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Intestinal flora metabolites are the metabolites of flora microorganisms that live symbiotically with
humans and are present in large numbers in the human intestine. In recent years, trimethylamine oxide
(TMAOQ), a product related to human intestinal metabolism, has gradually attracted the attention of
medical researchers, and many studies have confirmed the relevance of this substance to human
cardiovascular disease, chronic kidney disease, diabetes, cancer, etc. The existing methods for the
determination of TMAO include Reynolds colorimetric method, picric acid colorimetric method and ion
chromatography, but these testing methods have problems such as low sensitivity, high cost, and
inapplicability, which cannot meet the practical needs. Therefore, a molecularly imprinted
electrochemical sensor was prepared for TMAO detection in this work. The imprinted polymer-modified
electrode exhibited high recognition ability for TMAO compared to the non-imprinted polymer carbon
paste electrode. The sensor was also successfully used for the sensing of TMAO in urine and swage.
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1. INTRODUCTION

In recent years, intestinal flora has developed into a research hotspot in many fields such as life
sciences, food nutrition, healthcare and microbiology. Changes in gut microbes are directly related to
the development of many diseases in the human body, such as cardiovascular diseases, metabolic
disorders, chronic kidney diseases, and neurological disorders [1-3]. Clinical studies have shown that
elevated levels of trimethylamine oxide (TMAO), a metabolite associated with intestinal flora, are
associated with the risk of diabetes or different forms of atherosclerosis, including coronary artery
disease (CAD) and peripheral vascular disease [4,5]. By reducing TMAO levels in germ-free mice, a
significant reduction in atherosclerosis in mice was observed. TMAO has many important biological
properties and has important physiological and biochemical functions such as stabilization of protein
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structure, osmoregulation, resistance to ionic instability, and resistance to water stress [6]. The
concentration range of TMAO in human plasma is from 0.73 to 126 uM [7,8].

The intestinal flora is an important metabolic organ in mammals and influences the overall
metabolism of the host. In recent years, we have been researching to improve the means of measuring
intestinal metabolites. For example, Nugent et al.[9] evaluated the metabolome of 15 colorectal
adenomas and 15 normal rectal mucosal biopsies from non-adenoma controls using liquid
chromatography. The abundance of specific bacterial taxa was measured by real-time fluorescence
quantitative PCR, and a total of 274 metabolites were identified for studying the relationship between
intestinal entry metabolites and colorectal adenomas. Further studies by Zheng et al.[10] found that
melamine can be produced in the intestinal tract by microbial transformation of melamine, which can
cause kidney damage. This is a component of the kidney stones that contribute to melamine-induced
nephrotoxicity in rats. This further suggests that the toxicity of melamine may depend on the exact
composition and metabolic activity of the intestinal flora. Therefore, the accurate determination of
intestinal flora metabolites is of great significance in the study of disease mechanisms and prevention
and control of mutual intestinal flora and host metabolism. It is now hypothesized that the main role of
Echinococcus granulosus infection in reducing inflammatory damage in the colon is the
immunomodulatory effect of the Echinococcus cystic fluid antigen AgB, a major component of the cyst
fluid [11,12]. It inhibits the polarization of macrophages toward M1-type, decreases Thl-type cytokine
expression, and increases Th2-type cytokine expression. At the same time, fine grain Echinococcus
granulosus infection and AgB alter the local immune and flora characteristics of the intestine, thus
protecting the colon from inflammatory injury [13]. The intestinal flora also interacts in the natural and
acquired immune systems in the state of parasitic infection. Changes in the immune status of infection
can promote the colonization of the corresponding microorganisms in the gut, and the microbial
community can integrate into the physiological system of the body and influence the dynamic balance
of the body through the immune system [14,15].

Molecular imprinting technology (MIT) is a branch of discipline that has been developed in
recent years by combining the advantages of many disciplines such as polymer synthesis, molecular
design, molecular recognition, and bionanotechnology [16,17]. In recent years, MIT has penetrated into
areas including drug analysis, environmental monitoring, and food safety. The MIT is essentially very
similar to the principle of antigen-antibody, enzyme-substrate specific binding. It is the process of
selecting a target molecule as a template and preparing a polymer that has specific selection and
recognition functions for the template molecule [18]. In the preparation of molecularly imprinted
polymers, the first step is the formation of a prepolymer from a specific template molecule and its
matching functional monomer through covalent and non-covalent bonding (hydrogen bonding,
electrostatic gravity, metal chelation, charge transfer, hydrophobic interaction, and van der Waals forces)
[19]. The second step is to add the appropriate amount of crosslinker and initiator and polymerize under
suitable conditions, and finally the prepolymer is fixed in a three-dimensional mesh structure. The third
step is to remove the template molecule from the structure by physical and chemical methods. This
leaves binding sites in the structure that match the spatial configuration of the template molecule [20].

