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Towards a microchip-based chromatographic
platform. Part 2: Sol-gel phases modified with
polyelectrolyte multilayers for capillary
electrochromatography

The potential for using polyelectrolyte multilayers (PEMs) to provide chromatographic
functionality on continuous silica networks created from sol-gel chemistry has been
evaluated by capillary electrochromatography (CEC). Construction of the PEM was
achieved by flushing the column with polyelectrolytes of alternative charge, with varia-
tion of the properties of the exposed polyelectrolyte providing a unique means to vary
the chromatographic surface. Variation of the exposed polyelectrolyte from poly(dial-
lyldimethylammonium chloride) (PDDAC) to dextran sulfate (DS) allowed the direction
of the electroosmotic flow (EOF) to be changed and also provided a means to vary the
chromatographic capacity. Variation of negative polymer from DS to poly(styrene sul-
fonate) (PSS) significantly altered the EOF and the migration of peptides, with both the
reversed-phase and ion-exchange capacities increasing. An alternative method for
changing the column capacity was to change the thickness of the PEM, which was
evaluated by anion-exchange CEC. A 70–80% increase in retention was observed for
all anions without any increase in EOF suggesting significant penetration of the ana-
lytes through the PEM and interaction with buried charges within the PEM.
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1 Introduction

Since their first introduction, interest in microfabricated
devices has increased substantially primarily due to their
use in rapid separations. Other important factors, such as
reduced sample and solvent consumption, increased
portability, and the ability to integrate preseparation pro-
cesses, have also contributed to the popularity of this
new platform [1, 2]. Most applications to date have
focused on separations by capillary electrophoresis, a
simple voltage-driven separation, with the separation of
DNA fragments being the most popular microchip appli-
cation to date.

Introduction of a chromatographic phase into a microchip
would be beneficial allowing the vast knowledge and
experience gained from conventional HPLC to be trans-
ferred to microdevices. Although this would greatly in-

crease the applicability of the microchip platform, intro-
duction of the chromatographic phase has proved to be
difficult. A few demonstrations showed the potential of
open tubular microchip chromatography, although the
limited capacity and detection restrictions imposed for
good mass transfer effects are somewhat problematic
[3–5]. These open-tubular columns represent the same
channels easily fabricated for electrophoretic separa-
tions. Regnier and co-workers [6, 7] overcame this limita-
tion by creating numerous pillars inside a microchannel
to increase the capacity without significantly altering the
mass transfer properties; while impressive results were
obtained, the production cost of each device was exces-
sive. Imprinted plastic microchips provided a cheaper
alternative, but the efficiency was slightly lower due to the
larger spacing required between pillars [8]. The more con-
ventional approach, packing channels with particles, has
been applied to chromatography [9] and solid-phase
extraction (SPE) ([10]; Breadmore et al., submitted) how-
ever, this approach is restricted by the need to retain the
particles inside the microchannel, a far from trivial problem.

An easier method for establishing a solid phase inside a
microfabricated device is to polymerize the phase in situ,
creating a continuous network or so called “monolithic”
column. This approach, recently becoming popular for
�-HPLC and capillary electrochromatography (CEC),
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avoids the complex and time-consuming procedure of
constructing retaining frits, and thus is ideally suited for
implementation on microchips. In addition, the much
lower back pressure through monolithic columns further
simplifies the macro-to-micro interface required when
pressure systems are used. Yet, given these advantages,
the implementation of this approach for microchips has
been surprisingly slow to develop. Erison et al. [11]
reported the first use of monolithic phases in microchips
performing HPLC and electrochromatographic separa-
tions in quartz chips containing an acrylamide functiona-
lized monolith. Subminute separations were shown using
both techniques, illustrating the immense potential for this
approach. The group of Fréchet and Svec have reported
the use of photopolymerized organic monoliths in micro-
chips for mixing fluid streams [12] and also for SPE of
fluorescent proteins [13]. Throckmorton et al. [14] have
demonstrated the electrochromatographic separation of
labeled amino acids and peptides using photopolymer-
ized monoliths. These impressive results have been ob-
tained using organic-based monoliths in microchips, but
silica monoliths have been largely ignored.

