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Abstract 

Clinit:al laboratories mus1 produce accurate resulti. for patients with a m1mmum tum-around time. Automated 
.:ommen:ial capillary electrophoresis instrumentation ha,; been available to the clinical laboratory for the past five years. Our 
labora1ory has utilise~ capillary electrophoresis (CEI to automate serum protein electrophoresis. We have used the technique 
of CE w pntduce clinical results for nearly two years. CE methods are also available for the quantitation of haemoglobin 
variants. by both isoelectric focusing and free solution techniques. Micellar electrokinetic separations by CE have been 
developed for some specialised drug assays and for B-group vitamin analysis, while gel-tilled capillaries have the capability 
to separaLe DNA fragmenis. such a,; PCR. producL<.. lsoen;,:yme analysis has shown possibilities by CE. but quantitative 
results are needed to be clinically useful. Analysis of amino acids for newborn screening programs and a._ an anerial clotting 
indicah,r are being developed. The nex1 five years should see a proliferation of clinical laboratory methods using automated 
C'E. 
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J. Jntrodul"tion 

In rhl· nwikrn iunfo.:al l·m·im111111..·n1. pa1ien1 diag-
no,i., am.I lrl·.illlh:111 rdic..·, hc~1, ii) 1111 i1nes1iga1ion 
prun:Jurc". W11h the intrmhll·tion of prudltcliviry-
has~d fonding of lahoratorics. thcy arl· n<lW required . 
10 provide rapid. ·cos1-effc::l"five 1cs1s. This is oflen 
hes1 achieved hy 1he U!.C of au1oma1ed mc::thods. 

C1pillaf) dt.'clrophorc,i, 1CE1 inn1hes a sepa-
ralion of .:har\!c::d mokc:ulc, in a huffor-tilled capil-
lary by the a;plication of a very hi,gh voltage. The 
o~rsrandine char.1c1eris1ic: of CE is the high ·sepa-
rn1ion effi:iency which can he achieved: 100 000 
theoretical plates are able IO he attained. at an . 
applied voltage of 30 kV I 11. This allows an analysis 
time in the order of min I~ I. allhough some assays 
may take over I h for all components 10 be detected 
[3J. 

Areas of instrument design. injection methods and 
detection svstems have been previously well de-
scribed bv number of authors f4-6J. With commer-
cially av~ilable CE instrumentation. automation of 
the assavs is now available. Some instruments pro-
vide up ~o 50 position sample carousels. thus allow-
ing sufficient space for a full overnight run. 

The reproducibility of CE for serum protein assay!'-
in the authors· lahoraton were of the order of 2.5c;,. 
for inlra-a~!'-av and 5.S<;i for inrer-assa~ /71. O1her 
authors ha,·e· ob1ained similar or slightly hetrt!r 
preci~ion pq_ • . 

As t'E uses ooh nam•litre!'- of buffer <often made' 
in-house). 1he mai·n consumable costs relate_ to the 
capillarie, and sample 1.:ups. The automation of the 
svstem all<.iw!'-for considerahly lower labour costs 
c~impared with other ekctrophoretic • me1hods. in-
dudi ne a!!arme !!els. 

The - an-alyticat capabilities of CE allow clinical 
lahoratorian., to consider automation of test, previ-
ou!--ly performed only on a manual basis. These 
indu1.Jt: serum and urine protein electrophoresis. 
haemoglohin electropho~esis and viiamin studies. 
Assays for se,·eral newer. drug:- by CE could ha,e 
significant ad, antage!'- over rhe sometime!'- diflicull 
HPLC le1:hnique~ current!~ used. 

2. Serum proldn st•paralions 

Thi: primar~ . u,l. 11f prntcin anal~ .,i" h~ ch:crro-
phurL·si, in th1..· d1iw.:al l.1h1•rator~ " for tht' Jiagnosis 

of mydmn:1. ;1· 111;1lignan1 disonk:-r found in ~rc;ucr 
than J'ii of the popula1ion. aEctl o,cr 70 years. 
M,·cloma i~ usuall~ i:h;ir.ictcri,\.·u hy 1hc linuinE of a 
n1<.1nodonal protein in thl· ~cn11n or the- prt·sl'll\.'l' of -
monoclonal free li,gh1 l"h.tins in thl' urinc. Fm· un:r 
1wen1y. years. the presence of the~t:. monudonal • 
hand!-- in serum and ·urine have been uiagmi"~d h~ • 
high resolution agarose gel elel·trophoresi~. a pn•-
cedure which is technically demanding and cosily. 
due to ii being labour intensive. Whilst there are 
auromated instrument!. dedicated 10 gel elec1mpho-
resis. 1hese are relari,·ely expensive both in capital 
costs and consumahles. 

