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Abstract

A specific capillary electrophoresis—time-of-flight mass spectrometry (CE-TOFMS) method for the determination of serotonin (5HT) and
its precursors tryptophan (Trp) and 5-hydroxytryptophan (5SHTP) in human platelet rich plasma is described. The analytes were removed from
the plasma samples and preconcentrated by solid phase extraction (SPE) on mixed mode cation-exchange sorbents. The SPE recoveries we
71.6+ 3.1 for 5HT, 91.0+ 2.8 for Trp, and 95.3- 5.9% for SHTP. Deuterated analogues of 5HT and Trp were used as internal standards for
quantitation purposes. Submicromolar detection limits were obtained for standard mixtures of all compounds and their deuterated isotopes,
except 5HTP, which had detection limits in the low micromolar range. The potential usefulness of this method in the clinical setting was
demonstrated by analyzing plasma extracts from healthy volunteers as well as from pathological samples. While 5SHTP was not present in
any of the analyzed samples, the levels of 5HT and Trp in both hormal and pathological plasma were determined.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 5HT (and sometimes 5HTP) by a carcinoid tunjt#3,
7-10]
The bioactive indolamine serotonin (5-hydroxytrypt- The most commonly used laboratory test for the determi-

amine, 5HT), is an established neurotransmitter and nation of a serotonin-secreting carcinoid tumor is the mea-
vasoconstrictor. It is formed by decarboxylation of 5- surement of urinary 5-hydroxyindoleacetic acid (5HIAA),
hydroxytryptophan (5HTP), its immediate precursor, in a major serotonin metaboli{d,4,7,9,11] However, in the
one of tryptophan’s (Trp) metabolic pathwajls-3]. Sero- case of tumors producing only small amounts of serotonin,
tonin has been implicated in a variety of physiological the predictive value of an increased urinary 5HIAA is low
processes, including smooth muscle contraction, blood pres-{10]. In addition, the concentration of SHIAA in urine may
sure regulation, and both peripheral and central nervous sys-be increased by consumption of certain 5HT-rich foods
tem transmissiorl—3]. The involvement of 5HT in many  [1,12]. It has been shown that platelet serotonin is the most
pathological conditions, such as depression, schizophreniasensitive indole marker for the diagnosis of carcinoid tu-
anorexia nervosa, dementia, and carcinoid syndrome hasamors, especially those with low serotonin product[84,
been establishefl—6]. Carcinoid syndrome, characterized 7,10]
by flushing, diarrhea, valvular heart disease, and bronchocon- A variety of methods such as spectrophotometry, fluorom-
striction, arises from excessive synthesis and secretion ofetry, enzyme immunoassay, radioimmunoassay, GC-MS,
have been used to measure serotghja3—17] In clinical
* Corresponding author. Tel.: +1 801 422 2184; fax: +1 801 422 0153. Practice, however, serotonin is usually assayed by HPLC
E-mail addressswgraves@chemdept.byu.edu (S.W. Graves). with either electrochemicdb—-8,11,18,19]or fluorometric
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detection{4,5,9,10,20-22]Although some of these methods ated internal standards (serotonif,3,8-d4 creatinine sul-
have substantial sensitivity, they cannot match the identifica- fate complex, d5HT,L-tryptophan-24',5,6/,7-ds, dTrp)
tion power and selectivity of a separation technique coupled were purchased form C/D/N Isotopes (Pointe-Claire, Que-
to mass spectrometric detectif?3]. The mass spectrom- bec, Canada). Polyvinyl alcohol (PVA, >99%, average MW
eter gives another dimension to the analysis by identifying 89,000-98,000 g/mol) was purchased from Aldrich (Milwau-
the analytes based on their mass-to-charge ratios and thukee, WI, USA). HPLC-grade methanol, HPLC-grade water,
provides the detection specificity that most other types of de- hydrochloric acid, acetic acid, and formic acid were from
tection methods lack. While a few accounts describing an Mallinckrodt (Paris, KY, USA). Ammonium hydroxide was
HPLC separation of indole compounds from biological ma- from EM Science (a division of EM Industries, Gibbstown,
trices followed by mass spectrometric detection have beenNJ, USA) and ammonium acetate and ammonium formate
published23-25] such approaches have only recently been from Fisher Scientific (Fair Lawn, NJ, USA). SPE columns,
applied to clinical determination of serotonin and related in- Oasis MCX 1 cc (30 mg), were purchased from Waters (Mil-
doles in human bloofR6]. ford, MA, USA). Centricoff centrifugal filter devices with

