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ABSTRACT: Capillary electrophoresis (CE) has emerged as a relevant technique for protein and biopharmaceutical analysis,
as it combines high separation efficiency, sensitivity and versatility. The use of capillary coatings, including successive
multiple ionic-polymer layers (SMIL), reduces interactions between analytes and the capillary, further improving CE
performance. Nevertheless, separations done on SMIL coatings rarely surpass 500 x 103 plates/m. In order to obtain the
best out of CE, it is interesting to have a detailed look at the sources of peak dispersion. Separations of a mix of model
proteins were performed on (poly(diallyldimethylammonium chloride)/poly(styrene sulfonate)).s coated capillaries at
different electric field strengths, leading to plate height H against migration velocity u plots which enabled a quantitative
analysis of each contribution. Using this model, capillary lengths and injected volumes were systematically varied. For the
first time, the contribution of sample electrophoretic heterogeneity to the total peak dispersion was deciphered for model
proteins and a monoclonal antibody. Dispersion due to electromigration was seen to have an impact on plate heights in the
case of triangular peaks of small molecules but not for proteins in the present conditions. UV and mass spectrometry
detection were compared on the same capillary, providing valuable information on the impact of the detection type on

separation  efficiency. Close to 1 million

plates/m  were

reached in the Dbest conditions.

Introduction

As therapeutic proteins have come to represent an
increasingly large part of the pharmaceutical market, their
characterization has become all the more important.
Biopharmaceuticals such as monoclonal antibodies
(mAbs), hormones, fusion proteins, and vaccines, are being
developed for the treatment of various illnesses such as
cancer, cardiovascular diseases, diabetes, and autoimmune
disorders, against which they are sometimes more
effective than their small molecule counterparts 1,2 In
addition, biosimilars are created once patents expire,
resulting in similar compounds which most likely differ
from the original drug in some way, due to their high
complexity and biological source 3. These variations must
be monitored to ensure product safety and efficiency,
requiring precise and robust analytical methods. Among
these, capillary electrophoresis (CE) is an effective

separation technique well suited to the analysis of both
small molecules and proteins, due to its high separation
efficiency and different selectivity as compared to
chromatographic techniques. It separates analytes based
on their charge and size, making it interesting for
characterizing sample charge heterogeneity. Moreover, in
the ideal case, separation efficiency is inversely
proportional to the analyte’s diffusion coefficient, and so,
CE is supposed to be particularly efficient for large
molecule analysis *. Several applications of CE for the
separation of mAb charge variants have been reported,
often using e-aminocaproic acid (EACA) as an additive to
improve the separation efficiency and selectivity 567 8 9 10
11 or Good’s buffers 12.

In order to improve separation efficiency and
reproducibility of CE methods, coatings may be applied to
the inner surface of the capillary. Among these, successive



multiple ionic-polymer layers (SMIL) are made from
depositing polyelectrolyte layers onto the capillary surface,
alternating between polycationic and polyanionic solutions
which are linked through electrostatic interactions 13,14,
They provide a charged surface generating relatively
strong electroosmotic flow (EOF) and reduce adsorption of
analytes with the same type of charge (negative or
positive) as the last SMIL layer. They are particularly
useful for analyzing peptides and proteins 15 16 17 18 The
improved reproducibility compared to uncoated capillaries
allows coupling of CE with mass spectrometry (MS) as long
as some experimental conditions are respected, such as
choosing a volatile background electrolyte (BGE) and a
EOF direction toward the mass detector 1°. CE-MS has been
successfully applied for the separation of mAb charge
variants, becoming one of the most widely used technique
for intact protein analysis #2021, [t enables compound
identification in addition to better selectivity, and is also
compatible with the use of SMIL coatings, which are stable
enough to not interfere with MS detection 22.

With the goal of improving CE performance, efforts to
better understand the parameters influencing separation
efficiency have been made. Different models of peak
dispersion in CE have been proposed, including the plate
height against migration velocity plot, which was first
introduced to CE by Minarik et al. 23, similarly to the Van
Deemter equation used in chromatography:

H= §+ pu + constant (D

The S term corresponds to axial diffusion and is expressed

as Hpy = %, where D is the analyte diffusion coefficient 24

25 26 27, The pu term corresponds to the linear ascending
part of the curve, and has been attributed to analyte
adsorption 2325 or to inhomogeneities in coating charge,
and thus in local EOF 28 Sample adsorption onto the
capillary wall has been widely accepted as one of the main
limiting factors to high separation efficiency. The influence
of solute adsorption on H in CE was modelled assuming a
fast equilibrium of the solute with the capillary surface as
in the theory of chromatography with however a different
velocity profile 23,25, Carrying out model protein
separations at different electric field strengths and
measuring the resulting plate heights enabled to plot the H
vs u curve and to determine the slope p of the ascending
part 25. This model was refined in a later publication
proposing the addition of a constant term to take into
account effects which do not depend on the electric field
strength 2°. Further investigations about the origin of the
slope revealed that adsorption involving a small number of
sites onto the capillary surface and slow kinetics of
desorption may be more relevant than the previous
retention-based  model 28, Electroosmotic  flow
inhomogeneity due to coating defects has also been shown
to contribute to the slope p 28. In addition, sample injection,
detection, capillary coiling, electromigration dispersion
(EMD) and temperature gradients have been cited as
possible sources of dispersion 29 30 31 Nevertheless,
thorough and quantitative investigations of all the
contributions to peak dispersion in CE using SMIL coatings,

including those due to extra-column effects responsible for
the constant term, are still lacking.

