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ABSTRACT: Improving separation efficiency in capillary electrophoresis (CE) requires systematic study of the influence of 
the electric field (or solute linear velocity) on plate height for a better understanding of the critical parameters controlling 
peak broadening. Even for poly(diallyldimethylammonium chloride) (PDADMAC)/poly(sodium styrene sulfonate) (PSS) 
successive multiple ionic-polymer layers (SMIL) coatings, which lead to efficient and reproducible separations of proteins, 
plate height increases with migration velocity, limiting the use of high electric fields in CE. Solute adsorption onto the capil-
lary wall was generally considered as the main sources of peak dispersion explaining this plate height increase. However, 
experiments done with Taylor Dispersion Analysis and CE in the same conditions indicate that other phenomena may come 
into play. Protein adsorption with slow kinetics and few adsorption sites was established as a source of peak broadening for 
specific proteins. Surface charge inhomogeneity was also identified as a contribution to plate height due to local 
electroosmotic fluctuations. A model was proposed and applied to partial PDADMAC/poly(ethylene oxide) capillary coat-
ings as well as PDADMAC/PSS SMIL coatings. Atomic force microscopy with topography and recognition imaging enabled 
the characterization of the PDADMAC/PSS SMIL surface. 

Introduction 
Capillary electrophoresis (CE) is a powerful analytical 
technique that separates and analyzes charged compounds 
based on their electrophoretic mobility in an electric field. 
As for any other separation technique, it is interesting to 
maximize separation efficiency to get the best of CE sepa-
rations. This is crucial, especially for protein analysis for 
which the identification and quantification of protein vari-
ants require high plate numbers that can theoretically 
reach up to a million plates. Investigating and understand-
ing the sources of peak broadening in CE calls for a sys-
tematic study of the influence of the electric field (or 
analyte linear velocity u) on plate heights H (1). This leads 
to typical H vs u plots, as observed in chromatography. The 
ascending part of the curve is generally interpreted as the 
presence of analyte adsorption onto the capillary surface, 
particularly for high molar mass compounds such as pro-
teins (2-4). This can strongly limit separation efficiency, 
especially at high electric fields. It is therefore important to 

lower the H vs u slope p by reducing the sources of this 
dispersion. 

Different ways of limiting the adsorption of analytes onto 
the capillary wall have been developed, including capillary 
coatings, which can be permanent, semi-permanent or 
dynamic (5). Among these, semi-permanent coatings are 
obtained from physically adsorbed polymers or double-
chains surfactants (6-11) onto the capillary wall. In partic-
ular, successive multiple ionic-polymer layers (SMIL) are 
made up of several layers of polyelectrolytes which alter-
nate between polycations and polyanions, and have been 
shown to be stable over a wide range of pH, as well as 
performant in terms of repeatability and separation effi-
ciency (12). 

In addition to adsorption, other possible sources of disper-
sion in CE include the presence of a radial temperature 
gradient (13), electromigration dispersion (14), capillary 



 

coiling (15), and sample polydispersity (16). Variations in 
the electroosmotic flow (EOF) may also be contributing 
factors, since any defect in the flow profile leads to reduced 
separation efficiency (17,18). 

Some authors cite the length of the electric double layer 
(EDL) as a reason the EOF can contribute to plate height 
(19,20). Indeed, the EDL, which is composed of free ions 
attracted by the immobile surface charge and a layer of 
mobile charges within the Debye length (typically 1-10 nm 
in CE), is thought to be negligible when compared to the 
channel radius (10-100 µm), generating a very thin sheath 
where the otherwise uniform plug-flow rapidly decreases. 
The Debye length varies with the ionic strength of the 
background electrolyte (BGE) (19), and may generate 
more dispersion in the case of very low ionic strength 
leading to double layer overlap for nanometer channels. 
But these cases remain very rare and do not apply in our 
current study (50 µm I. D. capillaries and a 2 M AcOH BGE 
of 6 mM ionic strength, corresponding to 4 nm Debye 
length). Several authors have tried to model this 
electroosmotic contribution to dispersion, with Griffiths 
and Nilson suggesting an empirical function (20), which 
was then generalized by Zholkovskij et al. (21):  

  
   

   
 

    

    
                                (1) 

where H is the plate height, D the analyte molecular diffu-
sion coefficient, ε the BGE dielectric permittivity, κ the 
Debye parameter or inverse of the Debye length, η the BGE 
viscosity, ζ the electrical or zeta potential, and K a dimen-
sionless geometrical factor which is equal to 0.5 for circu-

lar capillaries. Using the approximation 
  

 
     for the 

electroosmotic mobility, and the typical values of D = 
510-11 m2/s, µeo = -45 TU (Tiselius Unit, 1 TU = 10-9 m2V-

1s-1), κ-1 = 4 nm, g(ζ) = 1 and E  = 5104 V/m used in our 
experiments, the first term was found equal to 410-8 m, 
and the second 110-15 m. Therefore, only the first term of 
Eq. 1, which corresponds to axial diffusion, is relevant to 
our study.  