In capillaries, silica monoliths have been developed ex-
tensively over the past five years for HPLC, and more
recently for CEC, by the Japanese group of Tanaka [15].
Tetramethyl orthosilicate (TMOS) hydrolyzed under acidic
conditions in the presence of the water-soluble polymer,
poly(ethylene oxide) (PEO), produces a large-pore silica
network called a sol-gel. The physical properties of the
sol-gel can be varied by changing the concentrations of
TMOS and PEO, or by postgelation treatment with ammo-
nium hydroxide. Chromatographic functionalization was
introduced by silanization of the surface after gel forma-
tion, to provide a C18 surface phase. Chen and Hobo [16]
and Kang et al. [17] also used sol-gel phases for CEC,
with the recipe developed by Tanaka and co-workers
modified to introduce different chromatographic phases
onto the silica surface. Malik and Hayes [18] and Dulay
et al. [19] created functionalized silica monoliths by in-
corporating an appropriate reagent into the precursor
mix. This approach is potentially powerful as it avoids the
time-consuming and potentially problematic step of sur-
face silanization. However, given the high sensitivity of
sol-gel chemistry to small changes in precursor formula-
tion, this may require complete redevelopment of the sol-
gel formulation to achieve functionalized chromatograph-
ic monoliths for particular applications.

Our efforts to develop silica phases suitable for imple-
mentation on a microchip platform recently demonstrated
purification of DNA using microchips filled with silica
beads (Breadmore et al., in press) and an unmodified
sol-gel monolith (Wu et al., in preparation). While the sol-

gel process represents an ideal method for putting solid
phases into microdevices, the SPE procedure relies on
DNA binding to surface silanol groups, which is not ideal
for chromatography. As such, we desired a simple and
effective method for introducing chromatographic func-
tionality postgelation without resorting to silanization
chemistry and without requiring complete redevelopment
of the precursor formulation.

A simple approach to surface modification involves for-
mation of a dynamic or a “semipermanent” coating. This
approach has found routine use in CE for EOF control and
to prevent absorption to the capillary wall [20, 21], and
has more recently been applied to CEC [22]. Dynamic
and semi-permanent coatings are similar in that the sur-
face is typically conditioned by flushing with the desired
coating material, but they differ substantially in the stabil-
ity of the coating. In a dynamic system, a rapid equilibrium
exists between the coating material in solution and the
surface-bound molecules. Thus, the coating material
must be present in the electrolyte during a separation or
the coating will not remain on the surface. A semiperma-
nent coating has a much slower equilibrium between the
solution and surface-bound molecules and, in many
cases, the coating material can be removed from the
electrolyte for a finite time before recoating of the surface
is required.

Recently, more permanent coatings for CE have been
developed using charged polymers, called polyelectro-
lytes [23–25]. Cationic polyelectrolytes can be used as a
semipermanent coating, but a more stable system results
by adsorbing alternating layers of oppositely charged
polyelectrolytes to form a polyelectrolyte multilayer (PEM)
[26]. These are also called successive multiple-ionic poly-
mer (SMIL) coatings [27, 28]. This buildup of oppositely
charged polymer layers provides an exceptionally repro-
ducible EOF in capillaries from different batches and
manufacturers. Also, the coating stability is greatly en-
hanced compared to single-layer polymer coatings, with
Katayama et al. [27] reporting an increase from 20 to
over 700 separations using a multiple-layer approach. In
addition to enhanced stability, Graul and Schlenoff [26]
demonstrated the potential of this approach for chroma-
tography by separating a mixture of neutral solutes in
open-tubular CEC with a functionalized PEM-coating
chromatographic phase. Kapnissi et al. [29] used this
technique for separations of benzodiazepines using PEM
open-tubular CEC. Again, the stability and reproducibility
of these columns was exceptional, with 200 separations
performed on a single column after exposure to extreme
acidic and basic conditions. In this study, we extend the
PEM coating approach for CEC by examining its use in
capillaries filled with a continuous silica phase created
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using sol-gel chemistry. The effect of PEM layer buildup
on capacity and the properties of the adsorbed polymer
on surface characteristics are examined, with anion-
exchange, cation-exchange and reversed-phase separa-
tions demonstrated using PEM-coated sol-gel phases.

2 Materials and methods

2.1 Instrumentation

All separations were conducted using a Hewlett-Packard
3DCE (Agilent Technologies, Waldbronn, Germany) with a
75 �m ID fused-silica capillary (Polymicro Phoenix, AZ,
USA) with a length of 33.5 cm, 26.5 cm to the detector,
unless otherwise noted.

