RAPID COMMUNICATIONS IN MASS SPECTROMETRY
Rapid Commun. Mass Spectroh®, 1744-1754 (1999)
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The technique of solid phase microextraction (SPME) combined on-line with high performance liquid
chromatography/mass spectrometry (HPLC/MS) has been applied to the analysis of seven tetracycline
analogues. Rapid baseline separation was achieved in under 5 min using a shorpuB1 RP-18e cartridge
column. Optimisation of the SPME procedure is described including choice of extracting fibre and
modification of the sample by heating or salting out of the analytes. Detection limits of 4-40 ng/mL were
obtained for the various analogues from extracted agueous samples and absolute amounts of analyte
extracted by the method determined using external calibration. To demonstrate the applicability of the
technique for real samples the extraction of tetracycline from milk is described. Copyright©) 1999 John
Wiley & Sons, Ltd.
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The tetracycline group of antibacterial agents has becomesample pre-treatment with ethylenediaminetetraacetic acid
widely used in veterinary practice and animal rearing for (EDTA).*
both therapeutic and prophylactic purposes. They have been Tetracycline and its analogues are known to combine
licensed for use in a variety of food-producing animals with metal ions in aqueous mediThis property has been
including cattle, pigs, sheep, poultry and fisim,which they utilised in the development of metal chelate affinity
function as broad-spectrum bacteriostatic agents by inhibit- chromatography (MCAC) as a selective clean-up technique
ing protein synthesis. Their basic structure consists of a prior to the HPLC analysis of tetracycline$***However,
hydronaphthacene backbone containing four fused rings.the eluant from the MCAC still contains components
The various analogues differ primarily by substitutions of detrimental to the performance of the HPLC column, and
the fifth, sixth or seventh position on the backbone (Fig. 1). Cig solid phase extraction or ultrafiltration have been
The use of tetracycline and its analogues as animal feeddescribed as further de-proteinisation steps.
additives has led to concerns about their contamination of The application of HPLC/MS confers a significant
animal products destined for human consumption. Tetra- advantage in the confirmation of residual tetracyclines.
cycline residues have been widely identified in meat However, most previously reported LC conditions use
products collected from slaughtered animdlsand in involatile additives in the mobile phase to improve HPLC
commercial milk supplie§;’ resulting in the implementa-  peak resolution, which are incompatible with the operation
tion of maximum residue limits. Thus, their determination at of a typical LC/MS interface due to the effects of solid
low levels is an important analytical problem. deposition. Okaet all’ have recently described the
A variety of methods has been proposed for the analysis electrospray HPLC/MS/MS analysis of tetracyclines using
of tetracyclines in biological matrices. Although micro- a volatile (acetonitrile/water) mobile and an alkyl-bonded
biological assays have been most commonly used, they aresilica gel column synthesised from a 99.99% pure silica
time consuming and lack specificity. High performance column. Other approaches to mass spectral analysis of
liquid chromatograghy (HPLC) has been increasingly tetracyclines, such as fast-atom bombardment (FAB),
successfully appliet? but the biological nature of the thermospray (TSP), atmospheric pressure chemical ionisa-
sample matrix necessitates sample pre-treatment. @ka tion (APCI), etc., are described in Oka’s recent reviéw.
al.'°recently reviewed the current extraction, clean-up, and The ability of tetracyclines to bind metal ions, and the
analysis techniques for the determination of tetracycline relative efficiencies of ionisation by metal ion attachment or
contaminants in such matrices. Solid phase extraction with protonation, were recently probed using a quadrupole ion
Cigcartridges is a common choice for sample preparatfon. trap by Vartaniaret al.*® with protonation proving to be the
However, poor recoveries often necessitate cartridge ormore efficient method.
The purpose of the present study was to develop a rapid,
) . o simple, extraction technique utilising solid phase micro-
*Correspondence to: C. M. Lock, Institute for Marine Biosciences,

National Research Council, 1411 Oxford Street, Halifax, Nova Scotia, eXtra(.:tlon (SPME) for tetracypllnes from aqueous media, in
B3H 371 Canada. combination with fast analysis by LC/MS. The advantages

E-mail: Chris.Lock@nrc.ca of SPME include simplicity, speed of operation, and the
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Figure 1. Structuresof the tetracyclineanaloguesnvestigated.

