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ABSTRACT
Background: Currently, several indole markers are measured separately to support diagnosis 

and follow-up of patients with neuroendocrine tumors (NETs). We have developed a sensitive 

mass spectrometry method that simultaneously quantifies all relevant tryptophan-related 

indoles (tryptophan, 5-hydroxytryptophan, serotonin, 5-hydroxyindoleacetic acid) in platelet-

rich plasma. Direct-matrix derivatization was used to make the chemical properties of the 

indoles uniform and improved the analytical sensitivity and specificity of the assay.

Methods: In situ derivatization was performed directly in platelet-rich plasma with propionic 

anhydride at an ambient temperature. The derivatized indoles were extracted by online 

solid phase extraction and eluted to the analytical column for separation followed by mass 

spectrometric detection. The method was validated according to international guidelines. 

Platelet-rich plasma samples from 68 healthy individuals and 40 NET patients were analyzed 

for tryptophan, 5-hydroxytryptophan, serotonin, and 5-hydroxyindoleacetic acid.

Results: The method reproducibly quantified relevant indoles in 8.5 minutes, including online 

sample clean-up. Intra- and interassay imprecision, evaluated at three different concentrations, 

were between 2.0–12% and 1.9–13%, respectively. The limit of quantification was sufficient to 

measure endogenous concentrations of all four indoles. Healthy individuals and NET patients 

had different concentrations of 5-hydroxytryptophan, serotonin, and 5-hydroxyindoleacetic 

acid concentrations, but tryptophan concentrations were the same.

Conclusions: Direct-matrix derivatization in combination with LC-MS/MS is a powerful tool 

for the simultaneous quantification of all tryptophan-related indoles in platelet-rich plasma. 

Simultaneous profiling of relevant indoles improves the biochemical characterization and 

follow-up of NETs.

INTRODUCTION
Neuroendocrine tumors (NETs) are a relatively rare heterogeneous group of tumors which arise 

from enterochromaffin cells located in neuroendocrine tissues throughout the body 1,2. NETs 

can produce and secrete a variety of active neuroendocrine substances including serotonin 

and other biogenic amines, chromogranin A, gastrin, and vasoactive intestinal peptide 3–6. Small 

intestine NETs can produce excessive serotonin, especially when they metastasize to the liver. 

Excessive serotonin production causes carcinoid syndrome symptoms. Prolonged overuse of 

tryptophan by the NET to produce serotonin can lead to tryptophan depletion 7.

Several tryptophan-related indole markers have been used to biochemically characterize 

NETs. Measurement of the serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) in urine 

collected over 24 h (24 h urine) is recommended for diagnosis and follow-up of patients with 

NETs according to the guidelines of the European Neuroendocrine Tumor Society and the 

National Comprehensive Cancer Network 8,9. Plasma 5-HIAA instead of urinary 5-HIAA was 

advocated for the diagnosis and follow-up of NETs 10–12. Plasma 5-HIAA is more convenient 

for patients and it avoids potential errors. However, both 5-HIAA in plasma and 5-HIAA in 

urine can be influenced by serotonin-containing foods 13,14. Serotonin in platelet-rich plasma 

(PRP) is unaffected by short-term dietary intake of serotonin-containing food 15,16. Additionally, 

PRP serotonin has a higher diagnostic accuracy compared with urinary 5-HIAA, especially for 

relatively low serotonin-producing NETs. Increased tumor-derived serotonin production can 

be detected more accurately in the smaller, more regulated platelet serotonin pool than in the 

larger urinary serotonin metabolite (5-HIAA) pool 15. Serotonin secretion by a NET can exceed 

the maximum uptake capacity of the total platelet pool; therefore urinary 5-HIAA is a better 

marker to monitor patients with (strongly) increased serotonin production. The precursor of 

serotonin, 5-hydroxytryptophan (5-HTP), is currently not used as diagnostic marker for NETs. 

However, while foregut tumors produce 5-HTP they may lack the enzyme that converts 5-HTP 

into serotonin, meaning little or no serotonin production but increased 5-HTP production 17,18.

Relevant indole compounds (tryptophan, 5-HTP, serotonin, 5-HIAA) have not been 

simultaneously quantified using LC-MS/MS, because this is complicated by the presence 

of different functional groups, which precludes a uniform method for extraction and 

chromatography 19,20. Derivatization of the indoles might solve this problem, as it is possible to 

selectively derivatize the amino groups and hydroxyl groups, leaving carboxylic acid as the only 

functional group (Figure 1). Derivatization is not required for most LC-MS/MS applications, so it 

is not a routine part of clinical LC-MS/MS tests. Interestingly, in situ or direct-matrix derivatization 

can be performed directly in an aqueous matrix such as plasma, without any sample clean-up 
21. This derivatization strategy can improve chemical stability, so it may be beneficial in the 

analysis of indole compounds, which are prone to oxidation.
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Fig. 1. Derivatization reaction of each respective indole with propionic anhydride. Red circles denote the 

group that is derivatized by propionic anhydride. Formed derivative products for each indole are shown 

on the right side. Abbreviations: 5-HTP, 5-hydroxytryptophan; 5-HIAA, 5-hydroxyindolacetic acid; RT, 

room temperature.

