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SUMMARY 

The performance of mlcrobore high-performance liquid chromatography and capillary zone 
electrophoresls, both eqmpped with on-line tandem mass spectrometrlc detectlon capablhty, was 
evaluated crltlcally for the determmatlon of endogenous amounts of leucme enkephahn and me- 
thlonme enkephahn m equme cerebrospmal flmd Usmg an ldentlcal sample clean-up and ennch- 
ment procedure, capillary zone electrophoresls-mass spectrometry 1s limited m its concentration 
detection capacity owing to its much smaller mJectlon volume Leucme enkephahn was identified 
m post-mortem equine cerebrospmal fluid at the 1-5 ng/ml level by liquid chromatography-mass 
spectrometry 

INTRODUCTION 

Leucine enkephahn (LE = YGGFL) and methiomne enkephahn 
(ME=YGGFM) are pentapeptides with potent opiate agomst activity, first 
isolated from pig brain by Hughes et al in 1975 [ 11. Smce then, several re- 
search groups have been engaged m the elucidation of various functions of the 
“endogenous opioid system” w:th its opiate receptors and the enkephahns and 
endorphins as its natural hgands. Owmg to this increased activity m bram 
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neuropeptlde research, substantial progress m our understandmg of the struc- 
ture, dlstrlbutlon and action of the endogenous oplold peptldes has been made 
over the last decade Their complete chmcal, pharmacological and therapeutic 
lmphcatlons, however, are still not well understood [ 21 

The correlation of low levels of endogenous substances with physlologlcal 
effects and/or therapeutic measures can only be accomplished by reliable de- 
tectlon and ldentlficatlon of the trace amounts of target compounds m blolog- 
lcal flulds and tissues A variety of different approaches have been described 
for the determmatlon of enkephahns, based predommantly on radlolmmu- 
noassays (RIA) and radloreceptorassays (RRA) [ 3 ] High-performance hq- 
uld chromatography (HPLC) 1s currently the method of choice as the major 
sample pretreatment and sample fractlonatlon step for studies of blologlcal 
samples [ 41 Llquld chromatographlc determmatlon of oplold peptldes with 
photodlode-array [ 51, fluorescence [ 61 and electrochemical detectlon [ 71 has 
been reported m the literature 

Mass spectrometry (MS), offering the highest level of molecular speclflclty 
compared with that obtained by the above-mentioned analytlcal techmques 
[8], has played a crucial role m the first ldentlficatlon of enkephalms [l] 

These analytes have often served as popular model compounds to estabhsh 
new blomedlcally relevant MS technology [9] Therefore, It 1s not surprlsmg 
that recent studies m neuropeptlde profilmg emphasize the key role of mass 
spectrometry as an essential tool for the unambiguous ldentlficatlon of these 
analytes [lo] The merits of MS m peptlde and protein research were &s- 
cussed recently by Blemann and Martm [ 111 m an excellent overview Desl- 
derlo and co-workers [12-141 have pioneered the extensive use of MS and 
tandem MS (MS-MS) for the determination of enkephahns and other neu- 
ropeptldes m blologlcal tissue extracts Usually, deprotemated and desalted 
blologlcal samples are subjected to gradlent reversed-phase HPLC separation 
and the collected fractions are screened by lmmunologlcal techniques such as 
RIA and RRA [ 151 Unambiguous confirmation of the target peptldes 1s then 
accomplished by MS using field desorptlon [ 161 and more recently fast atom 
bombardment (FAB) [ 171 The successful apphcatlon of this methodology, 
especially when the MS-MS operation mode 1s utlhzed, 1s well documented 
[ 18-211 However, off-line MS analysis of collected HPLC fractions 1s tedious, 
labor intensive and includes addtlonal sample handhng steps which may pro- 
duce sources for error and lmpreclslon m the final quantitative result On-hne 
HPLC procedures with comparable MS-MS capablhtles [ 221, therefore, should 
be even more attractive 

Another “high-performance” separation techmque, capillary zone electro- 
phoresls (CZE) [ 231, h as received considerable interest owing to its potential 
as an analytical tool for the separation of complex mixtures contammg blo- 
polymers [ 241 The recent reahzatlon of CZE-MS [ 25,261 ~111 accelerate the 
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increasing popularity and importance of CZE, especially in the blomedlcal 
community. 