Tiselius 191. in 'his original --moving boundary··· 
electrophoresis -experiments in 1937. separated algae 
pro1eins and ~rum protein~. From hi!--dc::scriplion. 
three peak!. were obtained. one representing albumin 
and the other two representing globulin peaks. 
Joreenson and Lukaci. 11 h in 1983. !->eparJled serum 
pro~eins by CE into six peaks. using a surface-
modified capillary and UV detection al 230 nm. The 
comment was made that the classic serum hands. 
including albumin. and globulin were appareni in the 
electmpherogrJm. 

Hjenen I 10). in 1990. described a high resolution 
method for the separation of human '.-Crum in a 
mu hi-pH buffer system .. Five protein peah were· 
detected at 215 mm U!'-ing a 0.75 M Tris-HCI huffer 
:-ystem. the pH of the leading buffer being 9.7. while 
that of the stacking buffer was pH 6.8. 

Through this -early work with proteins. it was 
recoenised thal zone broadening: of peaks could. in 
part.- he rela1ed to adsorption of proreins to 1he walls 
of fused silica capillarie~ due to endosmOlic: effects 
related to exposed silanol groups. Two alternative 
approaches emerged a'i a possibility for minimising 
this adsorption: firstly. ro use a coaled capilla~ 
which in c::ffect covered the silanol • group and 
secondly. a possibility was 10 use fused silica 
capillaries. but to· optimise the condition!'- so that 
adsorption is minimised. 

The use of ··coated"' capillaries (where the silanol 
group, are reacted with various chemical .reage111s1 
provided a relatively simple solurion 1n the problem 
of endosmosis. However. l."Oa1ed l·apillaries alsl•. 
introduced their own problem~: i1 \\ as dif'lkulr IP 

tind a compound to coat lhi: l·apill~iry whil..'h "a" 
Stahle ll\'er a wide pH rJngc. Al!--0. rcprodul·ihilit~ 
within batch and between h,11l·hc" of 1..·apillarics wa~ 
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diflicul1 Ill !!Uaranh!C. In addition. certain washing 
pn1L·cllun.·s. !'oUl·h as lht' use of sodium or porassium 
hyJroxi<k. 11:mkc.l 111 !1-lrip parts of the coating off the 
<.:a pillar~'. 

Hjencn and Kuho I 111 hive described a high 
stability coating for capillaries which is attached ro • 
lhe silica surface via Si-O-Si-C bonds. This coating 
pem1i1s elecrrophoresis experiments 10 be carried out 
at pH exrn:mes I such a,; al pH 12 or pH 0.3 }. The 
solution used for coaling was a bifunctional silane 
(such as y-methacryloxypropyltrimethoxysilane) 

. mixed with acetic acid. Subsequently. -the free 
methacryl groups were coupled to molecules con-
taining ally! or acryl groups. Model proteins sepa-
r:,,•~d at pH 9.8 in these coaled capillaries showed no 
{ ilrp1ion in 50 runs performed over sixteen days. 

Marked progress over the past four years has been 
made with serum protein separations in fused silica 
capillaries. In 1991. Chen et al. I I '.!j. in an industry-
ori~nted papi:r. described serum protein separation 
• o fore bands. absorbance measurements being 

• ade at 21 nm. Whilst the composition of the 
proprietaf) buffer wa., not stated. the use of pH I0.0 
ensured repulsion of the proteins from the silanol 

