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a b s t r a c t 

In this paper we report a simple and efficient method for the concurrent analysis of tryptophan, 5-HTP, 

tryptamine, serotonin, and 5-HIAA in mouse serum using UHPLC-ED after protein precipitation and dilution. 

These compounds are neuroactive and are of interest in studies of mood and behavior; They are also biomarkers 

for the presence of neuroendocrine tumors and are used in the diagnosis of these cancers. After a brief series of 

validation experiments, this method was applied to serum from mouse behaviour experiments. 

• A convenient UHPLC method with electrochemical detection for concomitant analysis of the serotonin pathway 

in serum, including, for the first time, tryptamine. 
• The method met all performance criteria established for use in our lab and was applied in rodent experiments. 
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Specification table 

Subject Area Biochemistry, Genetics and Molecular Biology 

More specific subject area Analytical Chemistry 

Method name Chromatographic analysis of tryptophan, 

5-hydroxytryptophan, tryptamine, serotonin, and 5-HIAA in 

small volumes of mouse serum 

Name and reference of original method N/A 

Resource availability Reagents: 

• Acetonitrile, gradient grade (Sigma Aldrich, St. Louis, 

Missouri) 
• Methanol, gradient grade (Sigma Aldrich) 
• Citric acid monohydrate, for analysis (Acros Organics, 

Belgium) 
• EDTA disodium salt dihydrate, for analysis (Acros 

Organics) 
• Sodium hydroxide 50%, for HPLC (Honeywell (Fluka), 

Charlotte, North Carolina) 
• Perchloric acid 70%, for analysis (Acros Organics) 

Chromatography: 

• ALEXYS Neurotransmitters Analyzer (Antec Scientific, 

Netherlands) 
• Acquity UPLC BEH C18 column, 1.0 mm x 100 mm, 1.7 

um particle diameter (Waters, Ireland) 
• Clarity CDS (DataApex, Prague, Czech Republic) 

Background 

The serotonin metabolic pathway consists of the amino acid precursor L-tryptophan, the 

intermediates 5-hydroxytryptophan (5-HTP) and tryptamine, serotonin (5-HT), and a carboxylated 

metabolite of serotonin, 5-hydroxyindoleacetic acid (5-HIAA) ( Fig. 1 ). Serotonin is present at high

concentrations in blood and is structurally related to melatonin and kynurenine, although these 

compounds play disparate roles in the body. The serotonin pathway has been most widely studied

in the contexts of mood regulation and oncology. 

The physiological roles and diagnostic potential for these pathway metabolites have been examined 

in a number of clinical scenarios. In the brain, serotonin is essential to signaling in serotonergic

neurons and is related to mood and behavior. On this basis, one widely used approach to treat major

depressive disorder (MDD) is through selective serotonin reuptake inhibitors (SSRIs) which increase 

extracellular concentrations of serotonin in the brain [ 1 , 2 ] but have also been shown to reduce blood

serotonin levels in depressed patients [ 3 , 4 ]. Measurement of plasma levels of serotonin has been

used to predict response to SSRI treatment in patients with MDD [ 3 , 4 ]. Although the mechanism

of action of SSRIs has not yet been fully elucidated, recent theories have focused on modulation of

5-HT receptor expression or sensitivity rather than a direct change in localized 5-HT concentrations 

[ 3 , 5 ]. 5-HTP, a precursor of serotonin and intermediate in its conversion from tryptophan, has shown

therapeutic potential for some depressed individuals through an apparently different mechanism. 

After one week of loading with oral 5-HTP, depressed patients showed elevated serum serotonin

levels along with improvement of depressive symptoms [6] . Blood 5-HIAA concentrations have been

correlated to the severity of depression in individuals with COPD [7] . Tryptamine also possesses

demonstrated neuroactive properties [8] although a correlation between serum tryptamine and mood 

has not been established. 

Besides their roles in mood regulation, 5-HTP, serotonin, and 5-HIAA levels in the blood are

key biomarkers for some types of neuroendocrine tumors and are used during diagnosis [9–12] .

