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Abstract: The routine monitoring of bacterial populations is crucial for ensuring water quality and
safeguarding public health. Thus, an electrochemical sensor based on a 1,10-phenanthroline-5,6-
dione-modified electrode was developed and explored for the detection of E. coli. The modified
electrode exhibited enhanced NADH oxidation ability at a low potential of 0.1 V, which effectively
eliminated the interference from other redox compounds in bacteria. The sensitivity for NADH
was 0.222 pA/uM, and the limit of detection was 0.0357 uM. Upon cell lysis, the intracellular
NADH was released, and the concentration of E. coli was determined through establishing the
relationship between the oxidation current signal and NADH concentration. The performance of the
electrochemical sensor in the detection of NADH and E. coli suspensions was validated using the
WST-8 colorimetric method. The blank recovery experiment in real water samples exhibited good
accuracy, with recovery rates ranging from 89.12% to 93.26% and relative standard deviations of less
than 10%. The proposed electrochemical sensor realized the detection of E. coli without the usage
of biomarkers, which provides a promising approach for the broad-spectrum detection of microbial

contents in complex water environments.

Keywords: electrochemical sensor; 1,10-phenanthroline-5,6-dione; NADH; Escherichia coli; rapid
detection

1. Introduction

Biodiverse and complex water ecosystems provide favorable environments for a wide
range of microorganisms, resulting in significant microbial populations within aquatic
environments. However, the spreading of pathogenic microorganisms through water can
lead to severe epidemics and infectious diseases [1]. Consequently, strict regulations have
been established to restrict the microbial contents in various water sources, such as drinking
water, surface water, and groundwater, in order to safeguard public health [2]. Recent
advancements in water quality assessment methodologies have contributed to the progres-
sive refinement of the standards concerning microbial indicators. The key microbiological
indicators utilized in evaluating water quality predominantly include the total number of
colonies, coliform groups, fecal coliform groups, and other pathogenic bacteria. The water
standards have adopted analytical methods like flat colony counting, multitube fermenta-
tion, filter membrane, and turbidimetric counting to assessing microbial contents through
enumerating colonies or measuring optical density [3]. However, these traditional culture
methods require specific culture media; precise control over experimental conditions such
as temperature, pH, and oxygen levels; as well as specialized instruments and skilled
personnel. Additionally, their lengthy culture times and poor anti-interference ability have
further limited their application in real detection scenarios. Furthermore, with the develop-
ment of immunoassay and bioassay technologies, bioanalytical techniques, represented by
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enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR), have
offered sensitive approaches for bacterial detection with high accuracy and specificity [4].
Nevertheless, their application is constrained by their high cost and inability to meet the
rapid detection requirements for multiple targets in water.

In addition to conventional standard methods, optical techniques, including fluorescence
analysis [5], surface plasmon resonance [6,7], surface-enhanced Raman scattering [8,9], and
electrochemical sensing, can selectively identify and sensitively detect microorganisms
through the assistance of endogenous biomarkers such as antibodies/antigens, aptamers,
DNA, etc. Among them, electrochemical biosensors have emerged as a promising candi-
date due to their fast response, ease of miniaturization, and cost-effectiveness [10-12]. Via
incorporation with biomarkers, the electrochemical biosensors have achieved the sensitive
detection of DNA [13], toxins [14], cancer cells [15], and bacteria [16]. Ju et al. devel-
oped a sensitive and specific electrochemical biosensor based on target-induced aptamer
displacement and achieved the direct detection of E. coli O111 with a limit of detection
(LOD) of 112 CFU/mL [16]. Giiner et al. developed an electrochemical immunosensor
by modifying a poly-pyrrole/ Au/MWCNT/ chitosan modified electrode with E. coli mon-
oclonal antibodies [17]. Zou et al. employed a “sandwich” mode to capture E. coli with
antibodies and bind them to mediators. The resulting differential pulse voltammetry
signal was proportional to the number of E. coli, enabling an LOD of 10 CFU/mL [18].
In recent years, innovative immunosignal amplification strategies, including 3D walkers,
clustered regularly interspaced short palindromic repeats (CRISPR) technology [19,20],
and ring-mediated isothermal amplification, have been integrated into the development of
electrochemical sensors. Zhang et al. employed a 3D DNA walking molecule amplification
strategy in the detection of E. coli, achieving an LOD of 20 CFU/mL [21].

