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Abstract

Making coated columns in capillary electrophoresis (CE) is a laborious task involving many preparation steps such as
etching, leaching, dehydration, silylation and coating of the inner wall of fused-silica capillaries. In this work we
demonstrate, by testing more than 250 columns, that it is possible to follow up the influence of the different steps on both the
electrophoretic behavior of CE columns and the reproducibility of their preparation. This study was done by carrying out
triplicate measurements of electroosmotic flow values from columns at four different pH values after each step. The
effectiveness of the coatings was also investigated by injecting a test-group of basic proteins. It is demonstrated that etching
the columns with sodium hydroxide followed by a leaching treatment with hydrochloric acid provides higher reproducibility
than by either leaching or etching alone. Dehydration of the capillary tubing affects the yield of the subsequent silylation
reaction while the best results seem to be obtained by dehydrating the columns overnight at 160°C. The silylation degree
achieved is demonstrated to also depend on the time of reaction and the concentration of silyl reagent. Moreover, a
conclusive demonstration about the effect of both silylation and polymerization reactions on the final coating performance is
given. [ 1998 Elsevier Science BV. All rights reserved.
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1. Introduction

Fused-silica capillaries covalently coated with
different polymeric substances are increasingly em-
ployed in capillary electrophoresis (CE). These
coated columns provide, apart from the well known
features of fused-silica material (good thermal con-
ductivity and transparency to UV-visible light), a
reduction in the noxious effects originated by the
negative charges on the inner capillary wall and a
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substantial decrease in the electroosmotic mobility
for most of the polymeric coatings used. Thus,
coated capillaries diminish adsorption of analytes
onto the wall and overcome the limited applicability
of bare columns to isoelectrofocusing and CE sepa-
rations based on size.

However, the preparation of this type of polymeric
layer is, in general, alaborious task. It requires many
treatment-steps of the inner wall, eg., leaching,
silylation, etc., prior to covalently bonding a chemi-
cally and mechanically stable polymeric layer to the
capillary surface [1-9]. This multistep process fre-
quently brings about lack of reproducibility of the
coating preparation as has been observed by several
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authors [10-12]. Moreover, the effectiveness of the
different treatments has mainly been studied by just
carrying out a single test of these columns after the
fina coating step.

Although many procedures to coat capillaries for
CE have been developed, eg., see [1-9,13], little
attention has been paid to two factors that should be
of importance in the coating preparation: (a) the
reproducibility of the different treatments prior to
deposition of the polymer, and (b) the effect of such
treatments on the final quality of the coating. Follow-
ing this idea, Towns et a. [14] carried out a
systematic study at which the improvement of ef-
ficiency and recovery of a test protein along the
progress of the coating procedure was shown. Some
works have aso dealt with the influence in CE of the
nature of the fused-silica surface on the electro-
phoretic behavior of capillary tubing after different
treatments. Thus, Hjertén and Kubo [12] demon-
strated that the quality of the coating is strongly
affected by the surface structure of the commercial
fused-silica tubing even when capillaries of the same
manufacturer but from different batches were em-
ployed. This different behavior among capillaries
from different batches has been further corroborated
by electroosmotic flow (EOF) measurements [15]
and by scanning electron microscopy [16]. Further-
more, other authors have mentioned that even the
storage time of the capillary can modify the silica
properties [17]. However, Coufal et al. [18] have
demonstrated that the magnitude and repeatability of
the EOF (related to the silica surface charge) depends
mainly on the type of buffer employed whereas the
manufacturer of the tubing is less important.

Controversies on silica surfaces are old [19,20]
and although a great deal of work has been put into
their characterization, see e.g. references [19-23],
there is a lack of systematic studies in CE about the
effect of the different treatments of silica tubing on
both the electrophoretic behavior of capillaries be-
fore being coated and the effectiveness of the final
coating. The aim of this work was to carry out a
more systematic study on the effect of such treat-
ments during the preparation of coated columns. As
a second goal, we tried to establish a procedure to
modify in a regular and reproducible manner the
capillary surface prior to be coated.

