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Abstract

To improve the sensitivity in chiral analysis bypikry electrophoresis without loss of
optical resolution, application of large-volume gdenstacking with an electroosmotic
flow pump (LVSEP) was investigated. Effects of ddlition of cyclodextrin (CD) into
a running solution on the LVSEP preconcentratios Weeoretically studied, where the
preconcentration efficiency and effective separatength would be slightly increased
if the effective electrophoretic velocityefesc9 Of the analytes was decreased by
interacting with CD. In LVSEP-CD-modified capillagone electrophoresis (CDCZE)
and LVSEP-CD electrokinetic chromatography withu@etve ei ses up to 1,000-fold
sensitivity increases were achieved with almost lss of resolution. In
LVSEP-CD-modified micellar electrokinetic chromataghy of amino acids with
increased/ep eff,zcs @ 1,300-fold sensitivity increase was achievetthout much loss of
resolution, indicating the versatile applicabilay LVSEP to many separation modes.
An enantio-excess (EE) assay was also carried mutvVEEP-CDCZE, resulting in
successful analyses of up to 99.6% EE. Finally,analyzed ibuprofen in urine by
desalting with a C18 solid-phase extraction colums. a typical result, 250 ppb
ibuprofen was well concentrated and optically resdlwith 84.0-86.6% recovery in
LVSEP-CDCZE, indicating the applicability of LVSHE® real samples containing a

large amount of unnecessary background salts.
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Introduction

Chiral compounds are recognized to play importaigs in chemistry, biology,
medicine, and pharmacology [1-3], so that the ditaly methods for the chiral
compounds require the high sensitivity, high optresolution, and short analysis time.
Among several chiral separation methods, such agh-fperformance liquid
chromatography (HPLC), gas chromatography, andlaapielectrophoresis (CE), CE
exhibits high resolution with little sample consurop in a short analysis time. Several
separation modes have been developed for chiraragpn in CE, including micellar
electrokinetic chromatography (MEKC), cyclodexti@D)-modified capillary zone
electrophoresis (CDCZE), CD electrokinetic chromgaaphy (CDEKC), CD-modified
MEKC (CDMEKC), affinity capillary electrophoresisACE), and nonaqueous CE
(NACE) [4-6]. However, the concentration sensitivg quite poor because of the short
optical path length and the small injection voluofisample solution.

To overcome such the drawback of CE, several endimmple preconcentration
techniques have been developed [7-21]. Althougtoup000-fold sensitivity increases
have been achieved in chiral analysis [7-16], ogation of the preconcentration
conditions is usually required because the resmiutias reduced due to the decrease in
the effective separation length accompanying thaemse in the sample injection
volume [17-19]. Since the enantioseparation is smteasy without the optimal
electrolyte composition, additional optimizationtbé preconcentration condition is one
of the most serious disadvantages. Moreover, higétijcient preconcentration
techniques often require multi-step procedures2j6 which are quite bothersome and
often cause the reduction in the analytical repedality. Hence, we focused on an

online sample preconcentration technique usingd fiamplified sample stacking,
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large-volume sample stacking with an electroosmdibev (EOF) pump (LVSEP)
[21-23], which provides the high sensitivity withm@st no loss of resolution in a
simple experimental procedure. In our previous W@Z], up to 780-fold sensitivity
increases were achieved with good separation pesioce in the CE analysis of
oligosaccharides. Moreover, we did not need tonoigB the sample injection volume,
because the sample filled in the whole capillaryldobe concentrated. Thus, the
application of LVSEP to the chiral analysis in GEepected to improve the sensitivity
with high enantioseparation efficiency and to mizenthe optimization procedure of
the experimental conditions and the multi-step @neentration procedure.

In spite of the high preconcentration and sepamaaibility of LVSEP, there has
been no report on the separation performance irbcong LVSEP with any separation
modes except for the most basic separation mogédlacg zone electrophoresis (CZE).
In LVSEP, the separation performance is determimgdhe inversion position of the
sample migration where the EOF velocity and elgttovetic velocity of the analyte in
a background solution (BGS) is balanced [23]. Heribe change in the effective
electrophoretic mobility in the different separationode can cause the increase or
decrease in the resolution. It is important to abersthe effect of the separation mode
on the resolution both theoretically and experiratiynt

Our aims in this study are to clarify the effeofsthe separation mode on the
resolution in LVSEP and to achieve the efficienfpiovement of the concentration
sensitivity without loss of optical resolution amdthout complicated experimental
procedures including the optimization steps. Thsmakinvestigation on the resolution
in the LVSEP-applied chiral analysis using CDs hsat selectors was performed by

estimating the inversion position, which is expdcte directly affect the effective
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separation length. Three enantioseparation mode§;ZE, CDEKC, and CDMEKC,
were carried out to evaluate the performance ofsengsitivity improvement and the
enantioseparation. An enantio-excess (EE) assay waB® carried out in
LVSEP-CDCZE. Finally, we performed the analysisaafrug component dissolved in a
urine matrix to show how to analyze real samplestaining a large amount of
unnecessary background salts. The purification gusinC18 solid-phase extraction

(SPE) column was applied for the LVSEP analysigefurine sample.