As preliminary work for mvestlgatlons related to pam and pain-relief phe- 
nomena in the horse and the possible abuse of enkephahns at race tracks, a 
method for the determination of leucme enkephahn and methlonme enke- 
phahn m equine cerebrospmal fluid (CSF ) has been developed The detection 
of picogram levels of the two pentapeptldes was possible by microbore HPLC 
with on-line MS detectlon via an ion spray LC-MS interface [ 271 and a com- 
mercially available atmospheric pressure lomzatlon (API ) triple quadrupole 
mass spectrometer In ad&tlon, the avallablhty of our recently developed CZE- 
MS Interface [28] allowed a facile change to another separation techmque 
under the same on-line MS condltlons, and provided comparative stu&es to 
obtain improved evidence for the feaslblhty and capability of CZE-MS con- 
fronted by this real-life bloanalytlcal problem 

The performance of both state-of-the-art couphng techniques for the sen- 
sitive and specific determmatlon of endogenous profiles of leucme enkephahn 
and methlonme enkephalm m CSF are presented and discussed with respect 
to recovery, limit of detection (analyte amount vs concentration), lmearlty 
and precision Leucme enkephahn levels at the low ng/ml (ppb ) range, ob- 
tamed for the first time from equine CSF, will serve as a useful database for 
future pain-related lnvestlgatlons in the horse 

EXPERIMENTAL 

Chemicals 
Leucme enkephalm and methlomne enkephahn, the internal standard 

(D-Ala’)-leucme enkephahn and the dynorphms l-3 to 1-7 were purchased 
from Sigma (St. Louis, MO, U S A ) and were used without further punfica- 
tlon HPLC-grade ammonium acetate, water, acetomtrlle and methanol were 
obtained from Fisher Scientific (Rochester, NY, U S A ) HPLC/Spectro- 
grade trlfluoroacetlc acid (TFA) with a purity of higher than 99 5% was ob- 
tained from Pierce (Rockford, IL, U S A ) The 3-ml disposable extractlon 
columns (J T Baker, Phillipsburg, NJ, U S A ) packed with 500 mg of (&- 
bonded slhca (Model 7020-03,40 ,um, 60 A) were used with a vacuum mamfold 
equipped to hold twelve cartridges (Supelco, Bellefonte, PA, U S A ) 

CSF samples 
Cerebrospmal fluld (CSF) was collected post-mortem from the horse (pre- 

medicated with 400 mg of xylazme and given a fatal dose of pentobarbltal) by 
puncture of the cerebromedullary cistern (atlanto-occlpltal Joint, 18G/3 5-m 
spinal needle) Collected samples were frozen lmmedlately (within 1 mm of 
collection) m hquld mtrogen and stored at -60°C until the time of analysis 
This was done to prevent possible enzymatic degradation of the target peptldes 
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Addrtnon of mternal standard and quanttfzcatron standard 
CSF (4 75 ml) was defrosted and 250 ,ul of a 200 ng/ml solution of the m- 

ternal standard (IS ) , (D-Ala2) -1eucme enkephalm, were added, resulting m a 
fmal concentration of 10 ng/ml of IS Half of the sample (2 ml) was spiked 
with 20 ng each of LE and ME, as indicated m the overall sample analysis 
scheme m Fig 1, and served as the reference sample m this standard addition 
approach 

Protem preclpttatton 
CSF (2 ml) was mixed thoroughly with 2 ml of acetomtrlle (Fig 1) for 5 

mm and the mixture was centrifuged at 3000 rpm (ca 500 g) for 10 mm (IEC 
HN-S Centrifuge, Damon, Needham, MA, U S A ) The supernatant was 
evaporated under a gentle stream of mtrogen at 30” C until 1 ml of residue 
remained A 2-ml volume of 5 mM ammomum acetate solution was then added 
prior to the clean-up step by solid-phase extraction 