2. Experimental

2.1. Chemical and reagents

Lysozyme chicken egg white, ribonuclease A
bovine pancreas, and «-chymotrypsinogen bovine
pancreas were purchased from Sigma (St. Louis,
MO, USA) and used as received. The proteins were
solved at concentrations of 1 mg/ml in Milli-Q water
(Millipore, Bedford, MA, USA), stored at —5°C, and
warmed to room temperature before use. Formic acid
(pH 4), acetic acid (pH 5) and malic acid (pH 6) (all
from Merck, Darmstadt, Germany), boric acid (pH
8) (from Aldrich, Steinheim, Germany), and 2-N-
morpholinoethanesulfonic acid (MES, pH 6) and
2-N-cyclohexylaminoethanesulfonic acid (CHES, pH
10) (both from Sigma) were used as received for
preparing the different running buffers at concen-
trations of 50 mM and their pH adjusted with 1 M
sodium hydroxide at the values indicated in paren-
thesis. Hydrochloric acid, sodium hydroxide (both
from Merck), 7-oct-1-enyltrimethoxysilane (ABCR,
Karlsruhe, Germany), acrylamide, ammonium per-
sulfate (APS), and N,N,N;N-tetramethyl-
ethylenediamine (TEMED) (al from Schwarz,
Cleveland, OH, USA) were used for the preparation
of the polyacrylamide coated capillaries.

2.2, Instrumentation

Anayses were carried out in a P/ACE 2100
(Beckman, Fullerton, CA, USA) capillary electro-
phoresis apparatus. Fused-silica capillaries used were
from Polymicro Technologies (Composite Metal
Services, Worcester, UK) and Siemens (Munich,
Germany) and they were 27 cm (20 cm effective
length)X50 wm 1.D. Injections were made using
nitrogen pressure (0.5 p.s.i.; 1 p.s.i.=6894.76 Pa) for
a given time. Capillaries were thermostated at 25°C.
Detection took place at 254 nm when acetone was
injected and 214 nm when proteins were used. Data
were collected and analyzed using system GoLD
software from Beckman running on a 486DX2-66
Mhz computer. For the thermal treatment of capil-
laries a gas chromatograph model 8310B from
Perkin-Elmer (Norwalk, CT, USA) was employed.



A. Cifuentes et al. / J. Chromatogr. A 823 (1998) 561-571 563

2.3 Capillary treatment

A set of different conditions were tested in order
to obtain a reproducible procedure for treating the
capillaries before coating. The tentative procedure
employed as starting point was as follows: capillaries
were first etched and/or leached, washed, dehy-
drated, silylated, washed again and finally coated
with linear polyacrylamide as described in Section
2.4. The specific conditions for each treatment are
discussed in Section 3.

2.4. Capillary coating

Capillaries were coated with polyacrylamide as
previously described by Hjertén [1]. The coatings
were prepared as follows: 0.04 g of acrylamide was
dissolved in 1 ml of Milli-Q water and degassed
using vacuum or bubbling with helium. The mono-
mer solutions were polymerized by addition of 2 pl
of 10% APS and 3 pl of 10% TEMED.

2.5. Electroosmotic flow measurements

The electroosmotic mobility (., or EOF) of

Table 1

treated capillaries was measured at the different
stages of the treatment using acetone solved in Milli-
Q water (5% v/v) at five different values of pH, i.e.,
4, 5, 6, 8 and 10. Experiments were aways made at
increasing pH starting at pH 4 and finishing at pH
10. The acetone sample was injected by pressure (0.5
p.si., 3 9). For al the capillaries each EOF measure-
ment at the different pH values was performed in
triplicate.

2.6. Data treatment

A one-way analysis of variance was carried out to
test at each pH the differences between the EOF
means for the different capillaries shown in Table 1.
The study was done by using the Biomedical com-
puter program (BMDP) through a test of Student—
Newman—Keuls of multiple comparison of the mean
values [24] for a 95% confidence interval.

Error bars are given for all the EOF vs. pH plots
in this work. They were calculated as to, ,/n*'? to
represent a 95% confidence interval, where t is the t
of Student, o, _, is the standard deviation for each
mean value and n is the number of measurements,
i.e, 3 or 6 as will be indicated below.

