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Although, in general, the application of coated capillaries is recommended for the separation of intact
proteins, bare silica capillary is still the most often used capillary due to its simplicity and cheapness.
In this work, the performance of bare fused silica capillary for intact protein analysis was compared to
that of different (dynamically coated polybrene (PB) and permanently coated linear polyacrylamide (LPA))
coated capillaries using capillary zone electrophoresis - mass spectrometry (CZE-MS). In cases where low
pH (pH=1.8) was used in bare silica capillaries, good precision (0.56-0.78 RSD% and 1.7-6.5 RSD% for mi-
gration times and peak areas, respectively), minimal adsorption and separation efficiency (N= 27 000/m -
322 000/m) similar to or even better than those obtained with the coated capillaries (created by an intri-
cate multi-step process) was achieved. The PB and the LPA capillaries demonstrated their slightly better
resolving power in terms of separating the different forms/variants of the same protein (e.g., hemoglobin
subunits). Among the studied capillaries the one with LPA coating showed the most stable separations
in the long term (n=25: 0.18-0.49 RSD% and 3.1-4.9 RSD% for migration times and peak areas, respec-
tively). For the separation of a few proteins or even a larger number of proteins in biological samples
(e.g., snake venom) the application of the simple and cheap bare fused silica capillary can be considered
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as an efficient choice.
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1. Introduction

Proteins and protein complexes perform vital roles in the cells,
from transportation of metabolites and assisting biochemical re-
actions to regulating gene expression and ensuring structural sta-
bility. For understanding the function and structure of proteins,
their efficient analysis is essential, which requires the combination
of high-resolution separation methods and high-performance mass
spectrometry detection [1-3].

In most proteomics studies the bottom-up approach is em-
ployed, where the proteins of interest are digested into peptides
prior to their MS determination. However, the advantages associ-
ated with the high-throughput performance and considerably eas-
ier execution of this approach can fail in providing significant in-
formation on post-translational modification (PTM) forms and the
structure of the assemblies following proteolysis [4]. In contrast,
top-down mass spectrometry (TDMS) can provide better insights
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into the proteoform variability and complexity since proteins are
introduced into the MS system in their intact form without any
chemical or enzymatic digestion or treatment [5-9].

The most common analytical method for intact protein analy-
sis is liquid chromatography (LC) including reversed-phase liquid
chromatography (RPLC), hydrophobic interaction LC and ion ex-
change (IEX) chromatography [10]. Besides chromatography, elec-
trophoretic techniques have received much attention for intact pro-
tein analysis. SDS polyacrylamide gel electrophoresis (SDS-PAGE)
[10] is widely used for the separation of proteins, under denaturing
conditions. Capillary electrophoresis (CE) has an increasing popu-
larity in the separation science of intact macromolecules. Several
appealing aspects of CE over traditional slab gel methods are the
faster analysis, high separation efficiency, low consumption of sam-
ples and the possibility for on-line detection [1,11]. Even though
several CE modes (CZE, CIEF, CGE) can be employed for protein
analysis, only CZE [6,12-16] offers the simple applicability with MS
compatible electrolytes. However, analyte adsorption in the sepa-
ration capillary remains a major concern [17-19], which may re-
sult in impaired separation efficiencies, fluctuating electroosmotic
flow (EOF) and deviations of migration times. Therefore, several
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techniques have emerged to minimize the analyte-wall interac-
tions (e.g., ionic or hydrophobic), including the use of “extreme”
pH background electrolytes (BGE) [20] and additives [20-22] or the
modification/coating of the inner surface of the capillary [23-32].

The last 3 decades saw an immense increase in works reporting
about new capillary coatings for the separation of proteins [17-
19,23-24]. In addition, many reviews [6,9,17,19,30,31] discussed
and evaluated these results and applications. These works clearly
prefer the use of coated capillaries for intact protein separation
to prevent the adsorption effects and to obtain constant migration
times. However, a considerable part, 45% of the papers on CE-MS
(data obtained from Ref. [9], which reviewed 94 papers) used bare
fused silica capillaries and the most often applied dynamic and
static coatings were the PB (14%) including the three-layer SMIL
coating, as well [33] and the LPA (9%). In several papers the com-
parison of the different capillaries was made in an “unfair” way.
These studies typically employed the same separation conditions
(which was ideal only for the coated capillary) for both coated
and uncoated capillaries — neglecting the fact that the parame-
ters (mainly the pH) may not be ideal for the bare silica capillary
[22,25,26,31]. Indeed, the bare silica capillary is well applicable for
intact protein separation only in very low or very high pH condi-
tions [34].

The aim of the present study was to compare the separation ef-
ficiencies achievable with the two most often applied coated cap-
illaries and the bare fused silica capillary for intact protein anal-
ysis using the optimal conditions for each capillary. In this study
we applied BGEs and conditioning solutions which are compatible
with MS detection. For the comparison studies high protein con-
tent snake venom sample was used, as well.