Here, we validated an automated LC-MS/MS method using straightforward direct-matrix 

derivatization to simultaneously quantify relevant indole markers in PRP. To biochemically 

characterize NETs, we performed an exploratory study in healthy individuals and in patients 

with foregut and midgut NETs.

MATERIAL AND METHODS
Reagents

LC-MS-grade acetonitrile, isopropanol, methanol, formic acid, and ammonium acetate were 

purchased from Biosolve. Ascorbic acid, dipotassium hydrogen phosphate, acetic acid (99%), 

and hydrochloric acid (32%) were obtained from Merck Millipore. Ammonium hydroxide 

solution (28–30%), propionic anhydride, dipotassium EDTA dihydrate, glutathione (reduced), 

tryptophan, 5-HTP, serotonin, and 5-HIAA, all of analytical purity, were purchased from Sigma 

Aldrich. Ultrapure water was produced using an in-house purification system (Merck Millipore). 

Stable deuterated isotopes for tryptophan-d5, serotonin-d4 creatinine sulfate, and 5-HIAA-d2 

were purchased from CDN Isotopes and 5-HTP-d4 from Toronto Research Chemicals.

Preparation of standards

Stock solutions were prepared in 0.08 mol/L acetic acid. Stock solutions were serially diluted 

in ascorbic acid in water 0.04% (w/v) to the respective working solution (mixture of all 

analytes). The working solution was prepared fresh on the day of analysis to prevent serotonin 

degradation. Eight calibrators were prepared by spiking different volumes of working solution 

into a surrogate matrix (dialyzed PRP, for detailed description see the online Supplement). 

Calibrator curves ranged from 2.9 to 404 µmol/L (tryptophan), 4.6 to 637 nmol/L (5-HTP), 143 

to 20,000 nmol/L (serotonin), and 69 to 9,720 nmol/L (5-HIAA). The internal standard working 

solution was prepared in ascorbic acid in water 0.04% (w/v). Concentrations for tryptophan-d5, 

5-HTP-d4, serotonin-d4, and 5-HIAA-d2 were 23 µmol/L, 75 nmol/L, 4,500 nmol/L, and 1,000 

nmol/L, respectively.

Sample preparation and analysis

Before samples were analyzed, aliquots of thawed PRP samples (50 μL) and calibrators were 

mixed with 50 μL of internal standard working solution, 250 µL of 0.5 mol/L dipotassium 

phosphate, and 4 mmol/L K2EDTA, pH 8.5 in a 2.0 mL 96-deepwell plate (Greiner Bio-One). 

Subsequently, 50 µL of 25% (v/v) propionic anhydride in acetonitrile was added and the plate 

was vortexed for 15 min. Water was added to all wells to a total volume of 1.0 mL. The plate 

was vortexed and centrifuged for 15 min at 1,500 g. 50 µL of each calibrator and sample was 

injected onto the online solid phase extraction (SPE) LC-MS/MS system.

Online SPE was performed using the fully automated Spark Holland Symbiosis™ system in 

eXtraction Liquid Chromatography mode as previously described 22. For a complete description 

of the online SPE method see the online Supplement.

Liquid chromatography was performed on a Phenomenex® Luna Phenyl-Hexyl 2.0 x 150 

mm 3 µm column, with a binary gradient system that consisted of 10 mmol/L ammonium 

acetate with 0.1% formic acid (eluent A) and 0.1% formic acid in 95% acetonitrile (eluent B). 

Initial conditions were 80:20 (v/v) at a flow rate of 0.3 mL/min, followed by a linear increase of 

eluent B to 80% over 5 min and kept constant at 80% B for 1.0 min. Thereafter, flow rate and 

proportion of the pumps were returned to the starting conditions and kept constant for a 

further 2 min. The total run time was 8.5 min.

Tryptophan, 5-HTP, serotonin, and 5-HIAA were all analyzed in positive ionization mode on 

a Waters® Xevo™ TQ-MS. Mass spectrometer settings were optimized by tuning in the selective 

reaction monitoring mode. The following settings were applied throughout the study: capillary 

voltage 0.5 kV, desolvation temperature 600°C, desolvation gas flow 1000 L/h, cone gas flow 

50 L/h, and collision gas flow 0.20 mL/min. Cone voltage and collision energies were optimized 

for all analytes and respective transitions. The transitions were analyzed by scheduled selective 
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reaction monitoring (online Supplemental Table 1). For tryptophan and serotonin, the isotopic 

peak [M+H+1]+ was used for the precursor m/z to avoid saturating the MS detector and to obtain 

linear calibration curves. Quantification was performed using the peak-area response ratios of 

the quantifier transitions for the analyte and the corresponding internal standard. Calculations 

were performed with the TargetLynx™ software (Waters).