To get the best performances in CE, and to try to reach
plate numbers close to the maximal theoretical values
obtained if we consider that the only source of dispersion
is axial molecular diffusion (up to four million plates/m for
a protein with a diffusion coefficient of D =5 x 1011 m2s1, a
capillary length to the detector I = 71.5 cm and migration
time tm = 20 min), it is necessary to precisely evaluate the
contribution of each source of dispersion, and thus, to
optimize all the CE experimental conditions. In this work,
H vs u curves were systematically plotted for each protein
by repeating experiments at different voltages. An
overview of the main causes of dispersion in CE was given,
including extra-column effects and detection type,
resulting in better insight into the mechanisms governing
separation efficiency. Particular attention was paid to the
variations of the constant term in the H vs u curves. First,
capillary dimensions and injection parameters were varied
and their impact on separation efficiency was studied. In
addition to the injection, detection and capillary coiling
effects, EMD was also shown to contribute to plate height
for triangular peaks. Next, UV- and MS-detection were
compared in terms of separation efficiency on the same
capillary. The analyses were conducted with five model
proteins in a 2 M acetic acid BGE on
(poly(diallyldimethylammonium chloride)
(PDADMAC)/poly(styrene sulfonate) coated
capillaries.

(PSS))2s

Theoretical part

Among the parameters contributing to peak dispersion in
CE, several of them depend on the capillary total and/or
effective lengths, one of them being sample injection.
Considering that the injection plug is rectangular, it can be
expressed as follows 2*:
liznj

inj = 751 (2)
where Iin is the plug length.
Knowing that the injected length is equal to

_ APR%*tjp;

linj = o 3)

where AP is the injection pressure, R the capillary internal
radius, tinj the injection time, 1 the viscosity of the BGE and
L the total capillary length, we obtain:

_ R*APZ],

inj
nj = 76812921 (4)

The detector cell with an aperture 7q: also adds onto band
broadening as follows:

T(Ziet
Hoer = 2 )

with Tder = 620 pm for 50 um L.D. capillaries according to
Agilent documentation. Next, capillary coiling can lead to



increased dispersion due to the difference between the
migration distance of solutes on the outer and inner
circumference 243233, and may be expressed as:

R?l

2
4ol

Heou = (6)
where reu is the internal radius of the capillary coil. Other
effects such as a radial and axial temperature gradients
have been investigated 24,34 but are negligible in this work
given the low conductivity (0.244 S/m) of the BGE.

Previous work has analyzed the contributions to the slope
p and determined that some proteins are adsorbed onto
the capillary wall, leading to a pu term 28. In addition, the
presence of heterogeneous zones on the capillary coating
due to uneven coating or impurities modifies the EOF
locally, which also leads to peak broadening which is
dependent on u 28 35 36, In the case of a step discontinuity,
where one zone of the capillary of length z, has a different
charge than the rest, and where z, > |, this additional plate
height is expressed as 28:

Hgorp = (1—f)? (Aﬂ#)z s (7)

0
Heothep) 24D

Za

where fis the fraction of inhomogeneity equal to f = -
Au,, is the difference in EOF between the two zones, ud, is
the mean fluid mobility, and y,,, is the protein
electrophoretic mobility.

In the case of a step discontinuity where z, < I, the equation
becomes:

2
Alleo R?u
H = F —
EOF 24D

l‘go thep

with
F o= fi+f2(1-23%)

In practice, coatings which are considered homogeneous
may contain many discontinuities. Assuming that these are
distributed homogeneously along the capillary, the
resulting plate height may be expressed as:

2 2

Hgor = f(l_f)(ﬂg?i—e:w> ;_;

Another possible contribution to band broadening in CE is
sample heterogeneity. In this next part, an expression of
the additional plate height resulting from this effect will be
given. The analysis by CE of a sample which is not a pure
compound but a mixture of components with slightly
different electrophoretic mobilities, u, is considered. This
polydispersity in mobility contributes to increase the peak
broadening since the sample peak, in that case, is made of
the superposition of individual peaks of the sample
components with slightly different migration times which
are insufficiently separated and resolved. In this section,
the expression of the contribution, Hy, of the polydispersity
to the plate height, H, of the peak, is determined. The
distribution of electrophoretic mobilities is characterized
by the average mobility and the standard deviation of the
mobilities, oy.

The contribution, o:, to temporal standard deviation, of
the sample peak arising from the polydispersity is
approximately estimated by the difference in migration
times observed for two components whose mobilities
differ by oy, hence:

__(at
Op = ™ o,

where t is the migration time, which, in CE, is given by:

l Ll
t=—=—

UE uv
where E is the electrical field strength and V the voltage
drop along the capillary. From Eq. 12, we obtain:

at 1t

ap Ep? p

To oty corresponds a contribution o, of the polydispersity
to the spatial standard deviation of the peak equal to:

Oyp = WEGyp
Hence, combining Eq. 11 to 13 gives:
[of
Opp = —IT“

Since the plate height H is equal to:

0,2

l

H =

where o2 is the total variance of the peak, the contribution
Hp to H is given by:

Hy = 1(2) ®)

In this expression, the mean electrophoretic mobility of the
zone, [, should be chosen for .

