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Abstract

The potential ofN,N-dimethylacrylamide—piperazine diacrylamide-based monolithic stationary phases bearing sulfonic
acid groups for electroosmotic flow generation is investigated for the separation of positively charged amino acids and
peptides. The capillary columns were used under electrochromatographic but also under purely chromatographic (nano-
HPLC) conditions and the separations interpreted as the result of possible chromatographic and electrophoretic contributions.
The stationary phases were found to be mechanically stable up to pressures of 190 bar and chemically stable towards a wide
variety of organic and hydro-organic mobile phases. In order to investigate the retention mechanism, the salt concentration
and the organic solvent content of the (hydro-)organic mobile phase were varied in a systematic manner, taking three
aromatic amino acids (phenylalanine, tryptophan, histidine) as model analytes. The respective contributions of electrostatic
and hydrophobic and/or hydrophilic interactions were further investigated by varying the charge density and the
hydrophobicity of the standard stationary phase. The former was done by varying the amount of charged monomer
(vinylsulfonic acid) added during synthesis, the latter by (partially) replacing the interactive mondiyiédi{
methylacrylamide) by other more hydrophobic monomers. A mixed mode retention mechanism based primarily on
electrostatic interactions modified in addition by “hydrophilic’ ones seems most suited to interpret the behavior of the
amino acids, which stands in contradistinction to the previously investigated case of the behavior of neutral analytes on
similar stationary phases. Finally the separation of small peptides was investigated. While the separation of Gly—Phe and
Gly-Val was not possible, the separation of Phe—Gly—Phe—Gly and Gly—Phe but also of the closely related Gly—His and
Gly—Gly—His could be achieved.

O 2003 Elsevier B.V. All rights reserved.

Keywords: Mixed-mode electrochromatography; Monolithic columns; Stationary phases, electrochromatography; Amino
acids; Peptides

1. Introduction exemplary separations and applications (see Refs.
[1-4] for recent reviews). Obviously extremely
The potential of capillary electrochromatography efficient separations can be achieved in CEC, espe-
(CEC) has been amply demonstrated by a burst of cially if stacking and focussing effects are exploited

[5-7]. The sample volumes can theoretically be
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most compatible with electrospray mass spec-
trometry. Clearly these advantages of CEC match
very well the needs of the most demanding and
rapidly evolving area of analytics, namely
bioanalytics (genomics, proteomics, metabolomics,
zoeomics, to give a few key words). However,
biocompounds also seem to represent the biggest
challenge for CEC, mainly because these compounds
tend to be in the charged state.

The separation of uncharged substances poses few
problems in CEC and taking into account the differ-
ence in the propagation of the mobile phase (elec-
troosmosis rather than pressure), the established
chromatographic theory is largely applicable. The
separation of charged analytes, on the other hand, is
simultaneously governed by chromatographic inter-
action and electrophoretic migration. Also—depend-
ing on the sign of their charges—the analytes may
migrate co- or counter-directionally to the electro-
osmotic flow, EOF. While the latter can lead to an
increased selectivity, it may also lead to long elution
times[8]. Furthermore, a change in the mobile phase
under these conditions not only influences the state
of the analytes, or the chromatographic elution
power of the mobile phase towards these analytes,
but also induces a change in the velocity of the
mobile phase itself.

Only recently have the first theoretical models for
simultaneous electrokinetic mass transport and ad-
sorptive interaction of charged analytes in the elec-
trochromatographic mode been publishg-12].
One conclusion from these simulations is that CEC is
indeed a separation method in its own right and with
its own particularities, which cannot be treated as a
simple *“hybrid” of liquid chromatography and
capillary zone electrophoresis. As a consequence, a
detailed experimental investigation on the retention
behavior, but also the development of stationary
phases especially tailored for the needs of electro-
chromatography, is called for.

To date, several attempts to achieve a separation
of charged analytes in CEC have been presented (see
Refs.[2,3] for recent reviews). Peptides and proteins
served as model analytes in the majority of these
reports, although other charged compounds have
been considered occasionally. In most cases silica-
based particles (originally intended for conventional
HPLC) have been used in these experiments. The
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retention behavior of peptides on alkyl-functional-
ized silica packings under electrochromatographic
conditions has, e.g., been investigated by Adam and
UndéB] and Walhagen et a[14,15]. However, a
problem of using silica-based stationary phases in
CEC is the inherent low EOF at low pH due to the
neutralization of the charge creating silanol groups.
In this context the use of silica-based, mixed-mode
[hydrophobic/strong ion exchanger (SCX)] station-
ary phases presents a more viable alternative, whicl
has been taken into consideration by several research
grded6—-20]. The group of Unger et al. com-
pared, e.g., the CEC separation of four synthetic
peptides on columns packednwittyl and n-
octadecyl silica, as well as with a mixed mode
15 C /SCX stationary phase with separations in the
capillary zone electrophoresis (CZE) and HPLC
m¢ileék They observed different elution patterns
for the various techniques, but also between CEC
separations on purely reversed-phase stationary
phases compared to mixed-mode ones, and even
between mixed-mode phases from different manufac-
turers. The group of Regnier and co-workers showed
preliminary results, where open tubular columns
(coated with an organosilane stationary phase) with a
low phase ratio were found to yield isocratic sepa-
rations of a resolution, which was equivalent to that
obtainable in gradient HPQR1]. However, since
mixed-mode interactions are often not desired in
HPLC, the selection of such materials from commer-

cial suppliers remains small. Most silica-based ma-

terials intended for reversed-phase HPLC have a
very low density of residual silanol groups and
therefore are not suited for CEC.

