
Journal of Chromatography B, 817 (2005) 127–137

Dynamic electric field assisted multi-dimensional liquid
chromatography of biological samples

T.P. Hennessya,∗, M. Quagliaa, O. Korny̌sovab, B.A. Grimesa, D. Lubdac, K.K. Ungera

a Institut für Anorganische Chemie und Analytische Chemie, Johannes Gutenberg-Universit¨at, Duesbergweg 10-14, D-55099 Mainz, Germany
b Department of Chemistry, Vytautas Magnus University, Vileikos 8, LT-44404 Kaunas, Lithuania

c Merck KGaA, Frankfurter Str. 250, D-64293 Darmstadt, Germany

Received 15 April 2004; accepted 15 October 2004

Abstract

Complex biological samples require very high resolution separation strategies. The platform introduced here capitalises on the hyphenation
of liquid chromatographic (LC) and electric potential gradient electrochromatographic multi-dimensional separation genres. First-dimension
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electivity is provided by simultaneous size exclusion (SEC) and strong cation exchange (SCX) chromatography modes, while
imension comprises reversed phase (RP) characteristics in a dynamic (time-variant) electric field. The time-variant potential gr
eversal of polarity is applied across the second dimension monolithic capillary throughout the duration of the solvent strengt
lution. Hence, the platform offers comprehensive on-line sample clean-up (matrix depletion, analyte enrichment), fractionatio
ention LC), and separation (second dimension LC) with the prospect of altering selectivity via polarity reversal dynamic ele

uning.
2004 Published by Elsevier B.V.
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. Introduction

Complex biological samples demand separation strategies
ith very high resolving power. A multitude of sophisticated
ethodologies is currently available to address the desire

or (sufficient) appropriate separation space to accommodate
epresentatively the whole sampled universe from a large uni-
erse of a small sample quantity[1–6].

The complexity of biological samples in general, and
roteomic questions in particular, have paved the way for
ulti-dimensional liquid chromatography (MDLC) to be es-

ablished as a complementary tool to two-dimensional poly-
crylamide gel electrophoresis (2D PAGE) among the arsenal
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of analytical equipment to meet the requirements of the p
genomic era. The assets and drawbacks of many of
platforms have recently been documented[7–11]. The ver-
satility of MDLC approaches is unparalleled as the kn
facets of selectivity provided by tailor-made sorbents ma
combined to a multitude of off-line tandem processing
tems[12,13]. The more elaborate on-line arrangements
marginally reduced in their resourcefulness paying tri
only to the requirement of compatibility between the hyph
ated dimensions (with respect to column hardware dim
sions, selectivity and operational features)[4,14], whereby
the most popular two-dimensional sequential combinatio
date is represented by strong cation exchange (SCX) a
versed phase (RP) selectivity[15]. Automated sample prep
ration and sample clean-up steps are introduced wit
creasing frequency to serial analytical separation strat
[16,17]. As a consequence, the development of separ
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strategies associated with a particular analytical goal rather
than a specific sample should be a cherished creed for sepa-
ration scientists[18].

In analogy to gradient elution in pressure-driven high
performance liquid chromatography (HPLC), gradient sys-
tems for electromigration techniques in general, and capil-
lary electrochromatography (CEC) in particular, materialise
to be essential to target complex samples. A variety of dif-
ferent gradient installations have been reported[19–24]. In-
ternational Union of Pure and Applied Chemistry (IUPAC)
recommendations on the terminology for analytical capillary
electromigration techniques are available[25]. Despite the
fact that theoretical approaches to quantitatively describing
and modelling electrokinetic techniques vary significantly in
complexity and mass transfer involved[26–29], and more-
over general theoretical certainty with respect to mutual in-
teractions of the analysis system’s protagonists lacking abun-
dance[30], cross-over applications/techniques emerge with
their evolution driven by the quest for separation space and
resolution within. Irrespective of their particular individual
contribution and in arbitrary sequence the authors are in-
spired by the following publications[31–34]. For the fea-
sibility study in hand, the data recorded by pressure-driven
solvent strength gradients under the influence of an electric
field applied across the separation capillary obviously proved
m
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2. Experimental

2.1. Samples

Hemofiltrate was generously provided by IPF Pharma-
Ceuticals, Hannover, Germany, while the human plasma
was obtained from the DRK (German Red Cross) Frankfurt,
Germany from healthy volunteers undergoing routine blood
sampling. Blood was collected in sampling tubes, inhibited
with citrate and centrifuged prior to screening against HIV
and Hepatitis viruses, respectively. Citrate-plasma was
pooled from viral-negative blood donors and stored frozen
at−80◦C.