As the overall plate height H is proportional to tilge)variance
of the distances migrated by the molecules, it is made of a
sum of terms which reflect independent contributions to
the overall variance. Hence the expression of H, given by
Eq. 17 appears as an additional contribution to H. This
contribution to H is proportional to the square of the
relative standard deviation of the distribution of the
electrophoretic mobilities and to the migrat{d®)distance,
but independent of other operating parameters.

Materials and Methods

Chemicals & solutions

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 basic
proteins, i.e. Carbonic Anhydrase [ from bovine
erythrocytes (CA, purity not indicated by the supplier),
Trypsin Inhibitor from Glycine max (soybean) (TI, purity
not indicated by the supplier), Myoglobin from equine
skeletal muscle (Myo, purity = 95%), Ribonuclease A from
bovine pancreas (RNAse A, purity = 60%), B-lactoglobulin



A from bovine milk (B-lac A, purity = 90%), and Lysozyme
from chicken egg white (Lyz, purity =2 90%) were
purchased from Sigma-Aldrich (Saint-Quentin Fallavier,
France). See Table S1 for more protein characteristics. The
USP mAb003 (lot: F12980) was purchased from Sigma-
Aldrich (Steinheim, Germany). Ultrapure water was
obtained using a MilliQ system from Millipore (Molsheim,
France). Poly(diallyldimethylammonium chloride)
(PDADMAC, high molecular mass: M- 4 x 105 - 5 x 10°5)
20% w/w in water was purchased from Aldrich (Lyon,
France). Poly(styrene sulfonate) (PSS, M. 7x 105) was
purchased from Acros Organics (Geel, Belgium).

Coating Procedure

To prepare the SMIL coatings, the fused silica capillary was
preconditioned by flushing with 1 M NaOH for 10 min,
water for 5 min and HEPES for 10 min. The construction
buffer used to rinse the capillary between the deposition of
polyelectrolyte layers was a 20 mM HEPES solution with
10 mM NaOH at pH 7.4 (I = 10 mM). Polyelectrolyte
solutions, 3 gL' PDADMAC and PSS in HEPES, were
prepared at least one night before the first use. These were
stored in the freezer in the case of PDADMAC and in the
refrigerator in the case of PSS to avoid degradation over
time. The background electrolyte (BGE) used for the inlet
and outlet vials and for rinsing between runs was 2 M
acetic acid at pH 2.2 (I = 6.4 mM). These solutions were
injected in glass vials containing 1 mL.

The polyelectrolyte layers were deposited by flushing with
PDADMAC and PSS solutions for 7 min each, alternating
between the two and flushing with HEPES for 3 min in
between each one. These polyelectrolyte solutions were
injected in polypropylene vials containing 0.2 mL, where
the capillary is immersed in solution which is below the
level of the electrodes, limiting contamination between the
vials. To further reduce this possibility, different HEPES
vials were used to rinse the capillary after PDADMAC and
PSS flushes.

After the last HEPES flush, wait 5 min and flush with water
for 3 min, with BGE for 10 min and wait for 5 min. All
flushes were performed at 930 mbar. SMILs will be
referred to as (A/B);, where A is the polycation, B the
polyanion, and i the number of bilayers.

Capillary Electrophoresis

Analyses were performed on an Agilent 7100 CE
(Waldbronn, Germany). Fused silica capillaries of 50 um in
diameter and 30 cm to 80 cm total length were from
Composite Metal Servies (Photon Lines, France). The
length to the detector was equal to the total length minus
8.5 cm, except in the case where the sample was injected
from the outlet side, where it was equal to 8.5 cm. Applied
voltages were adjusted depending on the total capillary
length to keep the same range in u, i.e. -30 kV to -15 KV for
the 80 cm capillaries, -25 kV to -10 kV for the 60 cm
capillaries, -15 kV to -7 kV for the 40 cm capillaries, and -
10 kV to -5 kV for the 30 cm capillaries. They were flushed
for 5 min with BGE at 930 mbar before each run. The
injection parameters were adapted to the intended volume

and capillary length (see Figure 1). The analyses were
done at 25°C and the UV detection at 214 nm.

The protein mix was prepared from individual solutions of
proteins in water as proteins were seen to degrade over
time when stored in BGE and possibly to interact with each
other when stored together 2°. These protein stock
solutions at 2 gL! could be kept in the freezer for several
months without problem. Before analysis, the stock
solutions were thawed and the mix was prepared from 10
uL of each, adding 50 pL of 4 M AcOH for a final
concentration of each protein at 0.2 gL' in a 2 M AcOH
medium. The mix then underwent a heat treatment at 37°C
for 30 min and was added to a polypropylene conical vial
for analysis. The EOF marker was 0.002% v/v DMF in BGE,
which was injected before the protein mix at a lower
injection volume (typically half that of the mix).