In recent years, capillary electrophoresis (CE) has beenregenerated cellulose 50,000 molecular weight cut-off mem-
growing in popularity as a separation technique complemen- branes were from Millipore (Bedford, MA, USA).
tary to HPLC. Although HPLC is a robust, well established
separation technique, CE does have certain advantages ove2.2. Buffers and standard solutions
HPLC: the solvent consumption (particularly for organic sol-
vents) is less, which makes this technique both more costef- Ammonium formate separation buffers were prepared at
fective and environmentally friendly. Also, CE capillaries are 25 mM concentration and adjusted to a final pH of 3.0 or 3.5
significantly cheaper than HPLC columns. Several authors with formic acid. Formic acid solutions (0.5, 1, and 1.5%)
have reported the use of CE in the analysis of one or morewere prepared by mixing concentrated formic acid with wa-
indolamines in biological matrices including urine, serum, terinratios of 0.5:99.5, 1:99, and 1.5:98.5 (v/v), respectively.
brain tissue, and individual cell27-34] As with chromato- Ammonium acetate SPE buffer was prepared at 20 mM con-
graphic separations, the predominant modes of detection haveentration and adjusted to pH 7.6 with acetic acid. All buffers
been electrochemic{83,34]and laser-induced fluorescence were filtered using Acrodi§tsyringe filters with 0.2um HT
[28-32] Tuffryn® membranes (Pall Gelman Laboratory, Ann Arbor,

The aim of the present study was to evaluate the capa-MI, USA) and degassed by sonication. The concentration of
bilities of capillary electrophoretic separation coupled with hydrochloric acid SPE wash solution was 0.1 M. SPE eluents
highly specific time-of-flight mass spectrometric (TOFMS) were prepared by mixing 30% ammonium hydroxide with
detection for the analysis of indole markers in human plasma 100% methanol in ratios of 5:95, 7.5:92.5, and 10:90 (v/v) to
as an alternative to HPLC methods. The major advantage ofproduce 5, 7.5, and 10% solutions, respectively. Stock solu-
the TOFMS instrument is its ability to detect ions of different tions of 10 mM 5HT, d5HT, Trp, dTrp, and 5HTP were pre-
mass-to-charge ratiosyz) simultaneously and, therefore, re- paredin 0.2% acetic acid and were keptin the dark20°C.
solve incompletely separated or co-eluting peaks, unless theUnder these conditions, the solutions were stable for at least
eluting compounds form ions of identicalz ratios[35,36]. one month. The stock solutions were thawed and further di-
To our knowledge, such an approach has not yet been acduted to the desired concentrations with water immediately
complished for serotonin and related compounds in complex prior to use.
biological specimens such as serum or plasma.

The developed CE-TOFMS method was applied to de- 2.3. Instrumentation
termination of serotonin and its precursors Trp and 5HTP
extracted from platelet-rich plasma using mixed cation ex- A Crystal CE Model 300 (UNICAM, Madison, WI, USA)
change solid phase extraction columns. Deuterated SHT andcapillary electrophoresis apparatus was used for all separa-
Trp were used as internal standards in order to increase thdions. The temperature during runs was set &Q5-or CE
reliability of quantitation[17,23] Plasma specimens from  with UV-vis detection, a Model 759 A UV absorbance detec-
healthy individuals as well as pathological samples were as-tor (Applied Biosystems, Foster City, CA, USA) was used.
sayed. CE-UV data collection and processing was accomplished

with ChromPerfect 3.54 Data Acquisition software (Justice
Laboratory Software, Palo Alto, CA, USA). A Jagl¥r

2. Experimental time-of-flight mass spectrometer (LECO, St. Joseph, M,
USA) was used as the detector for all CE-TOFMS separa-
2.1. Materials and chemicals tions. Spectra were collected at a rate of 5000 Hz, with a sum
rate of 3200, which resulted in 1.6 spectrdsThe nozzle
Serotonin (5-hydroxytryptamine hydrochloride, 5H1), board was heated to 9C. A commercial electrospray inter-

tryptophan (Trp), and 5-hydroxy-tryptophan (5HTP) were  face (LECO, St. Joseph, MI, USA) was used for all direct
purchased from Sigma (St. Louis, MO, USA). Deuter- infusion experiments.
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2.4. CE-MS electrospray interface cells had lysed and released hemoglobin as a consequence of
freezing, additional ultrafiltration using Centric®rentrifu-
The liquid sheath electrospray interface used here was thegal filter devices was performed to eliminate hemoglobin,

same as described in detail in earlier publicati{3ts,36], other large proteins and residual cell debris before subjecting
except that a 50@QL glass syringe was employed for the the samples to SPE.
liquid sheath instead of 25@L syringe. When the larger A modified Waters Generic Oasis MCX method was used

syringe was used, the liquid sheath solution did not need to for extraction of basic compounds. Oasis MCX columns were
be replenished as often. This in turn extended the period of conditioned with 1 mL of methanol and 1 mL of 0.5% (v/v)

continuous operation of the interface. Also, the end of the formic acid, pH 2.5. For recovery studies and analysis of
separation capillary was tapered usingr@ diamond grit healthy plasma, 1 mL of platelet rich plasma was mixed with

paper to aid in the production of a Taylor cone. 4mL of 0.5% (v/v) formic acid, pH 2.5. For CE-TOFMS,
the samples were spiked with d5HT and dTrp which served
2.5. Preparation of CE capillaries as internal standards. After sample application, the columns
were washed with 1 mL of 0.1 M HCl and 1 mL of methanol.
CE capillaries (7jum i.d. x 365um o.d. and 5m i.d. The analytes were eluted with 1.3 mL of 7.5% ammonium

x 365um o.d., Polymicro Technologies, Phoenix, AZ, USA) hydroxide in methanol (v/v) and collected into Eppendorf
were coated with PVA prior to use to suppress the electroos-vials. The eluates were dried using vacuum centrifugation
motic flow. The procedure was similar to that used by Clarke and reconstituted in 1Q0L of water.