2.2. Equipment

A contemporary two-dimensional liquid chromatography
platform resembles the backbone of the equipment hyphen-
ated with a state-of-the-art capillary electrophoresis (here,
more precisely: electrochromatography) apparatus utilised
in the present case to enhance the achievable resolution of
the individual separation tools. The entire platform is set
up from Agilent Technologies (formerly Hewlett Packard)
modules namely the 1100 series system comprising sol-
vent trays, degassers, binary pumps, autosampler, diode-
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The initial campaign propagated here is hyphenatio

CX LC with integrated sample clean-up via SEC on a
odal functionalised chromatographic material in the
imension and electrically assisted RP LC in the secon
ension. While the two-dimensional LC system with in
rated sample clean-up is well established[17] the electric
eld fine-tuning capacity in the second dimension is a
lty to separation science literature. The separation sy
et-up may be byzantine, but in return offers the total s
f versatility provided by the individual hyphenated anal
achinery to create the novel separation platform. Previo

35,36], electrically assisted LC (in one dimension) was
ociated with the tag ‘selectivity fine-tuning’ in particular
he mixed mode operation status. Superimposing two g
nts (in one dimension or the second of two dimension

horoughly different origins (pressure-driven solvent stre
radient and electrically-driven voltage gradient with re
al of polarity) defiantly may be associated with ‘selecti
uning’ as the result may prompt drastic amendments t
esulting raw-data profiles.

The approach documented in this paper combines th
ures of reducing sample complexity by adopting the s
gy of integrated sample clean-up by simultaneous SEC
CX via the choice of the bifunctional spherical part
ased sorbent in the first dimension and orthogonal,
lementary analyte separation by simultaneous two-pro
radient-driven mass transport through the endcappe
onolith serving as the second dimension of a po

ially comprehensive on-line multi-dimensional separa
latform.
rray detector (DAD), instrument control (ChemStation)
he HP3DCE likewise equipped with a DAD. The indivi
al systems are both ChemStation controlled and comm
ation of the individual systems occurs via a remote
rol cable. Hyphenation of the autonomous dimension
xecuted by a T-splitter set to ground potential. The s
er serving the purpose of assimilating the flow betw
he hyphenated separation dimensions and representi
ow-through electrode generating ground potential to
te the potential difference for the application of the
amic) electric field with optional reversal of polarity

he second dimension. Column switching and analyte t
er, respectively occur by way of a two-position six-p
alve from Rheodyne. All tubing and connectors are PE
poly ether ether ketone) from Upchurch Scientific. All p
ented (electro)chromatograms are recorded by the DA
he HP3DCE apparatus. A chart of the system is detaile
ig. 1.

.3. Columns

All sorbents utilised in these studies are either Me
GaA, Darmstadt, Germany products or – at the tim
anuscript preparation – research specimens from the
amed company.

First dimensional separations are performed on restr
ccess material (RAM) columns 25 mm× 4 mm length an

nner diameter (i.d.) respectively, packed with 25�m spher
cal beads with an average pore size of 60Å (LiChrospher®

0 XDS (SO3H/Diol) 25�m). A bimodal surface functiona
sation provides diol groups bonded to the outer surface
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Fig. 1. Chart of the coupled column system hyphenated via a two-position six-port valve. The flow paths for (A) first dimension matrix depletion on the RAM
(LiChrospher® 60 XDS (SO3H/Diol) 25�m) column and second dimension separation on the RPM (Chromolith® CapRod® RP-18 endcapped 300–0.1 mm)
and (B) target transfer from the RAM→ RPM. For 1D separations the entire RAM system and for 2D separations the autosampler/injector of the RPM system
are bypassed, respectively.

strong cation exchange groups on the inner surface of the
particles, respectively[37,38].

The second dimension (electro)chromatographic column
is a 300 mm× 0.36 mm (100�m i.d.) fused silica capillary
featuring a silica monolith in the capillary format[39,40]
with C-18 modification and endcapping (e) (Chromolith®

CapRod® RP-18 endcapped 300–0.1 mm).
Human serum albumin (HSA) depletion is achieved by

off-line affinity chromatography.