Calculations of separation efficiencies were done with
CEval software 37 available at
[https://echmet.natur.cuni.cz/]. The capillary total (L) and
effective (I) lengths must be entered in the software, as
well as the half ramp time (tiz = 0.6 s on Agilent
instruments).

Capillary Electrophoresis-Mass Spectrometry

For CE-ESI MS measurements, an Agilent 7100 CE
(Waldbronn, Germany) was coupled to a maXis QTOF MS
(Bruker Daltonics, Bremen, Germany) using the nanoCEasy
interface 38 (see Figure S1). Fused silica capillaries
(Separation capillary inner/outer diameter 50 pum/360
pm, sheath liquid capillary 100 pum/240 pm) were
obtained from Polymicro Technologies (Phoenix, AZ, USA).
For CE-MS measurements the tip of the capillary was
etched to about 80-100 um OD applying hydrofluoric acid
38, Glass emitter of 30 um ID were obtained from
BioMedical Instruments (Z6llnitz, Germany). Propan-2-
ol:water (1:1) with 0.5% v/v formic acid was used as
sheath liquid. Electrospray voltage was set to 2000 V. The
mass range was m/z 400 - 3000 with a spectra rate of 1
Hz. MS data analysis was performed using DataAnalysis 4.3
(Bruker Daltonics). Extracted ion electropherograms were
generated using the most intense charge state for each
protein and used for determination of migration time and
peak width. External UV detection was performed at 51.5
cm using an ECD2600 UV detector (ECOM spol. s r.o.,
Prague, Czech Republic) at a wavelength of 200 nm
applying data sample rate of 10 Hz and a time constant of
0.5s.

Results and Discussion

Impact of capillary length and injection volume in
CE-UV

Experimental setup

To quantify the impact of capillary length and injection
volume on plate heights, separations of model proteins on
capillaries with different lengths and injection volumes
were carried out (see Figure S2). In total, 9 series of 5



repetitions on 5 different voltages were carried out on two
capillaries, which corresponds to 225 runs. To maintain
exactly the same surface characteristics of the SMIL

coating, a single (PDADMAC/PSS)2s5 coated capillary was
cut from 80 cm to 60 cm, 40 cm and then 30 cm, for each
injection

Table 1. Description of experiments (5 repetitions) done on two (PDADMAC/PSS)25 coated capillaries, before and after different
capillary cuts, leading to different lengths and using two injection volumes, and 5 different voltages. Experimental conditions:

change
?‘ injection end

- Y Y “d
L (cm) 80 60 40 30 30
[ (cm) 71.5 51.5 31.5 21.5 8.5
Pinj (mbar); tin;j (s) 30; 4 2; 30 2;23 2;-23
Vinj (nL) 1.9 1.9 1.9 1.9
V (kV) -15;-17.5; -20; - -5;-7;-11; -13; - -5;-7;-8;-9; -10 -5;-7;-8;-9; -10
25;-30 15
Pinj (mbar); tinj (s) 30;8 30; 6 30; 4 30;3 -30; 3
Vinj (nL) 3.8 3.8 3.8 3.8 3.8
V (kV) -15;-17.5; -20; - -10; -12.5; -15; - -5;-7;-11; -13; - -5;-7;-8;-9; -10 -5;-7;-8;-9; -10
25;-30 20; -25 15
(PDADMAC/PSS)2s  SMIL.  For  the  coating procedure, see section 2.2. Capillary: 50 pm ID.

volume Viy. Injection times and pressures were varied
according to the capillary length to keep the same injected
volume (see Table 1), according to the Poiseuille law:

APTR*t;p i
Viny = =52 (18)
To further decrease the length to the detector, the sample
was also injected from the other end of the capillary on a
30 cm capillary, for a detection path of 8.5 cm (entering a
negative pressure from the inlet side on the Agilent system
to inject from the outlet side). The different contributions,
as calculated from their theoretical expressions, are
summarized in Table 2 and are compared to the total
experimental plate height obtained for one protein (CA),
visually represented in Figure 1.

Axial diffusion

There are three terms in the dependence of H vs u curve.
The 1/u term is related to axial diffusion and is negligible
in the experimental range of u investigated in this work
(see the location of the experimental data points in Figure
1). This means that the experimental points are located in
the ascending part of the H vs u curve and that contrary to
what is often assumed, axial diffusion is not controlling
peak broadening in most of the practical conditions used in
CE for protein separation.

Contributions to the slope

Regarding the slope p of the H vs u curve, a previous study
demonstrated that this term is impacted by the
homogeneity in charge of the coating or capillary surface
for all the proteins, and possibly for some of the proteins,
adsorption onto the capillary wall 28. In particular, CA, Myo,

RNAse and Lyz were seen to have very low slopes which
were not sensitive to saturation of adsorption sites, while
B-lactoglobulin A had a much higher slope (8 times higher
than the average of the four others) which decreased when
the analyses were done after rinsing the capillary with the
protein mix or after adding the proteins to the BGE 28. In
this work, CA, TI, Myo, RNAse, and Lyz led to similar values
of p on a given capillary, which leads to think that they are
governed by the same phenomenon, which is most likely
electroosmotic inhomogeneity rather than adsorption.
Some variations between proteins are nevertheless to be
expected, since the Hror term depends on each protein’s
electrophoretic mobility and diffusion coefficient (see Eq.
10 and Table S2).