Other authors have illustrated the impact of surface charge 
inhomogeneity on electroosmotic flow, with Ajdari con-
cluding that convective hydrodynamic rolls are induced 
(22), and Long et al. stressing the long-range disturbance 
caused by a localized defect (23). Herr et al. brought to 
light the effect of surface inhomogeneity by studying the 
variations in EOF in coupled capillary sections with differ-
ent ζ-potentials through the use of EOF-suppressing poly-
mers, establishing experimental flow profiles with fluores-
cent dye (24). Similarly, it was demonstrated that ad-
sorbed species on the capillary wall generated non-
uniform zeta potential, disrupting both transport velocity 
and peak width (25). 

In this work, sources of peak dispersion during protein 
separation by CE using SMIL coatings were investigated. 
The previously established model based on equilibrium 
adsorption (1) was applied and called into question in light 
of new results. Other possible causes of peak broadening 
such as electroosmotic fluctuations stemming from coating 

inhomogeneity were considered. A new model was pro-
posed and tested using intentionally inhomogeneous par-
tial capillary coatings, then generalized to SMIL coatings. 
For some proteins, increased plate height with increasing 
electric fields could be explained by adsorption with slow 
desorption kinetics. Finally, SMIL coatings were character-
ized by topography and recognition imaging (TREC)-
atomic force microscopy (AFM), backing the model with 
experimental data about charge distribution and topogra-
phy. 

Theoretical part 
A relationship giving the plate height in CE when there is a 
discontinuity in electroosmotic mobility in the capillary 
has been established. The full demonstration can be found 
in the Supporting Information (see SI Theoretical Part). It 
is important to note that only axial inhomogeneity was 
considered here, and assumed to be regularly distributed 
along the capillary surface, which is no doubt a simplified 
view of reality.  

 

Figure 1. Impact of surface charge heterogeneity on velocity 
profiles in the capillary, in the case of a step discontinuity (A), 
and homogeneously distributed discontinuities (B). 

First, the case of a flow pattern in CE with a step disconti-
nuity in electroosmotic mobility was considered (Figure 
1A). For a capillary column of length L and radius R with a 
step discontinuity in surface charge, hence in zeta potential 
and in electroosmotic mobility, the electroosmotic mobility 
of the first zone A of length za is noted µeo,a, and that of the 
second zone B of length L – za, is noted µeo,b. These 
electroosmotic mobilities correspond to electroosmotic 
velocities, ueo,a and ueo,b respectively. The variables denoted 
u represent cross-sectional averaged velocities, E is the 
applied electrical field and V the electrical potential drop 



 

along the capillary. The mismatch between the 
electroosmotic velocities of the two zones generates, in 
each zone, a hydrodynamic Poiseuille-like flow to make up 
for this difference and insure the constancy of the mass 
flow-rate of the carrier liquid along the column (23,26). 
This hydrodynamic flow occurs in the direction of the 
overall flow in the zone with the lowest absolute value of 
the electroosmotic mobility and in the opposite direction 
in the other zone, as demonstrated in the fluorescence 
imaging experiments of Herr et al. (24) and in the numeri-
cal simulations of Lee et al. (27). The mean fluid mobility, 
   

 , within the capillary was shown to be equal to the 
length-averaged electroosmotic mobility (28): 
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with    
  

 
 (3) 

In each zone, the cross-sectional average value of the hy-
drodynamic component, uhy,i, of the flow velocity can be 
expressed as: 
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with                   (6) 

For each zone i (i=a,b), the velocity profile corresponds to 
the combination of a piston flow of magnitude 

           
 