Sohd-phase extra&on 
The solid-phase extraction columns were condltloned by elutlon with 5 ml 

of methanol and 5 ml of 5 mM ammomum acetate solution The sample was 
loaded onto the condltloned column, washed with 5 ml of water and the peptlde 
fraction recovered with 2 ml of acetomtrlle-water (80 20, v/v) The eluate 
was evaporated under a gentle flow of mtrogen at 30” C and stored at - 18°C 
until the time of analysis The samples were reconstituted with vortex mixing 
m 100 ~1 of mobile phase for LC analysis or m 100 ~1 of water for the CZE 
experiments 

5 ml CSF 

Protem Preclpltatlon 

Sohd phase Extractmn 

Evaporatmn Nz 30 C 

ReCOnstltUtlOn I” 100 pl 
moblk phase 

LC-MS MS (SAM) 

LEiME sp,!e ( 10 “g ml) 
Proieln Preclpltatlon 

Solid phase Extractmn 

Evaporatmn Nz, 30-C 

ReCOnstltUtlon I” 100 PI 
moblle phase 

LC MS MS (SRM) 

ax = Sl a(x+l 0) : 52 

X q * [ngJml] 

, s1 and 52 are me measured pealI area rat,os LE IS or ME IS, 

Fig 1 Overview of sample analysis and quantlflcatlon scheme 
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Mrcrobore HPLC 
The LC system consisted of a Brownlee Labs (Santa Clara, CA, U S A ) 

mlcropump and a Model 9125 inJection valve equipped with a 5~1 sample loop 
(Rheodyne, Cotatl, CA, U S A ) Enkephalms were separated with a 100 mm X 1 
mm I D analytical column packed with Spherlsorb ODS II (3-pm) particles 
(Keystone Scientific, State College, PA, U S A ) The mobile phase was mam- 
tamed at a flow-rate of 40 yl/mm and conslsted of acetomtnle-water (50 50, 
v/v) with a final concentration of 0 05% TFA The eluent was degassed by 
purging w&h helium before use The exit of the chromatographlc column was 
connected directly to the ion spray LC-MS interface [ 271 

An additional flltratlon of the CSF samples through 0 P-pm nylon-66 mlcro- 
filterfuge tubes (Ramm, Woburn, MA, U S A ) before mjectlon mto the mlcro- 
HPLC system proved to be advantageous The absence of possible carryover 
effects was verified by solvent blank mJectlons between each sample 

Capdlary zone e1ectrophore.w 
The CZE system, which has been described m more detail [ 26,281, utilized 

a O-60-kV voltage-regulated power supply (Model RHRGOP30/EI, Spellman, 
Plamvlew, NY, U S A ) to establish the electrical field across the capillary 
Untreated 90-100 cm x 100 pm I D fused-slhca caplllarles (Polymlcro Tech- 
nologles, Phoenix, AZ, U S A ) were used for all studies The cathode end was 
connected to the ion spray LC-MS interface [ 271 via a liquldjunctlon couplmg 
described elsewhere m more detail [ 281 A net CZE voltage of 30 kV was ap- 
plied to the capillary for all separations reported, and the current (40-60 PA) 
passing through the CZE column was measured with an analog meter (Model 
260, Simpson, Chicago, IL, U S A ) Mixtures (50 50) of acetomtrlle and 20- 
30 mM ammomum acetate buffer (pH 6 8) were used as the separation me- 
dmm unless Indicated otherwise Sample volumes of approximately 15-25 nl 
were introduced mto the capillary at the anode end by hydrostatic mJectlon (5 
cm for lo-15 s) 

Mass spectrometry 
A Sclex (Thornhlll, Ontano, Canada) TAGA 6000E triple quadrupole mass 

spectrometer with a 1400-dalton mass range and equipped with a standard 
atmospheric pressure lomzatlon (API) source was used to sample Ions pro- 
duced from the ion spray LC-MS interface Both mass analyzers were always 
operated under unit-mass resolution condltlons (10% valley defimtlon) The 
high vacuum m the analyzer region was 7~10-~ Torr under MS operation and 
2~10-~ Torr under MS-MS condltlons Ultrapure argon was used for colhslon- 
induced dlssoclatlon (CID) m the second quadrupole at 250.10’2 atoms/cm’ 
target gas thickness, the apphed colhslon gas energy used for all MS-MS ex- 
periments was 50 V 

The Ion spray LC-MS interface was floated at 3-4 kV for posltlve ion op- 
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eratlon of the mass spectrometer The ion evaporation mass spectra exhibit 
only the singly protonated, singly charged molecular ions for LE at m/z 556, 
ME at m/z 574 and the IS at m/z 570 Selected ion momtormg (SIM) detec- 
tion was based on the observation of these ions with an acquisition period of 
300 ms each The fragment ions chosen for selected reaction momtormg (SRM) 
m the MS-MS mode were m/z 120,136,278 and 556 for LE, m/z 120,136,278 
and 574 for ME and m/z 120,136,292 and 570 for the IS (see Figs 2 and 7b); 
the dwell time for each selected ion was 100 ms. 