For equal injected volumes, a longer capillary reduces p
and therefore the impact of surface coating inhomogeneity
on peak broadening, as can be seen in the evolution of
Figure 1A to Figure 1E. If coating defects are
homogeneously distributed along the capillary, as
described in the model, capillary length should not affect
the resulting slopes. However, this is a simplified vision,
and depending on the location and the distribution of the
inhomogeneity within the capillary surface, the case of a
step discontinuity may be more appropriate. In particular,
if the heterogeneity is located before the detector, Egs. 8
and 9 describe that H depends on the ratio L/l which
decreases for longer capillaries. Hence, the decline in
slopes as the capillary length increases is consistent with
the idea that they are controlled mainly by electroosmotic
inhomogeneities.

Contributions to the constant



As to the constant contributions to H, the injection is the
most important (8 to 54% of the constant depending on
the capillary length and injected volume), and it increases

the proteins are badly separated in that case due to the
very small length to the detector (see Figure S2E). It can
also be noted that Hexra generally decreases as the injected

volume decreases, which could indicate that the
contribution to injection has been underestimated. Indeed,
Eqg. 2 describes the plate height resulting from the injection
of a rectangular plug, which relies on the assumption that
the sample is uniformly distributed in the cylindrical
section of the capillary. This implies a very fast radial
sample migration, which is the most favorable situation. If,
instead, the sample radial diffusion rate was very low, the
sample would then occupy a paraboloid of double the
length, because of the parabolic flow profile. In practice,
the situation is likely intermediate between these two
cases, depending on the duration of the injection process
and on the sample diffusion coefficient, which may explain
a still larger contribution of the injection process to the
constant than that reflected in Table 2 and Figure 1. The
detailed contributions to plate height for the other
proteins are shown in Figure S3 to Se.

significantly as L and I decrease, as expected by the theory
1
was calculated for a fixed velocity u of about 5.2 X104 m/s,
meaning at adjusted applied voltages depending on the
total capillary length to get constant electric field strength.
The contributions linked to the detection window and the
capillary coiling were always very low (below 14%). In
Figure 1, the extra-column contribution Hexr« which is not
predicted from the different constant contributions
described in the theoretical section was calculated by
removing the total calculated contributions (Hps from Eq.
1, Hstope from Eq. 1, Hinjfrom Eq. 4, Hae: from Eq. 5, Heoit from
Eg. 6) from the experimental constant obtained with the
fitting of the H vs u curve. Hexwra is particularly high for the
30 cm capillary injected from the outlet side (I = 8.5 cm), as
is shown in Figure 1E and Figure 1I, which may be because

since H scales as —%. Each contribution given in Table 2

Table 2. Contributions to plate height calculated from the theory and comparison with the experimental data for different
capillary lengths and injection times. Two injection volumes were used, V1 = 1.9 nL and V2 = 3.8 nL. Data shown for CA at constant u

obtained at -17.5 kV for the 80 cm capillaries, -12.5 kV for the 60 cm one, and -9 kV for the 40 cm and 30 cm ones. The superscripts

1

indicate how each value was calculated. a: u = , where tapex is the migration time of each protein at the peak maximum, t1/2

tapex_tl/z
is the half ramp time (0.6 s on Agilent CE); b: Hpa is calculated with Eq. 1; c: p is calculated with Eq. 1; d: Hgpe = pu; €: Hinj is
calculated with Eq. 4; f: Haet is calculated with Eq. 5; g: Heil is calculated with Eq. 6; h: Heotai caic = Hpa + Hsiope + Hinj + Hger +

L 5, where § is the peak width at half

H_pi1; 1t Hexp is the experimental point obtained for the chosen u, calculated with H = W
5.54 (22X
§

height; j: injection from outlet end, voltage polarity from inlet end.

Vinj L 1 u 4 Hpa p Hisiope Hinj Haet Heoi Hiotalcale Hexp
(m) (m) (105 ()  Gm)P (1039 (m)  (m)e (m) @m)e ()t (um):
m/s)
a
Vi 80 715 051 -17500 0.188 1.48 0.76 0.11 0.04 0.12 1.23 1.84
40 315 052 -9000 0.184 1.75 0.92 0.25 0.10 0.05 1.51 2.97
30 215 0.54 -9000 0.178 2.73 1.47 0.39 0.15 0.04 2.23 3.30
30 85 053 90007 0.181 495 2.63 0.98 0.38 0.01 4.18 15.08
\' 80 715 050 -17500 0.191 1.18 0.60 0.44 0.04 0.12 1.40 2.62
60 515 048 -12500 0.199 1.29 0.62 0.62 0.06 0.09 1.59 3.19
40 315 052 -9000 0.184 1.77 0.92 1.01 0.10 0.05 2.27 4.72
30 215 0.54 -9000 0.177 6.20 3.37 1.48 0.15 0.04 5.21 6.27

