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ABSTRACT

The serum level of trimethylamine N-oxide (TMAO), a gut microbiota metabolite associated with diabetes, cancer,
inflammatory and neurological diseases, can be determined by the micro-enzyme-linked immunosorbent assay
(ELISA) method. However, we had problems obtaining accurate standard curves with the original kit protocol
from Bioassay Technology Laboratory. We aimed to acquire proper standard curves by modifying the kit protocol
in this study. First, we evaluated the human TMAO ELISA kit protocols and other human ELISA kits. We main-
tained the incubation times longer and increased the wash cycle. Moreover, we incubated the standards containing
biotinylated antibody in the wells alone. Then we washed the wells and added streptavidin-HRP for the second
incubation step. The data of original and modified ELISA kit protocol were analyzed with Student's t-test. We
measured higher absorbance with lower standard solution concentration in experiments that followed the original
kit protocol. After investigating other human TMAO ELISA kits, we noticed that the SunRed Biotechnology
Company and MyBioSource companies suggested similar protocols to the Bioassay Technology Laboratory com-
pany. The ELK Biotechnology ELISA protocol was different from others. However, since there is no biotinylated
antibody in the standard solution in the ELK biotechnology kit, we changed some steps by examining other human
ELISA protocols from different companies. After performing the modified protocol, we found that the absorbances
of the standard solutions were consistent with their concentrations, and we obtained an accurate standard curve.
Higher R?values and lower absolute difference of standard concentrations were found in the modified kit protocol.
The human TMAO ELISA protocol, which we modified in this study, will enable researchers to obtain more
reliable results and prevent them from failing time and resources.

Keywords: Trimethylamine N-oxide, enzyme-linked immunosorbent assay, methods, investigative techniques,
standardization

INTRODUCTION Da) (Liu and Dai, 2020). Food sources such

. . - : holine, lecithin and carnitine are con-
Trimethylamine N-oxide (TMAO) is a as ¢ '
water-soluble amine oxide small compound verted to TMA by the TMA lyase enzyme of

with a molecular formula (CHz)sNO (75.1 the gut microbiota (Wang et al., 2011; Ufnal
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et al., 2015). TMA is converted to TMAO by
the FMO3 enzyme in the liver and excreted
by the Kkidneys (Al-Waiz et al., 1987,
Tomlinson and Wheeler, 2017). In recent
years, increased TMAO levels have been as-
sociated with cardiovascular adverse events’
risk (Xie et al., 2021; Yang et al., 2021,
Baranyi et al., 2022; Chen et al., 2022). Stud-
ies also showed that TMAO might be associ-
ated with diabetes, cancer, and inflammatory
and neurological diseases (Cho and Caudill,
2017; Chan et al., 2019; Brunt et al., 2021;
Gatarek and Kaluzna-Czaplinska, 2021). In
conclusion, it is suggested that serum/urine
TMAO levels may be a biomarker for the
prognosis of diseases and, the determination
of serum/urine TMAO levels in humans be-
came crucial.

Chromatographic analysis and mass de-
tection methods of biomolecules stand as
benchmark techniques for diagnosis and treat-
ment. Likewise, serum and plasma TMAO
levels have been measured by several meth-
ods, including chemical method (El-Deeb et
al.,, 2019), nuclear magnetic resonance
(NMR) (Sanchez-Alcoholado et al., 2017;
Garcia et al., 2019), high performance liquid
chromatography (HPLC) (Gu et al., 2020),
liquid chromatography-mass spectrometry
(LC-MS) (Eyupoglu et al., 2019), liquid chro-
matography-tandem mass spectrometry (LC-
MS/MS) (Colaco et al., 2021) and high per-
formance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS) (Enko et
al., 2020). Some studies used different meas-
urement techniques for the TMAO levels de-
pending on in vitro or in vivo experimental de-
sign (Gautam et al., 2019), and some com-
pared the reliability of different quantification
methods NMR vs. MS (Garcia et al., 2017).
However, due to high costs and specialization
necessity, the application of these methods is
not common in clinical laboratories.

