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mentioned techniques may be utilized Homogenrzatlon methods, generally 
known as destructive dlsruptlon, have been revlewed by Malckel [ 311, here the 
procedures by which sohds or semi-sohds can be made liquid and the advan- 
tages and disadvantages of the media used to hquldlze them are discussed 

2 1 DA&on 

Where an analyte 1s present m a sufficiently high concentration or there 1s 
a specific detection system, then dilution 1s a very simple and effective means 
of sample preparation 

A diluting fluid, such as water or a buffer, 1s added to the sample, which 1s 
mixed, centrifuged if necessary to remove particulate matter, and then as- 
sayed The ddutmg fluid can have several functions, it can reduce the slgnal 
due to endogenous material m the matrix, reduce the vlscoslty or lomc strength 
of the sample, ensure the compatlblhty of the sample with the mobile phase If 
HPLC 1s the method of analysis, or disrupt weak bonding between the analyte 
and plasma proteins 

An example of dilution 1s the analysis of trlamterene m human urme, this 
mvolves a 1 10 dilution of the sample with water before quantlficatlon by 
fluorlmetry [ 321 As this 1s a non-specific procedure, metabohtes as well as the 
parent drug are measured, and care should be taken m the mterpretatlon of 
the results 

2 2 Preclp.pbtatcon and deproteuuzatlon methods 

Removal of protems and preclpltatlon of other endogenous material are slm- 
ple and effective methods of sample preparation that can be used alone or m 
conJunctlon with other methods of sample clean-up 

2 2 1 Proteux preclpltat5on 
Removal of protein by denaturatlon or preclpltatlon 1s an effective method 

of sample preparation that IS often used on plasma and whole blood samples 
prior to analysis The main reason IS to remove proteins that can precipitate 
when m contact with the mobile phase and thereby block tubing, cause m- 
creases m back pressure or deterioration of HPLC column performance 

The advantages of this technique are the speed at which the sample can be 
prepared and its slmphclty The mam disadvantages are that there may be loss 
of the analyte by occlusion m the precipitate and when using strong acids the 
analyte must be stable at the low pH values encountered m the supernatant 
If the supernatant 1s to be injected directly into an HPLC system It should be 
compatible with the mobile phase, the latter may need a suitable buffering 
capacity if the pH value of the sample extract differs greatly from it The agents 
commonly used to precipitate proteins are either acids or orgamc solvents or 
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morgamc salts or metallic Ions; each type of agent will now be presented with 
an assessment of their relative efficlencles 

Aczdpreupprtat~on methods The commonly used acids for the preclpltatlon 
of proteins are trlchloroacetlc acid (TCA), perchlorlc acid and tungstlc acid, 
some other acids that have been used as preclpltatmg agents are molybdlc, 
sulphosahcyhc, phosphotungstlc, metaphosphorlc and plcrlc acids These acids 
act by forming msoluble salts with the catlomc form of the protems at low pH 
values These agents are very efficient when used as a 5-20% solution, for best 
results the solutions should be cold [31] 

Organrc solvents Organic solvents that are mlsclble with water, such as 
acetone, methanol, ethanol and acetomtnle, are used to lower the solublhty of 
proteins and preclpltate them from solution [ 331 Occasionally the use of two 
solvents may be necessary for quantltatlve recovery of analytes as shown by 
Ll et al [34] to extract porphyrms from liver, methanol was used with dl- 
methyl sulphoxlde (DMSO), the former solvent to precipitate proteins and 
the latter to release the bound porphyrins from the protein Care should be 
exercised with the use of acetone as It has a relatively high UV cutoff (330 nm) 
which could result m large peaks being seen on HPLC profiles as excess solvent 
m the sample elutes from the column 

A combmatlon of an acid and an organic solvent such as acetomtnle, meth- 
anol or DMSO may be useful as the organic solvent helps to solublhze and 
extract the analytes from the proteins [33] Care may need to be taken as 
methanol m acid may lead to esterlficatlon of some carboxyhc acids [ 331 

Metalhc s&s Ln aZkaEzne solutzon Proteins can also be removed from a sam- 
ple by the use of cupric or zinc salts m alkaline solution [35,36], they act by 
forming msoluble salts with the proteins m solution It may be necessary to 
adjust the pH value of the solution before HPLC analysis and the method 1s 
unsuitable for analytes with a tendency to form metal complexes [ 331 

Ammonzum sulphate Ammomum sulphate has been used as a protein pre- 
cipitant for many years, a saturated solution 1s added to the sample, mixed and 
centrifuged to remove the preclpltated proteins Ammomum sulphate 1s a rel- 
atively mefflclent protein preclpltant as 1 5 ml of a saturated solution will 
remove < 75% of the protein m a 0 2-ml plasma sample [37], however, it 1s 
still possible to mJect the supernatant directly mto a hquld chromatograph 
[ 381 Furthermore, It should be noted that protein denaturatlon with ammo- 
mum sulphate 1s reversible, m contrast to the use of strong acids, organic sol- 
vents and metallic salts 

EfficLency of protein preczpztatlon methods Blanchard [37] has evaluated 
the relative efflclency of several protein preclpltatlon methods, detailing the 
volumes of preclpltatlon agent added to 0 5 ml of plasma and then determining 
the amount of protem remammg m the supernatant Table 3 lists the agents 
used, the pH value of the final supernatant and the volume of reagent required 
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aratlon 1s undertaken lt may result m a lower sensltlvlty of the assay method 
If HPLC 1s the analytical stage, this may be overcome by diluting the sample 
below the strength of the mobile phase and concentratmg the analyte on the 
head of the column Alternatlvely, a protem preclpltatlon method could be 
linked with an LLE [ 391 or LSE to provide further clean-up and concentration 

A protein preclpltatlon method should be matched to the analytlcal problem 
for creatmme determination it was found that TCA was very effective at re- 
moving interfering compounds but that sulphosahcyhc, perchlorlc and tung- 
state acids were poor choices [ 40,411 

2 2 2 PrecLpLtatron of urme ptgments and bLle salts 
Urinary pigments and bile salts can often produce high backgrounds that 

can prevent quantlflcatlon of analytes, however, the removal of these com- 
pounds, even by extensive extractlon schemes, can often be relatively difficult 
or time-consummg Therefore their removal by preclpltatlon as msoluble lead 
salts may be preferable before further purlficatlon and analysis [ 39,421 

2 2 3 Ultrafiltratton 
Removal of protems and other large macromolecules without preclpltatlon 

can be achieved usmg ultraflltratlon This can be used to measure the concen- 
trations of ‘free’ or non-protem bound analyte m plasma or serum but 1s also 
a sample clean-up method m Its own right The procedure uses cone-shaped 
membranes that fit mto centrifuge tubes, ahquots of the sample are placed m 
the tops of the cones and centrifuged gently (ca 200 g) The membranes allow 
passage of molecules smaller than the exclusion hmlt (e g 25 000 or 50 000 
molecular mass) that are not bound to macromolecules 

Virtually all the protem m the plasma can be removed [ 371, but a potential 
disadvantage of the techmque 1s the binding of the analyte to the membrane 
and control experiments should be undertaken to determme the extent of this 
One of the major advantages of ultrafiltratlon over dlalysls 1s Its speed, espe- 
cially when hollow fibre membranes are used Another advantage of this tech- 
nique over protem preclpltatlon 1s Its apphcablhty to small sample volumes as 
no dllutlon occurs during flltratlon [ 431 Degradation of labile compounds can 
be avoided as there are no extremes of pH Also If an analyte 1s metabohzed by 
a plasma enzyme the removal of this protem by ultrafiltration should stablhze 
the analyte by removmg the source of degradation 

Demonstration of ultrafiltration as a sample preparation techmque has been 
shown by Duncan et al [ 441 for the determmatlon of carboplatm, an antltu- 
mor agent which was virtually msoluble m orgamc solvents SPE and protein 
preclpltatlon methods were also tried but did not provide sufflclently clean 
extracts As carboplatm was less than 3% bound to plasma protems but a major 
metabohte was highly protem-bound, ultrafiltration provided a means of re- 
moving this compound and lmprovmg the assay speclficlty After centrlfuga- 
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tion, the filtrate was evaporated, reconstituted m methanol-water (9.1, v/v) 
and assayed by HPLC Disturbance of the bmdmg eqmhbrmm was avoided by 
processmg the samples without freezing and thawing and the internal standard 
for the assay was not added until after the centrifugation step 

2 2 4 Dla1y.m 
Dialysis can separate an analyte from the matrix by diffusion through a 

semi-permeable membrane rather than centrifugal force as with ultrafiltra- 
tion The membrane restricts the size of molecule that can pass through it, 
holding back the macromolecules and allowmg the lower-molecular-mass com- 
pounds to pass through mto the dialysis medium. Diffusion is a slow process 
and is driven by a concentration gradient which contmues to function until an 
eqmhbrmm is estabhshed, therefore the maximum recovery of analytes m 
eqmhbrmm is 50%, assuming that the sample and dialysis medium volumes 
are the same However, dialysis can only be applied to compounds that are 
relatively weakly protem-bound, those analytes that are strongly protein-bound 
require the bmdmg to be disrupted The use of dialysis for sample preparation 
would normally be discouraged because it can mvolve a lot of tedious work and 
a large dilution of the sample 

However, couplmg dialysis with HPLC provides the ability to concentrate 
the analyte prior to analysis, ASTED (Automated Sequential Trace Enrich- 
ment of Dialysates) [45] is now a commercially available mstrument The 
addition of a dialysis unit with a column-switchmg HPLC system (see Section 
2 5 1) can be an alternative approach to ASTED [46] On-lme dialysis needs 
to be fully evaluated to establish its potential. 