30 8.5 0.52 90001 0.184 17.82 9.34 3.74 0.38 0.01 13.66 23.43
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Figure 1. Visual representation of each contribution to plate
height for five different capillary lengths and two injected
volumes for CA. V2= 3.8 nL for L =80 cm (A),L=60cm (B),L =
40cm (C),L=30cmand/=21.5cm (D),L=30cmand /=8.5
cm (E). V1= 1.9 nL for L = 80 cm (F), L = 40 cm (G), L = 30 cm
and /=21.5cm (H), L =30 cmand [ = 8.5 cm (I). Error bars are
+ one standard deviation on 5 runs. Experimental conditions:
5-layer PDADMAC/PSS SMIL coated capillary. Capillary: 50
um L.D. BGE: 2 M acetic acid, pH 2.2. Flush before each run:
BGE 1 bar, 5 min. Sample mixture: 0.2 g/L of CA, TI, Myo,
RNAse A, and Lyz each in BGE. Hydrodynamic co-injection of
0.002% v/v DMF in BGE: half the amount of injection protein
mix. Temperature: 25°C. For the coating procedure, see
section 2.2.

It was possible to significantly reduce the injection
contribution to the plate height by decreasing the injection
volume by a factor of 2 (see Figure 1A to 1E vs Figure 1F to
11). In the best-case scenario (Figure 1F: 80 cm capillary,
small injection volume Vi, low electric field strength -15
kV), plate heights reached as low as 1.06 um (for Myo),
which corresponds to 941 x 103 plates/m. Figure 2 shows
the corresponding electropherograms, which highlight
both the excellent repeatability of the runs, which are
indistinguishable from each other at one electric field
strength, as well as the high separation efficiency. Indeed,

the protein peaks appear to be very thin and some small
satellite peaks surrounding the main peaks can be seen
due to the excellent separation efficiency.

For reference, the highest separation efficiency obtained
with a SMIL thus far was 803 x 103 plates/m (for
Cytochrome C with 13-layer PDADAMC/PSS) 39, with most
averaging around 100 to 500 x 103 plates/m (for various
model proteins) 40. Therefore, increasing capillary length
or reducing injection volume is a definite way of improving
separation efficiency.

5

t (min)

Figure 2. Electropherograms for the separation of 5 model
proteins on an 80 cm (PDADMAC/PSS)25 coated capillary. 5
repetitions at -15 kV are shown. Experimental conditions:
(PDADMAC/PSS)25 SMIL coated capillary. Capillary: 50 pm
I.D; L =80 cm; I = 71.5 cm. BGE: 2 M acetic acid, pH 2.2. Flush
before each run: BGE 1 bar, 5 min. Sample mixture: 0.2 g/L of
CA (1), TI (2), Myo (3), RNAse A (4), and Lyz (5) each in BGE.
Hydrodynamic co-injection of 0.002% v/v DMF in BGE: half
the amount of injection protein mix. Temperature: 25°C. For
the coating procedure, see section 2.2.

Analyte electrophoretic heterogeneity

It is possible to quantify the contribution of the
heterogeneity of the protein sample from the experiments
done on capillaries of different lengths. Indeed, Eq. 17
predicts that if the sample is heterogeneous in terms of
electrophoretic mobility, an additional plate height (which
increases proportionally to the capillary length to the
detector) will be generated. Figure 3 shows the evolution
of the constant term in the H vs u curves determined for
each protein on different lengths of (PDADMAC/PSS)2s
coated capillaries for the higher injected amount. The data
for the 8.5 cm capillary length to the detector was not
included because of the very poor separation performance
on this length. The overall decrease of the constant terms
indicates that the contributions which are inversely
proportional to I, in particular Hi,, make up most of the
constant term, and so there is little impact of sample
heterogeneity on plate height. Thus, the model proteins’
electrophoretically homogeneous nature is confirmed.

In addition to model proteins, it is interesting to apply this
method to the analysis of more polydisperse
biomacromolecules such as mAbs, which are known for
their charge heterogeneity 4. Following the usual
procedure, analyses of a USP mAb at different electric field



strengths were conducted on capillaries of different
lengths (30, 40, 66 and 80 cm) and plate heights were
determined. Due to their more complex electrophoretic
profile, a different method was used to calculate H:

im,

H= oy (19)
where m; is the first moment of the residence time
distribution which corresponds to the average migration
time, and m: is the second central moment, which
corresponds to the peak variance. The use of the method
based on peak width at half height is not adapted to
heterogeneous samples because they lead to non-Gaussian
peaks.

The constant terms resulting from the H vs u curves
(shown in Figure S7B) are plotted against capillary length
to the detector in Figure 3, showing a significant increase
and overall much higher values compared to the model
proteins (see Table S3). This demonstrates that
electrophoretic heterogeneity, which is proportional to /, is
the main contribution to the constant in the case of the USP
mADb, confirming its heterogeneous nature. From the data
reported in Figure 3, it can be estimated that, according to
Eq. 17, the relative standard deviation of the effective
mobilities of USP mAb is approximately equal to 0.8 % (for
a slope of 6.41 x 10-5).
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Figure 3. Impact of capillary length on the constant term of
the H vs u curve for 5 model proteins on (PDADMAC/PSS)2s
coated capillaries. Plate height was determined using the
width at half height for the model proteins and using the
moments for the USP mAb. Error bars are * one standard
deviation on 5 runs for the model proteins, and 3 runs for the
mAb. The slope of the USP mAb is 6.41 x 10-5, which

2
corresponds to (%) according to Eq. 17. No polydispersity

can be measured for the model proteins. Injected amount: V2 =
3.8 nL. Other experimental conditions as in Figure 2.