In this context stationary phases based on syn-
thetic organic polymers constitute an interesting
alternative, especially monolithic and open-tubular
ones, which consequently have also received atten-
tion as stationary phases for CEC of charged analytes

[22—27]. Such columns have the advantage that they

are prepared in situ and hence offer great flexibility

in the morphological design. The pore size (dis-
tribution), the surface charge density and the access-
ible chromatographic surface can in principle be
freely adjusted within a certain range. Again mostly
charged, reversed-phase columns bearing hydropho-
bic ligands, such,as € , £, C in addition to the
charges were used in the past.
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Horvath et al. reported in this context about
protein and peptide separations in open-tubular col-
umns clad with a stationary phase of highly cross-
linked, porous poly(vinylbenzyl chloride) derivatized
with N,N-dimethyldodecylaming23], i.e., a posi-
tively charged chromatographic phase modified with
C,, alkyl chains. Counterdirectional separation of
basic proteins and peptides was possible at pH 2.5.
The same group also compared the behavior of a
monolithic stationary phases where the same styrenic
polymer was derivatized withN,N-dimethyloctyl-
amine in the micro ) HPLC and the CEC modes
[22]. In addition, a mixed-mode weak anion ex-
changer was prepared from a polyacrylic acid-based
polymers derivatized with a secondary aminé- (
ethylbutylamine)[24]. For this column the counter-
directional separation of proteins and peptides was
again investigated at pH 2.5 for different ionic
strengths and organic modifier content of the mobile
phase. According to the authors, the selectivity was
mainly depended on the acetonitrile content in the
mobile phase. Surprisingly, however, the retention
factors of the proteins decreased with increasing
acetonitrile content, whereas that of the peptides
increased.

Ericson and Hjeften described a sophisticated
system, where continuous beds, previously designed
for HPLC applications, were used in gradient CEC
[25]. A poly(acrylamide)-based polymer was deriva-
tized with C 4 (stearyl methacrylate) and ammonium
groups (dimethyldiallylammonium). An HPLC gra-
dient system was connected to the CEC system. The
flow was regulated by an adjustable splitting valve,
in order to deliver a gradient at zero pressure thereby
assuring that the gradient was propelled through the
capillary solely by electroosmosis. The directions of
the electroosmotic flow and the electrophoretic mi-
gration of the proteins, respectively, could thus be
modulated independently through the ammonium
group-content of the stationary phase for the former
and through polarity of the applied voltage and the
mobile phase composition for the latter. Thus nor-
mal-flow and counterflow gradients could be per-
formed with the same system.

Yu et al. reported an attempt to separate peptides
on hydrophobic, methacrylic monoliths derivatized
with sulfonic acid moietie§26]. The analytes were
eluted by the addition of sodium 1-octanesulfonate as
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an ion-pairing reagent. As an alternative, a non-
charged monolithic stationary phase has been pre-
sented for the separation of peptides according to
their differences in electrophoretic mobility and their
ability to interact with a hydrophobic chromato-
graphic surface in the absence of J28OF
Only a few studies have to date been reported on
the behavior of charged analytes other than proteins/
peptides. Que et al. investigated the separation of
bile acids and their conjugates on poly(acrylamide)-

based continuous beds coupled to an electrospray ion

trap mass spectrom§fgr They subdivided the
analytes into two classes, using a hydrophgbic C
stationary phase and positive-ion detection mode for

the free and glycine-conjugated bile acids and a

hydrophilic amine phase with negative-ion detection
mode for a mixture of glycine- and taurine-conju-
gated solutes. The former exhibited reversed-phase
elution patterns, the latter apparently normal-phase
ones. However, as charged analytes were involved,
the separation was found to depend also on the
mass-to-charge ratio and charge sign of the analytes.
In the context of the separation of chiral deriva-
tized amino acids, Lammerhofer et al. investigated
general aspects of the influence of the stationary
phase and the chromatographic conditions on the
separation efficiency and sel¢298%]. The
authors noted a dependence of the flow velocity on
the pore size of the monolithic stationary phases. The
positively charged quinidine moieties served equally
as EOF generator and as chiral selector, and selec-
tivity was achieved through an anion-exchange
mechanism. An increase in the counterion concen-
tration (e.g., by high acetic acid content in the mobile
phase) improved the efficiency without affecting the
selectivity. A comparison of purely organic versus
hydro-organic mobile phases demonstrated the su-
periority of the latter in terms of efficiency and
retention. An efficiency increase could also be
obtained by increasing the polarity of the stationary
phase, by replacing the glycidyl methacrylate (GMA)
with the more polar 2-hydroxyethyl methacrylate
(HEMA). This effect was attributed to the reduction
of nonspecific interactions.
Mixed-mode stationary phases has thus given
interesting results, to date mostly in a mixed re-
versed-phase/ion-exchange mode. However, the two
interaction modes—hydrophobic and electrostatic—
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possible on such mixed-mode columns may be
difficult to exploit to advantage in the case of

