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Abstract

In this work, the isocratic separation of oligonucleotides in the ion-exchange mode on thin glycidylmethacrylate—
ethylenedimethacrylate (GMA—EDMA) monoliths in the form of commercially available CIM (Convective Interaction
Media) disks is presented. It was found that isocratic separation occurs even on monoliths with a thickness of only 0.75 mm.
Peak broadening of the components retained on the monoalith is proportional to the retention time, which in turn is
proportional to the thickness of the monoalith. Peak height is inversely proportional to the retention time. From these results it
can be concluded that the mechanism of the separation on such monoliths is similar to that in HPLC columns filled with
conventional porous particles. The height equivalent to a theoretical plate of GMA—-EDMA monoliths is calculated to be
18.0 pm. The capacity factor k' depends, exponentially, on the salt concentration. The Z factor calculated from fitted
equations increases linearly with the oligonucleotide’s length. It was also found that the difference between peak retention
volume dlightly increases with the flow-rate when the experiments are performed in the range from 0.5 to 7 ml/min. From
the similarities between the isocratic separations on conventional columns and on thin GMA—EDMA monoliths it is
reasonable to believe that separation based on a multiple adsorption/desorption process also occurs in thin monoliths.
0 1999 Elsevier Science BV. All rights reserved.
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1. Introduction separation of target molecules on a very thin sepa-
ration layer as aresult of the interactions between the

High-performance membrane chromatography sample molecules and the active groups on the

(HPMC) is a very effective chromatographic method
that combines the advantages of both membrane
technology (low pressure drop across a membrane)
and column chromatography (high efficiency,
capacity and selectivity) [1]. HPMC is based on the
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surface of the pores. Since their introduction, mem-
branes and monoaliths have been successfully applied
in various chromatographic separations using gra-
dient elution of large biomolecules in extremely
short analysis times [2,3]. The main difference
between monoliths and conventional HPLC columns
lies in the structure of the support. Columns are
commonly filled with highly porous particles with a
diameter in the range of 3-10 pm. Most of the
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active groups are located within the pores which
represent more than 90% of the total accessible
surface area and provide a high specific surface area
for interactions between molecules in the mobile and
stationary phases. For separations under isocratic
flow conditions, multiple steps of the adsorption/
desorption process should take place. Conventional
HPLC columns are, therefore, normally fairly narrow
(2—-4.6 mm 1.D. for most analytical purposes) and
rather long (10—25 cm) thus providing along enough
path across the separation layer necessary for the
high-resolution separations of different molecules.

In the case of HPMC, the length of the separation
layer is much shorter (only up to a few mm). For
monoliths made of glycidylmethacrylate (GMA) and
ethylenedimethacrylate (EDMA), the maximum
thickness of the membrane separation unit (monolith)
was defined to be 15 mm [4].

Because of the short separation layer lengths and
the resulting short residence times of the molecules
within the separation layer, the multiple steps of the
adsorption/ desorption process were usually not con-
sidered as a possible mechanism for the separation. It
was even suggested that HPMC using GMA—-EDMA
monolith membranes does not fall into the category
of real chromatography, since this basic chromato-
graphic feature is missing [5]. In fact, the separations
of large biomolecules on short columns (membranes)
are achieved by selective gradient elution based on
the so-called ‘on-off’ mechanism [6,7]. Only in few
cases of some difficult separations of proteins a
combination of both ‘on-off’ and multiple step
(differential migration) adsorption/desorption steps
were applied [6].

Recently, isocratic separation of plasmid DNA
conformers under isocratic flow conditions on a 3
mm thick CIM QA (CIM=Convective Interaction
Media, QA=quaternary ammonium active groups)
monolithic disk was presented [8]. However, no clear
explanation of the phenomena governing the sepa-
ration mechanism was provided.

In this work, isocratic separation of oligonucleo-
tides in the ion-exchange mode is presented. The
effects of the thickness of the separation layer, the
mobile phase composition as well as the flow-rate on
the separation and peak spreading is discussed in
terms of the theory of isocratic separations on
conventional HPLC columns.

