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Abstract

Thin-film coatings of cellulose acetate on the surface of fused-silica capillaries were tested for the separation of
proteins by capillary zone electrophoresis. The coating procedure is very simple and only involves the filling of the
capillary with cellulose acetate solution, followed by flushing the capillary with helium. The coating appears to
mask the underlying silanol groups towards basic proteins effectively; column efficiencies up to 10° plates per metre
were achieved for ribonuclease A. The high efficiency, the batch-to-batch and the run-to-run reproducibility and
the long-term stability of the coating are advantageous features of the method. The coating procedure provides a
simple, stable and easy to reproduce method of surface deactivation and can be applied with other cellulose
derivatives such as cellulose triacetate or cross-linked hydroxypropylcellulose. The films can also be applied to
shield the surface of hollow polypropylene fibres. Unfortunately, this skin coating is destroyed above pH 7.5 and
therefore cannot be recommended for zone electrophoresis at alkaline pH or for isoelectric focusing.

1. Introduction

There is a great demand for rapid, high-res-
olution analytical techniques to monitor the
isolation and purification of proteins. Capillary
zone electrophoresis (CZE) is a method that
potentially offers rapid and quantitative protein
analyses of high resolution and efficiency. How-
ever, satisfactory results are often difficult to
obtain in protein separations with CZE. This is
mainly due to the inherent tendency of these
macromolecules to interact with the silanol
groups present on the inside surface of the fused-
silica capillary. These undesirable phenomena
impede the full adoption of CZE as a routine
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bioanalytical technique. In order to exploit CZE
fully for the analysis of proteins, the interaction
between the silanol groups and proteins has to
be eliminated.

Four different approaches have been reported
and involve, briefly, (i) elimination of the inter-
action by adjusting the pH of the buffer to such a
value that the silanol groups are non-charged [1];
(ii) adjusting the pH of the buffer of such a value
that the charges of the silanol groups and protein
have the same sign {2.3]; (iii) dynamic modi-
fication of the surface by neutral and cationic
additives in the buffer [4-9]; and (iv) chemical
modification using covalent bonding of the fused-
silica surface [10-18§].

The first three approaches are simple but are
less attractive for the following reasons. To
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diminish the interaction, the pH of the running
buffer must be low or high and this increases the
risk of hydrolysis [19] or denaturation [20] of the
proteins. Also, one wants to retain the pH as an
adjustable parameter in the CE of proteins.
Dynamic modification by neutral and cationic
additives in the background electrolyte has been
shown to be an effective way to deactivate the
silica surface. However, additives may change
the buffer properties and can cause detection
problems. Therefore, of the four approaches,
chemical modification of the surface looks the
most promising, also because of the flexibility to
vary the pH to a certain extent. Unfortunately,
the reported methods are laborious, except for
the method of Malik et al. [21]. Moreover, some
of the coatings show poor long-term stability.

Recently Gilges et al. [22] reported on an
extremely efficient poly(vinyl alcohol) (PVA)
coating by transferring a PVA film into a water-
insoluble, permanently adhering layer by ther-
mal treatment. This approach looks very attrac-
tive from the point of view of simplicity to
prepare coatings.

In this paper, we report on another very
simple, rapid and reproducible method to shield
surface silanol groups by physically adhering a
thin film of cellulose acetate on the capillary
wall; we propose the term *‘skin coating” for this
type of shielding. The physically adhered films
were tested as a coating for the separation of
proteins by CZE.