charged analytes. For instance, the high salt buffer
needed for elution in ion-exchange chromatography
enforces hydrophobic interactions and vice versa, the
high organic phase content used for the elution of
hydrophobic solutes enhances electrostatic interac-
tions. The elution of a charged biological, e.g., a
protein, from such a mixed-mode CEC column may
therefore at times be rather difficult. We have recent-
ly proposed a monolithic stationary phase for CEC
that is based on a hydrophilic rather than a hydro-

tubings and the calibrator cartridge (ULT-NAN-75)
were adapted for nano-flow conditions (columns of
pwMBI.D.). The injection was performed manually
using a four-port valve with an internal injection
loop of 10 nl from Valco (Schenkon, Switzerland).
An Ultimate UV detector with a U-Z capillary flow
cell (3 nl volume) was used for detection. A
Porosimeter 2000 WS (Carlo Erba, Milan, Italy) was
used to determine the average pore size and the pore
size distribution of the polymers. The appearance of
the polymers inside the capillary was investigated by
scanning electron microscopy (XLF 30 FEG,

phobic (charged) polymef31]. The corresponding
columns have already given good results for the
separation of uncharged analytes. Here such station-2.2. Sationary phase synthesis
ary phases were for the first time investigated in the
separation of mixtures of charged biologicals such as
amino acids and peptides.

Philips).

Prior to stationary phase introduction, silica capil-
laries were flushed with M0.2NaOH (30 min),
0.2M HCI (30 min) and water (30 min). Then a 30%
(v/v) solution of 3-(trimethoxysilyl)propyl methac-
rylate in acetone was pumped through for 15 min.
Afterwards the capillary ends were sealed with GC
septa and kept overnight at room temperature. Just
before introduction of the polymerization mixture,
the capillary was flushed with methanol and water.
Theé%, T% nomenclature originally proposed by
Hjertef82] was used to describe the composition of
the polymerization mixture. The standard column
used in these investigations was prepared with
DMAA as functional monomerTanti5%, C=
52%, according to a previously described protocol
[31]. Other monomers were used as indicafédble
1 compiles the compositions of all columns used in
these investigations. The effective length of the
capillary columns was 27 cm (inlet-to-detector, cor-
responding to a total length of 35.5 cm) for CEC and
15 cm fdiPLC applications.
For the synthesis, the monomer mixture, the
crosslinker and the indicated amount of ammonium
sulfate (50 mg/ml unless indicated otherwise) were
dissolved in 1 ml of a BDwhosphate buffer
(pH 7). The mixture was degassed by ultrasonication
for 10 min, thed @Da 10% (w/v) ammonium
persulfate angdl & a 10% (v/v) TEMED solu-
tion were added and the solution was briefly mixed.
The capillary was completely filled with the mixture
and the ends of the capillary were again plugged
with the GC septa, The polymerization started

2. Experimental
2.1. Materials and eguipment

N,N,N’,N’-tetramethylethylenediamine (TEMED),
N,N-dimethylacrylamide (DMAA), methacrylamide
(MAA), 2-hydroxyethyl methacrylate (HEMA,
>96%), 2-hydroxyethyl acrylate (HEA>96%),
vinylsulfonic acid (VSA, 30% aqueous solution of
the sodium salt), salts for buffer preparation, and
methanol were from Fluka (Buchs, Switzerland).
Piperazine diacrylamide (PDA) was from Bio-Rad
(Hercules, CA, USA). Acetonitrile (HPLC grade)
was from Biosolve (Valkenswaard, The Netherlands).
Amino acids were from Sigma (St. Louis, MO,
USA), peptides from Fluka. All substances were
used without further purification. The fused-silica
capillaries (75um inner diameter, 36Qm outer
diameter) were from Polymicro Technologies
(Phoenix, AZ, USA).

A Hewlett-Packard®® CE system (Hewlett-Pack-
ard, Waldbronn, Germany), upgraded for operation in
the CEC mode (12 bar pressure option) was used for
CEC experiments. For column rinsing after the
polymerization, an HPLC pump (433, Kontron,
Watford, UK) was used. The nano-HPLC system
was an Ultimate Capillary HPLC system (LC Pack-
ings, Amsterdam, The Netherlands). The connecting
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Table 1

Compositions of the monoliths prepared as stationary phases for the CEC experiments

Functional Monomer PDA VSA (NE )SO Yo %C
monomer (mg) (mg) (0)]

