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Abstract

A semi-quantitative model based on non-linear equilibrium chromatography coupled with diffusion-driven
sample sorption at the wall was developed to account for and predict potential binding of an analyte to the wall in
capillary electrophoresis. It was then used for computer simulation of sample concentration profiles corresponding
to different experiméntal conditions (sorption kinetics, capillary length, wall capacity and initial sample con-
centration). The bindfng phenomena were also studied experimentally by means of analysis of the sample peak
shape (including peak height and area). Contrary to expectations, it was found that the interaction of small
monovalent cations with the charged capillary wall does not lead to strong adsorption, as the sample mass is not
lost during experiment and the peak shape remains close to that which one could expect in the absence of
interaction. For polycations (e.g.. poly-L-histidine) at any pH above 3, sample adsorption is evident by a lack of
return of the baseline to zero. after peak passage, with progressively higher levels at progressively increasing buffer
pH values. Upon several runs with a polycation. the surface charge on the wall changes from negative to positive,
as evidenced by reversal of electroosmotic flow. However. it was discovered that even under these last conditions,
the sample-wall interaction was rather strong. The influence of NaOH washing and the addition of different
substances (urea, Tween-20. sodium chloride) on adsorption was studied. The comparison between simulated
results and experimental data is discussed.

1. Introduction capabilities have been substantially extended,
there is still considerable potential for further

High-performance capillarv  electrophoresis growth (see, e.g., [3-5]). However, despite the
(HPCE) was developed as a very fast and advantages, there are some obstacles leading to
efficient separation method for different applica- loss of separation power, such as sample ad-
tions [1,2]. Although in the last decade its sorption on the capillary wall. This problem is
S especially severe for high-molecular-mass sub-
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to reduce ionic interactions. The most popular
and probably the most effective is long-term
coating of the capillary inner surface with differ-
ent polymers [7-10]. Another way to prevent
sample adsorption is to create a so-called dy-
namic coating by adding some substances to the
buffer solution that compete with samples for
cation-exchange sites on the wall. Different
additives have been tried for this purpose: alkali
metal cations [11], metal amine complexes of
bivalent cations [12], amines [13] and zwitterions
[14]. The third way of modulating the sample
adsorption is to control the wall potential by
means of an external electric field [15,16], but
currently this option is not available on commer-
cial units. Finally, the simplest way to avoid
strong interaction is to use buffers at pH ex-
tremes, in which either the ionization of silanols
is suppressed or the separation is performed at a
pH above the isoelectric points of proteins.

Other possible sample adsorption mechanisms
are hydrophobic and hydrogen bond interac-
tions. A protein, when attached to the wall,
could neutralize its electric charge (at least
partially), which in turn could potentially lead to
an increase in its hydrophobicity with further
adhesion to the wall via sample—sample inter-
action. Undissociated hydroxyl groups can also
form the hydrogen bonds with sample sub-
stances. These two kinds of interactions may
occur also in coated capillaries [17].

The wall-sample interaction leads not only to
degradation of resolution, but also to sample
loss. In an uncoated capillary it could be partially
or completely adsorbed at the beginning of the
capillary [18]. This in turn could lead to non-
uniformities of charge density on the inner
capillary wall and, hence, to non-uniform elec-
troosmotic flow, which causes additional sample
dispersion [18,19].

A mathematical model describing in detail the
adsorption dynamics is still not available owing
to lack of knowledge about this process. Existing
models assume a chromatographic mechanism of
interaction [20,21] with linear sorption kinetics.
Similar equations with the same or other kinet-
ics, as previously applied to chromatography.
have been studied [22-24]. In electrophoresis,

instead of solving the full set of equations, the
loss of resolution is usually estimated by means
of plate height theory as a function of column
capacity factor [20,21,25,26]. However, the pa-
pers cited do not provide any comparison with
experimental data.

In this work, we studied the sample interaction
with the capillary wall both experimentally and
by means of computer simulation. The evolution
of the sample zone under different conditions
was observed and the experimental chromato-
grams were compared with the simulated chro-
matograms. Two migration modes were tried: a
normal electrophoretic run under the impact of
an electric field and a pressure run in which the
sample was carried by a pressure-driven flow,
i.e., similar to a chromatographic separation
mode. The analysis of the experimental data
with the help of computer simulation is pre-
sented.

2. Theory

Our mathematical model is based on non-
linear equilibrium chromatography in which the
exchange of bound sample with the liquid phase
is described by kinetic equations [20,22,27]. This
model is updated by including into consideration
the sample transport by means of electric field
while accounting for interaction between sample
species and background electrolyte due to the
dependence of conductivity on sample concen-
tration. By using the averaging method it is
possible to construct a set of equations which are
complete and self-sufficient.

Let us suppose that the electrolyte solution is
placed in a thin cylindrical capillary that is long
compared with its inner radius r,. We assume
that the processes of adsorption—desorption are
taking place at the boundary of a thin layer with
depth d adjacent to the inner capillary surface.
These processes are described by kinetic equa-
tions [24):

.
*{ ot }exch - { at exch - k'd(S q)a kdq,
r=rod (1)
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where a is the sample concentration in the liquid
phase (i.e. in the region 0<r<r,—d), q is the
concentration of sample attached to the wall (i.e.
in the region r, —d <r =<r,), § is the capacity of
adsorbing layer, k, and k are the coefficients of
adsorption and desorption, respectively, and
“exch” signifies exchange.

2.1. Equation for adsorbing layer

The sample interaction with the wall is fol-
lowed by its diffusion into a layer of thickness d.
The inner surface of the capillary r = r, is consid-
ered to be impermeable to the substance, so the
diffusion in the adsorbing layer is described by
the equation

9q

"a—t-=8A,q, r,—d<r<r, (2)

with the boundary condition at capillary surface
9q

r=rgy

where 8 is the diffusion coefficient in the adsorb-
ing layer and A, is the Laplacian in a cylindrical
coordinate system:
A _l i i 4
= ar o (4)
The problem (2)-(3) should be completed by a
boundary condition at r = r, — d. This condition
will be derived further from the mass conserva-
tion law.