,wall of the.capillary. 
Ar about the same time. Gordon et al. f 13 I 

described an approach for the minimisation of wall 
adsorption of proteins. by adding ethylene glycol to 
the protein sample which was in boric acid buffer al 
an acid pH. and using sopium borate decahydr.ue at 
pH 9.6 or abllVe as the running butler. A mixture of 
five individual proteins with a p/ range of 4.6 to 6.2. 
as well as serum proteins from a patient with lgG 
myeloma. were separated using the system. Ethylene 
g( I mullipeaks were identified either prior to the 
prcitein peaks or within the serum protein peaks. The 
authors felt that the resolving power of capillary 
zone electrophoresis cCZE) wac; ·superior 10 standard 
agarose gel electrophoresis. and also concluded that. 
without eth~·lene glycol. the electropherogrnms were 
not reproducible. Perhaps the stringent capillary 
washing that the authors followed also impeded the 
protein .idsorhing 10 the capillaries walls. In addition. 
the. rnolarity of borate and the higher pH also 
prohahly enhanced. resolution. However. the elec-
trophcrogram., Ji!'-pl~1yed were nol similar· iu those 
prodw.:cd h~ Chcn ~• al. 112). 

Latc::r. Kim ct al. I 141 using a ··11omc-1m1dc .. CE 
appara1u, ~imilar 11,.thal described- hy Jorgenson ~;ntl 

Lucas f 11. assaycll ."7 s.unples. comparing the results 
10 agarose gel dcl·tmphon:sis ;.mu SOS-PAGE under 
non-rcdu\:ing nmllitium.. Thi! 7,7 samples included 
normal sample~ a!> wdl as those: from pa1ien1s with 
various disease stales. such as polyclonal gam-
mopathy. liver cirrho~. arthritis and chronic renal 
failure. All exhibited almost identical patterns in 
both CE and agarose gel electrophoresis. No serum 
from paraproteinaemic patients was reponed. 
Linearity of response at 200 nm was established. the 
correlation between CE and agarose gels suggesting 
lhat CE was a reliable and reproducible technique for 
the clinical diagnosis of serum protein abnormalities. • 

Kim et al. 1141 examined linearity plots of relative 
peak area.c; 1·er.rn.,; amount of serum proteins. and 
concluded that albumin and gamma frc1ctions gave 
reasonable agreemenl compared to agarose electro-
phoresis. The comment was also made that the better 
resolution by CE compared .to agarose gel electro-
phoresis would make ii possible for more accumte 
quanritative analysis of serum proteins. • 

In another paper. Chen used a higher strength 
proprietary buffer at pH 10.0 to obtain. up to ten 
peaks or inflections which related to various serum 
protein components I 81. This was obtained using an 
applied · voltage of 10 kV in less than 4.5 min. 
absorbance measurements being made at 200 nm. 

Our laboratory looked at the aspect of quantitation 
of semm proteins. particularly in regard to parapro-
teins. when we commenced investigations of serum 
proteins by CE 171-By using a suitable dilution and 
injection time. we were able to calibrate the fused 
silica capillary. and quantitate the paraproteins by 
peak area. thui- dispensing with the need for den-
sitometry of high resolution agarose gel electro-
phoresis. For these .measurements. 50 mM boric ac. id ( 
buffer. pH 9.7. was used. with I mM calcium lactate 
additive improving separation o·f the ·t,eta compo-
nents into transferrin and C3. Monoclonal lgAs were 
often easier to identify. as they were separated from 
tmnsferrin and C3 (see Fig. I ). Overall. the sepa-
ration obtained resembled that of commercial high 
resolution. agarose gel electmphore~is. 

We then embarked on a prospective correlation of 
IOOO samples from patients. comparing CE and high 
resolution agarose gel decrrophoresis ( H RAGE l 
f 15 J. These ~pe<.:imens induded 362 monoclonal 
paruproteins "'ith 1:oncemrations ranging. from I tu 
71 :g/1. HR.~GE gave !-lightly higher results for the 
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Fii. I. Elec1ropherogrJm of a monoclonal lgA de1ec1ed by capillary elecrrophoresis showing separation from a:? and • trJnsferrin 
components. Conditions: Fused-silica capillary. 71 cm x SO µm 1.0.: detection. :?00 nm: applied voltage. 18 kV: buffer. 50 mM boric ncid. 
pH 9.7. conraining I mM calcium lac1a1e. 

monoclonal. bands. the quantilation of lgG and lgA 
paraproteins !>bowing a statistically significant differ-
ence between the methods. Our conclusions indi-
cated that automation of serum protein electropho-
resis by CE wa, a cost-effective reality. and has been 
used routinely by our laboratory for nearly two 
years. 