2. Experimental

2.1. Separation unit

Separation of oligonucleotides was performed on
commercidly avalable CIM DEAE (DEAE=
diethylaminoethyl groups) disks (BIA Separations,
Slovenig). CIM disks are monolithic separation units
produced by a radical copolymerisation of glycidyl
methacrylate (Aldrich, Steinheim, Germany) and
ethylene dimethacrylate (Aldrich) in the presence of
pore producing solvents. A detailed polymerisation
procedure is described elsewhere [4]. The resulting
polymer contains reactive epoxy groups. CIM disks
have a diameter of 12 mm and thickness of 3 mm.
The DEAE groups were introduced to the CIM
epoxy disk by placing the disk into pure diethyl-
amine (Fluka, Buchs, Switzerland) for 24 h at room
temperature. The DEAE group density, obtained by a
mass difference of the initial and modified disk
taking into account the reaction stochiometry, was
0.3-0.4 mmol /disk. In addition, for testing the effect
of the length of the separation layer on the separation
of oligonucleotides CIM DEAE disks with a thick-
ness of 0.75 mm and 1.5 mm were prepared in the
same way.

2.2. Equipment

A gradient HPLC system built with two Pumps
64, an injection valve with a20 pl SS sample loop, a
variable wavelength monitor with a 10 mm optical
path set to 260 nm and with a 10 .l volume flow-cell
set to response time of 0.15 s, connected by means of
0.25 mm |.D. PEEK (polyether ether ketone) capil-
lary tubes and HPLC hardware/ software (data acqui-
sition and control station), all from Knauer (Berlin,
Germany) was used in al fast analytical separations.
Knauer mixing chamber with its relatively large dead
volume was replaced by the PEEK Mixing Tee with
an extra low-dead volume (Jour Research, Uppsala,
Sweden).

2.3 Sample

The oligonucleotides, synthesised at the National
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Ingtitute of Chemistry, Ljubljana, Slovenia, were of
the following lengths and structure:
oligodeoxynucleotide 8 (oligo 8): C CAT GTC T*
oligodeoxynucleotide 10 (oligo 10): GTC CAT
GTC T*
oligodeoxynucleotide 12 (oligo 12): AG GTC
CAT GTC T*
oligodeoxynucleotide 14 (oligo 14): C GAG GTC
CAT GTC T*

2.4. Mobile phase

Mobile phase was a 20 mM Tris—HCI buffer, pH
8.5 with different concentrations of NaCl.

2.5. Flow monitoring
During the experiments where the influence of the

flow-rate on the separation was studied, a validated
digital flow meter (K-3773, Phase Separations, UK)

30

was additionally introduced to monitor possible
discrepancies between the set and real flow-rates.

3. Results and discussion

To verify the possibility of performing isocratic
separations of oligonucleotides on GMA-EDMA
monoliths, commercially available CIM DEAE disks
were applied. The sample was a mixture of four
oligonucleotides with different chain lengths: oligo
8, oligo 10, oligo 12 and oligo 14. The results are
presented in Fig. 1 where al oligonucleotides are
well separated within 3 min. Their retention times
increase with molecular weight. We also observed a
pronounced broadening of peaks with increased
retention time. To investigate the correlation between
peak width and the retention time we performed
isocratic runs of a single oligonucleotide oligo 8 as a
sample, using mobile phase with different NaCl

oligo 8

25 1 oligo 10

20 +

15 1

10 +

relative absorbance at 260 nm (mAU)

oligo 12

oligo 14

time (s)

Fig. 1. Isocratic separation of oligonucleotides on a CIM DEAE disk with the thickness of 3 mm. Conditions: Mobile phase: 0.46 M NaCl
in 20 mM Tris—HCI buffer, pH 8.5; Flow rate: 9 ml/min; Sample: 50 wg/ml of oligo 8, 150 wg/ml of oligo 10, 450 wg/ml of oligo 12 and
750 pg/ml of oligo 14 in buffer A; Injection volume: 20 pl; Detection: UV at 260 nm.
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concentrations ranging from 1 M to 0.38 M. The
resulting chromatograms are presented in Fig. 2. The
increase of salt concentration in the mobile phase
decreases the retention time. When 1 M NaCl in
buffer is used oligo 8 does not bind to the matrix and
is eluted with the front. At very low salt con-
centration (only buffer A) oligo 8 binds irreversibly
to the support and is not eluted at all.

