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a b s t r a c t

The stability of capillaries coated with highly charged polyelectrolytes under various analytical condi-
tions was studied, as well as their performance for the analysis of proteins by Capillary Electrophoreis
(CE) over a wide range of pH (2.5–9.3). In this study, fused silica capillaries were modified either
with a poly(diallyldimethylammonium) chloride (PDADMAC) monolayer or PDADMAC/poly(sodium 4-
styrenesulfonate) (PSS) multilayer coatings, using optimal coating conditions previously determined
[1–3]. Results show that the coated capillaries are remarkably stable and efficient to limit protein adsorp-
tion under a variety of extreme electrophoretic conditions even in the absence of the coating agent in the
background electrolyte which is exceptional for non-covalent coatings. Monolayer coated capillaries were
demonstrated for the first time to be stable to acidic rinses and to organic solvents which proves that the
rotein

olyelectrolyte
lectroosmotic flow

stability of the capillaries is highly dependent on the coating procedure used. In addition, PDADMAC/PSS
multilayer coatings were found to be stable to alkaline treatments. PDADMAC/PSS coated capillaries gave
excellent performances for the analysis of proteins covering a large range of pI (4–11) and of molecular
weight (14–65 kDa) over a wide pH range (i.e. 2.5–9.3). Even at high pH 9.3, protein analysis was possible

ilities
with very good repeatab
order of 700,000.

. Introduction

Developments in the fields of proteomics and biotechnology
ave caused an increasing demand for sensitive and selective ana-

ytical tools for peptide and protein analysis, and for techniques
hat allow protein analysis under non-denaturizing conditions.

In the past decade, capillary electrophoresis (CE) has become
ne of the most powerful tools for qualitative and quantitative
nalysis of peptides and proteins [4–12]. CE provides some unique
dvantages such as very high resolution and efficiencies and, in
articular, the possibility to study intact proteins without caus-

ng conformational changes, unlike in liquid chromatography (LC)
here organic mobile phases and/or stationary phases may cause
rotein denaturation [5].

The separation of peptides and proteins by CE is strongly

ffected by adsorption onto bare fused-silica capillaries caused by
lectrostatic, hydrogen and hydrophobic interactions between the
nalytes and the silanol groups of the capillary surface [13,14].
dsorption leads to poor repeatability and deterioration of sep-
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harmacie, Laboratoire de Chimie Analytique, 15, avenue Charles Flahault, 34093
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(RSDtm < 1% and RSDCPA < 2.6% (n ≥ 8)) and high peak efficiencies in the

© 2011 Published by Elsevier B.V.

aration performance [4,13,15,16]. Several approaches have been
explored to overcome this problem [4,6,9,13,17–19]. Background
electrolyte (BGE) solutions of extreme pH values [20,21] or high
ionic strength [22,23] can be used. However, under these conditions
most proteins are unstable and selectivity may be limited. Another
approach consists in changing the properties of the inner capil-
lary surface by various coating procedures. Capillary coating agents
can be either covalently bound to the silanol groups or physically
adsorbed to the capillary surface. For covalent coatings, com-
plex and multiple time-consuming steps are required and coating
reproducibility between capillaries is usually poor [13,17,24,25].
Physically adsorbed coatings are strongly attached to the capil-
lary wall by electrostatic, hydrogen and hydrophobic interactions
[13,18]. They present several advantages [17,26] like simplicity of
the coating procedure, possibility of automation and regeneration
of the coating as well as EOF modification [27,28]. Neutral poly-
mers like poly(ethylene oxide) (PEO) [29,30] and poly(dimethyl
acrylamide) (PDMA) [26] can be used for physical coatings. How-
ever, apart from PEO that was demonstrated to be stable till ∼pH 7.7
[29,30], neutral coatings are usually not stable at pH values higher

than 5 [31]. Cationic polymers are usually more stable than neutral
polymers. However, capillaries coated with a monolayer of poly-
cation are reported to have short endurance and to be unstable
in the presence of extreme analytical conditions (highly acidic or
basic solutions, presence of organic solvent, etc.). Regeneration of

dx.doi.org/10.1016/j.chroma.2011.03.040
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:caperrin@univ-montp1.fr
dx.doi.org/10.1016/j.chroma.2011.03.040
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he coating between runs or addition of the coating agent in the
GE may therefore be necessary to obtain stable coatings [32–34].
he presence of the coating agent in the BGE may cause protein
enaturation and may interfere with analyte detection, especially
ith MS detection. To further improve stability, reproducibility and

ifetime of physical coatings, Katayama et al. [34,35] introduced a
uccessive multiple ionic-polymer layer (SMIL) coating procedure,
n which “a cationic polymer is sandwiched between an anionic
olymer and the uncoated negative fused-silica capillary”. Graul at
l. [36] were the first to report the great ability of PDADMAC/PSS
ultilayer coatings to inhibit irreversible protein adsorption in CE

s well as the influence of coating conditions on analytical perfor-
ances. Multilayer coatings were found to be stable over a wide

