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Abstract 
 
 
Trimethylamine-n-oxide (TMAO) is a metabolite found in plasma/serum in humans. 
Elevated levels of TMAO have been associated with several types of heart disease. It’s 
therefore of interest to make a simple analytical method to analyse TMAO and other 
metabolites that are degraded to TMAO, including betaine. In this study, the goal was to 
develop a method for the sample preparation and analysis of these compounds in human 
plasma. Sample preparation was performed with an Ostro 96-well method for sample 
clean-up. The analysis was performed by ultraperformance liquid chromatography – 
hydrophilic interaction liquid chromatography – tandem masspectrometry (UPLC-
HILIC-MS/MS) in multiple reaction monitoring (MRM)-mode using electrospray 
ionization in positive mode (ESI+)-mode as the ion source. The analytes eluted under five 
minutes and were all baseline separated in the chromatogram. TMAO and betaine were 
quantified in quality control (QC) plasma samples using external calibration. 
Concentration of TMAO ranged from 132 ng/mL – 253 ng/mL and 1025-2084 ng/mL for 
betaine. Due to the lack of isotopically labelled standards for TMAO and betaine, valine-
d8 was tested as an internal standard for the extraction; however, it was not a suitable 
option due to the low recovery obtained (5-34%) and the low response in ESI+. The 
recovery needs to be investigated further using isotopically labelled TMAO or betaine. 
Overall, the developed UPLC-HILIC-MS/MS method was found to be suitable for 
analysis of TMAO and betaine in human plasma. Further development and validation is 
required before application to samples from clinical studies.  
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1. Introduction  

 
1.1 Targeted metabolomics 
Targeted metabolomics is a technique where specific metabolite or a certain group of 
metabolites is chosen to be analysed. Usually quantification standards and internal 
standards are used to provide both qualitative and quantitative analysis of the 
metabolite(s) of interest. This is important in clinical applications when the absolute 
concentration can be used to monitor different diseases. It could also be used in pre-
clinical application to determine if a person is more likely to get a type of disease by 
monitoring the concentrations of the metabolite [1].  
 
1.2 Target analytes 
In this study two metabolites were investigated, namely betaine and trimethylamine-n-
oxide (TMAO). Betaine is a small metabolite which exist in some foods such as wheat 
and spinach. It can also be created by oxidation of choline. Betaine serves as a methyl 
donor in a process of converting homocysteine to methionine [2,3] TMAO is generated 
by the conversion of TMA (trimethylamine) by a certain enzyme in the liver. TMA is 
generated by the conversion of different compounds such as betaine, choline and L-
carnitine by the gut flora. A simplified figure of the pathway can be seen below. TMAO 
is a metabolite generated form the intestinal flora. It has been shown that elevated levels 
of TMAO are linked to different heart diseases such as atherosclerosis. Atherosclerosis 
is a disease where the artery walls thickens due to accumulation of cholesterol and other 
materials in the blood. This restricts the blood flow in the body and can results in serious 
injuries and even death. TMAO is therefore a highly interesting biomarker to study in 
human serum or plasma [4]. 
 

 
 
 

Figure 1: Pathway of the conversion of different compounds into TMAO.  
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1.3 Polar metabolites 
TMAO and betaine are both small and polar molecules, as shown in figure 2 below. 
Therefore, they are not retained using regular or reversed phase liquid chromatography 
(RP-LC). Instead, specialized LC modes for retention of polar molecules such as 
hydrophilic interaction chromatography (HILIC) should be used to achieve adequate 
retention of these compounds so that they do not eluate during the void time. The 
mechanism HILIC is a mixture of the more common choice of LC such as ion 
chromatography (IC), normal phase (NP) and RP-LC. The mobile phases used for HILIC 
chromatography have high organic content in the start of the run and the organic content 
is lowered during the run to elute the compounds. In HILIC the strongest solvent is water. 
Buffers are used in HILIC to keep the pH constant, and improve repeatability between 
samples. The stationary phase is more polar than the mobile phase which resembles NP 
chromatography [5]. 