According to the theory of isocratic multiple
adsorption/ desorption separation, the peak width (o)
is proportional to the retention time (t,) [9]:

HETP
0y = L t, (1)

The experimentally determined peak width, o, was
measured from the oligo 8 peaks at different molar
concentrations of sodium chloride (Fig. 2). The
resulting values of o, are plotted against the retention
time, t,, in the upper insert in the Fig. 2. The linear
relationship between o, and t, as predicted by Eq. (1)
is clearly demonstrated (R*=0.999). The slope of the
line is equal to 0.0774, which trandates to the HETP
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Fig. 2. Effect of the mobile phase composition on the retention time and pesk shape of oligo 8 on a3 mm CIM DEAE disk. Peak width (a;)
as a function of the retention time is presented in the insert. Conditions: Mobile phase: 20 mM Tris-HCI buffer, pH 8.5+ different
concentrations of NaCl (actual mobile phase composition is shown in the figure); Flow rate: 3 ml/min; Sample: 50 wg/ml of oligo 8 in

buffer A; Injection volume: 20 pl; Detection: UV at 260 nm.
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(height equivalent to a theoretical plate) value of
18.0 wm. This value approaches the values of HETP
for conventional HPLC columns filled with 5—7 pm
porous particles.

Furthermore, for the peaks that can be described
by a Gaussian function, characteristic for processes
based on multiple adsorption/desorption steps, the
maximum peak height (h,.) is inversely propor-
tional to the retention time [9]:

1 1
Py = —————— @)

mx HETP t,
Rv\/ 27 - L

Experimental values of peak heights of oligo 8
correlated to reciprocal values of the retention times
can be successfully fitted with Eqg. (2) giving the
correlation index R*=0.988.

From these results a close similarity between the
isocratic separation mechanism on conventional
HPLC columns based on multiple adsorption/de-
sorption steps and isocratic separation on the thin
GMA-EDMA monolith is indicated.

3.1. Effect of the monolith thickness (column
length)

If multiple adsorption/desorption steps occur in
thin monoaliths, the retention time should be propor-
tional to the monalith thickness [9]. To investigate
this, we prepared monoliths of different lengths in
the following way: firstly, one disk was placed in the
appropriate housing and then the separation of
oligonucleotides was carried out. In the next experi-
ment, two disks were placed in the same housing.
This progression was continued by placing three and
four disks in the same housing. In this way we
prepared monoliths with a thickness ranging from 3
to 12 mm which should be equivalent to a single
monolith of the same thickness assuming that the
interface effects can be neglected. Thisisjustified by
similarity between isocratic separation on a single 3
mm disk and a combination of two disks with the
thickness of 1.5 mm in the same housing. In
addition, we also applied the previously mentioned,
specially prepared thin monoliths with a thickness of
only 1.5 and 0.75 mm.

Fig. 3 shows that the separation improves sig-
nificantly with the increase of the column length. In

fact, fitting the relationship between the retention
time and the column length with the straight line
gives correlation index higher than 0.99 for al four
oligomeres (see the insert in Fig. 3). Under this salt
concentration, separation on the 0.75 mm GMA-—
EDMA monolith was not achieved. However, after
the optimisation of the mobile phase composition,
taking the special requirements of the disk related to
its thickness into account, the separation of all
oligonucleotides was successfully carried out on the
ultra thin 0.75 mm GMA-EDMA monolith, see Fig.
4. These data demonstrate that also very thin GMA—
EDMA monoliths enable isocratic separation. This
rather surprising result could be ascribed to the
particular matrix structure and is discussed in details
in the last paragraph of the Results and discussion
section.

3.2 Effect of the mobile phase composition

To investigate the effect of the mobile phase
composition, CIM DEAE disks of thickness 0.75, 1.5
and 3 mm were used. The capacity factor k' at each
mobile phase composition was calculated and the
results are summarised in Table 1. The capacity
factor is correlated to the salt concentration via Eq.

[7]:
k' =Nc * (3)

By fitting the logarithm of k' versus the logarithm of
the salt concentration, high correlation index was
obtained in al cases (Table 1).

These results further support hypothesis that the
data obtained by applying CIM DEAE disks can be
described by the same equations valid for isocratic
elution on conventional columns. Furthermore, by
plotting Z values (Table 1) against the length of the
oligonucleotide chain, described as a number of
nucleotides, a very good linear correlation is ob-
tained (Fig. 5). This makes sense, since with the
increase of oligonuclectide length the number of
binding sites is also increased and, as a consequence,
more salt is needed to solvate the oligonucleotide.

