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Abstract
Phosphorylcholine (PC) based phospholipid bilayers have proven useful as capillary coating
materials due to their inherent resistance to non-specific protein adsorption. The primary limitation
of this important class of capillary coatings remains the limited long-term chemical and physical
stability of the coatings. Recently, a method for increasing phospholipid coating stability in fused
silica capillaries via utilization of polymerized, synthetic phospholipids was reported. Here, we
expand upon these studies by investigating polymerized lipid bilayer capillary coatings with
respect to separation performance including run-to-run, day-to-day and column-to-column
reproducibility and long term stability. In addition, the effects of pH and capillary inner diameter
on polymerized phospholipid coated capillaries were investigated to identify optimized coating
conditions. The coatings are stabilized for protein separations across a wide range of pH values
(4.0-9.3), a unique property for capillary coating materials. Additionally, smaller inner diameter
capillaries (≤ 50 μm) were found to yield marked enhancements in coating stability and
reproducibility compared to wider bore capillaries, demonstrating the importance of capillary size
for separations employing polymerized phospholipid coatings.

1 Introduction
Phospholipid bilayers (PLBs) are useful as surface coatings in capillary electrophoresis (CE)
[1-3] due to the inherent biocompatibility of the hydrated phosphorylcholine headgroup,
which is highly protein resistant [4-7]. Non-specific protein adsorption to capillary walls
leads to a number of deleterious effects in CE and other techniques, including:
irreproducible electroosmotic flow and migration time [8,9], reversed EOF [10], reduced
detector response [11], skewed peak shapes, and decreased resolution and separation
efficiency [11]. While fluid PLBs markedly reduce protein adsorption, they are by nature
dynamic and inherently unstable structures, posing a significant obstacle to PLB utilization
in many bioanalytical and biotechnological applications. Specifically, fluid PLBs lack the
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desired chemical, thermal, and mechanical stability to serve as long-term biocompatible
coatings on silica supports. For example, PLB capillary coatings used for CE prepared using
naturally occurring phospholipids require regeneration every 1-5 runs due to PLB
degradation [1-3, 12]. Moreover, fluid PLBs are readily damaged by brief exposures to
common chemical and physical insults that may be encountered in chemical separations,
including air bubbles, exposure to organic solvents and surfactants [3-5, 12].

A number of strategies have been employed to increase the stability of PLBs [13-20], the
most robust of which is direct polymerization of lipid monomers to form stabilized
phospholipid bilayers (SPBs). Several synthetic lipids have been reported, many of which
can be polymerized with > 95% efficiency [21-25]. The net result is a bilayer membrane,
that while not directly covalently attached to the surface, forms a permanent coating via the
formation of large polymer networks in the self-assembled membrane. Using such materials,
SPBs have been prepared that are stable to surfactants, organics, dehydration and
rehydration and long-term storage [4, 5, 26-27]. Moreover, these SPBs exhibit marked
reductions in nonspecific protein adsorption and support incorporation of functional
membrane proteins [3, 12, 28].

Formation of stable cross-linked SPBs on fused-silica capillary and spherical substrates
using bis-SorbPC (1,2-bis[10-(2′,4′-hexadienoyloxy)decanoyl]-sn-glycero-2-
phosphorylcholine), has shown that the resulting SPBs exhibit the same properties as planar
PLBs and SPBs [3, 12, 27]. With respect to capillary coatings, bis-SorbPC was deposited
onto fused silica capillary walls and silica particles via self-assembly and subsequently
polymerized via radical initiation to form poly(bis-SorbPC) [3, 12]. The resulting films were
highly stabilized to chemical insults and long-term storage, reduced non-specific protein
adsorption and required no regeneration [3]. In this work, we extend these investigations to
explore key factors affecting the utility and performance of poly(bis-SorbPC) coatings to
better understand the practical limitations of poly(bis-SorbPC) coatings and identify optimal
conditions for successful utilization of poly(bis-SorbPC) capillary coatings..

2 Experimental
2.1 Materials and Reagents

Fused silica capillaries were from InnovaQuartz (Phoenix, AZ). Coumarin 334 was from
Eastman Kodak (Rochester, NY). NaHSO3 and K2S2O8 were from Sigma-Aldrich Inc. (St.
Louis, MO). Bis-SorbPC (1,2-bis[10-(2′,4′-hexadienoyloxy)decanoyl]-sn-glycero-2-
phosphorylcholine) was synthesized according to previously described methods [29]. Six-
histidine-tagged enhanced green fluorescent protein (6xHis-EGFP) was prepared from
transfected E. coli and purified using Ni2+-NTA metal affinity chromatography. R-
phycoerythrin, biotin conjugate (RPE) was from Molecular Probes (Eugene, OR). All buffer
solutions were prepared using deionized H2O obtained from Barnstead EasyPure UV/UF
H2O purification system with a minimum conductivity of 18.0 MΩ and filtered with 0.2 μm
pore size filters.