DMAA 71 78 15 30, 40, 50 15 52

MAA 71 78 15 50 15 52

HEA 175 175 15 30 35 50

HEMA 175 175 15 30 35 50
spontaneously soon after and was allowed to proceed capillary length of 35.5 cm. Injection was performed
overnight at room temperature. Afterwards, the electrokinetically (7 kv for 3 s). The temperature
detection window was created in the capillary by was’@band the detection was performed at 214
burning off a section of the outer polyimide coating nm. The observed mobility, which for ionic species
and in the same way locally pyrrolyzing the monolith includes the electrophoretic mobility and the effec-
inside. Before, during and after the creation of the tive mobility, was calculated as follows:

detection widow, the capillaries were flushed with
pure water for a total of about 1 h, applying flow-
rates of 0.045 ml/min, in order to efficiently remove \yhereE=30 KV/35.5 cm'u=27 cmt
. ; -

the non-reacted monomers and the ashes produced The electrochromatographic retention coefficient
during pyrrolization. Before use, every column was g __ was calculated as follows:
inspected under the microscope for uniformity of the
stationary phase. Columns, which showed ir- _
requlariti i kCEC_ t

gularities were discarded. o

Mops = u/E

t,—t

r o

With t, the migration time of the compound in
question and, the migration time of a neutral and
non-retained tracer (“EOF-marker”). DMF was
chosen as EOF marker in these investigations. The
column efficiencyH was calculated ak/N from the
number of theoretical plates per meter:

2.3. Electrochromatography

Before the measurements and upon every change
of the mobile phase, the stationary phase was
conditioned by flushing with the new mobile phase at
11 bar for about 30 min, while applying a voltage of
7 kV, followed by pure voltage equilibration (25 kV) t \?
for another 10 min. In between runs under identical "~ 5'54'<W0.5)
chromatographic conditions, no conditioning was
performed. The elution order in the electro-
chromatograms was determined by spiking the sam-
ple with the individual compounds. The mobile
phases were prepared as follows: first, an agueous
stock solution of 100 ml ammonium acetate—M 3. Results and discussion
acetic acid was prepared. Then the proportions of
(organic phase—water—stock solution) were calcu- 3.1. Preparation and characterization of the
lated, in order to obtain a mobile phases where the stationary phase
overall ionic strength was, e.g., kept constant when

with L column length andw, . peak width at half
height.

varying the organic phase content. All samples Based on our previous studies on the systematic
(amino acids, peptides) were prepared in the respec- development of acrylamide based monolithic CEC
tive mobile phase at a concentration of ca. 5 and colunidt], a stationary phase composed of

1 mg/ml, respectively, followed by dilution to con- DMAA and VSA as interactive monomers and PDA
centrations of ca. 1-5kh. If not otherwise men- as crosslinker was chosen for the separation of

tioned, the applied voltage was30 kV over a total charged analytes. In particular, the standard column
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was prepared withC=52%, T=15%, 50 mg/ml of
ammonium sulfate as salting out (pore forming)
agent, and 1ml/ml of VSA. According to the
mercury porosimetry measurements, such polymers
typically had a porosity of 77% and a mean pore
radius of 840 nm.

For the preparation of the detection window, the
method of burning away a small section of the
polymer (simultaneously with the removal of the
polyimide coating of the capillary) was used rather
than a partial filling of the column with the monomer
mixture. This makes on-column detection possible,
while assuring a uniform EOF over the whole
column length. As a result, better stability upon
voltage application could be observed (although no
difference was observed during hydrodynamic flush-
ing). It may be that a monolith that fills the entire
capillary column save for the small detection win-
dow is less prone to EOF reflow or deviations from
the plug-flow profile, phenomena discussed by
Hjerten[33] and Rathore and Hofvatl34], respec-
tively.

When introduced into the nano-HPLC system, the
columns showed a linear increase of the backpres
sure with the flow-rate for a variety of mobile phases
(e.g., methanol, acetonitrile, water and mixtures of
these) for flow-rates ranging from 0.1 to Ju0'min,

Fig. 1a.Backpressures up to 190 bar were measured
during these experiments. No extrusion or apparent
damage of the monolithic column was observed. It
can hence be assumed that the monolith is rigid and
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that mechanically the capillary columns are suffi-

ciently stable for application in nano-HPLC and

CEC. In addition, the backpressure of three DMAA

columns, which had been synthesized from monomer
mixtures containing 30, 40 and 50 mg/ml ammo-

nium sulfate were compared for a 4:6 mixture of

acetonitrile—methanol as mobile phise,lb.
Again the backpressure was found to increase linear-
ly with increasing flow-rate in the investigated range
between 0 and 0.7 ml/min. More importantly how-
ever, a clear relation between the ammonium sulfate
content and the created backpressure and hence the
pore size could be observed. The column prepared
with 30 mg/ml ammonium sulfate (mean pore radius
@ib by mercury porosimetry) exhibited the
highest backpressure. By comparison, a polymer
prepared with 50 mg/ml ammonium sulfate had a
mean pore radius of n84nd for a given mobile
phase flow-rate, the backpressure of such a column
was less then 50% of that created by the column

prepared with 30 mg/ml ammonium sulfate.
When the electroosmotic flow velocity in the

columns prepared with different ammonium sulfate
concentrations was measured as a function of the
applied voltage for a hydro-organic M2@um-

monium acetate, BDCacetic acid—[40% (v/v)

acetonitrile—methanol (8:2)] mobile phase, the rela-

tionship was lifégr 4). Moreover, almost no

difference could be observed between the three
DMAA columns. In our case, the EOF hence appears
to be largely independent of the mean pore size of