Identification of paraproteins after detection of a 
monoclonal band on agarose gel has routinely been 
achieved by immunofiirntion of either electrophore1ic 
gds or isoelectric focusing 116-181. Using CE. the 
identification of parJprotein can be based on im-

munosubtraction. an original concept proposed by 
Aguzzi and Poggi [19]. in 1977. For CE identifica-
tion of the paraprotein, the serum is first incubated 
with immunoglobulin-specific antibodies bound to 
solid. suppons. such as beads. When the specific 
protein is removed from the serum. a change is 
apparent when the treated serum is rerun (20). This 
method is suitable for identification of lgG. lgA. 
lgM. K and A light chains. However. a number of 
complexities with . the methodology lead one ro 
ques1ion 1he cost-effectiveness of the procedure. 

Analysis of proteins in human urine was alluded -to 
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by Jorgenson and Luca'i f 21 J when they separated 
dansyl amino acids in human urine. They were 
unable to idemify the resulting peaks. as wa,; Chen 
( 12} when he dialysed urine through a membrdne 
with a molecular· mass cut-off- of J4 000 I I 2J. 
Guzman et al. (22] demonstrated the co-elution of 
urea and creatinine. Our laboratory later identifi~d 
albumin, Bence Jones Protein as well as a number of 
other proteins and quantitated the albumin and Bence 
Jones Protein by peak area,; f23] (Fig. 2). This led to 
the correlation of albumin and Bence Jones Proteins 
in 71 patients by CE and high resolution agarose gels 
with correlation coefficients of 0.93 and 0.95, respec-

! 

J 4 • 7 

lively. CE is now used routinely for the analysis of 
human urine proteins on a quantitative basis in our 
labomtory. 

3. Haemoglobin variants 

The diagnosis of haemoglobinopathies. by identifi-
cation of haemoglobin variant-.. has relied on a 
variety of techniques. These include electrophoresis 
on cellulose acetate at alkaline pH and citrate agar at 
acid pH for common normal and abnormal bands. 
Ion exchange or affinity chromatography may be 

I 2 0 ,_ 
2 ...: t 
I 1 I 

11 

I • JO II u 

• Time (min) 

Fig. ~- ElecIrophcru~rnm of human urine pm1eini- showing the components: A = Urea/crea1inine: B = Bence Jones pmrein and C = 
alhumin. Conditions: fused-silica capillary. 7! cm x 50 µm J.D.: deIec-Iion. :!00 nm: applied voltage. 18 kV: running buffer. 150 mM !>uric 
acid- I mM ..:aldum laclate. pH 9.7. • 

Helena Laboratories Corp. 
Exhibit 1010 

Page 1010-0005



w,cJ for minor c11n,1i1ucn1s sui..:h •" HhA: or HhA I, .. 
Hhf i, ch;ir;n:h:rislil.·ally rcsistani lo alkali dc:na1ur.1-
1i11n. \·1icru.-.copil.· 1ci:hni4uc.-. han: hccn employed 
for 1hc: dch!l."linn of sii..:kle haemoglohin,. whilst 

_ supr,1-,·ital slain. IO ,·isualise .. golf hall .. ct!lls. has 
het>n diugnoslil.· for HhH. lsoelecrric focusing and 
HPLC have heen usi::d IO detect a wide range of 
variants. Using several techniques is costly due 10 
the! labour involved. and may also introduce un-
necessary errors. 

Two approaches have heen made to the separation 
of haemoglobin variants by CE. these using either 
conventional electrophoresis or isoelectric focusing. 
An electrophoretic approach was used hy Chen et al. 
11 ::n who chose a . fused-silica capill~ and a 
proprietary buffer al pH 8.6. Measuremenr of HbA. S 
and C was made at -t 15 nm. separalion of HhF being 
ohrained hy slightly modi tied {unstated l conditions. 
Unfor1una1ely. hecau.-.e of a lack of detail on· the 
huffer l.·omposition. reproduction of this method 
would he diffirnll. 

Ong et al. 1241 have also used a fused-silica 
separn1ion of haemoglobin components in normal 
individuals and thalassemia patients. Lsing a high 
pH phosphate buffer. the analysis time for haemo-
globin ,·ariants was less than 8 min. 