RESULTS AND DISCUSSION 

Sample preparation 
The isolation procedure for endogenous enkephalms m CSF (Fig 1) 1s slm- 

liar to that described by Deslderlo and Yamada [29] The use of an mternal 
standard method is recommended to compensate for biological matrix effects 
and to improve the mass spectral quantitative reproduclblhty The internal 
standard selected, (D-Ala2) -1eucme enkephalm, is stable, available commer- 
cially at high purity and is an enkephalm homolog similar to LE and ME m its 
chromatographlc, electrophoretlc and mass spectral behavior (see below, Figs 
2,3 and 5-7) Since peptide-free CSF is not available for a “blank” matrix, the 
quantitative result relies on a standard addition approach The concentrations 
of the IS and the spiked LE and ME were near the expected endogenous levels 
[ 141 in the low ng/ml range All efforts described here aimed towards an over- 
all detection sensitivity of 1 ng/ml (1 ppb) of LE and ME m equme CSF. 

The defrosted sample was spiked with IS (10 ng/ml) and divided into two 
equal fractions After the standard addition of LE and ME to one of these 
fractions, protem precipitation by acetomtrlle munmlzed the loss of neuropep- 
tides by peptldase actlvrty The influence of this deprotematlon step on the 
overall recovery was mvestlgated usmg water and CSF samples fortified with 
IS at the 10 ng/ml level, recovery losses of 5 8% (n=5) for water and 16 3% 
(n=5) for CSF were observed The procedure, however, was mamtamed, be- 
cause the lifetime of the microbore columns was mcreased srgmficantly and 
fewer back-pressure problems occurred when higher molecular weight peptldes 
and protems were removed from the sample by precipitation before unection 
mto the HPLC system 

The subsequent partial evaporation of orgamc solvent was necessary for re- 
liable solid-phase extraction on C,,-bonded slhca Proper condltiomng of the 
extraction cartridges and optimization of the volumes for washing and peptlde 
elutlon are critical for high recoveries The often-preferred acid conditions m 
the solid-phase extraction procedure for enkephalms and endorphms proved 
to be disadvantageous for ME recovery with respect to this procedure and the 
above-mentioned materials As will be discussed later (analysis of CSF sam- 
ples), most of the recovery varlablhty and imprecision of the method, espe- 



47 

cially for ME, is due to the sample pretreatment step, which should be the 
subject of further mvestlgatlon 

Mass spectrometry 
The ion spray LC-MS mterface utlhzes pneumatically assisted electrospray 

lonlzatlon at atmospheric pressure, where gaseous ions are produced by the 
mechanism of field-assisted ion evaporation [ 271 Dommant features of these 
mass spectra are cationized molecular ions (M+ nXJn+, where X= H, NH4, 
Na, K, etc , and n 1s the number of positive charges 

