Bioelectrochemistry 144 (2022) 108038

journal homepage: www.elsevier.com/locate/bioelechem

Contents lists available at ScienceDirect

Bioelectrochemistry

Bioelectrochemistry

A novel real-time TMAO detection method based on microbial

electrochemical technology

Check for
updates

Yue Yi*P, Axin Liang*", Lin Luo®", Yuxuan Zang ¢, Hongyu Zhao ¢, Aigin Luo *"*

2School of Life Science, Beijing Institute of Technology, Beijing 100081, China

b Key Laboratory of Molecular Medicine and Biotherapy, Ministry of Industry and Information Technology, Beijing Institute of Technology, Beijing 100081, China
CInstitute of Environmental Biology and Life Support Technology, School of Biological Science and Medical Engineering, Beihang University, Beijing 100083, China

ARTICLE INFO ABSTRACT

Article history:

Received 15 August 2021

Received in revised form 4 December 2021
Accepted 6 December 2021

Available online 8 December 2021

Trimethylamine N-oxide (TMAO) is considered to be a novel biomarker of cardiovascular diseases.
However, the traditional TMAO detection method has failed to meet the requirements of real-time and
point-of-care tests. Herein, a novel TMAO detection method based on microbial electrochemical technol-
ogy is established, which realizes the direct conversion of TMAO concentration into electrical signals.

Attached Shewanella loihica PV-4 was first proven to be capable of simultaneous inward extracellular

Keywords:

Trimethylamine N-oxide
Electrochemically Active Bacteria
Shewanella loihica PV-4
Extracellular Electron Transfer
Bioelectrochemical System
Biosensor

electron transfer and TMAO reduction. The TMAO detection method showed a wide linear range of 0
to 250 pM, a high sensitivity of 23.92 pA/mM, and a low limit of detection of 5.96 puM. In addition, the
TMAO detection process was accomplished within 600 s, with an acceptable accuracy of 90% in the real
serum, showing high feasibility in clinical applications.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Trimethylamine N-oxide (TMAO) is considered to be a critical
link between diet and cardiovascular diseases, and there have been
extensive studies on the biosynthesis pathway of TMAO and its
harmful effects on the cardiovascular system [1-3]. TMAO origi-
nates from choline-containing compounds (e.g., in fish, red meat,
and eggs), and it is generated from microbiome metabolism in
the gut and FMO; enzyme catalysis in the liver. An elevated TMAO
level in the serum suppresses the reverse transport of cholesterol
[4], leads to inflammation and endothelial dysfunction in the arte-
rial wall [5], promotes atherosclerosis, and eventually increases the
risks of major adverse cardiovascular events [6,7]. Several clinical
cohort studies have proven that the TMAO level can predicted a
5-year mortality risk in stable coronary artery disease [8] and
serves as a biomarker of early-stage atherosclerosis [9]. In addition,
recent studies have revealed that an increase in TMAO interfered
with lipid metabolism and enhanced the hyperreactivity of plate-
lets, which indicated that TMAO is also an independent risk factor
for thrombosis and heart failure [10,11]. Therefore, the rapid detec-
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tion of TMAO has important clinical value for the early diagnosis of
cardiovascular diseases.