2 3 LLquLd-bquLd extractton 

A method of sample preparation for many years has been LLE, this com- 
monly entails the direct extraction of the biological material with a water- 
immiscible solvent. The isolation of the analyte is achieved by partitionmg it 
between the orgamc phase and an aqueous medium, an equlhbrmm distribu- 
tion is estabhshed between the two phases which follows the Nernst Distri- 
bution law [ 2,471 The distribution ratio between the two phases will be mflu- 
enced by the choice of the extractmg solvent, pH value of the aqueous phase 
and the ratio of the volumes of the orgamc to aqueous phases The untial con- 
ditions of the extraction should be such that the analyte 1s preferentially dis- 
tributed mto the orgamc solvent 

If there is a low recovery of the analyte this can be enhanced by successive 
extractions of the sample to produce acceptable recoveries [ 2,481, but m prac- 
tice it is often the case that a large excess of extractmg solvent can be used m 
order to save time and achieve the same result 
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2 3 1 ChoLce of extractsng solvent 
The relative hpophlhclty or hydrophoblclty of the analyte will determine the 

choice of the solvent as the analyte must be soluble m it for the extraction to 
function Solvents suitable for extraction should have a low bolhng point m 
order to remove them efflclently at the end of the extraction and a low vlscoslty 
to aid mlxmg with the sample matrix The solvents for LLE can be arranged 
m order of polarity into an elutroplc series (see Table 4) A factor for consld- 
eratlon 1s the amount of water that can dissolve m the solvent, this can mflu- 
ence the amount of co-extracted interference m the final extract In general 
for extraction of blologlcal samples, the less polar the solvent, the more selec- 
tive it is, therefore the solvent of choice 1s usually the least polar one m which 
the analyte 1s still soluble 

A major advantage of LLE 1s selectlvlty, depending on the choice of solvent, 
the drug of interest can be extracted from most of the endogenous components 
Moreover, this can be used to greater advantage where a non-specific spectro- 
photometric assay 1s employed For example, If a drug 1s extensively metabo- 
hsed, and the metabohtes have the same chromophore as the parent com- 
pound, they then have the potential to interfere with the assay, but the drug 
may be selectively removed, by using a hpophlhc solvent to extract the sample, 
leaving the metabohtes m the blologlcal fluid Alternatlvely, if chromato- 
graphy 1s utilized to give the separation, a hydrophlhc solvent may extract the 
drug as well as the metabohtes to allow concomitant determination of each 
analyte 

When consldermg the use of LLE, any pH can be utlhzed, subject to the 
stablhty of the compound to be isolated and the extracting solvent (e g ethyl 
acetate ) 

Solvent-stab&wtg agents and addztzves A problem with LLE that 1s often 
overlooked 1s the addition of compounds by manufacturers to prevent oxlda- 
tlon or decomposltlon of then product 

For example, to prevent phosgene formation m chloroform the solvent 1s 

TABLE 4 

PHYSICAL PROPERTIES OF SOME SOLVENTS FOR LIQUID-LIQUID EXTRACTION 

Solvent Boiling pomt Solvent polarity 
(“Cl (P') 

Solublhty m water 
(%I 

n-Hexane 69 0 <OOOl 
Carbon tetrachlorlde 77 17 0 08 
Cyclohexane 81 0 001 
Chloroform 61 44 0 82 
Dlchloromethane 40 34 130 
l,l-Dlchloroethane 57 503 
Dlethyl ether 35 604 
Ethyl acetate 77 43 808 
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often stablhsed with 2% ethanol In itself, this 1s no problem but when a method 
1s to be established from the literature it may not be lmme&ately obvious to 
the reader if the solvent contains ethanol (this assumes that the author knew 
the composltlon of the extracting solvent) The presence of ethanol can change 
the polarity of the solvent and affect the speclficlty and recovery of a method 

Dlethyl ether can have any one of several chemicals added to it to prevent 
peroxide formation These include 2% ethanol (Merck, Darmstadt, F R G ), 
2-3 ppm pyrogallol (May and Baker, Dagenham, U K ) and < 0 1 ppm butyl- 
ated hydroxytoluene (BHT) (Aldrich, Gllhngham, U K >, sometimes the ad- 
dltlon of the compound 1s not mentioned m the specification of the solvent 
These compounds can affect the outcome of an assay Ethanol, as mentioned 
above, can affect the polarity of the solvent and hence its selectlvlty, BHT 
could be concentrated upon evaporation and form a discrete peak on a chro- 
matogram, whilst pyrogallol 1s electrochemlcally active and m the author’s 
experience can mterfere with an HPLC analysis when usmg an electrocheml- 
cal detector 

Solvent zmpurztzes It can be the case that the extractmg solvent can mtro- 
duce impurities mto an analysis, the term ‘lmpurlty’ 1s a function of the detec- 
tlon system used m the analytical scheme [thin-layer chromatography (TLC) 
spray reagents or HPLC detection, UV, fluorescence or electrochemical] and 
the hmlts of detection required [49] It may be necessary to re-dlstlll or purify 
the solvent prior to use, e g ethyl acetate [ 501 

2 3 2 Llquld-llquld extractton in practice 
Control of extractton by pH For an extractlon to be successful, the analyte 

should be un-lomsed to facilitate partltlon mto the orgamc phase, therefore, 
the pH value of the aqueous phase may need adjustment to ensure that the 
molecule 1s uncharged 

This has been demonstrated with the extraction of a molecule with a car- 
boxyhc acid moiety, when the pH 1s below 3 the compound can be extracted 
mto an organic solvent whilst above pH 5 it remams m the aqueous phase [ 481 
After an mltlal extraction and lsolatlon of the extracting solvent, pH adJust- 
ment can be used to reverse the process and re-extract the charged analyte mto 
an aqueous phase for further purlficatlon In this way it 1s possible to build up 
an extractlon scheme to further purify an analyte Moreover, the use of pH 
adjustment allows the fractlonatlon of a sample mto acid, neutral and basic 
fractions, each of which can be processed further [2,51] 

Inherent m the techmque are drug losses because of an mablhty to transfer 
100% of the extracting solvent, for example, when transfer losses are taken 
mto account, the extractlon procedure for oxmetldme has a maximum theo- 
retical recovery of 75% [lo] 

Mlxzng and emuhon forma&on To promote a rapid equlhbrmm of the ex- 
traction, a large surface area 1s an advantage and the orgamc solvent 1s usually 
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present m excess The method of mlxmg can be manual or mechanical shakmg 
(rolling, reclprocatmg, tumblmg or wrist action) or by vortex, this should en- 
sure good mixing of the two phases for an efficient extraction 

A major problem, regardless of the mode of mixing, 1s the formation of emul- 
sions which are extremely difficult to break and often cannot be separated by 
either centrlfugatlon or ultrasonlcatlon Emulsion formatlon causes loss of an- 
alyte by occlusion wlthm the emulsion, and lower recoveries ensue, it can be 
mlmmlzed by less rigorous mixing or by the use of larger volumes of extracting 
solvent If the latter 1s used, then it 1s usually removed from the extraction 
process at some later stage 

Removal of solvent The removal of solvent (e g evaporation, freezing m 
hquld nitrogen, plpettmg, etc ) 1s frequently a rate-hmltmg step and can pres- 
ent several problems 
1 There 1s the safety hazard mvolved m handhng the solvent, as nearly all 

those used in LLE are toxic or inflammable, so the vapours generated need 
to be vented efficiently to the atmosphere 

2 The condltlons used to evaporate the solvent may also cause low recovery 
of the compound due to degradation by heat, volatlhzatlon or adsorption to 
glass 

3 The costs of removmg waste solvent from a site are expensive and tlme- 
consuming. 
Saltzng out As indicated above, the evaporation of solvent can be a tlme- 

consummg task, therefore a technique known as salting out can be applied to 
separate a mixture of water and water-soluble solvent such as acetomtrlle or 
ethanol This has been used successfully in the analysis of the histamine H2 
receptor antagomsts clmetldme [ 521, oxmetldme [lo], SK&F 93479 [ 531 and 
SK&F 93319 [ 541 Followmg extractlon into an organic solvent and re-extrac- 
tlon mto an acid phase, acetomtrlle (200 ~1) 1s added to the acid followed by 
circa 5 g of sohd potassium carbonate The addition of the carbonate increases 
the lomc strength and polarity of the aqueous phase which forces the acetom- 
trlle contammg the analytes to form a discrete layer on the surface This layer 
1s recovered and mjected directly mto the chromatograph 

2 3 3 Extraction of polar molecules 
LLE 1s not suitable for all compounds, for example, highly polar molecules 

are not usually extracted by this method However, the use of a suitable ion- 
palring reagent can extend LLE to molecules of this type [ 481 

It 1s also possible to form complexes to extract polar molecules so that the 
polarity of the newly formed molecule 1s amenable to extraction One such 
example 1s the formation of phenyl boromc esters with molecules contammg 
vlcmal hydroxyl groups, this reaction has been applied to catecholammes 
[ 55,561 and nucleosldes [ 571 This concept has also formed the basis of a phenyl 
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boromc phase (PBA ) solid-phase packing which has been reviewed previously 
by McDowall et al [58] 

2 3 4 Dzrect derzuatzzatzon 
A dlscusslon of some examples of direct derlvatlzatlon of drugs m untreated 

blologlcal samples prior to gas chromatographlc (GC ) analysis has been pre- 
sented by Vessman et al. [ 591 This paper discusses derlvatlzatlon m the sam- 
ple matrix followed by extraction of the analyte as well as two-phase reactions 
where derlvatlzatlon takes place m the organic phase whilst extraction of the 
analyte 1s contmumg from the aqueous sample It would be advantageous to 
take the principles described above and adapt them to HPLC for greater 
apphcablhty 

2 3 5 Lzquzd-lzquzd extractzon on a solzd support 
An attempt to overcome some of the hmltatlons of LLE 1s the use of dlspos- 

able Chem Elut or Tox Elut (Analytlchem International, Harbor City, CA, 
U S A ) columns, which contam dlatomaceous earth as an adsorbent. The dl- 
luted sample to be extracted 1s poured through the cartridge and held on the 
support as a very thm film, the extracting solvent 1s then passed through the 
column, and the high surface area of the film allows very efficient extraction 
of the analytes of interest This approach avoids emulsion formation but not 
the evaporation of the solvent used m the extraction. If TLC 1s the analytical 
method used then Tox Elut columns are preferred, but Chem Elut columns are 
better sulted for HPLC and GC analysis as higher-punty slhca 1s used m the 
cartridges 

2 3 6 Summary of lzquzd-lzquzd extractron 
LLE 1s a maJor technique for sample preparation, it 1s very versatile and well 

documented, but due to the drawbacks of the technique it 1s begmnmg to be 
replaced by LSE and HPLC for routine apphcatlons with high throughput 
LLE can be used to assay efficiently large numbers of samples and can be 
adapted to batch-mode operation, however, the transfer steps involved make 
the process labour-mtenslve and tedious 