 

 
 
Figure 2: Chemical structure of TMAO to the left and betaine to the right. Note that both molecules are zwitterions at 
a neutral pH.  

1.4 Previous studies  
Due to the chemical properties of the metabolites they’re usually analysed with liquid 
chromatography (LC-MS). The most common way is to analyse in electrospray ionization 
positive mode (ESI+) and using a multiple reaction monitoring (MRM) method for 
quantification. Most methods are developed to achieve elution of betaine and TMAO 
under 10 minutes depending on the column and gradient. The methods use a mixture of 
acetone nitrile and water with either ammonium formate or ammonium acetate as buffer. 
Popular columns for the separation are either amide columns or HILIC columns [6,7,8].  
Reference range for TMAO in plasma is between 50 ng/mL – 380 ng/mL and 1 600 
ng/mL – 10 300 ng/mL for betaine [7].  
 
1.5 Aim  
The aim of the study was to develop an ultra-performance liquid chromatography-tandem 
masspectrometry (UPLC-MS/MS) method for the analysis of betaine and TMAO in 
plasma/serum samples.  
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1.6 Limitations 
There are other interesting polar metabolites such as choline and L-carnitine that also are 
of interest but not covered in this report. Due to that no isotope labelled standard was 
available for TMAO and betaine, the usefulness of valine-d8 was tested to serve as a 
secondary internal standard to both the analytes. 
 

2. Materials and methods 
 
2.1 Chemicals, materials and standards 
TMAO, betaine, L-valine-d8, formic acid (FA) and ammonium acetate (NH4Ac) were 
purchased from Sigma-Aldrich (St. Louis, USA) and all had a purity greater than 98%. 
Methanol (MeOH), acetonitrile (ACN) and water (H2O) were obtained from Fisher 
Scientific UK (Loughborough, United Kingdom) and was of LC-MS grade or higher. All 
glassware was cleaned and burned in an oven at 1000 °C before usage. Stock solutions 
were prepared by mixing the appropriate weight of the analyte with methanol to get a 
concentration of 1 mg/mL. Working solutions was prepared by dilution of the stock 
solution in the 10-100 x range. From the working solution, the appropriate concentration 
was created by a serial dilution of the working solution. The standards were stored in -20 
°C when not used. The plasma samples were stored in -80 °C before sample preparation.   
 
2.2 UPLC-MS/MS analysis 
Acquity ultra performance LC coupled to a Quattro premier XE from Waters Corporation 
(Milford, MA USA) performed the analysis. An ethylene bridged hybrid (BEH) Amide 
column from Waters (2,1 x 100 mm, 1,7 um) was used for separation of the analytes. The 
chromatography was performed with a gradient elution with two mobile phases. Mobile 
phase A: 50:50 ACN: H2O + 10 mM NH4Ac + 0,1 % FA. Mobile phase B: 90:10 ACN: 
H2O + 10 NH4Ac + 0,1 % FA. The ammonium acetate was dissolved in water and formic 
acid before adding the correct amount of ACN. Both mobile phases were degassed before 
usage. 
 