The commonly used TMAO detection methods mainly include
colorimetry and chromatography. The colorimetry method is based
on the reduction reaction from TMAO to trimethylamine (TMA)
and the colour reaction to quantify reducing agents, which
depends on most toxic agents (such as triclosan and titanium
trichloride) and tedious operations [12,13]. Additionally, the col-
orimetry methods are susceptible to the colour of the samples,
resulting in relatively low accuracy. Compared with the colorime-
try method, the chromatographic method shows higher accuracy
and sensitivity. Liquid chromatography with on-line mass spec-
trometry (LC-MS) is most widely used to investigate the relation-
ships between TMAO and cardiovascular diseases [8,9,14]|. Wang
et al. determined the level of TMAO in mouse serum with LC-MS
and first proved that TMAO promoted atherosclerosis [7]. Other
chromatographic methods, including gas chromatography-mass
spectrometry [15], ion chromatography [16], fluorescence [17],
and capillary electrophoresis [18], were reported for the detection
of TMAO with a limit of detection (LOD) ranging from 1.3 puM to
14.9 uM. Nonetheless, chromatographic methods rely on time-
consuming preparation processes, expensive equipment, and spe-
cialized technicians, which restricts their application in point-of-
care testing (POCT).
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Electrochemical sensors provide an alternative way to realize
TMAO-POCT detection. TMAO was detected by measuring the con-
sumption of reducing agents in the process of TMAO reduction to
TMA, in which reductase and electrodes were employed to replace
toxic reagents in the traditional colorimetry method. Biljana et al.
first reported an electrochemical biosensor for TMAO detection
with immobilized TMAO reductase (TorA), which realized the
direct conversion of TMAO levels to electrical signals [19]. Armel
et al. improved the electrochemical biosensor by optimizing the
oxygen anti-interference membrane, and the LOD reached 10 uM
[20]. However, the immobilized enzyme sensor depended on com-
plex preparation processes (such as enzyme purification and pro-
tein reconstruction), and the sensitivity was only 2.75 pA/mM
[20], which made it vulnerable to environmental interferences in
clinical applications.

Microbial electrochemical technology, the combination of elec-
trochemically active microorganisms (EAMs) and bioelectrochem-
ical systems (BESs), aims to avoid the disadvantages of the
complex preparation process and low sensitivity of immobilized
enzyme sensors. EAMs are characterized by extracellular electron
transfer (EET) [21], where electrons are transferred from the elec-
trodes to the intracellular reductase in an inward pathway [22]. Si
et al. first reported a whole-cell electrochemical biosensing sys-
tem for the fumarate detection and early diagnosis of renal cell
carcinoma [23]. The fumarate levels were converted into electrical
signals by the model EAM strain Shewanella oneidensis MR-1, and
the sensitivity reached ~ 250 pA/mM without enzyme purifica-
tion and immobilization [23]. The sensitive whole-cell ampero-
metric detection of riboflavin was reported with a sensitivity of
4100 pA/mM [24]. Yu et al. recently reported a nitrate detection
method using mixed-culture EAMs with a sensitivity of 1970
HA/mM [25]. Therefore, EAMs instead of enzymes improved the
detection sensitivity of the electrochemical sensors and simplified
the preparation process of the sensors. However, traditional
microbial electrochemical sensors are mainly based on EAM bio-
films [26,27], which require a time-consuming start-up process
(approximately 1-4 weeks) before detection [28], limiting real-
time detection. Biofilm formation is a complex process, and the
primary step is bacterial cell attachment [29-31]. Some EAM
strains (such as Shewanella oneidensis MR-1 and Shewanella loihica
PV-4) have been reported to perform outward EET after cell
attachment [32-34]. Therefore, real-time detection can be real-
ized by replacing EAM biofilms with attached EAMs. There have
only been studies on the outward EET capacity of attached EAMs
[32-34]. TMAO detection is based on the inward EET of EAMs,
but the inward EET capacity of the attached EAMs remains to be
explored.

Shewanella species are capable of employing TMAO as a termi-
nal electron acceptor for aerobic respiration [35,36]. As a model
microorganism, S. loihica PV-4 has shown an excellent capacity
for inward EET, and extracellular electron transfer was performed
by contacting electrodes directly [37,38]. Therefore, S. loihica PV-
4 may reduce TMAO with extracellular electrons by inward EET,
and this is expected to establish a new method for real-time TMAO
detection. Herein, the cell attachment process of S. loihica PV-4 on
electrodes was first investigated by the combination of electro-
chemical technology and micro-observation. The feasibility of
TMAO reduction was revealed by using the attached S. loihica PV-
4 in a BES, and the electrochemical characteristics of TMAO reduc-
tion and electron transfer were determined. The relationship
between the TMAO levels and the inward current of S. loihica PV-
4 was established by spike tests, and the sensitivity and LOD of
TMAO detection with attached S. loihica PV-4 was quantified.
Finally, the feasibility and accuracy of TMAO detection with S. loi-
hica PV-4 in clinical applications were tested by taking true serum
as an example.
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2. Materials and methods
2.1. Microbial cultivation