Carcinoid tumors are slow growing malignant or non-malignant masses in the digestive tract that 

secrete hormones such as 5-hydroxytryptophan and serotonin, as well as catecholamines [13–15] . The

overproduction of hormones results in carcinoid syndrome, with symptoms including skin flushing, 
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Fig. 1. The metabolic pathway for serotonin in mammals. 
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acial lesions, diarrhea, difficult breathing, and elevated heart rate [ 14 , 16 ]. The elevation of tryptophan

etabolites in carcinoid tumor patients results from diversion of dietary tryptophan which normally

s used in large part for the production of niacin [17] ; Thus, carcinoid syndrome is sometimes

ccompanied by low blood tryptophan (associated with elevated cortisol and irritability) [18] and

y pellagra (low blood niacin) [ 16 , 17 ]. Tryptamine is not routinely measured in blood and to our

nowledge no chromatographic method for blood analysis has been reported. However, concentrations

f tryptamine between 31.2 – 124.8 nM have been detected in the blood of healthy individuals

19] and elevated levels reported in a patient with carcinoma [20] . 

Several methods have been reported for measurement of serotonin in blood, either alone [21–

0] or in combination with 5-HIAA [31] ; 5-HTP and 5-HIAA [32] ; tryptophan [ 33 , 34 ]; or tryptophan

nd 5-HIAA [ 35 , 36 ]. Methods also exist to independently measure blood 5-HIAA [37] and tryptophan

38] . Only two methods are reported for measurement of the entire serotonin pathway in blood,

xcluding tryptamine: by gradient reverse-phase LC with fluorescence detection after online solid-

hase extraction (SPE) [39] , and by isocratic reverse-phase LC with amperometric detection after

cidification with 0.2 N HClO 4 and washing with chloroform [40] . Thus, the currently reported method

s the first reported that includes tryptamine in the measurement of the serotonin pathway in serum.

Besides the inclusion of both possible tryptophan-serotonin intermediates, this method has several

ey features which, taken together, result in important advantages over existing methods: First,

ample preparation requires only a protein precipitation and dilution procedure which is quick

nd easy to perform; second, this method utilizes electrochemical detection which is sensitive and

elective for redox-active compounds such as indoleamines; in addition, electrochemical detectors are

s simple to operate and maintain; and third, this method requires only 10 uL of serum, a feature

hich is useful when sample volumes are limited or when samples must be divided for several
ifferent analyses. 
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Method details 

Instrumentation and chromatographic conditions 

The method uses an ALEXYS Neurotransmitters Analyzer UHPLC system (Antec Scientific, 

Netherlands) consisting of an LC 110 S pump, OR 110 degasser, AS 110 autosampler, and Decade

Elite detector/column oven. The autosampler was equipped with a refrigerated sample compartment 

maintained at 4 °C, and the detector was equipped with a SenCell flow cell with a 2 mm glassy carbon

working electrode. The analytes were separated on an Acquity UPLC BEH C18 column (1.0 mm x

100 mm, 1.7 um particle diameter, Waters, Ireland) using a mobile phase of 4:96 acetonitrile: citrate

buffer pH = 4.3. Mobile phase was delivered at a flow rate of 100 uL/minute and the separation was

conducted at 37 °C. The working electrode was held at 1.0 v against the Ag/AgCl reference electrode

with a noise filter of 0.5 Hz and a full-scale range of 500 nA. A 2 uL injection was performed in

partial-loop mode. 

Standard preparation 

Separate 1 mM freezer-stocks were prepared from each standard compound, aliquoted into 

microcentrifuge tubes, and stored at -80 °C until use. The freezer-stocks were prepared in water with

the exceptions of tryptophan, which was prepared in 20:80 methanol: water, and 5-HIAA, which was

prepared in methanol, due to solubility concerns. 

New aliquots of the freezer-stocks were thawed for each day of analysis. Standards were prepared

by appropriate dilution into a series of 10 mL volumetric flasks and completed with 2 mL methanol

and the remainder of 0.1 N HClO 4 containing 2 mM EDTA. All stocks and working standards were

prepared using class A volumetric glassware. 

Calibration 

Internal standardization was chosen for two reasons: Firstly, because sample preparation involved 

only protein precipitation, transfers, and dilutions, and the presence of an internal standard would 

help to account for volume errors arising during these steps; and secondly, because injections were

performed in partial-loop mode, which is generally less precise than full-loop mode, and the presence

of an internal standard would help to correct for variability in the injected volumes. 

N-methylserotonin and 5-hydroxyindolecarboxylic acid (5-HICA), two synthetic analogs, were 

evaluated for use as internal standards. Under this method’s final operating conditions, N- 

methlyserotonin was sufficiently resolved from all other compounds while 5-HICA was not adequately 

resolved from tryptophan. Thus, N-methylserotonin was chosen as the internal standard. 

Calibrators were prepared at the instrument LLOQ of 0.050 uM and at 3 levels evenly spaced to

the instrument upper limit of 8.0 0 0 uM. N-methylserotonin was added at each calibration level at

a concentration of 8.0 0 0 uM, and calibration plots were generated using peak area ratios. The LLOQ

calibrator was injected in duplicate during each day of analysis. 