ange of pH [34–36].
The higher efficiency of SMIL coatings compared to monolayers

or protein analysis is mainly to be attributed to a better coverage of
he silanol groups leading to a more hydrophilic surface and there-
ore reduced protein adsorption [34–36]. An important advantage
f SMIL coatings is the possibility to use various coating agents
highly charged high molecular weight polyelectrolytes, small

olecular mass peptides, proteins, DNA, etc.) which enables to
ntroduce a characteristic selectivity based on interactions between
he analytes and the coating. Kitagawa et al. [37] have success-
ully analyzed basic proteins in three-layer poly(ethyleneimine)
PEI)/dextran sulafate (DS)/Protamine coated capillaries. In the
ame study, the possibility to perform chiral OT-CEC in a three
ayer PEI/DNA/Poly(arginine) coated capillary is demonstrated, the
NA-Poly(arginine) complex playing a significant role in the enan-

iorecognition. Furthermore, the addition of various additives in
he BGE, allows to improve selectivity in a very fine manner with
xcellent repeatability. Thus, Weinbauer et al. [38] realized the sep-
ration of closely related recombinant allergen variants in SMIL
oated capillaries.

SMIL coatings were also recently successfully applied in PMMA
r PDMS microchips for electrophoresis to improve the functional-
ty of the polymeric material [39,40]. Improved performances in
erms of EOF repeatability and peak efficiencies were observed
n coated microchips and were comparable to those obtained in
tandard glass microchips [39].

The use of basic or organic rinses with monolayer or SMIL coat-
ngs with or without regeneration of the coatings between runs
as been reported in several publications [34,41,42]. Lu et al. [42]
ave recently reported the possibility to perform non-aqueous cap-

llary electrophoresis (NACE) in PDADMAC/PSS coated capillaries,
nd Steiner et al. [44] have reported the separation of inorganic
nd organic anions at highly basic pH (12). However, to the best
f our knowledge, no systematic study has been yet conducted to
nvestigate the endurance of SMIL coatings during protein analysis
either their ability to prevent adsorption under different analysis
onditions.

In previous studies [1,2], we demonstrated that the coating con-
itions of the capillaries have a dramatic influence on the stability of
oly(diallyldimethylammonium) chloride (PDADMAC) monolayer
nd PDADMAC/poly(sodium 4-styrenesulfonate) (PSS) SMIL coat-
ngs and on their ability to prevent peptide and protein adsorption.
he experimental parameters that were systematically investi-
ated were the type and concentration of polyelectrolytes, the ionic
trength of coating and dipping/stabilizing solutions, and the pro-
edures used for coating and capillary storage. Optimal coating
onditions were determined, and the PDADMAC monolayer and
DADMAC/PSS SMIL coated capillaries performed very well for the

nalysis of peptides and proteins at acidic pH (i.e. 2.5) [1–3].

In this study, the ability of PDADMAC monolayer and PDAD-
AC/PSS multilayer coated capillaries (under optimal coating

onditions) to be used under various analysis conditions was stud-
ed. The performance of these coatings for the analysis of proteins
A 1218 (2011) 3537–3544

over a wide pH range, i.e. 2.5–9.3, as well as their stability to
intensive rinses (acidic, alkaline, organic solvent) between anal-
yses was examined. Coating ability to prevent protein adsorption
was investigated under the different analysis conditions by mon-
itoring peak efficiencies, and repeatability of migration times and
time-corrected peak areas (CPAs) of various test proteins.

2. Materials and methods

2.1. Chemicals and materials

Doubly distilled water, produced in house from a glass appa-
ratus, was used throughout. PDADMAC (High Molecular Weight:
Mr ∼ 4.105–5.105) 20% (w/w) in water, PSS (average Mr ∼ 106)
10% (w/w) in water, carbonic anhydrase (CA) from bovin ery-
throcytes, cytochrome c (Cyt c) from bovine heart, �-lactalbumin
(�-Lac) from bovine milk, lysozyme (Lys) from chicken egg
white, myoglobin (Myo) from horse heart, ribonuclease A (Rib
A) from bovine pancreas and phosphate buffered saline solution
(PBS; pH 7.2) were purchased from Sigma–Aldrich (Lyon, France).
Sodium tetra-borate 10H2O (Na2B4O7·10H2O, purity ≥99.5%) and
Tri(hydroxymethyl)aminomethane (TRIS, purity ≥99.7%) were
from Fluka (Buchs, Switzerland). Acetonitrile (CH3CN), N,N-
dimethylformamide (DMF), hydrochloric acid (HCl, 37% (w/w) in
water), methanol (CH3OH) and sodium hydroxide (NaOH, purity
≥97%) were from Carlo Erba (Val de Reuil, France). Di-sodium
hydrogen phosphate dodecahydrate (Na2HPO4·12H2O, purity
≥98%), sodium dihydrogen phosphate dihydrate (NaH2PO4·2H2O,
purity ≥98%) and orthophosphoric acid (H3PO4, 85% (w/w) in
water) were from Prolabo (Paris, France). Sodium chloride (NaCl,
purity ≥99.5%) was purchased from Prolabo (Paris, France), Carlo-
Erba (Val de Reuil, France) or Fluka (Buchs, Switzerland). All
chemicals were used as received.