Experimental Section

Materials and Chemicals.

A fused silica capillary was purchased from PolymmiTechnologies (Phoenix, AZ,
USA), poly(vinyl alcohol) (PVA,M,, = 88,000, 99% hydrolyzed) was obtained from
Japan Vam and Poval (Osaka, Japan), warfarin weshased from Dr. Ehrenstorfer
GmbH (Augsburg, Germany), thiourea;)-abscisic acid, racemic ibuprofen,
(S)-(+)-2-(4-isobutylphenyl)propionic acid ((S)-imofen),
2,6-di-O-methyl$-cyclodextrin  (DM$-CD), and 2,3,6-tr@-methyl$-cyclodextrin
(TM-B-CD) were purchased from Wako (Osaka, Japan), mate -cyclodextrin
(QA-B-CD) andpL-leucine were purchased from Sigma-Aldrich (St.ispMO, USA),
and all other reagents were purchased from Natatgjue (Kyoto, Japan). All solutions
were prepared with deionized water purified by gse Direct-Q System (Nihon
Millipore, Japan), and filtered through a 0% pore membrane filter (Nacalai Tesque)

prior to use.
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Derivatization of AminoAcids

Amino acids were derivatized with fluorescein motyanate (FITC) for
laser-induced fluorescence (LIF) detection as enphevious report [24]. Briefly, hL
of 50 mM amino acids and 3. of 50 mM FITC dissolved in 50 mM borate buffeHp
9.5) were mixed and left for 24 h at room tempertdThe solution was diluted with

deionized water or a BGS for the appropriate cotnagans.

SPE Purification of Urine Sample

Urine samples spiked with ibuprofen were purifieith a C18 SPE column (Inert
Sep C18, GL science, Kyoto, Japan). Urine was saanfjpbm a healthy male volunteer
and filtered with a 0.4f5m pore membrane filter. Ibuprofen dissolved in raeati (1%,
w/v) was spiked in the urine for certain concembrat followed by adjusting pH to
around 3 by adding 6 M hydrochloric acid. After ddaioning the SPE column with 1
mL methanol and 1 mL water, 5Q0_ of the urine sample was passed through the
cartridge with a gentle gravity pressure at a flawe of about 0.3 mL/min. The column
was washed with 1.5 mL of water, 0.5 mL of 25 mNhiec acid in ACN/water (20/80,
v/v), and 1.5 mL of water again. Ibuprofen was tledurted with 0.5 mL of ACN. The
eluent was lyophilized and the residue was dilut@d 500 uL of water for the LVSEP

analysis.

Capillary Coating
A fused silica capillary was coated with PVA iretlame way as the previous
papers [22,25,26]. Briefly, the capillary was aated and washed with 1 M NaOH and

water, followed by the injection of a 5% PVA sobriinto the whole capillary. Both the
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capillary ends were immersed in the same PVA smtudind left at room temperature for
15 min. The PVA solution was then removed out &f tapillary and the capillary was
heated at 140 °C for 18 h under a nitrogen gas. flbwe capillary was filled with

deionized water and stored at room temperaturer Ryiuse, the capillary was flushed

with a BGS for 15 min.

Apparatus

All CE experiments were performed on a P/ACE MB&tem (Beckman Coulter,
Fullerton, CA, USA) equipped with a diode-array \detector or a LIF detector. The
LIF detector used in the LVSEP-CDMEKC analysis ¢stesl of a 488 nm argon ion
laser module and photomultiplier detector with & B2n band pass filter. UV detection

was performed at 200 nm in LVSEP-CDCZE or 250 nitMBEP-CDEKC.

Analytical Procedure.

The capillary with total/effective lengths of 40/m was employed in the
CDCZE analysis and that of 60/50 cm in the CDEK@ &DMEKC analyses. They
were conditioned with deionized water in applyingSEP or with the BGS in the
conventional CDCZE/CDEKC/CDMEKC analyses at 20fpsi3 min prior to each run.
Sample injections were performed with a pressurgpsi for 90 s (whole capillary
injection) in the LVSEP-applied analyses or 0.3 fosi3 s in the other conventional
analyses. The applied voltage and the temperatere wet at —30 kV and 25 °C,
respectively, except in the CDCZE analysis of ilod@n with voltage application of

25 kV.
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Results and Discussion

Theoretical Consideration

In LVSEP-CDCZE/CDEKC/CDMEKC, the EOF-suppressegiltary is filled
with a low ionic strength solution containing anmmanalytes, whereas the inlet and
outlet vials are filled with the high ionic strehg8GS containing CD (Figure 1a). After
applying the voltage, anionic analytes are coneg¢edrat the sample matrix (SM)/BGS
boundary by the difference in the electric fieldeagth between the two zones. The
focused analytes move toward the cathode and tHe iB@itroduced into the capillary
by the enhanced EOF in the low ionic strength SMufe 1b). As the analytes migrate
toward the cathode, the EOF velocity becomes sl@andrthe electric field strength in
the BGS becomes higher (Figure 4-1c). When almbbgha SM in the capillary is
removed out from the cathodic capillary end, trecbphoretic velocity of the analytes
exceeds the EOF rate, resulting in the inversiorthef sample migration direction
(Figure 4-1d). After the complete removal of the .Siie analytes are separated by
CDCZE/CDECK/CDMEKC during the anodic migration (Erg 4-1e).