2.2 Chemicals and reagents

Analytical-grade tris(hydroxymethyl)aminomethane (Tris),
10 kDa PEO, TMOS (99%), and poly(sodium styrene-
p-sulfonate) (PSS, avg. Mr 70 000) were obtained from
Acros Organics (New Jersey, NJ, USA). A 20% w/v solu-
tion of poly(diallyldimethylammonium chloride) (PDDAC,
Mr 200 000–350 000) in water, dextran sulfate (DS, avg.
Mr 500 000), and peptides were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Acetonitrile, phosphoric
acid, sodium hydroxide, lithium hydroxide, and HCl were
obtained from Fisher Scientific (Pittsburgh, PA, USA). All
Tris/HCl buffers were prepared by dilution from a stock
solution comprising 500 mM Tris titrated to pH 8.05 with
�1 M HCl, and filtered through a 0.22 �m filter prior to
use. Phosphate buffers were prepared by titration of
H3PO4 with NaOH or LiOH to give the desired concentra-
tion of cation. Nitrite, nitrate, iodide, and bromide were
obtained as the sodium salt and were all of analytical
grade. Samples were prepared as 1 mM stock solutions
in water and diluted to 0.1 mM for injection.

2.3 Column fabrication

Capillary tubing for filling was conditioned using a 1 M

NaOH overnight rinse followed by drying for 1 h at 50�C,
a 0.1 M HCl rinse for 10 min, an ethanol rinse for 5 min,
then drying with air. Sol-gel precursor solution was hydro-
lyzed by a modification of the procedure of Tanaka et al.
[30–33] which we developed previously [34]. Briefly, 1.06 g
PEO was dissolved in 10 mL of 0.02 M HCl and 4 mL of
TMOS was added, then the solution stirred in an ice bath
for 30 min. This mixture was degassed, and forced into a
conditioned capillary, the ends of which were then placed
in 0.5 mL plastic microcentrifuge tubes filled with sol-gel
solution and sealed. The sealed capillary was placed in an

oven and allowed to gel overnight at 50�C. Prior to use,
columns were cut to length and conditioned with buffer
for 5 min at 34 bar using an HPLC pump. The column
was then mounted in the CE instrument and conditioned
by increasing the voltage in 2 kV increments up to 20 kV
with a stable current obtained for 5 min before each volt-
age change.

3 Results and discussion

The use of polyelectrolytes in CE was established in the
early 90’s for EOF control and as a pseudophase in ion-
exchange electrokinetic chromatography [35–38]. While
this approach has been used extensively for EOF control
(readers are directed to a recent review on polymeric
coatings for more details [20]), the buildup of multiple
layers of oppositely charged polymers has only recently
been applied to CEC where it was shown to provide a
very stable and reproducible coating [26–28]. The mech-
anism of PEM buildup is complex and not clearly under-
stood at this stage, but the crucial component is that
the charge of the underlying layer is overcompensated
by the charge of the new layer [39]. Studies undertaken
by Schlenoff’s group [26, 40–43] have shown that charge
compensation for many PEM systems lies between 100
and 200% (i.e., for one unit of initial charge, 1–2 units of
new charge are adsorbed). Starting with the negative
silica surface, absorption of a positive polymer (such as
PDDAC, Polybrene or polyethylene imine) yields a posi-
tively charged surface. Onto this surface, a negatively
charged layer is created by adsorbing an anionic polymer
(typically DS, PSS, alginic acid, or hyaluronic acid). This
layer can again be used to adsorb a cationic polymer,
continuing thus, to form a PEM.

While it is increasingly popular in CE to modify the EOF,
other factors suggest this approach would also be ideal
for chromatography. The primary factor is the excellent
stability of these coatings, as reported by Katayama et
al. [27] and Kapnissi et al. [29], with the number of PEM
layers employed significantly influencing the properties
of the overall coating. Second, layer thickness is inde-
pendent of the time of deposition and can be accurately
controlled by changing the properties of the deposition
solution. Third, the nature of the exposed polyelectrolyte
can be modified to select the specific surface properties
required for chromatographic interactions.

