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Summary

Monolithic materials have quickly become a well-established station- the use of a solid stationary phase and a separation mechan-
ary phase format_in t_hg field of_ c_apill_ary electroc_:hromatography ism characteristic of HPLC based on specific interactions of
(CEC). Both the simplicity of their in situ preparation method and  gp|ytes with a stationary phase. Therefore CEC is most com-
the large variety of readily available chemistries make the monolithic monly implemented by means typical of both HPLC (packed
separation media an attractive alternative to capillary columns . .
columns) and HPCE (use of electrophoretic instrumentation).

packed with particulate materials. This review summarizes the con- . . L
tributions of numerous groups working in this rapidly growing area, 10 date, both columns and instrumentation developed specifi-

with a focus on monolithic capillary columns prepared from syn-  cally for CEC remain scarce.

thetic polymers. Various approaches employed for the preparation of
the monoliths are detailed, and where available, the material proper- Although numerous groups around the world prepare CEC

ties of the resulting monolithic capillary columns are shown. Their ~ columns using a variety of approaches, the vast majority of
chromatographic performance is demonstrated by numerous separa- these efforts mimic in one way or another standard HPLC
tions of different analyte mixtures in variety of modes. Although column techno|0gy_ However, aspects of this techno|ogy
det?g'frga?ggii? ?T‘:;:(ejlﬁ;fiidcgf iﬁg:?’ge:e%(;?frzgzrgg :‘tetﬁi’;ag’grcla' have proven difficult to implement on the capillary scale.
er .. . . . .

Fs)tage of their development, thispreview also discusses some import)e/mt Additionally, the stationary pha;es packed in CEC caplllar_|es
relationships such as the effect of pore size on the separation perfor- aré often standard commercial HPLC-grade beads. Since
mance in more detail. these media are tailored for regular HPLC modes, and their
surface chemistries are optimized accordingly, their use
. incorrectly treats CEC as a subset of HPLC. Truly optimized,
1 Introduction CEC packings should play a dual role: in addition to provid-
In contrast to mechanical pumping that relies on movingng sites for the required interactions (as in HPLC), they must
parts, electroendoosmotic flow (EOF) is generated within also be involved in electroosmotic flow. As a result, packings
stationary system by applying an electrostatic potential acroghat are excellent for HPLC may offer limited performance in
the entire length of a device, such as a capillary or a flat prothe CEC mode. This realization of the basic differences
file cell. The potential advantages of the flat flow profile gen-between HPLC and CEC [7] has stimulated the development
erated by EOF in both thin-layer and column chromatographyf both specific particulate packings having properties tuned
were recognized as early as in 1974 by Pretorius [1]to the needs of CEC as well as alternative column technolo-
Although the first electrochromatographic separations irgies.

packed capillary columns (CEC) were demonstrated in the
early 1980s [2—4], serious technical difficulties have slowed\UMmerous papers have already demonstrated the successful

the further development of this promising separation metholfSe ©f packed capillary columns in CEC-based separations.
[5, 6]. Since the revival of interest in CEC in the mid 1990's | "€ Preparation of these columns includes two key steps: the
resulting from the search for new miniaturized separatiorfidPrication of retaining frits within a capillary as well as the

methods with vastly enhanced efficiencies and peak capacilPseduent packing of small diameter particles into narrow-
ties, research activity in this field has rapidly expanded, an§°r€ tbes. Both of these steps require considerable experi-

the number of published papers has grown exponentially. m_ental skill ar_1d experien_ce in order to obtain stable columns
with reproducible properties.

CEC is often presented as a hybrid method that combines the
capillary column format and electroosmotic flow employed . _
in high-performance capillary electrophoresis (HPCE) with2 Monolithic Capillary Columns
The technical difficulties associated with packed columns

) Present address: Novartis Institute of Functional Genomics, Sanave spurred the development of various alternative
Diego, CA 92121-1125, USA. approaches. For example, one of these competing technolo-

J. High Resol. Chromatog200Q 23, (1) 3-18  © WILEY-VCH Verlag GmbH, D-69451 Weinheim 2000 0935-6304/2000/0101-0003%$17.50+.50/0 3



Svec,PetersSykora, Yu, Frechet

gies — in situ polymerized organic separatiormeda — was
adoptedfrom a conceptdevebpedfor much larger diameter
HPLC columrs. As a resut of their unique properties these
monolithic materials hawe recerily attracted consideable
attentionfrom a numter of differentresearchgroups.Perhag
the mostappaling aspeciof the monolithic materiak is their
easeof preparation,asshown schematicaly in Figure 1. The
simple in situ polymerization process perfamed directly
within the confinesof amold avoidsthe problemsof both frit

formation and packng. Additionally, columns of virtually

any lengh are easilyaccessil®. The polymerization mixture
may also be prepaed using a wide variety of monomes,
allowing a neaty unlimited choiceof both matrix andsurface
chemisties This flexibility enableghe easytailoring of both
the interactbns that are required for specific sepaation
modesaswell asthe level of EOF gereratedby the support.

Finally, the control that can be exertedover the polymeriza-
tion processenalies the facile optimization of the porows
propertiesof the monolith that in turn, may directy affect
theflow rateandchromatographicefficiency of the system

2.1 AcrylamideBasdPorousPolyme Mondiths Prepaed
fromAqueousSoltions

2.1.1 PolymerGels

The first monolithic CEC columrs containedswollen hydro-
philic polyacrylamde gel, mimicking thoseusedfor capillary
gel electrohoresis[8]. Typically, the capillary is filled with

an aqueouspolymerization mixture containing monovinyl

and divinyl (crosslnking) acrylamide-basedmonomes as
well asa freeradicalredox initiating system suchasammo-
nium peroxodislfate and tetramehylethylerediamire

(TEMED). Since initiation of the polymerization process
beginsimmediatey upon mixing of all the componentsat
room tempeature,the readion mixture mustbe usedimme-
diately. Typically, the polymerization processis allowed to

proceedovernightto afford capilariesfilled with contnuous
gel beds.It shodd be notedthat thesegels are very loose,
highly swollen matrials that usualy containno more than
5% solid polymer.

For example,Fujimoto [9] polymeized an aqueoussolution
of acrylamide methyknebisarylamide,and2-acrylamdo-2-
methyl-1-popaneslionic acid (AMPS) within the confines
of a capilary. Despitethe lack of chenical attachmentto the
innerwall of the capillary, thesecrosslinkedgelsshowed fair
physical stability. Although column efficiencies of up to
150000 plates/mwere observedfor acetghenoneretention
times on thesecolumrs were prohibitively long. This beha-
vior was probally due,in part, to the relatively high back-
groundbuffer concentationof 0.1 mol/l employel. This con-
centrationis at leastone orderof magitude higherthanthat
typically usedin currert CEC studes. Basedon his results,
Fujimoto corcluded that the prevaiing mechaism of the

4 VOL. 23, JANUARY 2000

BARE CAPILLARY
]
(a) FILLING

POLYM.
MIXTURE

FILLED CAPILLARY

(b) POLYMERIZATION

\ 4 4
THERMAL uv
INITIATION INITIATION

(c) WASHING

A 4

ELECTROOSMO-
TIC FLOW

MECHANICAL
PUMP

Figurel. Schematicdor the preparationof monolithic capillary col-
umns.First, the barecapillary is filled with the polymerizationmixture
(stepa) that containsfunctionalmonomey crosslinkingmonomer initia-
tor, and porogenicsolvent.Polymerization(stepb) is theninitiated ther
mally or by UV irradiationto afford a rigid monolithic porouspolymer
The resulting monolith within the capillary is washed(stepc) with the
mobile phaseusinga pump or electroosmotidlow andusedasa CEC
column.

separatio was sieving rather than an interaction of the
soluteswith thematix [10].