Classical gel IEF is labour-intensive and time-
consuming. However. IEF hy commercial CE instru-
mem~ t:an he automated by computer-concrolled 
sample in_jel"tion. on-line detection and data acquisi-
tion. l'sing IEF. Hempe and Craver 1251 ha\·e been 
abh~ 10 use CE to separate HbA. A 1, .. F. o: S and A~ 
in less than 15 min. "'ith a rapid screening method to 
separate components in 4 min. The described .,;epa-
rarions appeared ext:ellenl and should be able to be 
rcpmdui:ed on different instrumentation wirh only 
minor modifit.:alion. 

One prohlem we have encountered with coated 
capillarie.-. is the short lite1ime. approximately one 
1en1h the numher of runs as compared to fused-silica 
capillaries. This repeated prohlem encouraged us to 
use fu.-.ed-silica capillaries for 1he separation of 
haemoglohin \·ariams. Following 1hc: work of hhioka 
el aL 12nl. we han~ separated commercial haemo-
glohin , arianl l.·rn11r11I material as \.\t.:II a, ,ample, 
from p.llil.'llh. u:-.ill!! a 72 cm fuscc.1-.-.ilica capillar~ in 
12 min 1,cl· Fig ... , 1. 

Olhcr rcn·nt ,wdic, h;i\·e Jcmon:-.rrutctl lhc .-.l.·pa-

ration of Hh variants hy CE 1271. Mnllcni ct ~I. I 2!il 
used a CIEF appm.ich i11 fust:d-silit:.1 capi lfarics. 
choosing a mixture of ampholytes thar hat.J 0\'Cr 
twice the concentration used by Hempe and Craver 
f 25]. Result~ puhlished appear to be of similar 
quality by the two methods. 

A micro chroma1ogn1ph approach 10 the separation 
of haemoglobins has been made by Hjenen et al. 
f 29 J. These authors used a 0,32 nm continuous hed 
column prepared from piperazine diacrylamide and 
methacrylamide. eluting haemoglobins C. S. A and F 
by use of a NaCl gr.tdient in Tris-HCJ buffer. The 
other novel aspect of lhis paper is the description of 
a desalting and concentmting technique for small 
volume biological samples. using pofyac~·lamide 
gels with pores so smaU that only low-molecular-
mass compounds could penetrc1te. The authors ha,·e 
applied this concentrating technique to a numher of 
biological samplel>. including human urine. amniotic 
fluid and cerebrospinal fluid. 

A side henefit of the haemoglobin variants worl 
mentioned earlier was thar HbA I<" could also he 
identified. This constituent of haemoglobin reflects 
long-terrn control in diabetic patients. There i!'> no 
reason why the technique for identifying haemo-
globin ,·ariants could .nol be used for quantitating • 

• HbA I c· In Hempe and Craver· s pH 6-8 gradient 
sys1em 1251. separ.uion of HbA and HbAlc- only 
differ in p/ hy 0.0.38 pH units and were separ.ued by 
0.35 min. Methods for quantitation of HbA I c at rhe 
moment involve ion-exchange chromatography on 
disposable columns which are expensive. or ui.e of 
monoclonal antibody haemoglobin A I c- reagem car-
tridges. which are even more expensive. The third 
ahernarive a\'ailable at present is the use of the 
Diamat. an instrumenl dedicated 10 analysing onl~ 
HbA I c· the drawback here being the initial cosl of • 
rhe instrument. Recently. however. a funher modi-
fication has allowed expanded· use of the insJru-
men1ation for haemoglobin variants. 

4. Drug analysis 

R11u1ine drug analyse:-. in 1hc dinil"al lahorator~ art> 
u:-.ually performed by imrnuno~is~a~ methods ·u:-.ing 
four groups of lahels. radiu-i:-.olopes. c1_1Lymc. 
fluoresi..:ent and chemiluminC!\L"Clll. A numh1.:r of 
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Fig. 3. Elecrmphemgram of a Biorud haemoglobin A: contml. showing haemoglobin A. S. F and A: a.-. marked. Conditions: Applied 
Bi.r•·v,~tem fused-silica capillat). 72 cm X SO µm 1.0.: de1ec1ion. 2{l0 nm: applied vollage. 15 kV: injecrion. Is; running buffer. 0.1 M boric 
a{ ,,H 9.911. . • 

these assays· are now available on random access 
instrumentation and data-reduction is performed with 
automated curve titting procedures on computers. 

Newer drugs. however, are still generally analysed 
by HPLC. h is in this particular area. where cost is a 
priority. that CE may play a significant role. Follow-
ing the original work of Terabe et al. 130). on 
micellar electrokinetic capillary chromatogrc1.phy 
( MECC) separntions for neutral compounds. a sub-
stantial amounr of developmental work has already 
been done for various drug separations by CE. 