2.4. Methods

Since the separation platform is created from indepen-
dent building blocks, the chromatographic methods have to
be established individually. The hydrodynamic drive for the
first and second dimensions is customised depending on the
sorbent[12] and column dimension dependent[41], while
the second dimension only is optimised with respect to sam-
ple specificity. The latter is likewise true for the applica-
tion of the polarity reversal electric potential gradient as-
sisted elution albeit the method (voltage) programming oc-

curs on the HP3DCE ChemStation (the two-pronged gradient
elution off the second dimension (or sole dimension in the
one-dimensional system) is simultaneously provided by two
co-operating remote-controlled ChemStations). The obliga-
tion of transparency demands presentation of methods, pro-
cedures and conditions in separate sections. The first dimen-
sion separations of the two-dimensional (2D) systems are
discussed in the relevant section (two-dimensional separa-
tions). Single dimension (1D) separations and second dimen-
sion separations in the 2D systems are provided by the same
solvent delivery system and mobile phases are hence denoted
A′′ and B′′, respectively. First dimension solvents in the 2D
system are specified as A′ and B′, respectively. Off-line mo-
bile phases are designated (non-primed) A and B. Flow-rates
are detailed as specified in the methods for the solvent deliv-
ery systems and the passive split-resultant flow-rate is given
in parentheses[41].

2.4.1. One-dimensional separations
The separations inFig. 3 are obtained by injection of

10�l human hemofiltrate in water (10 mg/ml). The solvent
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gradient run time is 30 min from A′′ (5 mM sodium phos-
phate pH 7.5)→ B′′ (70/30, v/v CH3CN/A′′) at a flow-rate
of 0.2 ml/min (2.0�l/min). The prevailing electric fields are
established via voltage programming of (a) 0 kV (pure sol-
vent gradient LC), (b) +20 kV, (c)−20 kV, and inaugural
(d) +20 kV→ −20 kV simultaneously superimposed on the
time-variant solvent composition.

Acquisition of the human plasma profiles inFig. 4
is accomplished by injection of 10�l diluted sample
(1/10, v/v plasma/A′′). The solvent gradient run time is
46 min from A′′ (water + 0.1% TFA (trifluoroacetic acid))
→ B′′ (CH3CN + 0.09% TFA) at a flow-rate of 0.2 ml/min
(1.5�l/min). The voltage program is equivalent toFig. 3ad-
justed to the present solvent gradient run time. Additionally,
the full range electric potential difference provided by the
HP3DCE instrument is exploited in (e) +30 kV→ −30 kV
(cf. Fig. 3).

The Fig. 5 plot provides 1D versus 2D LC obtained
under identical elution conditions from the Chromolith®

CapRod® RP-18 endcapped 300–0.1 mm. The solvent gra-
dient run time is 30 min from A′′ (water + 0.1% TFA)→ B′′
(CH3CN + 0.09% TFA) at a flow-rate of 0.1 ml/min
(1.5�l/min). Human hemofiltrate injections are 10�l in A ′
(10 mg/ml) in the respective cases.

The 1D separation inFig. 6 is obtained by injection of
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0.2 ml/min. First dimension targets after advancing to the
second dimension are distinguished with analyte status by
deposition on the Chromolith® CapRod® RP-18 endcapped
300–0.1 mm column. Solvent exchange on the second di-
mension is monitored by pressure gauge in this dimension
and the profiles are recorded once the predetermined value
for A′′ is leveled. The 2D profiles inFigs. 5–7are generated
accordingly.

2.4.3. Column switching
In valve position A (Fig. 1) the matrix, large sample com-

ponents and non-interactive sample constituents are directed
to waste while the interacting species (target molecules) expe-
rience enrichment on the internal surface of the LiChrospher®

60 XDS (SO3H/Diol) 25�m. In valve position B (Fig. 1)
the target molecules are transferred to the second dimension
column where – by ‘surviving’ the flow splitter – they are
promoted to analytes and separated (in valve position A).
Fractionated target transfer from the first to the second di-
mension separation compartment is – although possible – not
performed, hence, the documented platform may more accu-
rately be termed a separation system with integrated on-line
sample clean-up rather than a two-dimensional separation
formation. Heart-cutting or comprehensive sample fraction-
ation is, however, feasible with the penalty of increased time
e
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0�l human hemofiltrate in A(10 mg/ml) under the con
itions employed inFig. 3(d) with the exception of th

nitial flow-rate (prior to flow splitting) being 0.1 ml/m
1.5�l/min).