Micro-enzyme-linked immunosorbent as-
say (ELISA) is another standard technique for
determining biomolecules, such as TMAO
(Liu et al., 2022; Ozorowski et al., 2022) and
most clinical laboratories have ELISA sys-
tems. ELISA technique is based on antigen-

antibody coupling and enzymatic reaction,
which detects the target protein in the sam-
ples. ELISA is an appropriate and commonly
used method for small-scale scientific re-
search. There are several advantages and dis-
advantages of this technique. ELISA is a sim-
ple, rapid, practical, cost-effective procedure
with high sensitivity and specificity. Besides
these advantages, standardization/validation
of the ELISA Kit is essential to use as a diag-
nostic technique due to stability and reagent
cross-reactivity problems in the clinical set-
ting (Tighe et al., 2015; Hosseini et al., 2018).
Moreover, the ELISA protocols used for de-
tecting the same parameter may differ accord-
ing to the companies and standardization of
these protocols is suggested according to the
laboratory conditions (Correa et al., 2021).
Most studies have used HPLC or LC-
MS/MS techniques to detect TMAO levels,
we chose more applicable ELISA method to
determine serum TMAO levels in another
project. However, we had problems obtaining
accurate standard curves with the original
protocol and decided to modify this protocol.
Low transparency due to poor reporting of
methodology is an important factor affecting
the reproducibility of studies (Klein, 2022).
Hence, we believe in reporting and sharing
every step-in laboratory research, especially
the methodology. Reporting this optimized
ELISA protocol, we aimed to reach research-
ers to prevent from failing time and funds.

MATERIALS AND METHODS

Human TMAO ELISA kits (E4733Hu)
were obtained from Bioassay Technology
(BT) Laboratory (China) and stored at -20 °C
until the day of the experiment. The kits with
the same lot number (202101016) were used
for all experiments. Two ELISA Kits were ap-
plied with original kit protocol and five
ELISA Kkits were with modified kit protocol.
This kit is a sandwich-type ELISA developed
to quantitatively determine TMAO levels in
human serum, plasma, cell culture superna-
tants, cell lysates, and tissue homogenates. In
this study, only the part of the protocol related
to the standard solutions was included, and
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the part related to samples was not described.
Before starting the experiment, the protocol
and expiration date of the commercial kits
were checked, and Kit solutions reached room
temperature. The calibrated automatic mi-
cropipettes were used, and the pipette tip was
changed every step during the experiments.
All experiments were performed by the same
person with the same devices under the same
conditions. Reagent and resource information
and related links were given in Table 1.

Preparation of standard dilutions
Standard and standard diluent solutions
were gently shaken before dilution. 32 ng/mi

Table 1: STAR METHOD key sources table

standard solution was obtained by taking
120 ul of 64 ng/ml standard stock solution
and was diluted with 120 pl standard diluent.
This process was repeated to obtain standards
at 16 ng/ml, 8 ng/ml, 4 ng/ml, and 2 ng/ml
concentrations, respectively.

Preparation of wash buffer

The kit contains 20 ml concentrated wash
buffer (25x). Distilled water was added onto
concentrated wash buffer (20 ml) until reach-
ing 500 ml volume to obtain 1x wash buffer.
Wash buffer was freshly prepared on the ex-
periment day.

REAGENT or SOURCE IDENTIFIER
RESOURCE

Antibodies

Biotinylated human Bioassay Technology Laboratory Cat#E4733Hu
TMAO Antibody

Chemicals, peptides, and recombinant proteins

Standard Solution Bioassay Technology Laboratory Cat#E4733Hu
Standard Diluent Bioassay Technology Laboratory Cat#E4733Hu
Streptavidin-HRP Bioassay Technology Laboratory Cat#E4733Hu
Stop Solution Bioassay Technology Laboratory Cat#E4733Hu
Substrate Solution A Bioassay Technology Laboratory Cat#E4733Hu
Substrate Solution B Bioassay Technology Laboratory Cat#E4733Hu
Wash Buffer Concen- Bioassay Technology Laboratory Cat#E4733Hu
trate

Critical commercial assays

Human Trimethylamine | Bioassay Technology Laboratory Cat#E4733Hu

N-Oxide ELISA Kit
Deposited data
Raw and analyzed data | This paper
Software and algorithms
GraphPad Prism 9