Replacenent of the hydrophilic acrylanmde with the more
hydrophdaic N-isopropylacylamide,in combirationwith the
pre-fundionalizaion of the capillary internal surfacewith 3-
(trimethoxysilyl)propyl methacylate, afforded a monolithic
gel covakently attacdedto the capillaly. The elecrochromao-
graphic elution of hydrophobic analytes from this column
requiredthe useof aqueouduffer/acaonitrile mixtures[11].
In contrastto the previously describedwork, improvenents
in the separatioswere observedusingthese'fritle ss” hydro-
gel columrs. This is corfirmed by reports of both shorter
retentiontimes and column efficiencies as high as 160,000
for various steroids[11]. The separéions of hydrophdoic
compounds obtainedusing this polymer gel staticnary phase

J.High Resol.Chromatar.
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exhibit mary of the attributestypical of reverseegphasechro-
matograply, including a linear dependene of the retention
factor k' on the composiion of the mobile phase This led to
the conclusio that, in contrastto the original polyacryl-
amide-based gels, size-exclusionwas no longer the primary
modeof sepaation.

2.1.2 Highly Crosslinked Monoliths

Another approzh towards contnuous CEC bedsinvolving

highly crossinked acryjlamide polymers was reported by
Hjertén [12] atabaut the sametime [9, 10]. Hjerten's original

approachwas complex requiring a multiplicity of steps
including the modification of the capillary surfacewith 3-(tri-

methoxysiyl)propyl methacylate, two individual polymeri-
zations, and a chemical functiondization [13]. The initial

polymermatix wasformedby copolymerizing a dilute aqu-
eoussoluion of 2-hydroxyethyl methacylate and piperazine
diacrylae usinga standardredox systemin the presencef a
high concentration of ammaium sulfate. The poresof this
matrix were thenfilled with anotherpolymerizationmixture
containng allyl glycidyl etherand dextransulfate, and the
second polymerization proceedd within the pores of the
initial matrix leadingto the “immaobilization” of the chaged
dextranwithin the newly formedcomposite.Evenually, reac-
tion of both epaxide and hydroxyl functionalities with 1,2-

epoxyocadecanded to the covalentfunctionalzation of the
matrix with a numker of Cig chains.Seeral chromatogaphic
measurerants were performed using thesecapilaries, with

retentiontimesin excesof 20 min beingrequiredfor the elu-

tion of aromatichydrocabons[13].

In orderto simplify the tediouspreparationmethod,a simpler
procedue was later developedby the samegroup[14]. The
polymerization mixture consistel of an agueoussolution of
acrylamde, piperazie diacrylamide, and vinylsulfonic acid
with addel stearylmethacrylag or butyl methacrylae to con-
trol the hydrophobicty of the gel. Sinceneitherof thesenon-
polarmonomes is solublein water a surfactat wasaddedto
the mixture, followed by sonicationto form an emulsionof
the hydrophobic monomerin the aqueus solution. Once
initiated, the mixture wasimmediatey drawn into an acryl-
oylsilanized capillary, where the polymerizgion was com-
pleted.The presencef the strongly acidic sulfonic acidfunc-
tionalities afforded EOF that remaned constantover a broad
pH range.

Although the initial separationsperforned using thesecon-
tinuous gel bedswere goad, an ingeniaus trick involving
changesin the strengh of the mobile phasealso enabled
furtherimprovenentsin the resdution of various polycyclic
aromatichydrocabons(PAH). Therefore,a solutioncontain-
ing the analytes dissdved in 50/50 acetonitrildaqueoushuf-
fer wasinjectedelectroporeticallyinto the capilary column,
andthe separatiorwas started.After a short period of time,
thesolventin theinletvial wasreplacedwith a 70/30acetmi-

J.High Resol.Chromatar.
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Figure2. Effect of sodium dodecylsulfatein the mobile phaseupon
electrochromatographygf polycyclic aromatichydrocarbonson a C18-
derivatizedcontinuousbed containing sulfonic acid groups (Reprinted
with permission from ref. 14. Copyright 1996 American Chemical
Society). Capillary: 14cm (10cm effective length) x 100 pm i.d.
Applied voltage: 3.0kV Eluent: 60% (v/v) acetonitrile in 4 mmol/l
sodiumphosphatdpH 7.4). (a) 1.0mmol/l SDSaddedto the eluent;(b)
without addition of SDS (control). Peaks:naphthaleng(1), 2-methyl-
naphthalené?), fluorene(3), phenanthrené), anthracengs).

trile/buffer mixture, and the elution was conpleted under
theseconditions leadng to peakssharpeithanthoseobtaned

using stanard isocratt elution. The auttors assumedthat
this improvement resultedfrom the gradient of the mobile

phasegeneratd by diffusion acrossthe strong solvent/weak
solvent interface. Addition of sodium dodecyl sulfate at

levels below the critical micelle concentation was also
reportedto improveisocratc CEC sepaations[14]. Figure 2

showsthe remarkalte differencebetweentwo sepaationsof

aromatichydrocartonsin the presenceandin the absenceof

sodiumdocecylsulfae.

The samegroup very recenly describedanothermethodof

preparéion of a monolithic capillary column that was used
for CEC gradient separatio of protens [15]. The first step
involved a polymerizatia initiated by ammonum persulfate/
TEMED systemin a two-phase systemconssting of two
phasesaqueous,corsisting of a solution of acryjlamide and
piperazine diaaylamidein a mixture of a buffer solutionand
dimethylformamide, and immiscible highly hydrgohobic
octadeyl methacylate. Cortinuous sonication was apgied

for 40min in orderto emusify the highly hydrophobicocta-
decyl methacrylateand form a dispersim of fine polymer
particles. In the remairing stepsof this prepaation process
anotherportion of initiator wasaddedto the systemto restart
the polymerizationof two newly addedmonomes, dimethyl-

diallylammoniumchloride and piperazinediaaylamide. The
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Figure 3. Diagram illustrating the principle for counterflow (a) and
normal-flow (b) gradients (Reprinted with permissionfrom ref. 15.

Copyright1999 AmericanChemicalSociety).The directionof electroos-
motic flow is oppositeto that of the electrophoretiomovementin both
methodsandis oppositeto the net migration velocity, Vimigr (= Veo—Veip),

in (a) andcoincideswith the netmigrationdirectionin (b). ve, is not con-
stantalongthe capillary, andvepn is higherin the directionof the electro-
phoreticmigration.

resultingpatly polymerizeddispersionwasthenforcedinto
a methacyloylsilylated capillary using pressue and,finally,
the polymerization processwas re-dartedand carried out to
completon.