30 mg/ml ammonium sulfate
40 mg/ml ammonium sulfate
50 mg/ml ammonium sulfate

>beoenm

T T T T
03 0.4 0.5 06 0.7 08

flow rate ( pl/min)

Fig. 1. (a) Column backpressure as a function of the applied volumetric flow-rate for a given DMAA column with acetonitrile, methanol,
and water as mobile phas€=29%, C=52%, 50 mg/ml ammonium sulfate, length 29 cm. (b) Column backpressure as a function of the
applied volumetric flow-rate for DMAA columns prepared with 30, 40, and 50 mg/ml of ammonium sulfat&5%, C=52%, length

15 cm, mobile phase acetonitrile—methanol (4:6).
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Fig. 2. EOF as a function of the applied electric field strength for
DMAA columns prepared with 30W), 40 (@), and 50 &) mg/

ml ammonium sulfate using hydro-organic (20/mammonium
acetate—M acetic acid in 40% (v/v) (acetonitrile—methanol, 8:2)
and (A) a purely organic (acetonitrile—methanol, 8:2) mobile
phases (the latter only for the 50 mg/ml ammonium sulfate
column).

the column. This stands in some contrast to the
findings of other authorf26,35,36].However, since
in our case the pore size was determined in a bulk
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mobile phase (acetonitrile—methanol, 4:6) was used
in case of the stationary phase prepared with 50 mg/
ml ammonium sulfate, the slope of the electroosmot-
ic flow velocity as function of the electric field was
steeper than with the hydro-organic mobile phase,
Fig. 2. This might be due to the difference in the
viscosities and the/-potentials of the respective
mobile phases, although changes in the pore struc-
ture of the stationary phase upon changes of the
mobile phase cannot be excluded at this point.

The Van Deemter curves recorded for a non-
retained (DMF) and a retained but noncharged
(phenanthrene) tracer showed the expected general
shape[37], i.e.,, a low C-term and hence a plot
largely dominated by the A- and B-term&ig. 3).

For purely organic mobile phases, optimum plate
heights of 16u.m were measured for the retained
tracer. When a hydro-organic mobile phd@® mv
ammonium acetate—[40% (v,v) ACN-MeOH (8:R)]
was used, even lower plate heights (aroundnd
were measured, albeit with the optimum at lower
flow velocities. In spite of the slightly lower EOF, a
hydro-organic mobile phase hence promises more

efficient separations by the monolithic columns than

a purely organic one. When the column was run in
(HePLC mode optimum plate heights were

roughly one order of magnitude larger than under
CEC conditions for all investigatefB8hsEsis
can partly be attributed to a lower efficiency to be
expected for the nano-HPLC column due to the

polymer and in the dry state, this could also indicate
that such pore size measurements are not always
representative of the actual pore size in the column
filed with mobile phase. When a purely organic

2-4a b
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30 - .
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28 30 +
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26 o 28 -
24
£ E 1
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Fig. 3. (a) Van Deemter curve recorded for DMF (unretained marker) in acetonitrile—methanol (4:6) as mobile phase. Stationary phase

DMAA column (T=15%, C=52%, 50 mg/ml ammonium sulfate). (b) Van Deemter curve recorded for phenanthrene (retained, but
non-charged marker) in acetonitrile—methanol (4:6) as mobile phase. Stationary phase DMAA colarhbdg, C=52%, 50 mg/ml

ammonium sulfate).



202 D. Hoegger, R. Freitag / J. Chromatogr. A 1004 (2003) 195-208

parabolic flow profile typical for the pressure driven

mode, but can also be due to system inherent factors

like the manual injection or other extra-column
effects.

3.2. Investigation of the retention mechanism

In order to obtain an overall view of the retention

mechanisms of charged compounds on the proposed

stationary phases, the influence of a variety of
mobile and stationary phase parameters on the
migration—retention were systematically investi-
gated. We were in particular interested in the relative
contributions of electrostatic and hydrophobic—hy-
drophilic interactions to the chromatographic reten-
tion and in the relative contributions of the total
chromatographic as opposed to the electrophoretic
effect on the observed separations. Three UV-active
amino acids, namely phenylalanine (Phe), tryptophan
(Trp) and histidine (His) were taken as model
analytes. Their characteristics and chemical struc-

Table 2

tures are summarizethliite 2. Amino acids are
amphiphilic molecules and most of them have an
isoelectric point above 5. Low pH conditions are

therefore suited for the separation of amino acids by
CEC, since they should all bear a positive net charge
under these conditions. The classification of the
amino acids according to their relative hydropho-

bicity is less straightforward. Various data on the
relative hydrophobicity of amino acids have been
published (e.g., [B9g10]), although depending
on the experimental conditions significant differences
can apparently be observed.