Each of the above factors was examined for CEC using
sol-gel filled capillaries. Figure 1a shows a scanning elec-
tron microscopy (SEM) of a 75 �m ID capillary filled with
sol-gel. It can be seen that the monolith is well formed,
evenly distributed across the capillary, and consists of
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Figure 1. (A) SEM of a 75 �m ID capillary filled with
TMOS sol-gel and (B) higher magnification view at wall.

numerous �m-size pores with a micron-size skeleton
structure. There are no large voids or cracks and only a
slight degree of shrinkage is observed around the capil-
lary wall, predominantly due to air-drying. Examination of
a higher magnification SEM (Fig. 1b) clearly shows that
the shrinkage is isolated to the end of the column, while
further inside, the structure of the gel is retained with
excellent binding to the wall.

3.1 Stability of PEM layers

We previously reported on sol-gel phases modified by
the cationic polymer PDDAC to provide anion-exchange
sites for CEC [34]. However, it was necessary to include
a small amount of polymer in the electrolyte to obtain
a stable and reproducible separation. This requirement,
undesirable for many applications, could potentially be

Figure 2. Stability of EOF and anion electrophoretic
mobilities in sol-gel filled capillaries coated with a (A) 1
PDDAC and (B) 10/9 PDDAC/DS PEM coating. Condi-
tions: 60 mM Tris titrated to pH 8.05 with HCl; voltage,
�5 kV; detection at 195� 5 nm; sample, 0.1 mM of each
anion in 1% acetone in water, injection for 3 s at �1 kV.

avoided by the use of PEM layers, as demonstrated for
CE. To examine this, separations of inorganic anions in
sol-gel filled capillaries modified with a single layer of
PDDAC and a 10 (layer)/9 (layer) PDDAC/DS PEM coating
were performed. The change in EOF and anion electro-
phoretic mobility with the number of separations are
shown in Figs. 2A and B, respectively. After 22 separa-
tions in the single-layer PDDAC coated column, EOF
decreases while anion mobilities increase indicating a
loss of surface charge on the sol-gel phase, most likely
due to desorption of the polymer. In contrast, the PEM
coating shows no significant change in EOF or anion mo-
bility for 100 consecutive separations, clearly indicating
the increased stability of the chromatographic phase.
While a full study of the stability of PEM coatings was
beyond the scope of this work, we believe it will show
similar stability to that previously reported [28, 29].
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3.2 Thickness of PEM coating

The construction and structure of PEM layers has been
examined quite extensively by Schlenoff and co-workers
[26, 41, 43] over recent years with considerable effort
directed towards controlling layer thickness and under-
standing the origin of the exposed surface charge. They
found that the thickness of individual layers can be accu-
rately controlled by the composition of the deposition so-
lution, while overall thickness is governed by the total
number of layers. Furthermore, they suggest it is unlikely
that discrete polymer layers are formed, because radio-
labelled ion studies indicated that small ions do not parti-
cipate in charge neutralization but freely move throughout
the PEM. Instead, the authors propose that polyelectro-
lyte layers are mixed, with both positive and negative
polymers found at nearly all depths, except very close
to the surface. From a chromatographic prospective this
means that small analytes would be free to penetrate the
PEM and could potentially interact with buried charge via
an ion-exchange mechanism. The capacity of the column
could thus be tuned by controlling the thickness of the
layers.

To examine this, anion-exchange electrochromatographic
separations of small inorganic anions, selected for well-
characterized ion-exchange properties, were performed
in PEM-coated sol-gel filled capillaries. The number of
layers in the PEM was successively increased, with sepa-
rations performed between layer depositions. Data for
changes in EOF and electrophoretic mobility are shown
in Table 1. As can be seen from the data, the EOF changes
direction with the addition of successive layers; EOF
reversal occurs when PDDAC is the exposed layer (qua-
ternary ammonium charge) and normal EOF is estab-
lished when DS is exposed (sulfate group charge). It is

not surprising that EOF was higher for the first DS layer
compared to the unmodified column given that the
experiments were conducted at pH 6.1 where a high pro-
portion of the surface silanol groups are protonated, how-
ever there was no significant change in the magnitude of
EOF with either polymer type or polymer layer number.
From the table, it can also be seen that there is a signifi-
cant change in electrophoretic mobility of the selected
anions with construction of the PEM. The most obvious
feature is the initial decrease in the anion mobilities (i.e.,
they became slower) as the number of PEM layers was
increased. For I� in particular (the ion with the highest
ion-exchange affinity), the increase in chromatographic
interaction is quite considerable. Using previously pub-
lished values for the zone electrophoretic mobilities [44],
the capacity factor (a measure of pure chromatographic
retention) was measured and found to increase by a fac-
tor of 1.7–1.8 for all analytes on going from the 1st to the
8th PDDAC layer, equivalent to a 70–80% increase in col-
umn capacity. Given that there is no appreciable change
in EOF, it may be assumed that there is no increase in sur-
face charge density of the exposed polymer, thus the
increase in capacity must be solely due to the PEM thick-
ness increase. This suggests considerable penetration of
small analyte ions through the PEM for chromatographic
interaction with the buried ion-exchange sites. This is
further supported by a decrease in mobility of I� even
with the anionic DS surface exposed, with the mobility
decreasing from �64�10�9 m2/Vs in an empty capillary
to �58�10�9 m2/Vs with the 8th DS layer. Together, these
results clearly establish the potential to control the chro-
matographic interaction in PEM-coated CEC columns.