Understadingandcontrolling the forcesthatdrive the move-

mentof chaged molecuksduring CEC separatios is extre-
mely important Protinsmaybe particuarly difficult to sepa-
rate, since,depending on their net chage as determinedby

boththe proteinpl andthe pH value of the mobile phasethe
samemolecue can move electophoretcally towards either
the anodeor the cathode.In contrast,EOF proceedsin only

onedirectionasdetaminedby the chage of the mobile coun-
terionsin the Sternlayer. Thus,in Hjertén’s approad, using
immobilized quatrnary ammonum cations, EOF always
proceeddrom the anodeto the cathale. Electroosmotc flow

was also used by the samegroup to introduce the mobile
phasegradien (geneatedusingan HPLC instrumen to mix

the gradien) into the capillary. Two overall flow scenarios
shownschematicaly in Figure 3 werediscussd [15]:

(i) In the monoith containhg a high level of chaged moi-
eties, electroosmtic flow outweighs the electophorett

6  VOL. 23,JANUARY 2000
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Figure4. Separatiorof proteinsusinggradientelectrochromatography
(a, b) and reversed-phasgHPLC (c) (Reprintedwith permissionfrom
ref. 15. Copyright 1999 American Chemical Society). Peaks:ribonu-
cleaseA (R); cytochromec (C); lysozyme(L); chymotrypsinoger{Ch).
Proteinconcentration0.6 mg/mL of eachproteinexceptfor ribonuclease
A (1.8mg/mL); mobile phase:a linear gradientfrom 5 to 80% acetoni-
trile in 5 mmol/L sodiumphosphatepH 2.0; Detectionat 280nm. Col-
umns:8 cm (6 cm effective length) x50 um i.d.; voltage,5.5kV (700
V/cm); (a) Moderate-EOFcolumn, (b) high-EOF column, (c) conven-
tional capillary RP-HPLC;pressurés MPa.

migraion. In this “normal flow gradier” situdion, both the
EOF andthe net migration of the protein molecuksoccurin

the samedirection, providedthat all of the proteinshavenet
chagesof equd sign. This wasachiesed by using a mobile

phaseconssting of 80% acetaitrile and 20% buffer with a
pH value of 2. This pHis well below the pl of the protens,
ensuringthat the biopolymerswere postively chaged.Sam-
ples were injected at the cathode,and as with other typical

gradien systens, the percentag of acetoritrile washigherat
the capillaty inlet (cathodé thanat the outlet, with detecton
occurringattheanodicendof the column.

(i) In contrastjn themonolith cortaininga moderatenumbe
of chagedmoieties, electromgration of the chaged protens
wasfaste thanthe electrosmoticflow. In this “counter flow
gradien” system the EOF proceedd in the samedirection.
However protein analtes were injected at the anode,and
migrated in a direcion oppositeto the gradiert due to their
electrophoretic mobilities. Accordingly, the detecor was
positioredat the cathalic endof the capillary column.

Figure 4 shows excellentsepaationsof four proteinsin both

moderae (a) andhigh EOFcolumns(b) using electically dri-

ven flow, and compaes the separatio with that achieved
usingstanard HPLC methodlogy (c). Sincethe separatios
were primarily governedby the natureof the mobile phase
gradien, all threechromdogramsarevery similar. This com-
parisonalso denpnstrateghat the separatia is achieved via

reversedgphasepatitioning ratherthanelectrghoresis.

It shouldbe noted thatthis succeskil approah to monolithic
CEC columnsfor the separatiorof proteinsemploys a poly-

J.High Resol.Chromatar.
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meric matrix coniining positively chaiged moieties. Since
the overwhelming majority of proteinsalsopossesset posi-
tive chagesat pH = 2, the darger of undesiredelectrcstatic
interactons is greatly diminished. The occurence of very
strongelectostaticinteractionsmost likely explainswhy, to
date,all attemps to sepaate proteinson columnscontaining
carboxyic or sulfonic acid moieties at pH values below the
pl hawe failed [16].

2.2 Acrylamide-Basd Mondithic ColumnsPrepaedin
Orgaric Solvents

Despitethe undeniable successthe use of purely aqueous-
basedpolymerization systens for the preparatio of mono-

lithic capillaies for CEC also hassone limitations. Perhag

the greatestimitation is that the typical norpolar monomes

thatarerequired to achiew the necessar hydrophobicty for

areverseebhaseCEC bedareinsolubk in water In contast
to the “fi xed” solubilizing propeties of water the weakh of

organcc solventspossessig polarities rangirg from highly

nonpola to extrenely polar enabésthe formulation of mix-

tureswith solvaing capaliities that may be tailored over a

very broadrange. An additionalfeature of organc solventsis

their intrinsic ability to contrd the porous propertes of the

monoliths.

In contrastto the processof sonicationusedto disperse
hydrophdic monomes in an aqweous buffer [14, 15],

Novotry simplified the incorpordion of highly hydrophdic

ligandsinto acrylamide-basedmatrices[16] by using mix-

tures of aqueous buffer and N-mettylformamide to prepae

homog@eouspolymerization solutiors. The overall concen-

tration of the monomes (acrylamide, methylene bisacryl-
amide,acnyflic acid,andC,, Cg, or C;, alkyl acrylate)in solu-

tion was kept constat throughout the study at the level of

5%. The composiion of the mixed buffer/methyformamide

solventdependedon the type of alkyl methacylate used,and

rangedfrom 50% N-methylformamice for butyl acrylate to

95% for dodecyl acrylate. Columns with high efficiencies
were only obtainedwhen the polymeization was performed

in the presencef poly(oxyethyleng (M,, = 10000) dissolved

in the polymerizatian mixture. Poly(oxyethylere) is knownto

inducelateral aggregabn of acrylamide chairs, thus contri-

buting to the formation of more porousstructures[17]. Poly-

merizatbn was achieved using the usual peroxodisifate/

TEMED initiating systemwithin acryloylsilylated capillaries,

affording monoliths possessig an opagueapperancecharac-
teristic of macroporouspolymers. Howeve, no analyticd

charaterizatin of the pore structureswas perfamed. Once

the polymerization was conmplete, the poly(oxyethyleng and

otherlow moleculr weight compounds were washedout of

the column using electrosmotic flow. This preparation
methodis remakably reproducible.

All of the monoiths contaning the various alkyl acrylates
behavedastypical reverseephasestatinary phasesas evi-
dencedby the linear deceasein their retention factorsin

J.High Resol.Chromatar.
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Figure5. Isocratic electrochromatographyof maltooligosaccharides
(glucose(Glcl)-maltohexaos€Glc6)) in a capillary filled with a macro-
porouspolyacrylamide/poly(ethylenglycol) matrix, derivatizedwith C4
ligand (15%) and containing vinylsulfonic acid (10%). 2-Aminobenz-
amidewasusedto “tag” the oligosaccharidefor the laserinducedfluor-
escenceadetection.(Reprintedwith permissionfrom ref. 16. Copyright
1997 American ChemicalSociety).Conditions:capillary, 32cm (25cm
effective length)x 100 um i. d.; mobile phase 0.1% aqueousaceticacid
containing5% (v/v) acetonitrile;field strength,900 V/cm, 20 A; injec-
tion, 100V/cm for 5 s; sampleconcentration5—10 umol/L.
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Figure6. Isocratic electrochromatographgf peptidesin a capillary

filled with a macroporouspolyacrylamide/poly(ethylenglycol) mono-
lith, derivatizedwith C12 ligands (29%) and containing acrylic acid
(Reprintedwith permissiorfrom ref. 16. Copyright1997 AmericanChe-
mical Society).Conditions:mobile phase 47% acetonitrilein a 10mM
Tris/A5mM boric acid (pH 8.2) buffer; voltage, 22.5kV (900 V/cm);
sample concentration,4—10mg/mL; UV detectionat 270nm. Peaks:
systempeak (1), tyr-arg (2), gly-gly-tyr-arg (3), tyr-ala-gly-phe-leu-ay
(D-al& leucine enkephalin-ag) (4), tyr-gly-gly-phe-leu-NH (leucine
enkephalinamide(s).

responseo anincreasingpercentag of orgaric solventin the
mobile phase .Column efficiencies calcdated for on-cdumn
deteced peaksof phenylketones usedasmodelanalytesvere
in the range of 300000-400000 platesm. Thesemonolithic

VOL. 23,JANUARY 2000 7



Svec,PetersSykora, Yu, Frechet

(Rproprancil »ol: _§-° ™
\71,
e

{R)-propranciol
R
(S)-propranolot

(Srpropranciol

(R)-propranciol

Figure7. Molecularimprinting of (R)-propranololusingmethacrylicacid (MAA) asthe functionalmono-
mer andtrimethylolpropandrimethacrylatg TRIM) asthe crosslinkingmonomer The enantioselectivityof a
given polymeris predeterminedy the configurationof the ligand, R-propranololpresentduring its prepara-
tion. Sincethe imprinted enantiomerpossessea higher affinity for the polymer the separatioris obtained
with a predictableelution orderof the enantiomers(Reprintedwith permissionfrom ref. 26. Copyright1998

Elsevier)

columnseasily toleraed rather high loadng levels without
concomtant loss of efficiency, though excessie tailing of
the peals wasobservedinder overload conditons.