When testing different mobile phase conditions it
was noticed that the baseline stability depended
strongly on the mobile phase. Mixed aqueous—or-
ganic phases gave stable baselines and measurement

conditions up to salt concentrations & Wtem
ammonium acetate or ammonium formate, respec-
tively, were chosen as buffering agents (pH 3).
Mobile phases based on sodium phosphate (from
pH 3 to pH9), Tris—borate, or tri-ethylammonium

Chemical structures, isoelectric points ard palues of the amino acids (phenylalanine, tryptophan, histidine) used as model compounds

PKcoon PK 3+

pK

pl Structure

side chain

Phenylalanine 1.83 9.13

Histidine 1.82 9.17

Tryptophan 2.83 9.39

COO-

- 5.48

N
6.00 7.59 H

N
- 5.89 H
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phosphate buffers, often resulted in noisy, unstable Table 3 . . .
baselines, even at low electrolyte concentrations. Observed mobilitieg,, (10 cnf V' s™) of Phe, Trp, His and
Finally. a ternary mixture of acetonitrile. methanol the EOF mgrker DMF as a functhn of the cation _C(_Jntent of the
na, y o hydro-organic phase for three mobile phases containing 20, 40 and
and acetate buffer was used as mobile phase ratherggo, of an 8:2 mixture of acetonitrile and methanol and as a
than a mixture of acetonitrile and acetate buffer, as function of the organic content (acetonitrile—methanol, 8:2) for
an increase of the elution power was observed upon three mobile phases containing 4/160, 10/400, and 20/8@0 m

addition of methanol (acetonitrile—methanol, 8:2) to 2mmonium acetate—acetic acid, respectively

the mobile phase. For the sake of comparability this 20% 40% 60%
mobile phase was kept for all the investigations with 4 DME 5.8 6.3 7.0
amino acids. Phe 4.9 5.6 6.4
Fig. 4ashows an exemplary electrochromatogram His - - -
of the three amino acids and the EOF marker DMF. Trp 22 3.4 42
The amino acids are well separated, His and Phe 10 M DMF 6.5 6.8 7.1
elute before the EOF marker, Trp after it, indicating Phe 6.6 7.2 7.8
the presence of additional effects besides the purely :';; 1;"6 l;i g'g
chromatographic ones in the separation. The same ' ' ’
capillary column was also used in the nano-HPLC 20 mM DMF 6.9 6.7 6.0
mode,Fig. 4b,where a different el_ution (_)rder (I_Dhe_, E?se 13'0 1;'3? 1;’;
Trp, His) was observed for the amino acids, which in Trp 53 6.6 6.9
addition eluted all three after the nonretained tracer.
A somewhat different mobile phase was used in the
two cases (CEC, nano-HPLC) to allow for some Based on this first separation, the electrochromato-
individual optimization of the two separation modes. graphic parameters were systematically Vabied.
However, this is not responsible for the observed 3 compiles the mobilitiesu,,, of the three amino
differences in the elution order. As expected from acids as a function of the salt concentratign (m
the Van Deemter curve measurements, a much lower and the organic content (%, v/v) of the mobile phase
efficiency was observed for the pressure driven (three data points each). From these data some
compared to the electrochromatographic mode. general tendencies can be deduced. All mobilities
25. a Trpv o] b DMF 1pp
20+ His Phe
10+ His
a3 5 Phe DMF )
5 5
Ho- £°]
5 01 \—ﬁl\
J 4
04 -5+
B A S R S S e e S R RN
time (min) time (min)

Fig. 4. (a) Electrochromatographic separation of His, Phe, DMF, and Trp on DMAA standard column. Mobile pha#é:a2@monium
acetate—800 M acetic acid in 20% (acetonitrilie—methanol, 8:2). Voltage, 30 kV. Electrokinetic injection, 7 kV, 3 s. Detection, 214 nm. (b)
Chromatographic separation of Phe, His, Trp on DMAA standard column. Mobile phaseMJahmmonium acetate—560Nhacetic acid in

30% acetonitrile. Column length, 15 cm. Flow-rate, 0.2 ml/min. Detection, 214 nm.
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were calculated from retention data with a typical
standard deviation of less than 1.5% (run-to-run
reproducibility).

Generally, an increase in mobility is observed with
increasing salt concentration in the mobile phase for
any given amount of organic solvent. The effect is
least pronounced for the highest investigated organic
solvent content (60%, v/v) and for the EOF marker
DMF. Phe and Trp show intermediate behavior,
whereas His does not elute at all at #Mnsalt, but
elutes first for the other two salt concentrations. At
low salt all amino acids elute after the EOF marker
(or not at all), while at least His and Phe tend to
overtake the EOF marker at the higher salt con-
centration. Some deviation from these tendencies is
observed at the highest investigated salt (20)m
and organic solvent content (60%, v/v), where the
mobilities of DMF and Phe are found to decrease
compared to 10 M salt—60% (v/v) solvent, while
the mobility of Trp stabilizes and only that of His is
still observed to increase.