Electromigration dispersion or overloading effect

In addition to the extra-column effects described above,
another increase in plate height may occur for triangular,
asymmetrical peaks. Triangulation is a type of peak
deformation which can occur when the solute
concentration is high compared to that of the BGE, and for

solutes and BGE co-ions having very different
electrophoretic mobilities 2442, This effect is called
overloading effect or electromigration dispersion (EMD),
and its contribution to plate height for a solute i is
expressed as 2443:

Zaici5inj
9

Hconc,i -

(20)

with a; = (ria-rBaA)(1-Tia)
A-rpa)rial
the selectivity coefficient between j and i, uer the effective
mobility, I the ionic strength, ¢ the initial solute
concentration, i the initial width of the peak, and
subscript A designates the co-ion while B designates the
counterion. In order to investigate this effect, small
molecules were analyzed, as the model proteins all gave
rather symmetrical peaks. Three small molecules
(creatinine, benzylhydroxylamine and
benzylmethylamine) were separated by CE on a
(PDADMAC/PSS)25 SMIL coating and their plate heights
were determined for varying electric field strengths (see
Figure S8). The usual method to determine plate heights
using the width at half height, which relies on the
hypothesis that the peak is Gaussian, was no longer
adapted. Instead, the Haarhoff-van der Linde (HVL)
function in the CEval software, a nonlinear regression
function which is useful to fit asymmetrical peaks, was
preferred. Thorough comparisons between methods to

calculate plate heights were carried out in previous work
29

Heffii .
and 1, = L % 1, where 1y is
P—eff;A

Table 3. Effect of EMD on slope and constant for
benzylhydroxylamine. Experimental conditions: 5-layer
(PDADMAC/PSS)25 SMIL coated capillary. Error bars for each
protein are * one SD as determined by the jackknife
resampling method (n = 5). Capillary: 60 cm (51.5 cm to the
detector) x 50 um LD. BGE: 2 M acetic acid, pH 2.2. Flush
before each run: BGE 1 bar, 5 min. Hydrodynamic injection: 30
mbar, 6 s. Hydrodynamic co-injection of 0.002% v/v DMF in
BGE: 30 mbar, 3 s. Temperature: 25°C. For the coating
procedure, see section 2.2.

C (g/L) C (mmol/L) p (103 5) constant
(um)
0.2 162 033+0.07  29.66+0.33
0.04 0.33 0204025  11.07+0.61
0.02 0.16 022026  7.73%0.60
0.01 0.08 015033  7.35+0.48

Figure 4 shows the effect of solute concentration on peak
shape, which becomes much less triangular as the
concentration decreases. The constant decreases with
decreasing concentration (see Table 3), which corresponds
to the theory of EMD and the equation that describes it
(Eq. 20), while the slope remains almost the same. The
average slope is even lower than those obtained with the
model proteins in the same conditions (1.3 x 10-3s to 3.6 x
103 s, see Table S2). This can be explained by the much
lower hydrodynamic radius, and therefore higher diffusion



coefficient, of small molecules compared to proteins (about
10 times #4). Indeed, in the assumption that the slope is
mostly due to electroosmotic inhomogeneity, Eq. 10 shows
that it is inversely proportional to the analyte diffusion
coefficient.
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Figure 4. Effect of EMD on H vs u curves and peak shape for
different concentrations of benzylhydroxylamine. Peak shapes
shown for analyses at -10kV and kept to scale. Plate heights
were calculated with the HVL method. Error bars are + one
standard deviation on 5 runs. The last point of the 0.2 g/L
series was not taken into account in the fit. D was determined
by Taylor dispersion analysis to be 7.94 x 1010 m2/s.
Experimental conditions as in Table 3.

For comparison, separations with a lower concentration of
proteins (0.01 g/L each) were also carried out, which
resulted in the same plate heights as for the usual
concentration (0.02 g/L each), proving that EMD is
negligible for model proteins (see Figure S9). Hence,
decreasing sample concentration helps to improve
separation efficiency when dealing with triangular peak
shapes.

Impact of ESI MS detection

In addition to extra-column and sample effects, it is
interesting to study the impact of the detector used with
the CE on plate height. Until now, all experiments were
conducted with UV detection, but MS is often used for
identification or even to obtain structural information of
electrophoretically separated proteins or proteoforms.

In the current study, experiments were conducted with
both UV and MS detections on the same capillary, to avoid
inter-capillary variations. The UV detector was placed 8.5
cm from the end of the capillary, while the MS detector was
at its end, a difference in effective length which has a
negligible impact on the contributions due to injection,
detection window, and capillary coiling (less than 0.1 um
difference in H for each). Figure 5 and Table 4 show the H
vs u plots and their slopes and constants obtained with
each detector.