Average EOF values vs. pH for capillaries of the same manufacturer-same batch (PMB1C1, PMB1C2, PMB1C3, PMB1C4, PMB1C5),
different batch (PMB2C1) and different manufacturer (SIB1C1, S1B1C2) after being etched with sodium hydroxide 1 M for 30 min

pH PMB1C1? PMB1C2 PMB1C3 PMBIC4 PMB1C5 PMB2C1 siB1C1® SIB1C2
4 1.96°*7 2.00™? 1.99"2 1.93*° 1.90° 1.98"2 2.04* 2.02"
(1.8)° (1.1) (33) (0.2) (0.8) (0.4) (1.01) (0.4)
5 2.26" 2.32" 2.34" 2.33" 2.27" 2.46" 2.25" 2.45"
(14.7) (12.7) (6.3) (8.9) (10.6) (6.3) (11.2) (8.0)
6 414" 4.93° 5.58° 5.02° 4.79° 5.38* 4.50° 5.00°
(5.6) (1.9) (2.3) (2.4) (2.7 (2.2) (1.0) (2.9)
8 7.55" 7.75° 7.88° 7.72° 7.65° 7.76° 757" 7.52"
(0.7) (0.7) (0.2) (0.6) (0.7) (0.3) (0.4) (0.8)
10 572" 5.50" 5.64" 5.60" 554" 5.70" 5.54" 5.38"
(0.2) (2.4) (12) (0.7) (1.3) (1.3) (0.6) (0.4)

“PMBL1CL1 to C5 are capillaries from Polymicro Technologies; PMB1C1 to C3 are consecutive capillaries from a 50-m reel; PMB1C4 and
PMB1C5 are capillaries taken at the middle and at the end of such a reel; PMB2C1 is a capillary from a different batch.
® SIB1C1 and S1B1C2 are capillaries from Siemens from the same batch.

° EOF values are given in 10° m?*/V s.
“Values in parenthesis correspond to R.S.D.s, n=3.

1,2,3

Common superscripts within rows indicate nonsignificant differences (P<<0.05) among EOF mean values at a given pH.
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3. Results and discussion

Although some microscopic techniques have been
used to obtain information about the inner surface of
fused-silica capillaries, e.g. scanning electron micro-
scopy [16] or atomic force microscopy [25,26], these
techniques remain too expensive to characterize a
material with a small added value. In CE the
technique more often employed for obtaining in-
formation about the inner surface of capillaries
consists of measuring the dependence of the EOF on
the pH of the buffer, see eg. refs. [14,15,17,18],
correlating such a value with the number of negative
charges onto the capillary wall. In this work we have
used this approach to characterize the capillary
surface after each treatment step. Moreover, the
coating effectiveness has also been checked through
the CE separation of a test-set of basic proteins.

3.1. Etching

As we have stated in Section 1 the behavior of
fused-silica capillaries in CE seems to differ depend-
ing on the author. Differences in silica tubing have
been assigned to factors such as the manufacturer
[14], batch [12], and even the piece of capillary used
within the same reel [15]. In order to diminish the
effect of irreproducibility among tubing a usual
practice in CE and GC is to clean the silica tubing
prior to any treatment. This cleaning is done by
performing an acidic or basic treatment of silica
surfaces. Obtaining a fresh and clean inner tubing
surface will logically improve the reproducibility of
the results achieved after subsequent modifications of
such surfaces.

In order to study this point we first etched several
capillaries with 1 M sodium hydroxide for 30 min,
including columns from the same manufacturer and
batch, from the same manufacturer and different
batch, and from different manufacturers. The average
of the triplicate measurements of EOFs at each pH
value after this treatment, together with their respec-
tive R.S.D.s (n=3) are shown in Table 1. Also, the
results of the statistical study about significant
differences (P<<0.05) among mean EOF values of
capillaries at a given pH are indicated in this table by
superscripts, eg., 1, 2, 3, etc. Common superscripts
within each row mean no significant differences.