Nylon PuradiscTM Syringe Filters, pore size 0.45 �m were pur-
chased from Whatman (Versailles, France).

2.2. Solutions

Coating solutions were prepared by dissolving the cationic
(PDADMAC) or the anionic (PSS) polyelectrolyte at 0.2% (w/v) in
a 20 mM TRIS aqueous solution adjusted to pH 8.3 with 0.01 M HCl.
The ionic strength (I) of this solution was 0.01 M, neglecting the
polyelectrolyte concentration. It was set to 1.5 M by NaCl addition.
Coating solutions were used within one week and stored at 4 ◦C
when not in use.

Different aqueous background electrolyte solutions (BGE) were
used to cover a wide pH range [2.6–9].

- For analysis at pH 2.5, a 100 mM TRIS-phosphate buffer was pre-
pared by mixing 100 mM H3PO4 with 73.64 mM TRIS, without pH
adjustment. The ionic strength of this solution is 0.07 M.

- For analysis at pH 7.0, a 100 mM phosphate buffer was prepared
by mixing 61.35 mM NaH2PO4, 2H2O with 38.65 mM Na2HPO4,
12H2O. The pH of this solution was adjusted to 7.0 with NaOH
1 M. The ionic strength of this solution is approximately 0.18 M.

- For analysis at pH 9.3, a 50 mM Na2B4O7, 10H2O buffer was pre-
pared by dissolving the appropriate quantity in distilled water,
without pH adjustment. This corresponds to 100 mM borate
buffer. The ionic strength of this solution is 0.1 M.
The EOF marker solution was a 0.05% (v/v) DMF solution in water.
Test protein solutions used to evaluate the coating performance

in terms of peak efficiency and adsorption prevention consisted
of different acidic and basic proteins. Stock individual solutions
0.5 g/L CA (pI 6.2), 0.5 g/L Rib A (pI 8.7) and 0.1 g/L Myo (pI 7.3) were
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Table 1
Capillary conditioning and protein analytical procedures used with mono- and multi-layer coated capillaries.

L = 31.2 cm; i.d. 50 �m L = 81.2 cm; i.d. 25 �m

Pressure for rinse cycles 20 psi 60 psi

Capillary conditioning
procedure

1. Rinse NaOH 1 M 15 min 30 min
2. Rinse NaOH 0.1 M 15 min 30 min
3. Rinse distilled water 2 min 4 min

Number of coated layers 1 and 5 (cationic coating) 4 (anionic coating)

1. Injection side Cathode Anode
: 2.37
kV (re

m

p
�
(
t
p
0
a
o
2
s
4
i

2

(
d

f
a
C
a
e
8
w

c
d
C
i
c

a
l
w
t
w
1
c
t
d
m
–
w
s
i

i
t
a

Analytical procedure
2. Injection volume DMF
3. Separation voltage −10
4. Separation temperature 25 ◦C
5. Detection wavelength 214 n

repared in 0.07 M PBS. A stock mixed solution containing 0.2 g/L
-Lac (pI 4.3), 0.1 g/L Myo (pI 7.3), 0.5 g/L Rib A (pI 8.7), 0.1 g/L Cyt c

pI 10.5) and 0.1 g/L Lys (pI 11) was also prepared in 0.07 M PBS solu-
ion. Gentle agitation was used for protein dissolution to avoid any
ossible denaturation [45]. Protein solutions were filtrated through
.45 �m pore size filters, divided into aliquots and then stored
t −20 ◦C. Each aliquot was defrosted at a constant temperature
f 37 ◦C (bain-marie) for 25 min, heated at 50 ◦C (bain-marie) for
5 min and then allowed to stand at 25 ◦C for 30 min before analy-
is [2]. Protein solutions were used within three days and stored at
◦C when not in use. Injection of individual proteins enabled peak

dentification through mobility matching.

.3. Instrumentation and operating conditions

All experiments were performed on a P/ACE MDQ instrument
Beckman, Fullerton, CA, USA) equipped with a photodiode array
etection system.

Capillaries used for all experiments were prepared from bare
used-silica tubing (TSP, Composite Metal Services, Hallow, UK)
nd housed in a cartridge with a (100 × 800 �m) detection window.
apillaries of 31.2 cm total length (21 cm to the detector window)
nd 50 �m internal diameter (i.d.) were used all through this study
xcept for the analyses of proteins at pH 9.3 where capillaries of
1.2 cm total length (71 cm to the detector window) and 25 �m i.d.
ere employed.

A new capillary was prepared for each set of experiments. New
apillaries were initially conditioned with alkaline solutions to pro-
uce a surface capable to bind homogeneously polyelectrolytes.
onditioning procedure for the different capillaries is summarized

n Table 1. PDADMAC and PSS were respectively chosen as the poly-
ation and the polyanion coating agents.