Electrochemical sensors can also achieve indirect bacterial detection through the
detection of intracellular endogenous substances. Kwon et al. detected the reduction
current of 4-methoxyphenyl-f-d-galactopyranoside to 4-methoxyphenol under the catalysis
of the 3-galactosidase present in E. coli and realized the detection of E. coli with an LOD
of 2 x 10> CFU/mL [22]. Currently, most electrochemical biosensors rely on bio-immune
and DNA analysis, which possess high specificity [23-25], but this characteristic also
leads to constraints in the detection of multiple microorganisms. The use of nonbiological
identification methods to achieve broad-spectrum detection of microorganisms is still
relatively rare.

In present study, an electrochemical sensor was fabricated using 1,10-phenanthroline-
5,6-dione as a redox mediator, and its potential for quantitatively detecting NADH and
E. coli was investigated. The performance and anti-interference ability of the as-prepared
electrochemical sensor were evaluated. To determine the accuracy of the electrochemical
sensor in quantifying E. coli concentration and intracellular NADH content, a WST-8
colorimetric method was employed. Additionally, three real river water samples were
collected, and a blank recovery experiment was conducted to assess the capability of the
electrochemical sensor in detecting E. coli concentrations. The primary objective of this
work was to determine the E. coli population using NADH as a signal indicator, thereby
creating a feasible and broad-spectrum method for the detection of microorganisms in
complex water samples.

2. Materials and Methods
2.1. Reagents

Escherichia coli (ATCC 25922) was provided by China General Microbiological Culture
Collection Center. The 1,10-phenanthroline-5,6-dione (PD), nicotinamide adenine dinu-
cleotide (NADH), thionine (TH), reduced flavin adenine dinucleotide (FADH>), agar, tri (hy-
droxymethyl) amino methane hydrochloride (Tris-HCI), and ethylene diamine tetraacetic
acid (EDTA) were all purchased from Beijing Lanyi Chemical Products Co., Ltd., Beijing,
China. Multiwalled carbon nanotubes (MWCNTs) were provided by XFNANO Co., Ltd.,
Nanjing, China. Triton X-100 and NAD* /NADH assay kits were purchased from Beyotime
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Biotechnology Co., Ltd., Shanghai, China. We purchased 0.1 M phosphate buffer solution
(PBS) from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China, and 5% Nafion™
117 solution was purchased from Merck, Darmstadt, Germany. Beef extract and peptone
were purchased from Aoboxing biotech company, Beijing, China. All chemicals were
used without further purification. Milli-Q water (R > 18.0 M()ecm) was used to prepare
all solutions.

Three real water samples were collected from Puhe River in Shanxi Province, Tang-
wang River in Heilongjiang Province, and Xiaoyun River in Beijing. All the real water
samples were filtered through a 13 mmx0.22 pm filtration membrane to remove the sedi-
ments before electrochemical detection.

2.2. Apparatus

Cyeclic voltammetry (CV) and chronoamperometric measurements were carried out
with an electrochemical workstation (CHI 660E). Field-emission scanning electron mi-
croscopy (FESEM, Quanta FEG 250, Oregon, OR, USA) with an operating voltage of 10 kV
was used to characterize the morphology of the modified electrode. The concentration
of E. coli in the suspension was measured with a UV spectrophotometer (SECOMAM
UVIKONXL, Domont, France) at 600 nm, recorded as ODgpy. ODgqg refers to the light
absorption value of a bacterial solution at a wavelength of 600 nm, which is used to char-
acterize bacterial concentrations. The higher the bacterial concentration, the higher the
absorbance [26,27].

2.3. Preparation of Electrochemical Sensor

We dissolved 100 mg of MWCNTs in 10 mL of deionized water, which we then
dispersed ultrasonically for 30 min. Then, 100 uL of 5% Nafion solution was added and
mixed ultrasonically for 5 min to prepare the MWCNTs—Nafion solution. We dropped 15 uL.
of as-prepared MWCNTs—Nafion solution on the surface of a glassy carbon electrode (GCE),
which was dried at room temperature to form MWCNTs-Nafion@GCE. Then, 5 mg of PD
was dissolved in 5 mL ethanol solution and sonicated for 10 min to prepare PD solution;
10 uL of PD solution was dropped on the MWCNTs-Nafion@GCE and dried for 2 h. The
modified electrode was rinsed with deionized water and dried at room temperature to
obtain PD-MWCNTs-Nafion@GCE, which was stored in a refrigerator at 4 °C until use.