Method validation

The method was validated by evaluating imprecision, limit of quantification, linearity, carryover, 

recovery, ion suppression, stability, reference intervals, and method comparison 23. Quality 

control samples were prepared containing low (tryptophan 18 µmol/L, 5-HTP 15 nmol/L, 

serotonin 2,316 nmol/L, 5-HIAA 19.2 nmol/L), medium (tryptophan 43 µmol/L, 5-HTP 75 

nmol/L, serotonin 7,752 nmol/L, 5-HIAA 189 nmol/L), and high concentrations (tryptophan 90 

µmol/L, 5-HTP 200 nmol/L, serotonin 9,714 nmol/L, 5-HIAA 5,152 nmol/L) concentrations of the 

respective analytes, using anonymized pooled human PRP, which remained in our laboratory 

after routine indole analysis. Quality control samples were stabilized with glutathione 

(approximately 5 mg/mL) and stored at -80˚C until analysis. Glutathione prevented oxidation 

of serotonin and stabilized the samples for at least 6 months at -20˚C and -80˚C (online 

Supplement). Detailed information on the procedures for method validation are provided in 

the online Supplement. Method comparison was performed with patient samples left over 

from routine patient care; tryptophan, serotonin, and 5-HIAA were measured in these samples 

by an existing HPLC with fluorometric detection method 19. For the method comparison of 

5-HIAA, only PRP samples with 5-HIAA > 1,000 nmol/L were used, as this was the quantitation 

limit of the HPLC fluorometric method. Furthermore, tryptophan was compared with an 

online SPE LC-MS/MS method in our laboratory measuring underivatized plasma tryptophan 

in combination with kynurenine and 3-hydroxykynurenine, as previously described 24.

Clinical sample collection

Participants were instructed to avoid consumption of nuts and fruits 24 hours prior to sample 

collection. Blood was drawn by venipuncture (using a butterfly needle) and collected in 10 mL 

EDTA vacutainer tubes (dipotassium EDTA vacutainer tubes, Becton Dickinson). To obtain PRP, 

blood tubes were centrifuged at 120 g for 30 minutes at room temperature. 0.5 mL PRP was 

used for the platelet count (Sysmex XE-2100). The remaining PRP was stabilized with glutathione 

and stored at -80 °C until analysis. All samples were collected and analyzed within 5 months.

Indole concentrations in healthy subjects

The distribution of indole concentrations was investigated by analyzing PRP samples from 

non-fasting, apparently healthy volunteers (n = 68). Results were compared with data from 

the literature. This investigation was approved by the institutional medical ethics review board 

(registered at ClinicalTrials.gov, NCT 01398306).

Comparison of healthy individuals and NET patients

Twenty patients with a foregut NET and 20 with a midgut NET were recruited at the outpatient 

clinic of the Department of Medical Oncology Groningen, the Netherlands. Patients were 

assigned to the foregut or midgut group based on the primary location and histology of their 

tumor. Inclusion criteria were age 18 years or older and signed written informed consent. 

Patients were excluded if they used drugs that interfere with serotonin metabolism, serotonin 

reuptake, or platelet function. Basic clinical characteristics were obtained from the patients’ 

medical records. Chromogranin A was analyzed as part of their routine visit to the outpatient 

clinic. An immunoradiometric assay from CIS Bio International was used. The reference interval 

was 20 – 100 µg/L. Twenty sex- and age-matched healthy individuals were selected from the 

above-mentioned healthy volunteer group and compared with the 40 patients with NETs. 

Basic characteristics of the healthy individuals and patients with NETs are presented in Table 

2. The study was approved by the institutional medical ethics review board (registered at 

ClinicalTrials.gov, NCT02815969).

Table 2. Baseline population characteristics.

Healthy volunteers

(n = 68)

Foregut NETs

(n = 20)

Midgut NETs

(n = 20)

Agea, y 56 [40–66] 62 [54–66] 59 [56–66]

Female gender, n (%) 33 (49) 8 (40) 14 (70)

Primary tumor, n (%)

 Pancreas 16 (80) -

 Lung 3 (15) -

 Duodenum 1 (5) -

 Small intestine - 20 (100)

Grade NET, n (%)

 Grade 1 11 (55) 14 (70)

 Grade 2 6 (30) 5 (25)

 No histologic tumor sample available 3 (15) 1 (5)

aValues reported as median [interquartile range].
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Statistics

Method comparison results were calculated by Passing–Bablok regression using the MCR 

package in RStudio. Distribution of the 5-HTP concentration range was calculated as the 2.5th 

and 97.5th percentiles (95% of the central population) by non-parametric analysis (Analyse-

it). Other statistical analyses were performed using SPSS version 22.0 for Windows (IBM 

Corporation). Differences in PRP indole concentrations between healthy controls and patients 

with NETs were assessed by the Mann–Whitney U test. Relationships between PRP indole 

concentrations and age in healthy individuals were examined using the Spearman rank test. 

A P ≤ 0.05 was considered significant.

RESULTS
Method validation

The total analysis time was 8.5 minutes, including automated sample extraction using the 

online SPE step. All four indoles were baseline separated (Figure 2). Intraassay and interassay 

imprecision evaluated at three different concentrations were < 10%, except for the low QC of 

5-HTP (15 nmol/L), which was 13% (Table 1).

Table 1. Intra-assay and inter-assay imprecision. 

Intra-assay imprecision

(n = 20)

Inter-assay imprecision

(n = 20)

Mean (nmol/L)* CV, % Mean (nmol/L)* CV, %

Tryptophan 18 4.0 19 5.2

43 3.2 45 3.6

90 3.3 91 3.0

5-HTP 15 12 16 13

75 7.3 73 8.5

200 5.0 185 6.6

Serotonin 2,316 5.7 2,426 9.8

7,752 4.7 7,820 6.1

9,714 3.4 9,895 5.2

5-HIAA 19.0 6.1 19.2 9.2

186 4.5 189 7.0

5,033 2.0 5,152 1.9

*Tryptophan concentrations are in µmol/L. Abbreviations: 5-HTP, 5-hydroxytryptophan; 5-HIAA, 

5-hydroxyindolacetic acid.