2.2. Equation for the liquid phase

The sample transport processes in the capillary
are described by the equation

da 1

wrta, €Aa=0. 0<r=r,—d (5)

with the condition at the infinity and at the
capillary axis

=02 . 6
_p 22
Heeoo =050 (6)

where 7 is the substance flux density in the
direction z along the capillary axis and € is the

diffusion coefficient along axis r. The sample
transport is caused by diffusion, electromigration
or pressure-driven flow, so its flux is
i:Kl;.LEaﬁ-szpa—D-% (7
where u is the mobility, E is the intensity of the
electric field, D is the diffusion coefficient in the
solution along axis z and v, = v () is the velocity
of pressure-driven flow, if an external pressure
difference is applied; the parameters «, and «,
have values either 1 and 0 or 0 and 1, respective-
ly, which means that only one of two transport
mechanisms at a time could be operative during
a particular run. Thus, if the electric field is
applied the pressure could not be applied, and
vice versa. Two different diffusion coefficients in
directions r and z were introduced, because in
fact they describe different processes. Further,
by means of averaging along the radial direction,
the coefficient € will be eliminated from the
model while the coefficient D will describe the
overall dispersion in the z direction, i.e., diffu-
sion and convective transport together (see, e.g.,
[28.29]). The current density j is expressed by
Ohm’s law:

j=0E, o=0,1+ aa) (8)

where o is the electrolyte conductivity, o, is the
conductivity of a “‘pure” buffer and « is a
constant coefficient accounting for the electro-
phoretic interaction between sample and buffer.
The Eq. 7 is then rewritten as

uwEqa da J

~1+aa+xzvpa—D--5;, E(,='U—0 (9

1=K,
2.3. Equation for the averaged concentration
Let us define by (f), as customary, the

averaged value of the function f(r, z, ¢) within a
capillary (i.e., for the region 0<r=<r,—d) as

(f)=(Hn
1 2w ro—d
:mﬁ, dé fo fr.z,t)yrdr,
=ta) (10)

where c is the averaged concentration.
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By integrating Eqgs. 5 and 9 with respect to r
from 0 to r, — d, we derive

ac  ai) 2¢  da
-t = (1)
at dz ro—d orl,-, -4
N\ pEa da’
<l>~<K‘ 1+aa+K3vf‘a‘Diﬁz>
19 DN _ ac
le-l+‘ac+xzupc~1)--a; (12)

By defining the averaged flux (/). we neglect the
deviation of concentration a and take the con-
centration ¢ averaged in the radial coordinate. In
addition, it is necessary to define the concen-
tration flux [—e(da/or)|,_, _,]. We assume that
this flux is given as (compare with Eq. 1)

ar R = d[ka(S —q) = kd‘]] =G.

r=r,—d (13)

where G is the source of the substance a and ¢ at
the boundary of adsorbing layer. Note that we
changed the concentration @ by the averaged
concentration ¢ in Eq. 1.

Finally, the set of equations is written as

dq .

E—:ﬁAer rp—dsr=sr, (14)
ac d | MmE,c 7 dc’ 2e
ar Va2 (K" l+ac+KZUPC;Digz~):r“*d
da _
orlya 0T (1)

oa
€ —5 JR— = d[kd(S - q)C - de] = G >

r=ry—d (16)

with the boundary condition and condition at
infinity

aq ) o nkc
] o, e
+ KkyU,c — D ﬁ)‘ -0
Ky U,C 5z )| = (] (17)

2.4. Boundary condition at r=r, —d

In order to derive the boundary condition for
q at r=r,—d, we use the mass conservation
law. By integrating Eqs. 14 and 15 in the domain
—x<z< +o, 0<r=<r, we obtain

d [~ Ty J‘*x f’() 1 o
. dzfr _dqrdr~ o dz rlrd6-r-ar-r

dq
“ar ~rdr (18)

d +x ro—d +x J'ro—d a<l>
arl . dz:f0 crdr = —j_x dz . Py rdr

. +xd J‘r(,—d e @_
z 0 ro—d or

rdr (19)

e r=rg—d
It is assumed that the sample substance with
averaged concentration ¢ (i.e., liquid phase) is
located in the region 0<r<r, —d, whereas the
substance with concentration ¢ is contained
within the solid phase r, —d =sr=<r,.

The total sample mass is introduced by the
following relationship:

MZJ dzJ' (c+q)rdr
- 0

+ % ¢ ro-d Ty
=f dz(J' Crdr+f qrdr)
- 0 ro—d

Here the integration is fulfilled over the whole
internal region of the capillary 0 <r=<r,, but we
assume that ¢ is non-zero only within the region
0<r<r,—d, the same being valid for g in the
region r,—d<r=<r, Let us recall here the
conservation of mass, that is,

a _
dr
Then, by summing Eqs. 18 and 19, we have
0= IM
e
- ro—d oli
= ~j dzJ. (i) rdr
—x 0 Jaz
JM d Jr'ﬁd el g
* - o 0 r“_'d ar r=ry—d
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tee "o 1 o d
+f dzj 5-—-—-r—i rdr
i ro-d r oJr ar

re "o 1 o aq
+f_m dz(J: ,dﬁ.r'ar'r' ar-rdr

[

+J”0“‘ 2¢  da
0 ro_d ar

rdr) (20)
r=ry—d

It is obvious that the mass flux vanishes at
infinity (see Eq. 17). Then, for mass conserva-
tion, it is sufficient to demand that the second
term in Eq. 20 will disappear:

rdr=0
r=ry—-d

f’n‘d D€ ﬂ
0 rO_‘d ar
The last relationship allows us to derive the
second boundary condition by means of its
integration:

9q
5 ar

aa
=€
r:rufd ar

(21)
r=ry-d
The condition 21 and Eq. 16 relate together Egs.
14 and 15.