Similarly, the TH-modified electrode was prepared according to same procedure. A
total of 10 uL of 0.3 mM TH aqueous solution was dropped on MWCNTs-Nafion@GCE
and dried for 2 h. Then, the modified electrode was rinsed with deionized water to remove
excess TH and dried at room temperature to obtain TH-MWCNTs-Nafion@GCE.

2.4. Culture of E. coli

A small aliquot of E. coli was placed in 100 mL of liquid culture medium that contained
5 g/L beef extract, 10 g/L peptone, and 5 g/L sodium chloride. Then, the inoculated culture
medium was cultured aerobically in a rotary shaker in a 37 °C water bath for 16 h. The
cultured bacterial suspension was centrifuged at 6000 rpm for 5 min and washed twice with
PBS solution to fully remove the culture medium. The concentration of E. coli suspension
was adjusted using a UV spectrophotometer and diluted to different concentrations ranging
from OD600 =0.2to OD600 =2.6.

The number of E. coli in bacterial suspension with varied ODg values was further
determined using the flat colony counting method. Solid agar culture plates were prepared
as follows: The agar liquid medium (beef extract 5 g/L, peptone 10 g/L, sodium chloride
5¢g/L, and agar 15 g/L) was first fully mixed and sterilized at 121 °C. The liquid agar
medium was then cooled to 46 °C and poured into the plates and solidified at room
temperature. E. coli suspensions with different ODggg values were fully diluted, then 1 mL
of dilution was dropped into the sterile agar plate and cultured at 37 °C for 24 h. Three
parallel groups were set for each ODggg value. The number of E. coli colonies was observed
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and counted with a colony counter, and the bacterial concentration in each ODgg value is
presented as colony-forming units per milliliter (CFU/mL).

2.5. Detection of NADH Using As-Prepared Electrochemical Sensor

A three-electrode electrochemical cell was used to determine the content of NADH.
The as-prepared PD-MWCNTs-Nafion@GCE was used as the working electrode, a Pt wire
was used as the counter electrode, and Ag/AgCl (sat’ KCl) was used as the reference
electrode. During the detection process, the modified electrode was initially activated in
10 mL of 0.1 M PBS solution (pH = 7.0) under 900 rpm stirring. The applied potential was
0.1V vs. Ag/AgCl (sat’ KCI). Standard NADH solutions with varied concentrations were
added into the electrochemical cell once the current was steady, and the current values
were measured 30 s after each addition. The calibration curve was obtained by plotting the
current changes (Al) against the corresponding NADH concentrations.

2.6. Detection of E. coli Using As-Prepared Electrochemical Sensor

The E. coli concentration was determined by quantitively analyzing their intercellular
NADH content. Therefore, cells lysis was conducted to release the intracellular NADH in
order to detect E. coli centration. We mixed 5 mL of E. coli suspension with different ODgg
values with 0.1 M Tris-HCI, 0.02 M EDTA, and 0.05% Triton X-100, and sonicated in an ice
bath for 15 min to prepare E. coli lysate.

The concentration of E. coli was determined via chronoamperometry. The current
response of the as-prepared PD-MWCNTs-Nafion@GCE in 10 mL of E. coli lysate was
recorded at the applied potential of 0.1 V. The steady-state current was recorded after 100 s,
and the current—concentration relationship was established by detecting E. coli suspension
with various ODgq values.

2.7. Detection of E. coli Using Colorimetric Method

The intracellular concentration of NADH was also verified using the WST-8 colori-
metric method with the following procedure: We prepared 20 uL of 0, 0.25, 0.5, 1, 2, 4,
6, 8, and 10 pM standard NADH solutions, which we added into a 96-well plate. Then,
20 uL of E. coli lysate with varying ODggg values was also added into the 96-well plate for
detection. Next, 90 uL of PBS and 10 pL of 1-methoxy-5-methylphenazinium methyl sulfate
chromogenic solution were added into each sample, which were then incubated in the dark
for 45 min. The absorbance intensity was measured at a wavelength of 450 nm with a mi-
croplate reader (TECAN Infinite50, Mannedorf, Switzerland). According to the established
absorbance intensity-NADH concentration calibration curve, the NADH concentrations in
E. coli lysate were determined.