If the effect of an increase in organic content is
followed for a given salt concentration, at Mrsalt,
all mobilities increase with increasing organic sol-
vent content (save for His, which could not be
eluted/measured at all). A similar tendency for
mobility increase is observed for DMF, Phe, and Trp
at 10 MM salt, while the mobility of His decreases
under these circumstances with increasing organic
solvent content. At 20 M salt, the mobilities of all
investigated substances save Trp decrease with in-
creasing organic solvent content. As a result, all
amino acids elute in front of the EOF marker DMF
when a mobile phase with 20vhsalt and 60% (v/v)
organic solvent is used.

The interpretation of the observed behavior can
largely rely on the assumption of a retention mecha-
nism, which is principally governed by ion-exchange
phenomena, superposed by differential electrokinetic
mobility. At low organic solvent content (and low
salt concentration) all substances are well retained,
the EOF is also lowest (measured by the marker
DMF). As the salt content of the mobile phase
increases, the electrostatic interactions are reduced

and the retention of all substances decreases; the first

analytes start to overtake the non-retained EOF
marker. As all analytes are charged, they are acceler-
ated in the electric field when in the mobile phase, an
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effect, which becomes more determining as the
retention is reduced. The effect is strongest for
histidine, hence the tendency to elute first at high salt
concentrations. As a consequence, at low salt
(“chromatographic domain”) the retention of the
amino acids on the stationary phase surface gives
them a lower mobility than the noncharged EOF
marker. At higher mobile phase salt concentration
(“electrophoretic domain”) the charged analyte
molecules spend sufficient time in the mobile phase
to be accelerated beyond the speed of the EOF by the
additional effect of electrophoresis.

The effect of the organic solvent content of the
mobile phase for a given salt concentration is more
difficult to explain. At low salt concentration, an

increase in the organic solvent content also reduces
retention, i.e., the behavior is reminiscent of re-
versed-phase chromatography. At higher salt con-
centration, an increase of the organic solvent content
may have a positive or a negative effect on the
mobility of the analytes. Especially at 60% solvent,
the mobilities of some analytes go through an
optimum as a function of the salt content, which is
reminiscent of the behavior observed by Gusev et al.
[22]. However, this is in our case largely due to a
corresponding change in the strength of the EOF.
When the capacity factors themselves were calcu-
lated, these values were found to either increase or
decrease consistently as a function of the salt and/or
organic solvent content.

An elevated content of organic solvent in the
mobile phase will reduce hydrophobic interactions
and increase the importance of electrostatic but also

hydrophilic ones (such as H-bridges). Putative
changes in the charge status of the analytes have to
be taken into account in this context. Even though a
pH of 3.0 was measured for the ammonium acetate—
acetic acid stock solution in water, the apparent pH*
measured in organic phase wer8.pHt 20%,
pH4.0 in 40% and pH:=4.5 in 60% organic
phase. The latter approaches the isoelectric point of
Trp and Phe. At low salt concentration, the organic
solvent thus acts as eluent. At intermediate salt
concentration, it start at least in the case of His to
enforce some other type of interaction instead, hence
the reduced mobility of this compound. At high salt,
this enforcing rather than eluting effect seems to be
active in the case of Phe as well and only Trp is



D. Hoegger, R. Freitag / J. Chromatogr. A 1004 (2003) 195-208 205

becoming more mobile as the organic solvent content (reduced electrostatic interactions) combined with a
is increased. Although the hydrophilicity of the low organic solvent content (low hydrophilic—high
analytes investigated here seems to be insufficient to hydrophobic interactions) results in the sharpest peak
make hydrophilic interaction dominate the chromato- Fig( 5d) and the highest mobility. If the salt content
graphic behavior—as had previously been observed is reduced while the organic solvent content remains
for uncharged aromatic compound81]-it may low (Fig. 59, the peak shape deteriorates dramatical-
nevertheless be able to influence the chromatograph- ly. Intermediate salt and organic solvent content
ic behavior of such substances at high organic Fig(5b result again in a reasonable peak shape,
solvent—salt content. albeit with lower plate numbers. At intermediate salt
The presence of a mixed-mode interaction mecha- and high organic solvent canterig, the peak
nism is also evidenced iRig. 5, where the shape of shape deteriorates once more. Thus the peak shape
the histidine elution peak is shown as a function of improves when the buffer concentration in the
the mobile phase composition. A high salt content mobile phase is high enough to reduce the electro-
a b

N p—

0 1 2 3 4 5
(min) (min)

s
o1

T
3

o
o+
-
N

Fig. 5. Comparison of the peak shape of histidine as a function of the mobile phase composition. Stationary phase: DMAA standard
column: (a) 20 ™M ammonium acetate—800Nhacetic acid in (acetonitrile—methanol, 8:2)—water (6:4); (b) 20 @mmmonium acetate—