The second feature apparent from Table 1, is that the mo-
bilities of the ions decrease after addition of the 8th PEM
layer. A potential explanation lies in the thickness of the

Table 1. Change in EOF and electrophoretic mobility of inorganic anions with PEM layer buildup

Layer number Electrophoretic mobility (10�9 m2/Vs)

EOF Br� I NO2
� NO3

�

Surface charge � � � � � � � � � �

Bare 10.3 �65.4 �64.5 �62.1 �61.0
1 �29.6 29.1 �49.7 �65.0 �29.7 �63.5 �52.8 �60.2 �46.7 �58.9
2 �31.0 30.7 �40.5 �63.4 �17.1 �61.1 �46.6 �58.5 �38.6 �57.0
3 �31.2 32.2 �38.5 �63.5 �13.8 �61.0 �45.5 �58.6 �36.7 �57.1
4 �31.2 32.3 �36.6 �63.7 �10.5 �61.1 �44.3 �58.9 �34.9 �57.4
5 �30.8 33.1 �34.1 �63.7 � 6.8 �61.1 �42.8 �58.9 �33.1 �57.5
6 �30.4 34.6 �30.6 �63.8 � 2.8 �61.6 �40.5 �59.2 �29.3 �57.7
7 �30.1 33.4 �26.5 �62.3 1.2 �60.1 �37.0 �57.7 �25.4 �56.2
8 �29.5 30.1 �25.4 �60.1 2.5 �57.6 �36.9 �55.4 �24.2 �53.9
9 �31.6 28.3 �30.2 �61.5 0.9 �58.9 �41.8 �56.8 �28.7 �55.2

10 �31.3 �39.6 � 9.0 �48.5 �37.3
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PEM coating and its relation to the size of the sol-gel
mesopores. Given our deposition of polyelectrolytes
from a very low ionic strength solution, it is anticipated
that the layer thickness will only be marginally thicker
than layers deposited from water. PEM layers constructed
using PDDAC and PSS in water were found to have a
thickness of approximately 0.6 nm per layer pair [41, 43].
Using this value as an estimate of the PDDAC/DS layer-
pair thickness, deposition of eight layer pairs (the point at
which the mobilities start to increase) should give an
approximate PEM thickness of 4.8 nm. The average
mesopore size of the sol-gels is 4.9 nm [34], thus the addi-
tion of the 9th PEM layer, increasing the PEM thickness to
5.4 nm, would completely fill the mesopores and restrict
access of the ions to this area. While this is one possible
explanation, there may be other alternative explanations
related to the structure of the PEM and potential structural
changes with increasing PEM thickness. More work is
clearly necessary to elucidate the exact cause for this de-
crease in capacity.

The ability of ions to interact with buried polyelectrolyte
charge establishes the free movement of ions through-
out the PEM, and as such these charges should also
provide some contribution towards EOF. This was re-
cently demonstrated by Graul and Schlenoff [26] who
showed the ionic strength to have only a minor influence
on EOF. This was believed to be due to the difficulty in
suppressing the electrical double layer within the semi-
rigid structure of the PEM. This would be of immense
value for ion-exchange CEC, as ionic strength variation is
one of the main methods used to control retention in ion-
exchange chromatography, with less retention observed
at higher ionic strengths. Since increases in ionic strength
reduce EOF and prolong analysis times in CE, ionic
strength control of chromatographic retention is normally
an undesirable approach in ion-exchange CEC. Zhang
et al. [45, 46] recently performed cation-exchange CEC
separations of proteins and peptides using a tenticular
phase in which EOF was relatively independent of ionic
strength over the range of 50–200 mM phosphate; this
enabled the chromatographic retention to be decreased
without prolonging the separation time. While no explana-
tion was offered by the authors, it may be due to a mech-
anism similar to that reported by Graul and Schlenoff [26].

