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Abstract

By coupling a sample pretreatment technique of $arolgan up and enrichment power with
capillary electrophoresis (CE) of high-performameeparation, the task of analyzing trace
analytes in a complex matrix such as a biologieah@e can be carried out successfully with
ease. This review aims for providing an overviewstrhtegies to couple sample pretreatment
techniques with capillary and related microscalg.(emicrochip) electrophoresis, practically
adoptable in an automatic manner, without requisegous modification of existing instruments
to install sophisticated interfaces. In-line samptetreatment techniques based on liquid phase
microextraction performed before sample injectiond aon-line sample preconcentration
techniques performed during or after sample inpectare discussed with emphasis on the
applicability to samples of high conductivity, coranty encountered for biological samples. An
overview of the recent developments in microfluidiamobilized enzymatic microreactors
which fit excellently to microchip CE is also given

1. Introduction

It is more than often required to perform sampleti@atment for the analysis of trace analytes in
a complex matrix sample such as a biological samplaecent review paper extensively
discussed biological sample preparation methodsnlynaff-line and some in-line coupled
techniques for chromatography, spectrometry, aedtichemistry as well as a few on-line
stacking techniques for capillary electrophoreSIE)[1].

The most commonly emphasized advantages of CE bsesgatations include high separation
efficiency, short analysis time, simple method depment, and low sample and solvent
consumption. While these claims are true and maspecially bioanalytical, protocols take
advantage of some or all of them, CE is still cdeséd as a niche technique in the field of
separation sciences. Without a doubt, the majowhiaak of CE is its limited detection
sensitivities associated with the small dimensiafsthe separation column. Quantitative
determination of trace analytes in a complex bilagmatrix requires the use of extremely
sensitive detectors such as laser-induced fluonescéLIF) or mass spectrometry (MS).
However, even the best detection methods may hdficisnt without carrying out proper
sample cleanup or/and sample preconcentration.[2,3]

Herein, we review sample pretreatment techniqudménand on-line coupled with CE which
are easily adoptable without requiring sophistidatgparatuses but with high potential to
increase sensitivity or/and improve overall selati All these techniques can be applied for the
analysis of complex samples such as biological sssnpvhich is an urgently emerging issue
especially for biologically relevant compounds suah biomarkers existing only in a trace
amount in a complex biological sample of limiteduroe. While, some of the recently published
reviews also include description of the stackinggtlilities suitable mainly for chromatography
[1], or CE-mass spectrometry coupling [4], thedaling text focuses on the sample pretreatment
techniques practiced in capillary electrophoreB@. a concise guide to stack samples for CE,
please refer to Ref [5].

For the categorization of coupling schemes, a ¢ogphode is termed as-line (continuous)
when the sample pretreatment is coupled to CE \paoper transfer interface before sample
injection andon-line when sample pretreatment is directly integrated the CE separation
space (in-capillary) during or after sample injenti Note that this categorization is different
from that in Brinkman et al. [6] but consistenthvihat widely used in the literatuig?2].



2. In-lineliquid phase microextraction techniquesin CE before sampleinjection

Off-line sample pretreatment techniques such asdighase microextraction (LPME) and solid-
phase microextraction (SPME) are frequently usebidganalysis [7,8]. LPME does not require
dedicated expensive SPME cartridges, does not $tdfa carryover problems, and can be used with
small amounts of unconventional, green chemistlyeats including ionic liquids, magnetic ionic
liquids, and deep eutectic solvents [9,10,11]. frore information regarding SPME, please refer
to excellent recent papers by Pawliszyn et al.1[324]. Similarly, this section does not cover
the electroextraction techniques, which were thghtyireviewed by Oedit and Lindenburg [15]
as well as Pedersen-Bjergaard et al. [16]. We f@dlus on in-line LPME sample pretreatment
technigues coupled with CE in an automatic manntr @ase.