2.2 Capillary Preparation
Fused silica capillaries were rinsed with 0.1 M NaOH and then with deionized H2O. Stock
solution of bis-SorbPC was dried of organic solvents using an Ar stream to yield a thin film
on the interior of a glass vial. The lipid film was maintained under vacuum for at least ten
hours to ensure complete solvent removal. The dried film was resuspended with H2O to a
concentration of 1 mg/mL and sonicated to clarity to obtain small unilamellar vesicles
(SUV). Capillaries were coated by introducing the lipid solution via gravity induced flow for
30 min. Polymerization was performed in situ by introducing the redox initiator (65 mM
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K2S2O8 and 20 mM NaHSO3 prepared in degassed H2O) into the coated capillary via
gravity induced flow. The initiator was replaced with fresh initiator after the first 1.5 hours
and allowed to polymerize for a minimum of six hours. Following polymerization, the
capillaries were thoroughly washed with H2O and running buffer prior to use.

2.3 Capillary Preparation for Stability Studies
Fused silica capillaries (50 μm i.d.) were employed to study the PLB coating stability. EOF
was determined for each capillary on the 1st, 5th, 10th, 30th and 45th days after
polymerization using Coumarin 334 as a neutral marker. At the end of each day’s
experiment, the capillaries were rinsed with deionized H2O and allowed to dry at room
temperature until further use. Coatings were not regenerated nor refreshed during the time
course of the experiments.

To investigate chemical stability of the poly(bis-SorbPC) coating, the capillary was treated
in the following order after 45 days of storage/utilization prior to investigation: 30 min with
running buffer, 30 min with Triton X-100, 60 min with H2O and finally 30 min with running
buffer. EOF was then determined for six runs, as well as the separation of model proteins to
determine migration time reproducibility before and after treatment with the surfactant.

2.4 Instrumentation
A capillary electrophoresis instrument with laser induced fluorescence detection (CE/LIF)
assembled in-house was used in this study [30]. Separation capillaries were either
unmodified bare fused silica capillaries or poly(bis-SorbPC) coated capillaries with varying
inner diameters (i.d.), as indicated. The total length of the capillary was 42 cm and was 32
cm to the detector. Samples were injected hydrodynamically for 10 s. Separations were
performed at +24 kV.

2.5 Data Analysis and Presentation
The migration times of proteins and of the EOF marker were determined using Cutter
Version 5.0 software [31]. Data are reported as mean (%RSD) in which the number of
samples (n) are indicated throughout. Investigation of pH and capillary i.d. effects on
coating stability is presented such that the x-axis values represent cumulative separation
time. The cumulative time reported in the figure axes is based on the total time than an
individual capillary was used to perform separations, i.e. that the voltage was applied.
Cumulative time is determined based on the migration time of the EOF marker in each CE
run added to the combined total run time of the proceeding runs. EOF suppression in coated
capillaries [EOF(coated)] was calculated with respect to EOF in bare fused silica capillaries
[EOF(bare)] as follows:

3 Results and discussion
SPB coatings present a number of advantages with respect to long-term coating stability. In
a previous report, the preparation of poly(bis-SorbPC) capillary coatings and
characterization of the chemical nature and stability of the polymeric phospholipid film was
described [3]. To better understand the poly(bis-SorbPC) coatings with respect to chemical
separations and long-term utilization, we investigated a series of parameters that affect the
overall stability and utility of the poly(bis-SorbPC) coatings.
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3.1. Effect of pH on Coating Stability
The pH of the separation buffer plays a key role in modulating the EOF within a CE
separation, as well as affecting the stability and chemical nature of dynamic and static
capillary coatings [32-34]. This is particularly important in poly(bis-SorbPC) coatings where
defects within the bilayer make the interstitial fluid layer between the bilayer and the
capillary surface readily accessible, thus facilitating modulation of the silica surface charge
state. The effect of pH on the stability and performance of poly(bis-SorbPC) coated
capillaries was evaluated within the pH range from 4.0 - 9.3 over a 10 day period. This pH
range represents the most commonly utilized range for CE separations of biomolecules.
While a number of methods can be used to characterize lipid bilayers on planar surfaces, e.g.
ellipsometry, atomic force microscopy and contact angle measurements [5], these techniques
are not suitable for direct characterization of lipid coatings inside small i.d. fused silica
capillaries. A good indicator of PLB coating stability is the magnitude and reproducibility of
EOF within the capillary [1-3].