2. Materials and methods
2.1. Chemicals and materials

Formic acid (FA), acetic acid, ammonia, ammonium
acetate  (NH4Ac), acetonitrile, isopropylalcohol (IPA), 3-
(trimethoxysilyl)propyl methacrylate, sodium hydroxide, hy-
drochloric acid, methanol were obtained from VWR (Radnor, PA,
USA). BGE additive hexadimethrine bromide (polybrene, PB), and
proteins such as lysozyme from chicken, human hemoglobin, myo-
globin from equine skeletal muscle, human serum albumin (HSA),
human thyroglobulin lyophilized powders of analytical grade were
from Sigma Aldrich (St. Louis, MO, USA). Human insulin solution
(Humulin R) with the 3.5 mg/mL concentration was purchased
from Lilly (France). The theoretical molecular masses and the
isoelectric points of the studied protein standards were provided
in the Table SM-2. Tris-HCl, N,N,N’,N’-tetramethylethylenediamine
(TEMED), ammonium persulfate (APS) and acrylamide were
obtained from Sigma. Dextran sulfate (DS) was obtained from
Merck Millipore (Darmstadt, Germany). Snake venom sample
(Naja melanoleuca, #304) was received from Dr. Vladimir Petrilla,
Department of Biology and Physiology, University of Veterinary
Medicine and Pharmacy, Kosice, Slovakia) Deionized water (Milli-
pore Synergy UV) was used for making the aqueous solutions.

BGE solutions were degassed for 5 minutes in an ultrasonic
bath. 0.45 pm pore size membrane filters were used to filter all
BGE solutions. The stock solutions were stored at +4°C. The rinsing
procedure of the bare silica capillary before its first use comprised
of flushing with 1 M NaOH for 20 min, deionized water for 5 min,
and finally with running buffer solution for 20 min. Polymerization
solution used for LPA capillary coating procedure contained 1 mL
degassed 4 % w/w acrylamide solution, 1 pL TEMED and 10 pL 10
% wiw APS solution.
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2.2. Instrumentation and operating conditions

A 7100 model CE instrument (Agilent, Waldbronn, Germany)
equipped with UV and MS (maXis II UHR ESI-QTOF MS instru-
ment, Bruker, Bremen, Germany) detectors were used to perform
the measurements. UV detection was conducted at 200 nm by on-
capillary photometric measurement. Samples were injected hydro-
dynamically (50 mbar, 2 s) at the anodic end. External pressure
(max. 7 bar) could be obtained from a nitrogen cylinder. Data ac-
quisition and processing was carried out by means of OpenLAB
CDS Chemstation (Agilent) software.

In terms of MS detection, electrospray was formed by CE-ESI
sprayer (G1607B) by Agilent which enabled online coupling with
the CE instrument. A 1260 Infinity II isocratic pump (Agilent) pro-
vided the transfer of the sheath liquid. The measurements were su-
pervised with the help of otofControl software version 4.1 (build:
3.5, Bruker) and acquired data was processed by Compass Data-
Analysis version 4.4 (build: 200.55.2969). 6 Hz spectra rate was
used.

Sheath liquid solution was transported at a flow rate of 7
pL/min and contained IPA:water = 1:1 + 0.1 % v/v FA. MS oper-
ating parameters were: nebulization pressure: 0.5 bar, temperature
of dry gas: 220°C at 8.0 L/min flow rate, capillary voltage: 4500 V,
end plate offset: -500 V. MS scans were over the 500-2400 m/z
range for protein samples. ESI-MS Tuning mix solution (Agilent)
was used for internal calibration.

Unless otherwise stated, the length of fused silica capillaries (50
pm LD. and 370 pm O.D. (effective length (Leg): 57 cm for UV)
(Polymicro, Phoenix, AZ, USA)) were 65 cm and 85 cm for anal-
yses with UV and MS detecion, respectively. For analyses with un-
coated capillaries 1 M FA (pH=1.8), 50 mM NH4Ac (pH= 6.8 and
pH= 9.6) and 100 mM NH40H (pH=10.8) were used as BGE; 50
mM FA (pH=2.6), and 1 M acetic acid (pH=2.5) were used for the
LPA and PB coated capillaries, respectively. Postconditioning proce-
dures for the different capillaries are described later. For the sepa-
rations in polybrene coated capillaries reversed polarity of the sep-
aration voltage had to be applied (-30 kV). The current during the
electrophoresis with MS detection was not higher than 20 uA.

2.3. Capillary coating

PB dynamic coating procedure was applied as reported else-
where [32]. Following the deprotonation of silanol groups by using
1 M NaOH for 20 min (1 bar), the fused silica capillary was flushed
with water, 10% w/v PB solution and 1 M acetic acid (pH = 2.5) for
20 min, 30 min and 40 min, respectively applying a pressure of 1
bar. After each run the coating was regenerated with the PB solu-
tion and BGE for 5 min each. For coating/regeneration procedure
the CE capillary was displaced from the ESI chamber. During the
CE run the bleeding of polybrene was minimal and did not cause
suppression of ionization or considerable background signals (as
reported by others [21]). The three-layer (PB-DS-PB, SMIL: succes-
sive multiple ionic-polymer layer) coating was prepared according
to ref. [33].