Ion spray mass spectra of the enkephalms and dynorphms l-3 to l-9 are 
characterized predominantly by singly charged, protonated molecular ions (LE, 
m/z 556, ME, m/z 574, IS, m/z 570) and/or multiply charged molecular ions, 
depending on the available protonatlon sites and the pH of the eluent [ 261. 
The simplified mass spectra produced under these conditions provide the op- 
portunity to operate the mass spectrometer m the selected ion momtormg 
(SIM) mode with high sensltlvlty because the ion current is concentrated into 
only one or a few species, which are characteristic of the analyte (see Fig. 3a 
and 5) In addition, when the molecular ion carries most of the ion current, 
one has an ideal situation for MS-MS experiments By momtormg the 
(M + H ) + ion of LE at m/z 556, m/z 574 for ME, and m/z 570 for the IS with 
the first quadrupole, performing colhslon-mduced dissocation (CID) in the 
second quadrupole and scannmg the third quadrupole from m/z 50 to 600, the 
MS-MS daughter ion mass spectra of both enkephalms and the IS were re- 
corded. CID daughter ion mass spectra for LE, obtained by on-lure HPLC- 
MS-MS separation, and for the IS, obtained by on-lure CZE-MS-MS sepa- 
ration, are shown m Figs 2 and 7b, respectively The structurally sign&ant 
sequence ions are labelled followmg the nomenclature proposed by Roepstorff 
and Fohlman [30] and are m full agreement with earlier tandem mass spec- 
trometrlc data [ 311 The IS differs from LE m its ammo acid sequence at the 
second position, the glycme is replaced by D-alanme The sequence ions B2, 
B3 and B4 are consequently shifted to m/z values that are 14 mass units higher 
owing to the additional methyl group m the molecule 

The increased molecular specificity from MS-MS is essential in biomedical 
research and has been discussed thoroughly by Deslderio et al. [8] Momtormg 
one or several unique ammo acid sequence-determmmg fragment ions m the 
selected reaction momtormg (SRM) mode, as presented m Figs. 3b and 6, is 
regarded as the optimum methodology that can currently be obtained for this 
kind of problem 

HPLC-MS 
The sultabihty of microbore HPLC-ion spray MS for the determination of 

peptldes has recently been demonstrated [22] Fig 3 shows a total SIM and 
SRM ion current chromatogram for a standard mixture of the two target pep- 
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Fig 2 CID daughter ion mass spectrum of leucme enkephalm and its fragmentation mterpretatlon 
concernmg the structurally slgmficant ions obtained by LC-MS-MS of 100 pmol standard ma- 
terial lqected on-column 

tides and the IS The LE peak shown m Fig 3a exhibits a separation efficiency 
of approximately 3000 theoretical plates, based on the peak width at half-height, 
and a peak asymmetry of 12 measured at 10% of the peak height. To clarify 
the limit of detectlon of the LC-MS system, an aqueous llutlon series of LE 
and ME rangmg from 20 ng/ml (20 ppb ) to 2 pg/ml (2 ppm ) was analyzed, 
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ME mlz 574 --- 120,136,278,574 

IS mlz 570 --- 120,136,292,570 

Fig 3 (a) SIM and (b) SRM chromatograms of ME, LE and the IS Experimental condltlons 
100 mm x 1 mm I D analytIca column packed with 3-pm Spherlsorb ODS II, eluent, acetonltrlle- 
water (50 50, v/v) with 0 05% TFA at 40 pi/mm, 5 ,~l of standard solution contammg 5 ng of 
each peptlde were qected, correspondmg to ca 10 pmol on-column 

correspondmg to 100 pg (ca 200 fmol) and 10 ng (ca 2 pmol), respectively, 
inJected on-column The tandem mass spectrometer was operated m the SRM 
mode while triplicate mJectlons were made (Fig 4) Based on a signal-to-noise 
ratio of 3 1 (peak-to-peak), a limit of detectlon of 20 ppb (100 pg or 200 fmol) 
for both enkephahns can be estimated, identical results were obtained m the 
SIM mode To verify the hnearlty over this working range from 20 ng/ml to 2 
pug/ml, an identical dllutlon series was prepared, except that a constant amount 
of 1 ng of IS (200 ppb ) was added, the mvestlgatlon of two orders of magnitude 
starting from the hmlt of detection was considered sufficient for the expected 
levels and the sample enrichment factor of 20 The peak-area ratios of enke- 
phahn versus the IS were calculated, and a linear regression of the mean values 
(triplicate mJectlons) was executed These LC-MS-MS experiments pro- 
duced correlation coefflclents of 0 998 for LE and 0 999 for ME 