et al.[37]. Briefly, a solution of 6% PVA in water was thor- The plasma volumes obtained from pathological samples
oughly degassed using sonication and then centrifuged (1500wvere less than 1 mL. Therefore, these samples were diluted
x @, 5min). Then, the fused silica capillary (2—-3 min length) with 0.5% formic acid to a volume equal to four times the
was attached to a small in-house made pressure vessel corplasma ultrafiltrate volume. The volumes of water used for
taining a vial with the 6% PVA solution. The PVA solution reconstitution of the dried sample were also adjusted to pro-
was passed through the capillary column at 100 psi for 1 h. vide samples with a concentration factor of four or five. The
The column was then emptied at 30 psi and dried under arest of the procedure was the same as for normal plasma.
flow of nitrogen for 1 h. Finally, the column was placed in

a GC oven (HP 5890, Agilent, Palo Alto, CA, USA) under 2.7. Recovery studies

a stream of nitrogen (20 psi) and subjected to a temperature

program of 40C ramped to 145C at 5°C min—1, followed In order to evaluate extraction recoveries, discarded non-
by holding at 145C for 5 h. The entire process was repeated pathological plasma samples were divided into two parts.
with the capillary being filled from the opposite end to ensure One portion of the samples was supplemented with analyte

sufficient and uniform coating. standards to final concentrations ofull for 5HT, d5HT,

and 5HTP, and 2(AM for Trp and dTrp. The second portion
2.6. Sample collection, preparation, and solid phase (blank) was used without addition of standards. The spiked
extraction samples and their corresponding blanks were extracted by

SPE and analyzed by CE-UV the same day. The average ana-
Fresh blood samples for the determination of normal lyte signal (peak area) from the blank samples was subtracted
5HT levels were collected from healthy volunteers in 4-mL from the analyte signal from the supplemented samples, and
Vacutaine? tubes containing 7.2 mg 2£DTA, and chilled recovery was calculated as the ratio of this difference (be-
on ice immediately. Within 30 min of collection, the blood tween the spiked and blank samples) to the peak areas of a
was centrifuged at 50 g for 30 min and the resulting  mixture of standards of corresponding concentrations.
platelet rich plasma (PRP) was either used immediately or
stored frozen at-80°C. All plasma was analyzed withinone  2.8. Linearity, detection limits, and quantitation for
week of collection. One- to three-day-old, non-pathological, CE-TOFMS
discarded, EDTA-blood was obtained at the Brigham Young
University Health Center, processed identically to freshblood  In order to evaluate linearity and detection limits of the
samples, and used for SPE optimization and recovery studiesCE-TOFMS method, we analyzed mixtures of indolamines
Discarded pathological blood samples were kindly do- and their deuterated standards at several different concen-
nated by ARUP Laboratories, Salt Lake City, UT. These spec- tration levels. The most concentrated mixture consisted of
imens were drawn into EDTA Vacutairfetubes, transferred  1.34 x 1073M 5HT, 1.01x 10~3M d5HT, 1.32x 10°3M
into ARUP serotonin transport tubes (STT) containing ascor- Trp, 1.08x 10~3M dTrp, and 1.02x 10-3M 5HTP. This
bic acid, mixed, frozen immediately, and shipped to ARUP mixture was diluted 10, 20, 100, 200, 1000, 2000, and 10,000
as such. We obtained these samples frozen in the STTs aftetimes to generate the calibration solutions. The limit of detec-
they were used for an HPLC whole blood serotonin assay. tion (LOD) was calculated from the calibration curve as the
The frozen samples were thawed and centrifuged in the sameconcentration corresponding to the value of yh@atercept
way as fresh blood samples. However, because the red blooglus three standard deviations of tuntercept. The assay
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linearity was determined as the correlation coefficient values
(R) for each individual analyte.
The concentrations of the analyt&®; were calculated

using the following equation:
A

Ca = Ciis X [a] x f 1)
Adis

whereA,; andAyjs are the peak areas of the analyte and the

deuterated internal standard, respectivEljs is the concen-
tration of the internal standard, ahid a correction factor that
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UV absorption, laser induced fluorescence, or electrochem-
ical detectors, nevertheless, they are not suitable for ESI-
MS detection. Although some studies have demonstrated that
nonvolatile buffers and/or buffer additives can, under some
circumstances, be used with liquid sheath ESI{BE-40] it
is generally accepted that volatile buffers free of non-volatile
additives provide the best ESI-MS sensitivity and overall per-
formanceg40-42]

We chose to work in the lower pH range where there is
a wider selection of volatile buffers. Using an uncoated sil-

accounts for the fact that signal intensities for the analyte andica capillary, we evaluated 0.5% formic acid, pH 2.5, and

its internal standard at the same concentration levels are no5 mM ammonium formate, pH 3.0 and 3.5, for the separa-

equal. The factafis calculated from CE-TOFMS analysis of tion of 5HT, Trp, and SHTP. While 5HT was well separated

standard mixtures of analytes and their deuterated standard&om the other two analytes, it was not possible to separate

at known concentrations: Trp from 5HTP under these conditions. At higher pH, Trp

A and 5HTP had a net zero charge and thus migrated with the

_ [ ds/Cds:| .

f= electroosmotic flow (EOF) marker.