The preparation of the LPA static coating was based on the de-
scription by Hjertén [25,35]. A new capillary was flushed with ace-
tone (3 min, 6 bar), 1 M NaOH (60°C, 30 min, 5 bar), deionized
water (1 min, 6 bar), 1 M HCl (30 min, 5 bar) and again deionized
water (1 min, 6 bar). Then capillary was dried using nitrogen flow
(30 min, 6 bar and 60 min, 2 bar). Afterwards, the capillary was
filled with the silane mixture (25°C, 5 min, 3 bar) which contained
3-(trimethoxysilyl)propyl methacrylate (Sigma) and acetonitrile at
1:1 ratio, and kept immersed in the reagent overnight. The follow-
ing day, unbound silane was removed by acetone (1 min, 2 bar),
then the capillary was dried with nitrogen flow (60 min, 2 bar),
and finally flushed with LPA polymerization solution and kept at
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Fig. 1. Peaks of human insulin (a) and human serum albumin (b) obtained with capillary electrophoresis at different pH values (the peaks are shown as sections of the
electropherograms). Conditions: capillary: 31 cm x 50 um id., separation voltage: 20 kV, injection: 50 mbar x 2 s, sample matrix: deionized water, BGE: 1 M FA (pH 1.8), 50
mM NH4Ac (pH 6.8 and 9.6), 100 mM NH4OH (pH 10.8), postconditioning: wash with 1 M NaOH (5 min, 1 bar), water (2 min, 1 bar) and BGE (5 min, 1 bar), UV detection

at 200 nm. The concentration of human insulin and HSA was 0.5 mg/mL

50°C for 60 min and then at room temperature overnight. The next
day, the capillary was rinsed with deionized water to eliminate the
excess of polymer solution. For storage, the coated capillary was
filled with deionized water, and the capillary ends were kept im-
mersed in deionized water. The preconditioning for each run in-
volved a flushing step with running buffer for 5 min (1 bar). No
organic solvent or solutions with pH>8 and pH<2 were allowed to
be used.

3. Results and discussions
3.1. Separation in bare fused silica capillary

In order to find suitable conditions for the separation of intact
proteins in a bare silica capillary, five different proteins were anal-
ysed using BGEs with ,extreme” pH values (pH=1.8 and 10.8) and
pH more commonly used for CE separations (pH= 6.8 and 9.6). At
very low pH the silanol groups are completely protonated leading
to a neutral charge of the silica surface, while the proteins (far
below their pl) possess a large net positive charge. On the other
hand, the very high pH of the BGE results in the complete depro-
tonation of the silanol groups, and thus a negatively charged cap-
illary surface, but also the proteins have a big net negative charge.
No electrostatic or hydrophobic interactions can occur between the
proteins and the channel wall in either case, hence minimal ad-
sorption and narrow peak shape was expected. Indeed, the nar-
rowest peak was obtained in the case of BGE of pH=1.8 for insulin
and HSA (Fig. 1), while in "moderate” pH range, wider and there-
fore shorter and tailed peaks were attained as a result of electro-
static interactions. The strength of these adsorption effects largely
depends on the pl (5.35 and 4.7 for insulin and albumin, respec-
tively) and the structure of the protein. However, the very low or
very high pH electrolytes may cause the denaturation and precipi-
tation of proteins. The electrophoretic migration of the protein pre-
cipitated in the capillary leads to a non-symmetrical progression of
the sample zone, resulting in smaller and strongly distorted peak
shapes. The precipitation of the protein can be the reason for the
non-symmetrical and small signal obtained in the case of BGE of
pH=10.8. Fig. 1. shows that a good separation efficiency for both
smaller (insulin, M;: 5.7 kDa) and larger (HSA, M;: 66 kDa) pro-
teins can be achieved only in low pH medium. (For instance the
theoretical plate numbers are at least 10 times smaller above pH

3 in the case of insulin.) Ref. 20 demonstrated the bare fused sil-
ica measurements of proteins employing several acidic buffer so-
lutions, with different concentrations. It has been mentioned that
the superior efficiency and resolution was provided by formic acid
at 1 M concentration (pH=1.8) compared to phosphate, acetic and
propionic acids [20]. At pH=1.8 the peak shape of HSA is not only
narrow but symmetrical, while insulin shows larger peak distor-
tion. This right-angled triangle shape is reminiscent of electrodis-
persion phenomenon, which is a usual consequence of the large
difference in mobilities between the analyte and the electrolyte
ion. Electrodispersion is well-known for small analytes [34] but
not described for proteins. As a fact, at very low pH insulin (be-
ing a very small protein) possesses a considerably large charge-to-
size ratio. Nevertheless, both electrodispersion and overloading ef-
fects can be largely suppressed by analysing diluted samples. Using
BGEs with "moderate” pH (close to the pl values of the proteins),
a part of the protein is adsorbed to the surface modifying the cap-
illary surface, which can alter the EOF and can enforce the adsorp-
tion of components from the subsequently injected samples.

One might think that the larger the protein, the stronger the
adsorptive forces (the larger protein includes more groups capa-
ble of making more interactions); however, quite narrow peaks can
be obtained even for huge proteins (e.g., thyroglobulin, M;: 880
kDa, Fig. SM-1 and Fig. SM-4). At pH=1.8 the peak shapes of small
molecules and larger proteins are very similar after a short separa-
tion length and those are widened with the increase of the separa-
tion length to a similar extent (Fig. SM-4). Although the adsorption
seems minimal at pH=1.8, the complete renewing of the capillary
surface after each electrophoretic run is advised. The comparison
of the results obtained with and without postconditioning exposed
the substantial need for washing the capillary with strong base (1
M NaOH or 1 M NH4OH) and/or strong acid (1 M HCI or FA). The
precision (n=20, thyroglobulin) for migration times were 5.3 RSD%
and 0.8 RSD%; for peak areas were 6.3 RSD% and 2.7 RSD% with no
postconditioning and with postconditioning, respectively. For the
separation of several intact proteins a capillary-postconditioning
protocol including a successive wash with NaOH/NH4OH (5 min),
water (2 min) and BGE (5 min) is suggested. When using a BGE
with moderate pH for the separation of proteins, a considerable
shift in migration times and broadening of the peaks could not
be avoided even when the proposed postconditioning was applied
(Fig. SM-2 and Fig. SM-3). In the case of such BGEs, often the
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Fig. 2. The separation of 5 proteins in bare fused silica capillary. The repeated separations were represented by the 15t, 4™ 7t and 10™ runs. Conditions: capillary: 65 cm
x 50 pm id., BGE: 1 M FA (pH 1.8), postconditioning: wash with 1 M NaOH (12 min, 1 bar), acetone (6 min, 1 bar) and BGE (20 min, 1 bar). Sample: 0.5 mg/mL lysozyme
(lys), human serum albumin (hsa), insulin (ins) and 1 mg/mL hemoglobin (hem), myoglobin (myo). The other parameters were the same as stated in Fig. 1.