 
, where µep is the analyte electrophoretic 

mobility, and a Poiseuille flow with mean velocity uhy,i. The 
analyte plate height Hi in zone i is then: 
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where uapp is the apparent velocity of the analyte. Thus, in 
the case of a step discontinuity in zeta potential occurring 
after the detector (za > l) the apparent plate height Happ, 
defined as lm2/m12, where m1 and m2 are respectively the 
first moment and second central moment of the analyte 
residence time distribution recorded by the detector is 
given by: 
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and if za < l, plate height can be expressed as: 
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with      
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This result can then be generalized to a homogeneous 
ensemble of discontinuities (Figure 1B). Here, the situation 
where there is not a single discontinuity in surface charge, 
but a large number homogeneously distributed discontinu-
ities between domains A and B is considered. Assuming 
that the system then behaves as if all zones A and all zones 
B were grouped together both before and after the detec-
tor position – a rather crude hypothesis – the plate height 
in this case would be obtained from Eq. 9 by writing L/l = 1 
in Eq. 10, which gives: 
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Materials and Methods 
Chemicals 

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane sulfonic acid 
(HEPES) and acetic acid were purchased from Sigma-
Aldrich (Saint-Quentin Fallavier, France). The model pro-
teins, Carbonic Anhydrase I from human erythrocytes (CA, 
purity not indicated by the supplier), Myoglobin from eq-
uine skeletal muscle (Myo, purity ≥ 95%), Ribonuclease A 
from bovine pancreas (RNAse A, purity ≥ 60%), β-
lactoglobulin A from bovine milk (β-lac A, purity ≥ 90%), 
and Lysozyme from chicken egg white (Lyz, purity ≥ 90%) 
were purchased from Sigma-Aldrich (Saint-Quentin 
Fallavier, France). Ultrapure water was obtained using a 
MilliQ system from Millipore (Molsheim, France). 
Poly(diallyldimethylammonium chloride) (PDADMAC, high 
molar mass: MW 4 × 105 – 5 × 105 Da) 20% w/w in water 
was purchased from Aldrich (Lyon, France). Poly(styrene 
sulfonate) (PSS, MW 7× 105 Da) was purchased from Acros 
Organics (Geel, Belgium). Poly(ethylene oxide) (PEO, MW 
1× 106 Da) was purchased from Sigma-Aldrich (Saint-
Quentin Fallavier, France). 

The BGE was 2 M acetic acid, pH 2.2, used for the inlet and 
outlet vials and for rinsing between runs. The construction 
buffer was a 20 mM HEPES solution with 10 mM NaOH, pH 
7.4, used to rinse between polyelectrolyte layers. Polyelec-
trolyte solutions (3 gL-1 PDADMAC and PSS) were pre-
pared in HEPES at least one night before the first use. 
PDADMAC solution must be kept in the freezer, as it was 
seen to degrade over time and lead to lower coating per-
formance, and PSS solution in the fridge. PEO stock solu-
tion at 4 gL-1 in water was solubilized overnight and could 
be kept in the fridge several weeks. PEO coating solution at 
2 gL-1 in 1.9 M NaCl, 0.1 M HCl was then prepared. 

The protein mix to be analyzed was prepared from indi-
vidual solutions of proteins in water at a higher concentra-
tion (2 gL-1), as proteins degrade over time when stored in 
BGE and may interact with each other if stored together 
(26). These stock solutions could be kept in the freezer for 
several months. To prepare the sample before analysis, 
they were thawed and 10 µL of each one were combined, 
adding another 50 µL of 4M AcOH for a final 100 µL aliquot 
with each protein at 0.2 gL-1 in 2M AcOH. This solution 
underwent a heat treatment at 37°C for 30 min and was 
added to a polypropylene conical vial for analysis. The rest 
of the aliquot may be kept in the freezer for a short period 
of time. 0.002% DMF in BGE was used as the EOF marker 
and injected before the proteins.  

Coating Procedures 

The normal SMIL coatings were prepared by flushing the 
silica capillary with 1 M NaOH for 10 min, then with water 
for 5 min and HEPES for 10 min. Next, the polyelectrolyte 
solutions were flushed for 7 min each, followed by 3 min of 
HEPES, starting with the polycation and alternating with 
the polyanion, for a total of 5 layers. After the last HEPES 
flush, wait 5 min and flush with water for 3 min, with BGE 
for 10 min and wait for another 5 min before starting anal-
yses. All flushes were performed at 930 mbar. Different 



 

HEPES vials were used after the polycation and the 
polyanion in order to limit cross-contamination. 

Partial PDADMAC on PEO coatings were prepared follow-
ing a protocol by Danger et al. (29). First, PEO coatings 
were prepared by rinsing the capillary with high pressure 
flushes at 2.8 bar (adjusted to the capillary length): 2 min 
with water, 5 min with HCl 1M, 10 min with PEO solution, 
and 2 min with water. Then, the capillary was flushed with 
HEPES for 3 min at 930 mbar and with PDADMAC at 50 
mbar for a duration tinj (see details below). To evacuate the 
PDADMAC solution and ensure only partial coating of the 
capillary, it was then flushed with HEPES at 100 mbar for 
20 min from the outlet side, applying a negative pressure 
on the Agilent CE instrument. Then, wait for 5 min, flush 
normally with water for 3 min, BGE for 5 min, and wait 5 
min before analysis. 