For analysis at pH 2.5 and 7.0, cationic PDADMAC monolayer
nd 5-layer PDADMAC/PSS coated capillaries were used, i.e. the
ast deposited layer was a PDADMAC layer. The cationic monolayer

as deposited by rinsing the capillary for 10 min with the polyca-
ion solution, preceded by a 2-min water rinse. Then, a 2-min rinse
as carried out with the BGE before applying a +10 kV potential for

0 min in the BGE to stabilize the coating. For multilayer (5-layer)
oatings, cationic and anionic polyelectrolyte layers were alterna-
ively deposited following, for each layer deposition, the procedure
escribed above for the PDADMAC monolayer, and introducing a 2-
in rinse step with the BGE between layers. Coating stabilization
similar to that of monolayer stabilization – followed by a 10 min
ait time in BGE was carried out after film deposition (for details

ee references [1,2]). In the case of these cationic coatings, cathodic

njections were done since the EOF was reversed.

For analysis at pH 9.3, anionic 4-layer PDADMAC/PSS coated cap-
llaries were used, i.e. the last deposited layer was a PSS layer. In
his case, the capillaries used are longer than the ones employed for
nalysis at pH 2.5 and at pH 7.0 (81.2 cm vs. 31.2 cm total length) and
nL Protein: 9.88 nL DMF: 2.37 nL CA, Myo, RibA: 10.19 nL Hb: 1.19 nL
verse polarity) +30 kV (normal polarity)

25 ◦C
CA, Myo, RibA: 214 nm Hb: 415 nm

had a smaller internal diameter (25 �m vs. 50 �m). Thus, cationic
and anionic polyelectrolyte layers were alternatively deposited by
rinsing the capillary for 25 min with the appropriate coating solu-
tion, preceded by a 4-min water rinse. Then, a 5 min wait time in
the coating solution followed by a 4-min rinse with the BGE was
carried out. To stabilize the coating after film deposition, a +30 kV
potential for 15 min was applied in the BGE followed by a 10 min
wait time in the BGE. In this case, the EOF was normal and anodic
injections were done.

Coated capillaries were stored in water. Stored coated capillar-
ies of 31.2 cm total length were regenerated by a 5-min rinse with
water followed by a 5-min rinse with BGE and 10-min equilibration
at +10 kV in the BGE. For 81.2 cm total length capillaries, the regen-
eration procedure consisted of a 10-min rinse with water followed
by a 10-min rinse with BGE and 15-min equilibration at +30 kV in
the BGE.

Analysis conditions are listed in Table 1. For protein analysis, the
BGE solution in the separation vials were changed every five runs.
Between runs, capillaries were flushed with the BGE.

2.4. Measurements and calculations

2.4.1. Electroosmotic mobility determination
Electroosmotic mobility (�eo) for coated capillaries was calcu-

lated from the migration time of DMF used as neutral marker. For
slow EOF (<10−5 cm2 V−1 s−1), the method described by Williams
and Vigh [46] was used (for details see [1]).

2.4.2. Repeatability studies
Coating stability was controlled directly after coating deposition

by repeated injections of EOF marker solution, and in the course
of protein analysis by EOF marker co-injection. Possible analyte
adsorption was monitored by repeated measurements of protein tm

and CPAs, and EOF mobility. Repeatability was expressed as RSDs,
where “n” is the number of repeated injections.

2.4.3. Coating chemical stability
PDADMAC/PSS coating stability towards acidic, alkaline and

organic rinses was studied by measuring the EOF mobility immedi-
ately after the capillary coating (�eo1), and after each destabilizing
treatment (�eo2) using a 100 mM TRIS-phosphate buffer pH 2.5
as running electrolyte. The stability of the coating was evalu-
ated by EOF mobility RSD and by measuring the % of variation
of the EOF mobility before and after the destabilizing treatment,
|(�eo1 − �eo2)/�eo1| × 100 (%).
3. Results and discussion

In the first part of this work, the stability of PDADMAC mono-
layer and PDADMAC/PSS multilayer coated capillaries towards
different destabilizing treatments, i.e. acidic, alkaline and organic



3540 R. Nehmé et al. / J. Chromatogr. A 1218 (2011) 3537–3544

Table 2
Chemical stability of PDADMAC monolayer coatings.

Destabilizing treatment Monolayer coatings

EOF1 before treatment EOF2 after treatment Variation of EOF
mobility

�eo1 (10−4 cm2 V−1 s−1) RSD (%) �eo2 (10−4 cm2 V−1 s−1) RSD (%) (%)

(a) Rinse 1 M HCl −2.86 0.15 −2.92 0.20 2.10
(b) Rinse 1 M NaOH −2.94 0.06 −0.16 20.7 94.56
(c) Rinse CH3CN −3.16 0.28 −3.07 1.35 2.85
(d) Rinse CH3OH −2.94 0.15 −2.86 0.62 2.72

(f): Successive rinses: 1 M HCl/1 M NaOH −2.86 0.15 +0.03 32.00 101.05
(g): Successive rinses: 1 M HCl/1 M NaOH/CH3CN/CH3OH −2.90 0.11 −0.40 13.77 86.21
(h): (g) repeated 3 times −2.90 0.11 +0.05 23.50 101.72

Table 3
Chemical stability of 5-layer PDADMAC/PSS coatings (last deposited layer is cationic).