Fig. 2. Chromatograms of PRP from a healthy individual (panel A) and two patients with NET (panel B–C), 

as obtained by online SPE LC-MS/MS. Relative intensity is shown on the y-axis, and retention time on 

the x-axis. Each chromatogram is normalized to the same signal intensity. (A) Indole profile of a healthy 

volunteer. Calculated PRP concentrations were: tryptophan 52 µmol/L; 5-HTP 3.0 nmol/L; serotonin 3.5 

nmol/109 platelets; 5-HIAA 33 nmol/L. (B–C) Indole profiles of two patients with NETs. (B) Calculated PRP 

concentrations were: tryptophan 61 µmol/L; 5-HTP 3.5 nmol/L; serotonin 14 nmol/109 platelets; 5-HIAA 105 

nmol/L. (C) Calculated PRP concentrations were: tryptophan 64 µmol/L; 5-HTP 343 nmol/L; serotonin 7.3 

nmol/109 platelets; 5-HIAA 301 nmol/L. Abbreviations: PRP, platelet-rich plasma; TRP, tryptophan; 5-HTP, 

5-hydroxytryptophan; 5-HT, serotonin; 5-HIAA, 5-hydroxyindolacetic acid.

2



26 27

Clin Chem. 2019, 65 (11), 1388-1396 Quantitative indole profiling by LC-MS/MS

Mean recovery of the added analytes was 91–96% for tryptophan, 90–97% for 5-HTP, 

93–98% for serotonin, and 92–95% for 5-HIAA (see online Supplemental Table 2). Limits of 

quantification were 1.0 µmol/L (tryptophan), 2.0 nmol/L (5-HTP), 68 nmol/L (serotonin), and 15 

nmol/L (5-HIAA). Carryover was < 0.1% for each analyte. Suppression was <10% at the retention 

times of the analytes during the infusion experiment. All indole compounds were stable for 

at least 6 mo at -20°C and -80°C in glutathione-stabilized PRP (online Supplemental Table 3 

and 4). Up to four freeze-thaw cycles did not affect glutathione-stabilized indole compounds.

Method comparison

Passing–Bablok regression analysis demonstrated proportional differences for PRP 

tryptophan, serotonin, and 5-HIAA between the HPLC fluorometric method and LC-MS/MS 

method (online Supplemental Figure 1). The HPLC fluorometric method underestimated 

the concentration, probably because the HPLC method used a structural analog as an 

internal standard instead of a stable isotope-labeled standard. The method comparison 

for tryptophan between the new LC-MS/MS method and the older LC-MS/MS method 

(kynurenine method, no derivatization) in our laboratory did not show a proportional or 

systematic difference (online Supplemental Figure 1).

Indole concentrations in healthy subjects

PRP tryptophan concentrations in the N = 68 healthy individuals ranged from 28.5 to 87.2 

µmol/L, with a median of 52.3 µmol/L. The distribution of PRP 5-HTP concentrations was 2.1–

6.3 nmol/L, with a median of 3.3 nmol/L. The serotonin concentration was 1.2–5.9 nmol/109 

platelets, with a median of 3.1 nmol/109 platelets. PRP 5-HIAA concentrations ranged from 15 

to 111 nmol/L, with a median of 36 nmol/L (online Supplemental Figure 2). PRP tryptophan, 

platelet serotonin, and PRP 5-HIAA correlated with age (PRP tryptophan: r = -0.39, P = 0.001; 

platelet serotonin: r = -0.33, P = 0.006; PRP 5-HIAA: r = 0.44, P < 0.001), but 5-HTP did not.

Comparison of healthy individuals and NET patients

Comparisons between age-matched healthy individuals and foregut NET patients showed 

differences in PRP 5-HTP (P = 0.01), platelet serotonin (P = 0.037), and PRP 5-HIAA (P = 0.043) 

concentrations, but not in tryptophan concentrations (Table 3 and Figure 3). PRP 5-HTP, 

platelet serotonin, and PRP 5-HIAA concentrations differed between midgut NET patients 

and age-matched healthy individuals (all P < 0.001), but tryptophan concentrations were not 

significantly different (Table 3 and Figure 3). The location of the primary tumor in foregut and 

midgut NET patients was not associated with any of the indole markers.