Table 1: Final inlet file for the LC-method 

Time (min) Flow (mL/min) %A %B 
0 0,5 0 100 

1.00 0,5 0 100 
2.60 0,5 10 90 
5.00 0,5 90 10 
6.90 0,5 90 10 
8.00 0,5 0 100 
10.00 0,5 0 100 
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The injection volume was 10 µL and the injection mode was set to full loop. The 
autosampler was kept at 10 °C and the column temperature was 50 °C. The 
masspectrometer was set in MRM-mode and two transitions were monitored for TMAO 
and betaine. Only one transition was available to monitor for valine-d8. Each analyte was 
analysed in ESI+-mode and the MS settings can be seen in table 2. Solvent delay was set 
between 0-2 minutes and 5.9-10 minutes.  Capillary voltage was optimized at 1500 V. 
Other MS settings are listed here: extractor 5 V, RF lens 0 V, source temp 120 °C, 
desolvation temperature 410 °C, desolvation flow 700 l/hr, cone 50 l/hr, LM resolution 
15, HM resolution 15, ion energy 0.5, entrance 0 V, exit 1.0 V, LM resolution 15, HM 
resolution 12, ion energy 1, multiplier 650, collision cell gas flow 0,35 (mL/min). The 
gas into the collision cell was argon gas. For each analyte, the cone and collision energy 
was optimized by infusing 300 ng/mL of standard into the mass spectrometer via a T-
coupling with a syringe pump flow of 10-50 µL/min. The mobile phase flow was set to 
0,3 mL/min in 100 % B when the optimization was performed. The quantifier ion was 
chosen as the transition with the the highest intensity.  
 
Table 2: Optimized MS setting for each analyte (Q1=Quadrupole 1, Q3=Quadrupole 3), m/z=mass to charge. 

Analyte Q1 (m/z) Q3 (m/z) Dwell (ms) Cone (V) Collision 
(ev) 

TMAO  
(quantifier ion) 

 
75,7 58,9 0,3 30 13 

TMAO 
 (qualifier ion) 75,7 57,9 0,3 30 13 

Betaine 
(quantifier ion) 117,7 58,9 0,3 30 18 

Betaine  
(qualifier ion) 117,7 57,9 0,3 30 22 

Valine-d8 
(quantifier ion) 125,8 79,9 0,3 15 15 

 
2.3 Preparation of plasma samples 
A 96 well plate extraction method was the chosen technique using a Ostro 96-well plate 
25 mg/1 pkg from Waters Corporation (Milford, MA, USA). One well was used as a 
method blank whilst four other wells was used as quality control (QC) plasma samples. 
The 96-well was conditioned using 450 µL ACN. 150 µL of plasma sample or LC-MS 
H2O was loaded onto the well. 10 µL of 30 µg/mL valine-d8 and 450 µL of 1 % FA+ 
ACN was added to the wells and aspired by pipetting up and down 3 times. The samples 
were then filtrated by keeping the pressure below -10 mmHg and left to filtrate for 3 to 5 
minutes. The eluate was collected into LC-vials and additional 150 – 250 µL x3 of ACN 
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was added to the eluate to wash the glass and collect more of the eluate. The samples 
were vortexed for 5 seconds and then directly analysed in the UPLC-MS/MS [9].  
 
2.4 Parameters for method validation 
Limit of detection (LOD) and limit of quantification (LOQ) was investigated for each 
analyte both for the instrument and for the method. When calculating LOD and LOQ for 
the instrument signal to noise (S/N) was compared. The method LOD and LOQ was 
calculated by taking the blank mean + 3 times the standard deviation (SD) of the blank 
signal. For the chromatography, the initial eluent composition, injection volume, flow 
rate, gradient and run-time were investigated. A calibration curve over the expected 
concentration range was made by taking the response at different concentrations. The 
linear regression calculations were made with Excel. Due to that no isotope-labelled 
standard was available for TMAO and betaine a sub optimal internal standard of valine-
d8 was tested to monitor the recovery of analyte during the extraction procedure. Standard 
samples contained different concentration of TMAO and betaine and valine-d8 with 300 
ng/mL in every calibration sample in 90 ACN:10 MeOH. The calibration curve consisted 
of seven points for TMAO and eight points for betaine  
 