3.3 Effect of the flow-rate

Since monoliths have low diffusion resistance due
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Fig. 3. The effect of the monolith thickness (column length) on the resolution of the oligonucleotide isocratic separation. The retention time dependency on the monolith
thickness is presented in the insert. Conditions: Mobile phase: 0.5 M NaCl in 20 mM Tris—HCI buffer, pH 8.5; Separation unit: one or more CIM DEAE disks in the same
housing; Flow rate: 3 ml/min; Sample: 50 wg/ml of oligo 8 (1st pesk; ¢ in the insert), oligo 10 (2nd peak; M in the insert), oligo 12 (3rd peak; A in the insert) and oligo 14
(4th peak; @ in the insert) in buffer A; Injection volume: 20 wl; Detection: UV at 260 nm.
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Fig. 4. Isocratic separation of oligonucleotides on a CIM DEAE disk with the thickness of 0.75 mm. Conditions: Mobile phase: 0.37 M
NaCl in 20 mM Tris—HCI buffer, pH 8.5; Flow rate: 3 ml/min; Sample: 50 wg/ml of oligo 8, oligo 10, oligo 12 and oligo 14 in buffer A;
Injection volume: 20 pl; Detection: UV at 260 nm.

to convective transport inside the flow-through pores conformers it was found that there is an optimum
it was shown that the flow-rate has no pronounced flow-rate around 1 ml/min [8]. Therefore, we in-
effect on the resolution [10Q]. In contrast to this fact, vestigated the effect of the flow-rate on the isocratic
in the case of isocratic separation of plasmid DNA separation of four oligonucleotides. Flow rate was
Table 1

Capacity factorsk’, N, Z and correlation indexes for isocratic separation of oligonucleotides oligo 8, oligo 10, oligo 12 and oligo 14 on CIM
DEAE disks of thickness 0.75, 1.5 and 3 mm

0.75 mm 15 mm 3mm

Cnacl oligo8  oligo10  oligol2  0ligol4d  Cyuq oligo8  oligo10  oligol2  0ligold  Cyuq oligo8 o0ligol0  oligp12  oligo 14

M) M) M)
037 25 132 292 67 037 400 24 56.4 145 050 220 8.77 - -
0.40 15 6.75 13 29 0.40 240 108 232 524 054 134 441 6.65 9.79
042 125 5 8.25 18.25 042 1.80 7.80 156 334 055 1.27 404 563 830
045 1 3 425 - 045 1.20 4.40 8 15 056 118 362 484 6.63
048 075 175 - - 048 1.00 2.80 4 62 057 1.10 308 417 541
0.60 0.79 2 235 297
N-10° 282 0.66 0.16 0.24 N-10? 169 0.79 0.27 011 N-10? 492 343 157 0.85
z 443 763 283 10.30 z 543 7.94 298 11.86 z 545 7.98 985 1146

R? 0.978 0.998 0.999 0.999 R? 0.983 0.997 0.998 0.997 R? 0.989 0.996 0.995 0.999
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Fig. 5. Effect of the oligonuclectide length on the Z factor. Data from Table 1.

measured by a validated flow meter to provide
accurate data for further analysis where the results
are normalised to the volume of mobile phase run
through the GMA—EDMA monolith. The effect of
the flow-rate was investigated on CIM DEAE disk of
0.75, 1.5 and 3 mm thickness. Surprisingly, it was
found that an increase in flow-rate has a beneficial
effect in terms of the difference between peak
retention volume. This phenomenon was mostly
pronounced on a 3 mm CIM disk (see Fig. 6) and
can possibly be explained from the hydrodynamic
point of view. Higher flow-rate causes higher back
pressure drop on the monolith. As a consequence,
mobile phase containing the molecules to be sepa-
rated can penetrate into pores of smaller diameter
[7,8]. In this way, the active surface available for the
adsorption/desorption process is larger, possibly
resulting in longer retention times.

From these results, another confirmation of the
separation process based on multiple adsorption/
desorption mechanisms can be derived. During the
preliminary experiments, we considered the possi-

bility that the isocratic separation is due to shear
forces. In contrast to separations carried out in
conventional HPLC columns, where fluid in the
pores is stagnant, in monoliths there is a laminar
convective flow throughout the pores. This flow
causes shear forces on the surface where the mole-
cules are adsorbed. It is possible that these forces
could cause some kind of erosion of adsorbed
molecules from the surface. Since the molecules are
bound to the surface to a different degree because of
a varying number of binding sites, they can be
selectively desorbed. This mechanism would lead to
two effects: since the shear forces increase with
increased flow-rate, it is reasonable to speculate that
the resolution would decrease. On the other hand, at
very low flow-rates shear forces would be probably
too low to desorb some strongly bound molecules.
However, these two effects were not observed either
a a very low flow-rate where also al molecules
desorb from the matrix, or at higher flow-rates where
the separation even improves and no reduction in
retention volume is observed (see Fig. 6). Since both
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Fig. 6. Effect of the flow-rate on the isocratic separation of oligonucleotides on a CIM DEAE disk with thickness of 3 mm. Conditions:

