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Abstract

Reduction of adsorptive protein—wall interactions by poly(diallyldimethyl ammonium chloride), a permanently cationic
polymer, at a concentration of 0.5% (w/v) is demonstrated for a basic single-chain antibody fragment (scFv, p/ about 9.5)
even in the range of physiological pH of around 7. The polymer additive forms a positively charged layer at the silica surface
which reverses electroosmosis and leads to electrostatic repulsion of the positively charged basic protein.
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1. Introduction

The rather time-consuming and laborious hybrid-
oma technique introduced by Kohler and Miistein 1]
for the production of monoclonal antibodies has
recently been complemented by a methodology
based on filamentous phage libraries with each
individual phage displaying a different single-chain
antibody fragment on its surface. Antigen is im-
mobilized on a suitable carrier, incubated with the
phage library and those phages which are specifically
bound are subsequently eluted. Repetition of this
selection step leads to enrichment of phage display-
ing high affinity antibodies. After cloning, individual
soluble antibody fragments are then obtained upon
infection of a suitable Escherischia coli strain [2].

Not only are these antibody fragments easily
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obtained, they also have the considerable advantage
of being smaller than conventional antibodies, being
only monovalent and not causing problems associ-
ated with the presence of the Fc-portion in normal
immunoglobulins. Single-chain antibody fragments
(scFvs) with a tremendous number of different amino
acid sequences in their complementarity determining
regions (CDRs) are thus available. As a conse-
quence, most of them are expected to exhibit differ-
ent charges making capillary electrophoresis (CE)
potentially suitable for their separation.

However, as found for many proteins, CE is often
limited by disturbances due to adsorptive interactions
with the wall of the fused-silica capillary, leading to
asymmetric peaks and loss of resolution.

To overcome these interferences, strategies to
supress adsorption have been described including
either dynamic or permanent coating of the surface,
or addition of substances to the buffer which com-
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Fig. 1. Structural formula of poly(diallyldimethylammonium chlo-
ride) used as cationic additive.

pete with the proteins for the active sites of the
capillary [3-16].

In the present paper the suitability of the recently
introduced permanently cationic polymer poly-
(diallydimethylammonium chloride) (PDADMAC)
[17], with the structural formula shown in Fig. 1, is
investigated for the reduction of adsorptive interac-
tions. The basic single-chain antibody fragment
scFv7 (with a pl of about 9.5, as calculated from the
amino acid sequence), which was obtained by
screening a phage library for affinity towards the
chicken very low density lipoprotein receptor [18],
was chosen as a model system. As analysis of
complex formation between antibodies and their
cognate antigens requires buffer systems in the
physiological pH range, and scFv7 is positively
charged under these conditions, it was anticipated
that the strong electrostatic attraction to the bare
silica surface would lead to extensive adsorption. We
demonstrate here that PDADMAC substantially re-
duces these interactions and that clean peaks of

scFv7 can be obtained even at the critical pH around
7.

2. Experimental
2.1. Chemicals

Boric and phosphoric acid (both reagent grade) for
the preparation of the buffer were obtained from E.
Merck (Darmstadt, Germany); sodium hydroxide
(0.1 M and 1.0 M for HPCE); hydroxypropylmethyl
cellulose (HPMC), hydroxyethyl cellulose (HEC),
poly(ethylene glycol) (PEG), triethanolamine hydro-
chloride (p.a., min. 995%) and poly-

(diallyldimethylammonium chioride) (PDADMAC,
low molecular mass, 20 w/v% in water) were from
Sigma (St. Louis, MO, USA), hydrochloric acid
(p-a., min. 35%) from Loba Chemie (Fischamend,
Austria).

Water was purified with a Milli Q water purifica-
tion system (Millipore, Bedford, MA, USA). ScFv7
(molecular mass about 27 000) was prepared at the
Institute for Biochemistry (Vienna, Austria) and was
used at concentrations of between 0.6 and 1.0 mg/ml
(dissolved in phosphate buffer, 0.02 mol/l, pH 7.5).

2.2. Apparatus

All experiments were performed using an HP3D
capillary electrophoresis system (Hewlett-Packard,
Waldbronn, Germany), consisting of a CE unit with
built-in diode array detector (DAD) and an HP3DCE
ChemStation for system control, data collection and
data analysis.

The instrument was equipped with uncoated fused-
silica capillaries from Polymicro Technologies
(Bloomfield, NJ, USA), 50 mm L.D. All experiments
were carried out at 25.0°C.

2.3. Procedures

2.3.1. Buffer preparation

Boric acid (0.100 mol/l) and phosphoric acid
(0.010 mol/1) were adjusted with NaOH (0.5 mol/I)
to pH 7.0, 8.0, 9.0, 10.0 and 11.0, respectively.
HPMC, HEC and PEG, (each 0.1%, w/v) was added
to water (60°C) and dispersed for 5 min. Then the
solution was shaken for about 6 h at ambient
temperature. The clear solution was stored at room
temperature and filtered (0.45-wm syringe filter,
Millipore) prior to use.