3. Results and discussion  
 
3.1 Method development and optimization  
For the chromatography, an initial composition of lower than 90% of organic solvent B 
lead to that no separation of TMAO and betaine could be seen. Starting at 100 % B, the 
best separation of the compounds could be seen.  It would have been interesting to test a 
mobile phase B containing 95 ACN: 5 H2O if that could further increase the separation. 
Between 6.90-8.00 minutes the composition was kept at constant 10% B. This was to 
clean the column and to remove any leftover molecules from the sample. This was tested 
by blank after a series of samples or high concentration standards which did not contain 
any contaminants. The last two minutes of the run was to ensure that the backpressure 
stabilizes and to establish equilibrium in the column. These two minutes lead to that that 
no retention times shift could be seen in the samples. Flow rate between 0,3 – 0,5 mL/min 
was tested but it did not lead to better separation, only that the compounds eluted faster. 
A higher flow rate is better because it could potentially shorten the run-time for a sample. 
On the other hand, it requires more solvent which is less environmental friendly. For the 
buffer, only two choices were available, namely ammonium acetate or ammonium 
formate which both have been used in the methods described by the literature. The best 
choice would have been ammonium formate since it’s buffer range is lower (pKa=3,76) 
than ammonium acetate (pKa=4,75). A lower pH would have led to that more molecules 
have the correct charge for ESI-positive mode and possibly better response in the mass 
spectrometer. Since TMAOpKa=4,66 [10], and betainepKa=1,83 [11]. Ammonium formate 
was not available so pH was adjusted with 0,1 % FA to 3,5-4,5. Different concentration 
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of buffer was not tested but have been reported to reduce peak tailing [12]. A buffer is 
important to keep the pH constant in the sample and lead to high reproducibility.  

 
Figure 3: Analysis of betaine and TMAO in a plasma sample containing 70% water phase and 30% organic phase. 
Betaine is being monitored in purple the above chromatogram. TMAO is being monitored in green the lower 
chromatogram.   

 
Injection composition was critical to avoid peak broadening see figure 3. The sample in 
figure 3 was a plasma sample prepared for bile acid/perflourinated alkylated substances 
(PFAS) analysis with high water content (70 %). A high-water content lead to that the 
peaks got very broad and impossible to integrate correctly. With 90 ACN:10 MeOH as 
plasma composition the peak broadening decreased as shown in figure 4. A washing 
solution of 95:5 ACN: H2O was also used to improve the chromatography.  
 

 
Figure 4: Chromatogram for a real plasma sample. Here only the qualifier ion transitions are shown, valine-d8 in the 
window highest up. Betaine in the middle and TMAO in the lower chromatogram. The retention time is 2.94 min for 
TMAO, 3.59 min for betaine and 4.27 for valine-d8.  
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3.2 Method validation  
Calibrations curves were created by seven points over an interval that was estimated by 
the reference range. For TMAO the chosen interval was 0,05 ng/mL to 50 ng/mL since 
it was sufficient for the sample response. For betaine, the interval was 0,05 ng/mL to 
400 ng/mL since the concentration was expected to be higher.  
   

 
Figure 5: Calibration curve for TMAO. The interval contains seven points from 0.05 ng/mL to 50 ng/mL.  

 
 

 
Figure 6: Calibrations curve for betaine eight points over the interval 0.05 ng/mL to 400 ng/mL. 

 
Both calibrations curves showed coefficient of determination (R2) over 0.998 and 
linearity is confirmed. For betaine 50 ng/mL was removed to improve the R2 value. LOD 
and LOQ was investigated and presented in table 3. The LOD and LOQ for valine-d8 was 
not investigated.  
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Table 3: LOD and LOQ values for TMAO and betaine.  

Analytes Instrumental 
LOD 

Instrumental 
LOQ 

Method  
LOD 

Method 
LOQ 

TMAO 0,05 ng/mL 0,1 ng/mL 0,05 ng/mL 0,11 ng/mL 
Betaine 0,05 ng/mL 0,1 ng/mL LOQ 0,33 ng/mL 

 
For betaine, the LOD gave a negative concentration which is not reasonable so the LOD 
is set to LOQ. The calibration curves were used to calculate the concentration of TMAO 
and betaine in the plasma samples. The amounts shown in figure 7 and 8 have been 
adjusted by that the sample was diluted from 150 µL to 1000 µL.  
 