The detailed mathematics for deriving Eq. 21
are presented because usually this condition is
obtained in a phenomenological way [27], by
introducing the relationship between the vol-
umes of a mobile and a stationary phase and the
interface surface. These conditions could be
inconsistent with the mass conservation law and
require the introduction of free parameters.

2.5. Preliminary analysis of the model

The present mathematical model contains sev-
eral parameters that are difficult to derive from
experiments, ¢.g., coefficients of adsorption and
desorption k, and k,, the capacity of the adsorb-
ing layer § and its depth 4 and also the diffusion
coefficient 6 in this layer. The diffusion coeffi-
cient in the liquid phase D and a parameter a,
characterizing the interaction of the sample with
the background electrolyte, are much easier to
determine.

The aim of this work was a computer simula-

tion for a variety of parameters, kK, k4, S, @ etc.
Qualitative comparison of simulated concentra-
tion profiles with experimental data will help
further to establish the correspondence between
the parameters of the model and appropriate
physical effects.

It is clear that an increase in adsorption
coefficient k, will lead to an increase in the
amount of substance attached to the wall, where-
as an increase of k, will produce the opposite
effect. However, within the limits of this model,
it is impossible to predict what particular mecha-
nism (ionic interaction, hydrophobic interaction
or others) is responsible for attaching the sample
to the wall. The parameter § characterizes the
number of active adsorbing sites, which poten-
tially could append the sample species from the
liquid phase to the wall. The binding process
takes place on the boundary r = r, —d. Owing to
sample diffusion into a layer, these active sites
become free and the adsorbed substance moves
into a layer with depth d. In fact, this layer is
imaginary and is characterized by three parame-
ters. The “‘capacity” of the layer depends on §
and d, whereas the rate of the processes taking
place within the layer is determined by the
diffusion coefficient 8.

2.6. Transition to dimensionless variables

In order to reduce the number of parameters
and for the sake of convenience in simulations, it
is better to go to dimensionless variables, which
for the moment will be marked by a prime. Let
us introduce L and J as a length and time
scales, which are specified as follows:

d
k. ———k CJ,z=Lz,

t=t'9, k} ——k
d—rod,r—ror §=CS
DT 8T
D'=—5,8=—,9=q'C,c=c'C,
L ro
., JuE, , T
=aC,v' = 12 or v' = LP (22)
where v’ is a characteristic dimensionless ve-

locity of a sample motion under the impact of an
electric field or under a pressure difference and
C is the characteristic concentration, €.g., initial
sample concentration. The time scale may be
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chosen in different ways, for example, by assum-
ing that v’ = 1, we obtain

g = = =
g “Eoforkl 1, k, =0,
L
or .GJ‘=va01‘k1 =0,k,=1 (23)
p

Note that it is also possible to let kK, = 1, then the
time scale will be

T = (24)

The first variant is preferable since in this case I
is expressed through the known parameters L,
p, Eq or v (usually we chose L =20L;, where L,
is the length of the injected sample plug), where-
as in the case of Eq. 24 it is defined versus the
coefficient kg, which is difficult to determine.

Finally, the set of equations expressed in
dimensionless variables is written as (the accents
are now omitted)

9 _ 1 9 9q _
at—6~r-ar-r-ar.1—dsr$l, q=q(r,z,t)
(25)
_S‘B_q =0, -8 %4 =G 26
ar r=1 ’ or r-‘lvd_ r=1-d ( )
£+i< c ac)
ot oz K1'1+aC+K3C_D'—E;z-,
2
= 1-4 L c=c(z,1) (27)
c oc’
CTractre Do) =0 @)
G:ku(S_q)C_kdq (29)

2.7. Numerical algorithm

The solution of the set of Eqs. 25-29 for the
general case is possible only with the help of
numerical integration. In our work, for this
purpose we used finite-difference methods, the
true differential equations being replaced by a
set of algebraic equations. The principal difficul-
ty is the solution of the partial differential Eq. 27

describing the transport of a sample in the liquid
phase. This equation is non-linear, since the
migration velocity depends on sample concen-
tration. The second difficulty is caused by the
small coefficient D in the second derivative due
to the small diffusion coefficient of the sample
substance. The standard numerical methods
could offer a satisfactory solution of this equa-
tion only if very fine space discretization with a
small space increment is implemented [30].
Otherwise, the numerical solution could be dis-
torted by false effects such as numerical diffusion
and dispersion, which may completely obscure
the details of the concentration profiles. In this
work, for solving Eq. 27, we used a method
previously developed [30] that proved efficient
for simulating capillary electrophoresis [30,31].
Eq. 25 is a linear diffusion equation. However,
the boundary condition 26 is non-linear, since it
contains the function c(z, ¢), which depends on
concentration ¢(r, z, t) on the boundary r =r, —
d. Usually the solution of such equations does
not cause great difficulties; one of the standard
finite-difference methods [32] may be used for
this purpose. The input data for a simulation are
the initial concentration profiles in the mobile
phase and in the adsorbing layer and the dimen-
sionless parameters describing the properties of
the system: adsorption and desorption coeffi-
cients k, and k,, diffusion coefficients D and 8,
capacity of the wall § and its depth d, etc. The
results of simulations could be presented in the
form of the concentration distribution in solution
and the adsorbing layer at any moment in time.