In contastto the typical hydrophdic aromatic model com-
poundsoften used,Novotry extendedthe rangeof potential
analytesto include carbohylrates[16]. Since these com-
poundsare best separatedat low pH values, vinylsulfonic

acid was incorpoiated into the monolith rather than acrylic

acid in order to provide moietiesthat would supprt EOF
undertheseconditions. Figure 5 shows a typical separatio.

Sinceoligosacharidesdo notadsorbin the UV range,amino-
benzamia@ tagswere attadiedto the analyte moleculesprior
to the separéion, and laserinduced fluorescencewas used
for their detection Columnefficienciesfor glucose,maltose,
andmaltotriosewereall foundto bein the rangeof 190000—

230000plates/m.

A monolithic CEC column incorporatirg dodecyl acrylate
was also succeshully used for the isocratc separationof
chagedmolecuks— oligopeptides(di-, tri, pent-, and hexa-

8  VOL. 23,JANUARY 2000

peptide). Figure 6 shows the baselne sepaation that was
achieved in isocratc modein lessthan5 min at 900 V/cm.
The elution patten andthe efficiency of the separatiorwere
found to strangly dependon both the percentag of acetori
trile andthe pH of the mobile phase suggstingthat a gradi-
ent elution methodwould havebeenevenmore appropiate.
However largerproteinscould not be eluted isocraticdly.

3 Imprint ed Monolithic Columnsfor Chiral CEC

Molecular imprinting has recently attraced consideable
attention asan apprachto the preparséion of polymerscon-
taining recognition siteswith predeternned selectivity The
history and specificsof the imprinting techique pioneerel
by Wulff in the 1970shavebeendetaled in severalexcelent
review articles [18—20]. Thesemateriak, if succeskllly pre-
pared,are expeced to find applcationsin sucharea asthe
resolutbn of racemats, substrateselectve catalysis, andthe
produdion of “artificial antibodies”. Imprinted monoliths

J.High Resol.Chromatar.
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Figure8. SEM micrographsof styrene-basednonolithic capillary. (Reprintedwith permissionfrom ref. 28.

Copyright1999Elsevier)

havealsoreceivedattertion recerily asstationay phasedor
capillary electroclmomatogaphy

The imprinting processshown schematicdy in Figure?7

involves the preoganization of functional monomer mole-

cules such as methacylic acid and vinylpyridine around a
templatemolecde and subsegent copolymeization of this
complex with a large amountof a crossinking monomer
(ethylene dimethacrylate-EDMA, trimethylolpropane tri-

methacylate-TRIM) [21]. Under ideal conditions, imprints
possessig both a defined shapeand a specific arranggment
of chemicaly interactive functiond groups that reflect thase
of thetemplatedmaleculeremainin the polymer afterextrac-
tion of thetenyplate.

In the early pioneering days of this technique, the final
imprintedmateials possesedporestoo smal to supprt flow
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throughthemedum. Thereforethematerialcould only beused
ascrushedandsievedrregularparticles.Truly monoithic tech-
nology wasdirectly employel for CEC applicaton only after
theintroductionof “superpaous” imprintedmonoithic capil-
lariesby Nillsonin 1997 [21—23].Isooctamewasusedasaporo-
genin order to prodiwce a macroprous structure with large
poreswithout interfering with the imprinting process The
imprinted polymerswere polymerizedwithin capillarieshav-
ing avinylizedinner sufaceusingboth thermally andUV light
initiated polymerization [21-23]. Sud “superprous”
imprintedmonolths weresucceshully usedfor the separation
of the enantomersof proparolol (Figure7), metoprold, and
ropivaaine. Using a similar processemploying mixtures of
ethylenedimethacylate with methacylic acidandbr 2-vinyl-
pyridine,Lin devdopedimprinted monoithic columnsfor the
CECsepaationof racemc phenylalnine[24].
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Figure9. Electrochromatograrof acidicandbasicpeptideqReprinted
with permissionfrom ref. 28. Copyright 1999 Elsevier).Column31cm

(21 activelength)x 75 um, porousstyrenicmonolith with dimethyloctyl-

ammoniumfunctionalities; mobile phase25% acetonitrilein 5 mmol/l

phosphatéuffer pH 3.0 containing50 mmol/I sodiumchloride;reversed
polarity, electrokineticinjection for 2 s, 5 kV. Peaks:angiotensinl (1),

angiotensir (2), [Sar, Ala®-angiotensinl (3), insulin (4).

Lin’s group also investigated a composite approachtoward
imprinted monoliths. A non-porouspolymer imprinted with
L-phenyhlanineanilide was first prepare via UV initiated
polymerization within a glassampoule. This bulk polymer
wasgroundinto smal irregular-shapedpatticles, sieved and
suspendeth a solutionof acryamideandmethylenebsacryl-
amidecortaining a redoxinitiator. The heteogeneaisdisper
sion was thendrawn into the capillary, and the polymeriza-
tion wascompletdaffording a gel-type monolith with immo-
bilized solid particles. The capillary column was then used
for the separatia of D,L-phenyalanine [25]. Such
approacks to monolithic imprinted staticnary phasesfor
CEChavebeenrecerly reviewedin greaterdetal [26].

Severalattemps to prodwe chiral CEC monoiths havealso
beendescribed For exanple, Koide and Ueno prepareda
monolithic gel for chiral resolutionby polymerizing acry-
amide, bisacylamide, and AMPS in the presenceof poly-
meric carboxymetyl-B-cyclodextrin[27]. This capillary col-

10 voL. 23,JANUARY 2000

Schemel:
POLYMERIZATION
'
: Cl
Cl L
MONOMERS REACTIVE MONOLITH
CH;3(CHz);17N(CHz), ‘—
+_(CHy17CH;
Cl /N\ CH
CH 3

FUNCTIONALIZED MONOLITH

umn exhibited 26000 platesfor the separéon of terbutalire
enantiomes, effecting baseline separation even with a
separatio factora of only 1.03.

4 Polystyrene-Basedvionolithic Capillary Columns

Horvéah’s grouphasrecerly reportedthe prepaation of por-
ousrigid monolithic capilary columnsfor CEC by polymer
izing mixtures of chloromehylstyrene, divinylberzene,and
azobisigbutyroritrile in the presenceof various porogenic
solventssuch as methanol, ethanol, propanol, toluene and
formamide [28]. The capilary wall was silanized using a
50% dimethylformamide solution of 3-(trimethoxysilyl)pro-
pyl methacryla¢ at a temperaure of 120°C for 6 hous. In
orderto avoid the spontaneos polymerizaion of the func-
tional methacylate, a stablefree radcal (DPPH)was added
to the solution The SEM micrographsof Figure 8 showthat
the resulting monolith exhibits a “classical” macromrous
structure“wrapped”in a thin outer layer of apparetly non-
porouspolymer.