Table 3. Concentrations of the indole markers in PRP and urine in healthy individuals and the two NET 

patient groups.a

Healthy individuals 

(n = 20)

Foregut NETs 

(n = 20)

Midgut NETs 

(n = 20)

Age at plasma sampling, y 67.0 [63.5–72]b 66.5 [62.5–73.5] 67.0 [63.5–70.7]

Gender, % females 50 40 70

PRP

Tryptophan, µmol/L 46.1 [38.5–55.8] 52.0 [44.5–58.7] 55.5 [49.2–62.0]

 5-HTP, nmol/L 3.3 [2.8–4.5] 6.0 [3.3–11] 5.7 [4.3–16]

 Serotonin, nmol/109 platelets 3.0 [2.2–3.7] 4.7 [2.5–5.8] 24 [18–36]

 5-HIAA, nmol/L 43 [37–56] 60 [41–118] 689 [171–4,181]

Urine

 Serotonin, µmol/mol creatinine < 66c 62 [44–110] 90 [58–238]

 5-HIAA, mmol/mol creatinine < 3.8c 2.5 [1.6–3.5] 20 [6.7–90]

Serum

 Chromogranin A, µg/L < 100c 305 [65–884]d 188 [80–1,760]d

aValues reported as median [interquartile range]. 
bCorrelated with plasma tryptophan (r = -0.53, p = 0.016). 
cUpper limits of respective reference ranges in our hospital (3). 
dPatients on proton pump inhibitors excluded only for the chromogranin A data (n = 7 patients in the 

foregut group, n = 8 patients in the midgut group).

In the foregut NET patient group, PRP 5-HTP concentrations were higher than the upper 

reference limit interval in 9 of 20 patients, platelet serotonin in 6 of 20 patients, and PRP 5-HIAA 

in 5 of 20 patients. When results for the three indoles were combined, 11 of 20 patients (55%) 

showed increased concentrations (online Supplemental Table 5).

In the midgut NET patient group, PRP 5-HTP concentrations were increased in 8 of 20 

patients, platelet serotonin in 18 of 20 patients, and PRP 5-HIAA in 17 of 20 patients. Combining 

the results for the three indoles did not improve the positive rate in this group (online 

Supplemental Table 5).
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Figure 3. Boxplots showing the distribution of concentrations of PRP tryptophan (A), natural logarithmic 

transformed PRP 5-HTP (B), platelet serotonin (C), and natural logarithmic transformed plasma 5-HIAA (D) 

in healthy individuals (n = 20), foregut NET patients (n = 20), and midgut NET patients (n = 20). The dots and 

other shapes show the individual points in each group. The different colors and shapes denote the grades 

of the tumor: blue/circle = healthy individuals, red/triangle = not graded as no histological material was 

available, green/square = grade 1, orange/diamond = grade 2. Abbreviations: 5-HTP, 5-hydroxytryptophan; 

5-HIAA, 5-hydroxyindolacetic acid; PRP, platelet-rich plasma.

DISCUSSION
This study shows that direct-matrix derivatization in combination with LC-MS/MS is a powerful 

tool for simultaneously quantifying tryptophan-related indoles in PRP.

The results of the method validation, especially the method comparison for underivatized 

tryptophan by LC-MS/MS, show that the developed direct-matrix derivatization step is 

reproducible and can be used routinely. The addition of stable isotope-labeled standards 

before the derivatization procedure is necessary, as it corrects for any variations during the 

derivatization reaction. The current derivatization procedure not only improves the extraction 

and chromatographic properties but also enhances mass spectrometric detection. This increase 

in sensitivity is probably due to increased lipophilicity of the derivatives and subsequent 

increased ionization efficiency, as reported earlier (30,31). Another advantage of using propionic 

anhydride as a derivatization reagent is that the added propionyl group is relatively small. 

Reversed-phase chromatography is primarily based on hydrophobicity, so derivatization 

of the polar groups (amine, hydroxyl) with propionic anhydride improves indole retention. 

Compared with other derivatization reagents, the propionyl group is so small relative to the 

indole structure, that chromatographic separation is still primarily based on interaction of the 

indole, not the propionyl group, with the stationary phase, which maintains chromatographic 

selectivity 27,28. Moreover, products formed in the mass spectrometer are highly specific as they 

are analyte dependent and not from the derivatization agent.

The concentrations we obtained for PRP tryptophan, PRP 5-HTP, platelet serotonin, and PRP 

5-HIAA in healthy subjects using our method are comparable with reference intervals found in 

other studies 10,11,16,24,29–32. 5-HIAA is known to be affected by diet rich in serotonin, especially nuts 

and certain fruits, so patients are often sampled after an overnight fast combined with dietary 

instructions. The instruction to avoid fruits and nuts 24 hours before sampling in a non-fasting 

state proved to be sufficient to prevent false positives for 5-HIAA, as we did not find increased 

5-HIAA concentrations in comparison to the studies where reference ranges were established 

after an overnight fast in combination with dietary instructions 10,33.

Quantitative profiling of all indole markers can provide further information on the incidence 

of variation in enzyme activity, like aromatic L-amine acid decarboxylase activity in foregut 

NETs 19. Nine out of 20 patients with a foregut NET showed increased 5-HTP concentrations, 

indicating that some foregut NETs are aromatic L-amine acid decarboxylase-deficient as 

suggested earlier 17,18,34. Interestingly, our patient with the highest PRP 5-HTP level (153 nmol/L) 

also had the highest urinary serotonin excretion (1,284 µmol/mol creatinine), which probably 

reflects the renal decarboxylation of excessive PRP 5-HTP into serotonin 34,35. In the midgut 

NET group, 5-HTP concentrations also increased in eight out of 20 patients. This increase was 

probably caused by increased expression of tryptophan hydroxylase, abundant formation of 

5-HTP, and subsequent saturation of aromatic L-amine acid decarboxylase, as platelet serotonin 

and PRP 5-HIAA also increased when 5-HTP increased. The influence of diet on 5-HTP and the 

biological variation of PRP 5-HTP is currently unknown, and should be further investigated 

before PRP 5-HTP is introduced as a diagnostic marker for NETs.