As shown in Table 1, the results obtained at pH 5
and 10 seem to indicate that the eight capillaries
studied behave in a similar way after this etching-
treatment independently of manufacturer and batch.
However, at pH 5 the R.S.D. (n=3) values are too
large, ranging from 6.3 to 14.7%, what can explain
the statistically nonsignificant differences obtained at
this pH. Due to the poor reproducibility obtained
with this buffer at pH 5 its use in subsequent tests
was abandoned. Results obtained at pH 4 and 8
indicate that under these testing conditions capillaries
seem to arrange into three different groups. These
three different groups do not correspond either to
different manufacturers or batches as can be ob-
served in Table 1, which seems to indicate that the
origin of fused-silica tubing does not affect the EOF
values obtained after our etching-treatment. How-
ever, at pH 6 four out of the eight capillaries seem to
be significantly different from each other and also
different from the group formed by the four remain-
ing columns. Moreover, at this pH at which a 50 mM
MES buffer was used, a general trend toward larger
differences among the average EOF values was
obtained (ranging from 4.14 to 5.58-10 % m®s/V)
for columns from the same batch and manufacturer
(Table 1). When this buffer was replaced for a malic
buffer at the same pH and concentration, the preci-
sion of the EOF measurements clearly improved.
Using malic buffer, three columns from the same
batch and manufacturer rendered average EOF val-
ues of 2.8, 2.8 and 2.9-10 ° m*s/V with R.SD.
(n=3) values ranging from 1.7 to 2.7%, without
statisticaly significant differences (P<<0.05). There-
fore, this malic buffer was used for al the sub-
sequent measurements at pH 6. A similar study to
that shown previously was carried out using a 2.5-h
treatment of the capillaries with 1 M sodium hy-
droxide. Very similar results to those obtained by
treating the capillaries for 30 min were achieved
after this longer treatment. Therefore, the shorter
treatment was selected.

Results obtained at pH 5 (with acetic—acetate
buffer) and pH 6 (with MES and malic—-malate
buffers) seem to corroborate what had been observed
by Coufa et a. [18], who demonstrated that the
main influence on the irreproducibility of the EOF
comes from the nature of the separation buffer
employed.
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Table 1 shows that the higher the pH, the higher
the EOF value, except at pH 10 where lower EOF
values than at pH 8 were obtained. This behavior can
be explained as follows. EOF is proportional to the
zeta potential, which is known to depend, among
other factors, on the ionized silanol groups on the
capillary wall and to be inversely proportional to the
square root of the ionic strength of the running
buffer. In our case at pH 8 and 10 the number of
ionized silanols must be nearly the same. However,
the ionic strength is quite different for both buffers,
because to reach pH 10 (CHES buffer) a quantity of
sodium hydroxide nearly eight times higher than that
for reaching the value of pH 8 (boric—borate buffer)
is needed. Therefore, at pH 10 the ionic strength is
much higher than at pH 8 which can explain the
lower EOF observed at the higher pH.

The treatment proposed seems to provide a rela
tively reproducible silica surface with no appreciable
influence of the manufacturer or batch from which
tubing were obtained. Moreover, the type of buffers
chosen in this study do not seem to affect the
reproducibility of the EOF measurements [18]. This
allowed us to establish a further study in order to
improve the aforementioned irreproducible behavior
of capillary silica surface. This approach is shown
next by describing the effect of leaching treatments
of the fused-silica capillary wall.

3.2, Leaching

In order to improve the reproducibility of the EOF
values obtained using an etching treatment with
sodium hydroxide we tested the use of an acidic
treatment. Acidic treatments have also been routinely
employed among researchers working on silica tub-
ing for chemicaly homogenizing and preparing
columns prior to any subseguent manipulation. To
analyze the effect of the acidic treatment we tested
different conditions for leaching capillaries, i.e.,
different concentrations of hydrochloric acid, differ-
ent temperatures and different times of exposure. In
all the cases, after leaching with an acidic solution, a
rinsing step with water for 1 h was carried out before
measuring the EOF. First, we tested whether by
using the acidic cleaning procedure, i.e. leaching,
instead of etching with sodium hydroxide, we could
improve the reproducibility of the EOF vaues