The reactive chloromethyl moieties incorporated into the
monolith sened as sites for the introdudion of quatermry
ammornum functionalties accoding to the Schemel. The
pores of the monolith were filled with N,N-dimethyloctyl-
amine,and after a suitablereacton peiiod, the column was
washed with methand and equilibrated with the mobile
phaseUnfortunately only very limited information concern-
ing the natue andextert of modification waspresented

Thesecapillary columrs possessig postively chaged sur
face functionalities were usedfor the reversed-pasesepara-
tions of basicandacidic peptides Figure 9 showsthe excel-
lent separéion of three angiotersins and insuin with plate
numbersashigh as200,000pl/m using acetonitrileandphos-
phate buffer (pH = 3). Suprisingly, the retentions of both
angiotersins| andll increasedasthe perentageof acetorir
trile in the mobile phasewasincreasd from 25 to 45%, and
no elution wasobservedat higherpercentagsof organicsol-
vent.
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Figure 10. Electrochromatograraf four basicproteinsobtainedby iso-
cratic separatiorusinga modified polychloromethylstyrene-baséLOT
column (Reprintedwith permissionfrom ref. 29. Copyright 1999 Else-
vier). Column47 cm (activelength40 cm)x 20 um, inner polymerlayer
2 pum; mobile phase20% acetonitrile in 20 mmol/l phosphatebuffer
pH 2.5; voltage—30kV; EOF velocity measuredvith dimethylsulfoxide
(DMSO) —3.46x 10°® m?V/'s', migration time for DMSO 3.10min.
Peaksu-chymotripsinogerfl), ribonucleas€2), cytochromeC (3), lyso-
zyme(4).

Good separatiorof chenically similar tripeptides (Gly-Gly-
Phe and PheGly-Gly) was also observedin a pH 7 buffer
using unfundionalized poly(styreneeo-divinylbenzene)
monolithsdevoid of chagedfunctionalties. In this casethe
driving force for moverment of the analtesthroughthe col-
umn is their electophoretc migraion, while separation
resultsfrom their interactonswith the stationay phase[28].
However the additionof acetoiitrile to the mobile phasesig-
nificantly decreses the analye mobility, making this
approacHessattractie.

Horvah et al. also produced macromrous polymer layer
opentubular capillary columns(PLOT) for CEC similar to
those emdoyed in gas chromatogragy [29]. Narrow bore
capillaries (20 um i.d.) arerequiredin orderto achieve high
efficiency. The prepaation processis closdy relatedto that
describedpreviously A vinylized capillary wasfilled with a
polymerization solution of chloromethyktyrene,divinylben-
zene,and 2-octarol asa porogen,andanin situ polymeriza-
tion wasperformed. The resultirg porouspolymer layer was
functionalzed by readion with N,N-dimethylactadecylanme
and any residua chlorometlyl groupsquenchecdby reaction
with a solution of sodium hydroxide. Although no experi-
mental data concerning the extert of functionalzations or
processwere publisted, the surfacecoverageof postively
chaged functionalties was sufiiciently large to afford EOF
velocities of 2.1-2.5 mm/sthat did not changesignificantly
over the broad rarnge of 0—-60% acetoritrile in the mobile
phase.

Horvah alsodenonstratel thecomplexnatureof CECsepara-
tions that often involve the interplay of EOF, electrgohoretic
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migration, and chromatogaphic retention through severa
examplesof pepide and protein separatios using the PLOT

capillary columns.For exanple, the retentionof proteinswas
seerto increasewith increasimy percentag of organc solvent
in themabile phaseEvenmoreintriguing is thedenonstratel

isocraticsepaationof proteinsshown in Figure 10. Although
the window of mobile phasecompositiors within which this

separatio could be achiewed was narrow this approach
deservedurther studysinceit may eliminatethe needfor the

rathercomplexgradien elutioninstrumertation.

5 Methacrylate Ester-BasedMonolithi c Columns

In contrastto thereportedcharactezationsof the acrylamide
andstyrene-basednonoiths thathavelargely beenlimited to
evaludion of their chromatogaphic peformancesgextensive
materids devdopment and optimization have been per
formed for monolithic CEC capillaries prepaed from meth-
acrylate estermonomes. Theseinvestigationsmade use of
the conceptsdevebped from our original work with the
moldedrigid monolithc HPLC columrs we introducedin the
early 1990s [30, 31]. The experiace acquiredearier with
thesematerials proved helpful in investigating the interre-
lated effects of morphobgy and composiion on the overal
CECprocess

Producton of thesemonolithic capillary columrs is amaz-
ingly simple[32]. Either a bareor a suifacetreatedcapillary
is filled with a homogneouspolymerization mixture, and
radical polymerization is initiated only when desiredusing
eithera thermosatedbath or UV irradiaion [33] to afford a
rigid monolithic porouspolymer. Once the polymeizationis
complet, unreactedcomporents such as the porogenicsol-
ventsare removed from the monoith using a syringe pump
or electrmsmotic flow (Figurel). This simple method for
preparingmonolithic capillary columrs hasnumepusadvan-
tagesFor exanple, thefusedsilica tubingmay be usedeither
directly as suppliedwithout first performing any chernical
modification of its internal surfaceor after its functionaliza-
tion usinga suitablevinyl contaning moiety. All of the che-
micalsmay be usedassupgied, althoudh cardul purification
contribues to bette batchto-batch repraducibility (vide
infra). Additionally, the final polymerizaion mixture con-
tainsfree radcal initiators suchas benzoylperoxide or azo-
bisisobuyronitrile, ensurirg its stability and easy handling
for severalhous at room tempegture or for daysin the
refrigeratorwithout risking the onsetof polymerization.

In optimizing the process specific attentionwas paid to the
designof the porogenicmixtures.ldeally, this systemhadto
enable (i) the preparationof a homogneous single phase
polymerization mixture from the chaged water soluble
monomerthat supportsthe EOF, andthe hydrophdic mono-
mersthat affect the sepaation without usingadditionalcom-
patibilizing agents;(ii) the direct uniform incorpordion of
these monomes with widely differing polarities into a
macrorous polymer monolith; (iii) the fine control of the
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Figure1l. Electrochromatographiseparatiorof Gly-Tyr (1), Val-Tyr-
Val (2), methionineenkephalin(3), andleucineenkephalin(4) on mono-
lithic capillary column100 um i. d. x 28 cm with a poresize of 492nm.
Conditions:Mobile phaseB0%of a 1: 9 mixture of 10 mmol/L sodium1-
octanesulfonatand5 mmol/L phosphatduffer pH = 7.0,and20% acet-
onitrile. UV detectionat 215nm. Total sampleconcentratiorl mg/mL.

porous properties of the resuting monolth over a broad
range;and finally, (vi) the facile initial washing and equii-
bration of the capilary column by being miscible with the
mobile phaseusedfor electroclmomatogaphy An extersive
study led to the developmen of a ternay porogen system
consistingof water 1-propaml, and14-butaneddl in various
proportons [32]. Monolithic capillary columrs prepared
usingthis porogen systemand photoclemical initiation pos-
sessecfficienciesof over 210000 pl/m for the separationof
amodel mixture of aramatic compounds[33]. Similarly, pep-
tideswere sepaatedon this capilary columnusinga mobile
phasecontaining 1-octaresulfont acid (Figure 11). Thision-
pairing alkylsulfonic acid additive likely affects the separa-
tion of the pepides both by associatig with the terminal
aminegroupsof the peptdesandpreventingthemfrom inter-
acting with the negativey chaged surfacefunctionalties of
the monoith aswell asby increasing the hydraphobicity of
theanaltes[33].