Aas/ Cas When a PVA coated capillary was used in combination

whereAgs andAgs are deuterated standard and analyte stan- with formic acid as a buffer, we obtained baseline separa-

dard peak areas, ai@s andCysare their respective concen- tion of 5HT, Trp, and 5HTP. Increasing the concentration of

trations. formic acid from 0.5 to 1.5%, and thus decreasing the buffer

pH, reduced the migration times and also produced sharper

peaks for Trp and 5SHTIEig. 1shows a CE-UV separation of

a standard mixture of 5SHT and its precursors in 1.5% formic
To assess the assay reproducibility (calculated as coeffi-acid, pH 2.07. The PVA coating was stable under these con-

cient of variation, CV), standard solutions of serotonin and ditions for several weeks.

deuterated serotonin, used as an internal standard were run.

Three concentration levels were analyzed severaltimesinone3 2. CE-TOFMS analysis of standard compounds

day (for within series reproducibility) and throughout the pe-

riod of one month (for between series reproducibility) using

the developed CE-TOFMS method.

)

2.9. Within-series and between-series reproducibility

By coating the CE capillary, the EOF was eliminated,
which in turn necessitated the use of a liquid sheath ESI
interface. Several mixtures of methanol/water and acetoni-
trile/water containing 0.2% formic acid were tested for their
suitability as liquid sheath solutions for CE-TOFMS of sero-
tonin and its precursors. Standards of the analytes were

3. Results and discussion

3.1. CE separation of indolamines

10
Although 5HT, Trp, and 5HTP have similar structures,

their acid—base characteristics and, therefore, the dependenc
of their electromigration as a function of pH are somewhat 5
different. Trp and 5SHTP are amino acids and, therefore, they<g
contain two ionizable moieties: a carboxylic acid grouli{p

2.4 and 2.7, respectively) and an amine groug,(p.4 and

9.6, respectively). Serotonin is an amine with an amino group
pKa of 9.8. From the comparison of th&gs of these com-
pounds, itis clear that while 5HT is positively charged over a
wide range of pH, Trp and 5HTP carry a net positive charge
only below pH~3-3.5. Serotonin and 5HTP also contain an
ionizable hydroxyl group on the indole ring, but thE s
(11.1 and 10.7, respectively) are such that these groups dc
not contribute to the net charge of the analytes under most
Working conditions and, therefore, are not considered here. Fig. 1. CE separation of indolamine standards with UV detection. Sample:

Trp
5HT

[}

5HTP

Absorbance

6
Time (min)

o

12

Most published methods for the separation of all or some 6-70+M 5HT, 26.4M Trp, and 20.44M SHTP. Conditions: buffer, 1.5%
of the indolamines, use high pH, nonvolatile buffers, un-
coated capillarief28-30,32—34]hnd often micelle-forming
additives[28-30] Such approaches may work well with

formic acid (pH 2.07); capillary, 52/63 cnidedLiot), 50pm i.d., 360um
o.d., PVA coated; injection, 100 mbar/0.2 min; run voltage, 30 kV; current,
40pA; A = 215nm. Peak assignments: 5HT, serotonin; Trp, tryptophan;
5HTP, 5-hydroxytryptophan.
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diluted in 60:40 and 80:20 (v/v) acetonitrile/water, and 50:50, with the microspray continuous infusion commercial inter-
60:40 and 80:20 (v/v) methanol/water mixtures, all contain- face. Such alarge voltage change can be expected to influence
ing 0.2% formic acid. Formic acid was chosen as the liquid the rest of the MS voltages on the instrument’s front end.
sheath electrolyte in order to minimize the formation of mov- Therefore, the voltages and curtain gas flow were adjusted
ing ionic boundaries, a phenomenon that occurs when back-to optimize signal while spraying an approximately 100
ground electrolyte contains different counter ions than the mixture of indolamines directly through the CE separation
liquid sheat{43]. The mixtures were analyzed by direct in- capillary using the CE-TOFMS liquid sheath interface.

fusion using a commercial ESl interface. The compounds ex- The commercial ESl interface was also used for the deter-
hibited a much higher signalin solutions containing methanol mination of the types of ions produced while electrospraying
than in acetonitrile mixtures, consistent with the observations the analytes. The analytes were diluted in methanolic sheath
reported by Artigas and Gelj23]. A mixture of methanol liquid and the resulting ions were determined from summed
and water, 60:40 (v/v), gave the highest signal. mass spectra. Two types of ions were observed: less intense