Evenson and Wiktorowicz (31 I described sepa-
rations of baroirurates. cardio-active drugs. henzo-

diazepines. anticonvulsants. diuretics and xanthines. 
Nishi and Terabe f 32 J described the analysis of 
penicillin and cephalosporin antibiotics. McLaughlin 
et al. developed practical guidelines for pharma-
ceutical drug separation by CE J33f. 

Other authors have developed methods for the 
separation of a single drug such as felbamate. a new 
anticonvulsant drug that wa~ recently approved for 
the treatment of partial seizures 121. or cefpiramide. a 
third generdtion cephalosporin 1341. Shihabi (351 
developed a serum pen1obarbital analysis on acetoni-
crile deproteinized serum using CE. 3-lsobutyl-1-
methyl xanthine was used as an internal standard. lhe 
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separation heing monitored at 254 nm. Oe1ail!> of the 
cunmlt'rcial huffer Wl!re nor given. which make). 
reproduction .of the work almost imp<>!>sible. In the 
same paper. Shihabi also demonstrated serum iohe)(~ 

· of analysis by CE. The same internal standard was 
used as for the pemobarbital separ.ition. the pH of 
the unstated buffer changing from 8.5. with serum 
pentobarbital separation. to pH 8.8. for serum iohex-
ol. 

One of the major drawbacks in analysing drugs by 
CE is related to serum protein interference. 
Nakagawa et al. {34) first reported the determination 
of antibiotics in human plasma by micellar sepa-
ra1ions using a direct injection method. similar to 
micellar HPLC. Protein interference is partly elimi-
nated by MECC separations. as the migration time of 
plasma proteins is increased with an increase in 
surfactant concentration. Addition of SOS also elimi-
natel- the adsorption of plasma proteins 10 the 

• capillary wall. thu!I. enabling determination of drugs 
in pla!.ma by the direct injection method. 

An alternative approach for. protein elimination of 
serum samples is by solvent extraction acetonitrile 
deprmeinisation. The use of a fluorimetric detector 
could be beneficial . for direct drug analysis from 
serum samples. 

S. \'itamin analJ·sis 

Vitamin analyses by .CE originally used MECC 
separations similar 10 the SOS preparations which 
Terabe el al. I JOI had used 10 separate phenol 
deri\·ative!.. 

Fujiwara et al. 1361 repnned separation of B group 
viramins and vitamin C by CE. and optimised their 
SOS-phosphate MECC separation at -pH 9.0. Al-
though rhe ahsorprion . maximum of the vitamins 
varied from ~IO nm to :!70 nm. they selected '.!54 nm 
for measurements and wenr on to investigate quanti-
tication of ,·itamins using an inrernal standard in 
preference to peak-area mea-.urements. 

Ni!>hi and Terabe I J7f successfully separated 
ele,·c:.'n wa1er-,oluhk viwmin!> in 20 min. the ah-
,orhann· hcing mca!.ureu ar 210 nm. 

L~.ucr. Ong cl • al. 13 f. u!.in~ SOS modi tied wnh 
y-i:ydodc:.'x1rin. ~cparated tivc B group , itamin., plus 
, i1;1111in!. C - H and far-~oluhle yi1aminl- A and E. 

The disappointin,; a.-.peL·t of 1hi~ paper wa~ th.11 lhl· 
separation IOok 1wer 70 min per sampk. 

Jegle separated water-soluble vitamin!> in pho~-
phate buffer a1 pH 7.0. using a CZE separation 
without assistance from any micelles 1.381. He went 
on to analyse an over-the-counter vitamin prepara-
tion. comparing the tabled analysis to his reference 
sample containing eight vitamins. 