The methacylate-baed polymeas are stabke even under
extremepH conditionssuchaspH 2 or 12 [34]. The sulfonic
acid functiondities of the monolithic polymer remaindisso-
ciatedover this entirepH rangecreatinga flow velodty suffi-

cientto achiewe the separatiosin a shortperiod of time. In

contrastto the staticnary phase the analtes are unchaged,
yielding symmetri@al peaks.It shoud be noted that such
extremepH conditions canrot be toleratedby typical silica-
basedbackings.

6 Reproducibility of Monolithic Columnsfor CEC

Although the reproducble prepaation and operaton of CEC
columnsare extremdy importantissuesthat will further sti-
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Tablel. Reproducibility of the electrochromatographipropertiesof
methacrylate-basednonolithic capillaries. Conditions: capillary col-
umns, 100 um i.d. x 30cm active length; stationary phasepoly(butyl
methacrylatezo-ethylenedimethacrylateith 0.3 wt.% 2-acrylamido-2-
methyl-1-propanesulfoniacid; mobile phase 80:20vol./vol. mixture of
acetonitrile and 5 mmol/L phosphatebuffer pH7; UV detection at
215nm; voltage25 kV; pressuren vials 0.2 MPa; sampleconcentration
2 mg/mL of eachcompoundijnjection5 kV for 3 s. Datashownareaver
age RSD values obtainedfor thiourea, benzyl alcohol, benzaldehyde,
benzenetoluene ethylbenzenepropylbenzenehutylbenzeneandamyl-
benzene.

Variable RSD%
Run-to-run Day-to-day Column-to-column
n=14 n=3 n=7
Retentiontime 0.18 1.19 3.50
Retentionfactor 0.21 0.30 1.43
Selectivity 0.05 0.10 0.1
Efficiency 1.50 4.30 7.80

mulatethe developmehandthe acceptancef this techrique,
only a few groupshavereporteddataon column-to-column,
run-tofun, and day-to-dg reproduchility of monolithic
capillaly columns.Novotry showedreproducibility datafor
migration timest,, efficiencies, andretenton factors k' for a
numberof analyteson acrylamidebasedmonoliths[16]. The
relative standad deviations (RSD) were smalker for run-to-
run comparel to day-to-day measwementsFor exanple, the
averagerun-to+un RSDfor 6 analyteswas0.8% for t,, 2.6%
for k', and4.3%for the efficiency, while the aveageday-to-
day RSDsfor the samevariableswere 2.1%, 6.1%, and4.6%,
respectiely.

Horvah monitored the conducivity of his modified mono-
lithic polystyrene-baseé columns for over 3 montts and
observedno charges [28]. Similarly, the electrosmotic
mobility was measuredover a number of days and again
almostno chargeswerefound[29].

Testsof the reproducibility of retentiontimes retenton fac-
tors, sepaation sdectivities, and column efficienciesfor our
methacylate monolithic capilary columns are summaized
in Table 1. This tableshows averagediataobtainedfor 9 dif-
ferentanalytesinjected 14 times repeated} every other day
over a period of 6 days,aswell asfor 7 different capillary
columrs prepaed from the samepolymerization mixture. As
expeced, both injection-to-injection and day-tc-day repro-
ducibilities measuredfor the same column are very goad.
Slightly larger RSD valueswereobservedor column-to-ml-
umn reproducbility. While the selectivity effectively did not
change larger difference were found for the efficiencies of
the columns. Unfortunatey, no reproducbility dataare cur
rently available for any of the acrylamidegel-base continu-
ousbeds preparedfrom aqueousoluions.
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Figure 12. Effectof thepercentag®f 1-propanoin theporogenicmix-
tureonthe porouspropertiesof monolithic polymers(Reprintedwith per
mission from ref. 37. Copyright 1998 American Chemical Society).
Reaction conditions: polymerization mixture: ethylene dimethacrylate
16.00 wt.%, butyl methacrylate23.88 wt.%, 2-acrylamido-2-methyl-1-
propanesulfonicacid 0.12 wt.%, ternary porogensolvent 60.00 wt.%
(consistingof 10 wt.% waterand 90 wt.% of mixturesof 1-propanoland
1,4-butanediol),azobisisobutyronitrilel wt.% (with respectto mono-
mers),polymerizationtime 20 h at 60°C.

7 Assesment of the Porous Structure

The ability of aliquid to flow through the netwok of chan-
nel-like poresthat traversethe length of these monolithic
mateials is essentibto all of their applicatons.In addtion to
providing permedility, the porows structurealso acceleates
the rate of masstranskr within the sepaation medum asa
resultof convecton [35], sinceall of the mobile phaseflows
through the pores[36]. Despte this importart fact, only one
study directly assessinghe effect of pore size of the mono-
lithic CEC mediahasbeenpublishal [37]. The absenceof
datafor othermonoithic systens is probally duebothto the
limited mears availableto cortrol their porousstructuresdur-
ing prepaation aswell asto difficulties in determinhg their
actualporestructurein the swollenstate.lt shouldbe empha-
sizedthat the standad method typically usedfor the mea-
suremeh of porows propertessuchasmercuryintrusionpor
osimety and nitrogen absorpion/desaoption methods, are
performed on matrials in the dry state,while the columns
actualy operatein the presenceof a solvent.As areslt, the
datameasuredin the dry statemay not actually refled the
operatonal poresizeof the capilaries during the actualchro-
matograjic process

In a recentstudy Horvah usedthree methodsto determine
the porosty of monolithic capillary columnsin the “solvated”
state[28]. First, the elution time of a low molecula non-
retainedtracerin uHPLC wasusedto calcuate the total por
osity. The secondnethodafforded anestimaion of the poros-
ity from the condudivity ratio. Monolithic andemgy capil-
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Figure13. Differential pore size distribution profiles of porouspoly-

meric monolithic capillary columnswith mode pore diametersof 255
(curvel), 465 (2), 690(3), and1000nm (4) (Reprintedwith permission
from ref. 37. Copyright1998 AmericanChemicalSociety).

larieswerefilled with an electrolyteand their conductvities
were measued. Although severalequatons relating condue
tivity rato to total column porosty have been derived,
Archie’s equation appearedto provide the best fit of the
experimemal data. The last methodwas gravimetic, using
the weightdifferencebetweera dry andacetondilled mono-
lithic column. Since none of thesethree method affords
information aboutporesizedistribution, liquid extrusion por-
osimety with hexadecanevasusedto determinethe integral
pore volume distribution. However since this techrique
requiressampledarger thanthoseavailable from a capillary
column, it was performed using a sample prepaed via a
larger scde bulk polymerization[28]. Similarly, we polymer-
ized the same mixture usedfor the preparationof capillary
columnsin glassvials andusedthe productfor mercuryintru-
sion porosimety. Since we found that a strong correlaion
existsbetweenthe “dry” porous propertes of the monoliths
andtheir chromatogragic pefformance,even“dry” porosty
measuementanay be usedto tailor columnpeformance.