Table 1

Precision data (RSD¥% of migration times and peak areas) obtained in different capillaries. The analysis conditions were the same as

stated in Fig. 2.

bare fused silica

dynamic coating (PB)

static coating (LPA)

Protein RSD% (t)  RSD%(area) N (/m) RSD% (t)  RSD%(area) N (/m) RSD% (t) RSD%(area) N (/m)
lysozym 0.56 2.76 177090 0.59 4,52 44205 0.18 3.16 84062

HSA 0.54 3.44 47706 0.69 345 5381 0.20 3.38 17047

myoglobin 0.64 1.66 321771 0.62 2.36 39006 0.31 3.96 75232

hemoglobin  0.70 6.54 193451  0.75 12.7 36387 043 433 117988
insulin 0.78 291 26676 0.69 5.54 18971 0.49 4.86 7127

proteins might completely adsorb and their peaks can not be ob-
served in the electropherogram. The dependence of the adsorption
effects on the pH of the BGE and pl of the proteins are straight-
forward [6,17,19]. Performing the separation in a BGE of pH=6.8 or
pH=9.6 the net charge of lysozyme is positive (pI=11.35), suggest-
ing a strong electrostatic attraction to the negatively charged silica
surface, which resulted in lysozyme disappearing from the electro-
pherogram (Fig. SM-2 and Fig. SM-3).

With the application of a low pH BGE (1 M FA) and the post-
conditioning procedure described above, efficient and well repro-
ducible separations of a mixture of proteins could be achieved
even in a bare silica capillary (Fig. 2). For 5 proteins including
lysozyme, human serum albumin, myoglobin, hemoglobin and in-
sulin, the precision data were better than 1 RSD% and 4 RSD% (ex-
cept hemoglobin) for the migration times and peak areas, respec-
tively (Table 1). It should be noted that the migration times of the
first run of the repetitions often remarkably differs from the sub-
sequent runs, therefore the first run of each day should be consid-
ered a kind of preconditioning/pretreating step (the first run was
not included to the calculation of RSD%). (The monotonous de-
crease of peak areas of hemoglobin was probably caused by the
change of this protein in the sample solution and not its adsorp-
tion.)

The plate numbers were in a wide range from 27 000/m to
322 000/m (Table 1). Insulin has the broadest peak. However,
when insulin was largely diluted (0.027 mg/mL), efficiency could
be increased to 243 000/m as the peak distorsion was suppressed.
Stutz et al [20] reported up to 165 000/m for carbonic anhydrase

(the plate numbers for other proteins of the sample were much
smaller) with 1 M formic acid.

Switching from UV to MS detection two differences could be
expected: (1) the variability of detection response factors (sensi-
tivity) for the components and (2) the on-capillary detection (UV)
provides slightly better resolution compared to off-capillary detec-
tion (MS). While all studied proteins have similar UV spectrum,
these proteins form different numbers of charge forms (and sev-
eral adducts, as well) in ESI leading to different detection sensi-
tivities (Fig. 3). For instance, albumin is present in ~ 45 differ-
ent charge forms (these different forms and their adducts cannot
be distinguished within the charge envelope), but lysozyme shows
only 4 different charged forms. The larger the number of charged
forms, the smaller the overall signal intensity for that particular
electrophoretic peak. The separation efficiency in the case of MS
detection is slightly (<5%) reduced due to the laminar flow gen-
erated by the small vacuum at the outlet of the CE capillary in
the ESI interface (“siphon effect”). This effect can be attenuated by
switching off the ESI nebulization pressure during sample injection
and the first few minutes (around 20 s before the first component
of interest reaches the end of capillary) of electrophoresis [36]. The
use of MS detection provides the possibility to identify the proteins
based on the exact mass of the molecule (Table SM-1).

Although in CE the use of time reference marker(s) is often in-
evitable in order to obtain acceptable RSD% for migration times,
in the case of bare fused silica capillary this kind of normaliza-
tion was not necessary for the BGE with pH=1.8 (0.56-0.78 RSD%
and 1.7-6.5 RSD% for migration times and peak areas, respectively).
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Fig. 3. CZE-MS analysis of a protein mixture. Base peak electropherogram (a) and mass spectra of separated proteins (b) Conditions: nebulization ESI pressure: 0.5 bar, dry
gas temp.: 220°C, spectra rate: 1.5 Hz, m/z range: 500-2400. The other parameters were the same as stated in Fig. 2.