Other

Smart Servier Medical
Art

BioTek ELX800 Micro-
plate Reader

GraphPad Software Company

Les Laboratoires Servier

BioTek Instruments, Inc

Will be provided on request

https://www.graphpad.com/scien-
tific-software/prism/

https://smart.servier.com/

www.biotek.com

https://www.biotek.com/products/lit-
erature/ELx800 Sin-
gle Sheet English.pdf
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BT Human TMAO ELISA kit protocol

The commercial kit protocol is summa-
rized in Figure la. 64 ng/ml, 32 ng/ml, 16
ng/ml, 8 ng/ml, 4 ng/ml and 2 ng/ml standard
solutions (50 ul) were added in duplicate to
the standard wells vertically. Since the stand-
ard solution in the kit contains biotinylated
antibody, the antibody was not added to the
standard wells. Two wells were spared empty
as blank controls. Then, 50 ul streptavidin-
horse radish peroxidase (HRP) was added to
the standard wells, while not into the blank
control wells. The plate was covered with a
sealer, mixed on the shaker for 2-3 minutes,
and then placed in the incubator at 37 °C for
60 minutes. After the incubation period, the
solutions in the plate were poured out. 350 pl
washing buffer was filled into the wells using
the multichannel pipette manually and poured
after waiting for 1 minute, and this process
was repeated five times. The wash solution in
the wells was removed from the plate using
filter paper and paper towels. First, 50 pl sub-
strate solution A was added to all wells, in-
cluding the blank control. Then, 50 pl sub-
strate solution B was applied, protected from
light. The plate was covered with a sealer and
incubated at 37 °C for 10 minutes. Following
the incubation, 50 pl stop solution was added
to all wells, and the blue color instantly turned
yellow. The optical density was determined
with a microplate reader immediately (Bio-
Tek ELX800, USA) at 450 nm.

Modified BT Human TMAO ELISA kit
protocol

The modified protocol is summarized in
Figure 1b. The standard dilutions (32 ng/ml,
16 ng/ml, 8 ng/ml, 4 ng/ml and 2 ng/ml) were
prepared as described above the original kit
protocol. 50 pl of standard solutions (64
ng/ml, 32 ng/ml, 16 ng/ml, 8 ng/ml, 4 ng/ml
and 2 ng/ml) were applied in duplicate. The
plate was covered with a sealer, mixed on the

shaker for 2-3 minutes, and then incubated at
37 °C for 90 minutes. After the incubation,
the solutions in the plate were poured out.
Then, 350 ul of washing buffer was filled into
the wells and poured out after waiting for 1
minute, and this process was repeated three
times. The plate was dried on filter paper and
paper towels. Then, 50 ul of streptavidin-HRP
was applied to the standard wells, while not
into the blank control wells. The plate was
covered with a sealer and mixed on the shaker
for 2-3 minutes, then incubated at 37 °C for
30 minutes. After the incubation, the washing
process of the plate was repeated five times
and dried as described above. Then, 50 pl of
substrate solution A and 50 pl of substrate so-
lution B, protected from light, were added to
all wells, respectively. The plate was sealed,
mixed on the shaker for 2-3 minutes, and in-
cubated at 37 °C for 20 minutes. Following,
50 ul of stop solution was applied to all wells,
and the blue color instantly turned yellow.
The optical density was measured at 450 nm
immediately.

Statistical analysis

Data were presented as mean + standard
deviation. Standard concentrations were run
in duplicate throughout all experiments. Con-
centration absorbance curves were plotted by
using mean values for each ELISA Kit. Each
individual standard concentration absorbance
data is considered as a technical replicate to
compare the effect of both kit protocols on the
deviation of standard concentrations. Data fit-
ting a normal distribution was assessed by us-
ing the Shapiro—-Wilk test. Concentration dif-
ference at each concentration was evaluated
by using Student’s t test and p < 0.05 was con-
sidered as statistically significant. All graphs
have been prepared using the GraphPad Prism
9.5.0 (USA).
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Add 50pl standards to standard well. 'Add 50pl standards to standard well..