Destabilizing treatment 5-layer coatings

EOF1 before treatment EOF2 after treatment Variation of
EOF mobility

�eo1 (10−4 cm2 V−1 s−1) RSD (%) �eo2 (10−4 cm2 V−1 s−1) RSD (%) (%)

(a) Rinse 1 M HCl −2.98 0.15 −2.92 0.08 2.01
(b) Rinse 1 M NaOH −2.99 0.14 −2.98 0.08 0.33
(c) Rinse CH3CN −2.92 0.10 −2.84 0.98 2.74
(d) Rinse CH3OH −2.90 0.18 −2.83 0.76 2.41
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(f): Successive rinses: 1 M HCl/1 M NaOH −2.98
(g): Successive rinses: 1 M HCl/1 M NaOH/CH3CN/CH3OH −2.92
(h): (g) repeated 3 times −2.92

inses was studied. In the second part, the possibility to use these
oatings for protein analysis over a wide range of pH, i.e. 2.5–9.3,
as investigated. Several proteins covering a wide range of pI

4–11) and of molecular weight (14–65 kDa) were used to evaluate
he capillary coating performance.

.1. PDADMAC/PSS coating stability towards acidic, alkaline or
rganic media

Different destabilizing treatments were performed on PDAD-
AC monolayer and PDADMAC/PSS multilayer coated capillaries

o investigate their stability towards acidic, alkaline and organic
edia. The different treatments operated and their effects on coat-

ng stability are summarized in Tables 2–4. Coated capillaries were
insed for 30 min (i.e. 240 capillary volumes) with either 1 M HCl,
M NaOH, CH3OH or CH3CN (see Tables 2–4, treatments a–d). The
tability of monolayer and multilayer coated capillaries to the appli-
ation of successive destabilizing treatments such as acidic rinses
ollowed by alkaline ones (Table 2a–c, treatments f–h) was also
valuated. The BGE used was a TRIS-phosphate buffer (100 mM) at
H 2.5.

able 4
hemical stability of 4-layer PDADMAC/PSS coatings (last deposited layer is anionic).

Destabilizing treatment 4-layer coatings

EOF1 before treatment

�eo1 (10−4 cm2 V−1 s−1

(a) Rinse 1 M HCl 3.02
(b) Rinse 1 M NaOH 2.93
(c) Rinse CH3CN 3.05
(d) Rinse CH3OH 3.06

(f): Successive rinses: 1 M HCl/1 M NaOH 3.03
(g): Successive rinses: 1 M HCl/1 M NaOH/CH3CN/CH3OH 3.05
(h): (g) repeated 3 times 3.04
0.08 −2.99 0.12 0.34
0.08 −2.73 0.10 6.51
0.08 −1.90 0.39 34.93

3.1.1. PDADMAC monolayer coatings
PDADMAC monolayer coatings were found to be highly stable

towards 1 M HCl, CH3OH or CH3CN rinses (variation of EOF mobility
is less than 3%). The PDADMAC monolayer coated capillaries also
exhibited very long life time since more than 100 analyses were
performed on the same capillary during 2 months and after several
storage periods (every week) without any noticeable deterioration
of the analytical performances.

These results are very important since monolayer coated cap-
illaries were found so far to be unstable to acidic and organic
media and to have short life time as reported by Katayama
et al. [34,35] for polybrene monolayer coatings. The strong sta-
bility of the PDADMAC monolayer coatings can be attributed
to an extremely good adherence of PDADMAC to the silica
surface due to the strong electrostatic interactions between
the ammonium groups of the polymer and the silica groups
[44], and also to the optimized coating conditions used in

this study (for details see references [1,2]). More specifically,
the presence of a high content of salts (1.5 M) in the coating
solution results in thicker and more stable capillary coatings
[1,2].

EOF2 after treatment Variation of
EOF mobility

) RSD (%) �eo2 (10−4 cm2 V−1 s−1) RSD (%) (%)

0.24 2.95 0.51 2.32
1.15 1.62 4.50 53.58
0.38 2.98 0.59 2.30
0.59 2.95 0.87 3.59

0.61 2.97 0.30 1.98
0.50 2.79 2.18 8.52
0.42 1.62 4.56 46.71
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Table 5
EOF of monolayer and multilayer coatings at different pH values of BGE.

pH Number of layers Immediately after capillary coating During or after protein analysis

�eo (10−4 cm2 V−1 s−1) RSD (%) �eo (10−4 cm2 V−1 s−1) RSD (%)

2.5
1 −2.88 0.15 (n = 9) −2.83 0.99 (n = 13)
5 −2.96 0.10 (n = 9) −3.03 0.59 (n = 13)

7.0
1 −2.18 0.64 (n = 15) −1.59 4.47 (n = 20)
1a −2.29 0.19 (n = 20) −2.25 0.22 (n = 9)
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5a −2.25

9.3 4 +3.99

a Coating regeneration (0.5 min PDADMAC rinse step between runs).