When the separation was conducted at a higher pH then two time
reference markers should be applied to achieve proper precision
for migration times, but these markers can not help in achieving
better than 6 RSD% for peak areas (Fig. SM-2 and Fig. SM-3).

3.2. Separation in coated capillaries

In our work, the dynamically (PB) and permanently (LPA)
coated capillaries most often applied for CE-MS were studied. The
separation conditions (including MS-compatible BGE and condi-
tioning solutions) for intact proteins were optimized.

The positively charged PB lends a charge to the capillary wall
which does not depend on the pH of the BGE thus the anodic EOF
remains constant. Since the capillary surface is positively charged
it is worth using low pH for the separation of cationic proteins. For
PB coating, 1 M acetic acid (pH=2.5) was optimal in good agree-
ment with others [22,32]. In the electropherogram (Fig. 4.b) the
proteins appear after the EOF (reversed polarity separation voltage
is applied) and in a migration order that is just the opposite of
that found with the bare fused silica capillary. The analysis time
with PB is longer because the components migrated against the
EOF. The larger migration times caused wider peaks, and the sep-
arations were similar to or worse than those obtained with non-
coated capillary at pH=1.8. For instance, the resolution values be-

tween hemoglobin and myoglobin were 4.12 and 3.21 in bare fused
silica and PB coated capillary, respectively. In some cases even the
different variants of the given protein were revealed. For instance,
the different subunits («a, fa, fa’, Mr: 15 125, 15 867, 15 881, re-
spectively) and an unknown variant of hemoglobin were separated
(Fig. 5.). The separation of the wa and Sa was also reported by oth-
ers in PB coated capillary [20]. Although the achievable separation
efficiency is slightly lower with MS detection (N= 30 000/m) com-
pared to the on-capillary UV detection (N=36 000/m), the same
number of variants of hemoglobin could be separated with both
detection methods, but the identification of the different forms
could only be carried out with MS (Fig. SM-5). Very recently inten-
sive efforts have been made to further improve the SMIL technique
and its different versions. With proper modulation of the electroos-
motic mobility using polyelectrolyte multilayer coatings very im-
pressive separation efficiencies can be expected for proteins [37].
Not only three but five or even more layer coatings are suggested
for the separation of basic proteins in acidic conditions [29]. Our
work was limited to studying the one layer PB and three layer
SMIL.

The separation of proteins in LPA as a neutral, covalently coated
capillary proved to be a succesful strategy [25-31]. The advantages
of LPA are that there is no need for the regeneration of the coat-
ing, negligible adsorptive interactions with proteins were observed
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Fig. 5. CZE-MS analyses of hemoglobin in bare fused silica (a), polybrene coated (b) and LPA coated (c) capillaries. The mass spectra of the components separated in
polybrene coated capillary (b) were shown. Sample: 5 mg/mL hemoglobin. The CZE conditions were same as in Fig. 4 and MS parameters were identical as in Fig. 3.

and the coating can be made in a laboratory of average infrastruc-
ture. A notable drawback of LPA is the limited variety of accept-
able solvents: it must not be used with electrolytes with pH<2 and
pH>8 or with a liquid including organic solvent. EOF is not gener-
ated in the neutral LPA capillary, therefore at pH=2.5 similar mi-
gration times should be obtained with LPA and bare silica capillary
(in the latter capillary very low EOF is expected at this acidic pH).
However, in the case of bare fused silica capillary, due to the pro-
gressive adsorption of cationic components onto the capillary wall,
a gradually increasing, counter directed EOF developed (Fig. 4.a.

and c., and also Fig. SM-6.a.-g.). For long-term precision (n=25)
good precision data (0.18-0.49 RSD% and 3.2-4.9 RSD% for migra-
tion times and peak areas, respectively) were obtained in LPA cap-
illary (Table 1.) even if only the BGE is used for postconditioning.
The repetition studies for LPA coated capillaries were performed
in a coated capillary which was used for more than 100 separa-
tions of proteins. This fact demonstrates the reliability and effi-
ciency of the LPA capillaries. The PB coating offers slightly worse
repeatibility (0.59-0.75 RSD% and 2.4-13 RSD% for migration times
and peak areas, respectively), although no considerable adsorption
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Fig. 6. The comparison of cobra venom analyses in different capillaries: a: bare fused silica, BGE: 1 M formic acid; b: polybrene coated, BGE: 1 M acetic acid; c: LPA coated
capillaries, BGE: 0.05 M formic acid. Sample: cobra snake venom (#304, 10x diluted). The CZE conditions were same as in Fig. 4. and MS parameters were identical as in

Fig. 3. The detailed mass list of the peaks is shown in Fig. SM-11.

of proteins or peak broadening could be observed (Fig. SM-6.h.-
j.) The smaller shift of migration times can be effectively compen-
sated by the use of internal time reference marker(s) or formation
of a triple layer coating (SMIL) [33]. The SMIL technique improved
the precisions of the migration times considerably and the peak
areas slightly (Table SM-3, Fig. SM-7).

With LPA capillary (similarly as with PB modified capillary) an
enhanced separation efficiency compared to those obtained with
bare fused silica capillary can be represented by resolving the dif-
ferent hemoglobin subunits and variants (Fig. 5). In the case of
hemoglobin variants the PB coating yielded better separation be-
tween the o, and B;’ than LPA coating.