Nevertheless, when methanol/water solutions containing (M + 1) molecular ions and more intense product ions that
40 or 50% water were used as liquid sheaths for CE-MS resulted from a 17-Da fragment leaving the mdih € 1)
separation, it was difficult to maintain a well shaped, stable structure. The mass of the fragment corresponds to either an
Taylor cone. Therefore, the methanol content was increasedOH group or an NH group. Both are a possibility for SHT,
to 70%. Using this less viscous solution, the electrospray wasd5HT and SHTP because of their ring hydroxyl group. How-
more stable, while still providing very good analyte signal. ever, Trp and dTrp, which omit the hydroxyl, still formed

Another parameter that played a role in signal sensitivity product ions withm/z of 17 Da less than the molecular ions,
was the concentration of the separation buffet,45] We suggesting that the Ndyroup was lost. This is supported by
found that decreasing the concentration of formic acid in the the work of McClean et al[25], Danaceau et a[26], and
CE electrolyte from 1.5t0 0.5%, increased the signal intensity Numan and Danielso6].
of the analytes. It is well known that the buffer electrolytes When standards of the analytes were subjected to
compete for charges with the analytes, thus decreasing detecCE-TOFMS analysis, we found that there were additional
tion sensitivity[45]. To compensate for the longer separation product ions present, apparently resulting from further frag-
times resulting from the higher pH and lower ionic strength of mentation of the molecule®5,26,46] The molecular and
the buffer and to suppress occasional formation of bubbles in product ions of the analytes are listedTiable 1along with
the capillary, a small positive pressure (10 mBar) was applied their relative abundances. The relative ion abundances were
to the injection end of the separation capillary during the CE calculated using the CE-TOFMS peak areas and normalized
run. This pressure did not have a significant influence on theto the signal of the most intense productions (loss ofa 17-Da
peak shape and separation efficiency, however, it greatly en-fragment). These major product ions were assigned relative
hanced the electrospray stability and overall performance of signal intensity of 100%. We found one inconsistency in the
the analysis. ionization pattern: dTrp was expected to have its major ion-

To allow for better focusing of the electrospray voltage, ization product atm/z 193, consistent with the loss of an
thus forming higher electric field on the tip and ultimately ammonium group. Instead, we found that the most intense
aiding the formation of ions, the capillary outlet end was ion hadn/z192. One explanation might be an exchange of a
ground to a sharp tip. hydrogen for a deuterium.

The mass spectrometer voltage settings and nitrogen Comparing the relative ion abundances of the 5HT and
counter flow were initially adjusted for highest analyte d5HT ions with the Trp, dTrp, and 5SHTP ions, it can be seen
signal while directly infusing standards of indolamines in that while 5HT and d5HT ionize almost exclusively as the
methanol/water/formic acid liquid sheath solutions using the (M + 1 — 17) ions, the ionization pattern for Trp, dTrp, and
commercial interface. However, the voltage necessary for the5SHTP produced intense molecular ions and other fragments.
formation of a stable electrospray was about 1000V higher This observation, along with CE peak broadening for later
for CE-TOFMS liquid sheath interface than the voltage used eluting Trp, dTrp and 5HTP, may explain why the signal of

Table 1
Mass-to-chargen/z) ratios and relative abundances (RA) of protonated molecular ions and fragment ions of the analytes and internal standards
5HT d5HT Trp dTrp 5HTP
m'z RA (%) m'z RA (%) m/z RA (%) m/z RA (%) m'z RA (%)
(M + 1) ions 177 8 181 63 205 312 210 379 221 287
Major products 160 100 164 100 188 100 192 100 204 100
Minor products 132 B 136 13 160 32 193 652 162 177
146 351 164 83 160 44
132 74 150 262

136 86
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1000 for use on Supelclean LC-WCX (100 mg, 1 mL) columns us-
ing 1 M acetic acid (containing 4% ascorbic acid) for analyte
» 800 [ 5HT elution. However, in our hands, very low recoveries were
% 4 achieved and the analytes were also present in the acetic acid
2 600 F wash. When these eluates were dried in order to obtain more
§ Trp concentrated samples, substantial quantities of white solid
S 400 _(most likely ascorbic acid), in_soll_JbIe in the_ volumes of water
d5H\T‘ SHTP intended for sample reconstitution, remained. As expected,
dTrQ / such high concentrations of charged species (acetic and ascor-
2001 k (\ bic acids) in the eluent had a detrimental effect on the analyte
A . peak shapes. We have, therefore, concluded that this proce-
0 3 S 9 ~ 12 15 dure was not suitable for use with CE separation.