obtained in Table 1. For this experiment capillaries
from the same batch and manufacturer were treated
with solutions of 0.1 M or 1 M hydrochloric acid for
1 or 2 h a room temperature or 70°C. The best
results in terms of EOF reproducibility were obtained
using a solution 0.1 M hydrochloric acid at 70°C for
2 h. As an example, Fig. 1A shows the results of
EOF vs. pH obtained for four capillaries after this
treatment. Each line corresponds to a single capillary
and each point represent the average EOF value of
its triplicate measurement at that pH. Error bars were
calculated as in Section 2.6 and they represent a 95%
confidence interval. Reproducibility among columns
is poorer than that obtained by using sodium hy-
droxide, since at practically every pH tested larger
differences in EOF values are obtained in Fig. 1A
compared with those given in Table 1 for capillaries
from the same batch. Also, Fig. 1A indicates that the
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Fig. 1. Plots of electroosmotic mobility vs. pH for (A) four
capillaries from the same batch leached with 0.1 M hydrochloric
acid at 70°C for 2 h and (B) six capillaries from the same batch as
above treated with 1 M sodium hydroxide for 30 min and leached
with 0.1 M hydrochloric acid at 70°C for 2 h.
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four capillaries behave in a significantly different
(P<0.05) way because error bars from different
columns practically do not overlap at any of the pH
values.

Consecutive use of etching and leaching was aso
tested. As in the experiment of Fig. 1A, severa
pieces of tubing from the same batch and manufac-
turer were used. The results for six capillaries are
given in Fig. 1B. As in the previous experiment,
each line corresponds to a single capillary and each
point represents the average EOF vaue of the
triplicate measurements at that pH. Similar EOF
values together with numerous overlaps among the
error bars of the different capillaries at the four pH
values tested were obtained (i.e., only a few statisti-
cally significant differences (P<<0.05) within the six
capillaries shown in Fig. 1B were observed at pH 8).
Therefore, etching plus leaching gave much more
reproducible column-to-column results compared
with those shown in Fig. 1A. This improvement can
probably be explained by the cleaning and removing
of impurities through etching with sodium hydroxide
which brings about a more reproducible silica sur-
face as demonstrated above together with the remov-
a of trace metals through leaching by an acidic
attack. It has been demonstrated that trace metals can
modify the chromatographic properties of silica and
the reproducibility of the different treatments of such
a material [19,22,27,28]. Although the level of
metals in fused-silica capillaries is expected to be
lower than that of the silica for chromatographic
supports, such impurities can still play an important
role in the chemica homogeneity of the inner
capillary surface [29,30] which can affect both the
EOF vaues and the coating properties [30]. The
acidic washing of silica seems to remove from one
third to two thirds of metals from silica [22,31],
although the careful choosing of the acidic washing
conditions can lead to a reduction of the impurities
of the surface higher than 80% [32].

Therefore, from the results presented above it
seems that an etching attack with sodium hydroxide
followed by aleaching treatment with HCI (0.1 M at
70°C for 2 h) leads to good results.

3.3 Dehydration

The importance of removing physically adsorbed

water from the silica surface prior to the silanization
step has been discussed by many authors
[21,30,33,34]. The impact of the adsorbed water
content on the silanization reaction has to be taken
into account, since under noncontrolled conditions it
can bring about polymerization of the silane mole-
cules [14,21,34] resulting in a thick, irreproducible,
and irregular surface layer [21]. Moreover, it has
been shown that thermal treatment can reduce the
number of active silanols on the silica surface by
giving rise to siloxane bridges [30,33,35].

Since in CE the stability and the effectiveness of
the coating increases with increasing number of its
bonds to the capillary surface [15], it is helpful to
have a silanol concentration high enough when
chemical surface modification has to be achieved.
However, it is aso of importance in the devel opment
of functionalized silica for both chromatographic and
electrophoretic techniques to take into account the
number of unreacted silanols on the silica surface
due to their detrimental effect on the separation
mechanism. In CE the unreacted silanols can bring
about, among other effects, undesired adsorption of
positively charged compounds what will dramatically
reduce the efficiency of their separation.

To assess the effect of dehydration on the silaniza-
tion yield of the capillary surface we carried out a
study as follows. In each experiment, four capillaries
were etched, leached and rinsed. Next, each group of
four capillaries was heated overnight at a different
temperature ranging from room temperature to 250°C
(see Table 2) under a gentle stream of nitrogen. After
dehydration, each group treated at the same tempera-
ture were divided in two subgroups: two capillaries
were silylated using a solution containing 7-oct-1-

Table 2
¢® values vs. pH from capillaries of the same manufacturer and
batch dehydrated at different temperatures