In the LVSEP analysis, the inversion position bé tconcentrated analytes is
significant for the separation performance [23].eBtimate the effects of the difference
in the separation mode from normal CZE employedtha previous studies, the
inversion position is theoretically considered. the CDCZE/CDEKC analysis, the

effective electrophoretic velocity in the BG&{ersc9 iS expressed as follows [27]:

\Y,

1 b
Vv = +— b
epeff,BGS ( (K ] [C D] + 1) :Uepfree (Kb [CD] + 1) :uepcomplexj L
v
L

(1)

= :uepeff,BGS
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Whereiep fres Mep,complex Lep.eff,3as Kb, [CD], L, V are the electrophoretic mobilities of the
free analyte and the analyte-CD complex, effectectrophoretic mobility of the
analyte in the BGS, binding constant of the analyitt CD, the concentration of CD,
whole capillary length, and applied voltage, respety. From Eq. (1), we theoretically
calculated the band widthw) and inversion position of the concentrated amafydm
the inlet capillary endx.; in the same way discussed in the previous p&&jr The
detailed calculation process is shown in the Suppprinformation. The estimated

results are expressed as follows.

He L eu
W= —epeffBGS™ | 1 HTEORSM (Whenueor,sm> —tep,fred (2 — 1)
W eorsm luepfree
_ Hepeises L
W= —SPEBS = (Whenueorsm< —ﬂep,freg (2-2)
/uepfree y
_ :uepeff,BGSL
Xy = —EPREBS T I y (When,quF,SM> —ﬂep,freg (3 - 1)
Weorsm
/’[e ’ L eW /'Ie , L
Xy = - peffBGS™ |1 _ EOFSM | _ TepeffBGS - (Whenueor,sm< —tep fred (3 — 2)
Weorsm Heptree Heptree

where ueorsw 7, ande are the electroosmotic mobility in the SM, condlitt ratio
between the SM and the BGS, and base of the nddgralithm, respectively. It should
be noted that all the estimated values are chafigedthose previously reported by the
factor of uep e, Bcduep ree IN the case of CDMEKC with more complicated iattions
between the micelle, CD, and analytes, the samsidemation can also be carried out
because not the complicated interactions but dméy dbtained value Ofepefipcs iS
important in our calculation.

In terms ofw, it becomes narrower if the rafi@p et scditep freelS SMaller than unity,
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which means that the analytes are more sharplységtulo our knowledge, however,
mainly depends on the molecular diffusion in thpasation step [23], so that the effect
Of tep eff, B itep,reeWill De limited.

In terms ofxs;, the theoretical calculation was carried out oa Hasis of Eq.
(3-1). In LVSEP using a PVA-coated capillary, tyigeor smof 5.0 x 10% cmfv s is
usually larger thamep ree Of Mmost anionic analytes so that Eq. (3—1) shdachpplied.
The calculation was performed in the case of thpgcef LVSEP conditionSep free =
-1.0 x 10* ecm?V's™ and ugorsw = 5.0 x 10* eV s ™. The estimated inversion
positions of the concentrated analytes from thedencapillary end are summarized in
Table 1. The inversion position shifts toward tla¢hode if the ratiQuep et scdiep freelS
smaller than unity, which means that longer parthef capillary can be used for the
effective separation. In the chiral analysis ofoare analytes, CDCZE with neutral
chiral selectors or CDEKC with cationic chiral sgtes are often employed, because
the reduction in the electrophoretic mobility exdenthe separation window. Hence,
Uep eff BcEUep free IS Often smaller than unity, where more efficisample concentration
and separation with more than 99% effective sejmar#éength are expected as shown in
Table 1. In CDMEKC, on the other hand, the analymésract with the fast migrating
surfactant so thatep e, scdtep reet€nds to be more than unity. In this case, thersion
position moves toward the anode especially with lkma causing less effective
separation. As shown in Table 1, however, the gffeseparation length was estimated
to be more than 93.74% indicating the loss of sdpar length will not be so
significant. In general, loss of effective sepamatiength would be more minimized by
reducing the salt concentration of the SM and bkintathe conductivity of the BGS

high to provide enough large

10
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LVSEP-CDCZE of Warfarin

The most fundamental enantioseparation mode, CDGZlRg neutral CD was
coupled with LVSEP. To compare the separation perémce with that of the
conventional analysis, the same experimental camditwere employed such as the
capillary length, applied voltage, and BGS composijt except for the sample
concentration and sample matrix. The same strateg also applied to the CDEKC
and CDMEKC analyses in this study.