Blood collection 

C57BL/6 mice that were being tested for behavior [41] were anesthetized using isofluorane, and

blood was collected via retro-orbital draw using a glass capillary. Only the first 150 uL of blood

was collected in order to limit stress-related elevation of catecholamines, and potentially, compounds 

within the serotonin pathway [42] . Blood was collected into 1.5 mL microcentrifuge tubes and allowed

to coagulate on ice for 30 minutes to an hour, after which the samples were centrifuged at 1,500

x g for 10 minutes, and the sera transferred to a new microcentrifuge tube. Serum samples were

immediately frozen and stored at -80 °C until analysis. 
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Table 1 

Performance characteristics for the proposed method. 

mean ± SD; %RSD 

Calibration 

Range (μM) 0.050 – 8.0 0 0 

Equation (n = 3 days, average terms) 

5-HTP y = -0.04084x 2 + 0.85508x-0.00104 

serotonin y = -0.03048x 2 + 0.83069x-0.00147 

tryptophan y = -0.05906x 2 + 0.67115x-0.0 0 047 

5-HIAA y = -0.09817x 2 + 0.93636x-0.0 0 093 

tryptamine y = -0.07765x 2 + 0.80396x-0.0 0 075 

Correlation Coefficient (R 2 , n = 3 days) 

5-HTP 0.9999909 ±0.0 0 0 0 067; 0.0 0 0667 

serotonin 0.9999853 ±0.0 0 0 0194; 0.0 01940 

tryptophan 0.9999990 ±0.0 0 0 0 012; 0.0 0 0116 

5-HIAA 0.9999952 ±0.0 0 0 0 024; 0.0 0 0240 

tryptamine 0.9999966 ±0.0 0 0 0 030; 0.0 0 0298 

Percent Accuracy (n = 3 days) 

Spiked plasma, 0.500 μM 

5-HTP 101.6 ±16.7; 16.4 

serotonin 94.9 ±4.2; 4.4 

tryptophan 100.4 ±1.4; 1.4 

5-HIAA 80.1 ±3.7; 4.7 

tryptamine 90.8 ±6.4; 7.1 

Spiked plasma, 80.0 0 0 μM 

5-HTP 97.9 ±0.9; 0.9 

serotonin 99.9 ±1.4; 1.4 

tryptophan 101.4 ±1.8; 1.8 

5-HIAA 94.4 ±0.9; 1.0 

tryptamine 100.4 ±0.8; 0.7 

Daily Precision (%RSD, n = 3 days) 

Spiked plasma, 0.500 μM 

5-HTP 4.0 

serotonin 2.8 

tryptophan 1.7 

5-HIAA 5.1 

tryptamine 6.6 

Spiked plasma, 80.0 0 0 μM 

5-HTP 1.1 

serotonin 1.1 

tryptophan 1.6 

5-HIAA 1.0 

tryptamine 1.2 

Inter-Day Precision (%RSD, n = 15 

determinations) 

Spiked plasma, 0.500 μM 

5-HTP 14.5 

serotonin 4.6 

tryptophan 2.4 

5-HIAA 6.1 

tryptamine 8.6 

Spiked plasma, 80.0 0 0 μM 

5-HTP 1.3 

serotonin 1.6 

tryptophan 2.2 

5-HIAA 1.3 

tryptamine 1.4 

Sensitivity 

Instrument LLOQ (uM) 0.050 

S/N Ratio at LLOQ 

5-HTP 39.5 ±2.4; 6.1 

serotonin 17.3 ±7.4; 42.7 

tryptophan 24.9 ±1.2; 4.9 

5-HIAA 19.1 ±1.7; 8.7 

tryptamine 10.4 ±0.2; 2.3 

( continued on next page ) 
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Table 1 ( continued ) 

mean ± SD; %RSD 

Instrument LLOD (uM, S/N = 3.0) 

5-HTP 0.004 

serotonin 0.009 

tryptophan 0.006 

5-HIAA 0.008 

tryptamine 0.014 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Internal standard/protein precipitation solution (IS/PP Solution) 

To reduce the number of small-volume transfers and sample preparation steps, the internal 

standard was added to the protein precipitation solution. 400uL of 1 mM N-methylserotonin freezer- 

stock and 10 uL of formic acid were added to a 10 mL volumetric flask and completed with methanol.

The final formulation of the IS/PP solution was 40 uM N-methylserotonin and 0.1% (v/v) formic acid

in methanol. 