3. Experimental
3.1. Chemicals

All the chemicals were of analytical-reagent
grade. Immobiline pK 9.3 was obtained from
Pharmacia~LKB (Uppsala, Sweden), Poly-L-his-
tidine from Sigma (St. Louis, MO, USA) and
Tween-20 from Bio-Rad Labs. (Richmond, CA,
USA). The other substances were purchased
from Merck (Darmstadt, Germany).
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3.2. Apparatus

Experiments were performed on a Beckman
(Palo Alto, CA, USA) P/ACE System 2100
running under GOLD Software (Beckman). We
used untreated fused-silica capillaries of I.D. 75
and 100 pm (Polymicro Technologies, Phoenix,
AZ, USA) and total length 26.2 cm with a
distance between the inlet and detection points
of 19.4 cm. The absorbance was measured at 254
nm for pyridine and Immobiline and at 200 nm
for other substances. Most experiments were
performed in the voltage-stabilized regime with
V=5 or 10 kV. The temperature of the liquid-
cooled capillary was maintained at 25°C. The
samples were injected by application of an excess
pressure of 0.5 p.s.i. or electrokinetically with
the same voltage used during the run. Usually,
between runs, the capillary was washed for 5 min
consecutively with 1 M NaOH, 1 M HCI and
water and finally for 15 min with buffer. In some
cases, specified in the text, the capillary was
washed only with buffer.

Computer modelling was performed using an
IBM AT personal computer.

4. Results

Before starting the studies of the interaction of
the sample with the wall, it is necessary to
specify the criteria according to which this phe-
nomenon will be determined and evaluated. The
first is the direct comparison of the experimental
UV profiles with theoretical concentration pro-
files. However, here it is possible only at a
qualitative level because some parameters (k,,

Table 1
Input parameters for simulations

303

k,, S) are not known and only their hypothetical
values could be used. For quasi-Gaussian profiles
the estimation of sample interaction is possible
by means of plate height theory when the theo-
retical value of peak dispersion is compared with
the experimental value. The second criterion
that could demonstrate a potential interaction is
the loss of sample mass in the peak. This
criterion is applied when the interaction is ir-
reversible or at least the desorption process is
slow. Finally, a baseline shift after sample pas-
sage could be taken as an indication of inter-
action. In our work we studied the sample
interaction using two different sample migration
modes: normal electrophoretic migration and
pressure migration, in which the electric field is
not applied and the sample moves together with
the buffer, driven by the pressure difference.

4.1. Computer simulations

The solution of the set of Egs. 25-29 depends
on many parameters which could be considered
as free parameters, i.e., their values are not
known precisely and could change within wide
limits. Because of this, we considered the in-
fluence of only a few parameters on the sample
profiles while the others had fixed values. These
include § =0.5 and d =0.1. The initial sample
distribution was a rectangular sample plug of
length 0.05 and ¢, =1 in all cases unless other
values are specified. These parameters assume
fairly rapid diffusion in the adsorbing layer,
which we suppose will occur in real cases when
such a layer is thin. The input parameters for
simulations are summarized in Table 1.

Fig. kg4 k, S a X et D c,
1 0.05-100 3 0.5 0 0.6 107* 1
2 0.05-100 5 0.5 -0.3 0.6 2-107* 1
3 1 3 0.01-3 0 0.6 0 1
4 1 3 1 0 0.6-1.5 0 1
5 0.2 3 1 0 0.6 107* 0.2-1
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The first series of simulations demonstrate the
influence of adsorption—desorption kinetics.
Temporal apparent concentration profiles ¢* for
several k, values are presented in Fig. 1. This
apparent concentration is connected with sample
concentration in solution and on the wall by the
equation

c*=(r, _d)zc+ [r(:) —(ry _d)Z]q'

It somehow models the detector response in real
capillary units since both the sample in solution
and the sample bound to the wall contribute to
the total signal. The parameter a is set to zero,
which, when &, =1 and «, =0, corresponds to a
low sample concentration or, when «, =0 and
K, =1, to a pressure-driven run. In both cases, in
the absence of sample binding to the wall, the
profile should be Gaussian. At very high desorp-
tion coefficients (k, = 100), the sample interac-
tion with the wall does not produce any visible
effect on the profile. However at k£, =10, i.e.,
when the desorption coefficient still exceeds
three times that of adsorption, the effect of
sample binding gives a noticeable tailing and
decreases the number of theoretical plates by a

1.0
08 -
CO )
Z 06 —|
o
=
o
S 04 —
(34
c
S §
&)
0.2
3
4 <y 005 02
S S
0.0 —+————— AF— — <05
100 10
T m { ! I !
0.0 0.5 10 15 20
Time

Fig. 1. Influence of desorption coefficient &, on the apparent
concentration profiles ¢*; k, values corresponding to the
appropriate profiles are shown by arrows. These results
simulate the situation when the sample is diluted or when it is
transported by means of a pressure-driven flow.

Tabie 2
Influence of desorption coefficient on the number of theoret-
ical plates

k, a’ N Skew
No interaction 34-107* 2.94-10° 3-107°
100 3.62-107" 2.76-10° 1.03-107"
10 8.44-107" 1.18-10° 1.396
3 4.23-107° 2.36-10° 2.36
1 2.87-107° 34.8 2.50

factor 2.76-10%/1.18-10° =2.33 (see Table 2).
When the adsorption and desorption coefficients
are equal, the loss in theoretical plates is more
than tenfold. Further decrements in desorption
rate give strongly tailing profiles, which, at k, =
0.05, exhibit almost irreversible sample binding,
when the baseline remains higher after the
passage of a peak and does not go back to its
previous value. Similar features are observed
when sample interaction with the background
electrolyte is observed (a = —0.3, Fig. 2). It is
interesting that at k,— 0 the electropherogram
shape approaches its limiting shape.