To calculate the duration of the PDADMAC rinse, the vis-
cosity of the HEPES and PDADMAC solutions must be de-
termined. Indeed, the injected volume is linked to injection 
time and pressure as well as viscosity, and in this case, 
PDADMAC solution was injected while the capillary was 
filled with HEPES, thus both viscosities come into play. 
Viscosities were determined by injecting DMF in each 
solution (HEPES and PDADMAC) as a front and comparing 
the times corresponding to the inflection point of the curve 
with the one given by DMF in water, knowing the viscosity 
of water at 25°C (30). Then, the injected volume may be 
calculated with the following equation established by Dan-
ger et al. (29): 
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where Vx is the injected volume, ηsol the PDADMAC viscosi-
ty, ηel the HEPES viscosity, ΔP the injection pressure, and tinj 
the injection time.  

So, for a capillary 90% coated with PDADMAC and 10% 
with PEO, we can set Vx = 0.9 Vcap, where Vcap is the volume 
of the capillary, leading to the determination of tinj. The 
results were as follows: ηHEPES = 1.01 10-3 Pa.s, ηPDADMAC = 
1.29 10-3 Pa.s, tinj = 943 s at ΔP = 50 mbar for a 60 cm, 50 
µm I.D. capillary. A low pressure was chosen for better 
precision. It should be noted that like PEO coatings, the 
partial PDADMAC-PEO coatings needed to be regenerated 
every 5 runs to ensure stable EOF, and so the following 
high pressures flushes at 3 bar were implemented every 5 
runs: NaOH for 5 min, HCl for 5 min, BGE for 5 min, fol-
lowed by the previously described PEO and partial 
PDADMAC coating procedures. 

Capillary Electrophoresis 

Analyses were performed on an Agilent 7100 CE in a 2 M 
acetic acid BGE at pH 2.2. Fused silica capillaries of 50 µm 
in diameter and 60 cm total length (51.5 cm to the detec-
tor) were used. Applied voltages were typically between -
30kV and -10kV. The capillary was flushed for 5 min with 
BGE before each run. A 0.002% solution of DMF in BGE 
was injected first as the EOF marker (30 mbar, 3 s), and 
the protein mixture next (30 mbar, 6 s), with CA, Myo, 

RNAse A, β-lac A and Lyz each at 0.2 g/L in BGE. The tem-
perature was set at 25°C and detection wavelength was 
214 nm. 

Calculations of separation efficiencies were done with 
CEval software (31) available at 
[https://echmet.natur.cuni.cz/]. The capillary total (L) and 
effective (l) lengths must be entered in the software, as 
well as the half ramp time (t1/2 = 0.6 s on Agilent instru-
ments).  

AFM lithography measurements 

AFM lithography measurements have been performed to 
determine the thickness of each layer. Several images of 
each layer have been recorded to statistically relevant 
evaluate the roughness. AFM nanolithography was done by 
increasing the force in contact mode in selected small are-
as (500 x 500nm²) to remove surface-bound molecules. 
Therefore 10 fast scans were done at a scan rate > 20 
lines/s at reduced feedback parameters using forces typi-
cally > 20nN, followed by a 3 µm² scan using former imag-
ing parameters. The layer thickness was determined by 
cross-section analysis.  

Simultaneous topography and recognition imag-

ing (TREC) 

For TREC measurements, Bruker MSCT cantilevers 
(Bruker, USA) have been bio-functionalized with avidin 
following an established protocol (32). TREC measure-
ments have been performed using a Keysight 5500 SPM 1 
AFM with TREC box (Keysight, Santa Barbara). Tip func-
tionalization has been proven by performing adhesion 
force spectroscopy (32) on differently charged surfaces, 
e.g. freshly cleaved mica showing adhesion and freshly 
prepared avidin surface showing no adhesion. All AFM 
images have been evaluated using Gwyddion software.  

Results and discussion 

Questioning the theory of equilibrium adsorption 

Previous studies showed that SMIL coatings composed of 
PDADMAC and PSS in an acetic acid BGE led to excellent 
repeatability, reproducibility and separation efficiency 
(26). However, even in such optimized conditions, plate 
height increased with the electric field, limiting the possi-
bility of working at high voltages: 

   
  

 
                (13) 

where D is the diffusion coefficient, u the solute linear 
velocity and p the slope. The first term is due to axial diffu-
sion and the second to the resistance to mass transfer in 
the mobile phase, while the constant includes extra-
column effects such as injection, detection or 
electromigration dispersion. 