In-line LPME is a sample preconcentration technigogloyed prior to injection, also capable
of cleaning up sample matrices (including desajtiagd sampling gas or solid surface
substances. Among various in-line LPME techniqsesgle drop microextraction (SDME), in-
tube microextraction (ITME), and liquid extractiesarface analysis (LESA) will be discussed
herein. These methods can be easily coupled withw@Bout modification of existing CE
instruments (see Figure 1). Importantly, due toghmple clean up capability, these techniques
can be straightforwardly applied to biological séspNote that in LPME as in most extraction
procedures, the extraction efficiency for an amalgtrongly depends on its distribution
coefficient. It is thus necessary for quantificatio take some measures such as using an internal
standard [17,18] or standard addition [19].

. -
«
X
SDME ITME LESA

Figure 1. Schematics of three LPME techniquesna-koupled with CE. SDME; single drop
microextraction; ITME; in-tube microextraction; LBSliquid extraction surface analysis.

2.1 Single drop microextraction (SDME)

SDME uses an acceptor drop hanging on a syringdleé or capillary inlet end. Since the
acceptor drop volume in SDME is less than few niiens, the volume ratio between the sample
donor and acceptor phases is very high, resultiragh enrichment factors (EFs). SDME can be
performed in a direct immersion (DI) or headspat®)(extraction mode.

Two-phase DI-SDME is a technique for extractinglgies into an acceptor drop immersed into
a sample donor solution. The equilibrium enrichnfentor, Ef, for an analyte obtained via 2-
phase extraction from a donor of voluMgto an acceptor of volumé, is given by



1
EF, =
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whereD = C4JCy, referring to the distribution coefficient of tla@alyte, whileC, andCy are the
equilibrium concentrations of the acceptor and dopbases, respectively. Therefore, the
maximum EF in a 2-phase SDME whé&fyVy is negligible is limited to the distribution
coefficientD, determined by the nature of the solvents andatfadyte. Choi et al. overcame this
limitation by combining 2-phase SDME with a largenfanol acceptor drop and an on-line
sample preconcentration technique, i.e., largenaelsample stacking using an electroosmotic
flow (EOF) pump (LVSEP), achieving overall EFs ¢&f0P for pentachlorophenol and benzoic
acids [20]. Recently, without filtration or centrgation, a soil sample prepared in 0.1 M HCI
and containing debris was cleaned up and enrichetighase SDME using a pentanol acceptor
drop, further enriched by LVSEP after injectiondaubsequently analyzed by CE-MS [21].

In 3-phase DI-SDME, analytes are extracted fromagoneous donor phase into an agueous
acceptor drop through a thin organic layer covetirggacceptor drop. For ionizable analytes, the
pH difference between the donor and acceptor phes®es as the driving force of extraction.
Therefore, this technique is not limited by thetrdisition coefficients as opposed to 2-phase
extraction methods. The Chung group demonstratgéglzase SDME in-line coupled with CE,
wherein a two-layer drop, i.e., a basic aqueougtoc drop covered with a thin octanol layer,
was formed at the inlet end of a separation capillamersed into an acidic donor solution [22].
The EFs obtained in about 10 min were several lathtly thousands for various analytes [23].
However, it is difficult to preconcentrate aminodscand peptides by 3-phase SDME due to
their zwitterionic properties preventing them bepagtitioned in the middle organic phase. Thus,
by blocking the amino groups by fluorescent derpaion, amino acids and peptides having
neutral or acidic side chains were preconcentragctral hundred-folds by a 3-phase SDME
from an acidic donor solution to a basic acceptopand then analyzed by CE-LIF [24]. The 3-
phase SDME technique was also successfully indowpled to CE-MS for the analysis of illicit
drugs in urine [25].

HS-SDME is a 3-phase SDME technique involving agandonor phase and an acceptor drop
in an HS extraction arrangement and is especialisaatageous for cleaning up non-volatile
matrix components. Although HS-SDME has been widatiopted for various analytical
techniques such as GC and LC, mostly it has besitelil to off-line modes. Pranaigyet al.
applied off-line HS-SDME to CE for preconcentratiand determination of ammonia in human
blood, seawater, and milk [26]. Park et al. firgpked this technique to CE in an in-line mode.
Similar to 2-phase DI-SDME, the extraction from tH8 to the acceptor drop was governed by
the D value described in Eg. 1. Thus, a large singlg dvas used as an acceptor and on-line
LVSEP was performed after large sample injectiorttsd the EFs were several thousand for
chlorophenols in wine, with the limit of detectio(isODs) of 0.8 ppb obtained using a UV
detector built in a commercial CE instrument [27].