The constants obtained from the MS detection are close to
the ones found for UV detection (0.3 to 1.8 times higher for
each protein, see Table 4), and they are similar to the

constants obtained by CE-UV (see Table S2). More notably,
the slopes resulting from the MS experiments are
consistently higher than ones from the UV (2.2 to 3.1
times) within the CE-UV-MS experiments. Furthermore,
the slopes of the H vs u plots of the CE-UV data are slightly
lower than the slopes of the UV data in the CE-UV-MS
experiments. Several effects might cause additional peak
broadening, including hydrodynamic effects,
inhomogeneous electrical field strengths, differences in
sampling rate, mixing with sheath liquid, protein
adsorption outside of the capillary as well as loss of coating
at the end of the capillary.
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Figure 5. Influence of detection type, UV (A) or MS (B), on the
H vs u representations for the separation of 5 model proteins
on a 5-layer PDADMAC/PSS SMIL coating. 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 for UV, 60 cm for
MS) x 50 pm LD. 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% v/v DMF in BGE: 30
mbar, 3 s. Temperature: 25°C. Applied voltages: -30 kV, -25
kV, -20 kV, -15 kV, -10 kV. For the coating procedure, see
section 2.2.

Differences in the performances of the CE-UV(-MS)
compared to CE-UV can be explained by an additional
hydrodynamic contribution in the CE-UV-MS experiments



due to the “open system” (no second vials), despite the
accurate leveling of the instrument height according to the
height level of the interface.

Differences between the UV and MS results within the CE-
UV-MS experiments can be due to inhomogeneous
electrical field strengths in the interface and the possible
adsorption of proteins onto the non-coated glass emitter.
Also, the sheath liquid might change the coating properties
at the end of the separation capillary. In addition, a (small)
dead volume in the glass emitter occurs, where the CE
effluent mixes with the sheath liquid #>. This dead volume
is minimized by etching the capillaries, penetrating them
deeply in the emitter 46, as well as using a proper high
voltage causing a relatively high flow rate 3.

Table 4. Influence of detection type on the slopes and
constants of the H vs u curves for the separation of 5 model
proteins on a (PDADMAC/PSS)2s SMIL coating. Error bars
for each protein are * one SD as determined by the
jackknife resampling method (n = 5). Errors bars the
average are * one SD of all the proteins. Experimental
conditions as in Figure 5.

p (10-35s) constant (um)
uv MS uv MS
CA 392+ 10.29 + 3.24+ 592 +
0.38 1.44 0.24 1.33
Myo 314 + 9.76 + 1.56 + 1.72 +
0.27 0.26 0.20 0.25
RNAse 246 * 6.24 = 201« 149
A 0.45 0.30 0.25 0.15
B-lac A 15.33 % 34.82 9.65 * 8.40 0.6
0.77 1.43 0.53
Lyz 333+ 7.36 £ 0.95 + 0.30+0.2
0.79 0.40 0.37
Average  5.64 % 13.69 + 348+ 3.56+
5.45 11.93 3.55 3.44

Other sources of error including a possible temperature
gradient in the CE-MS system and differences in data
acquisition rates #’7. A study by Zhong et al. simulated mass
transport in a micro flow-through vial of a junction-at-the-
top CE-MS interface, where the CE effluent is transferred
into the MS without dilution or loss of sensitivity, and
determined that peak variance increased from 15% to
62% when detected with MS compared to UV #7. Therefore,
the results obtained in this study seem reasonable and
provide interesting insight into the differences in
separation efficiency between UV and MS detection. Since
the slopes resulting from CE-MS experiments are higher
than those from CE-UV, it is more interesting to perform
separations at lower electric field strength when using CE-
MS.

Conclusion

This work presents a quantitative analysis of the sources of
peak dispersion in CE and CE-MS of proteins on SMIL
coatings based on a systematic plot of H vs u curves. As
expected, contributions linked to the injection and
detection window were seen to decrease with the capillary
effective length, while the effect of capillary coiling was
negligible. Electromigration dispersion was also negligible
for proteins, but led to band broadening in the case of
small molecules, where triangular peaks were observed.
The slope of the H vs u curve, which was shown to be due
to electroosmotic inhomogeneity, decreases when the
effective length increases, suggesting an irregular
distribution of coating defects. Interestingly, we
demonstrated in this work that sample heterogeneity did
not significantly influence peak broadening for model
proteins, unlike the USP mAb for which it was the main
contribution to plate height. To our knowledge, this is the
first time that the contribution of sample polydispersity
can be clearly quantified and deciphered from other
sources of peak broadening. Also for the first time, a
thorough investigation of separation performance
resulting from UV or MS detection was conducted, showing
slightly lower separation performance with the MS
detection compared to the UV (higher slopes p), which can
be explained by differences in experimental setup. This
new information on peak dispersion inherent to MS
detection may give some leads as to how its performance
could be improved in the future. On the whole, the 5-layer
PDADMAC/PSS SMIL on an 80 cm long capillary led to up
to 941 000 plates/m with high repeatability (%RSD(tm) <
0.29), which is not so far from the maximum value
predicted in the case of an ideal separation controlled only
by axial diffusion (1.65 million plates/m with D = 7.4 x 10-
11 m2s1), In these optimized conditions, the SMIL coatings
could be used for the analysis of a mAb. However, it should
be kept in mind that mAbs cannot be used to optimize
coating conditions using the H vs u curves because their
heterogeneity impacts the constant term, and that
evaluating coating performance requires model proteins
with low heterogeneity.
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