In our previous pap€35], we reported successful solid
phase extraction of catecholamines and metanephrines on
Fig. 2. CE-TOFMS analysis of indolamine standards. Sample;, @70  Oasis MXC cation exchange columns. Since indolamines
SHT, 5.05uM d5HT, 26.4uM Trp, 21.6pM dTrp, and 20.4.M 5HTP. have structures similar to the above-mentioned compounds,
e Tt o oo . e . W tested the Oasis MXC mixed mode cation exchange
agg/press’ure,qgo kV/16 mbar; curre,nt,dlta Mé conditions: ESI \’/oltage, COIum_nS fo.r SPE of meIamm?S' Several SPE par{,imeters
3400V; curtain gas flow, 600 mL/min; liquid sheath flow and composition, WEr€ investigated: sample matrix, wash solvent, elution sol-
2 uL/min, 70:30:0.2 methanol/water/formic acid (viviv). Peak identifica- Vent concentration and volume, and the addition of a neutral-
tion: 5HT, serotonin; d5HT, deuterated serotonin; Trp, tryptophan; dTrp, izing agent. The manufacturer’s extraction method suggested
deuterated tryptophan; SHTP, 5-hydroxytryptophan. loading an acidified sample, washing the cartridge with 0.1 M

HCI and methanol and eluting the analytes with 5% ammo-
Trp, dTrp, and 5HTP appeared less intense than the signal ofnium hydroxide in methanol.
5HT and d5HT using TOFMS detection. Preliminary experiments were performed with indolamine

Fig. 2 shows the separation of a standard mixture of in- standards in various matrices, namely ammonium acetate
dolamines and their deuterated internal standards under op{20mM, pH 7.6), PBS (pH 7.46), water, or formic acid
timized CE-TOFMS conditions. The analyte signal is pre- (0.1, 0.5, and 1.5%). Ammonium acetate and PBS yielded
sented as the/z traces of the most intense ions. Having marginal recoveries of 5HT~<60%) when either 0.1 M HCI
optimized the separation and detection parameters, we deterwash or water wash were used. Recoveries of Trp and 5SHTP
mined the detection limits (LOD) and assay linearity using were very low (a few percent) with a water wash, but in-
standard solutions of indolamines as described irSion creased dramatically for Trp (above 90%) and marginally for
2. The LOD values, correlation coefficients and regression 5HTP (~40-50%) with HCI wash. The results were similar

Time (min)

equations are summarizedTable 2 for plasma samples diluted with ammonium acetate.
In other experiments, analyte standards diluted in 0.5%
3.3. Sample cleanup formic acid or water gave recoveries of 70% or higher for SHT

and in the high 80 to 90% for Trp and 5HTP. The recoveries
Due to the complexity of biological matrices, sample obtained from 0.1 and 1.5% formic acid were slightly lower
cleanup is usually a necessary part of current clinical assaysthan those from 0.5% formic acid. However, when these ma-
Both CE separation and ESI-TOFMS detection are sensitivetrices were used to dilute spiked plasma samples, good over-
to high salt concentrations; thus, the primary goal of our sam- all recoveries were obtained only from 0.5% formic acid in
ple pretreatment was to minimize the salt content. In addition, combination with an HCl wash. The recoveries of 5SHT were
our sample workup allowed for a 4- to 10-fold concentration. influenced the least by the matrix and wash, whereas Trp and
The SPE procedure described by Kwarts ef5l. utiliz- 5HTP yielded zero to very low recoveries when water dilu-
ing the weak cation exchanger Amberlite CG-50, was tested tion of plasma and/or water wash were used. Therefore, the
dilution of plasma with 0.5% formic acid (1:4, v/v) and an
T HCl wash were used in all subsequent experiments.
able 2
Regression equations, correlation coefficier®, (and detection limits The analytes captured on the SPE MCX sorbent were
(LOD) for the indolamine analytes and internal standards obtained with eluted with a mixture of 30% ammonium hydroxide and

CE-TOFMS 100% methanol. Solutions of ammonium hydroxide in
Compound Regression equation R LOD (M) methanol (2.5, 5.0, 7.5, and 10.0%, v/v) were tested. The
5HT y=4.03E + 0% + 0.89 0.9998 0.15 _reco_veries were very low using 2.5% ammonium hydrox-
d5HT y=2.56E + 0%+ 1.13 0.9998 0.13 ide, increased markedly when 5.0 and 7.5% ammonium hy-
Trp y=1.13E+0% +4.96 0.9998 0.66 droxide eluents were used (with slightly higher recoveries
dTrp y=7.87E +06+1.76 0.9995 0.52 at 7.5%) and decreased again with 10% ammonium hydrox-
5HTP y=5.25E + 06 + 3.07 0.9994 3.23

ide in methanol. Therefore, 7.5% ammonium hydroxide in
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methanol was chosen for the elution of serotonin and its pre- Table 3
cursors from the SPE columns. SPE recoveries of indolamines from plasma samples spiked yith 2HT,

The volume of solvent necessary to elute the analytes was > 1 and SHTP, and 20M Trp and dTrp

also determined. The eluent was applied on columns in four Compound Recovery (%)
0.5-mL portions and each fraction was collected, dried and 5HT 71.6+£3.1
analyzed separately. It was found that serotonin eluted in 95HT 68.9+ 2.5
the first two fractions with approximately equal recoveries g;gi g:g
of ~35% in each, with the third fraction containing another g 1p 95.34 59