S. loihica PV-4 (ATCC BAA-1088) was purchased from ATCC and
stored at —80 °C. Luria-Bertani medium, including 10 g/L tryptone,
10 g/L NaCl, and 5 g/L yeast extract, was used to cultivate S. loihica
PV-4 with an inoculation proportion of 0.1% (v/v). The culture con-
ditions were set as a rotation speed of 150 rpm and temperature of
20 °C. The suspension was centrifuged by high-speed centrifuga-
tion when the growth of S. loihica PV-4 entered a platform stage
(ODgpo~2.0), and then, the pellet was resuspended in the same vol-
ume of defined medium (DM) containing 1 g/L NaHCOs, 0.13 g/L
KCl, 0.027 g/L CaCl,-2H,0, 0.2 g/L MgCl,-6H,0, 5.85 g/L NaCl, and
7.2 g/L HEPES [37]. Finally, the resulting S. loihica PV-4 suspension
was used to construct BESs and was restored at 4 ‘C before use.

2.2. Bioelectrochemical systems with attached S. loihica PV-4

Three identical BESs with three-electrode systems were con-
structed, which contained a piece of 1 cm x 1 cm carbon cloth
(WO0S1009, CeTech, China) as the working electrode, 1-mm-
diameter platinum (Pt210, AiDa, China) wire as the counter elec-
trode, Ag/AgCl electrode (R0303, AiDa, China; 222.4 mV vs. stan-
dard hydrogen electrode) as the reference electrode, and a cell
with a working volume of 40 mL. Except for Ag/AgCl electrodes,
all components of BESs were sterilized by high-temperature steam.
Ag/AgCl electrodes were immersed in 75% alcohol overnight before
use [39]. All BESs were constructed in a laminar flow cabinet (SW-
CJ-1F, Airtech, China). After assembly, all BESs were filled with
40 mL of S. loihica PV-4 suspension without the application of con-
stant potential. The open circuit potential of the working elec-
trodes of BESs was recorded via a data acquisition system (USB-
1608FS, Measurement Computing Corporation, USA) to monitor
the cell attachment of S. loihica PV-4. The attachment process
lasted for 1 h, and the attached S. loihica PV-4 in the BES was used
for the following experiments. A schematic diagram of S. lohica PV-
4 cell attachment and TMAO detection is shown in Schematic 1.
Electrochemical impedance spectroscopy (EIS) was performed
before and after S. loihica PV-4 cell attachment to illustrate the
change in the electrochemical characteristics. The detailed param-
eters of the EIS measurement were set as a frequency range of
50 mHz to 100 kHz and a disturbance voltage of 5 mV.

2.3. Micro-observation of attached S. loihica PV-4

After 3600 s of cell attachment, the morphology and viability of
the attached S. loihica PV-4 in the BES were observed by scanning
electron microscopy (SEM) and confocal laser scanning microscopy
(CLSM). Sample preparation before SEM observation was per-
formed according to previous studies. First, three 0.2 cm x 0.2 cm
pieces of carbon cloth were sampled in each BES. Then, all the sam-
ples were soaked in 2.5% glutaraldehyde solution for 3.5 h. After
that, the samples were treated with 10%, 25%, 50%, 75%, 90%, and
100% ethyl alcohol, and each treatment lasted 20 min. Finally,
the samples were dried and sprayed with gold [40-42]. A LIVE/
DEAD BacLight Bacterial Viability Kit (7012, Invitrogen, USA) was
used to stain electrode samples before CLSM observation, and the
adsorption/emission wavelengths were 480 nm/530 nm and
488 nm/660 nm to distinguish different microbial viabilities.