2 4 Lzquzd-sobd (solzd-phase) extractron 

An alternatlve method of lsolatmg an analyte from a blologlcal matrix 1s 
LSE, which consists of mixing the blologlcal fluid with an absorbent, separat- 
mg the solid phase and elutmg the analyte with an appropriate solvent The 
success of this approach depends on the relative affimtles of the analyte be- 
tween the blologlcal matrix and the adsorbent and the relative ease of elutmg 
the compound for subsequent analysis LSE should be seen as an important 
addition to sample preparation techmques and not as a replacement [ 601 
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LSE 1s very easy to use as it 1s conslderably easier to separate a liquid and a 
solid than two lmmlsclble hqmds The most common approach utlhzed today 
mvolves the solid adsorbent packed m a small cartridge or column, the flow 
through this packed bed provides the surface area necessary to ensure a high 
extraction and clean-up This approach means that most LSE schemes can 
have a higher throughput than a comparable LLE because of the ease of han- 
dling the solid phase Also the potential for automation 1s easier compared with 
other methods of sample preparation 

2 4 1 Claswcal adsorbents 
Adsorbents such as carbon, cehte and alumma have been used for many 

years, the advantage 1s that they avoid the formation of emulsions that 1s a 
disadvantage of LLE, but often the analytes were eluted from the solid phase 
by organic solvents which still had to be evaporated [61,62] Alumina 1s still 
frequently used for the lsolatlon of catecholammes prior to separation and 
detection by HPLC although It was orlgmally used by Anton and Sayer m 1962 

1631 
Ion-exchange resin-loaded papers were introduced by Dole et al [64] for 

early urine screenmgprogrammes for detecting misuse of drugs, however, their 
performance was unreliable and there were variable recoveries of different 
classes of misused drugs Recently, more reliable products with various types 
of ion-exchange resins incorporated mto a PTFE membrane have been mtro- 
duced [ 65 1, these are packaged m a disposable filter through which the sample 
1s passed and the analytes extracted prior to analysis or components of the 
matrix removed, e g metallic cations to prevent decomposltlon of analytes m 
the remaining sample 

Amberhte XAD-2, a non-lomc resin, first used by Fujimoto and Wang [ 661, 
and subsequently refined [ 671, has been used successfully for screening drugs 
m urme and extended to drug metabohte lsolatlon XAD-2 1s a styrene dlvl- 
nylbenzene copolymer with a macroretlcular structure which provides a high 
surface area-to-volume ratio, It binds relatively hpophlhc but water-soluble 
organic molecules by a mixture of hydrophobic forces [68] This approach 
could be used for the simultaneous extraction of acidic, neutral and basic drugs 
m one step and saved time and effort 

2 4 2 Use of bonded phase s&a for sample preparatLon 
The recent trend has been to use chemically modified slhcas for sample prep- 

aration, these are available commercially from an mcreasmg number of ven- 
dors (Analytlchem International, Bond Elut, Waters Assoc , Sep-Pak, Baker, 
BakerBond, Supelco, Superclean, Alltech, Extract-Clean, etc ) The maJorlty 
of sohd-phase cartrldges are packed m a Luer tipped polypropylene reservoir 
with 100-500 mg sorbent dry packed mto the bottom between two fretted discs 
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For use the extraction cartridges are mounted on a vacuum mamfold, which 
can hold eight to thirty extractlon cartrldges for batch extractlon [ 581 

LSE separates the different compounds m a sample by utlhzmg the prmcl- 
ples of modern hquld chromatography In this process, the sample passes over 
the stationary phase, the analytes being separated accordmg to the degree of 
which each component 1s partltloned or adsorbed by the stationary phase The 
ObJective of an extraction scheme 1s to achieve ‘dlgltal chromatography’ [ 691, 
this 1s different from the normal alms of a chromatographer who requires good 
peak shape and relatively short retention times Extraction schemes based on 
chromatographlc prmclples should either retam the analyte on the phase al- 
lowing lsolatlon and clean-up or elute It rapidly m the smallest possible volume 
prior to analysis In other words, the capacity factor, k' , which m elutlon chro- 
matographlc analysis should be m the range l-10, should be > 1000 for reten- 
tion and < 0 001 for elutlon when usmg LSE to Isolate molecules [ 701 

Chozce of phase The types of slhca bonded phase avallable for LSE are 
presented m Table 5 and are grouped accordmg to functlonahty, e.g non-polar, 
polar, etc Also hsted 1s mformatlon on four manufacturers’ phases such as the 
average percentage carbon loadmg, whether or not the phase 1s endcapped and 
the method of bonded slhca synthesis It should be noted that most non-polar 
phases are endcapped but the polar or Ion-exchange phases are not, the degree 
of endcappmg can be Important as the residual sllanols can often play an lm- 
portant role m retention and elutlon of compounds (see respective paragraphs 
m Section 2 4 2) In addition to the packmgs listed m Table 5, florlsll and 
alumina (acid, neutral and basic washed) are also available m Bond Elut and 
Sep-Pak cartrldges Although not mentioned m the table, the porosity and 
particle size dlstrlbutlon of the packmg material may also be factors mfluenc- 
ing selectivity of a separation 

The same packing material from different manufacturers can have an effect 
on the selectlvlty of an assay, Ruane and Wilson [ 711 tested the ablhty of two 
manufacturers’ Cl8 cartridges to extract four P-blocking drugs With two of the 
drugs tested there were large differences m recovery between the two makes, 
this may provide a valuable source of selectlvlty when developmg assays This 
selectlvlty may depend, m part, on the original slllca particle, the extent and 
coverage of the bonded silica phase, the production methods and the number 
of sllanols left after endcappmg 

Method development The followmg guldelmes have proved useful to the 
author 
1 Search the literature for chromatographlc assay methods published for slm- 

liar structures If the analyte 1s a novel compound, It may be possible to 
deduce chromatographlc condltlons from slmllarltles m structure to exlstmg 
chemical entitles 
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2 Consider the physlco-chemical properties of analyte, e g solublhty and ion- 
lsatlon, this knowledge should give the condltlons for a potential retention 
mechanism such as ion exchange or hydrophobic on a particular type of 
phase 

3 The physlco-chemical properties of the sample matrix should be considered 
polar or non-polar This combined with the analyte condltlons should help 
m further developmg the extraction scheme 

4 Consider the properties of the HPLC mobile phase as this will give mfor- 
matlon about the elutlon condltlons for the compound from the solid-phase 
cartridge 

5 Evaluate the retention of the analyte on various bonded phases If the HPLC 
separation 1s reversed phase It 1s important to remember that pH can have 
a profound effect on retention of a compound (see 2 above) Generally a 
stationary phase of slmllar polarity to the compound of interest 1s used with 
the sample dissolved (and applied to the column) m a solvent of opposite 
polarity The analyte 1s eluted by again swltchmg solvent polarity Thus a 
relatively hpophlhc organic molecule would be applied to a C1s, Cs or C, 
cartridge m a polar solvent and eluted with a relatively non-polar solvent 

6 Compare the recoveries from aqueous and blologlcal matrices Differences 
m the behavlour of some drugs m these two matrices have been seen, for 
example oxmetldme has a recovery of > 90% from water but this falls to 
50% m plasma due to competltlon from endogenous compounds [20] In 
contrast, failure to elute all the analyte from the phase after extraction from 
water ( ~30% recovery) compared with >95% recovery from plasma has 
been observed by Doyle et al [ 721 The masking of active sllanols by com- 
ponents m the plasma may be a possible explanation of this phenomenon 

7 Elutlon of the analyte from the cartridge must occur efficiently so that the 
solution to be assayed 1s not too dilute 

8 The sorbent size can be optlmlsed If required although one group of workers 
prefer 100 mg size on the grounds of easier handling, smaller elutlon volumes 
and economy [ 601 
To evaluate any sample preparation scheme, a radlolabelled form of the drug 

can be used, the amount of radloactlvlty m the various fractions will quickly 
identify any problem areas of the potential extraction scheme Alternatively, 
If radloactlvely labelled analyte 1s not available, Whelpton and Hurst [ 601 pass 
a solution down the columns and examme the eluent for presence of analyte 
Those phases that retam the compound are then successively eluted with l-ml 
portions of methanol, 0 1 M ammoma m methanol and 0 1 M acetic acid m 
methanol until elutlon occurs 

Guldelmes are available from the mam vendors of these cartridges to develop 
methods, which also include troubleshootmg sections to help the analyst with 
any problems that may be encountered [ 73-751 Care must be taken to think 
the extraction through carefully the retention mechanism can often include 
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secondary mteractlons which could affect the outcome of an extraction (see 
the respective paragraphs m Section 2 4 2) 

After the use of an SPE clean-up step, there may still be m the eluate com- 
pounds from the sample matrix, which mterfere with the final measurement 
One solution may be to vary the nature of the washing solvent to elute selec- 
tlvely the unwanted compounds If this approach 1s unsuccessful, it may be 
necessary to use a second extraction column to provide a more efflclent clean- 
up technique known as Chromatographlc Mode Sequencing (CMS) An ex- 
ample of CMS 1s the analysis of trlcychc antldepressants m human plasma 
[ 761 The drug 1s retained on a C, cartrldge and mterfermg material 1s washed 
to waste with dilute sodium hydroxide Chloroform 1s used to elute the drug 
from the C2 cartridge onto a CN cartrldge, effecting a further punficatlon, the 
analytes are then eluted with HPLC mobile phase and ahquots of this are taken 
for analysis 

Alternatively, LLE can be combmed with LSE [77], prllocame can be ex- 
tracted from plasma with toluene, the orgamc phase 1s passed through a nor- 
mal-phase activated dlol AASP [Advanced (Analytichem) Automated Sample 
Processor] cartridge, washed with acetomtrlle and eluted off the phase by a 
reversed-phase solvent from HPLC analysis This approach couples LLE with 
the on-line elutlon mto a chromatograph via LSE, thereby achieving high 
selectivity 

Condltlonmg and use of solid-phase cartrzdges Before usmg LSE cartrldges, 
there 1s a basic level of knowledge reqmred m order to obtain the best results 
1 Wet the column with an orgamc solvent, e g methanol This serves two 

purposes (1) to open up the hydrocarbon chams and hence mcrease the 
surface area available for mteractlon with the analyte, (11) to remove rest- 
dues from the packmg material that might interfere with the analysis In 
the author’s experience, failure to carry out this stage effectively ~111 result 
m poor recoveries of analyte due to reduced retention on the column and 
interference peaks on the chromatogram which are unrelated to the orlgmal 
sample 

2 Wash the sorbent bed with HPLC-grade water or a sultable buffer This ~111 
remove excess methanol and prepare the surface for the sample This con- 
dltlonmg step should be as slmdar as possible m polarity, lomc strength and 
pH value to the sample to be extracted It should not be necessary to use a 
large volume of solvent, three or four times the bed volume of the cartridge 
is usually sufficient 