The novelternay porogenic systemthat we havedevebped
enabks predse contol of porows propertes over a broad
range[37]. For exanple, the percentag of 1-propaml in the
porogenic solventexertsan enornouseffect on the poredia-
mete at the maximumof the distribution curve (modepore
diamete) as documerted in Figure 12 for the UV initiated
polymerization system Based on theseresults,monoliths of
any pore size within the broadrangeof 250-1300nm can
easily be produce by simply changingthe ratio of proparol
to butanedbl in the porogenicmixture. It shoud be noted
that the window of weight percantage of 1-propanol that
braketsthis wide range of pore sizesis sufficiently large to
obtan polymersof any modeporediameterwith anaccuacy
of +25 nmwith resgectto the targetedvalue. Despitethe fact
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Figure 14. Electrochromatographisize-exclusionchromatographyof

polystyrenestandard¢Reprintedwith permissiorfrom ref. 37. Copyright
1998 AmericanChemicalSociety).Conditions:monolithic capillary col-

umn, 100 um i.d.x 30cm active length; stationaryphase,59.7 wt.%

butyl methacrylate and 40 wt.% ethylenedimethacrylatein monomer
mixture, 0.3 wt.% 2-acrylamido-2-methyl-1-prop&sulfonic acid; pore
size 750nm; mobile phasetetrahydrofurarcontaining?2 vol.% of water;
UV detectionat 215nm; voltage,25kV; pressureén vials, 0.2 MPa; sam-
ple concentration2 mg/mL of eachcompound;injection, 5kV for 3 s;

peaks,polystyrenestandardsmolecularweight 980,000(1), 34,500(2),

7,000(3), andtoluene(4).

thatthesemonoiths areprepare from a polymerization mix-
ture containng monomes of very different polarities, all of
the mercury porosimety profiles seenin Figure 13 exhibit
distribution curvessimilar to thosefound for polymerspre-
paredfrom mixturesof fully misciblemonomes [38], aswell
asthe CECsystens describednitially [37].

Suchprecisecontrd of porows propertesis expectedto be
very useful in the designof specidized CEC columrs for
separationn modesothea thanreversed-phas. For exanple,
size exclusionchromatograghy (SEC)is anisocraticsepara-
tion methodthat relies on differencesin the hydrodynamic
volumesof the analytes. Becauseall solue-stationay phase
interactbns must be avoided in SEC, solventssuchas pure
THF are often usedas the mobile phasefor the analysis of
syntheticpolymers, sincethey dissolvea wide rangeof struc-
tures and minimize interactions with the chromatograpic
medium. Despte the reported use of entirely nonaqueos
eluentsin both electophoresisand CEC[39], no apprecable
flow through the methacrylatebasedmonoiths wasobserved
using pure THF asthe mobile phase However a mixture of
2% wate in THF was found to subsantially acceleate the
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Figure 15. Effect of modeporediameteron flow velocity of the mobile
phasethroughmonolithic capillary columns(Reprintedwith permission
from ref. 37. Copyright 1998 American ChemicalSociety).Conditions:
capillary column, 100 um i.d.x 30cm active length; stationaryphase
with 0.3 wt.% 2-acrylamido-2-methyl-1-propanesoific acid; poresize,
465nm; mobile phase, 80:20 vol./vol mixture of acetonitrile and
5 mmol/L phosphatduffer pH 7.

flow velocity, while still capableof dissoving polystyrere
standard with molecubr weights as high as 980000 [40].
Figure 14 shows the first SEC separatio of polystyrena in
the CEC modeusinga methacrylag-basedmonoithic capil-
lary column The molecular weights of the peaks were
assignedy injectionsof theindividual standirds.The elution
order of the polystyrenestandrdsandtolueneconfirms that
size exclusion is the prevailing sepaation mechaism.
Although the porows propertiesof the monoithic column
usedfor this experimem were not optimized for SEC separa-
tions, theseresultsdemonstatethat CEC is not limited to the
reversegphasemodeof chromatogaphy An extersive study
of SEC sepaationsof polystyreresin the CEC mode using
packedcapillary columnsanddimethylformamide asthe sol-
venthasrecerily beenpublishel [41].

8 Effects of the Propertiesof the Monoliths on the
Separdion in CEC

The ability to achiee preciseandindependentontol over
both the porows propertes as well as the level of chaged
moieties of the rigid monolithc staticnary phases opened
new averuesfor studiesfocusirg on the effectstheseproper

tiesexerton the chromatographigrocessBoth of thesevari-

ableswere foundto be extrenely importantin contolling the
flow velocity andefficiency of the monoithic capillary CEC

columrs. In addition to these materiat propeties, CEC

separatios are also affected by the conditionsunderwhich

they are performed, including the appied voltage,and both

the pH andelutionstrength of the mobile phase.
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8.1 Pore SizeandEfficiency

The major advantag of CEC comparedto classicalHPLC is

that much higher column efficiencies can be achieved using
identical separéion media. For columns pacled with beads,
the efficiency of both of thesemethod is particle sizedepen-
dent, andincreasesasthe size of the packing deceaseq7].

Sincethe monolithic columnsaremoldedratherthanpacled,
issuesf particlessizebecomdrrelevant,andinsteadthe size
of the poreswithin the monolithic materid is the variablke

most expectedto affect chromatogragic efficiency. Indeed,
initial studieshave shownthat the size of the flow-through
pores dramatically affects separtion efficiency [32, 37].

However having defined prepaative paramegrs that yield

capillaries possessig acceptale efficiencies, this effect
becomesrather complex and its subtletes remain unex-
plored.

8.2 Solvent Flow through the Monolithic Capillary

Electroosnotic flow is geneally reportedto be indepenént
of the size of the packing, and consegently the size of the
interstitial voids betweenthe particles,unlessthis sizeis so
smallthatthe electrical dowble layersoverlap[42]. The abil-

ity to indepenéntly contol both the pore size and level of

chaged functionalties of the methacylate estermonolithic

capillariesenaltesthe directinvestigaton of the net effect of

transportchannelsize on flow velocity. Figure 15 clearly
demonstragsa two-fold increasan flow velocity throughthe
thermally initiated monoithic capilaries with the sameleve

of chagedmoietiesasthe poresizeincreasesrom 250nmto

4 um [37]. A similar increasen flow velodty wasobserved
for monolithspreparedby UV initiated polymerization [33].

This rangeof pore sizessignificantly exceels the thickness
of a few nanomegrs at which the electrical double layers
would overlgp for a systemutilizing a mobile phasecontain-
ing 5mmad/l buffer [37]. If it is assuned that the observed
decreaein flow rate with decreasingoore diametersimply

resultsfrom the increasig percentag of poreswithin which

overlap of the electric dowble layers occus, then the flow

velocity shoud reacha maxmum value for thosemonoiths

having sufficiently large pores,and reman constantthere-
after, sincethe numberof poreswithin which overlap of the
electricdowble layer canoccu decreaesrapidly asthe pore
size increaseslin practice howeer, this phenonenonis not
observedThefactthatthe overallflow velocity increasesin-

early over a broadrangeof pore sizesmay supprt the con-
tention that this increasein flow rate is macrosceically

relatedto a decreasdn the resistance to flow throughthe
channels An additional effect may resut from microscic

variationsin the strengthof the electical field in both the
smallandlarge pores.The effectsof tortuosity andvarations
in the crosssectianal areaof a packedstructure on the con-
ductanceand chromatographicperformance of CEC capil-

laries packedwith bead haverecerily beendiscussedin the
literature [43].
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8.3 Contmwol of SurfaceChenistry

Electroosmoticflow velocity is directly proportonal to the
zetapotential, that in turn is directly relatedto the surface
chage. In contrastto silica-basd CEC media,the ability to
easilycontrd the level of chagedfunctionalities that support
the electroosmtic flow is a major advantage of the poly-
meric monolithic capillaries. This variable can easily be
adjustedby changingthe perentageof chaged monomerin
the polymerizationmixture. For example linear increasesn
migraton velocity pamlleling increasesn AMPS monomer
contentwere obseved by Fujimoto in both 6% crosslinked
polyaciylamide gels[10] aswell as9.7% crossinked N-iso-
propylacylamide polymes [11]. Similarly, increasng the
contentof sulfonic acid groupswithin the methacrylag ester
monoliths significantlyincreasd theflow velocity, thusredu-
cing the overall analysistime. Similar chromatograpic per
formanceswere maintainedin thesehigher flow capillaries
by making concomtant changesin the conposition of the
porogenic mixture in order to keep the pore sizes of the
monoliths effectively consant.