The next series of simulations were performed

05
04 —
CO h
ps 0.3 —
k=]
g T
$ 02—
(5}
c
Q
O
01 - 5
o 05
¥
0.0 ¥
100 505
T T ' [ ' T 7 |
0.0 05 1.0 15 20
Time

Fig. 2. Influence of desorption coefficient k, on the apparent
concentration profiles ¢*; k, values corresponding to the
appropriate profiles are shown by arrows. These results
simulate an electrophoretic run with a concentrated sample
(e =—0.3).



S.V. Ermakov et al. | J. Chromatogr. A 699 (1995) 297-313 305

0.8

06 -

04 -

Concentration C

0.0 -

0.0

Fig. 3. Impact of wall capacity on the concentration profiles.
Concentration profiles corresponding to different parameters
S are shown by the arrows. Note peak splitting in profile 3.

for different parameters S, i.e., wall capacity.
Simulated profiles are presented in Fig. 3. Only
at very small S (0.01) the sample interaction with
the wall does not produce a significant effect. At
S =0.1, the adsorption leads to strongly tailing
profiles, the height of the tail depending on the
wall capacity, with its length depending on the
desorption rate. When the capacity of the wall is
very large (S = 3), the sample electropherogram
in fact has two peaks, the first due to the sample
remaining in solution and the second caused by
desorption processes. The relationship between
Sk, and k, is such that the desorption process
combined with electrophoretic migration gives
the second concentration wave. In the limiting
case § — « the sample never reaches the detector
since it will be adsorbed at the beginning of the
capillary.

Similar results are observed on modelling
different capillary lengths by shifting the detector
position. The simulated electropherograms are
plotted in Fig. 4. If the effective capillary length
is relatively large (x,., = 1.5). the sample peak
given by the substance in solution becomes small
(one should remember that the concentration
profiles plotted represent the sum of the sample
concentration in solution and that on the wall)

04 -
0.6
03
‘o
5
= 02 — i
o
=
(]
Q
c
So1-
0.0 ~t -— - R
T I A
0.0 10 2.0 3.0 4.0
Time

Fig. 4. Simulated profiles for different detector positions
(effective capillary length).

while the second larger peak is created by the
substance attached to the wall. As the sorption
process takes some time, the second peak moves
more slowly.

The results of wall adsorption for four initial
sample concentrations are presented in Fig. 5.
As can be seen, the loss of sample due to its
binding is proportional to its initial concentra-
tion. However, the desorption process is faster
for higher concentrations also, so the relative

0.3
«1
. 0.2
[®) < 08
c
RS
®
=
s « 05
8 01
c
o
(&
0254}
00 —r——~ T 7
T t [ !
0.0 0.5 1.0 1.5 20

Time
Fig. 5. Apparent concentration profiles for different initial
sample concentrations.
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loss in peak height and number of theoretical
plates is greater for low concentrations.

4.2. Experiments

For the sake of simplicity, the studies on ionic
interaction with the wall were started with mono-
valent positively charged substances at buffer pH
values of 5-9. Under these conditions, the wall
in an uncoated capillary should be negatively
charged, so one could expect a strong ionic
interaction of the sample with the wall. How-
ever, experiments with small ions showed the
opposite situation, i.e., weak wall-sample inter-
action, as described below. Pyridine at a con-
centration of 5 mM was run in 20 mM acetate
buffer titrated with NaOH to pH 5. This run was
then simulated using the approach analogous to
that in Ref. [33] in which the sample interaction
with the wall is neglected. The experimental and
calculated profiles of pyridine concentration are
plotted in Fig. 6. The shape of the experimental
peak is similar to the simulated one and the
baseline returns to its previous level, which
indicates weak adsorption. if any. The other
proof is the absence of sample mass losses due to
attachment to the wall during its migration along
the capillary. The discrepancy in the substance
mass contained in each of these peaks is approxi-

Pyridine (expenment)
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5, immobiine  — ;008
' &

— 4 L 0.04
2 g
E g
c 3
5 2
s 2 »
T bt <
8 14 S
[ = - o
o : IS
O 9 i >
| 32

}'TT A annnsnanshRRanERRRRRRERANERARE Ratht -0.01

0 1 2 3 4 5 6 7 8

Time (min)

Fig. 6. Concentration profiles of pyridine (experimental and
simulated) and absorbance protile of Immobiline. For
pyridine the concentration axis is to the left and for Im-
mobiline the absorbance axis is to the right. For explana-
tions, see also text.

mately 7%, which is a reasonable discrepancy
between experiment and simulation [33]. Addi-
tional experiments with alkaline Immobiline
(N,N-dimethylaminopropylacrylamide, pK =
9.33) [34] also confirmed our hypothesis. Thus
for Immobiline (c, = 1 mM) migrating in 20 mM
Tris buffer, titrated with HCl to pH 8, we
measured the total variance of the sample peak
o... in the electropherogram and compared it

exp

with theoretical estimation o, expressed as [35]

APZr{‘,tinj h?
2y T 2Dt t o

2 2 2
=0h T Taig T

T 1536n°1°D

2
t

o

where AP, .., m, I, t,, and h are injection
pressure, time of injection, buffer viscosity,
capillary length, migration time and sample plug
length, respectively. The first term in this sum
describes the dispersion due to the parabolic flow
profile during sample loading, the second ac-
counts for diffusion dispersion and the third the
variance due to the finite sample length. In an
experiment in which o,,,=4.3" 107°, the theo-
retical value o, = 3.71- 10™°, which is close to the
first one, and the difference between these two
values does not exceed 15% of the total vari-
ance. If it is completely ascribed to wall inter-
action then, according to the equation [26,35]

. Cmrﬁvzt B P
T wall = D > m“4(k,+1)2

where v is the sample velocity and ¢ the migra-
tion time, it will give an estimated wall capacity
factor of only k' = 0.078, which is small for small
ions. An experiment with a more concentrated
sample (10 mM) also did not reveal a significant
interaction. The absorbance profile of 10 mM
Immobiline migrating in 10 mM phosphate buf-
fer titrated with Tris to pH 7 is plotted as the
dashed line in Fig. 6. Owing to variations in
conductivity, the shape of the peak is no longer
Gaussian, but has a characteristic triangular
shape with a sharp rear boundary. In the case of
strong sample adsorption it would have a tail of
substance being released from the wall. From the
above experiments, one can suggest that the
small cations, even if they interact with the
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capillary wall, are not greatly adsorbed by the
wall.