In the CDCZE analysis, warfarin was analyzed asoalel analyte employing 10
mM DM-B-CD as a neutral chiral selector in 25 mM MES buftpH 6.0), in
accordance with the previous paper [28,29]. Indbeventional CDCZE analysis, 50
ppm warfarin was well optically separated (Figuag @ith the resolution of 2.5 (Table
2). In the LVSEP-CDCZE analysis, on the other hanskn 100 ppb racemic warfarin
could be detected with the resolution of 2.6 (Fegutb), where the sensitivity
enhancement factor (SEF) was estimated to be 1,80fce the noise level in
LVSEP-CDCZE was similar to that in conventional CZE; the SEF was simply
calculated from the following equation:

hLVSEP C

X Conventioral ( 4)
hConventioraI CLVSEP

SEF=

where,h andC are the peak height and sample concentrationecésply. The relative
standard deviations (RSDs,= 3) of the detection time, peak height, and peaa in
LVSEP-CDCZE were estimated as 2.0%, 2.1%, and 5r8%fgectively, whereas those
in the conventional CDCZE were 1.6%, 12%, and 1i&4pectively.

In the CDCZE analyses, the anionic analytes foompmexes with the neutral CD.

Since the number of total negative charges is hahged in the complex formation but

11
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the size is increased compared with the free agmlythe charge to size ratio of the
complex is decreased, causing the reduction ineleetrophoretic mobility. In the
LVSEP-CDCZE analysis of warfarinep e, scdiiep,ree Was theoretically evaluated as
0.76 and 0.81 for first- and second migrating eioamér, respectively, at= 500 . The
maintained effective separation length was theca#yi calculated to be more than
99.8% (see Supporting Information). As with thevwas report [22], the effective
separation length in LVSEP-CDCZE was experimentaitimated by subtracting the
migration time {y) with the time of the drastic current change As shown in Figure 2,
tw in conventional CDCZE was 15.5 min, wheregs<t;) in LVSEP-CDCZE was 15.7
min. These almost identical separation times gagecbmparable resolutions, 2.5 and
2.6 obtained with Figure 2a and 2b, respectivelye Effective separation length of
101% of the inlet-to-detector length estimated fr{imvser — ti)/tm.cocze agreed well

with the theoretically calculated length of 99.8%.

LVSEP-CDEKC of AbscisicAcid

CDEKC using a charged CD was combined with LVSBPdnalyzing a plant
hormone, abscisic acid, as a model analyte. Wearegl1.5 mM quaternafy-CD as a
charged chiral selector dissolved in 20 mM MES éuffpH 6.0), as shown in the
previous paper [29]. In the conventional CDEKC gs@&l, 250 ppm racemic abscisic
acid was well separated (Figure 3a) with the rdasmiuof 5.0 (Table 2). In the
LVSEP-CDEKC analysis, even 100 ppb racemic abseaisid could be detected with
the resolution of 4.5 (Figure 3b), where the SEE wstimated as 800. The RSDs<
3) of the detection time, peak height, and peak ardVSEP-CDEKC were estimated

as 1.3%, 4.4%, and 4.6%, respectively, wherea®timothe conventional CDCZE were

12
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0.1%, 4.0%, and 3.5%, respectively.

The difference in the detection times of convemio CDEKC and
LVSEP-CDEKC was found to be larger than that in ZBCwhich was mainly caused
by the slow matrix removal. In CDEKC, we employdxr tonger capillary with the
total/effective lengths of 60/50 cm than that of CZE with the lengths of 40/30 cm,
but the applied voltage of —30 kV was the sameadthlrases. From the EOF rate in
LVSEP-CDCZE, the time required for the matrix rerabwn LVSEP-CDEKC was
calculated to be 5.5 min. However, the actual t{teof 7.5 min was longer than that
expected, indicating the reduction in the negaig&a potential of the inner capillary
surface, where QA-CD might be adsorbed. Since the zeta potentiti®PVA-coated
capillary is fundamentally quite small, even a lslighange in the surface condition
tends to cause the drastic change in the enhar@éd &e.

In the CDEKC analyses, the anionic analytes foommlexes with the cationic
CD, where the number of total negative charge®dsiced in the complex formation
and the size is increased compared with the fredy@s. Hence the decrease in the
charge to size ratio of the complex causes thectemuin the electrophoretic mobility
as in CDCZE. The ratios Qfep eitscditep free (0.56 and 0.59)are smaller than unity,

supporting that the separation ability was mairgdim the LVSEP-CDEKC analysis.

LVSEP-CDMEKC of FITC-labeled AminoAcids

Amino acids are very important analytical targetdiological analysis, because
they are related with many biological functionstsas the protein metabolism, glucose
metabolism, and neural transmission. Recently,iniy@rtance ofb-amino acids has

been recognized since they are found to be incdeasalecreased in a human body

13
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suffering from several diseases in brain, kidney Bver [2]. Hence, the chiral analysis
of small amount of amino acids with high sensiyivéind high resolution is required.
Here, the combination of the LVSEP concentratiagh tresolution of the CDMEKC
separation, and the high sensitive LIF detectios waestigated to achieve the high
performance chiral analyses.