3. Results and Discussion
3.1. The Detection Principles of As-Prepared Electrochemical Sensor

In this work, a novel electrochemical approach was developed for the sensitive de-
tection of E. coli based on the quantification of intracellular NADH content. NADH is a
crucial product of microbial carbohydrate metabolism and plays a vital role in the microbial
respiratory electron transfer processes. Studies have demonstrated that the number of
NADH molecules within each bacterial cell remains relatively constant, typically ranging
from 10° to 10%, making NADH a stable and universally present endogenous substance
in bacterial systems [28]. However, it is important to identify the specific potential at
which NADH can undergo oxidation to coenzyme I in the electrochemical detection of
NADH. This oxidation process typically occurs at high oxidation potentials, resulting in
the concurrent oxidation of other intracellular electroactive substances and subsequently
the generation of interference signals. Nevertheless, previous research has indicated that
PD is an ideal mediator capable of oxidizing NADH at a lower potential, thus enabling
selective and accurate detection [29].
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In the design of electrochemical sensors, MWCNTs are widely employed as electrode-
modification materials, which exhibit remarkable electrochemical stability and electrical
conductivity [30]. Nafion, as a type of perfluorosulfonic acid polymer, exhibits good thermal
stability and high proton conductivity. It has been revealed that the interaction between the
hydrophobic sidewalls of MWCNTs and the main chain of Nafion fluorocarbons facilitates
the uniform dispersion of MWCNTs within Nafion, effectively enhancing Nafion’s ability to
immobilize MWCNTs on the electrode [31]. Consequently, the integration of these materials
can enhance electrode conductivity while simultaneously improving the immobilization
of the PD mediator on the electrode surface. Therefore, we developed a PD-mediated
electrochemical sensor to detect NADH at low potential, subsequently realizing the accurate
quantification of E. coli concentrations. The electrode preparation and E. coli detection
process are depicted in Scheme 1. The GCE was first modified with MWCNTs-Nafion
solution to form a polymer film. Then, PD mediator was drop casted on the MWCNTs-
Nafion@GCE, and the PD-modified electrode was prepared. In the E. coli detection process,
the bacterial suspension was incubated with cell lysis buffer to fully release the intracellular
NADH. The NADH content was determined using the as-prepared PD-modified electrode
at a suitable potential, and the current response was recorded.

+ ™ PD(red) ~

+ o0gfoe,"
/ 0.1 M Tris-HCI . / NAD %8°$ 3o\
— %
7 0.02 M EDTA / .
0.05% Triton X-100 | A \ 01V .
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Scheme 1. Schematic representation of the preparation and detection process of electrochemical
Sensor.

3.2. Surface Characterization of PD-Modified Electrode

The morphologies of the PD particles, MWCNTs, and modified electrodes were char-
acterized using a field-emission scanning electron microscope, the results are shown in
Figure 1. Needle-like clusters of PD particles with different shapes and sizes were observed,
indicating the agglomeration of PD particles on the GCE surface (Figure 1a). The morphol-
ogy of the MWCNTs is shown in Figure 1b, which had an average tube length of 8 pm. The
as-prepared PD-MWCNTs-Nafion@GCE was uniformly covered by a smooth and porous
film, signifying the successful deposition of the Nafion film onto the GCE (Figure 1c). The
presence of large particles on the electrode surface corresponded to agglomerated PD, while
the tubular structures indicated that the MWCNTs were partially embedded within the
Nafion film. The above results demonstrated the effective immobilization of both PD and
MWCNTs on the electrode surface through Nafion.
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Figure 1. FESEM images of different modified electrodes: (a) PD@GCE; (b) MWCNTs@GCE;
(c¢) PD-MWCNTs-Nafion@GCE.