~3-6%. Trp and SHTP eluted almost quantitatively in the Recoveries are given as the mears.D. for 12 sets of experiments.

first fraction. It was therefore decided that eluent volumes of

1.3 mL were sufficient for quantitative recovery of all three o ) ) )
compounds. Because 1.5-mL Eppendorf vials were used forPlasma sample acidified with 0.5% formic acid 1:4 (v/v),
eluate collection and drying, using 1.3 mL rather than 1.5 mL Washing with 1mL of 0.1M HCI, elution with 1.3mL of
also decreased the risk of spills during sample handling. Wa- 7-5% ammonium acetate, and drying in a vacuum centrifuge
ter and 0.5% formic acid were tested as column conditioning for ~1.5-2h. The dried eluates were reconstituted inil00

solvents. When the columns were conditioned with formic Of water, except when the ultrafiltrates of the pathologic sam-
acid, slightly better recoveries were obtained. ples were analyzed. In the latter case, the reconstitution vol-

In our previously reported SPE of catecholamines and UMes were adjusted to yield a four-fold concentration of the

metanephrinef85], we used a small amount of concentrated analytes. . _ _ _
acetic acid to neutralize the ammonium hydroxide, and thus  AS described inSection 2 the SPE recoveries of in-
limit the exposure of the analytes to high pH. Because in- dolamines were determined using non-pathological plasma
dolamines are also sensitive to pH extremes, we used theSamples enriched with the analyte standards at concentrations
same precaution in their SPE analysis. However, after neu-Of 2uM for SHT, dSHT, and SHTP and 20M for Trp and
tralization, an unknown peak was found migrating immedi- dTrp. As predicted, good agreement between the recoveries
ately following the serotonin peak. In order to investigate the f SHT and d5SHT and between Trp and dTrp were obtained.
origin of that peak, 1.3-mL portions of the ammonium hy- The SPE recoveries are summarizedanle 3

droxide eluent were placed in Eppendorf vials, spiked with

the analyte standards, and small amounts of acetic acid (203-4. Determination of serotonin and its precursors in

and 90uL) or formic acid (60uL) were placed in the bot-  SPE extracts of human platelet rich plasma

toms of some of the vials. These solutions were then dried in

avacuum centrifuge. Upon CE analysis, it was found thatthe ~ Following the optimization of the SPE conditions, we
extra peak was a degradation product of 5HT. The signal of demonstrated the usefulness of the developed method by
the 5HT degradation product was at most 4% of the serotonin@nalyzing extracts of both healthy and pathological human
signal for samples with formic acid or samples with no acid Plasma using both CE-UV and CE-TOFMSgs. 3 and 4
added, while samples containing acetic acid exhibited degra-show representative examples of CE-UV analysis of SPE
dation product peaks fromy10 to 50% of the 5HT signal. ~ €xtracts of plasma with normal indolamine levels and patho-
The samples with no acid added had the highest recoveriedogical plasma with elevated indolamine levels, respectively.
of all analytes and dried in just 1.5-2.0 h, while the samples

with acid addition took several hours for complete evapora-  35q

tion, formic acid samples being the slowest to dry. Because 40

ammonium hydroxide is quite volatile, it likely evaporated ~ 390 2 |

very quickly from the samples containing no acid additive § 250 - %30

and, thus, the exposure of the analytes to high pH was lim- £ S 20t SHT+d5HT

ited anyway. 8 200 § | T‘TJ'dTrp
Nevertheless, it is possible that at lower analyte concen—§ I o At
. ; ; -2 150 —

trations, e.g. in platelet-poor plasma, the influence of the high g og s s .

pH environment would be more pronounced. Under such cir- € 190 | Time (min)

cumstances, it would be anticipated that non-ionizable an- SHT+d5HT

tioxidants such as mercaptoethaj®dl] or dithiothreitol[47], 50 |

which do not increase the ionic strength of the eluate and 0 Jw~—A—~.——————1

therefore are not likely to interfere with the CE separation 0 3 6 9 12

and/or electrospray ionization processes, would be of value. Time (min)

In summary, based on the above results, it was determined_.

. . . Fig. 3. CE-UV analysis of an SPE extract of 1 mL of healthy human plasma
that the following SPE conditions provided the best recover- ¢ o i it deuterated standards (208 d5HT, 108.0uM dTrp). The ex-

ies for SHT, Trp and 5HTP: column conditioning with 1ML tract was reconstituted in 1. of water. Conditions are as Fig. 1, peak
of methanol and 1 mL of 0.5% formic acid, application of identification is as irFig. 2
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30 600
Trp+dTrp
5HT
20T

400 <
SHT+d5HT
10 |

lon Abundance

Absorbance (mAU)

L Unknown A%
st 200 SHT _miz 188

1 1 1 1

0 3 6 9 12
Time (min) Time (min)

Fig. 4. CE-UV analysis of an SPE extract of 1800f pathological plasma Fig. 6. CE-TOFMS analysis of an Oasis MCX extract of 1&0of patho-

spiked with deuterated standards (4.04 d5HT, 21.6uM dTrp). The ex- logical plasma spiked with deuterated standards (4M4ISHT, 21.6uM
tract was reconstituted in (L of water. Conditions are as ifig. 1, peak dTrp) and reconstituted in §0L of water (same sample as Fig. 4). CE
identification is as irFig. 2 and MS conditions same as fig. 5 except ESI voltage was 3380 V. Peak

identification is as irFig. 2

CE-TOFMS analysis of the same samples is presented in

Figs.5and 6 . . .