Based on the obtained efficiency data (Table 1) we concluded
that the separation efficiencies in the different capillaries could
be in a relatively similar range for a given protein (e.g., 7 000/m
- 27 000/m for insulin), but those can be also very different for

other proteins (e.g., 39 000/m - 322 000/m for myoglobin). The
highest plate numbers were obtained in the bare fused silica cap-
illaries. However, the best resolutions for the different forms of
a protein (e.g., hemoglobin variants) were obtained in PB or LPA
coated capillary. For understandig this result further investigations
are needed.

For the optimization of the separation, the proper capillary
length which ensures both good separation efficiency and connec-
tivity of CE with MS (minimum 65 cm but typically 85-100 cm)
should be considered. For UV detection the capillary length is min-
imum 30 cm or it can be 8 cm with short-end injection. Increasing
the capillary length generally improves the resolution of the sepa-
ration but prolongs the analysis time (Fig. SM-8.-10.). The best res-
olution between the several subunits of albumin, myoglobin and
hemoglobin was obtained with 85 cm LPA capillary (Fig. SM-10.).
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3.3. Comparison of the separations of proteins in venom sample
using different capillaries

Snake venom is a natural product with an extremely high and
diverse protein content [38]. Fig. 6 shows the CE-MS measure-
ments of a cobra venom using all three studied capillaries. All
three capillaries were suitable for the separation of several pro-
teins and other components. The bare fused silica capillary and
LPA coated capillary enabled the separation of 32 components (29
and 31 proteins with non-coated and LPA coated capillaries, re-
spectively); and even more, 52 components (38 proteins) could
be separated using PB coated capillaries (the detailed mass list
of the peaks is shown in Fig. SM-11.). The larger peak capacity
achieved with PB coating can be explained with the larger time
window and/or the better resolving performance for smaller (not
proteins/peptides) molecules.

While ESI-MS is relatively sensitive for peptides and smaller
proteins (<25 kDa), poor detection sensitivities might be obtained
for larger proteins that present a wide range of charge state dis-
tibution (to which adduct formation also contributes). This is the
reason why although venom includes a lot of larger proteins (e.g.,
snake venom metalloproteinases (SVMPs) range from 20 to 100
kDa), those can not be detected with MS. With UV detection these
large proteins are detectable but not identifiable (Fig. SM-12). (The
number of the separated components were similar for UV and MS
detection since, on the one hand, MS could sense the ionisable
components only in the 600-2500 m/z range, excluding the large
proteins; on the other hand, even though UV could detect even
the large proteins, it obviously failed to detect smaller components
lacking a chromophore group.)

4. Conclusion

In this study, we compared the applicability and analytical per-
formance of bare fused silica, dynamically coated (PB) and perma-
nently coated (LPA) capillaries for the separation of intact proteins.
For these studies five proteins (with quite different sizes and iso-
electric points) and for some experiments a very large protein —
thyroglobulin - were used.

Although, in general, the utilization of coated capillaries is ad-
vised for the separation of proteins, the use of bare silica capillary
is still dominant due to its simplicity and low-cost. In this work we
demonstrated that when the separation of proteins is performed in
bare fused silica capillary at a very low pH (pH=1.8), minimal ad-
sorption of components, good precision and separation efficiency
similar to or even better than those obtained with the coated cap-
illaries (created by an intricate multi-step process) were achieved.
The bare fused silica capillary provided good separation efficiency
and precision only at this low pH, the use of BGE with pH>2.5
demonstrated stronger adsorption and poorer precision. Therefore
there is no need to optimize the pH for the separation of proteins,
only the 0.5-1 M FA could be recommended as BGE. This low pH
BGE could be well applied for the separation of a large number
of proteins. Although the short term precision obtained with bare
fused silica capillary was good and similar to those of the coated
capillaries, we found that the separation performance deteriorates
if the capillary was not used for a few days (dried out). When a
remarkable decrease of the separation efficiency (shifted migration
times) is observed, the capillary should be replaced (regeneration
of the capillary utilizing extended washing periods with concen-
trated NaOH, H,0, or Piranha solution or etching with HF/NH4HF,
did not help). The disposal of a capillary even after a few-day use
might be affordable, since a 100 m length of bare fused silica cap-
illary is cheaper than a HPLC column or a commercially available
coated CE capillary. It was demonstrated that the proper postcon-
ditioning of the capillary after the separations is important, espe-
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cially for bare fused silica capillaries. Comparing different postcon-
ditioning procedures, flushing the bare silica capillary with strong
base and/or strong acid is highly advised. Although it was showed
that the BGE with low pH is favourable for the separation of pro-
teins, peptides and small proteins might be efficiently separated
at basic conditions (pH>9), as well (in our recent work even the
deamidation forms of insulin having an identical molecular mass
of 5.5 kDa and net charge could be separated in a bare fused silica
capillary [39]).

We found that the most common coated capillaries (PB, LPA)
provided relatively similar efficiencies and precision to those of
bare silica capillaries. In several papers the superior performance
of the proposed coatings were demonstrated based on the com-
parisons of separations carried out using the conditions optimal for
the coated capillary only, disregarding the low pH demand of the
bare silica capillary.

The PB and the LPA capillaries demonstrated their excellent
separation power where high separation efficiency was needed,
for instance, in the case of the separation of the different
forms/variants of the same protein (e.g., hemoglobin subunits).
Among the studied capillaries, the LPA coated capillary showed the
most stable separations in the long term. But for the separation of
a few proteins (5-protein mixture) or even a larger number of pro-
teins in a biological sample (snake venom) the application of the
simple and cheap bare fused silica capillary should not be consid-
ered as an inefficient choice.