CDMEKC employing SDS and neutral CD were combiméth LVSEP. In the
CDMEKC analysis, arginine (Arg), methionine (Me8ind leucine (Leu) derivatized
with FITC were analyzed as model analytes by emptpy0 mM SDS and 10 mM
v-CD as the chiral selector in 40 mM borate buffgi (9.5), in accordance with the
previous paper [24]. In the conventional CDMEKC lgsis, 100 nM amino acids were
optically resolved (Figure 4a). The resolutions evestimated as 5.1, 5.7, and 6.0 for
Arg, Met, and Leu, respectively (Table 2). In th¢SEP-CDMEKC analysis, even 100
pM amino acids could be detected with the resatutib4.2, 5.5, and 6.0 for Arg, Met,
and Leu, respectively (Figure 4b). The SEFs wetienased as 1000, 1100, and 1300
for Arg, Met, and Leu, respectively. Opposite toSEP-CDEKC,t; of 2.9 min was
much smaller than that expected from LVSEP-CDCZibably because the slight
adsorption of anionic SDS increased the negatit@ getential of the inner surface of
the capillary.

Since the electrophoretic mobility of the FITC4#dd amino acids are increased
by the interaction with the SDS micelle, the ratiQ efr,scduiep freeiS larger than unity
especially for earlier detected analytes, whichhnigause the slight band broadening
and the reduction in the peak-to-peak distanceic@ypeduction in resolution for the
first detected Arg with the largegty effscs Supported our theoretical consideration.

Anyway, the optical resolutions were almost keptgghat in LVSEP-CDCZE/CDEKC,

14
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indicating the effect ofiepef,zasON the preconcentration is often limited. Thesedyo
results demonstrated the versatile applicabiliti\6bEP to many separation modes.

It should be emphasized again in LVSEP-CDCZE/CDEEMMEKC that the
sample filled in the whole capillary, which is thetcally the maximum injection
volume by pressure, could be well concentratedsapérated without much loss of the
effective separation length. Thus, it is not neags$o optimize the sample injection
volume in the LVSEP analysis. This is one of thestiovaluable advantages of LVSEP

coupled with any separation modes in CE.

EE Assay of 1buprofen

Quantification of a minor enantiomer from the esgige amount of the major
enantiomer is one of the most important issuebernchiral analysis. However, the large
peak of the excess amount of the enantiomer oftenaps the other peak, making the
guantitative EE assay difficult. If the conventiboaline concentration techniques were
applied to the EE assay, the reduction in optiesolution would make the chiral
separation more difficult, resulting in poor EE gtification. On the other hand, one of
the most significant advantages of LVSEP is theabdipy of maintaining the separation
performance, so that the comparable enantioseparand quantification with a
conventional mode is expected to be provided. Hetiee EE assay was performed to
verify the compatibility of LVSEP with the chirahalysis.

As a typical assay of 99% EE, the mixture of 99.8}-ibuprofen with 0.5%
(R)-ibuprofen was analyzed both by conventional ZBCand by LVSEP-CDCZE
using TM-CD as a chiral selector [30]. In LVSEP-CDCZE, 2wpfS)-ibuprofen and

10 ppb (R)-ibuprofen were well separated with tlesotution of 4.7 (Figure 5b),

15
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whereas 1000 ppm (S)-ibuprofen and 5 ppb (R)-ibigorovere resolved with the
resolution of 4.8 (Figure 5a). The SEF was evalliate 500 for both enantiomers, and
the limits of detection (LODs) (S/N = 3) in LVSERXCZE were estimated to be 3.7
ppb and 4.7 ppb for (R)- and (S) ibuprofen, respelst For quantitative analysis of
enantiomers, the peak areas must be correctedthétifiactor ofvs [31], which is the
sample velocity at the detection point. In the amional CDCZE analysis, the
electrophoretic mobility is proportional totd/ wherety, is the detection time of the
analyte, so that the area can easily be correctdd the factor of 1f;. In
LVSEP-CDCZE, on the other handfys not proportional tes becauséy includes the
time of the LVSEP concentration process. Sincetithe of the LVSEP concentration
can be estimated from[22], tw was corrected by subtracting withn this study for the
EE quantification. As a result, EE was estimated9895%+ 0.048% 6 = 4) in
LVSEP-CDCZE and 99.11% 0.082% ( = 4) in conventional CDCZE, indicating that
good chiral quantification performance of CDCZE waaintained even after applying
LVSEP. Moreover, the author also succeeded in $says of the EE ratio up to 99.60%,
where 5 ppm (S)-ibuprofen and 10 ppb (R)-ibuprofevere analyzed by
LVSEP-CDCZE. In conventional CDCZE, on the othendhasuch higher EE ratio
could not be determined because the required ctratiem of (S)-ibuprofen, 2,500 ppm,
was too high to be dissolved in the BGS. Hence, ERNSCDCZE is also suitable for the

assay of the high EE ratio.

Analysis of Ibuprofen in Urine Sample
Some of the most important targets of the chirallygsis are drug components in

biological fluids such as blood, saliva, and uri8ece these fluids contain many salts
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which directly interfere with the LVSEP preconcetitbn process, purification such as
gel filtration [22], liquid phase microextractiobRME) [32], and SPE [33] are required
in the LVSEP-CDCZE analysis. Taking into accounttb& molecular size of the
analytes, LPME and SPE are suitable in this stuidyPME-LVSEP, however, the EOF
velocity would become too slow in the preconcerdrastage due to the combination of
the PVA-coated capillary and a hydrophobic solvértus, SPE-LVSEP with a ¢
column was employed in this study. The conductiwfythe reconstituted sample
solution was reduced to 105/cm from 20 mS/cm in the original urine sample. As
shown in the previous report [22], the LVSEP analysould be performed without
dilution when the conductivity of the sample saduatis less than 100S/cm. Hence, the
desalting performance of the SPE is sufficienttier LVSEP concentration.