2. Experimental
2.1. Materials

Fused-silica capillary tubing of 50 um 1.D.
(365 um O.D.) was purchased from Polymicro
Technologies (Phoenix, AZ, USA). The 56 um
[.D. (350 pm O.D.) hollow polypropylene (PP)
fibre, manufactured by the melt-spinning depart-
ment of AKZO, was a kind gift from AKZO
Research Laboratories (Arnhem, Netherlands).
Cellulose acetate (CA), M, 30 000, and cellulose
triacetate (CTA) were obtained from Aldrich
Chimie (Steinheim, Germany), Tris—HCI from

BDH (Poole, UK), sodium dihydrogenphos-
phate, sodium hydroxide, hydrochloric acid and
paraformaldehyde from Merck (Darmstadt, Ger-
many), acetone and hydroxypropylcellulose
(average M, 100000) from Janssen Chimica
(Geel, Belgium) and methylene chloride from
Rathburn Chemicals (Walkerburn, UK). All
protein samples were purchased from Sigma (St.
Louis, MO, USA): cytochrome ¢ (horse heart),
lysozyme (chicken egg-white), ribonuclease A
(bovine pancreas), trypsinogen (bovine pan-
creas), a-chymotrypsinogen A (bovine pancreas)
and B-lactoglobulin A and B (bovine milk).
Table 1 gives the molecular masses (M,) and p/
values of these proteins. Deionized water for the
preparation of solutions was obtained from a
Milli-Q water-purification system (Millipore,
Milford, MA, USA).

2.2. Electrophoretic conditions

Electrophoresis was performed at 25°C with a
laboratory-built system consisting of a high-volt-
age power supply (HCN 35-35.000; FUG Elec-
tronic, Rosenheim, Germany) and a UV detec-
tor, adapted for on-column detection (Model
757; Applied Biosystems, Foster City, CA,
USA). The total set-up was placed in a Plexiglas
box; opening the door automatically shut off the
high voltage. The current in the system was
measured over a 1-k{) resistance in the return
circuit of the power supply. The operating volt-
age was 20 KV unless indicated otherwise. Elec-
tromigration sample introduction was used (2 s,

Table 1
Isoelectric points (p/) and molecular masses (M,) of the
proteins (23]

Protein Abbreviation M, pl

Cytochrome ¢ Cytc 12200 10.8
Lysozyme Lys 14 000 10.0
Ribonuclease A Ribo A 13500 8.7
a-Chymotrypsinogen A a-Chym 21600 8.7
Trypsinogen Tryp 24500 8.7
B-Lactoglobulin A Lacto A 35000 51
B-Lactoglubulin B Lacto B 35000 5.2




M.H.A. Busch et al. / J. Chromatogr. A 695 (1995) 287-296 289

20 kV unless indicated otherwise). Before each
run we rinsed the column and the collection and
source vials with fresh background electrolyte
solution. The optical window was prepared by
burning off the outer polyimide coating before
column preparation. The wavelength used for
detection of the proteins was 210 nm, 0.02
AUFS (unless indicated otherwise). Electro-
pherograms were recorded with a BD41 chart
recorder (Kipp and Zonen, Delft, Netherlands)
at a chart speed of 10 mm/min.

2.3. Column preparation

The flushing and coating solutions used to
prepare the columns were delivered via a reser-
voir which can be pressurized by helium, as
shown in Fig. 1. The coating procedure involves
the following consecutive steps: a 75-cm long
untreated fused-silica capillary is first rinsed with
acetone for 15 min at 4 bar, then flushed for 15
min at 4 bar with the selected cellulose acetate
solution in acetone. Next, the helium pressure is
released and the capillary is pulled out of the
coating solution and within 30 s the solution in
the capillary is flushed out by restoring the
helium pressure quickly to 4 bar, leaving a thin
liquid film on the silica surface. The final im-
mobilization is achieved by drying the coating
with a gentle stream of helium for 30 min at 4
bar. The capillary is then ready for installation in
the CZE system.

Coating|step !LS"’J Drying[step Lﬂ”l
'O 1 {l

: -
1 #

He ‘He

Fig. 1. Schematic representation of the coating and flushing
reservoir.

2.4. Cross-linking procedure for
hydroxypropylcellulose

The preparation of cross-linked hydroxy-
propylcellulose (HPC®) was performed according
to Ref. [24] and was as follows: hydroxypropyl-
cellulose (4.5%, w/v) was dissolved in methanol
and mixed with a cross-linking agent [3.5% (w/v)
paraformaldehyde] and a catalyst [3.5% (w/v)
hydrochloric acid] by using a glass rod; this
solution should be used directly after its prepara-
tion.