Credit author statement

Narmin Hamidli: methodology, experimental work, investiga-
tion, data evaluation, writing

Melinda Andrasi: experimental work, data evaluation

Cynthia Nagy: writing, experimental work

Attila Gaspar: conceptualization, methology, supervision, data
evaluation, writing

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

We thank Dr. Péter Hajdd (University of Debrecen, Department
of Biophysics and Cell Biology, Hungary) for his advices on snake
venom analysis. The research was supported by the EU and co-
financed by the European Regional Development Fund under the
project GINOP-2.3.2-15-2016-00008, GINOP-2.3.3-15-2016-00004.
The authors also acknowledge the financial support provided for
this project by the National Research, Development and Innovation
Office, Hungary (K127931), Stipendium Hungaricum (#242771) and
the New National Excellence Program of the Ministry for Innova-
tion and Technology (UNKP-20-3-I).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.chroma.2021.462448.

References

[1] O.S. Skinner, N.A. Haverland, L. Fornelli, R.D. Melani, L.H.F. Do Vale, Top-down
characterization of endogenous protein complexes with native proteomics, Nat.
Chem. Biol. 14 (2018) 36-43, doi:10.1038/nchembio.2515.


https://doi.org/10.1016/j.chroma.2021.462448
https://doi.org/10.1038/nchembio.2515

N. Hamidli, M. Andrasi, C. Nagy et al.

[2] J.P. Williams, LJ. Morrison, .M. Brown, ].S. Beckman, V.G. Voinov, F. Lermyte,

Top-down characterization of denatured proteins and native protein com-

plexes using electron capture dissociation implemented within a modified ion

mobility-mass spectrometer, Anal. Chem. 92 (2020) 3674-3681, doi:10.1021/
acs.analchem.9b04763.

I. Miksik, Coupling of CE-MS for protein and peptide analysis, J. Sep. Sci. 42

(2019) 385-397, doi:10.1002/jssc.201800817.

TK. Toby, L. Fornelli, N.L. Kelleher, Progress in top-down proteomics and the

analysis of proteoforms, Annu. Rev. Anal. Chem. 9 (2016) 499-519, doi:10.1146/

annurev-anchem-071015-041550.

[5] A.D. Catherman, O.S. Skinner, N.L. Kelleher, Top Down proteomics: facts and
perspectives, Biochem. Biophys. Res. Com. 445 (2014) 683-693, doi:10.1016/j.
bbrc.2014.02.041.

[6] EP. Gomes, J.R. Yates, Recent trends of capillary electrophoresis-mass spec-
trometry in proteomics research, Mass Spec. Rev. 38 (2019) 445-460, doi:10.
1002/mas.21599.

[7] LM. Smith, N.L. Kelleher, The Consortium for Top Down Proteomics, Proteo-
form: a single term describing protein complexity, Nat. Methods. 10 (2013)
186-187, doi:10.1038/nmeth.2369.

[8] RHH. Heuvel, AJR. Heck, Native protein mass spectrometry: from intact
oligomers to functional machineries, Curr. Opin. Chem. Biol. 8 (2004) 519-526,
doi:10.1016/j.cbpa.2004.08.006.

[9] R. Haselberg, G.J. Jong, G.W. Somsen, Capillary electrophoresis-mass spectrom-
etry for the analysis of intact proteins, J. Chromatogr A. 1159 (2007) 81-109,
doi:10.1016/j.chroma.2007.05.048.

[10] A.L. Capriotti, C. Cavaliere, P. Foglia, R. Samperi, A. Lagana, Intact protein sep-
aration by chromatographic and/or electrophoretic techniques for top-down
proteomics, J. Chromotogr. A. 1218 (2011) 8760-8776, doi:10.1016/j.chroma.
2011.05.094.

[11] Y. Ladner, S. Mas, G. Coussot, ]J. Montels, C. Perrin, In-line tryptic digestion of
therapeutic molecules by capillary electrophoresis with temperature control,
Talanta 193 (2019) 146-151, doi:10.1016/j.talanta.2018.09.090.

[12] M.X. Li, L. Liu, J.T. Wu, D.M. Lubman, Use of a polybrene capillary coating in
capillary electrophoresis for rapid analysis of hemoglobin variants with on-line
detection via an ion trap storage/reflectron time-of-flight mass spectrometer,
Anal. Chem. 69 (1997) 2451-2456, doi:10.1021/ac970076m.

[13] A. Stolz, K. Jooss, O. Hoecker, J. Roemer, ]. Schlecht, C. Neusuess, Recent
advances in capillary electrophoresis-mass spectrometry: instrumentation,
methodology and applications, Electrophoresis 40 (2018) 79-112, doi:10.1002/
elps.201800331.

[14] D.R. Bush, L. Zang, A.M. Belov, A.R. Ivanov, B.L. Karger, High resolution CZE-MS
quantitative characterization of intact biopharmaceutical proteins: proteoforms
of interferon-f1, Anal. Chem. 88 (2015) 1138-1146, doi:10.1021/acs.analchem.
5b03218.

[15] E. Balaguer, C. Neusuess, Glycoprotein characterization combining intact pro-
tein and glycan analysis by capillary electrophoresis-electrospray ionization-
mass spectrometry, Anal. Chem. 78 (2006) 5384-5393, doi:10.1021/ac060376g.