Mobile phase: 0.46 M NaCl in 20 mM Tris—HCI buffer, pH 8.5;

Sample: (1) 50 wg/ml of oligo 8, (2) 150 wg/ml of oligol0, (3) 450

rg/ml of oligol2 and (4) 750 wg/ml of oligo 14 in buffer A; Injection volume: 20 pl; Detection: UV at 260 nm.

effects are different from the expected one in the
case of the shear rate elution, the multiple adsorp-
tion/desorption process is the most probable phe-
nomenon occurring.

All data show that equations derived for isocratic
separations based on multiple adsorption/desorption
steps can aso be efficiently applied for isocratic
separations on thin monoliths. Therefore, it is reason-
ably to assume that similar mechanisms also occur in
these monoliths. It is surprising however, that the
0.75 mm thick monolith can provide sufficient travel
length for this phenomenon to occur. There are two
characteristics of the monoliths that might help to
explain these results. The flow-through pores in the
GMA-EDMA monoliths have a broad size distribu-
tion [11]. In addition, they are highly interconnected.
Therefore, the molecules travelling through the
monolith have to pass many constrictions and tor-
tuosities. As a consequence, the real path through the
monolith is longer then its physical thickness. Thus,

the molecules have more time to interact with the
surface. The second characteristic of the monoliths is
the reduced diffusion resistance. In the case of
particle supports the diffusion through the stagnant
liquid inside the pores is a major bottleneck of the
mass transfer exchange between the mobile phase
and the surface of the support where the active
groups are located. In the case of monoliths, this
stagnant layer is extremely reduced and the mass
exchange is much faster. The main result is that on
the same length of the separation layer, many more
adsorption/desorption steps can take place in mono-
liths than in the conventional porous supports. Thus,
a much thinner monoalith is sufficient for achieving
the same number of adsorption/desorption steps. In
addition, by comparing the separation of plasmid
DNA conformers [8] and oligonucleotides, better
separation in the case of the latter was achieved. This
might be due to the smaller molecular size of the
oligonucleotides and, consequently, faster diffusion.
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It can be concluded that, in contrast to the selective
gradient elution where the separation resolution
commonly improves with increased molecular mass
[7], in the case of isocratic separations smaller
molecules can be separated more easily.

4. Conclusions

Our results show that is possible to isocratically
separate oligonucleotides on anion-exchange CIM
DEAE disks and that the performance of the mono-
lith stationary phase is similar to those of 5-7 pm
porous particles. From the behaviour of the isocratic
separations it was concluded that the mechanism of
the separation on thin GMA—-EDMA monoliths is
very similar to the one on conventional columns.

All these observations indicate that isocratic sepa-
ration on thin GMA-EDMA monoliths is very
probably the result of the multistep adsorption/de-
sorption process. The fact that isocratic separation on
the monoalith with thickness of less than 1 mm
occurs, may be ascribed to convective mass transport
through the flow-through pores, which cause an
increase in the number of adsorption/desorption
steps on shorter monolith lengths. This phenomenon
opens many new areas of fast separations or purifica-
tion on this type of supports. For example, by
comparing separation of plasmid DNA conformers
and oligonucleotides, much better separation in the
latter case was achieved. This is probably due to the
lower molecular mass of oligonucleotides and, con-
sequently, higher diffusion coefficients. According to
this analogy one can speculate also the possibility of
efficient isocratic separation of peptides. Further-
more, it is reasonable to assume, that aso other
smaller molecules having even higher diffusivities,
might also be separated isocraticaly.

5. Symbols

op peak width (9

c concentration of salt NaCl (mol/L)

N, o maximum peak height (mAU)

k' capacity factor

L separation unit length (m)

N constant

R probability for the molecule to be in the
mobile phase

t, retention time (9

v linear velocity of the mobile phase (m/9)

z stoichiometric parameter related to the

number of the moles of the salt needed
for the solvation
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