At pH 7.4 and 9.3, mean EOF values obtained are indistinguishable with a high degree of
reproducibility (Table 1). Conversely, at pH 4.0, the EOF decays slightly over the first day
(10 runs) of utilization and remains stable throughout the 5th day. On day 10, a slight, but
reproducible decrease in mean EOF was observed. This initial decline followed by smaller,
reproducible decreases in EOF may result from a slow exchange of the buffer in the
interstitial water layer beneath the bilayer in the first ca. 50 minutes of separation which then
equilibrates at the final value. Interestingly, degradation of unpolymerized phospholipid
coatings leads to a substantial increase in EOF until the mean EOF reaches a value closely
approximating that of a bare capillary. Further, previous investigations have shown a high
degree of pH-sensitivity to the structure and stability of the PLB [33]. Though slight
variations in the mean EOF were observed at differing pHs, the run to run reproducibility
remains high (Table 1). In a bare capillary, the EOF magnitude increased substantially
between pH 4.0 and 9.3, as predicted based on ionization of surface silanols. Interestingly, in
poly(bis-SorbPC) coated capillaries, the mean EOF was increased at neutral and basic pH
proportionally to EOF values observed in bare capillaries, whereas the EOF measured at pH
4.0 is greater than that observed in a bare capillary. These differences are likely attributable
to the differences in lipid packing that are manifest as bilayer that is permeable to analytes
less than ca. 2000 Da yet is resistant to non-specific absorption [35-36]. Thus, the partially
permeable bilayer allows for alterations in the net surface charge and zeta potential of the
capillary wall via permeation of low molecular weight buffer ions.

3.2. Effect of Capillary Inner Diameter (i.d.) on Coating Stability
In situ formation of coated capillaries relies on vesicle fusion, followed by self-assembly
into the bilayer structure. Polymerization is achieved via the introduction of radical initiators
in the absence of excess lipid vesicles in the solution volume. The capillary i.d., affects the
surface area to volume ratio and the associated shear forces through the capillary and
thereby may influence vesicle fusion and SPB formation, as well as the stability of the
coating during the critical time window of the washing and polymerization processes.
Degradation of the lipid coating prior to or during polymerization would markedly affect
coating efficiency and coating stability in a manner that is dependent upon capillary i.d.

Capillaries ranging from 25 to 100 μm i.d. were evaluated with respect to stability and
reproducibility of the poly(bis-SorbPC) coating compared to bare capillaries (Fig. 1 and
Table 2). The suppression of EOF was found to be 54%, 50%, 46% and 35% in poly(bis-
SorbPC) coated capillaries with 25 μm, 50 μm, 75 μm and 100 μm i.d., respectively. Higher
EOF values were obtained with larger i.d. capillaries for both bare and poly(bis-SorbPC)
coated capillaries, with significantly reduced reproducibility (Fig. 1). For capillaries with i.d.
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≤ 50 μm, lower EOF values were obtained that were retained on day 15, whereas capillaries
with i.d. larger than this value demonstrated varying degrees of stability and EOF
uniformity. In addition to lower EOF magnitudes in both coated and bare capillaries, smaller
i.d. capillaries provide marked enhancements in coating stability as indicated by EOF
compared to larger i.d. capillaries with respect to column to column and day to day
reproducibility. As seen in Fig. 1B, EOF measured in 75 μm i.d. capillaries was highly
reproducible during the 1st day of utilization following polymerization, though the
magnitude of EOF increases and reproducibility decreases significantly following dry
storage. In contrast, the EOF measured in 100 μm i.d. capillaries was markedly less
reproducible, even during the 1st day. The instability of EOF in the larger i.d. capillaries is
an indication of reduced coating stability and likely results from either degradation of the
SPB prior to or during the polymerization process or from reduced crosslink densities within
the polymer structure with higher flow velocities.