However, PDADMAC monolayers were found to be not sta-
le when submitted to alkaline treatments, since about 95% of
he monolayer was removed with 1 M NaOH. These results are in
ccordance with previous studies from Katayama et al. [34,35] on
olybrene monolayer coatings. After rinsing the capillary first with
M HCl, followed by 1 M NaOH (Table 2a, treatment f), the coat-

ng is even fully removed since the EOF measured after this latter
reatment is cathodic, and its magnitude is similar to that obtained
n uncoated fused-silica capillaries (+0.03 × 10−4 cm2 V−1 s−1).

.1.2. PDADMAC/PSS multilayer coatings
Similar results were obtained for the stability of both 5-layer

last deposited layer is cationic) and 4-layer (last deposited layer
s anionic) coated capillaries. As for monolayers, multilayer coated
apillaries were found to be very stable towards acidic and organic
inses. Furthermore, while alkaline rinses dramatically destabilized
onolayer coatings, multilayer coatings proved to be highly stable

s the variation of the EOF mobility observed after applying the
reatment is less than 0.4% for cationic 5-layer coatings and 2% for
nionic 4-layer coatings.

Application of successive sequences of alkaline, acidic and
rganic rinses (Table 2b and c, treatments g and h) lead to an alter-
tion of the coatings. However, the % of variation observed for the
OF mobility is much smaller than in the case of monolayer coatings
hich confirms the better stability of multilayer coatings. This can

e explain by an extensive interpenetrations of the different poly-
lectrolyte layers [34–36], an irreversible complexation between
DADMAC and PSS [47–51] and an increase of the thickness of
he coating which inhibit protein interactions with the capillary.
lthough an alteration of the coatings was observed, this deteriora-

ion only concerned the last deposited layer. Indeed, when a simple
inse with the polyelectrolyte corresponding to the last deposited
ayer (i.e. PDADMAC for the 5-layer and PSS for the 4-layer coated
apillaries respectively) was applied after successive sequences of
lkaline, acidic and organic rinses, a coating of the capillary with

n EOF that had statistically the same characteristics as the EOF
btained before the destabilizing treatment was obtained. These
esults confirm the very good stability of the PDADMAC/PSS multi-
ayer coatings compared for instance to Polybrene/DS coatings that

ere found to be not stable to acidic rinses [34,35].

able 6
rotein analysis repeatability obtained at different pH values of BGE solution with PDADM

pH Number of layers

1

RSD % range for tm RSD % range for CPA

2.5 0.66–1.12 3.58–10.61
7.0a 0.18–0.49 6.12–7.72

a Results given for �-Lac, Cytc and Lys. For protein analysis conditions see Table 1.
0.16 (n = 11) −2.25 0.09 (n = 9)

0.12 (n = 8) +3.93 0.13 (n = 6)

The stability of PDADMAC monolayer and PDADMAC/PSS mul-
tilayer coatings towards organic solvents (CH3OH and CH3CN)
offers the possibility to analyze samples containing organic solvent
and predicts their ability to be used with electrolytes containing
high percentage of organic modifiers. Recently, Lu et al. [43] have
recently successfully analyzed phenolic acids in non-aqueous cap-
illary electrophoresis (NACE) using a three layers PDADMAC/PSS
coated capillary. However, it should be noted that EOF may need
some time to stabilize when using a non-aqueous BGE or after
organic rinses (RSD obtained for EOF mobility after organic rinses
are superior to that obtained before the treatment, see Table 2).
Indeed, organic solvent may induce an alteration of the polyelec-
trolyte chain configuration and some time is therefore needed for
reequilibration in the presence of BGE.

The stability of PDADMAC/PSS multilayer coatings to acidic and
alkaline rinses, is also a very important issue since this type of rinse
cycles is very efficient to improve protein analysis repeatability
[18,35] when analyte adsorption is encountered. Another advan-
tage of applying acidic and alkaline rinses with these highly charged
polyelectrolyte coatings is that strong pH-hysteresis effects are
suppressed, unlike for uncoated fused silica capillaries [52]. Sta-
bility of SMIL coatings towards extreme pH suggests possibility to
use them for analysis over a wide pH range.