3. Results and discussion

Our aim was to develop a simpler method to
prepare an efficient coating for the separation of
proteins by CZE than the laborious methods
used so far. The choice to apply a film of
cellulose diacetate, commonly referred to as
cellulose acetate (CA), as a coating for the
separation of basic proteins was inspired by the
application of such films as a permselective layer,
e.g., on electrodes to build size-exclusion selec-
tivity into electrochemical detection [25-29] and
from application of CA in slab gel electropho-
resis [30]. Cellulose acetates are prepared by
treating cellulose with a mixture of acetic acid
and acetic anhydride in the presence of sulphuric
acid as a catalyst. The reaction is generally
allowed to proceed to substitute all three hy-
droxyl groups. The fully substituted triester
derivative is then hydrolysed to give the desired
level of substitution. Both cellulose acetate (CA)
and cellulose triacetate (CTA) are good film-
forming agents and have been used in a variety
of pharmaceutical applications. The applications
of cellulose triacetate include its use in dialysis
membranes. Hydroxypropylcellulose (HPC) is a
cellulose ether; it is water soluble and therefore
has to be chemically cross-linked before it can be
applied as a coating in CZE experiments [31].

The developed coating procedure is very sim-
ple. but the success rate and quality of the layer
turned out to be largely dependent on some
important parameters. Therefore, these aspects
will be discussed below in more detail.
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3.1. Preparation of the cellulose acetate film

Cellulose acetate dissolves in various solvents
such as tetrahydrofuran. dimethylsulphoxide and
acetone. Acetone had our preference because of
its low viscosity, high volatility and non-toxicity.
In order to dissolve the cellulose acetate quickly.
it was found crucial to add the CA to the acetone
with vigorous shaking because it tends to ag-
glomerate on wetting.

The coating method is similar to the dynamic
coating technique as used in capillary gas chro-
matography, and generally consists of filling the
column with a solution of the coating phase,
followed by forcing this volume through the
column with helium pressure, A thin film of this
solution is left behind on the capillary wall.
Continuous flushing with helium after coating
evaporates the remaining solvent and leaves a
thin film of the polymer.

Two ways of filling the capillaries with the
coating solution were tested, one in which the
CA solution is directly introduced in an empty
capillary and the other in which the CA solution
is introduced into a capillary previously filled
with the solvent, acetone in the case of CA. With
the former method we obtained less efficient
columns. This may be attributed to the poor
wettability of the glass surface by the coating
solution itself, which can result in droplet forma-
tion and subsequent non-uniform films. It has
been shown that treatment with pentane,
methylene chloride or acetone decreases the
critical surface tension of glass by up to 50%
[32]. Further, it appears to be important to flush
out the CA coating solution from the capillary
with helium immediately after the capillary has
been disconnected from the coating reservoir.
Any delay in that step may cause plugging at the
front edge of the capillary.

The film thickness depends on, amongst other
parameters, the viscosity of the coating solution
and the speed (pressure) with which the solution
is flushed out of the capillary. In our experimen-
tal set-up, an inlet pressure of 4 +0.5 bar pro-
duced very efficient coatings. This inlet pressure
was established as the experimental result of
measuring the efficiency of coatings using the

same 1% (w/v) CA coating solution with various
inlet pressures (2-5 bar). The adjustment of the
pressure in this range is important as larger
deviations appeared to result in a considerable
loss of efficiency. It is probably possible to find
another optimum coating concentration when
using another column diameter or pressure drop.