Platelet serotonin is the marker with the higher diagnostic accuracy, and 5-HIAA is the 

marker best suited for follow-up of patients with NET; a strength of this assay is that we 

measured these two markers together. Combining both markers also helps to identify diet-

related false positives as platelet serotonin is not affected by short-term ingestion of serotonin-

rich foods whereas PRP 5-HIAA is 13,14,36. Likewise, PRP 5-HIAA concentrations (and 5-HTP) can 

be measured if platelets are activated in vitro and the platelet count is no longer reliable. The 

inclusion of tryptophan in the profile means that decreased tryptophan concentrations can be 
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detected – this is important because prolonged excessive production of serotonin by midgut 

NETs can deplete tryptophan and niacin, causing pellagra-like symptoms 37.

This study has several strengths. We used a validated direct-matrix derivatization-based 

LC-MS/MS method to simultaneously quantify all relevant indole markers, which assured 

sensitive and precise measurement of these analytes. This is the first study to quantify PRP 

5-HTP by LC-MS/MS in NET patients. The current method only uses 50 µL of PRP, and is able to 

simultaneously quantify compounds that differ four orders of magnitude in concentration. The 

method employs a fully automated online sample clean-up, but can easily be performed offline. 

The innovative design of the derivatization reaction directly in the native matrix, concomitantly 

with the increased sensitivity and selectivity, opens up new possibilities for quantifying these 

classes of compounds with LC-MS/MS.

A limitation of the current study is that the number of healthy controls was too low to 

confirm all reference intervals; we confirmed reference intervals for tryptophan, serotonin, 

and 5-HIAA, but not for 5-HTP (n = 120 individuals are needed to establish reference intervals). 

Another potential limitation is that non-fasting plasma was collected in this study, because the 

influence of diet on plasma 5-HTP is not known yet.

The diagnosis and management of NETs is very challenging, and progress in this field has 

been limited, apart from recent blood transcript analysis; therefore, this combination method 

shows potential in the biochemical characterization of NETs 38,39. Diagnostic accuracy studies 

are needed to determine the potential value of measuring PRP tryptophan, PRP 5-HTP, platelet 

serotonin, and PRP 5-HIAA together when diagnosing and following up NETs.
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ONLINE SUPPLEMENT
Dialyzed PRP

Left-over platelet rich plasma (PRP) from routine patient care was pooled and poured into a 

dialysis membrane (Spectra/Por 3 Dialysis Membrane, MWCO 3.5 kDa, Fisher Scientific). The 

PRP was dialyzed against phosphate-buffered saline) until no tryptophan or other indoles were 

present After dialysis, glutathione (reduced) was added to the PRP (approximately 5 mg/mL). 

The dialyzed PRP was aliquoted and stored at -20°C until use.

Online solid

Solid Phase extraction (SPE) and LC-MS/MS

The following cartridges were used for the online SPE: Oasis HLB 10x1mm, 30 μm (Waters). Each 

cartridge was initially conditioned in the left clamp position with 500 μL acetonitrile, 500 μL of a 

mixture methanol/isopropanol/acetonitrile/water (1:1:1:1) containing 0.2% formic acid and then 

equilibrated with 500 μL water, at flow-rates of 5000 μL/min. Sample (100 μL) was aspirated and 

loaded onto the cartridge with 500 μL 0.1% formic acid at a flow-rate of 2000 μL/min. The two 

washing steps were performed with two different solvent compositions: wash 1) ) 1000 μL 20% 

methanol, 4mmol/L ammonium acetate and 0.4% formic acid, flow rate of 2500 μL/min and 2) 

250 μL 20% acetonitrile, 4mmol/L ammonium acetate and 0.4% formic acid, flow rate of 2500 

μL/min. After washing, the cartridge was transferred to the right clamp and the indoles were 

eluted by using the gradient elution option: The cartridge was eluted with the mobile phase 

starting gradient for 1:30 min. After the elution was performed the right clamp was flushed 

with 500 μL 40% acetonitrile in water, 0.2% formic acid at flow rate of 5000 μL/min, 500 μL of 

a mixture methanol/isopropanol/acetonitrile/water (1:1:1:1) and 0.2% formic acid at flow rate 

of 5000 μL/min, 500 μL acetonitrile at flow rate of 5000 μL/min and finally 500 μL water at flow 

rate of 5000 μL/min. A new cartridge was placed in the left clamp allowing the next sample 

to undergo SPE while chromatography was simultaneously being performed on the previous 

sample. The autosampler valve and needle were washed with 700 μL 10% acetonitrile in water, 

750 μL 40% acetonitrile, 0.1% formic acid, followed by 750 μL mixture of methanol/isopropanol/

acetonitrile/water, 4:2:2:2(v/v) and 0.2% formic acid and then 1000 μL 10% acetonitrile again.)