Monoliths containing two significantly differentpercentags
of dimettyldiallylammonium chloride were recenly preparel

in orderto control the EOF componentof the overall migra-

tion rate of proteins[15]. Thesechagedmoietieswere incor-

poratedinto the monoith during a later stageof the prepara-
tion process and appearedto be well suitedfor the desired
separatio (videsuprg.

8.4 Retenion and Selectiviy

The majoiity of CEC sepaationsreportedto datehavebeen
performed in the reversegphasemode. Under thesecondi-
tions, the hydrgphobicity of the staticmary phasedetemines
the selectvity of the separationand retentioncan easily be
controlledby adjusting eitherthe compositon of the mobile
phaseor the hydrophdicity of the surface,with the first
optionbeingeager to implement.However in contrastto the
rich variety of solventsavailablefor usein HPLC, aceti-
trile-basedsolventsystens areemgoyedin mostCEC appli-
cationsdueto their high dielectric constantandlow viscosity
[14,16,37,44].

The effect of surface polarity is enhancedin separatios
wheretwo or more simultareousinteractons mustoccurin
order to achievethe desiredselectvity. This is paticularly
truein molecula recogntion processssuchaschiral separa-
tions. Since aqueus buffer systens are almost universally
usedas CEC mobile phases,enantiosegratiors are often run
under revased-plase conditions as opposedto the normal-
phasemodetypically usedin chiral HPLC. Therdore, non-
specific hydrgohobicinteractons would be highly detrimen-
tal to the discrimination processthat involves subte differ-
encedetweertheenartiomers.

Theimportarce of tailoring surfacechemisty is denonstratel
by threedifferentmonolithic capillary columrs thatwerepre-
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Figure 16. Effect of the hydrophilicity of chiral monolithic columnson
the electrochromatographiseparationof N-(3,5-dinitrobenzoyl)leucine
diallylamide enantiomers(Modified from ref. 45). Conditions: mono-
lithic column,100 um i.d. x 30cm active length; mobile phase,80:20
vol./vol. mixture of acetonitrileand 5 mmol/L phosphatebuffer pH 7;
UV detectionat 215nm; voltage, 25kV; pressurein vials, 0.2 MPa;
injection,5 kV for 3 s. Stationaryphasewith butyl methacrylatga), gly-
cidyl methacrylatgb), andhydrolyzedglycidyl methacrylatgc).

pared by directly incorporating of the chiral monomer 2-
hydroxyehyl methacrylate (N-L-valine-3,5-dinethylanlide)
carbamae [45]. Thesecolumnswere testedfor the enantiose-
parationof a model racemiccompound, N-(dinitrobenzgl)-
leucine diallylamide. Figure 16 compars the chiral separa-
tions achiewed using the various columrs. Although the col-
umncontainingbutyl methacylateasa hydrophobiccomono-
merdid resolvetheracemicanalyte, thepealswereverybroad
andtailed seveely. The efficiency of this systemwas poar,
with plate countsof only 600 and 160 plates/mobtaned for
the respetive enantiomes (Figure16.9. However when
pureacetoritrile wasusedasthemobile phaseanarrowirg of
bothpeals andaconcomtantincreasen columnefficiencyto
2,500and 540 plates/mwere obsened. Theseimprovenents
indicatethatthe originally observedailing probablyresulted
from non-specific hydrophobicinteractonsbetweerthechiral
analyteandthe relatively hydrophdic surfaceof the separa-
tion medum. Therdore, newcapillary columnswere prepared
substitutng the more hydrophlic glycidyl methacylate for
the highly hydrophobic butyl methacylate. Although this
capillary column exhibited a suprisingly high efficiency of
210,000plates/m for the unretined peak of thioureaunder
reversed-pase conditions, the incorpomtion of the more
hydrophlic monomerresultedin a substatial deceasein
hydrophdic selectvity (ocn, = 1.08). This changein surface
polarity resultedin a significantly improvedchiral separation
(Figure 16.b). The peaksfor the enariomers were sharpey
and the column efficiencies calculated for this separation
increasedo 8,100and1,900plates/m.
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Insteadof defining and optimizing new conditions for the

direct incorporation of an even more hydrophilic monomer
into themonolith, the epoxiderings of the monolithdescibed

above that confains glycidyl metacrylate and chiral units

were hydrolyzed using dilute aqueoussulfuric acid to afford

very hydrophlic diol functionalties. This hydrolytic reacton

was easily pefformed in situ within the poresof the mono-
lithic capillary column After hydrolyss, the diol-functiona-
lized hydrgphilic capilary was unableto effect any separa-
tion of alkylbenzenesn the reversed-phasmode.Howe\er,

this monolithic column afforded a significantly improved
separatia of the enariomers (Figure 16.9. The peaksin

this sepaationwere narrov andwell resolved(Rs = 2.0). Col-

umn efficiencies (61,000 and 49,50 plates/m)were rather
high, and evenpeaktailing was greatly reduced, suggesng

that few undesirble interactions remainel. Unfortunatey,

this subsantial increasein column efficiency was acconpa-

niedby a decreasean selectivity

This exampleclearly denpnstrateshe benefitsof the facile
tuning of surface chemistry afforded by the monolithic
media.The weakh of commercally availablemonomes pos-
sessinga variety of functiondities, togetherwith the extrene
simplicity of the preparationof the monolithic columns,
makesthis approachan appealingoption for the desigq of
capillary columnswith high selectvities.

9 Conclusion

Monolithic statimaryphase$iave emegedasattractve alter
nativesto packedCEC columrs dueto the simplicity of their
prepardéion aswell asthe virtually unlimited choice of che-
mistries they offer. This technolgy completly eliminates
the needfor retainingfrits andtheir associategiroblems thus
decreaingthe technicalbarriersto the geneal acceptancef
the CEC techrique. In contrastto packel beds,monolithic
structuresexhibit excellent dimensimal stability as a result
of their rigidity andbr chermical attachmento the inner wall
of thecapillary.

Monolithic materids can easily be prepared even within
channelsof very narrow dimensons by a single stepin situ
polymerization, and the formation of the monolith can be
restrictal to a specfic areausing photoctemicdly initiated
polymeization. This suggest that this technolgy may
uniquely be suited for the further devebpmentof miniatur-
izedanalyticalsystens on-chip.

The numberof different approachesto monolithic columns
for CEC pubishedin theliteratureandunder devdopmentin
both academicandindustrial laboratories is growing rapidly.
This review only summaized the detailsof monolithc CEC
columrs prepaed from syntetic polymers.Howeve, analo-
gousapproabesresultirg in entirely inorganic-baedmono-
lithic capilary columns preparedby direct condensabn of
silicon oxide [46—48], entrappng of inorganic paticles in
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inorganic gels [49-52], fusing [53], and sintering of silica
beadq54, 55] haveemepgedrecertly.

Hybrid method and alterrative column tecmologies have
alsobeendescibed, including the immobilization of molecu-
larly imprintedparticleswithin a polymergel matix [55, 56],

the use of in situ prepared polymer monoliths as retaning

frits for packedbeds[57], and “hanging” cellulose acetate
fibers anclored at one end in the porots silicate inlet frit

[58].

Althoughmuch remairs to bedore in thedevelopmenof sta-
tionary phasedor CEC, the monolithic columnsappearto be
avery promisingtechnolay thatspecificdly addresesmany
of the uniqueaspectof CEC. Amongtheir numeousadvan-
tages,their repraducibility, variety of well defined chems-
tries, high efficiencies,and easeof preparationare expected
to further acceleate the developmeth of CEC, and lead to
novel columnsfor the separationsof compoundsrom com-
plex matricesin avariety of chromatogaphicmodes.
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