The 1D separation inFig. 7 is recorded under conditio
quivalent to those utilised to generate theFig. 4(e) profile
ith the exception of the initial flow-rate (prior to flow spl

ing) being 0.1 ml/min (1.5�l/min). Human plasma injectio
s 10�l diluted sample (1/10, v/v plasma/A′) in the respectiv
ases.

The 1D separation inFig. 8 is recorded under conditio
quivalent to those utilised to generate theFig. 4(a) profile
ith the exception of the initial flow-rate (prior to flow spl

ing) being 0.1 ml/min (1.0�l/min). Human plasma injectio
s 2.5�l diluted sample (1/10, v/v plasma/A′) and 50�l di-
uted sample (1/10, v/v plasma/A) in the respective cases
D).

.4.2. Two-dimensional separations
Loading of the LiChrospher® 60 XDS (SO3H/Diol)

5�m column is performed with A′ (0.01 M potassium pho
hate pH 3.0) over 20 min at a flow-rate of 0.1 ml/min dur
hich time the large and (charge-dependent) non-reta
ample components are directed to waste. Elution o
arget molecules then occurs by means of desorptio
ecreasing the binding energies of the analytes. Mo

ion of the binding energies of the species present in
ystem with the chromatographic surface is achieve
ntroducing and increasing sodium chloride concentra
ver time in the elution buffer. The gradient from A′ → B′
A′ + 1.5 M NaCl) is executed over 40 min at a flow-rate
xpenditure looming.

.4.4. Chromatographic conditions
All presented profiles are separations acquired on

hromolith® CapRod® RP-18 endcapped 300–0.1 mm c
mn. Preceding on-line and off-line raw-data are not sh

n the case of the on-line hyphenated systems, the fir
ension data information is lost due to the platform se
nd human serum albumin (HSA) depletion on the off-
ffinity column is carried out according to established affi
hromatographic procedures[42,43].

The operation of LiChrospher® 60 XDS (SO3H/Diol)
5�m columns for sample clean-up requires a lo

ng buffer (A′) and an elution buffer (B′). Loading the
ample was performed with 0.01 M, pH 3.0 potass
hosphate at a flow-rate of 0.1 ml/min. Elution occu
ith buffer B′ (B′ = A′ + 1.5 M NaCl) at a flow-rate o
.2 ml/min.

Irrespective of one or two-dimensional separations
ow-rate prior to flow splitting was 0.1 and 0.2 ml/min for t
hromolith® CapRod® RP-18 endcapped 300–0.1 mm
gure captions). The flow-rate after the passive split va
ccordingly in the range between 1.0 and 2.0�l/min (deter-
ined by water gravimetry under standard conditions). L

ng was either by transfer of the retained fraction from
rst dimension or by injection from the auto-sampler thro
he six-port valve[41]. Eluents may feature background el
rolytes (BE) and CH3CN/water based mobile phases with
ithout TFA modulation.
The affinity column was loaded at 0.05 ml/min load

uffer, washed with 10 column volumes of binding buffe
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1 ml/min and eluted with five column volumes elution buffer
also at 1 ml/min.

All experiments were performed in ambient temperature
and monitoring of the presented profiles occurred at a UV
detection wavelength of 214 nm.

2.5. Chemicals and reagents

The solvents, buffer salts, salts and thiourea and other
reagents such as ortho-phosphoric acid 85% and TFA were
provided by Merck, KGaA, Darmstadt, Germany and were
of gradient grade purity, p.a., and for spectroscopy qual-
ity, respectively. The organic modifier utilised in these in-
vestigations was CH3CN. The buffers were prepared as
100 mM stock solutions from the respective salts and acids
to yield the desired pH. The BE was prepared by mixing
the organic modulator and the buffer to result in the de-
sired phase ratio (monolithic dimension). The eluents were
prepared by dissolving the buffer salt and adjusting the
pH and molarity (A′) and adding NaCl (B′) (RAM dimen-
sion). Sonication occurred in a Bandelin Sonorex TK 52,
Berlin, Germany to ensure appropriate degassing of the BE
prior to dosage and utilisation. Water was deionised and
purified utilising a MilliQ-system by Millipore, Eschborn,
Germany.
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3.1. Fundamentals

Some basic considerations on the transport phenomena
occurring in the monolithic (electro)chromatographic sepa-
ration system are detailed in the subsequent sections. The
effects generated by superimposed flow regimes in particular
and their influence on the separation are presented together
with the utilised system parameters and the resulting potential
gradients.