The slope was interpreted as solute adsorption with a 
rapid exchange and modelized with the following equation 
as a function of the retention factor k: 



 

        (14)    
 

Figure 2. H vs u representations for the separation of five 
model basic proteins on a 5-layer PDADMAC/PSS SMIL coat-
ing, in normal BGE (full lines) and BGE containing 0.01g/L of 
each protein (dashed lines). CA in brown, Myo in orange, 
RNAse A in green, β-lac A in purple, Lyz in yellow. Error bars 
are ± one SD on n=5 repetitions. Experimental conditions: 5-
layer SMIL coated capillary terminating with the polycation 
PDADMAC. Capillary: 60 cm (51.5 cm to the detector) x 50 µm 
I.D. BGE: 2 M acetic acid, pH 2.2. Flush before each run: BGE 1 
bar, 5 min. Hydrodynamic injection: 30 mbar, 6 s. Sample 
mixture: 0.2 g/L of each protein in BGE. Hydrodynamic co-
injection of 0.002% DMF in BGE: 30 mbar, 3 s. Temperature: 
25°C. For the coating procedure, see section 2.2. For the anal-
yses in BGE containing the protein mixture (0.01 g/L of each 
protein), CA: p(10-3 s) = 4.00 ± 0.45; Myo: p(10-3 s) = 0.73 ± 
0.17; RNAse A: p(10-3 s) = 0.30 ± 0.48, β-lac A: p(10-3 s) = 
14.27 ± 1.98; Lyz: p(10-3 s) = 0.22 ± 0.45. 

Thus, this equation allows calculating retention factors of 
analytes on the capillary coating, estimating residual ad-
sorption and giving access to a ranking of different capil-
lary coating performances.  

This model was applied in this work to the separation of a 
mix of 5 model proteins (CA, Myo, RNAse A, β-lac A, Lyz) on a 
5-layer PDADMAC/PSS SMIL in 2 M acetic acid BGE, leading 
to the H vs u curves shown in Figure 2. Both the slopes p 
and the resulting retention factors k were calculated, as 
well as the constants and plate numbers (see Table 1). The 
much higher slope of β-lac A, 5 to 10 times larger com-
pared to the other proteins, indicates either a much larger 
retention of the protein onto the capillary wall or the pres-
ence of an additional source of dispersion. 

In order to confirm the theory of equilibrium adsorption of 
proteins onto the capillary wall, these results were con-
fronted with Taylor dispersion analysis (TDA) experiments 
performed in identical conditions to CE. For that, each 
protein was injected individually with 0.002% DMF, and 
transported along the capillary by an applied pressure of 
50 mbar. Figure 3 shows the signal obtained from the in-
jection of β-lac A at 1 g/L containing 0.002% DMF. This 
signal was fitted with two Gaussians that correspond to the 
two injected species, β-lac A and DMF, which elute at the 
same time t0 = 14.1 min. If the protein was retained, as 
expected from the model used in Figure 2, a retention time 

of tr = 15.8 min should have been observed for β-lac A as 
displayed in Figure 3 (dashed line), and corresponding to 
k(10-2) = 12.20 ± 0.31. Hence, we can conclude that there is 
no fast kinetics interaction of β-lac A onto the capillary 
surface, as described by the previous model. The same 
conclusion can be drawn for the other proteins. For β-lac 
A, if there is indeed adsorption contributing to p, it must be 
a process which involves few interacting sites and slow 
kinetics of desorption, resulting in a non-retardation of the 
peak apex. 

Table 1. Values of H vs u slopes p, retention factors k, con-
stants and number of theoretical plates at -15kV for 5 model 
proteins separated on a 5-layer PDADMAC/PSS SMIL in 2M 
acetic acid. Other experimental conditions as in Figure 1. 

 

Adsorption with slow kinetics of desorption and a 
low number of interacting sites as a source of 

dispersion 

Adsorption with slow kinetics has been studied in the 
literature, namely by Ermakov et al., who pointed out that 
the adsorption process is controlled by wall capacity and 
interaction kinetics between the solute and the wall (33). 
Similarly, Schure and Lehnhoff cited sorption and desorp-
tion kinetics as some of the factors governing peak broad-
ening, and demonstrated that resolution worsens when 
they are slow (34). In addition to kinetics, the number of 
adsorption sites also has its importance, since more ad-
sorption sites compared to the injected amount leads to 
broader peaks (6).  