3 Apply the sample, allow it to flow through the sorbent bed and discard the 
waste Blologlcal samples are generally viscous and wherever possible should 
be diluted to speed the passage through the sorbent bed and certamly cen- 
trifuged prior to extractlon to remove particulate matter that could block 
the column Blood samples can be assayed by LSE If the erythrocytes are 
lysed and the sample 1s centrifuged to remove the membranes If a large 
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volume of sample is used, the column may no longer be ‘wetted’ and a re- 
duction in recovery will be observed To overcome this problem, an organic 
solvent, e.g methanol (l-3% ) , should be added to a sample of large volume 
prior to processing This will help to maintain the equilibrium between the 
stationary and mobile phases. Flow can vary from cartridge to cartridge due 
to a number of factors such as particle size distribution or the packing char- 
acteristics of individual columns In some apphcations it may be necessary 
to stop the flow through individual cartridges with the use of commercially 
available stopcocks to prevent the sorbent bed drying out Flow-rates through 
the sorbent bed should be controlled, based on personal experience, a max- 
imum flow generated by circa 30 kPa vacuum is recommended. If an analyte 
is strongly protein-bound then lower flow-rates may be necessary to achieve 
a good recovery of the analyte [ 601. 
Wash the column with water or a suitable solvent to remove selectively en- 
dogenous compounds from the sample matrix which might interfere with 
the subsequent chromatography. 
Elute sample with a suitable solvent and collect eluent for immediate anal- 
ysis or further work-up The volume of the elutlng solvent should be as small 
as possible to avoid dilution of the extract and lower limits of sensitivity. If 
the retention/elutlon mechamsm is known it should be possible to elute the 
analyte in a very small volume, depending on the bed volume of the car- 
tridge Two elutlons of 100 ,~l are generally more efficient than a single ap- 
phcatlon of 200 ,~l An interesting method of preparing the cartridge for 
elutlon of the analytes has been presented by Whelpton and Hurst [ 601: 
after the final wash, the cartridge is centrifuged and 50 ,~l of the elution 
solvent are added to the cartridge and centrifuged to waste This appears to 

Fig 3 Solvated bonded slhca surface (Reproduced with permlsslon from Mike Burke ) 
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displace water from the sorbent bed and no analyte to date has been detected 
m this volume [ 601; elutron then proceeds normally. 
Retentron mechanwns m ltquzd-solrd extra&on To understand the reten- 

tion mechamsms mvolved m an lsolatlon rt 1s necessary to discuss the nature 
of the bonded silica surface. Fig. 3 depicts the surface after condrtlonmg. The 
srloxane structure of the srhca binds a permanent layer of water molecules 
which 1s only removed by heating [ 781, protrudmg from the water layer are 

A NON POLAR INTERACTIONS 
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IONIC INTERACTIONS 

Sorbents lnteractlons 

PRS i 
s, ~sof?,HlN--R Electrostatic 

CBA Electrostat\c 

lnteractmns 

Electrostatic 
Non-polar 

Fig 4 Interactions involved m analyte lsolatlon usmg bonded slhcas (A) Non-polar mteractlons, 
(B) polar mteractlons, (C) lomc mteractlons, (D) multiple mteractlons (Reproduced with per- 
mlsslon from Analytichem International ) 

the bonded srhca chains and mterdrspersed between them are molecules of 
water and the condnlonmg solvent. This configuration 1s controlled by solva- 
tlon. the chains are more extended the higher the organic content [ 791. This 
swelling and shrinking behavlour will occur during the apphcatlon and elutlon 
stages of the extraction. Also present on this surface, but not shown m the 
diagram, are residual sllanols which can play a slgmficant role m the extraction 
scheme 

The analyte can be bound to the solid phase by a number of different mech- 
anisms which are the same as for HPLC, 1 e hydrogen bonding, &pole-dipole 
mteractlons, hydrophobrc dlsperslon forces and electrostatic (lomc) mterac- 
tlon [ 801 Any or all of these forces will be involved during an extraction, it 1s 
the mastery of these forces that will determine the speclficlty of the method 
developed. 

The use of small molecular probes by Schunk and Burke [81] show that 
non-polar molecules appear to favour mteractlon near the centre of solvated 
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T I dipole-Induced dlpole 

Fig 5 Bonding enerpes of the vanous mteractlons involved with a chromatographlc lsolatlon 
(Reproduced with permlsslon from Mike Burke ) 

hgand chains m contrast to polar basic molecules that can interact with acidic 
sites on the silica surface. 

Bondrng energzes and selectzuzty The energies mvolved m the various forces 
mvolved m bonding vary considerably Hydrophobic bonding energies (dipole- 
dipole, dipole-induced dipole and dispersive mteractions) range from 1 to 10 
kcal/mol Hydrogen bondmg between suitable polar groups mvolves 5-10 kcal/ 
mol but there are many opportunities for this type of mteraction on the sihca 
surface (Fig 4) Ionic or electrostatic mteractions between oppositely charged 
species mvolve energies of 50-200 kcal/mol [ 82 1. The relative energies of these 
bondmg forces are shown m Fig 5 

It has been suggested by Harris [69] that a more selective extraction may 
possibly be the result of utilizing higher-energy mteractions that would be less 
likely to be formed. To a certam extent, this IS borne out by the general obser- 
vation that the selectivity of an extraction rises from C,, through C, to the 
more polar phases hke dial, CN and amme, however, there is msufficient evi- 
dence to support this theory at present. 

SzZunoZ actzuzty Under the most rigorous endcappmg procedures it is only 
possible to endcap 70% of all silanol groups remammg after synthesis of the 
bonded phase [ 831, therefore, it is probable that silanol groups may be mvolved 
in an isolation of an analyte. 

The pK, of a silanol group is not easily determmed as it is influenced by the 
surroundmg environment; however, at pH values of 2 the silanol is uncharged 
[ 781 Above this value it becomes mcreasmgly drssociated and able to influ- 
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ence an extraction by virtue of Its negative charge From the bmdmg energies 
outlined m the last section it can be seen that electrostatic mteractlons involve 
higher energy than hydrophobic mteractlons Therefore, If a mixed retention 
mechanism 1s present the analyst must know the steps that can be taken to 
reduce or enhance the influence of residual sllanols depending on the extrac- 
tion mechanism desired 

Reductzon of szlanol acttvzty To reduce the mfluence of sllanol groups durmg 
an lsolatlon, the analyst should chose a phase that 1s endcapped The residual 
sllanols can be masked by the use of a competmg base such as trlethylamme 
which has been used m HPLC for many years [ 84-861 Ammomum acetate 1s 
another method of masking sllanol groups [87] and 1s shown m the analysis 
of caffeine m serum and saliva [ 881 

Alternatively ion suppression can be employed by choosmg a pH value where 
either the sllanol ( < pH 4 [ 891) or the lomsable groups on the analyte mole- 
cule are uncharged If this latter approach 1s taken then the analyst should 
ensure that the analyte 1s stable at the pH value of the buffer used to suppress 
the lomsatlon 

An option that 1s becommg increasingly possible 1s to change to the suppher 
of the column m order to reduce sllanol activity It 1s possible to rank HPLC 
Cl8 columns on the basis of relative acldlty [ 891 and m the future it might be 
possible to characterize extraction cartrldges m the same way 

If sllanol activity cannot be reduced by the above suggestions then it may be 
possible to increase the lomc strength of the condltlonmg solvent, sample and 
wash solvent to compete with the sllanols and prevent analyte bondmg 

To illustrate the ehmmatlon of sllanol actlvlty, Kupferschmldt and Schmidt 
[ 901 used a Cl8 non-specific extraction column to isolate relatively hpophlhc 
drugs such as chlorpromazme The phase 1s activated first with methanol fol- 
lowed by water contammg tetramethylammoruum hydroxide (TMA-OH ), the 
purpose of the amme 1s to neutralize the sllanol groups and Isolate the analytes 
by non-specific hydrophobic bmdmg alone The sample and water wash are 
applied but both samples contain the amme to prevent loss durmg passage of 
solvent through the cartridge The cartridge 1s dried under vacuum and the 
analytes are eluted by chloroform (TMA-OH 1s msoluble m chloroform) which 
1s then passed through a pre-condltloned AASP (see Section 3 2 2 ) slhca car- 
tridge to isolate the analytes by a specific retention mecharnsm The use of the 
AASP allows on-line elutlon of the analytes onto an analytlcal HPLC column 

Enhancement of szlanol znteractLon To use sllanol groups m an extractlon 
scheme, use a phase that 1s not endcapped and a condltlonmg buffer with a pH 
value of at least pH 4 or above should ensure that the residual sllanol groups 
are lomsed A buffer 1s recommended as the second condltlonmg solvent as 
water can have a variable pH value and has little buffering capacity 

An example of this approach to extractlon 1s the work of Bland [91] for the 
determination of salbutamol m plasma, the phase used was slhca which was 
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activated by successive ahquots of methanol and water Plasma was passed 
through the cartridge and the posltlvely charged salbutamol was extracted by 
ionic mteractlon with the sllanol groups Washing of the phase was undertaken 
with water and then acetomtrlle The use of the latter solvent 1s interesting 
as the retention mechanism 1s essentially lonlc, acetomtrlle can be used as a 
wash solvent to remove material bound by non-polar bonding as It does not 
have the capacity to interfere with the bmdmg Elutlon of the analyte was 
effected by methanol contammg 0 5% ammomum acetate 

Reuse ojsorbent cartrzdges Some pubhcatlons [92,93] mention the reuse of 
solid-phase cartridges up to ten times, this practice, often for economic rea- 
sons, must be carefully evaluated so that the results generated are not compro- 
mised Reuse of bonded phase slhca will mevltably affect Its selectlvlty by the 
coating of the bonded phase with endogenous plasma constituents making it 
slmllar to the pre-column m column swltchmg 

2 4 3 Alternative sorbentphases 
The mam sorbents dlscussed m this section have been mamly bonded slhcas, 

however, modlfled carbon black has been evaluated as an alternatlve [ 94,951 
The phase 1s activated by passing successive volumes of chloroform, methanol 
and water In a fashion analogous to bonded slhcas, then the sample 1s passed 
through the bed, followed by a water wash and hexane to remove the water. 
Elutlon of the analyte, with good recovery, was achieved with chloroform- 
methanol (1 1, v/v) [95] Evaluation of this sorbent 1s still being undertaken 