Add 50pl streptavidin-HRP

Mix well and incubate 90 minutes
to standard wells.

at37°C.

Mix well and incubate 60 minutes Wash the plate 3 times
at 37°C.

with wash buffer (0.35 ml).

Wash the plate 5 times

Add 50ul streptavidin-HRP
with wash buffer (0.35 ml).

to standard wells.

Add 50pl substrate solution A and

Mix well and incubate 30 minutes
then add 50ul substrate solution B.

at 37°C.

Incubate 10 minutes at 37°C

Wash the plate 5 times
in the dark.

with wash buffer (0.35 ml).

Add 50ul Stop Solution. Add 50l substrate solution A and

then add 50pl substrate solution B.

Mix well and incubate 20 minutes
at 37°C in the dark.

Determine the optical density using a
microplate reader set to 450 nm G
within 10 minutes. T

l f Captured antibody
. Add 50ul Stop Solution.
V \\\_ / " Standards which included biotinylated antibody
B
‘ , Streptavidin-HRP
Determine the optical density using
s a microplate reader set to 450 nm,
@ O Substrate solution A and B immediately.
oo

‘ Stop solution

Figure 1: Flowchart of original BT human TMAO ELISA kit protocol (a) and modified BT Human TMAO

ELISA kit protocol (b). The figure has been prepared using the Servier Medical Art website
(https://smart.servier.com/).
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RESULTS

Standard curve of original BT human
TMAO ELISA kit protocol

After performing the original protocol
step by step, we detected that the blue color
changed to yellow in the standard wells, and
we determined the absorbance of the standard
solution. However, we found that the absorb-
ances of standard solutions were inconsistent
with their concentrations in ELISA KIT 1
(Figure 2c). Although the concentration of the
standard solution decreased, we measured
higher absorbance, and the accurate standard
curve was not obtained. Similar results were
obtained in ELISA KIT 2 (Figure 2c).
Graphics obtained from these experiments
were given in Figure 2a. First, we evaluated
the troubleshooting suggestions of the Kit.
They were about the high background,
weak/no signal, and low sensitivity, and these
solutions did not help to overcome the exist-
ing problems in our study. Therefore, we de-
cided to modify the original kit protocol by
utilizing protocols of other human TMAO
ELISA kits on the market.

Evaluation of different human TMAO
ELISA kit protocols

Human TMAO ELISA Kkits from SunRed
Biotechnology Company, MyBioSource, and
ELK Biotechnology companies on the market
were compared to BT Laboratory (Table 2
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and Supplementary Information). The proto-
col of SunRed Biotechnology Company and
MyBioSource was found to overlap with BT
Laboratory protocol. When the differences in
these three kits were examined, the BT Labor-
atory and MyBioSource Kits contain substrate
A and B as the substrate solution, while the
SunRed Biotechnology Company kit has
chromogen solution A and B. Also, a longer
incubation time (15-20 minutes) with sub-
strate solutions is recommended in the MyBi-
oSource protocol.

ELK Biotechnology kit protocol differs
significantly from other kits. This kit has the
most prolonged protocol duration. In other
Kits, standards and samples are incubated with
biotinylated antibodies and streptavidin-HRP
concomitantly for 60 minutes. However, in
ELK Biotechnology protocol, only standards
and samples are incubated for 80 minutes
without adding biotinylated antibodies and
streptavidin-HRP. In addition, ELK Biotech-
nology kit does not contain biotinylated anti-
bodies in standard solutions, and biotinylated
antibodies must be added to each well and in-
cubated for 50 minutes. The incubation period
with streptavidin-HRP is 50 minutes. Wash-
ing step between each incubation is recom-
mended in this kit (3-3-5 times, respectively).
This kit contains 3,3',5,5'-Tetramethylbenzi-
dine (TMB) as the substrate solution, and the
incubation time is 20 minutes.

W ELISAKITS
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ELISAKIT?