Urine sample containing 500 ppb racemic ibupraittar the SPE purification was
analyzed in the same LVSEP conditions as discuisstte previous section on the EE
assay. As a typical result, racemic ibuprofen wa#l detected and optically separated
with the resolution of 5.1 as shown in Figure 6§.tBe calibration curve determined
from the analysis of ibuprofen spiked in the blankne sample with the SPE
purification, the recovery rate was estimated a®%dfor (S)-ibuprofen and 86.6% for
(R)-ibuprofen. The similar results were obtainedthe sample concentration ranging
from 25 ppb to 4.0 ppm, where the limits of quaadifion (LOQs) (S/N = 10) were
estimated as 14 ppb and 17 ppb for (R)- and ()rdfen, respectively. Compared with
the LOQs of 500 ppb and 250 ppb in previous reposisg SPE-CDCZE [34] and
SPE-HPLC [35], respectively, the better sensitivitythis study indicated the practical
utility of SPE-LVSEP-CDCZE. Thus, sufficient degadf was achieved for the

successful analysis of urine sample by LVSEP-CDCE#ther improvement of the
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analytical performance for several important aresytvith more optimized recovery is
expected to be realized soon by the combination LdSEP with the SPE

preconcentration .

Conclusions

The effects of the chiral selectors on the LVSEPg@mance were investigated
both theoretically and experimentally. We demonstta that the excellent
preconcentration efficiency up to 1,300-fold sawm#it increases was achieved with
maintaining similar optical resolutions. The EEassf up to 99.6% was also carried
out without loss of analytical performance by LVSEBPCZE. Finally, the combination
of the sample purification by using thesCSPE column with LVSEP-CDCZE was
shown to be useful for the analyses of the realpamontaining many unnecessary
salts. Therefore, the application of the easy dpeyaand high performance LVSEP to
the chiral analysis will contribute in many areasts as biology, chemistry, medicine,

and pharmaceutics.
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Figure L egends

Figure 1. Concept of LVSEP-CDCZE/CDEKC/CDMEKC in the PVA-ted capillary.
Vep VEOF andvs mean the electrophoretic velocity of the analtiie, EOF velocity, and

apparent velocity of the analyte, respectively.

Figure 2. Electropherograms of warfarin obtained in (a) antional CDCZE and (b)
LVSEP-CDCZE. Sample concentration, (a) 50 ppm dd.Q0 ppb; UV detection, 200

nm. The broken line represents the current chamigf¢ SEP-CDCZE.

Figure 3. Enantioseparations of racemic abscisic acid bygayentional CDEKC and
(b) LVSEP-CDEKC. Sample concentration, (a) 250 grd (b) 100 ppb; UV detection,

250 nm.

Figure 4. Enantioseparations of FITC-labeled amino acids (&) conventional
CDMEKC and (b) LVSEP-CDMEKC. Sample concentrati¢en, 100 nM and (b) 100

pM; LIF detection dedAem Of 488/520 nm.

Figure 5. EE assay of ibuprofen in (a) conventional CDCZH én) LVSEP-CDCZE.
Sample concentration, (a) 1000 ppm (S)-ibuprofethmppm (R)-ibuprofen; (b) 2 ppm

(S)-ibuprofen and 10 ppb (R)-ibuprofen. UV detectia00 nm.
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1 Figure 6. LVSEP-CDCZE of purified ibuprofen from the urinansple. The original
2  concentrations of ibuprofen in the urine, (a) 50fb pand (b) 0 ppb (blank); UV

3 detection, 200 nm.
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(a) sample injection and voltage application BGS with CD(highl)

sayjle solution (low) Vi
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1 Figure 1. Concept of LVSEP-CDCZE/CDEKC/CDMEKC in the PVA-ted capillary.
2 Vep Veor andvs mean the electrophoretic velocity of the analthe, EOF velocity, and

3 apparent velocity of the analyte, respectively.

23



O
e

(a) conventional CDCZE

D 0.0-
<
S
~ -0.21
3
% ty = 15.5 min R
S -0.4-
?
8 -0.6-
<

0.8- n M

0 2 4 6 8 10 12 14 16 18 20
Time / min
2.0- -12.0
(b) LVSEP-CDCZE

5 [
<EE 1.5 : £ 9.0
= O
3 s‘ =

1.0 : _ L 6.0 @
S ty_t; = 15.7 min - =)
2 ) ] =
Q >
8 0.5- - 3.0
<

0.0-f by Mgy 0.0

0 2 4 6 8 10 12 14 16 18 20
Time / min

1 Figure 2. Electropherograms of warfarin obtained in (a) @ntional CDCZE and (b)
2 LVSEP-CDCZE. Sample concentration, (a) 50 ppm dnd.Q0 ppb; UV detection, 200

3 nm. The broken line represents the current chamg¥ $SEP-CDCZE.
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(a) conventional CDEKC
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1 Figure 3. Enantioseparation of racemic abscisic acid bycéamyventional CDEKC and
2 (b) LVSEP-CDEKC. Sample concentration, (a) 250 @ (b) 100 ppb; UV detection,
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(a) conventional CDMEKC
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6] (a) conventional CDCZE
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1 Figure 5. EE assay of ibuprofen in (a) conventional CDCZH ém LVSEP-CDCZE.
2 Sample concentration, (a) 1000 ppm (S)-ibuprofah@&ppm (R)-ibuprofen; (b) 2 ppm

3 (S)-ibuprofen and 10 ppb (R)-ibuprofen. UV deteatid00 nm.