A way of validating the theory of adsorption involving slow 
kinetics and a small number of interacting sites consists in 
saturating the adsorption sites. For that, a small amount 
(0.01 g/L) of each protein was added to the BGE which 
should saturate the available sites and lead to reduced 
adsorption of the considered protein. Figure 2 (see dotted 
lines) shows that the slopes of CA, Myo, RNAse A and Lyz 
did not vary much when the protein mix was added to the 
BGE compared to the BGE without protein, whereas the 
slope of β-lac A decreased significantly (almost by a factor 

 
p (10-3 s) cst (µm) 

N (103) 
at -

15kV 
k (10-2) 

CA 
4.36 ± 
0.31 

3.76 ± 
0.24 

82.2 3.73 ± 0.13 

Myo 
2.96 ± 
0.05 

1.78 ± 
0.03 

148.4 3.79 ± 0.03 

RNAse 
A 

2.22 ± 
0.20 

2.52 ± 
0.08 

128.9 4.09 ± 0.18 

β-lac A 
25.35 ± 

1.25 
5.83 ± 
0.61 

33.3 
12.20 ± 

0.31 

Lyz 
2.71 ± 
0.08 

1.38 ± 
0.04 

167.9 4.89 ± 0.09 

  
  

      
 

  
  

 

  

       
          



 

2), confirming that the capillary coating is sensible to satu-
ration for that protein. Adding more protein to the BGE did 
not have the effect of lowering the slope further, demon-
strating the small binding capacity of the capillary coating, 
which was saturated even with a very low concentration of 
proteins.  

In addition, rinsing the capillary with the protein mix be-
fore the analyses in a normal BGE also led to a decreased 
β-lac A slope, confirming that the adsorption that takes 
place has slow kinetics (see Figure SI1). Hence, we can 
conclude that p in the case of β-lac A is, at least in part, due 
to adsorption with slow kinetics and few adsorption sites. 
β-lac A’s susceptibility to this type of adsorption may be 
linked to its nature. Indeed, a study using Monte Carlo 
simulation revealed that β-lactoglobulin interacts with 
strong polycations resulting in complex formation (35). 
Such an effect could explain the higher slope of β-lac A 
compared to the other proteins. 

 

Figure 3. TDA of β-lactoglobulin A (green Gaussian) injected 
with DMF (blue Gaussian) in BGE fitted by two Gaussian 
curves. Experimental curve in black, 2-Gaussian fit in red, 
Gaussian 1 in green and Gaussian 2 in blue. Experimental 
conditions: 5-layer SMIL coated capillary terminating with the 
polycation PDADMAC. Capillary: 60 cm (51.5 cm to the detec-
tor) x 50 µm I.D. BGE: 2 M acetic acid, pH 2.2. Flush before 
run: BGE 1 bar, 5 min. Hydrodynamic injection: 30 mbar, 6 s. 
Mobilization pressure: 50 mbar. Sample mixture: 1 g/L of β-
lac A with 0.002% DMF in AcOH 2M Temperature: 25°C. For 
the coating procedure, see section 2.2 

However, an explication for the slopes of the other model 
proteins needs to be found, as they are not sensitive to 
saturation. Moreover, experiments done on small mole-
cules which are assumed to not be adsorbed onto the capil-
lary coating also led to a slope in the H vs u curves, indicat-
ing that there is another contribution to the slope that is 
not due to adsorption (see Figure SI2). 

Demonstrating the impact of electroosmotic in-

homogeneity using partial capillary coatings 

One hypothesis to explain the low values of p observed for 
CA, Myo, RNAse A and Lyz is that heterogeneities in the 
coating lead to local variations in electroosmotic 
mobilities, contributing to peak dispersion. An expression 
giving the plate height in CE when there is a discontinuity 

in electroosmotic mobility along the capillary was estab-
lished (see Theoretical Part). In order to validate these 
equations, inhomogeneous coatings were intentionally 
prepared according to a method proposed by Danger et al 
(29), whereby polyelectrolytes were deposited on sections 
of the capillary surface, producing a non-uniform surface 
charge distribution, in a process similar to that of Herr et 
al. (24). The protocol is based on the deposition of a 
polycationic PDADMAC layer onto a previously deposited 

neutral PEO layer all along the capillary.  