(eq 1)

2.2 In-tube microextraction (ITME)

Although SDME is a convenient and powerful sampletneatment technique for CE, it often
exhibits instability of the acceptor drop attachedthe inlet end of the CE capillary. Careful
counterbalancing of the drop shrinkage due to tm#ase tension should be performed by
applying backpressures, especially for long exiwactimes. To overcome this disadvantage,
ITME using a liquid plug inside the separation dapy as an acceptor phase has been recently



developed. For this method, it is not necessargoimnterbalance the surface tension since no
drop is attached to the capillary. Another advaataf this method is that all the extracted
analytes are already inside the separation capilléo apply ITME for HS extraction, the
separation capillary filled with an acceptor plugeds to be held in the HS above the sample, the
simplest possible LPME in-line coupling mode witlk.CHS-ITME-CE was first used for the
analysis of chlorophenols in wine [28], followed pkienol analysis in environmental samples
(lake water) [29].

2.3 Liquid extraction surface analysis (LESA)

Analysis of a solid surface sample typically regaihomogenization of the bulk sample into a
fluid form injectable into an instrument, which magsult in considerable dilution into a
complicated bulk matrix and is labor and time isiga. In contrast, in LESA, a liquid
microjunction is formed on the sample surface,valhg the analytes on the surface to be directly
sampled without dilution and complication. LESA wiemonstrated for the analysis of dyes in a
spot on a thin layer chromatography plate [30]. AB&as then automated using a conductive
pipette tip on a commercial robotic arm for spomphng of various analytes from small
molecules to proteins with subsequent MS analystswithout separation [31,32,33]. LESA-CE
was applied for detecting pesticides on an applals was demonstrated by using the capillary
of a homemade CE setup [34]. A nanoliter-scaleidiquicrojunction was formed between the
capillary tip and the apple skin, and non-infilivat organophosphorus pesticides on the skin
were directly sampled, derivatized using a fluomgtin-capillary, and analyzed by CE-LIF.
The LODs were ~20 times lower than the toleranceitdi set by the US Environmental
Protection Agency. However, for a home-made CEpsdt&ESA-CE requires a skilled operator
and long operation timeg B0 min) to handle liquids by gravity. Thus, ancmated LESA-CE
methods using commercial CE equipment with presstoetrolled liquid handling was
demonstrated [18]. With less manual interventiobESA-CE was much faster and more
reliable. In addition, the sampling spot diameterere reduced from 1~4 mm with the
commercial pipette tip to 0.4~0.5 mm with the dapyl inlet, allowing higher spatial resolutions.
An obvious application of high speed and multipttXeESA-CE would be mapping of the
surface composition of biological or technical séap Recently, LESA in-line coupled with
CE/MS was demonstrated by Duncan et al. [35]. Segpdf endogenous metabolites from
various (brain, spinal cord, and kidney) tissuefasigs provided chemical profiling in distinct
cellular regions of tissue, critical in diagnositige disease. Owing to the separation power of
CE, isobaric and isomeric species could be diffisited. Metabolites and polypeptides from
different locations of various organ surfaces wareestigated for regiospecific molecular
profiling of biological systems.

3. On-line electrophor etic preconcentration techniquesin CE during/after sampleinjection

On-line approaches for electrophoretic sample preeotration techniques in CE are based on
the on-capillary manipulation of the analyte migratvelocity which is the product of the
analyte mobility and the electric field. The teaues applicable only to samples in a low
conductivity matrix will first be discussed, anceththose applicable even to samples in a high
conductivity matrix. Since many biological and eowimental samples are in complicated
matrices of high conductivity, the latter technigugre practically more valuable. A list of
representative techniques and their key featueepravided in Table 1 [36,5].