2 4 4 Apphcatlons of hquld-sol&d extractton 
The main advantages of LSE are selectlvlty due to the wide choice of bonded 

phases avallable, speed and time savmg being able to process large numbers of 
samples efflclently [20] LSE can also cope with a wide range of analyte po- 
larity, e g Doyle et al [ 721 extracted temalastme and eight of Its metabohtes 
mcludmg compounds with carboxyhc acid and primary amme functions and 
Smith et al [ 961 Isolated chlorpromazme and thirteen of Its metabohtes with 
a single extractlon on a C, phase Isolation of quaternary ammo compounds 
can also be accomphshed using LSE [97] A n interesting use for LSE 1s for 
clean-up prior to NMR analysis for metabohte ldentlflcatlon m urme [ 98,991 

A dsadvantage of the techmque 1s the need to centrifuge all frozen and thawed 
plasma samples prior to analysis to remove fibrms and other particulate matter 
which might block the flow of solvents through the sorbent bed The operator 
should concentrate fully whilst extractmg samples as It 1s possible to add the 
wrong solvent or forget to collect the eluate One disadvantage ldentlfled pre- 
vlously [58] was a lack of mformatlon about the technique, this 1s being rem- 
edied but some users still need to be educated 
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2 5 Hugh-performance hqud chromatography 

A liquid chromatograph 1s also capable of separation and clean-up, so that 
it can either enhance any preparation scheme already undertaken or perform 
the both extractlon and quantlflcatlon stages It can be argued that elaborate 
purlflcatlon procedures make redundant the separating power of a chromato- 
graphic column, but lnsufflclent purlflcatlon can lead to deterioration of the 
column efficiency [4] Therefore, there 1s a balance to be struck between an 
external clean-up and that due to the chromatographlc column, if there 1s a 
strong element of selectlvlty and trace enrichment m the sample preparation 
step, fewer demands will be placed on the quality of the chromatography On 
the other hand the choice of a selective detection mode may simplify the prep- 
aration stage to a point where it 1s relatively easy to automate for greater 
throughput [ 41 

2 5 1 On-line sample preparatxm by HPLC 
Using standard equipment plus a switching valve and timed events a liquid 

chromatograph can be used to prepare and analyze blologlcal samples. Accord- 
mg to Uhlem [49] there are three main approaches that can be used 

Solvent programming where the column and stationary phase are not 
changed 
Column switching where the mobile phase 1s constant but different columns 
are used to effect the separation 
Column and solvent switching where one chromatograph provides a crude 
separation of the sample and a fraction contammg the analytes 1s trans- 
ferred to another chromatograph for the analytlcal separation 
The reader 1s also referred to the reviews by Nlelen et al [ 1001, Roth and 

Beschke [ 1011 and Huber and Zech [ 1021 for more lnformatlon about this 
technique 

Soluentprogrammrng and trace enrrchment The simplest method of HPLC 
sample preparation 1s the use of trace enrichment where the sample, either 
diluted or neat, 1s pumped onto a pre-column of the chromatograph, as shown 
in Fig 6 Firstly, ln flushmg mode, water or a low-strength wash solvent 1s 
pumped through the pre-column such that the analyte 1s retained on the pre- 
column, but the more polar endogenous material 1s washed to waste When 
flushing 1s complete, the valve 1s swltched and elutlon of the analyte onto the 
analytical column 1s effected by a gradlent After the analysis 1s complete, the 
two columns will need to be re-equlhbrated before the next run, slowing the 
throughput of the assay The arrangement described above 1s backflushmg, less 
band broadening occurs compared to front flushmg, the disadvantage 1s the 
elutlon of particulate matter retamed from the sample by the pre-column but 
this can be overcome by a guard column placed prior to the analytical column 

CoEumn swztchzng front and heart cuttuzg In the previous section, all of the 
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a) Loading sample onto pre-column 

Analytical 
column 

Fig 6 Column swltchmg I trace enrichment (a) Loading sample mto the pre-column, (b) back- 
flush onto the analytical column 

sample eluted from the pre-column by the gra&ent was loaded onto the ana- 
lytical column This may be undesirable as unwanted material may be present 
on the column giving rise to more complex separations or longer run times due 
to late elutmg peaks To overcome this problem, the first column can be used 
to give a hmlted separation of the sample extract, therefore the packing ma- 
terial must have a low retention of the components m the sample The eluent 
from this column 1s run into a switching valve and to waste until the analyte 
fraction 1s eluted from the first column, the valve 1s switched to divert the 
eluent onto the analytical column for the main separation and detection In 
the simplest variation of this technique the valve can be switched back to com- 
plete the elutlon of the sample off of the first column to waste whilst the ana- 
lyte 1s held on the head of the analytical column. After all material has been 
eluted from the first column the sample flow 1s routed to the analytical column 
to complete the assay. In this form there 1s a delay whilst excess material 1s 
removed from the first column 
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A more practical version of the technique requires an additional pump, a 
hagram of a system 1s shown m Fig 7 The second pump allows mobile phase 
to flow through both columns and after the analyte cut has been made the first 
column can be prepared whilst the analysis takes place simultaneously. When 
the analyte fraction has been eluted onto the analytical column the valve 1s 
switched to divert the pre-column eluent to waste whilst the main column con- 
tinues its separation of the analyte fraction 

The same prmclple can be used to cut other sectlons of the eluent from the 
first column 

Column and solvent swztchuzg Inltlally developed by Roth et al [ 1031 this 
approach consists essentially of two chromatographs with a short manually 
packedpre-column that has a low-strength mobile phase by which the analytes 
are retained without preclpltatlon of protein, simultaneously another pump 
delivers the final mobile phase through the analytlcal column, and the two 
columns are connected by a switching valve Both systems are run parallel and 
the eluent contaunng the analyte fraction 1s swltched onto the analytlcal col- 
umn for the final separation A more complex arrangement, shown m Fig 8, 
can use a second pre-column so that one 1s re-equlhbratmg whilst the other 1s 
in use [ 1031 

Boxcar chromatography A further refinement of column swltchlng 1s ‘box- 
car’ chromatography which involves the partial separation of a fraction con- 
tannng the compounds of interest on a first column, with dlverslon of the re- 
sulting fraction to a second column [ 1041 The concept of this approach 1s that 
the second column will be filled with several samples at the same time, but the 

(a) 
(b) 

Fig 7 Column swltchmg II heart cutting (a) Primary separation by pre-column, 
tmg for separation by analytlcal column 

(b) valve set- 
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Fig 8 Column swltchmg III column and solvent swltchmg (automated two-pre-column system 
from Roth et al [ 103 ] ) 
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separation that 1s undertaken by the second column will be simpler than with 
a conventional extract 

2 5 2 Practhcal constderatlons of HPLC samplepreparatlon 
The pre-column The length of the pre-column used for HPLC sample prep- 

aration can vary between 10 and 40 mm and the mternal diameter between 1 
and 4 6 mm. It is dry packed with 25-40 pm bonded silica particles to accom- 
modate the relatively large volume of biological sample that will be qected 
mto the chromatograph The most common packings for the pre-column are 
C18, C8 and C,; similar to LSE, the longer the chain length the lower the selec- 
tivity of the phase C2 is the preferred packing m our laboratories as the reten- 
tion of an analyte is lower on this phase but has the advantage that it is easier 
to elute from, band broadening is mnumlzed if a C, analytical column is used, 
as the analyte can be concentrated at the top of this column [ 1051. 

Fine mesh gauzes instead of smtered metal frits are used to retain the pack- 
mg of both the column and pre-column and avoid clogging due to protein pre- 
cipitation [ 1021 The tubing through which the neat biological samples are 
pumped should have a relatively large bore, again to avoid blockage [ 1061 

Mobzlephczse The first function of the mobile phase is to adjust the sample 
to allow retention of the analyte on the pre-column, the parameters to consider 
are the proportion of organic mo&fier and the pH value and buffering capacity 
of the final mixture These must be optlmlsed to ensure good recovery of the 
analytes without precipltatmg proteins [ 1021 The buffering capacity of the 
mobile phase should be tested with respect to the volume of the sample injected 
[ 1071 to ensure that when the sample reaches the pre-column it is at the cor- 
rect pH value for maximum recovery (Fig 9) To cope with changes m pH that 
occur with the qectlon of the sample, the mobile phase should be at least 150 

Time after lnjectlon (mln) 

5 

Fig 9 Plot of the pH of the mobile phase at the pre-column outlet after the qectlon of 200 ,~l of 
serum The pH of the mobile phase before entermg the pre-column was 5 and the molarlty was 
varied between 20 and 300 mmol (Reproduced from Huber et al [ 1071 ) 
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mM [ 1071 To allow the best extraction rate by the pre-column, the flow-rate 
of the mobile phase through the pre-column should be m the range l-l 5 ml/ 
mm to overcome the effects of protein blnlng m the sample 

Injectron volume and pre-column hfe and performance When using HPLC 
to prepare and analyze biological samples it 1s best to keep the volume of the 
sample inJected as small as practicable, bearing in mind the requirements of 
the assay. It has been estimated that the capacity of a 10 mmX4 6 mm 1.D 
pre-column packed with C, phase 1s approximately 15 ml serum [ 1021 Thrs 
means either 150 lOO-,~l inJections to 15 lOOO-~1 InJectlons, there may be prob- 
lems m scaling up the inJection volume, 1 e. the autosampler may take a long 
time to load the sample or elutlon of endogenous material from the matrix may 
interfere with the assay. 

The performance of the pre-column 1s crucial to the success of an assay, 
therefore it 1s essential to monitor the resultant chromatograms to ensure their 
quahty. The experience gamed in operating an assay will allow an analyst to 
Judge when to repack the pre-column before unacceptable chromatograms are 
produced Many lnvestlgators have found that poor chromatography 1s ob- 
tained following the first two or three 1nJectlons onto a fresh pre-column, 
therefore before an analytical run starts, the slhca surface 1s primed by InJect- 
mg blank plasma to obtain reproducible results [ 1081 

Huber and Zech [ 1021 offer practical guldehnes for the development of an- 
alytical methods that start from an HPLC separation and describe the stages 
that should be undertaken to produce an automated HPLC assay 

2 5 3 Internal-surface reversed-phase HPLC columns 
The major problem when 1nJectlng samples contanungprotelns directly onto 

HPLC columns has been the problem of preclpltatlon which leads to blockage 
of the chromatograph or deterloratlon of the column performance. As men- 
tioned m the precedmg sections, the use of HPLC for direct inJection involves 
the use of a pre-column contannng large-particle-size slhca with the conse- 
quent use of valve swltchlng, etc. 