3.1.1. Single analyte analysis
Additionally to the persuasive data sampled to prove the

feasibility of electric field and dynamic electric field assisted
multi-dimensional LC, investigative series of measurements
into fundamental principles presented inFig. 2 have been
undertaken. The presented platform resembles first and fore-
most LC equipment and, hence, the hydrodynamic pressure
differential is the dominant driving force of the flow regime
for the generated chromatograms while electrically-driven
flow compliments the velocity of the pressure-driven flow
when the applied potential is positive (corresponding to a
negative applied potential gradient) and hinders the pressure-
driven flow when the applied potential is negative (corre-
sponding to a positive applied potential gradient). Varia-
tions in the appearance of the chromatograms are conse-
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The separation platform utilised to acquire the hum
emofiltrate and plasma profiles presented below consi
n on-line sample preparation step in the first dimension
n orthogonal separation mode in the second dimensio
eculiarity of the system is that the elution from the sec
imension may be electrically assisted introducing com
entary temperament to the profiles obtained by app
ifferent operational modes in the second dimension(

he total analysis system. The novelty instrumentalised
s application of time-variant electric fields simultaneou
ith the more prominent solvent strength gradients to
rate the profiles off the second dimension. Conseque
lectric potential gradient generation is not limited to fi
olarity but may be applied across zero potential to tun

ectivity.

ig. 2. (Electro)chromatographic thiourea conduct under different ba
lution time vs. (applied) voltage plot, (B) efficiency vs. (applied) volta
uently limited to electrically driven alterations within th
egime. By evaluating the deviations in the chromatogra
ehaviour of the unretained compound thiourea in resp

o the prevailing pressure, comfort zones for flow-rate
lectric field generation may be determined. TheFig. 2A
lot displays the elution time versus the system imma
oltage. Since low pressure corresponds to proportio
umble hydrodynamic flow, it is apparent from the sl
f the retention time versus applied voltage that the ele
eld contribution to the elution time is of greater influen
nd, accordingly, enhances the effect with respect to ac
ble profile modification at small flow-rates as compare

arger ones. The accomplishable elution time discrimina
s exorbitant given that a non-interactive substance is (
ro)chromatographed. InFig. 2B, plates/capillary are plotte
ersus applied voltage. As before, the flow regime is
ent evaluating the efficiency under the influence of app
lectric fields. Very high flow-rates are detrimental to the
mn efficiency and under favourable electric field condit

ssure conditions on Chromolith® CapRod® RP-18 endcapped 300–0.1 mm,
.
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(when the direction of the EOF compliments the direction of
the pressure-driven flow) the loss of column efficiency at the
higher applied pressures becomes significant as characteristic
times for mass transfer along the length of the column in the
macropores begin to diverge significantly from the character-
istic time for mass transfer in the mesoporous skeleton even
if electroosmotic flow could be generated in the mesopores.
At the lower applied pressures where the overall flow-rate
is lower and closer to the flow-rate of maximum efficiency
(the flow-rate where the minimum in the plate height ver-
sus flow-rate curve occurs), under favourable electric field
conditions the added benefit of electroosmotic flow in the
mesopores could contribute to increasing column efficiency
but applying increasing voltages results in inflicting accumu-
lating damage to the efficiency since the time constant for
mass transfer in the macropores eventually begins to diverge
from the time constant for mass transfer in the mesopores
as the flow-rate in the macropores increases more signifi-
cantly at higher voltages than the flow-rate in the mesopores.
Under unfavourable electric field conditions (when the ap-
plied voltage is negative resulting in a positive voltage gradi-
ent and electrically-driven flow hinders the overall flow-rate)
column efficiency can be increased for the lower applied
pressures as the flow-rate decreases towards the flow-rate
of maximum efficiency where mass transfer resistance due
t ores
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a -rate
o the
m motic
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3
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cally assisted LC (Figs. 3, 4, 6(1D) and 7(1D)) and elec-
trically assisted integrated sample clean-up two-dimensional
LC profiles (Figs. 6(2D) and 7(2D)). In Figs. 3(d) and 4(e)the
time-variant electric field is schematically designated by the
intersecting guides with the horizontal line indicative of op-
posite polarity on either side. While the separation inFig. 3(d)
is obtained at larger flow with the effects on selectivity and
efficiency appearing to be subcritical incidents, the relation-
ship of flow-rate and time-variant electric field is not only
more prosperous but promising in theFig. 4(e) application. A
multi-component peak is straightforwardly fractionised. The
electrokinetic system set-up is chosen to accelerate positively
charged analytes and decelerate negatively charged analytes
and upon reversal of polarity to reverse their respective elec-
trokinetic migration velocity vector to further enhance theses
migrational effects on charged probes. By scrutinising the
chromatographic conditions (Section2, figure captions) it is
evident that with the exception ofFigs. 3 and 6(1D) princi-
pally all analytes bear positive charge. In this light, it is ob-
vious that the effect of running the two-pronged gradient at-
tack for analyte displacement is particularly successful giving
complex analytical problems a work-over. The following ben-
eficial consequences apply upon conducting the two-fold gra-
dient elution. Early and late eluting analytes experience the
largest fields and hence are resolved with very high efficiency.
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ow has an increasingly detrimental effect on the colu
fficiency.