Koh el al. f 391 advocated a fused-silica separation 
for vitamin C. using 100 mM tricine buffer. pH 8.8. 
with. absorbance measurements at 254 nm. A stereo-
isomer of ascorbic acid. isoascorbic acid. was used 
as the internal standard. The technique was demon-
strated w he suitable for clinical evaluation of human 
vitamin C status: 

6. lsoenzJ·me analysis 

lsoenzymes are multiple forms of an c:nzyme that 
all pos!>ess the. ability to catalyze the enzyme·s 
characteristic reaction. but differ in structure because 
they are encoded by distinct structural genes. ho-
forms are non-genetically determined multiple fonns 
of isoenzymes. which result from post-translational 
modification of the molecule as a result of changes to 
glycosylation. sialation. deamidation. etc. 

lsoenzyme components of lactic dehydrogena."e 
( LDH} are known to have a pH of between 8.3 and 
8.55. Wiktorowicz and Colburn 140) have shown. by 
CE. increased separation of these isoenzymes of 
LOH. using the principle of surface charge reversal. 
which achieves separations of basic proteins by 

, reversing the charge on the capillary surface. Results 
• described in their paper would indicate that thi~ i!I. 

superior to methods using fused-silica capillaries. 
Trace amounts of three LOH isoenzymes have 

also been separated by Xue and Young 1411. using 
laser-induced fluorescence defection and monitoring 
the product. of the enzyme-catalysed reaction he-
tween lactate and NAD. 

A third method has been reported by Klein and 
Jolliff (201. These authors added substrale for the 
particular isoenzyme to the runnin,g huff er which "a~ 
used at the pH required for oplimal enZ)'me acli\·iry. 
Afler application of the dec1rk tield for a shun I ime. 
to separate the isoenzymes. lhe applied vol1age wa~ 
inrerrupted to allow lhe re~ofred isoenzymc, 111 
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ca1alyse .lhe conversion of the substrate in the 
running liuffer. When the dectric field was re-estab-
lished. the isoenzymes formed were quantitated at 
the detector window. by measuring absorbance at the 
wavelength optimum for the product. 

The ability of CIEF to resolve proteins which may 
differ by a-. little as 0.005 of a pl unit has been 
demonstrated. Since isoenzymes are composed of a 
combination of subunits (liver and heart LDH iso-
enzymes. and M and B protein subunits for creatine 

• kinase (CKIJ. perhaps the logical approach for the 
isoenzymes analysis by CE should be by IEF. As 
stated previously (Section 3). IEF measurement by 

\ • nmercial CE instrumenL,; can be automated by 
... vmputer-controUed sample injection, on-line detec-
tion and data acquisition. 

7. DNA separations 

The usual mechanism for separation and analysis 
of DNA fragments has been by submarine or slab gel 
electrophoresis. The basis of separation is related ro 
the size oT the DNA fragments, since the charge 
density on large individual fragments is similar. Slab 
gel electrophoresis can be tedious for the application 
of samples and often non-quantitative and cumber-
some in the isolation of individual fragments. 

While submarine gels have been routinely used in 
the past for delineation of PCR products or DNA 
endonuclease digests. the possibility now exists for 
using gel-filled capillaries for processing these sam-
~· • An example where gel-filled capillaries could 
I:',. used in the clinical laboratory is in the de-
termination of deletions in cystic fibrosis. 

Hjenen (4:!J introduced gel- filled capillaries in 
1983. Polyacrylamide gel-filled columns have been 
used for the separation of oligonucleotides. differing 
by a single base. Cohen et al. [43] have separated 
restriction fragments using open-tube CE filled with 
Tris-borate-EDT A-urea- I% SDS buffer. The au-
thors separated nineteen fragments ranging in size 
from n to 23 130 base pairs. 

Karger et al. 144). using a similar Tris-borate-
EDT A-urea:....0.1 Cii-SDS buffer. observed that in-
jection of heated samples proved mos1 effective in 
the high resolution of deoxyoligonucleotides. 
Another approach for CE separation of restriclion 

fr..igmenls is lo add a cationic surfactant to the buffer • 
145 J. This is an example of electrokinetic chromatog-
raphy in which ion pairing and micelles are em-
ployed for oligonucleotide separation. 

A further possible application of gel-filled capil-
laries is in automated DNA sequencing. Luckey et al. 
{46) have developed a CE instrument using a fluores-
cence detector capable of mea,;uring fluorescence at 
four wavelengths. Detection sensitivity is the key 
factor in this paper. the optimum sample size being 
0.4 pmol or a femtomole of DNA per band. DNA 
sequencing is currently a research tool but. with the 
introduction of molecular biology techniques to the 
routine clinical laboratory. could. by its nature. see 
the introduction of CE as well. 