Thus, microbore LC-MS shows a separation efficiency that 1s adequate for 
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Fig 4 Detection hmlts of ME and LE by LC-MS-MS (SRM) Experimental condltlons as m 
Fig 3 The aqueous dllutlon series ranged from 20 ng/ml (20 ppb) to 2 pg/ml (2 ppm), 20 ppb of 
LE correspondto 100 pg (ca 200 fmol) on-column (a) Triplicate mJectlons of each concentration 
with a time mterval of 2 mm, (b) enlarged, peak pairs of 20 and 40 ppb, (c) enlarged, peak pairs 
of 100 and 200 ppb 

a blologlcal sample such as CSF It should be noted that these CSF extracts 
are relatively “clean”, especially after the described sample clean-up proce- 
dure The achievable limit of detection allows an mltlal concentration of 1 ng 
of neuropeptldes per ml of CSF with a linear quantlficatlon range up to 100 
ng/ml 

CZE-MS 
The use of CZE-MS for the determination of dynorphms has been reported 

previously [26] Additional CZE-MS separations are presented m Figs 5-7 
Fig 5 shows the SIM electropherograms of LE, the IS and three dynorphms, 
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Fig 5 CZE-MS (SIM) of dynorphm standards Expenmental condltlons 100 cm X 100 pm I D 
fused-slhca capillary, eluent, acetomtrlle-25 mA4ammonmm acetate, pH 6 8 (50 50, v/v), applied 
voltage, 30 kV, ca 15 nl were loaded by hydrostatic mJectlon (5 cm for 10 s) The amount qected 
was calculated as 2 3 ng each, correspondmg to ca 5 pmol 

which are known relatives of the enkephalms Figs 3 and 6 demonstrate the 
conformation and screenmg capablhty of CZE-MS-MS operated m the full- 
scan and the SRM mode, for example, m Fig 6, all peptldes are characterized 
by their common CID daughter ion m/z 136, which 1s characterlstlc for the 
amino-terminal tyrosme 

The separation medium 1s a compromise between CZE requirements, sample 
behavior and MS constramts, nevertheless, it has already demonstrated its 
potential m the CZE-MS study of a tryptlc digest [28] At the chosen pH of 
6 8, the two enkephalms LE and ME (lsoelectrlc pomt ca pH 5 5 [32] ) are 
weakly negatively charged and migrate slowly to the anode Owing to the small 
difference m the mass-to-charge ratlo, then separation 1s hardly observed (Fig 
9), whereas the IS and the dynorphms l-3 to l-7 are well resolved m the ion 
current electropherogram (Figs. 5 and 6) The use of a lower pH, e g , 4 8, as 
discussed previously [ 261, allows an efficient separation of the higher, multiply 
charged dynorphms 1-7, 1-8 and l-9 with acceptable peak shape, but ehml- 
nates the small electrophoretlc differences of the smaller compounds LE and 
ME can be separated using an eluent conslstmg of acetomtnle-acetlc acid with 
pH < 4 [ 331, the broad, tallmg peaks, however, suggest a separation based prl- 
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Fig 6 CZE-MS-MS (SRM) of dynorphm standards Experlmental condltlons 90 cm X 100 pm 

I D fused-slhca capillary, eluent, acetomtrlle-30 nu!4 ammonmm acetate, pH 6 8 (50 50, v/v), 
apphed voltage, 30 kV with a measured current of 60 ,uA, ca 15 nl were loaded by hydrostatic 
mlectlon (5 cm for 10 s) The common daughter fragment ion of m/z 136 (tyrosme-terminus), 
taken with a dwell time of 75 ms for each Ion, 1s plotted as the SRM ion current electropherogram 
for each parent ion 

marlly on adsorption phenomena at the slhca surface, which are favored at low 
pH for protonated peptldes (compare also the talhng peak of dynorphln l-7 
InFig 5) 