To examine whether our system exhibited a similar inde-
pendence of EOF with ionic strength, we performed cati-
on-exchange separations of peptides on a 5/5 PDDAC/
DS-coated sol-gel phase, utilizing the exposure of the
negative polymer DS to provide cation-exchange sites.
Separations of peptides at 10 mM and 50 mM sodium
phosphate (pH 2.5) are shown in Fig. 3. It can be clearly
seen from the figure that there is a strong decrease in

Figure 3. Separation of peptides by cation-exchange
CEC using a 5/5 PDDAC/DS PEM coated column with
(A) 10 mM Na� and (B) 50 mM Na�. Conditions: (A) 1:4:5
100 mM NaH2PO4/100 mM H3PO4:H2O:ACN and (B) 4:1:5
100 mM NaH2PO4/100 mM H3PO4:H2O:ACN; voltage,
�10 kV; detection at 214.5 nm; sample 10 �g/mL of each
peptide in 1:10 background electrolyte with 5% acetone
as an EOF marker; injection, �5 kV for 5 s. Peaks are
numbered as given in Table 2.

chromatographic retention as the ionic strength is in-
creased, with all peptides migrating before the EOF
when 50 mM sodium phosphate is used. There is also an
accompanied decrease in EOF over this ionic strength
range, with the EOF decreasing from 14.2�10�9 m2/Vs
to 9.51�10�9 m2/Vs. This represents a 33% decrease in
EOF, much greater than the 10% decrease reported by
Graul and Schlenoff [26] over a similar concentration
range. While there are many differences between our sys-
tem and that previously reported, we believe that the main
reason for this different EOF response is due to the differ-
ent thickness of the PEM layers used. Graul and Schlenoff
deposited their polyelectrolytes from 0.5 M NaCl, while
we employed a 10 mM MES/5 mM Tris buffer. Given that
the ionic strength of the buffer will significantly influence
the layer thickness, each individual layer deposited in our
system may be as much as 10 times thinner than those
employed by Graul and Schlenoff. The thicker PEM layer
may provide a more rigid structure or simply provide more
charged sites for EOF generation and hence provide an
ionic strength-tolerant EOF.
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3.3 Variation of exposed polymer
characteristics

As already demonstrated, the characteristics of the ex-
posed polymer greatly influence the separation: leaving
the cationic polymer PDDAC exposed is a simple method
to introduce anion-exchange sites, while leaving the
anionic polymer DS exposed provides cation-exchange
sites. However, these polymers differ in more ways than
just their charge, and their chromatographic properties
towards neutral species should also be different. Sepa-
rations of the neutral cortical steroid, cortisone, from the
EOF marker, acetone, with PDDAC and DS layers ex-
posed are shown in Fig. 4. Figure 4A shows the sepa-
ration with the 6th PDDAC layer exposed, Fig. 4B, shows
the same separation with the 6th DS layer exposed,
while separation Fig. 4C shows the separation with the
7th PDDAC layer exposed. The presence of a cationic
surface charge in Figs. 4A and C reverses the direction of
the EOF, while the separation in Fig. 4B was performed
with normal polarity due to the exposed DS polymer layer.
The similarity between the separations obtained with
PDDAC and DS exposed is remarkable and quite surpris-
ing given the different structural properties of these two
polymers. Given that we have already demonstrated that
analytes can interact with buried polymer, cortisone may
be interacting with buried PDDAC. However, we believe
that this is not the case, as the retention of cortisone
would be expected to increase by approximately 6–8%
when the 7th PDDAC layer is added which is not observed
(k� = 0.243 and 0.246 for the 6th and 7th PDDAC layers,
respectively). We therefore believe it is only coincidental
that the separation of cortisone with PDDAC and DS is
similar. It is important to note that we have obtained a
reversed-phase separation with both a normal and
reversed-direction EOF. This in itself is quite impressive
given that the direction of the EOF is simply changed by
flushing the column with a new polymer layer, and may

find interesting applications in performing separations
where significant adsorption from sample matrix constitu-
ents via electrostatic attraction may be problematic.