Method validation

Method validation was performed by evaluating imprecision, limit of quantification, linearity, 

carryover, recovery, ion suppression, stability, and method comparison, which are described 

below. Quality control samples were prepared from left-over patient samples submitted for 

serotonin in PRP testing to our laboratory containing low, medium and high levels of the 

respective analytes. Quality control samples were stabilized with glutathione (approximately 

5 mg/mL) and stored at -80˚C until analysis. Concentrations of tryptophan, 5-HTP, serotonin, 

and 5-HIAA in the quality control samples were 18, 43, 90 µmol/L; 15, 75, 200 nmol/L; 2316, 7752, 

9714 nmol/L; 186, 5033, 13891 nmol/L, respectively. Intra-assay imprecision was determined by 

analyzing the quality control samples in 20 replicates on the same day. Inter-assay imprecision 

was determined by analyzing the quality control samples on 20 different days in duplicate over 

a 2-month period. Limits of quantification for tryptophan, 5-HTP, serotonin, and 5-HIAA were 

determined by serial dilution of the low quality control sample on six different days. The limit 

of quantification was set where the imprecision was < 20% and the signal to noise ratio > 10. 

Carry-over was performed with the low and high quality control samples according to protocol 

EP10 from the Clinical and Laboratory Standards Institute. Recovery was estimated by spiking 

tryptophan, 5-HTP, and 5-HIAA at three different levels to the quality control samples. These 

samples were analyzed on six different days. For serotonin, recovery was tested by spiking 

serotonin to freshly prepared platelet-rich plasma (PRP) from six different donors, as adding 

serotonin to the quality control samples resulted in underestimation of serotonin (degradation 

of added serotonin). Recovery percentage was calculated as follows: [(final concentration – initial 

concentration) / added concentration] * 100%. Recovery was considered acceptable between 

85 and 115 %. Freshly prepared PRP samples at 3 concentrations were used to investigate 

the long-term stability of analytes in PRP. Long-term stability experiments were conducted in 

duplicate, and bias was determined by comparing mean values of stressed samples against 

those of nonstressed samples (Supplemental Tables 3 and 4).

Ion suppression was checked by performing a post-column infusion experiment. Plasma 

samples (n = 6) containing a low concentration of the indoles were analyzed as described above 

with constant post-column infusion of derivatives of tryptophan, 5-HTP, serotonin, and 5-HIAA 

at a flow-rate of 10 µL/min. Chromatograms of the samples were compared with those of the 

solvent blank and inspected for signs of ion suppression.
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Supplemental Table 1. Transitions, cone voltage and collision energy for quantifier and qualifier of each 

compound.

Compound Transition (m/z) Cone voltage (V) Collision energy (eV)

TRP-QN 262 > 188 20 15

TRP-QN-D5 267 > 193 20 15

TRP-QL 262 > 159 20 20

TRP-QL-D5 267 > 164 20 20

5-HTP-QN 333 > 175 20 30

5-HTP-QN-D3 336 > 178 20 30

5-HTP-QL 333 > 231 20 20

5-HTP-QL-D3 336 > 234 20 20

5-HT-QN 290 > 216 20 18

5-HT-QN-D4 294 > 220 20 18

5-HT-QL 290 > 160 20 25

5-HT-QL-D4 294 > 164 20 25

5-HIAA-QN 248 > 146 25 23

5-HIAA-QN-D2 250 > 148 25 23

5-HIAA-QL 248 > 118 25 35

5-HIAA-QL-D2 250 > 120 25 35

QN, quantifier; QL, qualifier; 5-HTP, 5-hydroxytryptophan; 5-HIAA, 5-hydroxyindolacetic acid.

Supplemental Table 2. Mean recovery results (SD between parentheses).

Recovery in %

Spiked amounts (nmol/L)* Recovery (SD), %

Tryptophan 41 91 (2.6)

82 93 (1.4)

124 96 (6.0)

5-HTP 76 97 (3.6)

152 93 (6.4)

227 90 (1.4)

Serotonin 607 98 (5.7)

1214 97 (4.1)

2427 93 (3.8)

5-HIAA 4500 95 (4.7)

8978 93 (4.5)

13468 92 (2.9)

*Tryptophan concentration expressed as µmol/L 

5-HTP, 5-hydroxytryptophan; 5-HIAA, 5-hydroxyindolacetic acid.

Supplemental Table 3. Stability of analytes in PRP at -20°C.

  Tryptophan      5-HTP    Serotonin     5-HIAA

Level Avg. Conc Bias (%) Avg. Conc Bias (%) Avg. Conc Bias (%) Avg. Conc Bias (%)

Low 18.7 NA 12.2 NA 2357 NA 170 NA

 Low_1wk 19.6 5 12.6 3 2537 8 186 9

 Low_2wks 18.9 1 13.7 12 2238 -5 186 9

 Low_1month 19.9 6 14.2 16 2222 -6 195 15

 Low_3months 19.0 1 15.0 23 2229 -5 188 11

 Low_6months 18.7 0 14.5 18 2024 -15 188 10

Medium 45.6 NA 75.7 NA 7330 NA 5072 NA

 Med_1wk 44.5 -3 67.3 -11 7619 4 5161 2

 Med_2wks 44.2 -3 71.6 -5 7691 5 5210 3

 Med_1month 46.5 2 64.8 -14 7742 6 5094 0

 Med_3months 45.0 -1 66.3 -12 7395 1 4999 -1

 Med_6months 42.8 -6 67.7 -11 7193 -2 5055 0

High 93.7 NA 180 NA 9485 NA 14030 NA

 High_1wk 92.3 -1 178 -1 9496 0 14180 1

 High_2wks 85.8 -8 171 -5 9836 4 14314 2

 High_1month 92.2 -2 175 -3 9921 5 14140 1

 High_3months 113.9 22 174 -4 8898 -6 14322 2

 High_6months 86.8 -7 173 -4 9652 2 14035 0

5-HTP, 5-hydroxytryptophan; 5-HIAA, 5-hydroxyindolacetic acid; PRP, platelet-rich plasma.