2.4. Electrochemical characteristics of TMAO reduction

A series of electrochemical experiments were performed to
characterize the reduction of TMAO by the attached S. loihica PV-
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Schematic 1. Schematic diagram of attached S. lohica PV-4 preparation and TMAO detection.

4 in the BES. All BESs were refreshed by the anoxic DM supple-
mented with 5 mM TMAO after 1 h of S. loihica PV-4 cell attach-
ment, and the electrolyte was self-circulated to accelerate mass
transfer. Chronoamperometry was used to reveal the feasibility
of TMAO reduction with the attached S. loihica PV-4, and i-t curves
were recorded with a frequency of 0.1 Hz and a constant potential
of 0 V (vs. reference electrode). With sufficient substrate, cyclic
voltammetry (CV) was employed to analyse the onset potential
and half-reaction potential of the TMAO bioelectroreduction.
When substrate depletion occurred, CV and differential pulse
voltammetry (DPV) were used to investigate the electron transfer
mechanism [37,38]. CV was performed with the following param-
eters: initial potential of 0.4 V, quiet time of 30 s, scan range of
—0.6 V to 0.4 V, and scan rate of 5 mV/s. The detailed parameters
of DPV were set as follows: positive scan from —0.6 V to 0.4 V, neg-
ative scan from 0.4 V to —0.6 V, quiet time of 60 s, and scan rate of
1 mV/s.

2.5. TMAO detection

Three BESs with the attached S. loihica PV-4 were prepared for
TMAO detection. The anaerobic DM containing no TMAO was used
to fill the BESs, and the i-t curves were recorded with the same
parameters. The baseline was determined when the currents were
stable. After that, 0.1 mL of 10 mM TMAO concentrated solution
was injected into the BESs, and the current response was then
recorded. The final TMAO in the BESs was set from 25 uM to
250 uM by changing the concentration of the TMAO concentrated
solution. The selected concentration range was consistent with the
TMAO levels in the serum of patients with atherosclerosis and
chronic kidney disease [43]. The relationship between the TMAO
levels and bioelectrical signals was established by using Prism 8
(GraphPad Software, USA).

The feasibility of TMAO detection with the attached S. loihica
PV-4 in clinical applications was investigated by replacing DM
medium with real serum. Three different TMAO concentrations
were detected under the same procedures. The accuracy of the
novel method was evaluated by comparing the predicted value of
TMAO concentration with the standard addition value.

3. Results and discussion

3.1. Electrochemical and morphological characteristics of attached S.
loihica PV-4

Bacterial attachment is the foundation of real-time detection
with EAMs as the sensing elements of biosensors. The attachment
of the S. loihica PV-4 cells on the carbon cloth was evaluated by
electrochemical measurements and microscopic examination. As
shown in Fig. 1a, the open circuit potential of the working elec-

trodes decreased when the BESs were refreshed with the S. loihica
PV-4 suspension, and the downwards trend of the potential was
repeated among different BESs. There were similar phenomena in
our previous study [38], which was due to the accumulation of
negatively charged cells [44]. During the cell attachment process,
the open circuit potential of the working electrodes became stable
(-440.5 £ 26.4 mV) after a decrease, which indicated complete cov-
erage attachment. By analysing the change trends of the potential,
the attachment of S. loihica PV-4 on the carbon cloth was accom-
plished at 25%, 50%, 75%, and 100% within 1900 s, 3900 s, 6800 s,
and 10,000 s, respectively. Considering the requirement of rapid
preparation for real-time detection, 3600 s (close to half the level
of complete cell attachment) was chosen as the attachment time
for the following experiments.