3.2. Stability of PDADMAC monolayer and PDADMAC/PSS
multilayer coatings as a function of the pH of the BGE solution

The possibility to perform electrophoretic analysis of proteins
with PDADMAC monolayer, and 4- or 5-layer PDADMAC/PSS coated
capillaries over a wide pH range (2.5–9.3) was examined. Since
ionization and conformation of proteins can dramatically change
depending on their environment, i.e. composition and pH of the BGE
[45,53], no comparison can be made between the results obtained
under the different analysis conditions. At low and neutral pH (i.e.
2.5 and 7.0), the test proteins (Lys, Cyt c, �-Lac, Myo and Rib A) were
analyzed with cationic coatings (mono and 5-layer coatings) since

they are all positively charged (CA that is also positively charged
was not analyzed in these conditions since it co-migrates with other
proteins). On the opposite, at alkaline pH, only negatively charged
proteins (Myo, RibA, CA) were analyzed with anionic 4-layer coat-
ing.

AC monolayer and 5-layer PDADMAC/PSS coatings (n = 13).

5

s RSD % range for tm RSD % range for
CPAs

0.37–0.48 4.55–8.02
0.53–0.64 5.22–7.79



3542 R. Nehmé et al. / J. Chromatogr. A 1218 (2011) 3537–3544

F aries (
1 M pho
M lectrop

3

c
m
t
T
a
v
t
p

ig. 1. Repeatability of protein analysis using 5-layer PDADMAC/PSS coated capill
5th injection (a) at pH 2.5 (100 mM TRIS-phosphate buffer) and (b) at pH 7.0 (100 m
yo (myoglobin); Lys (lysine) and Cytc (cytochrome C). For capillary coating and e

.2.1. EOF repeatability for mono- and multi-layer coatings
For cationic PDADMAC monolayer and 5-layer PDADMAC/PSS

oated capillaries, an anodic EOF was obtained at pH 2.5 and 7.0. Its
agnitude was slightly higher at pH 2.5 (Table 5) which is mainly

o be attributed to the difference in buffer composition (100 mM

RIS-phosphate at pH 2.5 vs. 100 mM phosphate buffer at pH 7.0)
nd to the higher ionic strength of the electrolyte at pH 7.0 (0.18 M
s. 0.07 M at pH 2.5) [54]. Small changes in the chain configura-
ion of PDADMAC and PSS between pH 2.5 and pH 7.0 are also
ossible [55]. However, as already reported in the literature [55],
31.2 cm total length, 50 �m i.d.). Electropherograms obtained for the 1st, 7th and
sphate buffer). Peak identification: Rib A (ribonuclease A); �-Lac (�-lactalbumine);
horetic conditions see Sections 2.2, 2.3 and Table 1, respectively.

the EOF obtained in cationic coated capillaries can be considered
as almost independent of the BGE pH in the range 2.5–7, in con-
trast to the EOF obtained in uncoated fused-silica capillaries [54].
At pH 2.5, very stable EOF was obtained after coating as well as
during protein analysis for both monolayer and multilayer coat-

ings (RSD �eo < 1%). At pH 7.0, regeneration of the last deposited
layer, i.e. PDADMAC, between runs is necessary to obtain a sta-
ble EOF. Without any coating regeneration between runs, the EOF
drifted progressively with time and protein analysis was not pos-
sible (Table 5). This result shows the importance of monitoring the
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Fig. 2. Repeatability of protein analysis using 4-layer PDADMAC/PSS coated
capillaries (81.2 cm total length, 25 �m i.d.) and 100 mM borate BGE pH 9.3. Elec-
R. Nehmé et al. / J. Chroma

oating stability not only after its deposition but also in the course
f the protein analysis. Since the variations of EOF mobility were
nly observed during protein analysis, this phenomenon is to be
ttributed to the gradual adsorption of some of the test proteins that
re negatively charged at neutral pH and can therefore interact via
lectrostatic interactions with the cationic PDADMAC coating, and
ot to the alteration of the coating. This assumption was confirmed
y the fact that in the absence of coating regeneration, CPAs of the
roteins decreased between runs which is characteristic of adsorp-
ion phenomena. When the capillary was rinsed between analyses
or 0.5 min with the PDADMAC coating solution, extremely stable
OF was achieved (RSD �eo < 0.3%). Indeed, since PDADMAC has a
ery high molecular weight, it can remove lower molecular weight
roteins from the coating surface by a so called “stripping effect”
s it is reported in the literature [56].

At pH 9.3, a 100 mM borate BGE was used. The EOF obtained
or the 4-layer coated capillaries was cathodic with a high mobil-
ty of +3.99 × 10−4 cm2 V−1 s−1 (Table 5). It was highly stable
mmediately after coating and even after several protein analy-
es (approximately 100 runs) with a RSD �eo < 0.20%. Unlike for
ationic coatings at pH 7.0, no regeneration between runs was
eeded to maintain a stable EOF. Indeed, the possible adsorption
f negatively charged protein previously observed at pH 7.0 in the
ationic coated capillary is probably limited in this case by repulsive
nteractions with the anionic coated capillary.