redudion in solvent requrements.The SPME technique
was first descrited by Pawliszyn et al.**?° and hasbeen
routindy usedin tandemwith gaschromabgraply (GC) for
a numberof years.More recently SPME in combindion
with HPLC wasintroduced?~23utili sing solvent mobilisa-
tion asoppose to thermaldesoption of the analytesfrom
the SPMEfibre. SPME/HR.C hasgainedincreasng interest
asananaltical technique,andits coupinzg to MS hasbeen
extensvely investigaed by Volmer et al.**2°

EXPERIMENTA L
Chemicals

Oxytetracycline, minocydine, methagcline, denmeclocy-
cline, anhydptetracyclne and 4-epi-anhydrotetraycline

Copyright© 1999JohnWiley & Sons,Ltd.

were obtaned as their hydrochloride salts, in addition to
tetracycling, potassiumchloride and formic acid, from
Sigma-Aldrich (Mississauga, ON, Canada) Acetonitrile
(Caledon, Georgetow, ON, Canada)and Milli- Q orgaric
free water (Millipore, Bedford, MA, USA) were usedas
solvents.

SPME/LC procedure

An SPME/HR.C interfacefrom Supeto (Bellefonte, PA,
USA) wasusedduringthis investigaton. Four SPMVE fibres
were initially evaluated: 60um polydimethylsiloxand
divinylbenzee (PDMS/DVB), 85um polyacrylate (PA),
50um Carbowaxtemplaed resin (CW/TPR) and 65um
Cabowax/dvinylberzene (CW/DVB). 3.5mL of each
aqueow sanple for extracton wereplacedin a4 mL glass

Rapid CommunMassSpectrom13, 1744-1754(1999)
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vial and rapidly stirred with a magneic stirring bar. The
soluion wasthenheatedto 65°C in a hot waterbathto aid
extracton of the analytes.The solutionwas saturaéd with
KCI and the entire SPME fibre immersedin the liquid.
Subsequentlythe fibre was transfered to the desoption
chanber previously filled with acetonirile/water, 15:85
(v/v). The chambemwasheatedo 40°C to aid desorptdn of
the analteswhich occuredin static modefor a period of
5 min, before exposingthe chamberto the initial mobile
phasdlow of the HPLC. Thefibre remainedexposedo the
solvent gradientfor the entire lengh of the anaysis, after
which the mobile phasegradientwasrepeatedo eliminate
anycarryove from thefibreinto thenextanaysis. Thefibre
was then removed and the chamberflushed with 100%
acetoitrile. The extractedfibre was first wasdhed under a
streamof distilled water and subsguenty immersedin a
rapidly stirredvial of waterto removeany residualorganic
solvent. Thefibre remainedmmersel until required for the
next extracton. This procedure was found to significantly
improve the reproducbility of the extracton efficiency,
comparedwith convertional drying of the fibre.

LC procedure

The HPLC system used was a Model 1090 liquid
chromatograph(Hewlett Packard Palo Alto, CA, USA). A
PuoSpherecartridge column (4.0 x 50mm), packel with
3um RP-18e stationay phasefrom Merck (Darmstadt
Germany)wasusedataflow rate of 1 mL/min. Thesolvents
wereacebnitrile 4+ 0.2%formic acid (A) andwater+ 0.2%
formic acid (B). The separatios were achieved with
the following mobile phasegradient progam: at 0 min
A/B=16:84 1.5min A/B=24:76 2min A/B=30:7Q
7min A/B =50:50 The initial mobile phasecomposiion
was slightly highe in orgaric modifier than the SPME
desoption mixture to redue the effectsof chromabgraphic
peakbroackening.

lonspray massspectometry and MS/MS

lonspray data were acquied using an APl 300 (Sciex,
Corcord,On,Canadaltriple quadrupée massspectometer,
(Q102Q5). A spray voltageof 4.5kV, aring voltageof 300V

andan orifice skimmer potentialof 25V were used.Ultra-

purenitrogen wasusedasthe nebuliserandcurtaingasat a
flow rate of 1.0 and 1.1 L/min, respectively. The mobile

phasewassplit postcolumn,delivering ~50 uL/min to the
mass spectromeer. Q; wasscanredovertherangem/z350—
470 for convertional full scanexperimens. Tandemmass
spectranetry expeiments (MS/MS) were performedusing

nitrogen collisiongasat a presureof 2.2mTorr in g, anda
laboratory collision energyof 35eV.