To overcome this problem Hagestam and Pinkerton [ 1091 introduced an 
internal-surface reversed-phase (ISRP ) slhca packmg, where the outer sur- 
face of the particle 1s hydrophlhc and non-adsorptive to proteins whilst the 
internal surface is hydrophobic. The columns are prepared by bondmg a hy- 
drophoblc &- or trlpeptide (Gly-Phe or Gly-Phe-Phe) to a silica support. The 
support 1s then Incubated with carboxypeptldase which cleaves the peptlde 
from the outside of the slhca leaving the surface coated with carboxyhc acid 
moieties, because of size exclusion the enzyme cannot enter the pores which 
retain their hydrophobic character [ 109,110] 

Keeping the pore size of the slhca small ensures that large proteins are ex- 
cluded from the Internal phase and, as they are not attracted to the external 
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surface, are eluted at or near the void volume Only smaller-sized molecules 
can enter the pores and are retained by hydrophobic mteractlon 

The only unit operation that 1s required prior to HPLC analysis with these 
columns 1s either filtration or centrlfugatlon to remove particulate matter In 
the hght of experience, the best apphcatlons for these columns are for rela- 
tively hydrophlhc analytes m plasma that require only a small proportion (ca 
2 5%) of orgamc solvent m the mobile phase [ 111,112] When the mobile phase 
contains a larger amount of organic solvent (ca 15-20%) small amounts of 
preclpltated protein have been found on the top fret of the column resulting m 
a rise m back-pressure To prevent protem preclpltatlon, it 1s recommended 
that a maximum of 25% organic solvent 1s used m the mobile phase and that 
the pH value be between 6 8 and 7 5 and the lomc strength 0 1 M or greater 
[1101 

2 5 4 Appllcatcons of HPLC sample preparation 
There are many apphcatlons of automated HPLC sample preparation m the 

hterature confu-mmg that the technique 1s capable of producing precise and 
accurate results [ 101,102] for a wide variety of compounds Apphcatlons m- 
elude the use of speclflc detectors such as fluorescence [ 1061 and electrochem- 
ical [ 1131 detectors m the chromatographlc system, whilst HPLC sample 
preparation can be apphed to highly protem-bound compounds [ 114,115] and 
labile compounds [ 116,117] The couplmg of Group 4 unit operations has been 
shown by Essers [ 1181 and Werkhoven-Goewle et al [ 1191 with pre- andpost- 
column denvatlzatlon, respectively 

The use of column-swltchmg techniques has usually been limited to the 
analysis of either plasma or serum, recently, however, direct mJectlon of whole 
blood has been investigated by Tamal et al [ 120-1221 The choice of the pack- 
mg material m the pre-column was crucial for the success of the assay as Its 
function was to separate the analyte from the erythrocyte membranes, protems 
and other endogenous material For hydrophobic drugs, hydrophlhc com- 
pounds and hydrophobic drugs bound to red blood cell membranes the pack- 
ings used m the pre-column were C18, butyl Toyopearl 650-M and TSK Gel 
HW-65F (a polyvmyl resin), respectively Using this approach, It was also 
possible to perform on-lme lysls and deprotemlzatlon of the blood samples, 
clogging of the chromatograph was overcome by surfactants (0 5% sodmm do- 
decyl sulphate) to help solublhze the protems m the samples (see Se&on 4 1 2) 

2 6 Mwcellaneous techniques 

2 6 1 Lyoph&zatlon 
Lyophlhzatlon or freeze-drymg 1s essentially the removal of water and other 

volatile compounds by vacuum subhmatlon, It 1s a techmque that has been 
used widely m blochemlstry for homogenates and protem-nch hqulds It 1s 
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useful for concentrating analytes as once the water 1s removed, the residue 1s 
easier to manipulate This process can be also apphed to semi-hquld matrices 
(e g plasma) and tissue homogenates 

In the author’s expenence, lyophlhzatlon 1s an efflclent process for reducmg 
a large liquid or semi-liquid sample to a stable sohd (ca 10% of its original 
volume) which can then be stored at amblent temperatures Further sample 
preparation can then be carried such as slurrymg with methanol, the extracts 
thus obtamed are very clean and can be inJected mto a chromatograph for 
analysis Lyophlhzatlon 1s preferred to evaporation for the removal of water 
from aqueous samples contammg thermolabile analytes [ 491, however, there 
may be a problem with samples with a high salt content, such as urme, since 
It 1s a pre-requlslte that the sample remams frozen during the whole process 
As a high salt content might lower the meltmg pomt when put mto the freeze- 
dryer, dllutlon with water 1s a solution to this problem [49] 

Commercial equipment 1s avallable, but the techmque has not become pop- 
ular because it 1s time-consummg and tedious for large numbers of samples 

2 6 2 Sapomfuzatlon 
Saporuficatlon 1s the hydrolysis of an ester with either sodmm or potassmm 

hydroxide, and fats form soaps by this process which can be removed easily 
As a method for ehmmatmg the bulk of neutral hplds m blologlcal samples, 
sapomficatlon 1s an efficient process, but the analytes must be stable m aqueous 
base, subsequently the unsaponified fraction can be extracted with an orgamc 
solvent [ 1231 The techmque 1s useful but can be mconvement to use practically 

3 AUTOMATION OF SAMPLE PREPARATION 

The techniques for sample preparation that have been dlscussed m Section 
2 are essentially manual, of these HPLC and LSE are the two major techmques 
that have the greatest potential for automation Other methods such as protein 
preclpltatlon and ultrafiltration are dlfflcult to automate or may not be easily 
Justified on the basis of a cost/benefit analysis It 1s possible to automate LLE 
using robotics [ 1241 or contmuous flow methods [ 1251 but these, m the au- 
thor’s view, ~111 not be fmanclally viable m the hght of recent developments m 
automated sample preparation mvolvmg LSE and HPLC This sectlon will 
discuss briefly approaches to the automation of these two techmques To JUS- 
tlfy automation fully, the laboratory must have a large throughput for the assay 
to be automated to automate an assay with few samples would not be cost- 
effective 

3 1 Rattonale for automatron 

There are many pressures on laboratories today Some of these are cost con- 
tainment whilst mamtalmng the quahty of output, efflclent use of resources 
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and regulatory compliance An attempt to solve some of these problems is lab- 
oratory automation Automation m various forms has been available for many 
years (e g chromatographrc autosamplers and integrators ), however, until re- 
cently little has been undertaken with the automation of sample preparation. 
The situation has now changed and there are several approaches to take when 
consldermg automation robotics, dedicated automation systems and on-lure 
HPLC 

The automation of a process should produce 
1 Greater increases m productrvlty (either m numbers of samples assayed per 

unit of time or speedier turnaround time) 
2 Systems that should be capable of the same or better precrslon and accuracy 

as the exlstmg manual methods 
3 The freeing of trained laboratory staff to do more productive work than 

extracting samples 
4 Reduced human contact with biohazards 
5 Release of staff from undertaking tedious tasks thus lmprovmg morale 

3 2 Laboratory automatzon 

Llscouskl [ 1261 has divided laboratory automation mto two areas labora- 
tory management automation and mstrument automation The former area IS 
concerned with management of the data and mformatlon produced by the lab- 
oratory, typrfied by laboratory mformatlon management systems [ 1271, whilst 
the latter area covers mcreased sample throughput with more efficient data 
capture and processmg Instrument automation can be classified further mto 
two main types flexible and dedicated [ 1281 

Flexrble automatton This can be reprogrammed but also re-engineered to 
change the task that can be undertaken by it, this type of automation is typified 
by robotic arms A description of the robotic arms and operations that they 
can undertake is beyond the scope of this paper and the reader is referred to 
the reviews by Dessy [ 129,130] and Last [ 1311 Moreover, general apphca- 
tions of robotics and specific sample preparation examples can be found m the 
series ‘Advances m Laboratory Automation - Robotics’ [ 132-1351 

The acquisition of a robotrc system can take the analyst mto an area m which 
he has httle experience often the task that has to be undertaken must be spec- 
ified or designed m comparrson to the purchase and use of equrpment off-the- 
shelf Recogmsmg this problem, the first robot system purchased n-r our labo- 
ratory was a commercially avarlable system that was customrsed by the vendor 
to our specrficatron [ 1361 Thus allowed us to perform the immediate task at 
hand and also to develop our own expertise m robotics Moreover, the purchase 
was a Joint project with out Research Engmeermg Department so that further 
re-engmeermg could be accomphshed m-house [ 51 

The main advantage of robotic systems hes with their flexibihty to be mod- 
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TABLE 6 

OUTLINE OF SOME DEDICATED SAMPLE PREPARATION INSTRUMENTS [ 1371 

AASP 

G&on-AASP 

Auto SPEed 

M&lab 

ASPEC 

Prospekt 

Off-line manual sample preparation of a cassette of ten bonded phase car- 
tridges Elutlon of the analytes 1s achieved on-line using the AASP HPLC mod- 
ule that takes the place of the autosampler m the liquid chromatograph, there- 
fore, a method must be designed for analyte elutlon by the mobile phase A new 
cartridge 1s used for every sample [ 14,581 

On-hne sample preparation and analysis A Gllson autosampler-dilutor 1s cou- 
pled to the AASP valve to enable on-line activation of the cartridge, apphcatlon 
of the sample and washing of the sorbent bed A fresh cartridge 1s used for each 
sample Must centrifuge samples to reduce blockages m system Uses the same 
purchased solid-phase cartridges as the AASP [ 1391 

Off-line sample preparation unit that 1s capable of sequential preparation of 
purchased sohd-phase cartridges Manual transfer of the sample extracts to the 
analytical instrument is necessary [ 1371 

Instrument capable of carrying out mampulatlve tasks, e g pick up and transfer 
cartridges via an inflatable tip of a probe Can be used for off-line or on-line 
sample preparation The samples can be cooled or heated and evaporation of 
solvents IS also possible, alternatively the sample extract can be collected for 
further sample preparation [ 1371 

Instrument based on a G&on autosampler for the off-line and on-line prepara- 
tion of solid-phase cartridges Racks hold the samples and extraction cartridges, 
the latter can be posltloned over waste or collection trays A plpettor-dilutor 
with a moveable probe IS used to condltlon the cartridges, transfer sample and 
elute the analyte fraction mto collection tubes The probe can then be used to 
transfer the sample to an HPLC mlector for on-line analysis [ 1371 