Sample preparation 

10 uL human plasma or mouse serum was carefully transferred to a microcentrifuge tube. Reverse-

pipetting was used to improve accuracy since serum is viscous and will not fully evacuate from pipette

tips when forward-pipetting. 20 uL IS/PP solution was added to each sample using a Hamilton gas-

tight syringe, and the sample tubes were briefly centrifuged to bring the two drops of liquid together

in the bottoms of the tubes. The samples were allowed to sit for 1 minute, and were then vortexed

for 30 seconds and centrifuged for 10 minutes at 21,0 0 0 x g. The supernatants were transferred to

new microcentrifuge tubes and made up to 100 uL by addition of 70 uL of 0.1 N HClO 4 containing

2 mM EDTA. The finished samples were loaded into a 96-well plate which was then placed in the

autosampler compartment for analysis. The final dilution factor for plasma and serum samples was 

10. 

Method validation 

A brief series of spike-recovery experiments was performed to assess the accuracy and precision of

the method before its application to experimental samples. For spiking experiments, human citrate- 

dextrose plasma for infusion (Vitalant, Scottsdale, Arizona) was chosen as a surrogate sample matrix. 

Aliquots of human plasma were analyzed un-spiked and spiked to two concentration levels: at the

method LLOQ and at the method upper limit). Each spike level was analyzed in 5 replicates, and

assay results from spiked samples were compared to their un-spiked counterparts to determine the 

amount of the spike which was recovered. Acceptance criteria for % accuracy were 80-120% at the

LLOQ and 90-110% for the high concentration spike. Acceptance criteria for both daily precision and

inter-day precision were an imprecision of ±20% RSD (relative standard deviation) at the LLOQ and

±10% RSD for the high concentration spike. Results of the method validation experiments are given in

Table 1 , and representative chromatograms are shown in Fig. 2 . 

Calibration curves were assessed over the course of several days of validation experiments to 

determine the ideal parameters for curve fitting. First, linear regressions were applied and analysis 

of residuals was performed. It was determined that the response for all compounds was reliably

non-linear and that calibration data was heteroscedastic; Accordingly, a quadratic fit and a weighting 

factor of 1/concentration were applied to improve the quality of data. Calibrations were considered 

acceptable if R 

2 ≥ 0.999 for each compound and if all calibrators back-calculated to within 5% of their

nominal concentrations. 

Our ongoing experience in the analysis of these compounds has demonstrated that they are stable

for several months or more when stored in water or dilute aqueous acids at -80 °C. To test temporal

stability at 4 °C, an extracted serum sample was left in the refrigerated autosampler compartment and
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Fig. 2. Chromatograms of (panel A) a calibrator solution containing 8 uM of each compound; (panel B) unspiked (lower) and 

spiked (upper) human plasma from method validation experiments; (panel C) serum from a wounded mouse after behavioral 

experiments - 5-HTP and 5-HIAA were present at low but quantifiable concentrations, while tryptamine was not detected; and 

(panel D) a close view of the 5-HTP and 5-HIAA peaks in mouse serum (top) and a calibrator solution containing 0.050 uM 

each (bottom). 
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re-analyzed throughout the day. 5-HIAA in the extracted samples degraded noticeably over the course 

of several hours, and addition of 2 mM EDTA to the sample diluent stabilized 5-HIAA. 

Calculations 

Percent accuracy was calculated for each compound in each QC sample according to the formula: 

percent accuracy = 

S 

S 0 
× 100 

where S represents the amount of spike recovered and S 0 represents the nominal amount of the spike.

5 replicates were analyzed on each day of testing, and the average of these was taken as the result

for that day. 

Daily precision corresponds to a percent relative standard deviation (%RSD) and was calculated for 

each day of testing according to: 

σdaily 

mea n daily 

× 100 = % RS D daily 

where mea n daily and σdaily represent the mean and standard deviation of analysis results on that day. 

Inter-day precision corresponds to a %RSD and was calculated at the end of testing according to: 

σ

mean 
× 100 = % RSD 

where mean and σ represent the mean and standard deviation of analysis results for all replicates at

that concentration level over the course of testing. 

Baseline noise was determined in software using the ASTM noise function with 30 second intervals.

Then, the limits of sensitivity were estimated according to: 

limit = 

S/N × noise 

F 

where S/N is the desired signal-to-noise ratio and F is the response factor which is determined for

each compound according to: 

F = 

peak height 

concent rat ion 

from a low concentration calibrator. Signal-to-noise ratios of 3 and 10 were chosen for the limit of

detection (LOD) and lower limit of quantitation (LLOQ), respectively. 
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