RESULTS AND DISCUSSION
LC separdion and electrospray MS/MS

The LC method used a short, basedeactivaéd column
similar to that recently descrited for the analyss of
antibiotic polyethe ionophore?’ to enablerapid baselhe
sepaation of all seventetracyclines studed in only 4 min,
using abinary solventsystem.The morepolartetracycines
(minocycling oxytetracycline, demeclocycline, tetracy-
cline) provedto possesseryrapidelutiontimes, necesitat-
ing theuseof ahighinitial aqueouperentagan themobile
phaseto obtan good chromatograplc peak resolutian.
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SPME desoption is normally cariied out at high levels of
organic modifier (typically 50% methaml). Howeve, the
largevolumeof the desorptionchambey ~200uL, resulted
in the composition of the desoption solvent exeting a
significant influence on the chromatogaphy of the more
polar tetrecyclines.A high percentageof organicmodifier
(acetonitile in this casg initially resdted in the co-elufon
of thes analtes,necesgatingaredudion in thepercentage
of organc modifier usedfor desoption down to 15%, as
describedabove.

The highly efficient sepaation of a mixture of seven
tetracyclnes achieved by the short C;5 column used
throughoutthis investigatin is demonstatedin Fig. 2. A
20pL aliquot of an aqueos mixture of the tetracyclines,
with each analyte at 1 ppm, was injected via the HPLC
instrument onto the column. Sepaation was carried out
usingthe solventgradientdescrited aboveusinga full Q,
scanof m/z350-470.The elution orderalongwith retenton
timesaresummaisedin Table 1.

All peaksarelessthan7 secomlsin width, requiringrapid
scanningof the massspectraneterto obtain an adeque
numberof datapoints acrossthe peakfrom eachanalte.
The predaninantion obseved for all analytes, underthe
acidic mobile phase conditions used (pH 2-3), was
[M + H]™". Low energyfragmentation(5 eV) indicatedthat,
for thosetetracyclnespossasingahydroxyl groupattheCq
position(tetracydine, oxytetracyclneanddemecbcycline),
the [M +H — H,0O]* and [M +H — H,O — NH3]* ions
were the most abundat fragments [M + H — NH3] " was
also observedo a lesserextentwith the loss of ammonia
occurringfrom the common cartoxyamice group. For the
remainirg tetracyclnesanalsed,which lack this hydroxyl
group,the [M +H — NH3]* fragmention dominatedwith
no evidence for the formation of [M +H — H,0]" or
[M +H — H,O — NH3] ™. In orderto producemore diag-
nostic ions a higher collisional enegy of 35eV was
adopted. This generaéd an abundace of structurdly
informatve fragment ions, the most significant of which
are sunmarised in Table 1. Unde this highe energy
regime,for those analyteswith the Cg hydroxyl group,the
formation of [M — 35]" dominatedwith alesserabundace
of [M — 17]*; [M — 18]" wasno longe obsewved sugges
ing that it is formed by a lower enegy process. The
remainirg analytes all produed dominant [M — 177"
fragmentions, with some evidenceof [M — 35]" at this
higher enegy. Seveal fragmentions were idertified as
beingchamcteristicof theseetracycinesandwerecommon
to the fragmentation spectraof thosestuded, namely m/z
154,126, 98. The commonality of thesefragmentswould
suggesthemasexcellentdiagrosticionsfor theidentifica-
tion of tetracycline analoguesn complexsamplemixtures.
Possible structures for thes fragments were propo®d
recently by Vartanianet al.'® The fragmentationpatterns
of protonated tetracyclires have been reported pre-

viously 10:18:2830gndthereforearenot presentedh detailhere.

Log P and log D predictions

It hasbeenshown that, for liquid chromatogaphy?°3*the
elution for a series of analtes can be prediced by
determinng their appaent octanol-vater partition coeffi-
cients(log D) underthe pH conditionsof the mobile phase.
The partition coefficient of the neutal specieglog P), on
the other hand, might be uselill in prediting relatve
extraction efficiendes obtainal by the SPME procedue.

Copyright © 1999JohnWiley & Sons,Ltd.
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Figure 2. Total ion chromatogran{Q; scanm/z350—-470)obtainedby a shortcolumnseparatiorof a 20 uL
aqueousaliquot spikedat 1 ppmwith the tetracyclinesunderinvestigation.