Temperature pH
) 4 6 8 10
25 0.47 0.03 0.06 0.17
80 0.32 —0.01 0.07 0.13
120 0.22 0.05 0.08 0.05
160 0.51 0.13 0.17 0.13
200 0.39 0.06 0.12 0.16
250 0.19 0.04 —0.02 —0.15

2 0=(Moc ™ Mosi) ! (Mo T Hos) 2.
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enyltrimethoxysilane, methanol and acetic acid and
the other two capillaries were used as controls, that
is, they were treated with a blank solution containing
only methanol and acetic acid. The four capillaries
were then rinsed with methanol for 1 h and installed
in the CE equipment to measure their respective
EOFs. To estimate the silylation degree of these
capillaries we defined the parameter ¢ =~ tos)/
(MOC+MOSi)/2’ Where Mo and Mosi are the a\/erage
EOFs of the control and silylated capillaries, respec-
tively. According to the definition of ¢, the higher ¢,
the larger the difference between the EOF values of
both columns and, consequently, the larger the
number of reacted silanols. The results obtained for
¢ at the different dehydration temperatures are given
in Table 2. The R.S.D. vaues of the different EOFs
measured ranged from 0.2 to 3.1% at the four pH
values employed, in good agreement with that men-
tioned above for the same buffers in Table 1. Under
these conditions the highest number of reacted
silanols with 7-oct-1-enyltrimethoxysilane was ob-
tained at 160°C. As a general trend, at dehydration
temperatures higher than 120°C lower EOF values
were obtained, which seems to corroborate the
theory about the decreasing number of free silanols
on the silica surface promoted by thermal treatment
[22,30,33,35].

From our results, it could be speculated that at
dehydration temperatures lower than 160°C the water
physicaly adsorbed on silica is not sufficiently
removed. At temperatures higher than 160°C the
number of free silanols seems to become smaller
probably due to the formation of siloxane bridges, as
has been observed by other authors working on
amorphous silica [33,36], which brings about a
decrease in the reactivity of such a surface with the
silyl derivative.

3.4. Slylation

In CE severa authors have studied the effect of
different silyl derivatives [11,15,17,37,38] as well as
the solvent used to dissolve the silyl reagent [12,17]
on the properties of the coating. However, it seems
that there is alack of systematic studies on the effect
of different parameters, e.g., temperature of silyla-
tion, concentration of silane, etc, affecting the silyla-
tion reaction during the preparation of polymeric

coatings for CE. This lack of systematic studies may
account for the low reproducibility of the results
when comparing the same CE coatings e.g., compare
results from refs. [11,17,37]. In order to optimize the
silylation yield a systematic study was carried out,
investigating the effect of the temperature of re-
action, catalyst used, time of reaction, and silyl
derivative concentration.

To study the effect of temperature of silylation on
the amount of silyl reagent 7-oct-1-enyltrimethox-
ysilane bonded to the capillary wall, several groups
of four capillaries were etched, leached, rinsed and
dehydrated under optimal conditions for each step.
After dehydration, two capillaries were taken from
each group as test-set, and their EOFs measured. The
other two columns were filled with the silylating
solution (200 wl silyl reagent, 4 ml methanol and 20
wl acetic acid) and after sealing both ends, they were
heated for 3 h at the temperature studied. EOF values
of these silylated columns were measured after
rinsing with methanol for 1 h. Results obtained
showed that within the range of temperature tested,
i.e, 25, 40, 60 and 80°C, there were no significant
differences (P<<0.05) among the silylated columns.
Significant differences were not observed either
between capillaries silylated at 25°C and those
treated at 60°C even when undiluted silyl reagent and
longer reaction times (24 h) were used. However,
using undiluted silane higher silanization yields were
obtained as will be discussed below.

Although the importance of the catayst used
during the silanization reaction has been studied
[15,22,39,40], according to Kinkel and Unger [39] it
is very difficult to predict the optimum solvent—
catalyst combination in this type of reaction. In the
present work we tested the use of acetic acid and
triethylamine as catalysts of the silanization reaction
under identica conditions, i.e,, 200 wl of syl
reagent, 4 ml of methanol plus 20 pl of catalyst. The
results did not show significant differences between
capillaries for which an acidic or basic catalyst had
been employed, what seems to be in good agreement
with the observation of Kinkel and Unger [39].
Furthermore, we carried out the silylation reaction
without catalyst and with acetic acid as a catayst.
Under these conditions, better silylation yields were
achieved by using a catalyst as in reference [15].