3.2. Column performance

So far, all the coatings developed for the
separation of proteins have the purpose of mask-
ing the silanol groups on the capillary surface,
and as a result the electroosmotic flow is de-
creased significantly. In that respect the cellulose
acetate coating is different as the film is still
permeable to small molecules but not for larger
molecules such as proteins. It appears that the
electroosmotic flow with a mobility of about
9.2-107° m*/V-s differs by only 3% from that
of a capillary that was used as delivered. This is
surprising as cellulose derivatives are often used
as electroosmotic flow suppressors in capillary
electrophoresis and isotachophoresis. Apparent-
ly, cellulose acetate behaves differently in this
respect.

In order to determine the optimum CA con-
centration with our experimental set-up and
conditions, the performances of films fabricated
with 0.85-6.0% (w/v) cellulose acetate solutions
were investigated with a set of three basic
proteins. The effect of the CA concentration on
the efficiency is given in Table 2. We expressed
the efficiency as plates per metre for a fair
comparison with coating procedures already de-
scribed in literature. Although the highest ef-
ficiency was obtained with the 3 and 6% (w/v)
CA solutions, the efficiencies differed only
slightly.

Etching of the capillary with potassium hy-
droxide prior to the CA coating treatment ap-
peared to have a negative effect on the sepa-
ration efficiency, as can be seen in Fig. 2,
showing the electropherograms of the test pro-
teins on capillaries prepared with (Fig. 2A) and
without (Fig. 2B) prior hydroxide etching.

The performance of the cellulose acetate-
coated capillaries was also investigated with the
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Table 2
Effect of CA concentration in the coating solution on the
separation efficiency

CA (%, w/v) Efficiency. N x 10 (plates/m)
Cytc Ribo A a-Chym

0.85 9.31 10.13 7.40
1.0 8.06 9.19 9.06
1.2 7.72 9.66 9.48
1.5 7.02 8.15 6.26
3.0 7.86 11.04 10.20
6.0 8.17 10.45 9.71

Tris-HCI1 (50 mM, pH 4.0); applied voltage 20 kV; electro-
migration injection, 2 s, 20 kV.
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same set of basic proteins using phosphate and
Tris—HCl as background electrolytes. Fig. 3
shows the electropherograms obtained with the
same capillary using 30 mM phosphate (pH 4.0)
(Fig. 3A) and 50 mM Tris—-HCI (pH 4.0) (Fig.
3B) as the background electrolyte. As can be
seen, efficient separations can be realized with
both background electrolytes. Excellent column
efficiencies (up to 10° plates per metre) were
found when using 50 mM Tris—HCI in the pH
range 3-4.5. A typical separation using 50 mM
Tris=HCI (pH 4.5) is shown in Fig. 4. The CA
coating is stable in the pH range 2-7.5 and
shows good reproducibility of the migration

B 1

' 1 ! | ! ! i ) 1

10 12 14 16 18 20

——  time (minutes)

Fig. 2. CZE separation of the protein mixture on a CA-coated column. Total length of capillary, (A) 71.2 and (B) 75.2 cm; 50
um LD CA coating, 1% (w/v); effective length of capillary, (A) 47.5 and (B) 57.2 c¢m; electrolyte solution, S0 mM Tris—HCI
(pH 4.3). Concentration of proteins, 0.2 mg/ml of (1) cytochrome ¢, (2) lysozyme, (3) ribonuclease A, (4) a-chymotrypsinogen
A and (5) trypsinogen. (A) Etched fused-silica capillary; (B) unetched fused-silica capillary.
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Fig. 3. CZE separation of the protein mixture on a CA-coated column. Total length of capillary, 74.9 cm; 50 pm 1.D.; CA
coating, 1% (w/v): effective length, 49.8 ¢m. Concentration of proteins. 0.2 mg/ml of (1) cytochrome ¢, (2) lysozyme, 3)
ribonuclease A, (4) a-chymotrypsinogen A and (5) trypsinogen. Electrolyte solution: (A) 30 mM phosphate buffer (pH 4.0); (B)

50 mM Tris—HCIl (pH 4.0).

times as investigated for the basic proteins. The
relative standard deviations (R.S.D.s) of migra-
tion times are reported in Table 3 and range
between 0.2 and 0.4%.