Table 1 Selected electrophoretic sample precorat@nrtechniques used in CE. SymbéB© /

= cations/anions) = neutrals; + = very good, owiteéd, — = unsuitable

. Resistance Prevailing mode
Type of electrpphoretlc_ Analyte to sample | of coupling EE
preconcentration techniques charge salinity
FASS (field-amplified sample stacking) on-line 5
FESS (field-enhanced sample stacking696 B on-line 10-10°
LVSS (large volume sample stacking) O — on-line 16-10°
FASI (field-amplified sample injection _ on-line :
FESI (field-enhanced sample injectior)@e on-line 1010
pH-driven techniques (dynamic pH on-line :
junction, pH-mediated stacking) NS * 10-10°
Sweeping o0 |0 on-line 10-10°
AFMC (analyte focusing by micelle on-line 5
collapse) O © 10-10°
MSS (micelle to solvent stacking) PO O on-line 10-10°
ITP (isotachophoresis) off-line, in-line 5
tITP (transient ITP) DO * on-line 10-10°

3.1 Electrophor etic preconcentration techniques for samplesin low conductivity matrices

Sometimes, analytes are dissolved in a dilute mé&xp., analysis of drinking water impurities)
and the injected sample constituents are focuded @irning on a separation electric potential.
In such a case, the increased electric field indheconductivity sample zone causes the analyte
ions to stack (concentrate) into narrow zones at(ffont and rear, depending on the charges)
boundaries with higher conductivity background etdgte (BGE) zones. This process is called
field amplified (or enhanced) sample stacking (FABS-ESS) or simply stacking. To stack a
long plug of sample to achieve high preconcentmatiathout losing the separation quality, the
sample matrix must be removed before the separatem The matrix removal can be carried
out either via polarity switching [37] or EOF pumpgiin an automatic manner [38]. These
techniques called as large volume sample stackiM$$) can provide EFs of up to several
hundreds. The latter automatic mode of LVSS cadled VSEP is obviously more convenient
since it does not require current monitoring totslwthe polarity of the electric potential but the
electroosmotic mobility has to be reduced belowrttegnitudes of the analyte mobilities. The
electroosmotic mobility can be reduced via sevavalys such as using a coated capillary
[39,40,41] or a bare capillary employing EOF maatdi [42], very low BGE pH [43], pH
hysteresis [44], or nonaqueous CE with a methaiGi B45].

In field amplified (or enhanced) sample injecti®fAGI or FESI), the preconcentration of a low
conductivity sample is induced by the sudden mignatvelocity drop during electrokinetic
injection (EKI). Since a large-volume sample santbf low conductivity can be introduced by
EKI, FASI is superior over FASS or LVSS in termsEFf values. However, the sampling bias
depending on the analyte mobilities must be coms@tiéor quantification.

To be more accurate, the requirement of "low cotiditg matrix" for the above sample
preconcentration techniques should be "lower cotidtic sample than that of BGE". The
maximum EF of sample preconcentration techniquesdan field amplification is given by the
conductivity ratio between the BGE and the sampleen by using a BGE or a short plug of
BGE of very high conductivity, a sample in a moderaonductivity matrix can be
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preconcentrated [46].
3.2 Electrophor etic preconcentration techniques for samplesin high conductivity matrices

The on-line preconcentration techniques descrilieye are applicable only to samples of low
conductivity. However, in practice, preconcentmatiof high conductivity samples is often
urgently needed.

3.2.1 Preconcentration by effective mobility changes, dynamic pH junction, sweeping,
analyte focusing by micelle collapse (AFM C), and micelle to solvent stacking (M SS)