The LE peak m the SIM electropherogram of Fig 5 exhlblts a separation 
efficiency of about 32 000 theoretical plates, more than ten times higher than 
the LC-MS chromatogram (Fig 3a), with a nearly symmetrical peak shape 
A slmllar approach as for the LC-MS system was chosen to determine the 
detection hmlt of our CZE-MS approach An aqueous dllutlon series of LE and 
ME ranging from 1 pug/ml (1 ppm) to 100 pug/ml (100 ppm) was nrjected in 
duplicate, correspondmg to 15 pg (ca 30 fmol) and 1 5 ng (ca 3 pmol) loaded 
into the capillary The resulting SIM electropherograms for ME are shown m 
Fig 8 (identical results were obtained ln the SRM mode) In this Instance, a 
concentration limit of detection of 2 ppm (20 pg or 60 fmol) can be estimated, 
which 1s a factor of 100 higher than in the corresponding LC-MS experiment 
Comparing the relevant 1nJectlon volume of 5 ~1 in LC-MS with about 15 nl m 
CZE-MS explains easily this declslve contrast The shghtly better perform- 
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Fig 7 CZE-MS-MS of the mternal standard (D-Ala2)-leucme enkephahn Experimental condl- 
tlons 100 cm X 100 pm I D fused-slhca capillary, eluent, acetomtrlle-20 mM ammomum acetate, 
pH 6 8 (50 50, v/v), applied voltage, 30 kV with a measured current of 40 PA, ca 15 nl were loaded 
by hydrostatic mjectlon (5 cm for 10 s) (a) Total ion electropherogram, (b) CID daughter ion 
mass spectrum with suggested fragmentation pathways 

ante of CZE-MS (100 pg compared with 30 pg, a factor of 3) 1s due to the 
increased peak concentration by the higher separation efficiency of CZE and 

an improved performance of the ion spray ionlzatlon process at lower flow- 
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Fig 8 Detection hmlt for ME by CZE-MS (SIM) Expenmental condlttlons as m Fig 7 The 
aqueous dilution setles ranged from 1 fig/ml (1 ppm) to 100 pgg/ml (100 ppm), 1 ppm of ME 
corresponds to ca 15 pg (about 30 fmol) loaded on the capillary 
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Fig 9 CZE-MS (SIM) of enkephahns extracted from a 100 ng/ml spiked water sample Expert- 
mental condltlons as m Fig 5 Approximately 20 nl of hquld were hydrostatically mlected (5 cm 
for 15 S) resulting m 60-100 pg (ca 150 fmol) of each enkephahn loaded on to the capillary 
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rates (micro-LC, 40 pi/mm; CZE-hqmd Junction couplmg, lo-20 mm pi/mm 
[ 281) [ 271 Another aqueous dilution series ranging from 1 to 100 pug/ml, spiked 
with a constant amount of 10 ,ug/ml of the IS, was tested for its linear quan- 
titative behavior (SRM mode, triplicate nnectlons, peak-area ratios), result- 
mg m correlation coefficients of 0.999 for LE and 0 996 for ME 

In conclusion, CZE-MS possesses the expected superior separation effi- 
ciency The same degree of lmearlty m the calibration graph, startmg from the 
detection limit through two orders of magnitude, was observed, but its mfen- 
orlty concernmg the concentration sensitivity is strikingly evident The ad- 
vantage of consummg only very small sample volumes m the plco- or low 
nanohter range becomes a crucial problem m trace analysis Although concen- 
tration detection limits of 1O-6-1O-g M m the best cases have already been 
demonstrated for electrochemical and laser-induced fluorescence detection 
[ 341, both detection prmclples lack the umversality and molecular speclfity of 
MS. Improvements m the sample enrrchment step, the loadability of CZE cap- 
illaries and the detection sensitivity of the ion spray/API-MS, which all seem 
to be possible, will alleviate this present hmltatlon of CZE-MS The general 
smtabrhty of CZE-MS for this type of analytical problem is reflected m Fig 9, 
where 100 ng/ml (100 ppb) of three peptldes spiked mto water was analyzed 
following extraction. 

Analysts of CSF samples for target endogenous peptrdes by micro-LC-MS 
Owing to the msufficlent concentration detection sensitivity of CZE-MS, 

all the followmg results were obtained by micro-LC-MS Table I presents the 

TABLE I 

RECOVERY VIA LC-MS-MS (SRM) DETERMINATION OF ENKEPHALINS 

All calculations are based on ion counts of peak-area measurements LE was excluded from the 
CSF expernnents owing to its endogenous presence m equme CSF 

Spiked sample Compound Recovery (%) 

10 ng/ml 50 ng/ml 

Water (n=5)O LE 644+142 6372114 
ME 62 8? 17 5 614f208 
IS 6522109 713?88 

CSF (r~=5)~ ME 672?297 794*124 
ME 671&124 7902157 
IS 749+130 768270 
IS” 674?90 734t163 

“All values are evaluated against external standards of 200 ng/ml and 1 &ml The LC-MS-MS 
reproduclbllltles of the external standard nqectlons at the 200 ng/ml level were 10 3% (n= 5) for 
LE, 6 0% (n=5) for ME and 12 4% (n= 16) for the IS 
bAs m a, except that ME data are based on ratio calculation with the IS 
“The second data sets were obtained 8 weeks later 
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TABLE II 