 

Figure 7: Sample measurement for the four sub-samples of one plasma QC sample. The green line indicates the mean 
value of the four sample. The orange dashed line indicates the value of ± 1 standard deviation away from the mean 
value. The red line indicates ± 2 SD from the mean value. 1 SD = 56 ng/mL  

The range for the four samples are 132 ng TMAO/mL – 258 ng TMAO/mL. Sample 1 
shows a low concentration compared to the other samples. Since this is subsamples of 
one sample the different sample measurements should not differ too much. The red line 
is set to ± 2 standard deviation from the mean. The standard deviation is 56 ng/mL.  
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The concentration of betaine varied from 1025 ng/mL – 2084 ng/mL. Same trend as for 
TMAO are seen for sample 1 which shows a lower concentration but is still within 2 SDs. 
The standard deviation is 439 ng/mL.  
 

 
Figure 9: Recovery of valine-d8 from the different samples and blank. 

Recovery was calculated by taking the response from valine-d8 in the sample divided by 
the average response from valine-d8 in the different standards. Recovery ranged from 5-
34 %, see figure 9. The concentration of valine-d8 should be the same if no standard was 
lost during extraction. The recovery is too low which should be between 50-120 %. It’s 
hard to evaluate why the recovery is so low since this is not an isotopic labelled standard 
for any of the target analytes. Valine is an amino acid that has been analysed by positive 
mode [13]. In the study ammonium formate was used as a buffer which means that the 
pH is lower than in this study. The problem for valine was that the response was very low 
even when infusing 300 ng/mL into the masspectrometer which lead to that only one 
transition could be monitored. Most likely ammonium formate and a lower pH would 
have led to a better response. It could have been that the extraction method was not 
optimal for valine and lead to loss in the extraction step this could have been checked by 
analysing a certified reference material. However, since valine have different retention 
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times and optimization parameter it does not serve as a good internal standard for TMAO 
and betaine.  
 
3.3 Comparison to other studies 
The retention times for TMAO and betaine are within other studies, with some methods 
reported to have shorter retention times and some longer. The analysis time and retention 
times depends significantly on how many analytes are targeted and how much separation 
between the compounds were accepted. A report stated that source fragmentation could 
occur during the ionization stage meaning that at least baseline separation is acquired 
[14]. The concentrations found in our study are in the same reference range as other 
studies. The MRM-transitions is the same as other reports [6,15]. The m/z with the highest 
intensity was a bit lower than expected i.e. 75,7 m/z for TMAO instead of 76,1 m/z. This 
was seen for all analytes and could be due to differences in mass calibration of the mass 
spectrometer.   
 
3.4 Future suggestions  
The biggest problem is that the recovery is very low and needs to be tested before running 
real samples. There are numerous things that can be made but acquiring isotope labelled 
TMAO and betaine and analyse in a matrix matched calibration standard is the best 
option. Even though the separation for the UPLC is sufficient ammonium formate seems 
to an interesting option that could lead to higher response and lower background signal 
[7]. More samples should be evaluated and perhaps also a certified reference material to 
decide the accuracy of the method. It would also be interesting to put more metabolites 
into the method such as choline and L-carnitine and try the method for clinical samples.   
 

4. Conclusions  
 
This UPLC-MS/MS method showed good signal for the proposed MRM-transitions for 
TMAO and betaine. The UPLC-separation was completed in under five minutes and all 
analytes were more than baseline separated. QC plasma samples was used to evaluate the 
method TMAO and betaine was found in real samples and in the same reference range as 
other studies. However, low recovery was achieved for valine-d8 as an internal standard. 
Future development involves looking at other mobile phases, purchasing other internal 
standards and make matrix matched calibration curves.  
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