Supplemental Table 4. Stability of analytes in PRP at -80°C.

 Tryptophan     5-HTP    Serotonin    5-HIAA

Level Avg. Conc Bias (%) Avg. Conc Bias Avg. Conc Bias (%) Avg. Conc Bias (%)

Low 18.7 NA 12.2 NA 2357 NA 170 NA

 Low_1wk 18.5 -1 13.6 11 2473 5 163 -4

 Low_2wks 18.6 -1 14.5 18 2163 -8 189 11

 Low_1month 19.3 3 13.5 10 2333 -1 189 11

 Low_3months 18.7 0 13.3 9 2194 -7 186 9

 Low_6months 19.5 4 13.4 9 2209 -6 189 11

Medium 45.6 NA 75.7 NA 7330 NA 5072 NA

 Med_1wk 42.6 -7 68.9 -9 7566 3 5217 3

 Med_2wks 43.7 -4 63.7 -16 7742 6 5206 3

 Med_1month 45.7 0 63.9 -16 7733 6 5085 0
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Supplemental Table 4. Stability of analytes in PRP at -80°C. (continued)

 Tryptophan     5-HTP    Serotonin    5-HIAA

Level Avg. Conc Bias (%) Avg. Conc Bias Avg. Conc Bias (%) Avg. Conc Bias (%)

 Med_3months 45.3 -1 77.5 2 7810 7 5050 0

 Med_6months 44.1 -3 73.7 -3 7537 3 5082 0

High 93.7 NA 180 NA 9484 NA 14031 NA

 High_1wk 91.2 -3 179 -1 9778 3 14142 1

 High_2wks 89.6 -4 179 -1 9925 5 14112 1

 High_1month 93.4 0 186 3 9993 5 13955 -1

 High_3months 91.8 -2 200 11 9015 -5 13910 -1

 High_6months 90.4 -4 175 -3 9648 2 14157 1

5-HTP, 5-hydroxytryptophan; 5-HIAA, 5-hydroxyindolacetic acid; PRP, platelet-rich plasma.

 

Supplemental Table 5. Percentage of patients with values above the upper reference limit for the 

combined indole markers or individual markers, and chromogranin A for the foregut and midgut NET group.

Foregut NETs

(n = 20 patients)

Midgut NETs

(n = 20 patients)

% of patients above reference value

PRP

 Indoles 55 90

 Platelet serotonin + 5-HIAA 35 90

 5-HTP 45 40

 Platelet serotonin 30 90

 5-HIAA 25 85

Urine

 Serotonin + 5-HIAA 45 70

 Serotonin 40 85

 5-HIAA 20 85

Serum

 Chromogranin Aa 75 (13) 75 (12)

aPatients on proton pump inhibitors excluded. 5-HTP, 5-hydroxytryptophan; 5-HIAA, 

5-hydroxyindolacetic acid.

Supplemental Figure 1. Scatter plots for the different method comparisons. Tryptophan by HPLC fluo-

rometry versus tryptophan with LC-MS/MS, in µmol/L (A). Passing–Bablok regression analysis revealed a 

proportional difference [slope regression line: 1.10 (95% CI, 1.04–1.15)] but not systematic difference [inter-

cept: -1.2 (95% CI, -3.5–1.7)]. Tryptophan with LC-MS/MS (underivatized) versus tryptophan with LC-MS/MS, 

in µmol/L (B). Passing–Bablok regression analysis revealed no proportional difference [slope of regression 

line: 0.97 (95% CI, 0.92–1.02)] or systematic difference [intercept: 0.40 (95% CI, -1.7–2.1)]. Serotonin with 

HPLC fluorometry versus serotonin with LC-MS/MS, in nmol/109 platelets (C). Passing–Bablok regression 

analysis revealed a proportional difference [slope regression line: 1.14 (95% CI, 1.11–1.19) and systematic 

difference [intercept: 0.43 (95% CI, 0.25–0.67)]. 5-HIAA by HPLC fluorometry versus 5-HIAA by LC-MS/MS, 

in nmol/L (D). Passing–Bablok regression analysis revealed a proportional difference [slope regression 

line: 1.14 (95% CI, 1.07–1.21) and systematic difference [intercept: -249 (95% CI, -392–-115)]. Dots indicate 

individual samples (n = 40), the dotted lines represent the equation x = y (identity line), and the gray areas 

show the 95% CIs of the regression lines.
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Supplemental Figure 2. Distribution of concentrations of tryptophan (A), 5-HTP (B), serotonin (C), and 

5-HIAA (D) in apparently healthy men and women (n = 68). Boxes represent medians and IQRs, and whiskers 

display the smallest and the largest nonoutliers.
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