3.3. Electrochemical Characterization of PD-Modified Electrode

The electrochemical properties of the modified electrodes were firstly examined via
cyclic voltammetry, as shown in Figure 2a. In PBS solution, PD-MWCNTs-Nafion@GCE
exhibited oxidation and reduction peaks at 0.05 V and —0.13 V (Figure 2a, red dashed
line), representing the oxidation and reduction of PD mediator. Notably, the PD-modified
electrode displayed good reversibility with a AEp value of 0.18 V. In the absence of the PD
mediator, no redox peak was observed for MWCNTs-Nafion@GCE, owing to the inherent
stability of MWCNTs and Nafion polymer (Figure 2a, blue dashed line).

80 40
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Figure 2. (a) Cyclic voltammetry curves of PD-MWCNTs-Nafion@GCE and MWCNTs-Nafion@GCE
before and after the addition of 0.1 mM NADH, scan rate 0.1 V/s; (b) i—t curves of TH-MWCNTs-
Nafion@GCE and PD-MWCNTs-Nafion@GCE in 0.1 mM NADH at a potential of 0.1 V (vs. Ag/AgCl);
(c) Nyquist plots of bare GCE and modified electrodes.

Moreover, the electrochemical reaction between the modified electrode and NADH
was also investigated. In 0.1 mM NADH solution, the MWCNTs-Nafion@GCE electrode
displayed a distinct oxidation peak at approximately 0.6 V (Figure 2a, blue line), indicating
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that NADH undergoes oxidation and decomposition at a high potential on MWCNTs-
Nafion@GCE. It is worth noting that many substances, such as uric acid and ascorbic
acid, can also undergo direct oxidation at a potential of 0.6 V. Hence, NADH detection
at this potential suffers from poor anti-interference ability. In contrast, the PD-MWCNTs-
Nafion@GCE exhibited a much more sensitive response to NADH (Figure 2a, red line).
The oxidation of NADH was achieved at a much lower potential of 0.05 V, and the oxi-
dation peak current of the modified electrode increased by 20 pA after 0.1 mM NADH
addition. This decrease in oxidation potential offers several advantages: On the one hand,
the decrease in oxidation potential can effectively avoid the electrode fouling caused by
high potential oxidation and the signal interference caused by the oxidation reactions of
other substances in water samples. On the other hand, the enhanced redox signal response
can further improve the sensitivity in NADH and E. coli detection. This improved per-
formance of the PD-MWCNTs-Nafion@GCE electrode can be attributed to the reactions
between the PD mediator and NADH. As shown in Equations (1) and (2), PD catalyzes the
oxidative decomposition of NADH and is reduced to 1,10-phenanthroline-5,6-diol; then,
1,10-phenanthroline-5,6-diol is oxidized back to PD under the applied oxidation potential
and generates an oxidation current.

PD(ox) + 2NADH — PD(red) + 2NAD" 1)

PD(red) — PD(ox) + 2H* + 2e~ (2)

In order to verify the superiority of PD as a mediator in the detection of NADH, we
also considered the electrochemical performance of a thionine-modified electrode. TH is a
widely used mediator in the construction of microbial biosensors and microbial fuel cells,
which possesses good electron transfer ability in bacterial metabolic processes [32]. The
chronoamperometric responses of modified electrodes utilizing different mediators were
assessed in the detection of NADH. As depicted in Figure 2b, the TH-modified electrode
only exhibited a feeble oxidation current (Al = 0.5 pA) upon the addition of 0.1 mM NADH
(Figure 2b, red line). In comparison, the PD-modified electrode demonstrated a distinct
current response (Al = 21.6 pA, Figure 2b, blue line) because TH reacts with NADH at a
negative potential, which leads to the low oxidation efficiency at 0.1 V. Therefore, PD is a
more favorable mediator in the detection of NADH at low potentials.

The changes in the modified electrode’s interfacial properties were characterized using
electrochemical impedance spectroscopy (EIS). The impedance spectra of different elec-
trodes were recorded in 0.1 M KCl solution containing 5.0 mM [Fe(CN)¢]*>~ /[Fe(CN)g]*~
at a frequency ranging from 10° to 10~! Hz. As depicted in Figure 2c, the Nyquist plot
of bare GCE appears as an oblique line at low frequencies and a semicircle at high fre-
quencies, with an Rt of 90 ). After the modification of MWCNTs—Nafion, the R value
remained at the same level. It could be attributed to the combined effect of the high con-
ductivity of carbon nanotubes and the electrostatic repulsion of Nafion membranes against
[Fe(CN)6]?~ /[Fe(CN)g]*~ mediators. Notably, the Rt value decreased to 15 () after the
adsorption of PD, which demonstrated the effect of the PD mediator in facilitating the
electron transfer process of PD-MWCNTs-Nafion@GCE.