The experiments with biopolymers demon-
strate a stronger interaction with the wall com-
pared with small monovalent molecules. A series
of experiments were performed with poly-L-his-
tidine (polycation). Some were performed at
different pH values for both the electrophoretic
and pressure migration modes (Fig. 7). These
experiments supported the hypothesis that the
sample interaction with the wall is electrostatic in
nature, that is, it depends on the degree of
silanol ionization. At pH 3, when the capillary
wall is almost electrically neutral, the adsorption
in both modes is small. After the peak passage
the baseline returns to its previous value, so
there is no sample attached to the wall. In
contrast, at pH 4 and 5. the baseline is shifted
after peak passage, suggesting that it is higher at
pH 5, when the ionization of the wall is stronger.
At a given pH value. the elevation of the
baseline is approximately the same for both
pressure and electrophoretic runs, which means
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Fig. 7. Poly-L-histidine electropherograms at different values
of buffer pH (3. 4 and 5). Sample concentration. 0.5 mg/ml;
injection for 2's by excess pressure; buffer 20 mM acetic acid
titrated with NaOH. The graphs corresponding to the pres-
sure run and to the electrophoretic run are indicated by
arrows,

that the adsorption depends weakly on the
sample migration mode.

It is known that at a given buffer pH the
capillary wall can be activated by washing with a
strong base, e.g., NaOH. The activation assumes
that there are more binding centres. This effect
is demonstrated by Fig. 8, where poly-L-histidine
electropherograms are plotted: two of them
correspond to the runs just after the NaOH wash
(dashed lines) and the other two after capillary
equilibration (solid lines). In the first case the
baseline is higher after the peak passage, sug-
gesting that more sample is bound to the wall.
This is confirmed also by the sample peak height
and area, which are lower in the case of capillary
washing with NaOH, since more sample mass is
lost before it reaches the detector. It is worth
noting that after capillary washing with a strong
base it takes several runs to saturate the capil-
lary. We performed eight consecutive runs with
poly-L-histidine as a sample before the concen-
tration profiles reached their limiting shape, i.e.
did not change from run to run. In fact, the
capillary inner surface was covered with the
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Fig. 8. Influence of NaOH wash (1 M NaOH for 5 min, H,O
for 10 min, buffer for 10 min) on the intensity of sample—wall
interaction. Sample concentration, 0.5 mg/ml; injection for 2
s by excess pressure; buffer, 20 mM acetic acid titrated to pH
S with NaOH. The graphs corresponding to the pressure run
and electrophoretic run are indicated by arrows.
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sample, so that at the end the net wall charge
was not negative but positive since the electro-
osmotic flow had changed its direction. This is
also visible from Fig. 8, in which the electro-
phoretically driven sample in a saturated capil-
lary (solid line) has a longer migration time than
that immediately after NaOH washing (dashed
line).

However, the secondary interaction of poly-L-
histidine with the wall still exists even in a
saturated capillary, as the baseline does not
return to its original level. This means that,
besides ionic interactions, other mechanisms of
sample binding exist. It has been pointed out
[36] that there is a probability of sample—sample
interaction, i.e., the sample in solution is bound
to the sample stacked on the wall. We suggest
two mechanisms: interaction by means of hydro-
gen bonds and hydrophobic interaction. To ver-
ify these hypotheses, we performed similar ex-
periments, but in the presence of 6 M urea in the
buffer solution in order to break the hydrogen
bonds or of 2% Tween-20. The results of both
experiments support the first hypothesis, i.e.,
that the secondary interaction was probably due
to the formation of hydrogen bonds. In the
presence of urea the baseline returned to its
original value, whereas in the presence of
Tween-20 it did not (Fig. 9).

The influence of the initial sample concen-
tration on its profile is illustrated by Fig. 10.
Three different samples with concentrations ¢, =
0.5, 0.25 and 0.1 mg/ml of poly-L-histidine were
applied during pressure runs. The amount of
sample bound to the wall was essentially the
same in all these runs as the baseline was shifted
after the sample peaks by approximately the
same value. A possible explanation is that inter-
action does not depend on the sample concen-
tration, at least when it exceeds some critical
value (here it could be a concentration corre-
sponding to this base level shift, which probably
represents saturation of the wall binding capaci-
ty).

The sample loss during its motion in the
capillary could be estimated by carrying out
experiments with capillaries of different lengths
or putting several detectors along the capillary

Pure buffer

******* Buffer with Urea

Buffer with Tween-20

Absorbance (200 nm)
o
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Fig. 9. Influence of urea (6 M solution) and Tween-20 in the
buffer solution on a secondary sample interaction during a
pressure run. Sample concentration, 0.5 mg/ml; buffer, 20
mM acetic acid titrated to pH 5 with NaOH; sample injection
time, 2 s for plain buffer and a buffer with Tween-20, and 10
s in the experiment with urea, during which more sample was
injected. Even under these conditions the lower interaction
in the presence of urea is visible.