.1.2. Complex sample analysis
These findings are – visitingFigs. 3, 4, 6 and 7– like-

ise manifested in the multi-component (dynamic) ele

ig. 3. Separation of 10�l (10 mg/ml) human hemofiltrate on the Chrom
.2 ml/min (2.0�l/min), (time-variant) voltage gradient (a) 0 kV, (b) +20
n either side of the reversal of polarity the electrokin
igration velocity vector changes and fosters resolutio

losely or co-eluting probes. By selecting appropriate (e
ro)chromatographic conditions or suitable on-line/off-
hromatographic dimensions the analytes may be ch
o support comprehensive exploitation of the available
eleration/deceleration potential. Zone sharpening effec
consequence of the prevailing electric field in the mo

hase and more prominent on the chromatographic su
re believed to be operative throughout the duration o
ntire separation.

pRod® RP-18 endcapped 300–0.1 mm, LC gradient A′′ → B′′ in 30 min at
0 kV, (d) +20 kV→ −20 kV (reversal of polarity (r.o.p.) at 15 min).
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3.2. One-dimensional separations

In Fig. 3, some subtle variations with respect to selectivity
features of the hemofiltrate profiles are evident in response
to the electric fields applied during the entire term of the pro-
gression of the hydrodynamic gradient elution. In particular,
the peak distribution within the elution window is object to
change (Fig. 3(a)–(d)). For the results presented inFig. 3, the
pH of the solution is 7.5 which provides a significant nega-
tive charge on the surface of the Chromolith® CapRod® RP-
18 endcapped 300–0.1 mm monolith while the relatively low
ionic strength of 5 mM provides a significantly large thick-
ness of the electrical double layer (Debye length) and, thus,
the zeta potential at the adsorptive surface should have a sig-
nificantly large negative value[26–28]. Consequently, the
application of the electric field inFig. 3(b)–(d) will have
a significant effect, not only on the magnitude of the elec-
trophoretic mass fluxes of the charged sample constituents
along the axial direction,x, of the monolith, but also on the
magnitude of the electrically-driven flow that is simultane-
ously occurring with the more dominant pressure-driven flow.
The temporally constant potential of +20 kV applied to the
monolith (Fig. 3(b)) results in a negative applied electric po-
tential gradient along the length of the monolith (dV/dx< 0)
and, thus, the electrophoretic mass flux of positively charged
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and, thus, the behaviour of the electrophoretic mass fluxes of
the sample constituents will be opposite to those discussed
for Fig. 3(b) while the electrically-driven flow in the system is
directed opposite to the net direction of mass transfer and acts
to slow down the net flow in the column. If electroosmotic
flow is generated in the mesopores of the monolith, then the
oppositely directed (with respect to the net direction of mass
transfer) magnitude of this flow could result in an increase
in the mass transfer resistance in the mesopores. The novel
case presented inFig. 3(d) for the dynamic applied poten-
tial provides the benefit of having accelerated electrophoretic
mass transfer rates for both positively charged and negatively
charged sample components at different periods of time dur-
ing the analysis[44]. At early times, the mass transport rates
of the positively charged species are significantly accelerated
(along with the rate of fluid flow) and, as time progresses and
the sign of the applied potential switches from positive to
negative, the mass transfer rates by electromigration of the
negatively charged analytes are enhanced.