8. Metabolic disorders 

These disorders are suspected in children with 
clinical indicators such as failure to thrive. unex-
plained metabolic acidosis. failure of neurological 
development or significant family history. Usually, 
urine or serum samples are analysed by thin-layer 
chromatography and paper chromatography · to de-
termine mucopolysaccharides and carbohydrates. 
Previously. HPLC or an automated . amino acid 
analyser have been used for quantitative amino acid 
analysis and to diagnose amino acidopathies. 

Amino acid analysis involving separation of phen-
ylalanine and tyrosine in newborn screening pro-
grams is another clinical application of CE. Patients 
undergoing dietary treatment for phenylketonuria 
(PKU) may be monitored by CE [47]. CE analysis of 
sulphur-containing; amino compounds such as cys-
teine. homocysteine and glutathione derivatized with 
monobromobimane. and detected fluorimetrically is a 
simple alternative to classical amino acid analysis 
(48]. The association between plasma homocysteine 
concentrations and extracranial carotid artery 
stenosis has recently been recognised (49}. 

Methods have been developed by Araki and Sako 
( 50 J for the determination of free and total homo-
cysteine in human plasma by HPLC with fh.iores-
cence detection. Stamler and Loscalzo 1511 have 
demonstrated a simple. rapid and reproducible meth-
od for separating cysteine and homocysteine by CE. 
using a phosphate buffer at pH ::!.5. With detection at 
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200 nm. the author.. were able to show elec-
tropherograms of 250 µM homocysteine and 500 
µM cy.steine. We have been able to reproduce the 
separation of biological thiols on differenl equipment 
with a slight improvement in sensitivity (see Fig. 4 ). 
Hence. large-scale testing for plasma homocysteine 
may become imponam in the near future. A fas1. 
sensitive and direct method ha,; also been developed 
for the determination of glutathione peroxidase ac-
tivity (both selenium and non-selenium dependent) 
l521. 

CJ. Porphyria 

The porphyrias are due IO a de!liciency. usually 
inherited. of one of rhe enzymes of the haem 

pathway. resulting in impaired haem production. 
The symptoms of porphyria correlate well with the 

.. biochemical abnormalities: skin lesions varying from 
mild photosensitivity to severe bJisiering. whilst 
neurological disturbances such as peripheral neuritis 
and abdominal pain may be found. The porphyrins 
are classified according to wherher the main site of· 
porphyrin accumulation is in the liver or in· the 
erythropoieric system. Diagnosis has been made 
previously by examination of urine. faecal or blood 
specimens. CE has been used by Weinberger et al. 
I 5JJ for analysis of urinary porphyrins by MECC 
using either absorbance at 400 nm or by their natural 
tluorescence (excitation 400 nm: emission at 550 
nmJ. Fluorescence wa,; found 10 be about ten fold 
more sensitive than absorbance for the six te!-1 
porphyrins studied. 
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I 0. Discussion 

Automated CE in:strurnentation will be common-
plaL"e in the rou1ine clinical laboratory within three 10 
Ii ve years. Depending on the size of the hospital. it 
may be cost-effective solely for serum and urine 
protein electrophoresis. For smaller workloads. the 
initial cost of the instrumentation could probably be 
justified if haemoglobin variants and/or vitamin 
a,says .were run overnight. one or two nights per 
week.· 

We have not attempted in this review to assess 
available instrumentation. Prior to 1989. when a 

Jmher of the current CE commercial instruments 
were developed. CE was a research tool. not a 
routine tool in the clinical laboratory. However, since 
1989. clinical applications have been developed for 
CE. Perhaps it is time for the commercial CE 
companies to consider the development of a third-
gener.ition CE analyser. 

Clinical laboratories would welcome any modi-
fication of instrumentation that allowed two capil-
laries to be insened into the instrument. each with its 
own detector system. This would allow the through-
put to be double. Cost analysis with electrophoretic 
and manual techniques would then be overwhelming-
ly favourable to CE. • 

The other area for CE instrument development 
must be in the area of modular instruments. par-
ticularly in the use of various detectors. If the 
UV-VIS detector system was able to be removed 
and a Huorescence detector insened in its place. the 

( ,ber of analytes con!>~dered f~r CE in a clinical 
.. , JOratory could be considerably mcrea.;ed. • 

In conclusion. there is a place for CE in the 
clinical laboratory. Significantly more developmental 
work is necessary for a number of analytes. 
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