2.0

T
e
//g;?_Zir”(
T T T T T
16 24 32 40 48
Standard concentration {ng/ml)

T
56

16 32 64

ELISA KIT 1 absorbance {nm) 0.00

0.94

1.42 137 1.15 1.14 1.23

ELISA KIT 2 absorbance {(nm) 0.00

0.31

0.75 1.44 1.78 1.49 1.35

ELISA KIT 3 absarbance (nm) 0.00

0.03

0.06 012 0.17 0.32 0.57

ELISA KIT 4 ahsorbance (nm) 0.00

0.04

0.11 0.15 0.31 0.51 0.91

ELISA KIT 5 ahsorbance (nm) 0.00

0.05

0.08 013 0.22 0.43 0.77

0.00

ELISA KIT 6 absorbance {(nm)

0.19

0.27 0.35 0.63 124 1.39

ELISA KIT 7 absorbance {(nm) 0.00

0.13

0.18 0.26 0.50 0.86 193

Figure 2: a. Graphs of absorbance values for the original BT Human TMAO ELISA kit protocol. b.
Graphs of absorbance values for the modified BT Human TMAO ELISA kit protocol. c. Mean absorb-
ance values corresponding to each standard concentration.
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Table 2: Comparison of different commercial human TMAO ELISA kit protocols

Bioassay Technology
Laboratory

SunRed Biotechnology
Company

MyBioSource

ELK Biotechnology

Catalog No

Standard Curve Range

Sensitivity

Pre-coated ELISA Plate

Standard solution contains biotinylated
antibody

Incubation period after only standards and
samples are added to the wells

Wash process

Biotinylated antibody is added to the wells
Incubation period after standards, samples,
biotinylated antibody are added to the wells
Wash process

Incubation time of standard solution with
streptavidin-HRP

Wash process

Add the substrate solutions into each well

Incubation period after substrate solutions is
added to each well

Add the stop solution into each well
Determine the optical density

Total incubation periods

E4733Hu

0.2 ng/ml-60 ng/ml
0.119 ng/ml

Yes

Yes

No

No
Only sample wells
No

No
60 minutes

5 times

Substrate solution A and
B

10 minutes

Yes
450 nm within 10 minutes
70 minutes

201-12-7378

0.05 ng/ml-10 ng/mi
0.043 ng/ml

Yes

Yes

No

No

Only sample wells
No

No

60 minutes

5 times

Chromogen solution A
and B
10 minutes

Yes
450 nm within 15 minutes
70 minutes

MBS7269386

1.0 ng/mL
Yes
Yes

No

No
Only sample wells
No

No
60 minutes

5 times
Substrate solution A and B

15-20 minutes
Yes

450 nm, immediately
75-80 minutes

ELK8356
0.16-10 pymolL/L
0.065 pmol/L
Yes

No

80 minutes

3 times
Each well
50 minutes

3 times
50 minutes

5 times

TMB substrate
solution

20 minutes

Yes
450 nm, immediately
250-260 minutes
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Optical density measuring is recom-
mended at 450 nm in all kits. Immediately
reading for MyBioSource and ELK Biotech-
nology Kits, while reading within 10 and 15
minutes for BT Laboratory and SunRed Bio-
technology Company kits are recommended,
respectively.

Standard curve of modified BT Human
TMAO ELISA kit protocol

Three different kits have similar protocols
which we could not obtain trustworthy stand-
ard absorbances. For this reason, we modified
our protocol based on the ELK Biotechnology
protocol. However, we changed some steps
because the standard solution does not contain
biotinylated antibodies in this kit. When de-
ciding on these modifications, we benefited
from other human ELISA protocols.

As a result, after applying the modified
protocol, the absorbances of standard solu-
tions were found to be consistent with their
concentrations in ELISA KIT 3, 4, 5, 6, 7
(Figure 2c). Lower absorbance values were
measured at lower concentrations of standard
solutions as expected. The absorbance values
and graphics obtained from these experiments
were given in Figure 2b.

The absolute differences in standard con-
centrations were found significantly higher at

64 ng/ml, 32 ng/ml, 4 ng/ml and at the blank
points in the original kit protocol compared to
modified kit protocol (Figure 3a). At other
concentration points, there was a marked dif-
ference in original kit protocol; however, the
results were not statistically significant due to
high standard deviation and small sample
size. In ELISA experiments, R? value reflects
a good standard curve. As this R? value closes
to 1, it shows the accuracy of the experiments.
The mean R? value was found to be closer to
1 when modified kit protocol was applied (R?,
0.41 £ 0.36; 0.96 £ 0.08 in original kit proto-
col and modified kit protocol, respectively)
(Figure 3b).