Table 1. Retention and MS/MS data for the tetracycline compoundsinvestigated

No. Compound Calculate@log P Calculated log D t, (min) [M +H]" MS/MS (35V, 2.75mTorr N,) major
productions (m/2

1 Minocycline -1.01 —5.10 1.29 458 441,352,283,154

2 Oxytetracycline -3.34 -5.35 1.70 461 426,365,337,226,201,154

3 Tetracycline —-1.94 —4.26 1.90 445 410,337,269,241,154

4 Demedocycline -1.39 -3.83 2.45 465 430,289,154

5 Methag/cline —2.06 —4.86 3.29 443 426,381,226,201,154

6 4-epi-Anhydrdetracyclin® 0.05 —2.68 3.61 427 410,321,269,154

7 Anhydrotetracydhe® 0.05 —2.68 3.86 427 410,321,269,154

2 Theoreticalcalculationsperformedusingthe PrologD 2.0 and PrologP5.1 modulesof Pallas2.0 software(Compudrug).
b Structuresare describedn 2D for the calculations thereforeno distinction canbe madebetweenconformersby the Pallassoftware.

Copyright © 1999JohnWiley & Sons,Ltd. Rapid CommunMassSpectrom13, 1744—-17541999)
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Theoreticalcalculationsof log P andlog D valuesfor the
tetrecyclines under anaysis were perforned using the
PrologD 2.0 modue of the Pallas-forWindows software
(Compudrug Chemisty/VCH Software, Weinheim Ger-
mary), and areincludedin Table 1. A comparisonof the
order of elution with that prediced by the log D values
shows fairly goodagreementwith the noteble exception of
methagcline and,to a lesserextent, minocydine. While a
log D value of —5.10for minocyclineis only slightly out of
order, a log D value of —4.86 for methacydhe differs
significantly from that expeded from its relative retention
time. This discre@ncy betweenexpermental obsevation
andtheory may stemfrom the fact that the Pallassoftware
does not accountfor any interaction betwea functional
groups which may occur as a result of the partiaular
confarmation that the molecde adops. For exanple, no
distinctioncanbemadebetweea anhydotetracyclheandits
epimer 4-epianhydrotetacyline. It is known from both
quantim mechanicaf? and circular dichroisn?? investiga-
tionsthatthe confarmationsof tetracyclineshavea pH and
solventdepen@nceasa resultof the changesn the charge
stae of the molecule.Tetracydines canadopttwo distinct
familiesof conformations,one adoptedwhen the molecule
exigs asa zwitterion or chaigedspeciesformedin aqueos
phass, and the otha a non-ionsed form in more
hydrophobiccondtions. The zwitterion possessea positive
chage on the C,4-dimethylamino group and a delocaised
negaive chage involving the Cs-enolic proton. The two
confamations exist in a dynanic equilibrium, each
possasinga distinct structurewith interconvesion requir-
ing rotationaboutthe C,—C,, bond.

In addition, the first conformer, primarily adoped in
aqueos solution, canbe subdivicedinto two groups.Under
neutal andacidic conditions(in which the molecde exigs
asa zwitterion or protonatedspecie}, a twisted confamer
predaninatescharacerisedby the occurrere of anN4—Os
hydrogen bond and a twisting of the A-ring to relieve the
steic crowding betwee the C4-dimethylamino and C, -
hydroxyl groups(Fig. 1). In basicconditionsdeprotonéon
of the C4-dimethylamino group enableghe extendedform
to exist, stabilised by an N,~O,, hydrogenbond.

The ability to adoptthe twisted strucure explains the
significant differenceobservedin retentiontime, andhence
hydrophobidty, betwea the anhydotetracycine epimes.
Unde the acidic condtions of the mobile phaseanhydote-
tracycine will adoptthe twisted confarmation descrited
above.Howeve, the structureof 4-epi-anhydrdetracyclne
is suchthat the C,-dimethylamno groupis now in a trans
postion relaive to the C,,-hydraxyl group, and therefore
canno longe form therequired hydrogenbondto geneate
the twisted confarmer. Thus, the importantconformatonal
changs that the tetracycine compounds can undego
rea®nably explairs the disaepancy observed betwea
retenton times predicted by log D values and those
obtaned expeimentaly. It would be expeded, however
thatthe SPME extractbn efficiency shoul closely parallel
the relative retention times of the analytes. The longer
eluting compoundspossss higher hydroghobic character,
and therebre would be expeded to partition more
favourably into the SPME fibre from the aqueos solution
thanthe earliereluting, more hydrophilic, analytes.