Automated cartridge exchange module for use with on-line HPLC Uses a fresh 
disposable pre-column for every sample Instrument and cartridges speclflcally 
designed to mmlmlze band broadening when using smaller-bore columns [ 1611 

lfled or re-engineered to undertake new tasks Obviously, a modlflcatlon of an 
existing procedure 1s the easiest to achieve and this can be done relatively 
quickly dependmg on the degree of work to be done If the task 1s completely 
different, then It ~111 be more involved, especially if the work requires the cus- 
tom manufacture of specific peripheral components In the author’s expen- 
ence, input from engineers 1s very helpful and shows the multldlsclplmary na- 
ture of robotics Once mstalled the apphcatlon 1s relatively simple to operate 

Dedicated automatzon. These units are usually hmlted to a speclflc task, 
which may be varied by programmmg This can take the form of autosamplers 
that offer a cost-effective means of automating an instrument assay, the de- 
velopment of autosamplers with moveable probes, that move m the x,y,z planes, 
can also be used for sample preparation where the tasks mvolve the transfer 
or pumping of fluids 
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In an earlier review [ 58], it was predicted that sample preparation was an 
area for instrument manufacturers to exploit m the future This predlctlon has 
been born out m 1984 there were two automated systems commercially avall- 
able, at present there are at least seven Descrlptlons of the main instruments 
available can be found m a recent article [ 1371 and are summarized m Table 
6 

3 3 Comparison of flex&le and dedicated automatron for sample preparation 

In 1986 [ 1381 a comparison was made between the manual method of pre- 
paring AASP cassettes and two automated methods mvolvmg a robot to au- 
tomate the off-hne preparation stage [ 1361 and an autosampler coupled to the 
AASP lnJectlon port for on-lme sample preparation and HPLC analysis [ 1391 
In the hght of experience, It 1s time to update that report and extend the com- 
parison to include on-line HPLC 

The manual and automated techniques were compared agamst the followmg 
criteria 
1 Preclslon and accuracy of a drug assay m plasma 
2 The number of samples that could be assayed per 24 h 
3 Relative cost and ease of lmplementatlon 
4 Human mvolvement m the assay scheme 
The results are hsted m Table 7 

Preclslon and accuracy of the assay are shown m Table 7. As can be seen the 
preclslon, as measured by the coefflclent of vanatlon, of all methods 1s better 

TABLE 7 

SUMMARY OF PERFORMANCE OF A MANUAL AND THREE AUTOMATED METHODS OF 

ANALYSIS 

Sample throughput IS based on a 20-mm chromatographlc run plus a lo-mm re-equlhbratlon m the case 

of gradient elutlon 

Performance 

crlterium 
Manual 

Vat Elut 

Automated methods 

G&on-AASP Robot system On-line HPLC 

Gradlent Isocratic 

Number of samples 

prepared per h 10 3 6 2 3 
Maxlmum number of 

samples per 24 h 72 72 72 48 72 
Rehablhty Poor Very good Very good Very good Very good 

Relative cost 100 1 35 2 75 1 35 100 
Implementation time 10 mm Two days Two weeks Two days Two days 
Human mvolvement Labour-mtenslve Mmlmal Munmal Mmlmal Munmal 
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than 5%, and accuracy, measured as bias, are acceptable Overall, the quahty 
of the data from the automated method were comparable with the original 
manual method of sample preparation using the Vat Elut 

Performance of the systems was evaluate& as the overall throughput of an 
assay 1s dependent on the chromatographlc run time, It 1s obvious that a method 
with a relatively short run time (ca 10 mm) will have a higher throughput 
than an assay with a 20-mm run time This affects the way systems can be 
compared, therefore two figures are given m Table 7, the first 1s the number of 
samples able to be processed per hour and the second 1s the overall assay 
throughput with a chromatographlc run time of 20 mm 

The off-line methods using the robot and manual extraction procedures have 
throughputs of six and ten, respectively The manual approach 1s marginally 
faster, however, it 1s hmlted by the time the analyst 1s able to extract samples 
When total assay performance 1s assessed over a 24-h period both systems are 
capable of a throughput of 72 but sample extracts m both cases must be trans- 
ferred to the chromatograph for final analysis 

The Gllson AASP and HPLC have slmllar throughputs, It 1s the operation 
that differs purchased and disposable versus hand-packed and reusable pre- 
columns These on-line methods have similar throughputs compared to the 
off-lme methods, but a difference 1s the ability to operate outside of normal 
hours Our previous comparison of the robot to the dedicated automated sys- 
tems show that the dedicated example (autosampler) 1s capable of a higher 
throughput (30% ) than the more flexible robotic system [ 1381 However, this 
was due to a much shorter chromatographlc run time (6 mm) than the 20 mm 
used for the calculations here It IS important to realize that a shorter run will 
show automated systems m a better light than a longer separation 

Rellablhty of automated systems 1s very important as unattended operation 
1s highly desirable, If not essential The robot arm 1s very robust, it has worked 
with 100% rehablhty, It has been the peripheral devices such as the solenoid 
valves on the master laboratory station that have presented a few minor prob- 
lems The Gllson AASP system has been used for a number of apphcatlons 
within our laboratories, it 1s reliable but can suffer from blockage m the AASP 
valve and leakage of the syringe used with the Gllson autosampler Therefore, 
to reduce these problems all samples must be centrifuged and the samples are 
diluted as much as practicable to reduce vlscoslty prior to loading onto the 
AASP cartridge The manual Vat Elut system for off-lme preparation can be 
unreliable especially after long periods of use as the seals wear moreover, the 
cartridge and reservoir have to be posltloned carefully A pneumatically oper- 
ated version of this system 1s now available which has overcome the above 
problems 

Relative capital cost 1s expressed by comparison to the HPLC equipment 
required to undertake the manual assay set as 1 0 The HPLC equipment re- 
quired for automated analysis includes an autosampler m place of the AASP, 
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a switching valve and a pre-column for lsocratlc analysis, but another pump or 
gradlent system 1s required for more sophlstlcated methods Total automation 
of the AASP requires the purchase of a Gllson 222, Model 401 syrmge and a 
relay box [ 1401 The robotic arm and peripherals are the requirements for the 
off-lme automatic preparation of the AASP cassettes It can be seen that the 
manual system and on-line isocratic HPLC are the cheapest options, full au- 
tomation with the gradient HPLC and the Gllson-AASP can be achieved rel- 
atively cost-effectively The cost of the robotic arm indicates that the task 
which it will undertake must be thoroughly mvestlgated and Justified before 
purchase Human mvolvement 1s at its greatest with the Vat Elut where a 
tramed analyst 1s required m all sample preparation stages Less 1s needed with 
the robot where samples are laid out and the prepared cassettes are transferred 
manually to the chromatograph The G&on-AASP and HPLC methods re- 
quire the least human mvolvement as they can be set up and left to operate 
all samples are prepared and analyzed on-line 

Speed of lmplementmg automation also rises m a similar fashion the man- 
ual system can be shown and implemented within 10 mm m contrast to the 
Gllson-AASP and HPLC which would take approximately two days to install 
and become operational The robot 1s relatively complex and would, m the 
opmlon of the author, require about two weeks to become familiar with the 
programming language and how to use the instrument 

3 3 1 Automatron summary 
The four approaches presented here can be used to analyze compounds m 

plasma, all are sufficiently precise and accurate However, the type, the degree 
of automation and the costs that a laboratory has to pay are varied Flexible 
robotic systems are expensive and the most complex to implement, but can be 
Justified with a high throughput assay and can also undertake mampulatlve 
tasks that the dedicated systems cannot The dedicated automation (Gllson- 
AASP and HPLC), outlined here, 1s more cost-effective and quicker to lmple- 
ment, but have the disadvantage that they are limited to one task, however, 
they have the potential to provide the greatest throughput with the lowest cost 
for an automated system 

One way of assessing a laboratory’s needs for automation 1s to break the 
analytical method to be automated down mto the unit operations Once this 
has been achieved, crltlcally assess what 1s required, d liquids are moved or 
transferred from one location to another then a dedicated instrument may be 
the best approach If there 1s extensive mampulatlon of the sample, e g dls- 
solution of a tablet or homogemzatlon of a blologlcal tissue, then the mampu- 
latlve advantages of a robotic arm should be apparent. 



4 FUTURE TECHNIQUES FOR SAMPLE PREPARATION 

This section will discuss techmques that are emergmg or have the potential 
for use m sample preparation for blomedlcal analysis 

4 1 Supercrhcal fluid extraction 

The use of supercrltlcal fluld chromatography for separations of mixtures 1s 
becoming established [ 141,142], however, it 1s supercrltlcal fluid extractlon 
(SFE) that offers promise as a sample preparation technique for blomedlcal 
analysis SFE has been used for several years m the food mdustry for mdus- 
trial-scale processing such as removal of caffeine from coffee beans [ 1431 

Supercrltlcal flulds are attractive extraction agents as the solvent power 
(density) can be manipulated over a wide range of temperatures and pressures 
Supercrltlcal fluids have densities close to hqulds and the vlscosltles and dlf- 
fuslvltles intermediate between those of gases and hqulds, the result 1s a highly 
effective extractmg solvent that 1s capable of dlssolvmg many compounds that 
would have been sparingly soluble m the same fluid under gaseous condltlons 

The solvatmg power of a supercrltlcal fluid 1s varied by controlhng the pres- 
sure or by adding modifiers such as methanol, a reduction m solvent density 
brought about by changes m temperature and/or pressure allows for the re- 
covery of the analyte Solublhty of an analyte depends on the density of the 
supercrltlcal fluid which m turn 1s dependent on the temperature and pressure 
of the solvent Increases m selectlvlty of the extraction can be observed as the 
crltlcal pressure of the solvent 1s approached [ 1431 

There are three approaches to SFE depending whether the extraction 1s ef- 
fected by pressure reduction causmg a solublhty decrease, a temperature change 
to change the analyte solublhty or the adsorption of the analyte Solublhty m 
supercrltlcal fluids 1s dependent on both temperature and pressure In practice 
a combmatlon of pressure, temperature and adsorptlon tends to be used for 
the separation of the analyte from the fluld [ 1441 

Supercrltlcal carbon dioxide has been the most used fluid for both chroma- 
tography and extraction as it has the advantages of being non-toxic, non-flam- 
mable, relatively inexpensive, leaves no solvent residue and has a low crltlcal 
temperature (31 “C), thus thermal degradation of analytes 1s mmlmal SFE 
can be coupled to an on-line gas chromatograph wlthout the need to modify 
commercially available Instruments [ 1411, couplmg to mass spectrometers 1s 
also possible [ 141,145] 

