprotonic. Consequently, a pH of 7.4 was
selected as the optimal PBS parameter for the electrochemical
determination system.

To clarify the oxidation mechanism, the electrochemical
behaviors of heat-treated bacteria were investigated at various
scan rates. For both E. coli and S. aureus, strong linear
relationships between the peak currents of the signals and the
scan rate indicated that the electrochemical reactions were
controlled by adsorption (Figure 6C,D). Moreover, the effects
of enrichment time and potentials on the peak currents of E.
coli and S. aureus were studied (Figures S6 and S7).
Accordingly, 360 s and 0 V were identified as the optimal
enrichment times and potential for future electrochemical
experiments.
3.8. Relationships between the Electrochemical

Signals of Heat-Stressed E. coli and S. aureus and

Figure 6. (A, B) Peak current of heat-stressed (A) E. coli and (B) S.
aureus with different acidities. (C, D) Linear relationships between
scan rate and peak current of heat-stressed (C) E. coli and (D) S.
aureus.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00756
ACS Omega 2024, 9, 44907−44915

44912

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00756/suppl_file/ao4c00756_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00756/suppl_file/ao4c00756_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00756?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00756?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00756?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00756?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Their Concentrations. The experimental results demon-
strated strong linear relationships between the peak currents of
the two signals from heat-treated E. coli (Figure 7A), heat-

treated S. aureus (Figure 7B), and their respective concen-
trations. The detection limits for signal 1 and signal 2 in E. coli
were 0.866 × 106 and 9.740 × 105 CFU/mL, respectively. For
S. aureus, the limits were 4.872 × 106 CFU/mL for signal 1 and
1.513 × 106 CFU/mL for signal 2.47

3.9. Description of the Growth Curves of E. coli and S.
aureus. Plate counting is a traditional method for generating
bacterial growth curves based on the visibility of colonies. This
approach depends on the interaction of various bacterial
metabolic processes and a suitable external environment,
necessitating time for visible colony formation. Consequently,
plate counts may reflect the growth stages with some lag. This
study compared growth curves derived from electrochemical
signals and plate counting to determine if the electrochemical
method could detect different phases of bacterial growth
earlier. The electrochemical results showed that signals 1 and 2
for E. coli increased significantly up to 10 and 6 h, respectively,
before the rate of increase slowed and eventually stabilized.
This suggested that E. coli was in the logarithmic growth phase
before 10 h, characterized by active purine metabolism. After
10 h, it transitioned into the stationary phase of metabolism
and proliferation (Figure 8A). Signal 2 indicated a notable

decrease at 32 h, marking the onset of declining metabolic
activity and entry into the apoptotic phase. In contrast, plate
counting indicated that E. coli proliferated rapidly before 12 h
and then entered the stationary phase, which was detected later
than the electrochemical method. Similarly, the electro-
chemical signal 2 for S. aureus stabilized from 6 h onward,
suggesting an early entry into the stationary phase, while plate
counting showed no significant change until after 12 h (Figure
8B). These results demonstrate that the electrochemical
method could detect transitions from the logarithmic to
stationary phases earlier than plate counting. This indicates
that the electrochemical responses of heat-treated bacteria hold
significant potential for development into a system that can
more accurately reflect their proliferation and metabolic
activities.

4. CONCLUSIONS
This study investigated the electrochemical behavior and
underlying mechanisms of electrochemical signals from heat-
treated bacteria on MWCNTs/GCE and preliminarily
established an electrochemical detection method using heat
treatment as a pretreatment step. The study found that the
peak currents of heat-treated E. coli and S. aureus were highest
after heating at 50 °C for 15 min. For heat-treated E. coli, the
oxidation peak near +0.70 V was attributed to G and X, and
the peak near +1.00 V was attributed to HX and A. For S.
aureus, the oxidation peak near +0.70 V was attributed to G,
and the peak near +1.00 V was attributed to A. The variations
in electrochemical signals between E. coli and S. aureus may
stem from differences in cell structure permeability and purine
metabolism under various heating conditions. Peak currents
showed a strong linear correlation with the bacterial
concentration. The electrochemical method detected activity
changes in E. coli and S. aureus from the logarithmic to stable
growth phases earlier than the plate counting method. These
findings suggest that the electrochemical detection method for
thermally treated bacteria holds significant potential for
evolving into a mature system that can reflect bacterial
proliferation and metabolic activity. Investigating how heat
affects purine release from pathogens has enhanced our
understanding of the physiology of heat-stressed bacteria.

While the proposed method showed promising results, there
is still significant scope for improvement. Future research could
use molecular biology techniques to more precisely decipher
the underlying mechanism of the signal responses in a more
detailed manner. Addressing the current method’s limitations,
such as high detection limits and a narrow detection range, is
crucial for enhancing its efficacy. Utilizing more sensitive
electrochemical detection methods such as square wave
voltammetry (SWV) or differential pulse voltammetry (DPV)
could help overcome these challenges. Exploring electrode
modifications with suitable materials could enhance perform-
ance, increase sensitivity, and lower detection limits.
Miniaturizing the heating device could also enhance the
practicality. The successful implementation of the proposed
method to E. coli and S. aureus also indicates its potential
extension to other strains, demonstrating broader applicability
in microbiological analysis. Further research and validation are
needed to confirm the method’s effectiveness across a wider
range of microorganisms, potentially revolutionizing micro-
biological testing. With ongoing research and refinement, this
method holds great potential to excel in microbiological
analysis.

Figure 7. Linear relationships between the peak current and
concentration of heat-stressed (A) E. coli and (B) S. aureus.

Figure 8. Growth curves of (A) E. coli and (B) S. aureus described by
the plate counting method and electrochemical method.
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