The additive PDADMAC was dissolved in tri-
ethanolamine—HCI buffer (0.050 mol/l, pH 7.0) to
give a 0.5% (w/v) solution.

2.3.2. Capillary treatment

New, bare fused-silica capillaries were cleaned by
flushing with NaOH (1 mol/]1) for 15 min and 0.1
mol/l for additional 15 min, followed by rinsing
with water for 30 min. For PDADMAC coating the
clean capillary was flushed with the PDADMAC
solution (5 mg/ml) for 20 min.
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2.3.3. Electrophoresis procedures

Before each run the capillary was flushed for 2
min with NaOH (0.1 mol/1), 1.5 min with water and
3 min with the running buffer. For the experiments
with borate and phosphate buffer, and neutral addi-
tives, respectively, a capillary (32.5 cm total, 24 ¢cm
effective length) was used at a field strength of 460
V/cm. Under these conditions the EOF was directed
towards the cathode. The sample was injected by
pressure (500 Pa, 8 s). After changing the buffer
additive the capillary was flushed for 15 min with
NaOH (0.1 mol/1).

The experiments with triethanolamine—HCI buffer
and PDADMAC as additive were carried out in a
capillary (33.5 cm total, 25 cm effective length) at a
field strength of 390 V/cm. Due to the cationic
additive the EOF was directed towards the anode.
The sample was injected by pressure (500 Pa, 3 s).
There was no need to wash the capillary between the
runs.

3. Results and discussion

Capillary zone electropherograms of the antibody
fragment were measured at different pH values in
solutions without and with non-ionic additives re-
ported to reduce the adsorption of proteins onto the
wall. Those without additive are shown in Fig. 2 for

pH values of 7.0, 8.0, 9.0, 10.0 and 11.0. At pH 11
the protein exists mainly as anion (its p/ is about
9.5) and should not be adsorbed significantly at the
anionic silica surface. This is in fact what is ob-
served experimentally. At pH 11 the protein peak is
asymmetric and seems to tail. This is not necessarily
caused by adsorption; it can be the result of micro-
heterogeneities of the protein, leading to a number of
poorly resolved peaks in addition to the main form.
With decreasing pH the peak becomes smaller and is
virtually absent at pH values below 9. This is caused
by a decrease of the protein’s negative net charge as
it approaches its isoelectric point. The lower negative
charge leads to an increase of (seemingly irrevers-
ible) adsorption, resulting in a smaller peak area of
the protein. At pH 8, the protein is almost quantita-
tively adsorbed at the wall and delivers almost no
noticable peak. Therefore, a further decrease of the
pH towards physiological lower pH ranges is mean-
ingless.

It was observed that electrically neutral polymers,
as HPMC, HEC or PEG, often successful to reduce
protein—-wall interactions, fail for the case of the
basic protein scFv7. The electrophoretic separation
was clearly improved by the addition of these
polymers to the buffer (results not shown). Loss of
protein due to irreversible adsorption was found
much less at pH 9 and 10 as compared to the buffer
without additive. However, most of the protein
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Fig. 2. Capillary zone electropherograms of scFv7 in borate buffer at different pH values without additive. Buffer concentration, 0.10 mol/l;
capillary length, 32.5 cm (24 cm); voltage, +20 kV; UV absorbanc detector (195 nm) placed at the cathode side of the capillary. The

negative jumps in the baseline at ca. 2 min indicate the EOF.
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Fig. 3. Capillary zone electropherogram of scFv7 at pH 7.0 with PDADMAC as additive (concentration 0.5% w/v). Buffer, triethanolamine—
HCIl, 0.050 mol/I; capillary length 33.5 cm (25.0 cm); voltage, —13 kV; UV absorbance detector (200 nm) placed at the cathode side of the
capillary. The EOF is indicated by the slight negative jump of the baseline at 7.5 min.

appears to be adsorbed at pH 8, and at pH 7 potential
protein peaks could not be distinguished from
baseline noise. This leads to the conclusion that the
strong protein—~wall interaction precludes the study
of protein-ligand interactions by CZE in the physio-
logical pH range even in the presence of nonionic
additives.

Using the cationic polymer PDADMAC as addi-
tive most adsorptive interactions between the protein
and the surface of the bare fused-silica surface were
eliminated even at a pH as low as 7 (Fig. 3).
Formation of a positively charged surface layer of
the additive leads to reversal of the EOF, which is
thus directed towards the anode. As a consequence,
the protein, being positively charged at this pH
migrates against the EOF to the anode. In contrast to
the other systems the protein peak is clearly seen at
pH 7 and even microheterogeneities of the protein
are resolved. Comparison of the peak heights also
indicates absence of adsorption.

4. Conclusion

From our results it can be concluded that PDAD-
MAC is very effective in reducing adsorption of
proteins to the capillary wall even in the case of
basic proteins. The permanently cationic surfactant

forms a layer with positive charges on the capillary
surface, which reverses the EOF and leads to electro-
static repulsion of the protein. Further experiments
aimed to determine the affinity constants of the
interaction between scFv7 and its cognate antigen by
methods similar to those described by Chu et al. [19]
are currently under way.
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