3.4. The Performance of As-Prepared Electrochemical Sensor in NADH Detection

To validate the feasibility of as-prepared electrochemical sensor in the detection of
NADH, chronoamperometric measurements were performed by consecutively adding
NADH at varying concentration gradients. As shown in Figure 3a, when 10 pM NADH
was added, the diffusion equilibrium was reached within 10 s under stirring, and the
steady-state current was obtained. The current change—NADH concentration relationships
between 10-100 uM and 0.25-8 uM were established according to the amperiometric results.
As shown in Figure 3b, the as-prepared electrochemical sensor exhibited excellent linear
relationships in both the higher and lower concentration ranges. The correlation coefficients
were above 0.99, indicating high accuracy in NADH detection. The sensitivity for NADH
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was 0.222 pA/uM, and the LOD value was 0.0357 pM. The LOD was calculated using
3 Sp/m, where m is the slope of calibration curve at low concentration, and Sy, is standard
deviation from three blank experiments. Compared with previously reported sensors
(Table 1), the present electrochemical sensor has a relatively low detection limit. In addition,
our method could be operated at a relatively low voltage, which can effectively prevent
interference from other electroactive substances.

30 30
(a) (b)
y = 0.2664x - 0.4926
254 254
=) R2? =0.9989
<
= 204 2 204
E 154 5 15
£ 7] 10pMNADH — =0z oanen0
; - 61 R?=0.9904
10 4 10 ~12
U l ;ll.ﬁ
5 54 0.4
EEEEREREEE
0 y s T . . 7 . 0 ; ; . \V\DI: Concentration (:|\|j
0 100 200 300 400 500 600 20 40 60 80 100
Time (s) NADH Concentration (uM)

Figure 3. (a) i-t curves of PD-MWCNTs-Nafion@GCE in the detection of NADH, E = 0.1 V (vs.
Ag/AgCl); (b) calibration curves for NADH.

Table 1. Comparison of electrochemical sensors in the detection of NADH.

Detection Linear Range Sensitivit

Sensor Potential (V) LOD (uM) (uM) s (pA/uM)y Ref.

CS-DA-MWCNTs-COOH/ Au +0.25 vs. SCE 0.012 0.1-600 0.009 [33]

PAA-MWNTs/GCE +0.13 vs. Ag/AgCl 1 4-100 0.094 [34]

ERGO-PTH/GC +0.4 vs. SCE 0.1 10-3900 0.143 [35]

CHIT/MWNTs/GC +0.4 vs. SCE 0.3 0.8-1600 / [36]

POA/GR@GCE +0.045 vs. SCE 1.3 0.166-1.772 47.1 [37]
PD-MWCNTs-Nafion@ GCE +0.1vs. Ag/AgCl 0.0357 0.25-8, 10-100 0.222 This work

The bacterial respiratory metabolism is a complex process involving cytochrome c,
cytochrome a, FADHj, and various enzymes involved in respiratory electron transfer,
such as NADH dehydrogenase, coenzyme Q, succinate dehydrogenase, etc. Thus, the
anti-interference experiment was conducted to evaluate the potential impact of active
intracellular redox substances on the oxidation current signal of NADH. Among these sub-
stances, coenzyme Q exhibited an anodic peak at approximately —0.1 V and cytochrome c at
—0.26 V for MWCNTs-modified GCE [38,39], which do not interfere with the NADH oxida-
tion signal. In contrast, FADHj,, which participates in the ATP conversion process together
with NADH, is an electron donor similar to NADH, which may potentially interfere with
the oxidation of NADH. Therefore, an interference experiment was conducted to examine
whether FADH, generates an oxidation current under the same experimental conditions.
A potential of 0.1 V was applied on the modified electrode, and chronoamperometry was
performed in 0.1 M PBS solution. The result is shown in Figure 4a: no significant current
increase was observed after the addition of 0.1 mM FADH),, indicating that FADH, does
not interfere with the redox reaction of PD and NADH at a potential of 0.1 V. This result
was also verified via the cyclic voltammetry of PD-MWCNTs-Nafion@GCE in the presence
of FADH,. The CV curve displayed distinct redox peaks for FADH; at —0.3 V and —0.5V,
respectively, which suggested the low redox potential of FADH, on the modified electrode
(Figure 4b). The PD mediator was not involved in the oxidation of FADH; at a potential
of 0.1 V. Therefore, the electrochemical sensor showed nonresponse to FADH, during the
detection process. In summary, the low oxidation potential of PD and NADH effectively
eliminates the interference of active intracellular redox substances during the detection