The sample preconcentration techniques in thisseathieve LODs that are at least one or two
orders of magnitude lower than those of conventicd& by manipulating the effective
mobilities of analytes (Table 1). Dynamic pH junctiis a technique wherein a pH gradient
between the sample and the BGE zones is generd®@d Thus, the ionization status of the
analytes entering the BGE zone changes, resultingodified analyte electrophoretic mobilities.
It was first reported by Aebersold’s group in 1990][48d named as dynamic pH junction by
Britz-McKibbin and Chen in 2000 [49]. It has beempoyed for many proteomics and
metabolomics researches [50,51,52,53]. This tecienaguld be easily coupled with electrospray
ionization MS, and allowed to obtain 200-400 foldjHer peak heights while compared to
conventional injections for real samples analydibile applying this preconcentration technique
the time-consuming off-line pre-concentration cobéd omitted, which was recently proved for
bacteria analysis by Yan and coworkers [54]. Funtoee, the proteome coverage could be
improved together with enhanced robustness anddapibility while pH junction-CE-MS
hyphenated techniques are applied since dynamigipéfion could improve greatly the loading
capacity of CE. As an example, the experimentsiathrout on the complex mouse brain
proteome digest analysis by Chen et al could betioresd [55]. The data presented by Chen et
al. suggested that the presented dynamic pH jumttised CE-MS system could be successfully
applied even for the large-scale bottom-up protesnmilot only proteomics takes benefits from
the dynamic pH junction supported CE-MS-based nughdut also metabolomics. This
automated sample enrichment, separation and dateptocedure was applied for the low-
abundance metabolite analyses and their idenidicatvith nanomolar detection limits in
biological matrices [53]. In here also the comhmmatof two on-line stacking methods was
presented: transient cation isotachophoresis withaghic pH junction for enhancing the
detection of zwitterionic amino acids and othernarat species. Additional techniques include
sweeping, analyte focusing by micelle collapse (AFMand micelle to solvent stacking (MSS),
which are based on analyte interactions with a laicphase. Sweeping is applied for neutral as
well as charged analytes, AFMC for neutral analytesl MSS for charged analytes (Table 1).
Sweeping is based on the accumulation of analytes inicelle-free matrix at the front of a
pseudo-stationary phase composed of micelles, wacketrates the injected sample zone [56].
AFMC occurs when the sample is prepared in a naicethatrix slightly above the critical
micelle concentration (CMC) containing a high coctduty electrolyte salt. Micelles in the
sample zone transport, release, and accumulateatined analytes in the micelle dilution zone
between the sample and BGE plugs. Analyte releasacilitated by dilution of the surfactant
below its CMC, causing micelle collapse [57]. Byngsa high conductivity solvent containing
SDS micelles to form a liquid microjunction, LESABAFMC were synergistically coupled for
the analysis of neutral pesticides on apple skime Ticellar solvent not only improved the
surface extraction efficiency but also enabledina-preconcentration of the injected extract by
AFMC [18]. MSS is performed via reversal of theattephoretic mobility of charged analytes at
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the boundary stacking zone between the micelle-agdnic solvent-rich zones [58]. All the
techniques discussed in this section are suitatebiological samples in high conductivity
matrices and thus constitute great utilities fambédical studies.

3.2.2 Preconcentration with electric field changes, pH-mediated stacking, isotachophoresis
(ITP) and transient isotachophoresis (t1 TP)

pH-mediated stacking leads to the on-line transé&tion of a high conductivity sample matrix
(such as in the case of the biological sample oed)ito a low-conductivity sample matrix
which requires only one additional injection stefildwing the sample injection. A plug of high
conductivity sample and then an additional plugneutralize the sample plug are (usually
electrokinetically) injected. It has been appliedthe analyses of various samples including
biological samples [59,60,61].

ITP is typically performed under a suppressed EOG#dition using a discontinuous electrolyte
system wherein a sample is injected between thdinga(LE) and a terminating (TE)
electrolytes. While the LE must contain a co-ioeading ion; L) with higher effective
electrophoretic mobility than those of the samplesi the opposite is true for the TE co-ion (T).
When the separation current is applied, after atdime, the sample constituents are arranged
into distinct individual zones adjacent each othatecreasing order of their effective mobilities.
After completing the zone arrangement, all the gon®ve at the same migration velocity
(steady state ITP). It implies that the electrediof each zone is inversely proportional to the
mobility of each constituent. Since the concentranf L (most commonly between 10 and 20
mM) is selected to be much higher than the analgtecentrations, sample band compression
always occurs due to the high electric potentiapdover the analyte zone according to the
Kohlrausch regulating function as described inZ¢for more details, please refer to [62]):