The cell attachment was further observed by CLSM. Based on
different membrane permeabilities, the living bacteria are shown
in green, while the dead bacteria are shown in red. Comparing
the CLSM images before (Fig. 2a) and after (Fig. 2b) S. loihica PV-
4 cell attachment, S. loihica PV-4 colonized the electrode after
3600 s of attachment and exhibited a high viability, which was fur-
ther confirmed by SEM images. Single-layer and dispersed S. loihica
PV-4 cells were observed on the electrode surface (Fig. 2c-f). Com-
pared with biofilms, the attached bacteria did not aggregate
[39,45,46], which was conducive to the sensing process. The elec-
trochemical characteristics of the charge transfer resistance (a
semicircle in EIS) were observed after cell attachment [31,41,47]
(Fig. 1b), which indicated that attached S. loihica PV-4 may be elec-
trochemically active. The cells were mainly in direct contact with
the electrode, and it was speculated that the inward EET mecha-
nism of attached S. loihica PV-4 may be direct electron transfer.
Previous studies only reported the inward EET capacity and elec-
tron transfer mechanism of S. loihica PV-4 biofilms [37,38,48].
The specific electrochemical activity and inward EET pathways of
the attached S. loihica PV-4 remain to be revealed in the following
experiments.

3.2. TMAO electroreduction with attached S. loihica PV-4

A series of electrochemical techniques were employed to evalu-
ate the bioelectroreduction of TMAO. As shown in Fig. 3a, all BESs
generated significant inward currents after adding 5 mM TMAO.
The current trend exhibited a classical inverted U-shape with
TMAO consumption, and the maximum inward current was —34.
3 + 1.7 pA. Previous studies only reported the inward EET capacity
of S. loihica PV-4 with nitrate and fumarate as the electron acceptor
[37,38,48]. The study first revealed that S. loihica PV-4 performed
inward EET by reducing TMAO. The onset potential of TMAO was
approximately —139 + 23 mV according to the turnover CV
(Fig. 3b), which was between the reported onset potentials of
nitrate (-100 mV) and fumarate (-250 mV) reduction with S. loihica
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Fig. 1. Electrochemical characteristics of S. loihica PV-4 cell attachment.

Fig. 2. Morphology and viability of attached S. loihica PV-4.
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Fig. 3. Electrochemical characteristics of TMAO reduction with attached S. loihica PV-4.

PV-4 biofilms [37,38]. In addition, the polarization control was
changed to diffusion control with a decrease in the applied poten-
tial, and the half-wave potential of the TMAO reduction was
approximately —400 mV.

The redox components of inward EET were further revealed.
The combination of electrochemical techniques, nonturnover CV
and DPV, confirmed that two redox systems (E; and E,) were
involved in the extracellular electron transfer of the TMAO bioelec-
troreduction (Fig. 3c-d). The mid-term potential of E; was
—418 + 7 mV, which was consistent with the value of bound ribo-
flavin (-400 mV) [38,49], suggesting that direct electron transfer
was involved in the inward EET of attached S. loihica PV-4. E, with
a mid-term potential of —202 + 5 mV was also observed in previous
studies, which was supposed to represent outer membrane cyto-

were low background currents without TMAO addition in Fig. 4a.
The currents showed a slight fluctuation, indicating a stable base-
line of TMAO detection. When 25 M TMAO was added, the inward
currents increased sharply, with a peak of —1.60 + 0.19 pA. The
currents returned to baseline again after 600 s of reaction, suggest-
ing the depletion of TMAO. There were rapid responses and high
peak currents in previous studies on fumarate and nitrate detec-
tion with EAMs [23,25], which were considered competitive
advantages of microbial electrochemical technology.

Table 1
Detailed current responses with different TMAO levels.

TMAO concentration

Maximum current

Current delta

chrome c [50] and presented a surface-controlled redox reaction (M) (hA) (HA)
[38]. Based on the above results, the attached S. loihica PV-4 in 0 —0.50 + 0.08 I
the BES performed inward EET and TMAO reduction simultane- gg :;'ggfg'(l)g }ésio.(;?n
ously, which provided a basis for the real-time detection of TMAO. 75 251+ 011 201 + 005
100 -321+0.17 2714013
3.3. TMAO detection with attached S. loihica PV-4 125 —371+024 321£0.19
150 —4.29 +0.26 3.79 £ 025
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Fig. 4. TMAO reduction with attached S. loihica PV-4.
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Fig. 5. TMAO detection with attached S. loihica PV-4 by using real serum.