The CA coating is in principle also suitable for
acidic proteins, as is illustrated in Fig. 5, showing
the separation of the two acidic proteins B-lacto-
globulin A and B with theoretical plate numbers
of 448 000/m for B-lactoglobulin A and 329 000/
m for B-lactoglobulin B at pH 3.0.

3.3. Reproducibility and long-term stability of
the CA coating

The reproducibility of the CA coating in terms
of efficiency was investigated by measuring the
plate number of the proteins on five columns
prepared from the same 1.0% (w/v) CA coating
solution. The variation in plate number was
found to be less than 15%. A similar variation
was found with columns produced with 1.0%
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Fig. 4. CZE separation of the protein mixturc on a CA-coated column. Total length of capillary, 78.8 cm: 50 um L.D.; CA
coating, 1% (w/v): effective length. 49.4 cm; electrolyte solution. 50 mM Tris—HCI (pH 4.5). Concentration of proteins, 0.2
mg/ml of (1) cytochrome c. (2} lysozyme. (3) ribonuclease A, (4) a-chymotrypsinogen A and (5) trypsinogen.

Tabic 3
Relative standard deviations of migration times on a CA-
coated capillary

Protein R.S.D. (%)
Cytochrome ¢ 0.3
Lysozyme 0.4
Ribonuclease A 0.3
Trypsinogen 0.2
a-Chymotrypsinogen 0.2

Tris-HCI (50 mM, pH 4.0): applied voltage, 20 kV: clectro-
migration injection. 2 s, 20 kV.
*R.S.D. calculated from five experiments.

(w/v) CA solutions that were prepared separ-
ately. This variation is in our opinion acceptable,
but a fair comparison with coating procedures
described in the literature is impossible, because
information regarding the reproducibility is
scarce. In our hands, the success rate in prepar-
ing a good CA coating was almost 100%.

An influence of the surface properties of
different batches of the fused-silica capillaries
from our supplier on the efficiency of deactiva-
tion by CA was observed. A similar observation
was made by Gilges et al. [22].

The long-term stability of the CA coating was
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Fig. 5. CZE separation of B-lactoglobulin A and B on a
CA-coated column. Total length of capillary. 74.4 ¢cm; 50 um
I.D.: CA coating. 1% (wiv): effective length. 49.3 cm;
electrolyte solution, 50 mM phosphate buffer (pH 3.0).
Concentration of proteins. 0.2 mg/ml of (1) B-lactoglobulin
B and (2) B-lactoglobulin A.

investigated by measuring the efficiency with

time using Tris—-HCI solutions of pH 4.3. No
significant change in efficiency was noticed after

Table 4
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continuously operating the column for more than
75 injections. Also, storage of columns in the
electrolyte solution for 4 months did not alter the
efficiency.

In the pH range 2-7.5, the CA coating re-
mained intact. Above pH 7.5 the performance
decreased abruptly and could not be regener-
ated.

3.4. Other cellulosic polymer coatings

The developed coating procedure for CA was
also found to be applicable to other cellulosic
polymers such as cellulose triacetate and cross-
linked hydroxypropylcellulose. Methylene chlor-
ide was used to dissolve cellulose triacetate.
Table 4 lists the polymers and the electropho-
retic characteristics of the prepared capillaries.
As can be seen, the prepared capillaries exhibit
the same high separation efficiencies as found
with the CA coating.

With  cross-linked  hydroxypropylcellulose
(HPC"). it was possible to modify the surface of
a polypropylene hollow fibre, resulting in excel-
lent efficiency characteristics for basic proteins.
A typical separation of the selected test mixture
of basic proteins on the HPC‘-coated hollow
fibre is shown in Fig. 6A. Separations of this
quality could not be obtained with dynamically
coated PP fibres [33] or other coatings described
in combination with hollow polymeric fibres [34].