The response in view of the raw-data to the various ap-
plied electric field conditions is superiorly monitored inFig. 4
with the paramount separation achieved by exploiting the
full range electric potential gradient at the high voltage sup-
ply’s disposal – including reversal of polarity (Fig. 4(e)). It
should be noted that the electrically assisted tuning of the
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.3. Two-dimensional separations

With these extraordinary separations acquired on a
imensional system in hand, hyphenation with a sample
lexity reducing module preferably to yield an on-line p

orm emerges as an obvious desire. InFig. 5, the human
emofiltrate sample serves as a gauge for a successful o
ample clean-up strategy in the conventional format (hy
ynamic drive). The sample is both desalted and liber

rom (i) sample constituents beyond the cut-off of the hy
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Fig. 5. 1D separation of 10�l (10 mg/ml) human hemofiltrate on
Chromolith® CapRod® RP-18 endcapped 300–0.1 mm, LC gradient
A′′ → B′′ in 30 min at 0.1 ml/min (1.5�l/min), 2D separation of 10�l
(10 mg/ml) human hemofiltrate on LiChrospher® 60 XDS (SO3H/Diol)
25�m, loading with A′ in 20 min at 0.1 ml/min, LC gradient A′ → B′ in
40 min at 0.2 ml/min, on-line hyphenated with Chromolith® CapRod® RP-
18 endcapped 300–0.1 mm, LC gradient A′′ → B′′ in 30 min at 0.1 ml/min
(1.5�l/min).

dynamic size exclusion limit and (ii) those bearing a negative
charge, prior to the transfer to the second dimension. Some
additional remarks appear to be justified to facilitate the per-
ception of the figure trends. Firstly, the single dimension (1D)
and corresponding hyphenated (2D) system display different
dwell volumes resulting in varying gradient delays. The omis-
sion of the autosampler/injector as part of the 1D apparatus
results in decreased retention times in the second dimension
of the hyphenated platform. Secondly, sample depletion is
monitored by absence of sample constituents and target en-
richment by zone sharpening, respectively. Thirdly, solvent
exchange and non-interactive species are not recorded in the
second dimension as data collection is not initiated until base-
line stability delivering mobile phase A′′ is obtained.

As is evident fromFig. 6analysis, the hemofiltrate profile
may be principally improved by performing the separation
time-variant electrically assisted in a BE with acknowledged
buffer capacity. The effect of the applied dynamic electric
field is documented in the improved peak distribution ob-
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Fig. 7. 1D separation of 10�l (1/10, v/v plasma/A′) human plasma
on Chromolith® CapRod® RP-18 endcapped 300–0.1 mm, LC gradient
A′′ → B′′ in 46 min at 0.1 ml/min (1.5�l/min), time-variant voltage gra-
dient +30 kV→ −30 kV (r.o.p. at 23 min), 2D separation of 10�l (1/10,
v/v plasma/A′) human plasma on LiChrospher® 60 XDS (SO3H/Diol)
25�m, loading with A′ in 20 min at 0.1 ml/min, LC gradient A′ → B′ in
40 min at 0.2 ml/min, on-line hyphenated with Chromolith® CapRod® RP-
18 endcapped 300–0.1 mm, LC gradient A′′ → B′′ in 46 min at 0.1 ml/min
(1.5�l/min), time-variant voltage gradient +30 kV→ −30 kV (r.o.p. at
23 min).

tained in the profiles with larger separation space. Apart from
the obvious analytical discrepancies betweenFigs. 5 and 6
(cf. figure captions), the two-dimensional profile has been re-
located for the convenience of facilitated comparison. Again
the sample in the two-dimensional system is significantly re-
duced in its complexity (given that hemofiltrate is a processed
sample per se). Importantly, the analytes display no conspicu-
ity with respect to the peak distribution as a consequence of
the sample clean-up procedure[11,48]. Baseline separation
in the second dimension of analyte fractions from the second
dimension appear to be feasible.