While the above separation failed to show any difference
in retention between PDDAC and DS coatings, a further
investigation was undertaken with two similarly charged
but vastly different polyelectrolytes. Two negative poly-
electrolytes, namely DS and PSS were selected due
their different characteristics. DS is a highly hydrophilic
carbohydrate-based polymer in which some of the alco-
hol groups have been replaced with sulfate, while PSS
possesses an aromatic ring, and should provide a more
‘hydrophobic’ phase. It is important to note that these
polymers will potentially show different ion-exchange and
reversed-phase characteristics.

To examine the chromatographic difference between
PEM coatings with these two polymers exposed, pep-
tides were judged the most suitable because they show
both reversed-phase and ion-exchange behavior. From
previous studies, a selection of peptides varying in hydro-
phobicity and charge was chosen to gauge the effect of
varying the polymer characteristics (Table 2). Separation
of these peptides under purely aqueous conditions with
5/5 PDDAC/DS and 5/5 PDDAC/PSS PEM coatings are
shown in Fig. 5. As can be seen from the separations,
there is a substantial increase in the retention of the
peptides with the PSS coating when compared to that of
DS. The k�

CEC values [47] for [Met5]-enkephalin/[Leu5]-
enkephalin (Met-Enk/Leu-Enk), oxytocin (Oxy) and bom-
besin (Bomb) increase from �0.27, �0.23 and 0.29 to
1.17, 2.73 and 5.08 on changing the polymer from DS
to PSS, respectively, indicating a large increase in chro-
matographic retention when changing the polymer to
PSS. The EOF also increased from 13.8�10�9 m2/Vs
to 20.1�10�9 m2/Vs, suggesting a greater number of
exposed charges. This should lead to an increase in the

Figure 4. Reversed-phase sep-
aration of acetone (EOF mark-
er) and cortisone with (A) 6/5
PDDAC/DS; (B) 6/6 PDDAC/
DS; and (C) 7/6 PDDAC/DS
PEM coatings. Conditions:
60 mM Tris titrated to pH 8.05
with HCl; voltage, �/� 10 kV;
detection at 195.5 nm; sample,
saturated solution of cortisone
in 95% background electrolyte,
5% acetone; injection �/� 5 kV
for 5 s. Peaks: 1, EOF; 2, corti-
sone.
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Table 2. Selected properties of peptides used to evaluate the performance of PEM-coated sol-gel columns

No.a) Peptide name Amino acid sequence Hydro-
phobicityb)

pIc) Charge
at pH 2.5

7 [Met5]-enkephalin H-Tyr-Gly-Gly-Phe-Met-OH 0.61 5.7 0.9
6 [Leu5]-enkephalin H-Tyr-Gly-Gly-Phe-Leu-OH 0.88 5.7 0.9
8 Oxytocin H-Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2 0.93 8.8 1.0
5 Bombesin pGlu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-

His-Leu-Met-NH2

0.76 11.0 2.0

4 Leutzing hormone
releasing hormone

PGlu-His-Trp-Ser-Try-Gly-Leu-Arg-Pro-Gly-NH2 0.41 11.0 2.0

2 Bradykinin fragment 1–5 H-Arg-Pro-Pro-Gly-Phe-OH 0.47 10.5 2.0
1 Bradykinin H-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-OH 0.80 12.0 3.0
3 Substance P H-Arg-Pro-Lys-Pro-Gln-Phe-Phe-Gly-Leu-Met-NH2 1.00 – 3.0

a) CZE migration order measured in a bare silica capillary with 50 mM NaOH titrated to pH 2.0 with H3PO4

b) Relative hydrophobicity estimated from summation of hydrophobicity constants determined from RP-HPLC by Wilce
et al. [48] and normalized between 0 and 12.09 (value for substance P)

c) pI values of peptides estimated from pKa values of amino acid residues taken from Walhagen et al. [49]

Figure 5. Separations of peptides by cation-exchange
CEC using a (A) 5/5 PDDAC/DS and (B) 5/5 PDDAC/PSS
PEM-coated column in aqueous conditions. Conditions:
5:5:0 100 mM NaOH titrated to pH 2.5 with H3PO4:H2O:-
CAN; sample, 50 �g/mL of each peptide in 1:10 back-
ground electrolyte with 5% acetone as an EOF marker.
Other conditions as in Fig. 3.