800 nM acetic acid in (acetonitrile—methanol, 8:2)—water (4:6); (c) 138 mmmonium acetate—800\h acetic acid in (acetonitrile—
methanol, 8:2)—water (2:8); (d) 40vhammonium acetate—800Nhacetic acid in (acetonitrilie—methanol, 8:2)-water (2:8).
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static interactions between the charged functionalities speaks for an involvement of the surface charges in
of the stationary phase and the analytes, and if the the retention of all investigated amino acids.
agueous content of the mobile phase is sufficient to Subsequently columns were produced where the
reduce the hydrophilic interactions. DMAA was substituted by comonomers such as
In order to further investigate the influence of the MAA, HEMA and HEA. The compositions of the
two phenomena, stationary phases were subsequently polymer mixtures were adapted in each case, in orde
synthesized, where either the surface charge density to obtain polymers of similar physical characteristics
was varied or where the DMAA was (partially) (mechanical strength, porosity). When these columns
replaced by a more hydrophobic monome&alle J). were subjected to similar tests of the influence of the
Evidently a change in the surface charge density mobile phase composition on the separation of
produces changes in the overall flow velocity, i.e., charged amino acids, retention was consistently
the EOF, as well as changes in the retention be- strongest on the HEMA column, followed by MAA.
havior. Fig. 6 shows the dependency of the mo- HEA and DMAA columns showed a somewhat
bilities of the EOF marker and the amino acids on lower and very similar retention potdrigal 7.
the amount jul) of VSA added to the polymerization Overall this influence of the stationary phase chemis-
mixture. As expected, the flow velocity increased try can be interpreted as a direct effect of the
with the addition of VSA (increase in the mobility of monomer hydrophilicity, which changes in the order

the EOF marker), albeit in a nonlinear fashion. of HEMMAA >HEA-DMAA.
Incidentally, when no VSA was added, no EOF was

observable, hence a complete coverage of the silica3.3. Separation of charged peptides
surface by the monolithic column can be assumed.

When normalized for the increase in EOF, the Based on the experience gained with the amino
mobilities of all investigated amino acids and most acids, first peptide separations were attempted. The
pronouncedly His were reduced (increased retention) CEC separation of Gly—Phe and Phe—-Gly—Phe—-Gly
as the amount of charged monomers used for column is showhign 8a. A mobile phase containing
preparation and hence presumably the charge density MCammonium acetate and 20% (v/v) organic
of the stationary phase was increased. This clearly solvent was suitable in this case. Both peptides
1.2
2.5x10° 4 J A
P o 1.0 -
e 0.8
2.0x10' e |
- 0.6 ...
w0 4 B
NE _ 0.4
& 1.5x10' . X | 2
< 0.2
= 0.0
1.0x10'+ 1
-0.24
-0.44
5.0x1G - A |
T T T T T T T -0.6
5 10 15 30 . . . : . _
ul VSA 20 40 60
) o ) % (ACN:MeOH 8:2)
Fig. 6. Observed mobilities of/) DMF, (3¢) Phe, @) His, (A)
Trp in function of the amount of vinyl sulfonic acid added to the Fig. 7. Comparison of the retention factors of Tryptophan mea-
monomer mixture during the synthesis of a DMAA stationary sured ) DMAA, (V) HEA, (A) HEMA, and @) MAA
phase. Mobile phase: 20vhammonium acetate—800Nh acetic columns as a function of the organic solvent content in a mobile

acid in 20% (acetonitrile—methanol, 8:2). phase containing RDammonium acetate—800Mhacetic acid.
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Fig. 8. (@) Electrochromatographic separation of Phe-Gly and
Phe—-Gly—Phe—Gly. Stationary phase: DMAA; mobile phase:
20 MM ammonium acetate—800Mhacetic acid in 20% (acetoni-
trile—methanol, 8:2). (b) Electrochromatographic separation of
Gly—His and Gly—Gly—His. Stationary phase: DMAA £ 15%,
C=52%); mobile phase: 40kh ammonium acetate—800Nh
acetic acid in 20% (acetonitrile—methanol, 8:2).

eluted before the EOF marker, with Phe—Gly—Phe—
Gly eluting after Gly—Phe. While the separation of
Gly—Phe and Gly—Val was not possible, the sepa-
ration of the closely related Gly—His and Gly—Gly—
His could be achievedrg. 8. For this separation,

a mobile phase with a higher ammonium acetate
concentration (40 i) and 20% (v/v) organic sol-
vent was necessary. However, this salt concentration
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was not sufficient for the elution of multiply charged
peptides, e.g., the triply charged His—Lys.

4, Conclusions

In hydrodynamically driven chromatography we
have become accustomed to single mode interac-
tions. Unfortunately, this is nearly impossible if
chromatographic interactions are to be combined
with electroosmotic propagation of the mobile phase
(CEC). The necessity of the presence of charges for
generation of the EOF leads to mixed mode interac-
tions on most CEC columns. At present this tends to
complicate the separation especially of charged
analytes. In this paper a monolithic column capable
of supporting both electrostatic and hydrophilic
interactions was investigated for the separation of
charged amino acids and peptides. An ion-exchange
mode superposed with electrokinetic migration was
found to be the dominant mode. However, the
uncharged functionalities appeared to fine-tune the
separation. Best results were obtained with mobile
phases where the strength of both kinds of interac-
tions was either low or intermediate. The develop-
ment of monoliths of more pronounced hydrophil-
icity is currently under investigation in our group.
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