SPME fibre evaluation
Volmer et al.>*~?®recentlydetailedthe evauationof SPME

Rapid CommunMassSpectrom13, 1744—-17541999)

fibres for SPME/HPIC analsis of a variety of different
analytesincluding steroidsand carbamatepestiédes. Four
fibreswere selectedor evaluationto performtheextracton
of the tetracyclnes from aqueos solution, namely 60 pm
PDMS/DVB, 85um PA, 65um CW/DVB and50 um CW/
TPR.The standad procedureor condtioning newfibresis
to exposeghemto themobile phasegradientflow for 30 min
(acetonitile/water in this study). Howeve, the CW/TPR,
CW/DVB and PDMS/DVB fibres were found to be highly
susceptibe to damageo theresinby this method Extersive
pitting of the polymercoatingwasfrequentlyobservedoth
visually andwith the aid of anoptical microscopeThe loss
of solid phasematerid wasextensve enoughthat the non-
adsorbimg fibre core bene#h the solid phasewas often
revealed Conditioning the fibre by three10 min periodsof
exposurdo theinitial mobile phasewith drying of thefibre
in between,appearedo resdve this problem. Thereafer,
theresinbecamemuch morestablewith nolossof materid
observed.Unfortunatly the CW/DVB fibre had to be
removedfrom the study as the solid phaseprovedto be
readily stripped from the fibre under the experimendl
conditionsused.

A comparisonof the relative extracton efficiendes,
under idertical conditions, was made for the three
remainirg fibres. Eachfibre wasimmersel for 15min in a
rapidly stirredaqueos mixture of all sevenanalytes, each
spikedat 5 ppm. The analteswere thendesobedfrom the
fibre as describedprevioudy andanalysedby HPLCMS.
The procedurewascarriedoutin triplicatefor eachfibre to
evaluatereproducibility. Figure 3 showsa typical LC/MS
chromatogam obtainal from eachfibre, usinga Q; scanof
m/z 350-470.As expected and in agreenent with the
observabns of Volmer et al.,>*2° the CW/TPR fibre
exhibited the best performance closely followed by the
PDMS fibre. The polyacrylate fibre proved to be particu-
larly poorin its extracton of theseanaltes. The CW/TPR
fibre wastherebre seleced for further usein this study.

Optimisation of the SPME procedure

Quantitdive SPME relieson establising equiibrium of the

sampleanalte betwee the agueos soluion andthe solid

phaseTherefore anumter of factors canbemanipulaedin

order to push the equilibrium point further towards the

extractirg mediumor to increag the speedat which it is

attained. In order to investigae this aspecta series of

experimeng wereconductedvith the CW/TPRfibre. Rapid

stirring of theaqueos sampleis acommoncharaceristic of

liquid phaseSPME extractions.This is thoucht to enhance
recoveryby constanly exposingthe fibre to fresh sanple

and reducingthe layer of ‘static’ liquid nextto the fibre

surface through which any analyte must diffuse before
absorption.

The efficiency of SPMEhasbeenshown to be enhanced
by increasingthe ionic strengthof the aqueos sanple
solution?**3aneffectanalogouso thesating outtechnique
frequently used to remove protens from biological
matrices.In agreementvith theseearlier investigatons, it
wasfoundthatincreasng theionic strengh by the addition
of NaCl or KCI had a marked improvemat on the
extractian efficiency from anaqueos soluion of all seven
tetracyclnesinvestigated.

The use of elevatedtempentures enablesthe use of
higher ionic strength soluions due to the increasd
solubility of the salts. The extractbn efficiency obtaned

Copyright © 1999JohnWiley & Sons,Ltd.
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Figure 3. Comparisorof therelativeextractionefficiency of the (a) 85 um PA, (b) 60 um PDMS/DVB and
(c) 50um CW/TPR SPMEfibres underidentical conditionsfrom an aqueousnixture of the tetracyclines

investigated.

by spikingwith NaCl appearedo maximiseandeventially
decreasewith increagng ionic strength,but spiking with
KCI continued to improve the extracton yield up to
saturaion of a soluion at 65°C. KCI thereforebecamethe
preferedchoicedueto its increagdperformane relativeto
NacCl at elevatedtempentures As a consguenceall future
sample for extractionwere spiked with KCI beyondthe
point of sauration prior to analysg so that, even when
heatedto 65°C, sone undissolvedKCl remained.Increas
ing the temperatue of the sanple solution might at first
seemcounterproductive as it resuts in a correspading
increa® in theaqueos solubility of the contaired analytes.
Howeve, this is more than compensatedfor by the
significant increag in the diffusion rate of the analytes