Figure 4. H vs u representations for the separation of five 
model proteins on a partial 90% PDADMAC on PEO coating. 
CA in brown, Myo in orange, RNAse A in green, β-lac A in pur-
ple, Lyz in yellow. Error bars are ± one SD on n=5 repetitions. 
Other experimental conditions as in Figure 1. CA: p(10-3 s) = 
45.09 ± 9.81, Myo: p(10-3 s) = 43.45 ± 9.72, RNAse A: p(10-3 s) 
= 35.91 ± 8.12, β-lac A: p(10-3 s) = 127.10 ± 27.33, Lyz: p(10-3 
s) = 40.50 ± 10.31. 

Previous experiments showed that PEO coated capillaries 
required regeneration every 5 runs in order to maintain a 
stable EOF (results not shown). Thus, the full procedure 
(PEO coating and partial PDADMAC coating) was also re-
peated every 5 runs for better accuracy (see experimental 
section 2.2). The usual series of protein separations at 
different voltages, between -30 and -10kV, was carried out 
and the H vs u curves were plotted (see the corresponding 
electropherograms in Figure SI3). Despite larger error bars 
compared to SMIL coatings, Figure 4 shows a significant 
increase in p for all proteins, with a value of p (in 10-3 s) = 
41.2 ± 4.0 on average for the four model proteins CA, Myo, 
RNAse A and Lyz compared to an average p (in 10-3 s) = 
3.06 ± 0.92 on a 5-layer PDADMAC/PSS SMIL, while p (in 
10-3 s) = 127 ± 27 compared to p (in 10-3 s) = 25.3 ± 1.2 for 
β-lac A. From these values, it is possible to use Eq. 8 for a 
step discontinuity in the case za > l to estimate the fraction 
of the capillary length coated by the PDADMAC layer. Tak-
ing CA as example, and knowing that              

                                 , mean    
 = -41.9 

TU, D = 4.81 ×10-11 m2s-1, p (in 10-3 s) = 45.1, Eq. (8) led to 
f= 0.89. The same procedure was applied to Myo, RNAse A 
and Lyz, giving an average value of 0.88 ± 0.02, which is 
very close to the intended value of 0.9. 



 

The same model was next applied to the 5-layer SMIL coat-
ing as a way to estimate surface charge inhomogeneity 
using the homogeneous discontinuity equation (Eq. 11). 
Figure 5 shows that on a 5-layer PDADMAC/PSS SMIL 
coating, even a very low fraction of inhomogeneity f gener-
ates a substantial increase in p. Indeed, the experimental 
slope of CA on such a coating is worth 4.3610-3 s , which 
corresponds to about 0.2% inhomogeneity if we consider 
that the coating is made up of polycationic (PDADMAC) 
zones and neutral zones (Δμeo ≈ 48 TU) and about 0.4% if 
we consider that it is made up of polycationic (PDADMAC) 
and polyanionic (PSS) zones (Δμeo ≈ 80 TU). The other 
proteins led to similar results (see Figure SI4). On one 

hand, the case of positive and negative zones could corre-
spond to holes in the final PDADMAC layer which let 
through the negatively charged PSS below. On the other 
hand, the case of the positive and neutral zones could illus-
trate alternations on the surface of the SMIL between an 
excess of PDADMAC (due to uncompensated polyelectro-
lyte loops) and more or less neutral zones where a 
compensation between PDADMAC and PSS charges occurs.  

Figure 5.  Variation of the slope p of the H vs u curve with the 
fraction f of coating inhomogeneities as given by Eq. 11 for CA. 
The blue curve corresponds to the case of positive 
(PDADAMAC) and negative (PSS) zones (Δμeo ≈ 80 TU), and 
the orange curve to the case of positive (PDADAMAC) and 
neutral (compensated PDADMAC/PSS) (Δμeo ≈ 48 TU).  In the 
insert the curves are zoomed to show the f range correspond-
ing to the observed experimental p value. 

The model taking into account electroosmotic inhomoge-
neity demonstrates that even a very low amount of charge 
heterogeneity of the coating leads to increased dispersion 
as the electric field increases, providing a more accurate 
understanding of the factors limiting the separation effi-
ciency. 

Backing the model with TREC-AFM data 

To illustrate coating homogeneity, it is interesting to use 
imaging techniques such as AFM and TREC. AFM has been 
applied to the characterization of various coatings in CE, 
both on glass slides (8,36,37) and directly inside cut capil-
laries 8-40). In addition to topography, charge distribution 

may also be evaluated using TREC, in which the AFM tip is 
modified with a protein acting as a biosensor, leading to 
adhesion maps (32,41). In the current work, both AFM and 
TREC were conducted on (PDADMAC/PSS)2.5 coatings 
reproduced on glass slides using avidin as the biosensor in 
order to try to visualize the charge inhomogeneity dis-
cussed in the previous section. 