The data obtained in 75 μm capillaries can be explained by a coating that is stable during the
time course of polymerization, yet represents a lower cross link density, which in turn
reduce the long term stability. Conversely, in 100 μm capillaries, the coating appears to
degrade during the polymerization process resulting in substantially reduced coating
uniformity and a subsequent reduction in both short and long term stability as indicated by
capillary EOF. These data are in agreement with previous studies showing the effect of
capillary i.d. on EOF stability in DDAB [32] coated capillaries where rapid decay of coating
stability was observed with increasing capillary i.d. [37].

3.3. Time-based Stability of Coating
The long term stability of poly(bis-SorbPC) capillary coatings was evaluated over a period
of 45 days after the initial polymerization. Table 3 provides the EOF measured in three
capillary columns over the 45 days period. On each day, capillaries were used for 10 runs:
one for the buffer, six for EOF marker and three for protein mixtures without regeneration or
refreshing the capillary between runs. As seen in Table 3, the EOF slightly increases up to
the 10th day for all three capillary columns and then remains relatively constant. The
maximum increase in EOF on the 45th day after extended dry storage was 26% for capillary
C, 16% for capillary A, and 11% for capillary B. Newly conditioned capillaries were used to
determine the EOF for bare capillaries over this time frame. Additionally, though the
magnitude of EOF increases slightly, the overall reproducibility in EOF within a series of
experiments remains very high as is evidenced by the low %RSD (Table 3). These data
suggest that the lipid coating remains mostly intact during the duration of storage.
Furthermore, dry storage of lipid films is extremely harsh and can be readily avoided simply
by storing the capillaries immersed in buffer.

To correlate these results with separation performance of the capillaries, we investigated the
separation of two fluorescent proteins using poly(bis-SorbPC) coated capillaries as a
function of capillary storage and utilization time. Figure 2 show a series of
electropherograms obtained using three different poly(bis-SorbPC) coated capillaries, as
well as a bare capillary for comparison. During these investigations, the migration time for
each protein was highly reproducible among columns; with %RSD values < 1 % on day 10
and < 2 % on day 45 (Table 4). The high migration time reproducibility further confirms the
long term stability of the poly(bis-SorbPC) coatings and supports the utilization of these
materials for protein separations.

3.4 Chemical Stability of poly(bis-SorbPC) Coating
The utilization of organic solvents and micelle forming materials presents a number of
advantages in CE. Among these include: (i) improved analyte solubility (ii) minimized joule
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heating and (iii) enhanced separation selectivity [38-41]. Though, a number of useful
coating materials have been demonstrated, few are stable in buffers consisting of organic
and/or surfactant additives [42-43]. It was previously shown that UV polymerized poly(bis-
SorbPC) coatings are stable to exposure to surfactant, extensive H2O /buffer rinses, pH
extremes and drying/rehydration [3,28], though the separation performance of the coatings
was not demonstrated following these chemical and physical challenges. Fig. 3 shows
representative electropherograms for protein separations obtained before and after exposure
to 0.1% Triton X-100, a condition that readily disrupts unpolymerized PLB coatings. The
migration time and electrophoretic mobility of both proteins exhibited high reproducibility
before and after surfactant exposure, indicating that not only the coating structure, but also
performance remains reproducible following exposure to these challenges (Table 4).

4. Conclusions
Polymerized phospholipid membranes yield highly stable and highly reproducible capillary
coatings for CE separations. Poly(bis-SorbPC) coatings were stable and uniform across a
wide pH range and exhibited long term reproducibility when stored for up to 45 days. The
separation performance was only marginally affected by dry storage and exposure to
surfactants and organic challenges, conditions that completely disrupt PLBs prepared using
natural lipids. Importantly, the stability and reproducibility of poly(bis-SorbPC) coatings
was significantly dependent upon capillary i.d., with capillaries ≤ 50 μm providing optimal
separation performance.
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• We investigated the stability of polymerized lipid bilayer capillary coatings.

• Effects of pH and capillary inner diameter on stability of coating were studied.

• Smaller inner diameter capillaries provide a very stable coating.

• The polymerized lipid bilayer coatings are stable across a wide range of pH
values.