AR
A

wherec, is the steady-state analyte concentratpns the concentration of L, ang, p., andpc

are the effective mobilities of the analyte, L, ah@& counter-ion C, respectively. If a trace
analyte is present in a concentration too low ffer ¢reation of its own regular zone, the analyte
is incorporated into the boundary between adjaftdiyt developed zones, i.e., acts as a pseudo-
displacer. In this case (spike ITP mode) the qtetrdn is based on the peak height or peak area
instead of the zone length. Alternatively, theimelcoupling of ITP-CZE in a coupled column
arrangement can be used to improve the resolufitm@ components. This combination of ITP
in the first column to focus the sample into araidaejection zone (transfer of focused analytes)
and CZE in the second column is a common featucemmercial ITP instruments.

A popular form of ITP is transient ITP (tITP), wiear the analytes are first concentrated by ITP
and subsequently separated by CE in a single aapilDne scheme of tITP is placing a sample
plug dissolved in TE between the two LE zones (BGEE). Initially, analytes are focused in
the transiently formed LE/sample/TE arrangemernhatsample plug front. As the faster L ions
overpass the T ions, focusing ceases and the cwatsh analytes undergo the CE separation
process. Various tITP schemes have been devel@B¢arnd are now widely used since they can
be easily implemented with conventional CE instraotee using a single capillary
[34,64,65,66,67,68]. For real sample analyses, kewehe influences of the L or T ions pre-
existing in the sample matrix should also be carsid [69].

While the early works on ITP used a capillary fotpmaicrofluidics chip electrophoresis (MCE)

(eq 2)
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methods developed in the 1990’s [70,71] have be#inad for ITP as well [72,73]. All aspects
of MCE meet the demands of green analytical cheyn[34]. However, MCE is often limited
due to the high complexity of real matrices, andface concentrations of target analytes in
highly saline samples. The short separation chanoélMCE devices require injection of
simplified samples, while the reduced dimensiongtop channels impose heavy demands on
the detection sensitivity. The on-line coupling wdrious electrophoretic techniques is an
effective scheme to integrate sample pretreatméhtMCE separations for analyses of complex
biological and environmental samples. The firstlime- sample pretreatment by combining
electrophoretic techniques (ITP and CE) in a cbipnfat was reported by Kaniansky et al. [72].
Small ions, as well as proteins and DNA fragmeo#s) be preconcentrated by ITP [75]. The
benefits of ITP-CE in a chip format were reviewed ®mejkal et al. [64]. Jeong et al. [76]
described a sensitive tITP-CE method for fluoresa@md 2,7-dichlorofluorescein in a highly
saline matrix using a polydimethylsiloxane chiphwitlF detection. Jung et al. [77] obtained a
high EF (2 x 18) from tITP-CE of Alexa Fluor 488 on a borosilicajss microfluidic chip.
Selected proteins were detected in a human urimglsausing tITP-CE with UV detection [78].
UV transparent quartz was used to construct migidit chips for ITP-CE of quercetin and
isorhamnetin [79]. A polymethylmethacrylate chiptlwcoupled separation channels was used
for determination of trace nitrite and nitrate, icators of various neurological diseases, in a
cerebrospinal fluid [80]. Complex samples were méeh up off-line by micro solid-phase
extraction (MSPE) prior to ITP-CE analysis. LODs ®fand 6 nM for nitrate and nitrite,
respectively, were achieved using a conductivitted®r by large-volume injection (948),
exceeding the total volume of both separation caBnfsee Figure 2). Combination of tITP with
other sample pre-concentration techniques suchPMdEShas been shown to even greater
improve the sensitivity. Even the problem of banobldening processes observed while SPME is
planned to be on-line coupled with CE could be sssfully minimalized, which was shown by
Wang et al in 2012 [81]. Also, further studies deghith the in-line combination of commonly
used in off-line mode techniques (such as SPErongtcation exchange (SCX) adsorbents) with
CE were carried out. Experiments carried out bynghat al. in 2016 proved that the in-line
combinations are much less time consuming as wellige the excellent coverage of relevant
analytes in the biological samples [82]. Also, 8feE was successfully coupled in-line with CE
[83]. Ref. [83] reviewed several CE-ESI-MS methudlh in-line SPE microcartridges for the
biological analyses such as determination of opipéptides and neuropeptides in plasma
samples [84,85] or in-line SPE-CE with ion-trap)(NIS detection for analysis of peptides in
cerebrospinal fluid [86].
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Figure 2. MSPE-ITP-CE analysis of a cerebrospihabfsample on a microchip. D1, D2 =
conductivity sensors for ITP and CE, respectivElpm Ref. [80], with permission.