Only now 1s SFE bemg applied to analytical-scale problems and has yet to 
be fully evaluated for extractlon of blologlcal samples 
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4 2 MLcelles 

Surfactants have been used for many years as ion-pairing agents m reversed- 
phase HPLC They are amphlphllllc molecules with a hydrocarbon chain of at 
least eight carbon atoms with a polar group at the head They can be classified 
as non-lomc, amomc, catlomc or zwltterlomc on the lomsatlon characterlstlcs 
of the polar group Their present use m HPLC has been at low concentrations 
but at higher concentrations they tend to aggregate together and above the 
crltlcal mlcelle concentration they form mlcelles Mlcelles are spherlcal aggre- 
gations of the surfactant molecules with the hydrocarbon chams pointing to 
the centre excluding water molecules whilst the polar heads are arranged on 
the surface of the sphere, this arrangement IS thermodynamically stable [ 1461 

Whilst a mlcellar solution appears homogeneous at the macroscopic level It 
provides a mlcroenvlronment which IS different from the bulk solvent and which 
will enhance the solublhty of hydrophobic compound m aqueous media Ml- 
celles are beginning to be useful m extraction schemes, mlcellar liquid chro- 
matography (MLC) [ 147,148] and a variety of analytical methods [ 149,150] 

The main area of interest 1s MLC which may become a bloanalytlcal tool for 
the future as the technique offers a combmatlon of advantages not offered by 
any other form of HPLC [147,149] Essentially the surfactant replaces the 
conventional organic modifiers, such as methanol and acetomtrlle, used m the 
mobile phase for reversed-phase HPLC [ 1481 The MLC mobile phase offers 
a dual hydrophobic and hydrophlhc character so that molecules can be bound 
to the surface via lomc attraction and within the mlcelle hydrophoblcally Re- 
tention of a hydrophobic analyte IS inversely proportional to the mlcelle con- 
centration, the higher the concentration the shorter the retention time Selec- 
tivity can be controlled also by the concentration of the mlcelle but also by the 
surfactant used to form the mlcelle [ 1471 Gradients m MLC are very quick to 
run and as the surfactant does not enter the stationary phase the column does 
not need to be equilibrated before the next inJection allowmg a faster through- 
put of samples 

Direct inJection of the sample 1s possible [ 151,152] without the need for any 
prior sample preparation, this, coupled with the posslbllltles of enhanced an- 
alyte response when using electrochemical or fluorescence detectors [ 1471 
makes it a very useful tool for the near future 

4 3 High-performance affuuty chromatography 

High-performance affinity chromatography IS a technique for the punfica- 
tlon of blologlcally active molecules that combines the speclflclty of affmlty 
chromatography with the speed and resolution of HPLC This subject has been 
the subject of recent reviews [ 153,154] and the reader 1s referred to these for 
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further mformatlon It 1s a techruque that offers the posslblhty of ‘designer’ 
columns where the analyte can be selectively extracted and eluted on-line 

4 4 Immunoextractlon or antzbody-medzated extract&on 

Antlbody-medlated extractlon or lmmunoextractlon has been used for the 
past few years for the selective extractlon of endogenous compounds, such as 
leukotrlenes and prostaglandlns, from blologlcal samples [X5-157] These 
compounds are present m low concentrations, and to Improve the speclflclty 
of the assays to measure them, antlbodles to the compound are bound to a 
Sepharose 4B support, packed m a column and the sample passed through it 
to extract the analyte In effect this approach 1s a varlatlon of LSE where the 
‘bonded phase’ 1s speclflc for the compound of mterest Elutlon of the analyte 
usually requires a very strong solvent such as dloxane, acetomtrlle or acetone 
to disrupt the strong bmdmg forces between the analyte and the antlbody, and 
the elutlng solvent 1s evaporated prior to analysis The analytes that have been 
extracted by this techmque are relatively hpophlhc and are soluble m the elut- 
mg solvent Extraction of polar compounds which are not as soluble m these 
elutlon solvents may require more strmgent methods, such as chaotroplc agents, 
to disrupt the antigen-antlbody binding forces These extractlon columns can 
recover > 90% of the analyte and can be reused up to fifty times [ 1551 

As lmmunoextractlon offers a more selective method of extractmg com- 
pounds, analytlcal chemists are now usmg this techmque to extract drugs and 
other molecules There are two general approaches. The first 1s off-line where 
the extract 1s evaporated before analysis and 1s outlined above The second 
approach 1s on-line preparation and analysis, where the antlbody bound to 
Sepharose 1s packed into a pre-column and the column swltchmg approaches 
outlined m Sectlon 2 5 are used to enrlch and separate the analyte FarJam et 
al [ 1581 describe the analysis of p-19_nortestosterone, where the analyte was 
desorbed from the antibody-antigen complex by a solution contalmng an ex- 
cess of a cross-reactmg steroid hormone, norgestrel 

This approach offers considerable advantages the speclficlty of the antibody 
could be ‘deslgned’ such that It 1s speclflc for only one molecule and or Its 
metabohtes Alternatlvely, if the compound 1s part of a series of homologues, 
e g barbiturates or opiate analgesics, the speclflclty of the antlbody could be 
lowered so that all slmllarly structured compounds could cross-react and be 
extracted for the hquld chromatograph to separate and quantify 

There are a few disadvantages that must be overcome before this technique 
becomes routme The antibody molecules are relatively large and offer the pos- 
slblhty for non-specific bmdmg, this may be reduced by the use of enzymes 
such as papam (EC 3 4 22 2) to cleave the F,, fragments (contammg the active 
site of the antigen attachment) from the antibody and to bmd these to the 
solid support The orlentatlon of the antlbody on the support should be such 



49 

that the bmdmg sites are pomtmg away from the support and into the mter- 
strtral space to improve extraction efficiency This could be achreved by treat- 
ing the antrbody with pepsin (EC 3 4 23 1) producmg a smaller, but still actrve, 
antibody combmmg site which could be bonded to a support via more selective 
chemical reactions, for example, through the thlol groups on the antibody 
fragment 

The desorptlon of the analyte from the antibody for on-lure analysis has used 
a cross-reacting compound [ 158] which required a relatrvely large volume of 
competmg agent solution to elute the analyte. An alternative approach may be 
to isolate the low-affinity antibodies and bind these to the pre-column which 
should result m weaker analyte binding and hence easier elutron Monoclonal 
antibodies usually have weaker bmdmg compared to polyclonal antlbodres and 
this area mrght be fruitful to investigate Finally, supports that can withstand 
high pressures need to be investigated for use m pre-columns of a liquid 
chromatograph 

4 5 Mscrowave processmg 

Microwave processing can be used to accelerate dlffuslon processes, to speed 
up chemical reactions, to solubrhze solid samples, to thaw frozen samples and 
to denature proteins Microwave lrradratlon, as a method of solublhzatlon, 1s 
a technique m which energy (heat) 1s used for the extraction of compounds 
from solid materials The samples are mixed with a suitable solvent (e.g meth- 
anol) and Irradiated for 30 s. After coohng and repeated rrradlatlon, the sam- 
ples are centrifuged and an ahquot of the resultmg supernatant 1s inJected mto 
the HPLC system for analysis. 

Microwave lrradlatlon can also be used to denature the quaternary and ter- 

on-i,ne sample preparation 
mstrumental analysts and 

*q”antlflcation 
Feedback control mo”ltorS quality Of results 

Sample 
Report 

Fig 10 Stages of an analysis (a) Integratlon of on-he sample preparation and analysis, (b) 
mtegratlon of on-he sample preparation, analysis and quantlflcatlon 
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tiary structures of protein As the structures denaturate within 1 s, it is a rel- 
atively fast and clean procedure for the removal of proteins from a sample 
[ 1591 Furthermore, the technique is an excellent way of thawing frozen bio- 
logical samples, e g doxorubicm and epnubicm are stable when stored at - 20” C 
and when thawed with microwave irradiation no sign&ant degradation is ob- 
served [ 1601 

5 INTEGRATION OF SAMPLE PREPARATION WITH THE ANALYTICAL PROCESS 

It must be remembered that sample preparation was origmally depicted as 
a separate stage m the analytical process (Fig 1) , however, when viewmg some 
sample preparation techmques presented here, it can be seen that there is a 
merging of the sample preparation stage with the mstrumental analysis This 
is shown by HPLC column switchmg [ 102 ] and the use of the AASP m either 
semi [ 141 or fully automated mode [ 1391 Therefore, the trend m sample prep- 
aration is clear the technique will be on-line and part of the mstrumental 
analysis as shown m Fig 10a To use this approach, the sample must be liquid 
before the analysis can commence 

A problem with merging preparation with analysis is that the mstrumenta- 
tion is not yet perfected to avoid loss of sample when the instrument malfunc- 
tions [ 1371 Feedback control mechanisms will enable the quality of the anal- 
ysis to be monitored and if required the instrument will be shut down pending 
an appraisal by the analyst This is shown m Fig lob 

6 CONCLUSION 

There are many options available for sample preparation, the mam ones 
discussed m this review are presented m Table 8 with then advantages and 
disadvantages The choice of which unit operations to use m an assay will be 
influenced by 
1 Aims of the assay specificity, detection hmit, etc 
2 Physico-chemical properties of the analyte 
3 The biological matrix 
4 Required assay throughput 
5 Time and resources to develop the assay and the experience of the analytical 

staff 
In general, the method used should be the simplest one available that is 

consistent with the objectives of the assay 
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7 SUMMARY 

A review of sample preparation techniques for blomedlcal analysis 1s pre- 
sented Firstly, sample preparation techniques can be divided mto unit oper- 
ations which can be classified into four groups release of the analyte from the 
matrix, removal of endogenous material, hquld handlmg procedures and the 
enhancement of selectlvlty and sensltlvlty The concept of umt operations gives 
an analyst a tool with which to evaluate crltlcally any method for preparing a 
sample for analysis Secondly, the major techniques of sample preparation 
(protein preclpltatlon, hquld-liquid extractlon, hquld-solid extraction and 
high-performance liquid chromatography, HPLC) are discussed and their ad- 
vantages and disadvantages presented Thirdly, the rationale for the automa- 
tion of sample preparation 1s reviewed, m general hquld-solid extraction and 
HPLC are the best techniques for automation The means by which this can 
be effected (either flexible or dedicated automation) 1s discussed Finally, 
techniques such as supercrltlcal fluid extraction, mlcellar liquid chromato- 
graphy, microwave energy and lmmunoextractlon which may be applied to 
blomedlcal sample preparation are evaluated brlefly 
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