Efficiencies of columns prepared with different cellulosic polymer coatings

Polymer Concentration Efficiency. N x 107 (plates:m)
(% wiv)
Cyte Ribo A Tryp a-Chym
Cellulose acetate 1.0 7.38 10.40 8.21 8.09
(fused silica)
Cellulose triacetate 1.0 7.17 10.26 - 8.28
(fused silica)
HPC* 4.5 7.85 9.66 8.98 9.04
(fused silica)
HPC* 4.5 7.44 - 8.76 7.00

(hollow PP fibre)

Tris—=HCL (50 mM. pH 4.0): applied voltage, 20 kV: electromigration injection, 2 s, 20 kV.
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Fig. 6. CZE scparation of the protein mixture on an HPC-
coated hollow PP fibre. Total length of capillary. (A and B)
55.0 cm; HPC® coating. 4.5% (w/v): effective length. 29.0
cm; clectrolyte solution, 50 mM Tris—-HCI (pH 4.3). Con-
centration of proteins, 1.5 mg/ml of (1) cytochrome ¢. (2)
lysozyme, (3) ribonuclease A. (4) a-chymotrypsinogen A
and (5) trypsinogen. Separation voltage. 10 kV: electro-
migration injection. 2 s, 10 kV: detection wavelength, 280 nm
(0.005 AUFS). (A) HPC*-coated PP fibre; (B) HPC coated
fused-silica capillary.

For comparison, the same separation performed
in a fused-silica capillary under otherwise identi-
cal conditions is shown in Fig. 6B. The R.S.D.s
of the migration times and theoretical plate
numbers N (per metre) on the fused-silica and
the polypropylene capillaries coated with HPC®
are given in Table 5. This demonstrates that
results of the same quality can be obtained with
the PP tubes, which are more convenient and
less fragile in practice. The main disadvantage of
the polypropylene capillary is the limited UV
transparency, which precludes the use of wave-
lengths below 240 nm, as can be inferred from a
published UV absorbance spectrum [33]. Be-
cause of this limitation, the proteins were de-
tected at 280 nm. At this wavelength only the
aromatic amino acid residues in the proteins are
detected, resulting in a decrease in detection
sensitivity. The UV absorbance of the fibre
material is assumed to be caused by (residues
from) additives used in the production process.
Further optimization of the production process
and a reduction in the O.D.-to-I.D. ratio might
improve this drawback in the future. Without
coating the polypropylene fibre with cross-linked
hydroxypropylcellulose the proteins are ad-
sorbed on the capillary wall. The uncoated
hollow polypropylene fibre is strongly hydro-
phobic and requires pre-wetting before intro-
duction of an aqueous electrophoresis buffer.
Methanol was used for this purpose in the

Table 5
Relative standard deviations of migration times and efficien-
cies with HPC® surface modification

Protein R.S.D. (%)* Efficiency,
— NXx10°
(plates/m)
PP Silica _
PP Silica
Cytochrome ¢ 0.5 0.5 7.44 7.85
Lysozyme 0.6 0.5 6.43 8.03
Ribonuclease A 0.5 0.4 - 9.66
a-Chymotrypsinogen 0.7 0.4 8.76 8.98

Tris—=HCI (50 mM, pH 4.0); applied voltage, 20 kV; electro-
migration injection, 2 s at 20 kV.
“R.S.D. calculated from ten experiments.
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uncoated fibre. The pre-wetting agent can sub-
sequently be simply exchanged with buffer solu-
tion.

4. Conclusions

Cellulosic polymer films, dynamically coated
and physically adhering to the inside wall of
fused-silica capillaries, appear to be an efficient
coating for the separation of basic and some
acidic proteins by CZE using Tris—HCI as elec-
trolyte. The CA coating remains intact in the pH
range 2-7.5.

Apart from the excellent efficiency, the sim-
plicity and speed of fabricating the coating are
important advantages compared with the labori-
ous chemical modification methods used so far.
Further, it was shown that this method of surface
shielding can also be applied to hollow poly-
propylene fibres.
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