In this work, we constructed a novel electrochemical sensor for the detection of TMAO based on
MIT and photopolymerization techniques. The electrochemical behavior of TMAQ on bare carbon paste
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electrodes (CPE), MIP/CPE, carbon nanotube-modified carbon paste electrodes (MIP/MWCNTSs/CPE),
and NIP/MWCNTSs/CPE was investigated. The results show that MIP/MWCNTSs/CPE have higher
sensitivity and selectivity compared with other electrodes.

2. EXPERIMENTAL

2.1. Chemicals and instruments

TMAO, potassium chloride and potassium ferricyanide [KsFe(CN)s] were purchased from
Lingyike Chemical Co. Acrylic acid (AA), azo diisobutyronitrile (AIBN) were purchased from Meike
Chemical Co. Ethylene glycol dimethyl acrylate (EGDMA) was purchased from Shanghai Jingpu
Reagent Co. Multi-walled carbon nanotubes (MWCNT) were purchased from Shenzhen Nanoport Co.
Phosphate buffer solution (PBS) was prepared with K;HPO4 and KH2POy4 in ultrapure water. All other
reagents were analytically grade.

Electrochemical data were obtained from a CHI832 electrochemical workstation (CHI, Shanghai
C&H Instruments, Inc.). A three-electrode system was used for chemical measurements: the reference
electrode was a silver/silver chloride electrode (Ag/AgCl) and a platinum wire electrode was used as
counter electrode. CPE, MWCNTs modified electrodes (MIP/MWCNTSs/CPE, NIP/MWCNTSs/CPE)
were used as working electrodes. TMAO detection was carried out using a 0.1 M pH=7.0 PBS as the
supporting electrolyte. The differential pulse voltammogram (DPV) is recorded by scanning between 0
~ 0.8 V with a pulse amplitude of 50 mV. EIS was tested by scanning in 5 mM Kz[Fe(CN)s] and 0.1 M
KCI solution.

2.2. Preparation of molecularly imprinted polymers

Molecularly imprinted polymers are prepared by photopolymerization. In this process, TMAO is
the template molecule, AA is the functional monomer, EGDMA is the crosslinker, and AIBN is the
initiator. The template molecule TMAO (2 mM), equal amounts of AA (molar ratio between template
molecule and functional monomer: 1:1, 1:2, 1:4, 1:6) and 20 mL of dichloromethane were put into a 50
mL round bottom flask, mixed well and left for 2 h. Subsequently, 24 mM EGDMA and 0.5 mM AIBN
were added, mixed thoroughly, and placed in a refrigerator (4°C) for 12 h, followed by 2 h of
photopolymerization in an ice bath. Finally, the template molecules were eluted by placing the polymer
powder in H2SO4 (0.1 M) solution with sufficient stirring for 3 h. The preparation of the non-imprinted
polymer is the same as above except that TMAO is not added during the polymerization process.

2.3. Preparation of sensors

Concentrated HNOs and MWCNT were mixed in the ratio of 100:1 (mL/g), and the multi-walled
carbon nanotube solution was centrifuged after ultrasonic shaking for 1 h. MWCNT was washed with
secondary distilled water to neutral and dried in an oven. Accurately weigh 12 mg of graphite powder
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with 6 mg of the prepared molecularly imprinted polymer powder into an agate mortar. Then, 0.20 mL
of paraffin oil and 3 mg of MWCNT were added and well ground. Finally, the resulting carbon paste is
pressed firmly and polished to make the surface of the electrode smooth. The preparation of bare carbon
paste electrodes is similar to that of MIP/MWCNTS/CPE, except that molecularly imprinted polymer
powder is not added to the mixture.

3. RESULTS AND DISCUSSION

Figure 1 shows the FTIR spectra of TMAO removed-MIP, MIP and NIP. It can be seen from the
figure that the absorption peak at 1719.42 cm™ indicates the stretching vibration of C=0 The absorption
peaks of MIP at 1388.51 cm™, 1150.74 cm™, 1638.21 cm™ represent the stretching vibration of S=0
[21]. The template molecule TMAO was removed by elution, which made the above peaks almost
disappeared, and the absorption spectrum of its spectrum was almost identical to that of NIP, indicating
that the template molecule was completely removed. Meanwhile, the above conclusion also indicates
that the molecular imprinting complex can be formed between AA and TMAO by hydrogen bonding
[22].
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Figure 1. FTIR spectra of TMAO removed-MIP, MIP and NIP.