Recently, the ITP technology has moved towardsr@jypceparative purification of nucleic acids
[87]. Only small differences exist between the ttgzhoretic mobilities of short and large
nucleic acids. Thus, all DNA fragments, regardleksheir sizes, can be focused into a single
zone between LE and TE [88]. Kondratova et al. diesd the ITP method of concentration and
isolation of DNA in agarose gel rods [89]. Latevd®pments involve the use of microfluidic
devices, as pioneered by Santiago et al. [90]. ,THUB is a promising sample pretreatment
technique for nucleic acids providing lower lossésrace analytes and EFs of several orders of
magnitude [91, 92, 93,94], in contrast to curreghhiques such as SPE. Applications include
DNA purification, extraction, fractionation, andteaction from single cells and/or hybridization.
Figure 3 shows a microfabricated device which afldwor ITP focusing of a 50-uL sample
volume into a 500-pL zone. The device, compose8ybdfard 184 polydimethylsiloxane resin,
achieved highly sensitive detection of both molacuiargets (DNA, at 10 fM) and whole
bacteria (at 100 cfu/mL).
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/
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Y 4

reservoir

V'S

Figure 3. Photograph of a large-volume ITP devidee insets show focusing of a fluorescent
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dye. (a) The analyte first focuses uniformly acrttes entire width of an & m wide region. (b)
The wide region tapers down to a width of 108, providing additional geometrical focusing.
(c) An intermediate chamber geometry enables smoefitcusing of the interface from the
dispersed state. (d) In the final narrow regioe, P interface rapidly achieves a steady focused
state before detection. From Ref. [92], with pesius.

4. Sample pretreatment by integrated immobilized enzyme microreactors

Immobilized enzyme reactors are promising toolsbioanalytical research and the applications.
These microreactors are complementary to the sapmpteeatment techniques described above.
Most "-omics" fields utilize immobilized enzymesdagise of their improved stability and higher
resistance against denaturation. Miniaturizatiorthelse immobilized enzyme reactors features
increased surface-to-volume ratios and concomitasiecreased diffusion limitation, allowing
for the development of rapid and high-yield sampletreatment tools. The fundamentals,
advantages, and disadvantages of the technology welt summarized in recent reviews [95,
96], and only recent trends in the field will bedissed.

Enzyme reactors and microcolumns are classifiedebasn the applied immobilization
techniques, i.e., entrapment, adsorption, covabemtding, affinity, or cross-linking and by
considering the types of solid support such as oni@nd nanoparticles, porous polymer
monoliths, membranes, and paramagnetic nanopartiae well as the inner wall of the
reactors/capillaries [97].

Despite the significant progress in microfluidicasbd immobilized enzyme reactopdMERS),
most techniques involve the random immobilizatioh emzymes on the chromatographic
stationary phases via covalent bonds between thetifuinal groups of the stationary phase and
the amino groups of the enzyme (including aminaugsoat active and inactive sites). Therefore,
this “general” immobilization approach may resultreduced enzyme activity due to structural
deformation induced by covalent bonding or decreasubstrate availability to the active sites
caused by steric hindrance (if amino groups in Hwive sites are involved in the
immobilization) [73]. Application of spacers incess the distance between the solid surface and
the immobilized enzyme, alleviating difficulties used by steric hindrance [98]. A more
sophisticated approach to limit steric hindrancerienting immobilization with specially tagged
enzymes. Hisand glutathione-S-transferase are the most comynasegd tags with affinities
towards nickel and glutathione, respectively. Geenmmobilization reportedly provides higher
activity and specificity for the immobilized enzymf©9].