ion-exchange capacity, with separation then likely to be
dominated by ion-exchange effects in this column. How-
ever, this is not the case as noted by the relative position
of Oxy in the two columns. In changing the polyelectrolyte
from DS to PSS, the separation between Oxy and Met-
Enk/Leu-Enk is enhanced to a greater extent than the
separation between Oxy and Bomb. The three peptides
Oxy and Met-Enk/Leu-Enk all have a charge of �1, while
Bomb has a charge of �2, and, based on a pure ion-
exchange mechanism, should be retained to a higher
extent. However, Oxy has a much higher relative hydro-
phobicity than most of the other peptides, being the sec-

ond most hydrophobic peptide studied (illustrated in
Table 2). In addition, Bomb is the largest peptide examined
in this study, and interaction with buried ion-exchange
sites may be restricted because of this. Elution of highly
charged peptides bradykinin (Bk), Bk 1–5 and substance
P(Sub P) (all possessing a charge of �2 or �3) was not
obtained in these conditions due to the extremely strong
interaction of these analytes with the stationary phase.

To further elucidate the underlying behavior, reversed-
phase interactions were reduced by addition of aceto-
nitrile to the background electrolyte. Separations per-
formed with 60% ACN in the background electrolyte are
shown in Fig. 6. It is important to note, that the addition of
ACN is known to increase pKa values of acids and bases
resulting in a decrease in peptide ionization, and as a
result, a weaker ion-exchange competing ion (Li�) was
required to obtain sufficient chromatographic interaction.
As seen from the separations, the peptides are generally
separated by charge, with the �1 peptides migrating
before the EOF and the �2 peptides migrating shortly
after the EOF. Peptides with a �3 charge (BK and Sub P)
were not eluted from the column under these conditions,
and in fact were only eluted under extreme conditions
(70–80% ACN and 50 mM K� as the competing ion). The
separation between Oxy and Met-Enk/Leu-Enk using
PSS is much reduced when compared to the pure aque-
ous conditions indicating that a considerable portion of
the reversed-phase interactions have been suppressed.
In contrast, with DS, the separation is enhanced upon
the addition of ACN. This is most likely due to complete
suppression of both reversed-phase and ion-exchange
interactions with the exposed polymer, as is evidenced
by the partial separation of Leu-Enk and Met-Enk (due to
their different electrophoretic mobilities).
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Figure 6. Separation of peptides by cation-exchange
CEC using a (A) 5/5 PDDAC/DS and (B) 5/5 PDDAC/PSS
PEM-coated column under aqueous/organic conditions.
Conditions: 2:3:5 100 mM LiOH titrated to pH 2.5 with
H3PO4:H2O:CAN; voltage, � 20 kV. Other conditions as
in Fig. 5.

The separation order of the �2 peptides is interesting with
the peptides separating in the order Bomb � Leutzing
hormone releasing hormone (LHRH) � BK 1–5, which
has no relation to the relative hydrophobicities of these
peptides, and seems to correspond more to an inversed-
size relationship. This is plausible given that smaller mole-
cules may move through the PEM easier and hence have
more ion-exchange sites with which to interact, while the
larger peptides are somewhat restricted and can only
interact with the exposed surface charges. In addition,
the spacing between the ion-exchange interacting moi-
eties in BK 1–5 may be more suited to forming a stronger
interaction with the ion-exchange sites via a “chelate”
effect than in LHRH and Bomb. Further studies with a
controlled series of peptides with related charge, size
and hydrophobicity would be invaluable to help under-
stand the separation mechanism, and elucidate whether
it is a property of the peptides or of the PEM coating.

4 Concluding remarks

Silica sol-gel monolithic phases have been modified with
PEMs to provide a broad range of chromatographic
phases suitable for CEC. In addition to being a simple
and rapid method for surface modification, PEM coatings
show enhanced stability when compared to single layers
of adsorbed polymer. Furthermore, the flexibility of CEC is
enhanced due to the easy manner in which the chromato-
graphic component of the separation mechanism can
be altered. The retention of inorganic anions increased
with PEM layer number – a 70–80% increase observed

when eight layers were added – indicating interaction
with ion-exchange sites within the PEM coating. Varia-
tion of the exposed polyelectrolyte properties also signif-
icantly influenced the separation by altering the EOF (both
the magnitude and the direction) and the chromatograph-
ic properties (both reversed-phase and ion-exchange)
of the stationary phase. All of these factors combined,
demonstrate PEM coatings to be a simple and flexible
method for chromatographic phase modification for CEC
that should be invaluable in microchip devices.
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