Figure 2 shows the DPV response of the different modified electrodes in PBS (pH=7.0) solution.
As can be seen, NIP/CPE and NIP/MWCNTSs/CPE are almost a straight line, indicating that the electrode
has almost no electrochemical response to TMAO. When the carbon paste was doped with molecularly
imprinted polymer, the oxidation peak of TMAQO appeared at 0.73 V, indicating that the imprinted
electrode has some specific recognition performance for TMAO [23]. When MWCNT was further
doped, the peak current increased by more than 10 times, indicating that the high specific surface area
and excellent electronic conductivity of MWCNT promoted the electrochemical response of TMAO on
the electrode surface [24]. Moreover, the oxidation peak current of TMAO was significantly increased
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on MIP/MWCNTSs/CPE compared with that on bare electrode. Therefore, the electrochemical response
to TMAO with MIP/MWCNTSs/CPE is better compared with other modified electrodes.

Current (nA)

=25

bare CPE
— MIP/CPE
30 {—— NIP/CPE
— MWCNT/MIP/CPE
MWNCT/NIP/CPE

-35

T T 1
0.5 0.6 07 0.8 0.9

Potential (V)

Figure 2. DPVs of NIP/CPE, MIP/CPE, bare CPE, NIP/MWCNTs/CPE and MIP/MWCNTSs/CPE
toward 1 uM TMAO in pH=7.0 PBS.
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Figure 3. CV of 1 mM Fe(CN)s>”* and 0.1 M KCI at MIP/MWCNTSs/CPE, MIP/MWCNTSs/CPE
removed, MWCNTSs/CPE, bare CPE and NIP/MWCNTSs/CPE. Scan rate: 50 mV/s.

We have characterized the various prepared electrodes with different modifications using
[Fe(CN)s]*/[Fe(CN)e]* as the probe and 0.1 M HCI using CV and EIS, respectively (Figure 3). A pair
of distinct redox peaks of Ks[Fe(CN)e] was observed on the bare CPE. The peak currents were
significantly increased after the modification of MWCNT, which was attributed to the increase of the
specific surface area of the electrode by MWCNT [25]. The redox peak current of [Fe(CN)s]*> before
the removal of the template by MIP/MWCNTSs/CPE was reduced due to the doping of the carbon paste
with molecularly imprinted polymers. Part of the surface of the electrode is occupied by MIP, which
hinders the electron transfer [26]. The peak current increases when the template is removed from
MIP/MWCNTSs/CPE due to the generation of holes on the electrode surface after the template molecules
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are eluted. This hole allows the smooth transfer of the [Fe(CN)s]*"* ion pair to the electrode surface.
The redox peak current of [Fe(CN)s]*>"* at NIP/MWCNTS/CPE is significantly lower due to the doping
of the carbon paste with non-molecularly imprinted polymers [27]. Part of the electrode surface is
occupied by NIP, which is non-conductive and thus hinders the electron transfer.

EIS is an effective method to further investigate the interfacial properties of different modified
electrodes. Figure 4A shows Nyquist plots of different electrodes. The impedance values (Rct) for CPE
and MWCNTSs/CPE were 58.4 Q and 47.2 Q, respectively. On MWCNTs/CPE, the impedance curve is
almost a straight line because the mass diffusion limits the electron transfer process and indicates a faster
electron transfer rate [28]. A comparison of the two shows that MWCNTSs/CPE have a significant
facilitation effect and lower electron transfer resistance, while for MIP/MWCNTS/CPE, the resistance
value is significantly higher (Figure 4B). The impedance values (Rct) of MIP/MWCNTS/CPE,
NIP/MWCNTs/CPE and MIP/MWCNTs/CPE after removing the template are 471.1 Q, 485.7 Q and
197.2 Q, respectively. From the results of the fitted impedance values, it is clear that for
NIP/MWCNTSs/CPE, the lack of TMAO molecules at the time of polymer formation and the poor
conductivity of the polymer film hinder the transfer of [Fe(CN)s]*”* ion pairs [29]. However, when the
template molecules are removed, the carbon paste modified electrode surface generates many cavities,
which allow the [Fe(CN)s]3>"* ion pairs to pass to the electrode surface [30]. Therefore, the capacitive
component plays a very significant role in modifying the current of the electrode.
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Figure 4. (A) EIS plots and (B) simulated equivalent circuit diagram of different electrodes in 5 mM
Ks[Fe(CN)s].