DISCUSSION

In our study, we optimized the commer-
cially available human TMAO ELISA kit to
obtain trustworthy data. Because when we
applied the original ELISA kit protocol, we
obtained higher absorbance values in the
wells with lower standard solution concentra-
tions. Higher R? values and lower deviation of
standard concentrations in modified kit proto-
col show that the modified human TMAO
ELISA kit protocol will provide more reliable
results.

a 2007 O Original b
*
- = O Modified
E 150 ¢
E b 1.5+
:; LR LS
g 100_ &k ok
o H
]
£ |
£ 50 H T L S 0 o
§ o
E=} m] @ % 14 [m]
@
£ 0T T L B ﬂ' T
8 - | 0.5
g o]
S -50 l
o]
olo
-100 T T T T T T T 0.0 T T
Blank 2 4 8 16 32 64 Original  Modified

Standard concentration (ng/ml)

Figure 3: a. Concentration difference of standard solutions at each point; b. R? values. Values are given
as mean = standard deviation. Student’s t-test was used for statistical analysis. n=4, original kit protocol;
n=10, modified kit protocol. ns, non-significant; *p < 0.05, ***p<0.001
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Prior to modifying the protocol, we eval-
uated the potential problems with the kit. We
ruled out the possibility of captured antibody
and biotinylated antibody absence since we
could measure the absorbance in standard
wells. Thus, it was assumed the plate was
coated with captured antibody and standard
solutions contain biotinylated antibody. We
detected yellow color which shows the occur-
rence of an enzymatic reaction between strep-
tavidin-HRP and substrate solutions. So, we
accepted that these molecules are functional
and not degraded.

An unsuccessful standard curve in ELISA
assay makes interpretation of the data difficult
and may result in time, workforce, and money
loss. Researchers proposed to generate a new
standard curve from sample AOD values to
predict sample concentrations (Natarajan and
Remick, 2008) which may not be applicable
to each ELISA assay. Moreover, even the as-
sumption of extreme sample absorbance val-
ues by using curve expect programs is not rec-
ommended despite the successful standard
curve (Aydin, 2015). Therefore, we decided
to make modifications according to the sev-
eral commercially available ELISA kit proto-
cols to improve the procedure.

We examined different protocols from
several biotechnology companies and noticed
that the incubation time was longer to en-
hance binding of molecules. We increased the
first incubation period, which may augment
the binding of TMAO to the coated antibody
on the plate. In the original protocol, the man-
ufacturer suggests adding standard solution
which contained biotinylated antibody and
HRP-streptavidin concomitantly. However, it
may lead binding of HRP-streptavidin to free
TMAO molecules before saturation of
TMAO with coated antibody. Additionally,
we realized many kits suggest adding a wash-
ing process between steps. Proper washing
prevents unbound molecules effect on the re-
sults (Hosseini et al., 2018). Therefore, we
added a washing step before incubation of
HRP-streptavidin to facilitate the removal of
free TMAO molecules. In this way, we may
prevent non-specific binding and get more

accurate results. 30 minutes incubation with
HRP-streptavidin was enough for our study to
bind HRP-streptavidin to biotinylated anti-
body. Last, after the washing period, we incu-
bated substrate solutions for 20 minutes in-
stead of 10 minutes. Prolonged incubation
time may strengthen the reaction between
HRP and substrate solutions. More washing
steps and prolonged incubation time lead to
extended experimental period. Researchers
may prefer short protocols to save time; how-
ever, based on our experience, shorter ELISA
protocols may mislead data.

CONCLUSION

In this article, a modified protocol for the
human TMAO ELISA method is presented.
The modified human TMAO ELISA kit pro-
tocol will enable the detection of TMAO in
laboratories without the need for expensive
devices, prevent the loss of resources in labor-
atories that will conduct research in this field,
and enable researchers to use their time more
effectively.
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