length, as was done by Towns and Regnier [18].
When working with different capillaries there is
a possibility that their properties may vary from
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Fig. 10. Absorbance profiles for three different initial con-
centrations of poly-L-histidine (0.5, 0.25 and 0.1 mg/ml) in a
pressure run; injection by pressure (2 s); buffer, 20 mM
acetic acid titrated to pH 5 with NaOH.
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one to another, so we performed these experi-
ments using only one capillary. We used a
commercial capillary zone electrophoresis (CZE)
unit for our experiments which has only one
detector, so we injected the sample from the
opposite ends of the capillary. In one case the
migration length was around 19.4 ¢m and in the
other one it was 6.8 cm. First, the experiment
was performed on a saturated capillary, which
was equilibrated with the sample for a long time
in order to minimize the sample interaction. In
this case the injection was performed from the
detector end. Then the capillary was washed
with 1 M NaOH solution and experiments were
repeated by injecting the sample from both
capillary ends. Three electropherograms corre-
sponding to these experiments are plotted in Fig.
11. Assuming that in the case of a saturated
capillary the sample mass was not lost’ before
detection, one can estimate the amount of sam-
ple which has been lost in the consecutive runs
when the adsorption was strong. Then, accordin
to this information, we could estimate also how

0.055 -—
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] short path (after NaOH wash)
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Fig. 11. Influence of capillary length and detector position on
the sample profile. Two profiles: the dashed line and thin
solid line correspond to a short capillary (6.8 cm); the thick
line corresponds to a longer capillary (19.4 cm). In one
experiment the capillary wall was saturated (thin solid line)
and in the other two the experiment was preceded by an
NaOH wash. Sample (poly-L-histidine) concentration. 0.5
mg/ml; buffer, 20 mM acetic acid titrated to pH 5 with
NaOH.

well the poly-L-histidine sample covers the
silanol groups. The number of silanol groups per
1 cm of capillary length, Ng;, could be estimated
knowing the capillary radius r,=37.5-10"* cm
and the density of silanols ng=5-10"* cm™
(37], Ny, = 2mrong, =~ 1.18- 10" groups/cm. In all
experiments presented in Fig. 11 the initial
concentration of poly-L-histidine was 0.5 mg/ml
and the injection volume was 1.14-107° ml.
Calculating the area of the peaks, rough esti-
mates give a value for the loss of sample due to
its interaction with the wall per 1 cm of capillary
of m=3-10"" mg/cm. According to this, the
upper limit of active binding centres able to
interact with the wall is Ny, = (m/p; )N, = 1.2
10'? groups/cm, where w,,, is the molecular mass
of histidine and N, is Avogadro’s number.
Taking into account the degree of ionization of
silanol (pK§; = 6.3) [38] and poly-L-histidine with
a pK value equal to that of the free base
(pK,;. =6.0) [39] in buffer with pH 5, the
corrected values would be Ny, =Ng,K/(H +
Ki)=5.6-10"" groups/cm and N, =N, H/
(H+K,,)=10.9-10"" groups/cm. The esti-
mated values show that they are of the same
order of magnitude, which means that the capil-
lary wall is completely covered with the sample.

A series of experiments were performed in
order to investigate the influence of ionic
strength on sample interaction. For this purpose
we used pressure runs, since in this case there
are no problems due to an increase in current
and heat dissipation [11]. The experiments were
performed with cytochrome ¢ as a sample in 20
mM CAPS buffer titrated with NaOH to pH 10.
Different amounts of sait (NaCl) were added to
the buffer, so its concentration was 50, 100 and
200 mM. The experimental electropherograms
are plotted in Fig. 12, together with the case in
which no salt was added. It is clearly visible that
an increase in salt concentration suppresses the
sample—wall interaction significantly. The shift of
the baseline after 8 min is close to zero at salt
concentrations 50 and 100 mM, in contrast to the
case with zero salt concentration. At a salt
concentration of 100 mM the sample tail is much
smaller than that at 50 mM, which means that
the interaction is lower; however, the difference
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Fig. 12. Influence of ionic strength on sample~wall inter-
action. Buffer, 20 mM CAPS-NaOH (pH 10); sample, 1
mg/ml cytochrome ¢. The difference in ionic strength was
created by addition of various concentrations of salt (NaCl):
0, 50, 100 and 200 mM.

in profiles between 100 and 200 mM salt is so
small that a further increase in salt concentration
does not produce a significant effect.

5. Discussion

Two obvious features which govern the walil
adsorption process in a capillary are the capacity
of the wall, which is connected with the density
of active binding centres on its surface, and the
interaction kinetics, which are responsible for
the rate of exchange of sample between the
solution and the wall. When studying ionic inter-
actions, we assume that the capacity of the wall
is associated with the charge density on it, due to
silanol ionization. We also assume that the higher
is the charge density, the greater is the number
of binding centres and the higher is the capacity
of the wall and hence interaction and adsorption
(see Fig. 3). This is also in accordance with
experimental data, which show that, with an
increase in the charge density on the wall, the
interaction is enhanced (Figs. 7 and 8). By
increasing the pH of the buffer, the charge
density on the wall is increased in addition to the
sample interaction (Fig. 7). Another way to

increase the capacity of the wall is to wash it with
a strong base (1 M NaOH), as presented in Fig.
8.