This study shows that PDADMAC monolayer and PDADMAC/PSS
ultilayer coatings are stable over a large pH range from 2.5 to 9.3
ith a long lifetime (>100 protein analyses). Furthermore, possi-

le adsorption of the proteins during analysis can be limited by:
i) using a coated capillary with a last deposited polyelectrolyte
ayer carrying a charge similar to that of the proteins or (ii) sim-
ly rinsing the coated capillary between runs with a solution of
olyelectrolyte.

.2.2. Protein analysis with mono- and multi-layer coatings
Results are given in Tables 4 and 5, and representative electro-

herograms obtained with 5-layer and 4-layer coated capillaries
re shown in Figs. 1 and 2, respectively.

.2.2.1. Cationic PDADMAC monolayer and 5-layer PDADMAC/PSS
oatings. A test mixture of Lys, Cyt c, �-Lac, Myo and Rib A, was
nalyzed with cationic coatings at acidic and neutral pHs. As
xpected, the migration order of the proteins as well as the res-
lution changed with pH. At acid pH (2.5), the five proteins have
global positive charge (pH < pI) and were detected after the EOF
arker (Fig. 1a). Repeatable analyses were obtained for both mono-

ayer and multilayer coatings with RSDtm < 1.2% (n = 13). At pH 7.0,
nly the Lys and the Cyt c are positively charged whereas the �-
ac and the Myo have a negative net charge and migrated faster
han the EOF marker. The RibA is almost neutral and co-migrated
ith the EOF (Fig. 1b). To obtain repeatable analyses of the pro-

eins, regeneration of the last deposited layer of PDADMAC was
ecessary. A step rinse with PDADMAC coating solution for 0.5 min
ppeared to be very efficient to eliminate the adsorbed proteins.
epeatability results at pH 7.0 (Table 6) refers only to �-Lac, Lys
nd Cyt c since the low resolution between Myo, Rib A and the
OF marker made inaccurate the protein peak integration. In these
onditions, RSDtm were less than 1% (n = 13).

For �-Lac and Lys, better peak efficiencies were obtained at pH
.5 while similar results were obtained when analyzing Cyt c under
cidic and neutral conditions.
.2.2.2. Anionic 4-layer PDADMAC/PSS coatings. Myo, Rib A and CA
ere individually analyzed using 100 mM borate BGE at pH 9.3.

Results are presented in Table 7 and Fig. 2a–c. As shown in
able 5, very good repeatabilities were obtained for the different

tropherograms obtained for (a) Myo (myoglobin); (b) Rib A (ribonulease a) and (c)
CA (carbonic anhydrase). For capillary coating and electrophoretic conditions see
Sections 2.2, 2.3 and Table 1, respectively.
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Table 7
Protein analysis with anionic 4-layer PDADMAC/PSS coated capillaries, pH 9.3.

RSDtm (%) RSDCPA (%) N

Myo (n = 8) 0.12 1.09 ∼715,000
Rib A (n = 8) 0.90 2.53 ∼700,000
CA (n = 12) (4
peaks
detected)
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1st peak 0.05 1.44 ∼20,000
3rd peak 0.06 2.06 ∼400,000

or protein analysis conditions see Table 1.

roteins with RSDtm < 1% and RSDCPA < 2.6% (n ≥ 8). No regenera-
ion of the capillaries between analyses was necessary, and high
eak efficiencies in the order of 700,000 were obtained for Myo
nd CA.

. Conclusion

The chemical stability of PDADMAC monolayer and PDAD-
AC/PSS multilayer coated capillaries towards acidic, alkaline and

rganic destabilizing treatments was investigated.
This is a very important concern since the performances of

hysically adsorbed coatings have often been reported to degrade
hen working at basic pH or in the presence of organic solvent

or instance [31,34]. A non-covalent monolayer coating is for the
rst time demonstrated to be stable and to have a long lifetime
hen analyses are performed at high pH values and in the presence

f organic solvents. Furthermore, the multilayer coatings we used
lso proved to be stable to successive sequences of acidic, alkaline
nd organic rinses. The stability of these coatings is demonstrated
ot only after film deposition but also during protein analysis. This
tudy demonstrates that the stability of the coating depends on the
oating conditions used and that the optimal coating procedure
roposed in previous studies [1,2] allows obtaining highly stable
oatings.

The possibility to use PDADMAC/PSS coated capillaries under
road analytical conditions has very important issues in CE espe-
ially for the analysis of proteins:

The strong chemical stability of these coatings under various ana-
lytical conditions in the absence of the coating agent in the BGE,
especially with SMIL coatings, predicts their possible use with MS
detection. In fact, for CE-MS, the coating agent must not migrate
into the mass spectrometer because the presence of non-volatile
buffer constituents may deteriorate the ionization of the analytes
thus the detection sensibility.
The stability of the PDADMAC/PSS coatings towards alka-
line/acidic and organic rinses allows the use of corrosive rinse
cycles between analyses which can fully remove analytes that
may be adsorbed on the coatings.
The possibility to analyze proteins in PDADMAC/PSS coated capil-
laries over a wide range of pH can be very useful to alter separation
selectivity in CE.
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