We investigated the different ratios between template molecules and functional monomers
(Figure 5). The results show that the peak current value is maximum when the ratio of the two reaches
1:2. When the ratio continues to increase, the peak current decreases continuously. This is related to the
change in the specific surface area of the electrode and the electron transfer resistance [31]. When the
ratio between TMAO and AA is too large, the interaction force between TMAO and AA becomes weak
and easy to be destroyed [32]. Very few of the cavities on the surface of molecularly imprinted polymer
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films are occupied by TMAO, and their peak currents are reduced. In contrast, when the ratio between

the two is too small, there are fewer recognition sites for AA to interact with the template molecule and
the peak current decreases.
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Figure 5. The influence of ratio between TMAO and AA (1:1 to 1:6) of MIP/MWCNTs/CPE towards
determination of 1 pM TMAO.
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Figure 6. The influence of elution time of MIP/MWCNTSs/CPE towards determination of 1 uM TMAO.

The elution time can affect the current response. To determine the optimal elution time for use
in the TMAO assay, we recorded the DPV response of the blotted polymers at different elution times in
PBS (0.2 M, pH=7.0) solution containing 0.1 M KCI (Figure 6). The DPV response of TMAO is
decreasing with increasing elution time. When the time reaches 200 min, the peak current almost
disappears. This indicates that the template molecules have been eluted by 200 min. Therefore, we
adopted 200 min as the optimal elution time in the subsequent experiments.
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Solution pH is one of the very important parameters in practical applications. We investigated
the electrochemical response of TMAO in various buffer solutions (pH range 4 ~ 9) (Figure 7A). The
anodic peak current increases with increasing pH and then decreases when the pH reaches 7.0 (Figure
7B). The relationship between the pH value of the solution and the anodic peak potential (Ep) of TMAO
was also investigated. With increasing pH, its oxidation peak potential gradually shifts in a negative
direction, which suggests the involvement of protons in the electrochemical reaction of TMAO [33]. The
corresponding trend of oxidation potential (Epa) versus pH obeys the functional equation (Figure 7C):
Epa(V) = -0.032pH + 0.9333. According to the Nernst equation, the number of electrons transferred in
the electrochemical reaction is twice as many as the number of protons transferred [34]. The oxidation

of TMAO is a deprotonation process, and each molecule produces one proton and one electron during
the oxidation process.
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Figure 7. (A) DPV of MIP/MWCNTSs/CPE in 0.2 M PBS at different pHs. (B) Plot of peak current vs.
pH values. (C) Plots of E vs. pH.
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To obtain the linear dynamic range of the modified electrode for the detection of TMAO under
optimal conditions, we investigated the DPV response of the analyte TMAO in phosphate buffer at
pH=7.0 (Figure 8). It can be seen that the oxidation peak current of TMAO increases with increasing
concentration at MIP/MWCNTS/CPE. Its concentration showed a good linearity with peak current in the
range of 0.08-6 uM. The detection limit was 26 nM (S/N=3).

To examine the selectivity of the molecularly imprinted sensor for TMAO, we added 100-fold
inorganic ions Ca?*, Cu?*, CI', NOs™ and 20-fold glucose and ascorbic acid under the same experimental
conditions. The results demonstrated that none of these interference species had any effect on the
detection of TMAO (Figure 9), indicating that the sensor has a high selectivity for TMAOQO. In addition,

this indicates that the unique shape of the template molecule plays a very important role in the selective
binding to the polymer.
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Figure 9. Influence of coexistent substance on the electrochemical response of MIP/MWCNTSs/CPE to

TMAO.

The practical applicability of the MIP/MWCNTSs/CPE assay can be further investigated by
measuring the TMAO content in real samples. Human urine samples and sewage were selected as the
actual samples for analysis. The assay was performed under experimental optimal conditions. Among
them, each group of actual samples was measured three times in parallel, and the results are shown in

Table 1. The results demonstrate that the proposed electrochemical sensor can be applied to the TMAO
detection in real samples.

Table 1. TMAO results from human urine and sewage.

Sample Found (uM) | Added (uM) | Detection | Recovery | RSD (%)
(1M) (%)

Urine 1 1.22 2.00 3.27 101.55 3.33

Urine 2 1.41 2.00 3.38 99.12 3.21

Swage 1 - 2.00 1.97 98.50 2.50

Swage 2 - 2.00 1.96 98.00 3.12
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4. CONCLUSION

In this work, we constructed a fast, simple and inexpensive molecularly imprinted polymer-
modified carbon paste electrode. The proposed electrode was successfully used for the detection of
TMAO in real samples. Due to the advantages of multi-walled carbon nanotubes and molecularly
imprinted polymers, the sensor showed high sensitivity and good selectivity for the detection of TMAO.
The oxidation process of TMAO involves a proton and an electron. Under optimal conditions, the
concentration of TMAO showed a good linear relationship with its peak current in the range of 0.08-6
uM, with a detection limit of 26 nM.
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