In CE with non-selective UV detection, the position of the Qeuterated standard signal ratio on analyte .concentratlon

peakinthe electropherogram is the only factor specific for the in real s_amples, we have a*?a'yzec_' several allquots_ of low-

compounds of interest. If two compounds were to coelute, the serotonin plasma, eac_h spiked with dSHT as an internal
UV detector would not distinguish them. On the other hand, standard (M). The ratio of SHT to d5HT signals was plot-

as can be seen froRigs. 5 and pusing TOFMS, the analytes ted against the cqncent_ration of SHT added. o the sample
are identified on the basis of both their position in the elec- a!lquots. Thetre![gtlonshlp Wa§tr1:ound to bg linear over the
tropherogram and their characteristi€z ratios. Although g'\;%g :;:(cingeln7;a£11|on drange, vlwt' a reg];_es_z;)g g g%g{'lm

the TOFMS detector collects, with each pulsed extraction, a = ' and a correfation coetticl : '

complete spectrum of the sample thatis being electrosprayed, ¢ Bgca;se I(')g tr:_e high deg{e.e of Imeargly ?f the mternterlll t
the instrument software allows for the construction of a se- Standard caiibration curve, it IS reasonable 10 assume tha

lected ion plot, which shows only the desirattraces. This one point calibration gives sufficient quantitative accuracy.

e Therefore, the concentrations of 5HT and Trp in plasma sam-
simplifies the CE-TOFMS electropherograms compared to ' . . ;
P P d P les were calculated usirgs. (1) and (2pas described in

the ones produced by CE-UV, as can be seen by comparin . i 4 L
. produced by y P a‘;ectlon 2 With the one point calibration, it was necessary
Figs. 5 and @with Figs. 3 and 4 ¢ fact tina for the fact that th vt q
To accomplish analyte quantitation, we used deuterated_t0 lése ta atc((j)r tcor(rjecdlngt or Ie ac ta i € a;]%y etaq
sotopes o setoin and oDy 25} i order to 15 eI St sl concenveions o 1
evaluate the linearity of the dependence of the analyte to o : §
v P n lated based on data obtained from CE-TOFMS analysis of a

25000 mixture of standards of both deuterated and non-deuterated
1200 | o compounds. Using this approach, it was found sufficient to
® 20000 8 900 z ‘d/T'p analyze only one standard mixture when assaying several bi-
§ ij 600 ological samples instead of running a set and constructing a
g 15000 < o calibration curve. Although no deuterated isotope was read-
2 £ 300 N ~ \k ily available for 5HTP, the quantitation of 5SHTP in samples
5 L 0 e Trp\ with increased concentrations of this compound could be per-
= 10000 0 3 6 9 12 . : .
Time (min) formed using deuterated tryptophan, which migrated close to
i S5HTP.
5000 d5HT Analyte concentrations determined for the healthy plasma
5HT -
B i . sample shown ifrig. 5were 0.35.M for 5SHT and 56.3uM
% 3 6 9 12 15 18 for Trp, consistent with levels of these compounds re-
Time (min) ported for normal specimerig,26]. The pathological sam-

_ _ _ ples showed increased levels of 5HT and a decrease in the
Fig. 5. CE-TOFMS analysis of an Oasis MCX extract of 1 mL of healthy concentration of Trp, consistent with the data obtained by

human plasma spiked with deuterated standards reconstituted 160 . .
water (same sample asfiig. 3). CE and MS conditions same ashig. 3 Kema et al'[3’4]' The concentrations of SHT and Trp in

except CE injection was 100 mbar/0.2 min and ES| voltage was 3550 V.. Peak the pathological sample shownfiig. 6 were determined to
identification is as irFig. 2 be 5.25 and 13.32M, respectively. 5SHTP was not detected
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Table 4 very grateful to Mr. Mark Astill from ARUP Laboratories

Within-series and between-series assay reproducibility for CE-TOFMS (Salt Lake City, UT) for providing us with pathological blood

measurement of serotonin . T ) -
specimens for this project. Z. Peterson would like to thank

ConcentrationM) CV (%) Drs. Edgar Lee and Alan Rockwood and Mr. Randy Waite for
Within-series Between-series  Valuable insights and/or technical assistance with this project.
1.34 6.230=4) 8.47 (1=8)
6.70 5.68 1= 6) 5.80 1= 15)
134 2570=7) 2240=12)
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