Copyright© 1999JohnWiley & Sons,Ltd.

enabing the equilibrium to be much morerapidly obtaine.
This resuts in a much fasterextracton rate overtheinitial
time period of exposue of the fibre. All extractionswere
therefore carried out with the samplevial immersel in a
water bathat 65°C. The relatve extracton efficiendes of
the CW/TPRfibre undervariousconditions,whenexposel
to an agueos mixture of the tetracyclnes at 1 ppm for
15min, are summarisedin Fig. 4. It is evident that the
sauration of the solutionwith KCI restuts in a subsantial
increasein recovery for all analytes. The increasein
extraction efficiency attainedby heating and sating the
sanple with KCI, relative to extracton from a mixture
prepaedsolelyin de-ionisedwaterat roomtempeature,is
indicatedin Table 2. Increasng hydrophobidty seemsto

Rapid CommunMassSpectrom13, 1744-1754(1999)
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Figure 4. Comparisorof theextractionefficiency of the 50 um CW/TPRfibre from anagueousolutionof thetetracyclinegDIW)
anaqueoussolutionsaturatedvith KCI (KCI) anda heatedaqueoussolutionat 65°C saturatedvith KCI (KCL, 65°C).

coincide with increasng extracton efficiency, asexpected
A deternination of the extracton efficiendes of anhydote-
tracycine and it's 4-epimer was made difficult by the
known re-epimerisition reactionthat occuis betweerthem.
It is clearthat a significant convesion of 4-epi-anhydrde-
tracycine to anhydotetracycline occurs during the heated

extraction procedire. Evidencefor this converson is also
seento a lesserextentin the unheatedextractedsanple.
Such re-epimeisation reactionshave beenobservedpre-
viously for othe tetracycine analoguesfor exanple, the
converson of 4-epi-oxytetracydine to oxytetracycline at
elevatedtempenturesby Prewoet al.>** No evidencewas

Table 2. Improvement in extraction efficiency obtained by addition of KCI and heating of the samplein addition to the ultimate limit of
detection using the procedure developedfor eachanalyte from an aqueoussolution

No. Compound EJEs?
1 Minocycline 2.9
2 Oxytetracycline 3.0
3 Tetracycline 3.3
4 Demeclocycline 7.1
5 Methacycline 8.5
6 4-epi-Anhydrdetracycliné 8.8
7 Anhydrotetracyclin® 19.0

EsHEn? Massextracted (ug) Limit of detectioff (ng/mL)

8.3 0.17 40

8.4 0.20 30
15.0 0.25 14
25.0 0.57 9
19.1 0.60 6
139 0.31 <4
55.0 0.92 <2

@ Ratio of pee areasobtainedfor extractionfrom an aqueousampe, E,, a samplesaturatedvith KCI, Es anda heaed samplesaturatedvith KCI, Egp
b A directmeasurementf extractionefficiencyfor thesetwo epimersis difficult to duethere-epimerisatiorreactiondescribecpreviouslyresultingin the conversionof

4-epi-anhydrotetracyclingo anhydrotetraycline.

¢ Absoluteamount of analyteadsorbedy the fibre (ug) at a solutionconcentraton of 1 ug/mL.

d A signatto-noiseratio of 3:1 is assumed.

Rapid CommunMassSpectrom13, 1744-17541999)
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obsewed for significant epimeri@tion of any of the
remahing tetracyclne anaytesinvestigatedhere The use
of elevated extraction tempeatures clearly producesan
increagd recovery for all analytes over the time frame of
analyss.

Extraction time

The mostrapid absoption by the fibre occursin theinitial

period of exposue, dueto the overwhéming imbalancein

the relafve concentations of the analytesbetwee the
aqueos andsolid phase As equilibriumis apprachedthe
relative rate of absoption is expedted to decease.This is
clearly evident in Fig. 5, which shows a chamcteristic
extracton profile obtainal usingthe CW/TPRfibre for four
of the tetracyclnes underanalyss. In eachcasethe fibre
was exposedto a rapidly stirred aqueos mixture at room
tempeature (satuated with KCI) of all four analytes for
the specifiedtime, and the extracton yield detemined by
LC/MS. As a conparisonthe profile obtainel for methag-

cline extractedfrom anidertical solutionat 65°C hasbeen
included. Not only doesthe extracton show an increagd
initial rate comparedwith thatwhen carried out at amblent
tempeanture, but also the absolue amount of analyte
extraced has beenincreagd significantly. Similar plots
wereobtainal for the othertetracyclnesunderanalysis.