27



1

2

3

13.04

(a) 500 ppb racemic ibuprofen
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Figure 6. LVSEP-CDCZE of purified ibuprofen from the urinamsple. The original

concentrations of ibuprofen in the urine, (a) 50fb pand (b) 0 ppb (blank); UV

detection, 200 nm.
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Table 1. Theoretical estimation of the inversion positidntlee concentrated analytes

from the anodic capillary end.

Uep.eff, BGEUep free !
50 100 200 500 1,000
0.25 99.61 99.77 99.87 99.94 99.97
0.5 99.22 99.54 99.74 99.88 99.93
1 98.44 99.08 99.47 99.75 99.86
2 96.87 98.16 98.94 99.50 99.72
4 93.74 96.32 97.88 99.01 99.45

Calculation conditionyep ree= —1.0 x 10* cn?V s andugorsu= 5.0 x 10* enfv's™,
Expressed as %ratio of the whole capillary length.

Table 2. Summary of the separation mode, employed BGS csitipo, obtained

resolution, and SEF for each analyte.

separation . osas/ Rs (normal /
analyte mode BGS composition mS/em LVSEP) SEF
. 10 mM DM$-CD,
warfarin CDCZE 25 mM MES buffer (pH 6.0) 0.54 25/2.6 1,000
. 40 mM TM$-CD, 25 mM MES
ibuprofen CDCZE buffer (pH 6.0) 0.54 6.7/6.9 500
abscisic 1.5 mM quaternar$-CD,
acid CDEKC 20 mM MES buffer (pH 6.0) 1.43 5.0/4.5 800
FITC-Arg 51/4.2 1,000
30 mM SDS, 10 mM-CD,
FITC-Met CDMEKC 40 mM borate buffer (pH 9.5) 2.70 5.7/55 1,100
FITC-Leu 6.0/6.0 1,300
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Calculation of theinversion position of the concentrated analytes

In the main text, detailed calculations from ED. 0 Eqgs. (2) and (3) are skipped
to be easily understandable. In this supportingi@®cthe complicated calculations are
proposed to obtaiw andxs ;. Although the main stream of the calculation pssces
almost the same as that in our previous report, efifiect of adding CD into the

electrolyte was discussed in detalil.

At first, we defined many parametexs, Xsa Xso Escs, Esm, @and so on as shown in
Figure S1. The electroosmotic mobility in the PVdated capillary filled with the BGS
(ueorecyd Was less than 0.3 x T0cn?V's™, so that ueorscs Was neglected in this
study. As discussed in the previous report [18)damental parameters are calculated

as Egs. (S1)—(S4).

_ W
E, =—"—— S1
= D% + L (S1)
V
= - S2
BGS (y-Dx, +L (S2)
HegY
Vo= S3
epBGS (/=Dx, +L (S3)
\Y)
Voo, = WeorsmV* (S4)

D%+ UL
The SM/BGS boundary moves according to the BQFan be expressed as a

function oft.

Xy

L _J't :uEOF,SMWXb
A{y-Dx, +L}L

_ L_J‘t,UEOF,SMW dt+J.t HeorsuWV dt (S4)
° (y-DL HAy=Dx, +Lx(y-9)

- L_/'IEOF,SMWt_'_J't /’IEOF,SMW t
(y-DL  {(y-Dx +LHy-1
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J“ \ dt = (r-1 {Xb L+ WeorsuY t} (S5)
0{(y_1)xb + L} Weorsm (y_l)l—

If Xsais the position of the anode-side end of the comated sample band as shown in
Figure S1, Xs#X) is the length by which the analytes at the amgide-end migrate
electrophoretically from the boundary. Therefores£,) can also be calculated by

integratingvep,scsand expressed as a functiort.of

t _:uepeff,BGSV dt (86)

Koo 7% :JO(V—l)xb +L

Substitution of Eq. (S5) into Eg. (S6) gives thedwaling equation.

X, — X, = _luepeff,BGS(y_l){ —L+ luEOF,SMW t}
HeorsmV (y-1L (S7)
—_ Hepett posY t+ :Uepeff,ses(y_l) (L-x)
L HeorsmV
Here, by solving the differential equationtandx,
vt U W
Xb =L _J‘O EOFSM Xb (88)
{(y=Dx, +L}L
dx, __ Heorsu VX%, (S9)
dt {(y-Dx, +L}L
AW=D%*LL 4 - gy (S10)
HeorsuW%,
_ 2
j‘{ vk, L i}d><b=fdt (S11)
WEOF,SMV WEOF,SMV Xb
From initial conditionx, is equal td. whent = 0. Thus, Eq. (S11) is solved as
— 2
1= Dy +L—|n(£j (S12)
EOFSM WEOF,SMV Xb

By substituting Eq. (S12) into Eq. (S7), the temy,) can be expressed as a function

Of Xp,
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_ - :uep,eff,BGSL ( I— J
Xiq = X, = — LB || = (S13)
WEOF,SM Xb

Provided thai, is Xp,8 WhenVep free sm€XCeEAS/EoR and thatx, is X, When the whole
analytes are stacked o, can be given as follows.