• The polymerized lipid bilayer coatings are stable for an extended period of time.
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Figure 1.
Effect of capillary inner diameter on EOF stability and reproducibility in (A) bare and (B)
poly(bis-SorbPC) coated capillaries. The time (x-axis) represents the cumulative separation
time within the individual capillary. Capillary i.d.: (■) 25 μm; (●) 50 μm; (▲) 75 μm, and
(▼) 100 μm. Buffer: 20 mM borate at pH 9.3; E = 240 V cm−1.
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Figure 2.
Separation of His-EGFP and RPE among three columns over an extended period of dry
storage (A) 10 days (B) 30 days and (C) 45 days. Buffer, 20 mM borate, pH 9.3 E = 240 V
cm−1.
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Figure 3.
Separation of proteins in poly(bis-SorbPC) coated capillaries before and after treating the
capillary with Triton X-100. Buffer, 20 mM borate, pH 9.3 E = 240 V cm−1.
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Table 1

Reproducibility of EOF in (poly)bis-SorbPC coated capillaries as a function of pH.

EOF × 10−4 (cm2/Vs)a)

Buffer Day 1 Day 5 Day 10 Bare

Citrate pH 4.0 2.7 (4.4) 2. 7 (1.0) 2.5 (0.49) 1.2 (6.62)

MOPS pH 7.4 3.5 (1.6) 3.6 (1.0) 3.5 (0.40) 6.8 (0.89)

Borate pH 9.3 3.7 (0.30) 3.6 (0.64) 3.6 (0.42) 7.1 (0.56)

Conditions: Capillary: 42 cm × 50 μm i.d., 32 cm to detector; E = 240 V/cm. Coumarin 334 was used as EOF marker.

a)
The EOF values on each day are the mean (%RSD) of 10 runs.
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Table 2

Reproducibility of EOF in (poly)bis-SorbPC coated capillaries as a function of capillary inner diameter.

Capillary i.d. EOF × 10−4 (cm2/Vs)a)

Day 1 Day 15 Meanb) Barec)

25 μm 3.6 (0.5) 3.6 (0.5) 3.6 (0.5) 7.8 (0.3)

50 μm 3.9 (0.8) 4.0 (1.8) 4.0 (1.8) 7.8 (0.9)

75 μm 4.6 (0.7) 5.9 (13) 5.3 (16.9) 8.4 (5.0)

100 μm 6.5 (7.0) 6.4 (25) 6.6 (17) 10.0 (8)

Conditions: Capillary: 42 cm × 50 μm i.d., 32 cm to detector; E = 240 V/cm. Buffer, 20 mM borate, pH 9.3

a)
The EOF values on each day are the mean (%RSD) of 10 runs.

b)
The mean is calculate for 20 runs (n = 20).

c)
The mean for bare capillary is calculated for 6 runs (n= 6).
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Table 3

Long term stability of polymer lipid coatings.

Capillary EOF × 10−4 (cm2/Vs)a)

Day 1 Day 5 Day 10 Day 30 Day 45

Bare 9.1 (0.88) 9.5 (0.51) 9.5 (1.70) 9.9 (1.9) 9.8 (0.78)

Non-polymerized 2.3 (6.9) 4.3 (3.0) 6.7 (1.5) N/A N/A

Polymerized A 4.8 (1.7) 5.0 (0.65) 5.4 (0.59) 5.5 (1.2) 5.5 (1.4)

Polymerized B 5.0 (0.46) 5.3 (0.39) 5.4 (1.2) 5.6 (1.1) 5.8 (0.97)

Polymerized C 4.6 (0.99) 5.0 (1.5) 5.4 (0.29) 5.6 (0.31) 5.7 (0.50)

a)
The EOF values on each day are the average of six runs. Buffer, 20 mM borate, pH 9.3, 42 cm × 50 μm i.d. capillary, 32 cm to detector; E = 240

V/cm. N/A indicates that the non-polymerized lipid coating was not stable at this time of the study.
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Table 4

Reproducibility of protein migration times as function of time.

Mean migration time (min) (n =3)

Capillary
Day 10 Day 30 Day 45

His-EGFP RPE His-EGFP RPE His-EGFP RPE

1 1.8 (0.16) 2.4 (0.08) 1.8 (0.04) 2.37 (0.23) 1.8 (1.25) 2.4 (1.80)

2 1.8 (0.37) 2.4 (0.26) 1.8 (0.47) 2.30 (0.42) 1.7 (0.29) 2.3 (0.13)

3 1.8 (0.08) 2.4 (0.09) 1.8 (0.24) 2.34 (0.26) 1.7 (0.62) 2.3 (0.69)

Conditions: Capillaries, 42 cm × 50 μm i.d., 32 cm to detector; E = 240 V/cm; 20 mM borate buffer at pH 9.3. Coumarin 334 was used as EOF
marker. The values in bracket are %RSD.
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