SPME/LC massspectometric analyss of tetracyclines
from aqueousand milk samples

Using the optimised procedires descrited above, the
extracton, separabn and analyss of the sevensekcted
tetracyclines were conductedusing single ion monitoring
(SIM) for the precurso ions of interest A typical
chromabgram obtaned from SPME extraction of 3.5mL

of a1l ppmmixture of theanaltesis shown in Fig.6(a). The
sendiivity of the method was determired by directly
injecting 200uL of the samplesoluion into the desoption
chanber (which contained an SPME fibre stripped of its
solid phasecoating, and proceedng with the analsis by
LC/MS asbefore,shownin Fig. 6(b). It canclearly be seen
that the two methodsgive comparablesensiivity for the
more hydrophilic analytes minocydine andoxytetracydine,
while the later eluting tetrecyclines are detected with
increasing sensiivity by the SPME method. A 200pL
injection of a 1ppm mixture represats 0.2ug of each
analte injected ontothe column. Sinceboth analysesvere
cariied outunderidertical condtionsthe extentof recovery
of eachanalyteby the SPME methodcan be determired
from the respedive chromatogaphic peakarea obtainal.
The yields of recovery detemined from a theaetical
maxmum of 3.5ug per analte are included in Table 2.
The limits of detection (LOD) attained are also shown
(Table 2), and represat analysis using the preent multi-
residuemethodwith SIM of therespectiveknownpreairsor
ions for each analyte. If identification of only a sinde
compound is required the LOD will naturally improve
accodingly, sinceQ, canbe setto exclusively monitor the
paricular ion of interest.

Whenconsideing real sanplessuchasmilk, which may
contain bothinorganicparticulates and/orbiological matrix
componentsdirectinjection of a sampleontothe columnis
extremelyunwise Thelimit of detection of the SPME/LC/
MS method was explored by exanining the analysis of
tetracycline spikedat the 100 ppb level into eachof water
and milk. It was found, however, that the salting out
procedure using KCI causel predpitation of the protein
componentof the milk sample This causedhe viscosty of
the sanple to rapidly increa®, preventing an efficient
SPME extractbn from the sanple. Thus,while the present
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Figure 5. Thevariationin total analyteextractedwith time from aqueousolutionssaturatedvith KCI of thefour
tetracyclinesindicated at 5ppm. The extraction profile obtained for methacyclineat 65°C is shown,
demonstratinghe enhancednitial extractionrateandincreasen overall yield.
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Figure 6. Comparisorof the sensitivityof the SPMEmethod(usingthe protocoldeveloped)a) for al ppm
aqueousolutionof thetetracyclinemixturewith (b) directinjectionof a200uL (SPME desorptiorchamber
volume)aliquot of the mixture. Peak‘a’ indicatesthe initial saltpeakat the solventfront.

SPME methoddevelopedroved excellentin its recovery of
analte from aqueos sample, it could not be directly
appied to extractbon from a biological matrix suchasmilk
with a high protein and lipid content No such problems
would be envisagd from a more SPME friendly sample
suchasurine. It would be feasibleto filter the sanple to
remoe the denaturd proten before proceedng with the
SPME extraction. Howeve, the purpo of this investiga-
tion was to develop a rapid method avoiding such
purification procedures.It was therebre decidedto omit
the spiking with KCI from the extracton procedureandto
rely on only heating the milk sample to increasethe
extracton efficiency.

After confirming the absenceof tetracyclne residue in

Rapid CommunMassSpectrom13, 1744-17541999)

the milk, obtaned by performing the extracton of a blank
sample 3.5mL of milk spiked at 100 ppbwith tetracycine
were extractedusing the presentmethodbut omitting the
KCI. SIM anaysisfor the protonaedtetrecyclineion atm/z
444.8was usedto increa sensiivity (seeFig. 7(a)). The
LOD obtainel by this method,after extractng for 30 min,

was determired to be ~100 ppb from 2% homayenised
milk, assummg a 3:1 signal-to-noseratio. The LOD could
be improved further by increadng the time period over
which the extracton takes place. The LOD is thus in

accordane with the Europ&n Ecoromic Community
(EEC) regulatory limit for tetracycine contaminaton in

milk setat 100ug/kg or 100 ppbandslightly lowerthanthe
80 ppb limit imposal by the US Food and Drug

Copyright © 1999JohnWiley & Sons,Ltd.
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Figure 7. SPMEanalysisof (a) tetracyclinefrom a milk samplespikedat 100 ppband(b) tetracycline

from anaqueousamplespikedat 100 ppb.