) If ueorsm> uep,iree SOMe Of the analytes were flashed out from the cathodic end due to
the fast EOF. After decreasing the length of the SM zone andasiag the electric
field, the analyte can move against the EOF toward the anode. Hbiscbalanced

condition can be expressed as follows,

VEOF =~V epfreeSM (814—1)
WeorsuY%8 __~W epiree? (S15-1)
{(y=Dx%p+LL  (y=Dxp+L
- L
X5 = Heptree (816—1)
/’IEOF,SM

Meanwhile, ifvep free, s> VEOR the analyte at the cathodic end moves by the length of

Xp g fromt =tg tot = tr. Thereforex, g can be also given by the following equation.

te _Wepfreev

e (y-1x+L
Xor T MHe reeV - -

[ M D UL
Xo8 (y_l)xb +L WEOF,SMVXO

% =

S17
- :UepfreeL XFd_)% ( )
Heorsm =7 %,
—-_ :ueptreeL In( XbBJ
/’IEOF,SM Xb,F
By solving Egs. (S16-1) and (S1¥)is expressed by the Eq. (S19-1).
X
In| 2& =1 (S18-1)
Xp,F

S4
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= %on __ Hamedd
L=
€ eIUEOF,SM

(S19-1)

ii) If ueorsm< uep fres the analyte can migrate against the fast EOF idmely after the

applying the voltage. Thug;, g is equal td_.

X5 = L (S16-2)

As with Eq. (S15)L can be expressed as follows.

- J’tF - Weptreev dt
o (y=Dx,+L
Xpp T e reeV - -
Lo (y-Dx, +L WeorsuV>

(S17-2)
— :ueptreeL J’ Xp,F de
Heorsm ° %o
— _:ueptreeL In[ |— J
/’IEOF,SM Xb,F
In( L J _ _ Heorsm (S18-2)
Xb,F lueptree
HEOFSM
X, = LeHeree (S19-2)

Provided that Xsa =X p) IS w, substitution of Eq. (S19) into (S13) gives by the

following equation.

L 2]
(Whenueorsu™ —epied W= HMepetiBas Inl - Heorsm (S20-1)
WEOF,SM lueptree
U L
(Whenueor,sm< —ep,fred w = ——PERESS = (S20-2)
/uepfree y

When the whole analytes are stacked out, the cetlstde of the concentrated band is

just on the boundary. Therefon®,can be identified as the width of the concentrated
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When the concentrated analytes start to move sigdia EOF, the SM plug length

remaining in the channel/capillang() is expressed by the following Eq.-€2).

= HepeipasY _ HeorsuWX (S21)
(V=-Dx,;+L {(y-Ox, +L}L
Xb,i - B Iuep,eff,BGSL (822)

WEOF,SM

The distance between the cathodic end of the siaakelytes and the cathodic end of
the channel/capillaryx{) is equal to Xsa—w). From Eqgs. (S13), (S20) and (S2%), at
the inversion timex,) is given as follows.

(Whenugor,sm> —Hep,fred

Xei =~ luepeff,BGSL _ :Uepeff,BGSL Inl - Weorsm + luepeff,BGSL Inl - € eorsm
Weorsm  Weorsm Hepgree Weorsw Hepree (523-1)
—_ :Uepeff,BGSL |n y
WEOF,SM

(Whenueor,sm=< —Uep,fred

_ :uepeff,BGSL Iuepeff,BGSL ( WEOF,SMJ Iuepeff,BGS |—
qui - - In| - - -

WEOF,SM WEOF,SM :ueptree y

- _ Iuepeff,BGSL Inl = eW’IEOF,SM _ Iuepeff,BGS E
WEOF,SM :Ueptree y

/’Ie ree
) (S23-2)

:ueptree
Therefore, the effective separation lengi{xsc,) is estimated as follows:

(Whenugor,sm> —ep,fred

L
:uepeff,BGS |n y (824—1)

Xg = Xei =%y
Weoesm

(When,uEOF,SM < —ﬂep,frea
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g T Xgi = Xg

Heperiposl |n(_ C/ eorsm ] + Hepetizes L (S24-2)

W EOFSM :u epfree :u epfree y

detector
VEOF
= \
|  E—
E SM/BGS boundary concentrated analytes

A
Esm
Egcs

0 Xp Xsc Xsa Xd L

Fig. S1. Schematic representation for the parametsed in the theoretical modé&.

andx mean electric field and the position from the odib capillary end. All positions

are expressed as the distance from the cathodimehand. Subscripts b, sc, sa, and d

mean anodic side of the SM/BGS boundary, cathadie sf the concentrated analyte

zone, anodic side of the concentrated analyte znmedetector, respectively.
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