RELIABILITY OF ENKEPHALIN DETERMINATION BY LC-MS-MS (SRM) 

Compound Concentration (ng/ml)” 

1 2 3 4 Mean 

ME 90 72 94 174 107i-44 
IS 89 93 13 1 74 97+24 

“Four CSF samples (l-4) were spiked at the 10 ng/ml level and processed as described under 
ExperImental 
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Fig 10 Determlnatlon of endogenous LE m equme CSF by micro-LC-MS Experlmental condl- 
tlons as m Fig 3 The different retention times of LE are due to the use of different HPLC col- 
umns (a) CSF extract of horse No 1, 3 5 ng/ml of LE detected by SRM of ions of m/z 120, 136, 
278 and 556, (b) CSF extract of horse No 3,4 4 ng/ml of LE detected by SIM of ion of m/z 556 
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TABLE III 

LEUCINE ENKEPHALIN LEVELS DETERMINED IN EQUINE CSF BY LC-MS and LC- 

MS-MS 

ME was not detected m any sample, referrmg to the available detectlon hmlt of 1 ng/ml CSF 

Horse Concentration (ng/ml) 

1 2 3 4 5 Mean 

NO 1 (thoroughbredmare, 8 yrs, ca 450 kg) - 13 3 5 12” - 2 0 

No 2 (thoroughbred mare, 5 yrs, ca 500 kg) 12 12 26 37” 19” 21 
No 3 (thoroughbred geldmg, 11 yrs, ca 500 kg) - - 3 2 4 4” - 3 8 

These data were obtained from SIM chromatograms by peak-area comparison against external 
standard without use of the IS 

overall recovery of the procedure All experiments were executed first with the 
IS Because ME was not detected m equine CSF, an additional series of anal- 
yses were undertaken for ME The recoveries for both compounds were 60- 
70%, comparable to or better than those reported earher [6,12], though the 
variability, especially for ME, needs further clarification The rehabihty data, 
obtained for CSF samples spiked with 10 ng/ml ME and presented m Table II, 
can only be prehmmary owing to the hmited number of samples (n=4) 
Whereas the accuracy is m good agreement with the fortified amount, the im- 
precision of 20-40% m the final result is due primarily to the variation m 
peptlde recovery at this low level Other contrlbutmg factors to the varying 
reproducibility are losses occurrmg durmg the sample clean-up with several 
pipetting steps and the increased uncertainty m peak-area measurements due 
to the low signal-to-noise ratio at very low ion current (see Fig 10) 

At the limit of detection of the method of 1 ng/ml, endogenous LE could be 
detected in equine CSF LE concentrations identified m post-mortem CSF 
from three different horses are given m Table III, Fig. 10 shows SRM and SIM 
chromatograms from two different CSF extracts. Because all the values are 
below the 10 ng/ml level, which is regarded as the limit of quantification of 
this method, and near the hmit of detection of 1 ng/ml, the quantitative results 
should be considered as prehmmary data with an estimated error of? 50% To 
improve this method with regard to decreased detection limit and increased 
precision will be the object of future studies. 

CONCLUSIONS 

Microbore HPLC-MS and CZE-MS have been evaluated for their suitabll- 
ity to determine low levels of endogenous enkephalms m equine CSF Owing 
to its limited sample capacity, CZE-MS does not reach the concentration de- 
tection sensitivity necessary for trace analysis m the low-ppb range Under 
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identical condltlons, microbore LC with on-line tandem MS detection was able 
to provide usable quantltatlve data with a high molecular speclficlty and ap- 
pears to be a good substitute for off-line HPLC-MS methods for the determl- 
nation of neuropeptldes Although the presented data for leucme enkephalm 
levels m equme CSF are a good start for detailed mvestlgatlons to follow, their 
interpretation from a medical standpoint seems to be difficult, because the 
influences of the collectmg procedure are still unknown 
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