Administration. The extracton profiles obtaned for the
remahing tetracyclhe anabguesindicate that the more
hydrophobic analytes will possessimproved LOD than
tetrecycline itself. As a comparison to detamine the
influence on the extracton efficiency of the hydroghobic
conmponentgpresentn themilk, anidentical extractonfrom

anaqueos samplewascarriedout (Fig. 7(b)). Therecovery
wasimproved by afactor of threeto lessthan30 ppbLOD,

indicaing eitherthattetracycine hasanincreagdsolubility

in milk relatve to a purely aqueos medum or that
componentswithin the milk physically interfere with the
extracton into the fibre. Increagd solubility is a plausible
explanationsince the extracton procedure itself relies on
the analte diffusing into a morehydrophobic environment
This suggets thatany meansof removing the hydrophobic
content of the milk, in orderto pernit addition of KCI to

improve the extracton efficiency, may resultin a loss of

analyteif the remowal is a purely physkcal ratherthan a

Copyright© 1999JohnWiley & Sons,Ltd.

chenical process. This will be especily true if the
tetrecycline analoguesbecomebound to proteins within
the biological matrix impeding their adsoption by the
SPME fibre. Krogh®® demonstated this effect with the
SPME extraction of the benzodiaepine, diazepam,from
plagma. Diazgpam exhibits high binding affinity with
plasna protens. Krogh usedthe addtion of 10% methanol
to thesampleprior to extractbnto lowerthebindingaffinity
and enabé removal of the precipitaed protens. Howeve,
this technique would seveely impact on the extracton
efficiency of the relativdy polartetracyclhe compounds
If the tetrecycline analogiescan be efficiently extracted
by the SPME fibre, which representsa more hydropholic
environmentthanthe aqueos medium,thenit is probale
thatthe tetracycineswill partition themselve betwee the
aqueos andmorehydrophobiccomponergin themilk, i.e.
the protein andlipid componentsTetracydines areknown
to move freely within the body betweeé such highly

Rapid CommunMassSpectrom13, 1744-1754(1999)
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hydroghobic and aqueos environments. In fact the
antimicrobial action of tetracycine is highestin the pH
range 5.5-6.0, where the maxmum lipid solubility also
occuss,*® consisent with a direct correltion betwea the
two. Further studes to develgp improvemerts in the
extracton efficiency from biological sanplesare currently
being explored in addition to the developmentof the
technique as a fully quantiative method for tetracyclne
anaysis.

CONCLUSIONS

The presentSPME/LC/MS multi-residue method, devel-
opedfor the detectionof tetracyclneantibiotics, hasproven
to bearapidandsensitiveprocalure. The SPMEtechnique
eliminates the need for lengthy sanple clean-p and is
extrenely econonic in comparsonwith the wet chemigry
procedurestypically required. A fast LC/MS shortcolumn
anaytical method enabledrapid analyss of the extracted
fibres,with all analyteselutingin lessthan5min. The LC
procedure devebpedis conpletely MS compaible, requir-
ing no involatile buffers that are frequently usedfor the
analysis of tetracyclines. Modification of the extracton
medum by spiking with KCI and/orheatingwas shownto
signficantly enhane the recovery of all analytes.The
appication of the salting out procedureto contaminated
milk samples was prevented due to the effects of the
predpitation of components in the biological matrix
interfering with the SPME efficiency. Howeve, a LOD of
100 ppb for tetracycline (the EEC regultory limit) was
attainable using the SPME technique and heating of the
sanple. SPMEmaytherebreproveto beausefu screenng
techniquefor the identificaton of tetrecycline contanina-
tion prior to perforning a more sensiive but equaly more
costy and lenghy analysis by metal chelat affinity

chromatograply followed by high performane chromato-
graply.”*> The Carbowax/tenplatedresinfibre proved the
mog efficientatextracthgtheanaltes,closel followed by
the Carbowaxdivinylbenznefibre. The restriced variety
of fibres initially availeble for the study is an obvious
limitationto a morewidespgeaddevelopnentof the SPME/
LC/MS method.It is hopedthat with the developnent of
new solid phass conpatible with LC, that the sensitivity
andversatilty of this technique will contnueto improve.
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