The thickness measurements, shown in Table 2, are in 
accordance with results found with a quartz microbalance 
(QCM) for the same coating (42). Cleaning the initial glass 
surface with piranha solution or SDS, isopropanol, and 
water was essential to remove impurities. The final 5-layer 
coating had a very low roughness compared to other SMILs 
studied in the literature (Rms 1.43 nm for a 
(PDADMAC/DS)1.555% poly(acrylamide-co2-acrylamido-2-
methyl-1-propansulfonate) (PAMAMPS)1 SMIL) (32,41). 
The topography image given by the TREC in Figure 6 also 
shows very few variations in height which corresponds to 
the low Rms values. Thus, it seems to form a thin, rigid film 
with a low level of hydration. The roughness can be inter-
preted as the presence of loops formed by entangled poly-
mer segments. 

Table 2. Roughness and thickness of each layer of a 
(PDADMAC/PSS)2.5 SMIL determined by AFM.  

Layer Rms (nm) 
(full image) 

Rms (nm) 
 (average 

over 5 parts) 

Thickness of 
the scratch 

(nm) 
 (over 5 

cross sec-
tions) 

Glass 0.78 0.79 ± 0.06  

1 0.25 0.25 ± 0.03 0.58 ± 0.06 

2 0.37 0.35 ± 0.03 1.44 ± 0.32 

3 0.49 0.48 ± 0.01 2.01 ± 0.22 

4 0.65 0.41 ± 0.06 3.81 ± 0.23 

5 0.37 0.28 ± 0.10 5.91 ± 0.57 

 

 

Figure 6. AFM and TREC imaging of a (PDADMAC/PSS)2.5 
SMIL. 

The TREC adhesion images indicate that the 
(PDADMAC/PSS)2.5 SMIL is very homogeneous in charge as 
avidin shows no interaction with the surface (see Figure 



 

6). The few signals observed likely correspond to noise and 
topography crosstalk. As presented in the previous section, 
very low heterogeneity, less than 1%, was expected, which 
could be difficult to visualize using TREC. One explanation 
could be that, unlike hypothesized in the model, the charge 
heterogeneity is not homogeneously distributed along the 
capillary but is concentrated to one area, making it chal-
lenging to observe with just a few measurements. Another 
possibility is that the charge difference between the heter-
ogeneous zones is too small to be detected in TREC, mean-
ing that the slopes p are intrinsic to the SMIL.  

The link between coating heterogeneity and separation 
efficiency may be extended to fused silica capillaries, 
which were previously shown to result in much higher 
retention factors, and therefore slopes in the H vs u curves, 
compared to SMIL coated capillaries (1). In view of the 
present results, this poor separation efficiency is likely due 
to electroosmotic inhomogeneity resulting from protein 
adsorption onto the capillary surface. 

Conclusion 
In this work, different sources of dispersion occurring 
during protein separation by CE using SMIL coatings were 
investigated. To this end, a mix of model proteins was 
separated using (PDADMAC/PSS)2.5 coatings in 2 M acetic 
acid BGE, and H vs u profiles were determined. The model 
of rapid-exchange adsorption was finally found to be un-
suitable since TDA experiments in identical experimental 
conditions did not show any retention of the proteins on 
the capillary coating. It was demonstrated that the slope p 
can be explained by charge heterogeneity of the coating 
generating EOF irregularities and thus peak dispersion, 
and for some proteins, such as β-lac A, by adsorption with 
slow kinetics of desorption. It is worth noting that the 
validity of the model giving the H vs u dependence in the 
case of rapid-exchange adsorption is not in question, it is 
its applicability and relevance for describing peak broad-
ening in CE that is challenged, at least for SMIL coatings. As 
demonstrated in the case of TDA, adsorption phenomena 
in CE are more relevantly described by interactions with a 
low number of interacting sites and slow kinetics of de-
sorption. This was proved in this work by conducting sep-
arations in BGE containing proteins, which saturated the 
available sites, showing that such mechanisms contribute 
to plate height for some proteins. All in all, a better under-
standing of the factors influencing peak dispersion in CE 
was obtained. Regarding SMIL coatings, it seems that the 
relatively low residual slope (p ≈ 3 × 10-3 s) in the H vs u 
profiles is inherently due to residual surface charge het-
erogeneity that can be very difficult to eliminate. Still, the 
(PDADMAC/PSS)2.5 coating remains a very robust and 
efficient coating for CE of proteins and other macrobio-
molecules. 
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