The peak values of the inward currents increased correspond-
ingly with increasing TMAO levels. Detailed responses of the
inward currents are shown in Table 1, and a good linear relation-
ship was found between the TMAO concentrations and the maxi-
mum S. loihica PV-4 inward currents (R? = 0.986, Fig. 4b). The
reaction time of the TMAO reduction was prolonged with the
increase in TMAO levels (from ~ 450 s to ~ 900 s), which con-
formed to Faraday’s law. Previous studies showed that two electri-
cal signals were positively correlated with substrate concentration
[51-53]. The most widely used one was the total amount of elec-
tron transfer during the polarization process [52,53], and the other
was the current delta after substrate addition [24,25]. Considering
the requirements of the POCT tests for a high signal-to-noise (S/N)
ratio and short detection time, the current delta after TMAO addi-
tion was used to establish the relationship between the inward
currents of attached S. loihica PV-4 and TMAO levels (Fig. 4c) as
follows:

¥y =0.02392x + 0.2625, (1)

where x represents the TMAO level (M) and y refers to the
increase in the inward currents ((tA). The determination coefficient
of the model reached 0.989, indicating that the TMAO levels were
fully explained by the current delta. Based on the model, the sen-
sitivity of TMAO detection with attached S. loihica PV-4 was
23.92 pA/mM, which was almost 10 times that of the reported
electrochemical sensors for TMAO detection [20]. In addition, the
key element of TMAO detection was whole cells in the study,
which omitted enzyme purification and protein reconstruction.
The LOD was calculated as 5.96 pM with an S/N ratio of 3, which
was comparable to that of chromatography for TMAO detection
[15-18]. The method was performed without complex sample
preparation, expensive equipment, and professional technicians,
showing great prospects in clinical applications.

The feasibility of TMAO detection with absorbed S. loihica PV-4
in clinical applications remains to be explored due to the complex
components of real serum. There were similar background currents
with slight fluctuations when using real calf serum to replace DM
(Fig. 5a). Notably, after adding the specific TMAO, the inward cur-
rents increased as expected (Fig. 5a), suggesting that the real
serum did not contain electroactive material or available electron
acceptors. The current deltas were 0.89 + 0.13 pA (25 pM),
3.51+£0.14 pA (125 pM), and 6.29 + 0.28 pA (250 uM), which were
basically the same as the results shown in Fig. 4c. According to the
obtained current deltas, the TMAO levels of the different samples
were predicted by Eq. (1), and there was a less than 9% difference
between the real and predicted TMAO levels (Fig. 5b), indicating
that attached S. loihica PV-4 accurately detected the TMAO levels
in the real serum.

In conclusion, a novel TMAO detection method based on
attached S. lohica PV-4 was established, which provided novel
insight into real-time and POCT tests. Compared with chromatog-
raphy and enzyme electrochemical sensors, the method exhibited
higher sensitivity and low LOD with only simple sample treatment
and sensor preparation, which largely reduced the detection time
and cost. Nonetheless, the milliliter-sized BESs in the study were
used to demonstrate the feasibility of TMAO reduction with
attached S. loihica PV-4, which remained to be further miniaturized
in practical applications. Therefore, future studies will focus on the
miniaturization and robotization of the method. For example, the
sample volume of TMAO detection can be reduced to less than
10 pL by combining the method with screen-printed electrodes
[54], and the method can also be improved with paper-based
microfluidic devices to realize TMAO real-time detection without
external energy input [55].

4. Conclusion

In summary, S. loihica PV-4 was first reported to perform inward
EET with TMAO as the electron acceptor. In the absence of a mature
biofilm, simultaneous TMAO reduction and inward EET were real-
ized only after the attachment of S. loihica PV-4 cells on electrodes.
The delta value of the S. loihica PV-4 inward current was linearly
related to TMAO levels in the range of 0-250 puM. The novel TMAO
detection method was established based on this characteristic,
which exhibited a high sensitivity of 23.92 pA/mM and low LOD
of 5.96 uM, showing great prospects in POCT.
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