The factors influencing the sorption kinetics
are not so obvious. First it is unclear why small
monovalent cations (pyridine, Immobiline) do
not exhibit strong adsorption, while the polyca-
tions (poly-L-histidine) and proteins (cytochrome
¢) do. There have been several studies on the
influence of cations, including small cations of
alkali and bivalent metals, on electroosmotic
flow {11,40,41]. It was shown [40,41] that alkali
metals are fairly effective in quenching the
electroosmotic flow, the large-sized cations being
more effective than small cations. The most
probable explanation of this phenomenon is that
larger cations are adsorbed on the capillary wall,
thereby altering its charge and reducing the
electroosmotic {-potential. Similar results were
also obtained by Green and Jorgenson [11], who
used alkali metal cations for minimizing protein
adsorption on bare silica. A series of amines are
listed in Ref. [42], which, when added to the
background electrolyte (at concentrations up to
10 mM), markedly helped in stabilizing the
electroosmotic flow (EOF) (improving the preci-
sion of migration times to better than 1%). All
this means that small cations interact with the
capillary wall and could significantly change its
properties. However, in our case, it seems that
the ionic interaction of small cations does not
lead to strong adsorption (see Fig. 6) because,
we assume this interaction has a dynamic charac-
ter. We propose the following qualitative expla-
nation of this phenomenon. The small cations
are able to be bound by means of one (or very
few) points to the few active binding centres on
the capillary wall, whereas for the polyvalent
molecule the points of binding may be numerous
[43]. For each binding contact due to ionic
interaction, the probability to be bound P, is
between zero and unity, 0 < P, <1, where P, =0
corresponds to the absence of interaction and
P, =1 means irreversible binding to the wall.
Hence the probability of being free from such
binding contact is also less than unity, P;<<1.
For monovalent molecules the probability of
being bound or of staying in solution coincides
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with P, and P, respectively. However, for
polycations, if we assume that one act of binding
in one part of the molecule occurs independently
of the other similar acts in the other parts of the
same molecule, the probability P of being free is
the product of n factors P, i.e.,

P=P;-P...P=P]
[ —

n limes

where n is the number of binding centres in the
molecule. This means that the probability of
being free for a large molecule is much less than
for a small molecule. For example, if P;=0.9,
for a polybase with a number of bases n =50, it
will be P=(0.9)"=0.0052, i.e., the molecule
will stay attached to the wall all the time. In this
case the desorption kinetics are very slow. Of
course, in reality, everything is much more
complicated, but this could give an idea of what
“happens with large molecules.

The probability of being bound to the wall
depends on the presence of different co-ions in
buffer solution, which can compete with sample
ions. Here again we assume an ionic mechanism
of interaction between cations in solution and a
negatively charged capillary wall. The higher the
concentration of competing ions, the lower is the
probability of a sample being bound and the
faster are its desorption kinetics. This was ob-
served when salt was added to the buffer and the
Na” ions competed with the positively charged
parts of the cytochrome ¢ molecule in binding to
the wall (Fig. 12). Thus, by adding salts to the
buffer solution, the desorption rate was in-
creased, which led to a decrease in tailing phe-
nomena (compare Figs. 1 and 12). The sorption
kinetics also depend on the charge density on the
capillary wall and the degree of ionization of
sample species. Thus, on going from a low to a
higher buffer pH, in concomitance with an
increment of wall capacity. the desorption kinet-
ics also change (decrease, see Fig. 7).

Among other interesting features found in the
experimental and simulated data is the existence
of two peaks in the electropherograms when the
interaction of the sample with the wall was
strong and a significant part of it was adsorbed

before it reached the detector (compare Fig. 10,
¢, =0.1, Fig. 4, x4, =1.5, and Fig. 3, §=23).
According to the simulation, the first peak is
given by the substance moving in solution by
means of an external force whereas the second is
caused by a desorption wave. It is initiated by a
concentration drop in solution immediately after
the passage of the first peak.

However, in some cases the mathematical
model is not fully adequate for the phenomena
described and could give wrong predictions.
Thus the experiments with different initial sam-
ple concentrations gave approximately the same
sample tail (Fig. 10). The shift of the baseline
was equal in all cases, whereas in simulations it
depended on the sample concentrations (Fig. 5).

Of course, this model is a very simple one and
it could not pretend to describe all details of
sample evolution in a capillary. First it is not
clear how valid is the assumption on Langmuir-
type kinetics applied to the wall adsorption
process. Probably other kinetic models should be
tried to find a better correspondence. The next
step, for a more accurate description, is to
consider the sample transport in solution in the
radial direction, i.e., to solve a two-dimensional
problem.

6. Conclusions

In the course of our continuing research on
analyte—capillary wall interactions during CZE,
we have presented a mathematical model based
on non-linear equilibrium chromatography cou-
pled to sample desorption from the wall essen-
tially by diffusional processes. The present semi-
quantitative mathematical model, although far
from being immune from failures, can describe
several phenomena of analyte binding to the
capillary wall. An effective indicator is the over-
all peak shape, including its symmetry, height
and total area. For example, loss of peak height
and total area suggests sample mass loss due to
irreversible adsorption on the wall. Conversely,
maintenance of peak symmetry (in the absence
of a mismatch between sample and electrolyte
conductivities), and a return to the baseline after
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the peak wave are clear indicators of the absence
of sample binding to the wall (or, as a first
approximation, of fast desorption kinetics com-
pared with the electrophoretic sample velocity).
Our observations have additionally given support
to a well known phenomenon in CZE that
preconditioning of the capillary with strong
bases, even at constant pH, results in activation
of the capillary surface and augmentation of
sample adsorption on it. In fact, polycation
adsorption, as evidenced by higher baseline
levels after the peak shock, is markedly in-
creased.

Our modelling can predict a variety of
scenarios occurring in a CZE run. Perhaps most
notable among them is the splitting of a homoge-
neous analyte into two peaks as a result of an
equilibrium between bound and unbound sample
at the injection port, at appropriate wall charge
densities. On the experimental side, we find that
polycations are adsorbed on the capillary wall, at
any pH above 3, into multiple strata until elec-
troosmotic flow reversal (as reported by a num-
ber of workers, e.g., [18]). In our case, however,
this layering process is more probably driven by
H-bond formation than by hydrophobic inter-
action among neutralized chains, since it is very
sensitive to 6 M urea but essentially unaffected
by the presence of surfactants (e.g., Tween-20).
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