The effect of both the reaction time and the
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concentration of silyl reagent onto the degree of
reaction were also analyzed in this work. The results
obtained are given in Fig. 2A and B, where each line
represents the average of two capillaries treated
under identical conditions and the error bars indicate
again a 95% confidence interval. At pH values of 6,
8 and 10 there are significant differences (P<<0.05)
between a reaction time of 2 h and an overnight
reaction using a solution consisting on 200 pl of silyl
reagent, 4 ml of methanol and 20 pl of acetic acid.
However, at pH 4 there are not significant (P<0.05)
differences among the capillaries as can be deduced
from the overlap of their error bars. This result can
be explained through the lower ionization of silanol
groups having place at pH 4 compared to that
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Fig. 2. Plots of electroosmotic mobility vs. pH for (A) capillaries
treated with 1 M sodium hydroxide for 30 min and leached with
0.1 M hydrochloric acid at 70°C for 2 h, washed with water for 1
h, dehydrated at 160°C overnight and silylated with 200 pl of
7-oct-1-enyltrimethoxysilane in 4 ml methanol and 20 .l of acetic
acid for 2 h (@) and overnight (H); and (B) capillaries silylated
overnight with different concentration of silane: 1 pl (H), 10 pl
(@), 200 pl (*) al of the three amounts solved in 4 ml of
methanol and 20 .l of acetic acid, and undiluted silane plus 0.5%
acetic acid (O); the rest of conditions as in (A).

occurring a pH 6, 8 and 10. Thus, a pH 4 the
differences between tubing in terms of negatively
charged groups on the capillary wall are expected to
be smaller and consequently the differences between
EOF vaues too. Besides, these differences for
silylated capillaries must be even smaller, since for
this tubing a noticeable number of silanol groups of
the surface have dready reacted with the silyl
reagent reducing in this way the number of ionizable
silanol groups.

The effect of the silyl derivative concentration is
shown in Fig. 2B. At pH 6 and higher, significant
differences (P<<0.05) among the EOF values are
observed among the capillaries treated with undiluted
silyl reagent compared with those treated with silyl
reagent diluted in methanol at different concentra-
tions. Better yields of the silanization reaction ob-
tained with undiluted reagents has also been de-
scribed for other different organosylanes [34]. This
effect can be explained through both the higher silyl
concentration and the adsorption of solvent on the
silica surface [34]. Thus, the stronger the adsorption
of the solvent on the surface, the denser is the
shielding towards attacking by the silyl reagent.
Also, in Fig. 2B, no significant (P<<0.05) differences
were observed at pH 4, corroborating the results in
Fig. 2A at this pH. Moreover, in Fig. 2B it is
observed that the difference in a given capillary
between the EOF values at pH 8 and pH 10 is
smaller when the silylation yield increases. This is
due to the reduction of free silanols having taken
place during silylation reaction. In this way, the
number of ionizable silanol groups of the wall is
diminished and, therefore, lower zeta potential are
obtained bringing about a lower difference due to the
effect of ionic strength on the EOF values.

Therefore, from the results presented above it can
be concluded that for 7-oct-1-enyltrimethoxysilane
used in this work the best silylation conditions
consisted of using undiluted silyl reagent, acetic acid
as catalyst and performing the reaction overnight at
room temperature.

3.5. Coating
The coating properties and their dependence on

the previous treatments of the silica support have
been much studied in chromatographic techniques
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[19,20,22] but has received scarce attention in the
preparation of coatings in CE [11,14,17,37,38]. In
many cases these works compared different types of
silyl derivatives [11,17,38] and their effect on the
final coating properties, e.g., EOF, efficiency, stabili-
ty, etc.

To prove the correlation between the effectiveness
of the silanization step (which has been demonstrated
above to depend on the other previous treatments)
and the properties of the covalently bound polymeric
coating in CE, we carried out the following set of
experiments.