Chemosensors 2023, 11, 458

90f13

process, ensuring the specificity and accuracy of the as-prepared electrochemical sensor in
the detection of NADH.

(a) 2.0 (b) osl

1.5 0.6
- 0.1 mM FADH,
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Figure 4. (a) i-t curve of PD-MWCNTs-Nafion@GCE upon the addition of 0.1 mM FADHj; (in 0.1 M
PBS), E=0.1V (vs. Ag/AgCl). (b) Cyclic voltammetry of PD-MWCNTs-Nafion@GCE in 0.1 M PBS
solution containing FADH) at the scan rate of 0.1 V/s.

3.5. Detection of E. coli by As-Prepared Electrochemical Sensor

In water quality assessments, the amount of E. coli and the total number of bacterial
colonies are crucial microbial parameters. Therefore, the applicability of the as-prepared
electrochemical sensor in detecting E. coli was investigated. Chronoamperometry was
employed to detect E. coli lysates with varying concentrations. The chronoamperometric
response of the electrochemical sensor to E. coli lysates with ODggg values of 0, 0.4, 0.77,
1.2, 1.64, and 2.0 is shown in Figure 5a. The steady-state currents increased with rising
concentrations of E. coli suspension. The steady-state current of the E. coli suspension with
ODygq values of 0.4 and 0.77 were 0.32 uA and 0.37 pA, respectively, while the steady-state
current of ODgy = 2.0 reached 1.53 pA. It is worth noting that the relationship between
the current response and ODg values was found to be nonlinear. In order to explore the
underlying reason for this phenomenon, the numbers of E. coli colonies under different
ODgq values from 0.2 to 2.6 were detected using the plate colony counting method. The
relationship of the current response and E. coli colony numbers is illustrated in Figure 5b;
the current-E. coli colony numbers conformed to a linear relationship at low bacterial
concentrations, which indicated that the NADH concentrations in bacterial lysates increased
linearly with E. coli colony numbers. However, the current response slowly plateaued as
E. coli colony numbers further increased. This could be attributed to the insufficient cell lysis
and nonexhaustive release of intracellular NADH as the bacterial content further increased.
The LOD of the as-prepared electrochemical sensor for E. coli was determined using 3S;,/m,
where m is the slope at low concentrations, and S, is the standard deviation for three
blank measurements. The LOD value for E. coli was 1.12 x 10 CFU/mL. Therefore, the
as-prepared sensor can accurately detect the NADH content in E. coli solutions, and the
detection signal is positively correlated with the E. coli concentration, which further proves
the suitability of the electrochemical sensor for the detection of E. coli.

To further validate the accuracy of the as-prepared electrochemical sensor in the
quantification of NADH content in E. coli solutions, three E. coli lysate samples with ODgq
values of 0.2, 1.0, and 1.5 were selected for analysis. The NADH concentrations in these
bacterial lysates were determined with both the electrochemical sensor and the WST-8
colorimetric method. To determine the NADH concentration in unknown samples via
the WST-8 colorimetric method, the calibration curve between absorbance intensity and
NADH concentration was established. As shown in Figure 6a, the absorbance intensity and
NADH concentration conformed to a good linear relationship. Subsequently, the NADH
contents of E. coli lysates with ODggg values of 0.2, 1.0, and 1.5 were detected following
the same procedure. To eliminate solution turbidity from interfering with the absorbance
intensity, the supernatants of the E. coli lysates were obtained through centrifugation. By
comparing the detected absorbance intensity values with the calibration curve, the NADH
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concentrations in E. coli lysates were determined to be 0.965 uM, 2.194 uM, and 5.429 pM
for ODgq values of 0.2, 1.0, and 1.5, respectively.
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Figure 5. (a) i—t curves of as-prepared electrochemical sensor in the detection of E. coli in solution
with different ODgqg values, E = 0.1 V (vs. Ag/AgCl); (b) relationship of current response with E. coli