Fig. 7displays a major handicap of the documented sep-
aration platform. It is beyond controversy that the separation
hardware is orthogonal with respect to the exploited separa-
tion mode, the compatibility of the dimensions of the first
and second separation dimension columns, however, is de-
batable. The target transfer is performed via a passive splitter
and therefore the detection sensitivity does not allow con-
clusive evaluation (this and other limitations of passive flow
splitting are discussed in reference[41]). Regarding the mode
of detection plasma analysis on the separation platform pre-
sented here clearly demands hyphenation with mass sensitive
detection in particular bearing the abundance ratios of the pre-
vailing analytes in mind. The removal of high MW sample
components is obviously successful while the detection of
l ion
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nt +20 kV→ −20 kV (r.o.p. at 15 min), 2D separation of 10�l (10 mg/ml)
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t 0.2 ml/min, on-line hyphenated with Chromolith® CapRod® RP-18
ndcapped 300–0.1 mm, LC gradient A′′ → B′′ in 30 min at 0.1 ml/min
1.5�l/min), time-variant voltage gradient +20 kV→ −20 kV (r.o.p. a
5 min).
ow MW analytes may suffer from insufficient concentrat
ODs.

Further separation and detection modes may easily b
egrated to gain yet more potent separation tools. An e
le of an off-line affinity HSA depletion sample preparat
tep prior to one-dimensional separation (with pure hy
ynamic drive) on named platform is detailed versus the
le of the untreated sample inFig. 8. The insert shows
imilar result obtained by 1D-SDS-PAGE and visualized
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Fig. 8. Separation of 2.5�l (1/10, v/v plasma/A′) human plasma on Chromolith® CapRod® RP-18 endcapped 300–0.1 mm, LC gradient A′′ → B′′ in 46 min
at 0.1 ml/min (1.0�l/min), separation of 10�l (1/10, v/v plasma/A) human plasma on the HSA depletion column, off-line (collected and reintroduced to)
Chromolith® CapRod® RP-18 endcapped 300-0.1 mm, LC gradient A′′ → B′′ in 46 min at 0.1 ml/min (1.0�l/min). Insert: 35�l human plasma was processed
using the ProteoExtractTM HSA removal column according to the manufacturers instructions. 15�g protein of each fraction were separated by 1D-SDS-PAGE
and visualized by Coomassie® staining. M: molecular weight marker. P: crude human plasma. Unbound: HSA depleted plasma. Bound: HSA and non-specific
bound proteins.

Coomassie® staining. The human plasma UV trace inFig. 8
corresponds to the gel lane P and the HSA depleted human
plasma chromatogram represents the unbound fractions, re-
spectively. The total injection amount for the generation of
the HSA depleted human plasma profile was calculated based
on the elution volume of the unbound fraction from the affin-
ity column and on the assumption of 100% recovery of the
sample constituents from that particular fraction of the orig-
inal sample. The HSA depleted plasma profile displays all
afore mentioned benefits of a successful sample clean-up
procedure.

4. Conclusions

Samples from biological matrices represent a major chal-
lenge to the scientists involved in physical and chemical anal-
ysis with respect to their complexity (number of constituents)
and composition (abundance ratio of constituents). Contem-
porary approaches are therefore frequently developed in view
of an analytical problem rather than a particular sample with

the labour of separation optimisation remaining a task indeed
associated with the individual analysis.

The electrically assisted liquid chromatographic separa-
tion of biological samples is enriched with the dynamic elec-
tric field superimposition on hydrodynamic flow to realise
analysis and moreover with the facet of polarity reversal dur-
ing the analysis. The potential of enhancing resolution and
peak distribution together with creating aggrandised separa-
tion space may be exploited to advance analysis of complex
sample mixtures. Integrated on-line sample clean-up multi-
dimensional separations provide the key to reduce the incon-
veniences associated with sample handling, target transfer,
analyte–matrix interactions and abundance ratios of individ-
ual analytes.

The first dimension cation exchange is the ideal supple-
ment to the portrayed dynamic electric field separation in
the second dimension since negatively charged sample com-
ponents are omitted from the first dimension analysis. The
voltage gradient is chiefly designed to enlarge the separation
space for positively charged analytes and to enhance their
resolution within this expanded separation space. However,
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separations of negatively charged species may be accom-
plished in equally remarkable fashion by simply operating
anion exchange in the first dimension and reversing the elec-
tric potential gradient in the second dimension because then
negatively charged analytes should experience sophisticated
resolution in the negative charge bearing analyte specific in-
flated separation space.

The presented separation conditions for all acquired bio-
logical sample profiles indicate operation of (dynamic) elec-
tric potential and eluotropic strength gradients in tandem and
simultaneously although separation tuning in the second di-
mension may be performed decoupled (independently time-
variant) to achieve a desired analytical goal.
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