For each experiment, sets of three capillaries were
silylated and, after washing with methanol for 1 h,
two of the silylated capillaries were instaled in the
CE instrument and their EOFs measured, therefore,
each line at the EOF vs. pH plots (Figs. 3 and 4)
represents the average of two columns. The third
capillary was coated with linear polyacrylamide
following the Hjertén’s procedure [1]. At this stage,
it was necessary to develop a reproducible procedure
for removing oxygen from acrylamide solution, since
it is known that oxygen can modify the polymeri-
zation degree achieved in this reaction. This modi-
fication is expected to affect the CE behavior of
coated capillaries. To demonstrate this point, two
series of three capillaries were silylated with very
similar reaction yields, as it was deduced from the
similar EOF values at the different pH values tested
(see insert at Fig. 3). Two capillaries, one from each
set, were coated with two individual acrylamide
solutions treated with a different degassing proce-
dure. Fig. 3A and B demonstrate that capillaries gave
very different results in the separation of basic
proteins depending on the degree of polymerization
of the acrylamide. Such a polymerization degree
could be evaluated through its direct relation with the
viscosity [41] estimated from the remaining polymer-
ized acrylamide solution. Fig. 3A was obtained using
a coated capillary corresponding to a polyacrylamide
solution of viscosity much lower than that obtained
for the coating employed in Fig. 3B. This behavior
was repeatedly observed in our experiments until an
optimized procedure for degassing the acrylamide
solution was developed.

Once the degassing procedure was optimized
(flowing helium through the acrylamide solution at a
given pressure and for a given time of exposure) and
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Fig. 3. Electropherograms showing the separation of three basic
proteins using two capillaries with similar silylation degree and
coated using a solution of acrylamide of (A) low and (B) high
viscosity after polymerization. Separation conditions: coated capil-
laries 27 cm (20 cm effective length) X 50 wm I.D. Hydrodynamic
injection (1 s, 0.5 p.s.i.) of (1) lysozyme, (2) ribonuclease A and
(3) a-chymotrypsinogen. Separation buffer: 50 mM formic acid at
pH 4. Detection at 214 nm. The insert shows the average plot of
EOF vs. pH of two couples of silylated capillaries treated
identically to those used in (A) and (B), viz., etched with 1 M
sodium hydroxide for 30 min, leached with 0.1 M hydrochloric
acid at 70°C for 2 h, washed with water for 1 h, dehydrated at
160°C overnight and silylated with undiluted silane overnight.

proved to work in a reproducible way in terms of
viscosity of the polyacrylamide solution, the effect of
different silylation conditions on the coating prop-
erties was studied. An example of the results ob-
tained is shown in Fig. 4. The insert of Fig. 4 gives
the EOF values obtained for two pairs of capillaries
silylated at different conditions, showing that the
yield of silanization obtained with both procedures is
significantly different (P<<0.05). Fig. 4A and B show
separations of a group of basic proteins after coating
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Fig. 4. Electropherograms showing the separation of three basic
proteins using two capillaries silylated using different conditions
(A) 10 pl of 7-oct-1-enyltrimethoxysilane in 4 ml methanol and
20 pl of acetic acid and (B) undiluted 7-oct-1-enyltrimethoxy-
silane plus 0.25% acetic acid. |dentical solution of acrylamide was
employed for both columns. All separation conditions as in Fig. 4.
The insert shows the average plot of EOF vs. pH of two couples
of capillaries treated identically to those used in (A) and (B), viz.,
etched with 1 M sodium hydroxide for 30 min, leached with 0.1 M
hydrochloric acid at 70°C for 2 h, washed with water for 1 h,
dehydrated at 160°C overnight and silylated as indicated.

the silylated columns. The lower the quantity of
silane anchored to the silica surface (estimated
through the EOF measuring), the worse the coating
obtained in terms of efficiency in the separation of
proteins. A similar result was obtained in four
identical experiments (data not shown) done to study
the reproducibility of this effect.

When the EOF values from these two coated
capillaries were measured very similar results were
obtained, namely, after 60 min running at 12 kV and
using a pH 6 buffer no EOF peak was observed (data
not shown). However, Fig. 4 shows that the sepa-
ration of basic proteins in terms of efficiency were

very different from column to column. Therefore, it
is suitable to compare the properties of different
polyacrylamide coatings in terms of separation ef-
ficiency instead of comparing them in terms of the
EOF of a neutral marker, since the latter can lead to
misleading conclusions due to the extremely low
EOF value provided by the polyacrylamide coated
capillaries.
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