colony numbers.
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Figure 6. (a) Linear curve of NADH concentration and absorbance intensity obtained with WST-8
colorimetric method; (b) i—t curves of as-prepared electrochemical sensor in the detection of E. coli
solution with different ODggg values, E = 0.1 V (vs. Ag/AgCl).

The NADH contents of the aforementioned E. coli lysate samples were also assessed
using the electrochemical sensor. As depicted in Figure 6b, the Al observed for the three
E. coli lysates with ODgg values of 0.2, 1.0, and 1.5 were 0.221 A, 0.452 pA, and 1.110 pA,
respectively. By comparing these current responses to the established current-NADH
concentration relationship (Figure 3b), the NADH concentrations were determined to be
1.008 pM, 2.120 pM, and 5.294 uM, respectively. The relative standard deviations (RSDs)
between these two methods were 4.46%, 3.37%, and 2.48%. These results demonstrated
that the proposed electrochemical sensor has excellent accuracy in NADH detection hen
compared with the WST-8 colorimetric method.

3.6. E. coli Detection in Real Water Samples

The applicability of the electrochemical sensor in detecting E. coli concentrations in real
water was evaluated through a blank recovery experiment. Three real water samples were
collected from cities, villages, and rural regions across different provinces. To eliminate the
interference by intrinsic microorganisms, we employed the WST-8 technique to determine
the NADH concentration in the real water samples. The result indicated that the NADH
concentrations were lower than the detection limit. Hence, the contents of native microbes
in the real water samples were extremely low and could be disregarded. Therefore, a
blank recovery experiment was performed to investigate the feasibility of the developed
electrochemical sensor for E. coli detection with real water samples. The same amount
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of E. coli suspension with ODggy = 0.2 was added into these real water samples, and the
current responses and colorimetric changes were recorded. The NADH concentration
in the E. coli suspension was determined to be 0.0965 uM using the WST-8 colorimetric
method. The detected NADH concentrations and recovery rates of the three water samples
determined with electrochemical sensor are listed in Table 2. The recovery rates of the
NADH concentrations detected with the electrochemical sensors ranged from 89.12%
to 93.26%. The RSD values between two method were less than 10%. The standard
deviation for the as-prepared electrochemical sensor was 0.002 uM. These results confirm
the good accuracy of the electrochemical sensor in quantifying NADH contents, thereby
demonstrating the capability of the electrochemical sensor based on a PD mediator to detect
the number of E. coli colonies in real water.

Table 2. Results of NADH blank recovery tests in three water samples.

NADH Concentration Detected with

Water Sample Electrochemical Sensor (uM) Recovery Rate (%) RSD (%)
Pu River 0.086 89.12 8.26
Tangwang River 0.090 93.26 2.08
Xueqing River 0.088 91.19 4.45

4. Conclusions

In this study, we successfully developed an electrochemical sensor utilizing 1,10-
phenanthroline-5,6-dione as a mediator, which demonstrated good capabilities in both
NADH detection and E. coli determination. The experimental results demonstrated that
the utilization of the PD mediator significantly reduced the applied potential, leading to
improved anti-interference ability. There was good linear relationship between the NADH
concentration and current response of the as-prepared electrochemical sensor. Furthermore,
the applicability of as-prepared electrochemical sensor in bacterial detection was verified
using E. coli as a model organism. The results of comparative analysis with the WST-8
colorimetric method revealed that the electrochemical sensor exhibited good accuracy in
detecting both E. coli suspensions and real water samples. Even though our study only
investigated the performance in the detection of E. coli, as NADH widely exists in various
bacterial species, the as-prepared sensor may also be feasible for the detection of total
colony numbers in water samples, offering a promising approach for the broad-spectrum
detection of microbial contents in complex water samples without the usage of biomarkers.
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