Other trends in sample pretreatmentuhylER include the utilization of graphene oxide (GO)
gold nanoparticles (GNPs), and magnetic nanopestif100] aiming for the improvement of
robustness, repeatability, and hydrophilicity [96]0 contains numerous oxygen moieties such
as epoxy, carboxyl, hydroxyl, and carbonyl groups] is an ideal supporting material that can
be subjected to various chemical modifications.y&mes can be conjugated to GNPs via thiol
groups resulting in very stable immobilized systefiitge very high surface-to-volume ratios and
narrow size-distributions of GOs and GNPs make thesmising packing materials fpfMERS
[101,102].

Monoliths are innovative alternatives to convendiloparticle-based solid support materials and
the main advantages of using monolithsuiMERSs are as follows: 1) fast mass transfer due to
decreased diffusion resistance; 2) relatively laeKpressure owing to the flow-through pores;
and 3) simple fabrication using in situ copolymatian (no packing issues). Monolithic type
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supports can be categorized into three main classeh as organic, inorganic, and hybrid.
Conventionally used techniques for monolith faldrara include thermal- and photo-initiated
polymerization, as well as polycondensation asahginly described in a comprehensive review
by Svec [103]. Another novel approach for monofthmation is cryogelation which provides
large pores ensuring excellent hydrodynamic proggerdf the monolith. Finally, immobilized
enzyme microcolumns (IEM) represent another newdtréor microreactors. Szigeti et al.
recently reported the oriented immobilization ofe thendoglycosidase, PNGaseF, on
microcolumns for glycomics application [104]. Alilngh IEMs have been used for decades, they
have experienced a renaissance since this appoaache readily applied to automated sample
pretreatment systems, including liquid handlingatsb Since the processivity of théMERS is
very high compared to the sample amounts sepamat&E, they can be coupled in-line. For
example, proteins separated by CE can be digestegeptides during their transition from the
CE capillary through an extended electrospray reeedhtaining surface immobilized peptidase
[105]. Along these lines, integrated and automatemkflows are identified as the next
promising trends of the field. The Dovichi group ase of the pioneers in integrated and
automated techniques hyphenating single or mulgdsional CE separations wighMERSs for
protein characterization [106,107,108,109].

5. Conclusions

A plethora of electromigration-based approachese ha@cently been developed allowing for
more detailed analytical and biomedical studieaguostics, and monitoring of diseases as well
as for the evaluation of novel therapeutic compagurithese methods are becoming extremely
important for achieving lower LODs of many analytefien present in trace amounts in
biological matrices. Combining CE wiih-line or/andon-line sample pretreatment techniques
represents a powerful tool for bioanalytical labori@s. Compared to widespread SPE
techniques, electromigration techniques do not oslysurface interactions or disposable parts,
which may minimize analyte losses in samples caimgi large biopolymers. In addition,
electromigration techniques can be easily automatetl combined with on-column detection
and fractional collection. Moreover, with a promalection of electrolyte buffers, a universal
instrument can be operated in several modes. WHNMERs are not electrodriven sample
pretreatment tools, they can significantly conttéto the improved analytical performance of
CE-based separations methods. In-line coupldERSs reduce sample loss, increase enzyme
stability, and improve productivity, which are kagpects of bioanalytical methods.

We envision that electromigration based samplergménent techniques will further emerge,
providing a particularly important toolset for rasehers in the bioanalytical, biomedical, and
clinical diagnostics fields.
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Highlights

* Recent advances and major trends in sample pretreatment for capillary electrophoresis
are summarized.

* In-line and on-line sample pretreastment techniques are discussed with emphasis on
biological samples.

* This review aims at providing an overview of strategies to couple sample pretreatment
techniques with capillary and microchip e ectrophoresis.
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