[16] D.T.R. Stewart, M.D. Celiz, G. Vicente, L.A. Colon, D.S. Aga, Potential use of cap-
illary zone electrophoresis in size characterization of quantum dots for envi-
ronmental studies, Tr. Anal. Chem. 30 (2011) 113-122, doi:10.1016/j.trac.2010.
10.005.

[17] C. Huhn, R. Ramautar, M. Wuhrer, G.W. Somsen, Relevance and use of capillary
coatings in capillary electrophoresis-mass spectrometry, Anal. Bioanal. Chem.
396 (2010) 297-314, doi:10.1007/s00216-009-3193-y.

[18] C.A. Lucy, A.M. MacDonald, M.D. Gulcev, Non-covalent capillary coatings for
protein separations in capillary electrophoresis, ]J. Chromatogr. A. 1184 (2008)
80, doi:10.1016/j.chroma.2007.10.114.

[19] H. Stutz, Protein attachment onto silica surfaces - a survey of molecular funda-
mentals, resulting effects and novel preventive strategies in CE, Electrophoresis
30 (2009) 2032-2061, doi:10.1002/elps.200900015.

[20] H. Stutz, G. Bordin, A.R. Rogriguez, Capillary zone electrophoresis of metal-
binding proteins in formic acid with UV- and mass spectrometric detection
using cationic transient capillary isotachophoresis for preconcentration, Elec-
trophoresis 25 (2004) 1071-1089, doi:10.1002/elps.200305806.

[3

[4

Journal of Chromatography A 1654 (2021) 462448

[21] C. Simo, M. Herrero, C. Neusuess, M. Pelzing, E. Kenndler, C. Barbas,
E. Ibanez, A. Cifuentes, Characterization of proteins from spirulina platen-
sis microalga using capillary electrophoresis-ion trap-mass spectrometry and
capillary electrophoresis-time of flight-mass spectrometry, Electrophoresis 26
(2005) 2674-2683, doi:10.1002/elps.200500055.

[22] S. Garza, S. Chang, M. Moini, Simplifying capillary electrophoresis-mass spec-
trometry operation: Eliminating capillary derivatization by using self-coating
background electrolytes, J. Chromatogr. A. 1159 (2007) 14-21, doi:10.1016/j.
chroma.2007.02.038.

[23] R. Haselberg, G.J. Jong, G.W. Somsen, Capillary electrophoresis-mass spectrom-
etry of intact basic proteins using Polybrene-dextran sulfate-Polybrene-coated
capillaries: System optimization and performance, Anal. Chim. Acta. 678 (2010)
128-134, doi:10.1016/j.aca.2010.08.032.

[24] J.  Horvath, V. Dolnik, Polymer wall coatings for capil-
lary electrophoresis, Electrophoresis 22 (2001) 644-655
doi:10.1002/1522-2683(200102)22:4<644::AID-ELPS644>3.0.C0O;2-3.

[25] S. Hjerten, High-performance electrophoresis: Elimination of electroendosmo-
sis and solute adsorption, ] Chromatogr 347 (1985) 191-198, doi:10.1016/
S0021-9673(01)95485-8.

[26] ]. Bodnar, L. Hajba, A. Guttman, A fully automated linear polyacrylamide coat-
ing and regeneration method for capillary electrophoresis of proteins, Elec-
trophoresis 37 (2016) 3154-3159, doi:10.1002/elps.201600405.

[27] A.L. Gassner, S. Rudaz, ]. Schappler, Static coatings for the analysis of intact
monoclonal antibody drugs by capillary zone electrophoresis, Electrophoresis
34 (2013) 2718-2724, doi:10.1002/elps.201300070.

[28] L. Goodwin, J.R. Startin, B.J. Keely, D.M. Goodall, Analysis of glyphosate and
glufosinate by capillary electrophoresis- mass spectrometry utilising a sheath-
less microelectrospray interface, J. Chromatogr. A. 1004 (2003) 107-119, doi:10.
1016/s0021-9673(03)00572-7.

[29] L. Leclerq, C. Renard, M. Martin, H. Cottetet, Quantification of adsorption and
optimization of separation of proteins in Capillary Electrophoresis, Anal. Chem.
92 (2020) 10743-10750, doi:10.1021/acs.analchem.0c02012.

[30] L. Hajba, A. Guttman, Recent advances in column coatings for capillary elec-
trophoresis of proteins, Trends Anal. Chem. 90 (2017) 38-44, doi:10.1016/j.trac.
2017.02.013.

[31] S. Stepanova, V. Kasicka, Recent applications of capillary electromigration
methods to separation and analysis of proteins, Anal. Chim. Acta 933 (2016)
23-42, doi:10.1016/j.aca.2016.06.006.

[32] E. Balaguer, C. Neusuess, Intact Glycoform Characterization of Erythropoietin-
o and Erythropoietin-g by CZE-ESI-TOF-MS, Chromatogr. 64 (2006) 351-357,
doi:10.1365/s10337-006-0787-9.

[33] H. Katayama, Y. Ishihama, N. Asakawa, Stable capillary coating with successive
multiple ionic polymer layers, Anal. Chem. 70 (1998) 2254-2260, doi:10.1021/
ac9708755.

[34] Heinz Engelhardt, Wolfgang Beck, Thomas Schmitt, Capillary Electrophoresis,
Springer, Heidelberg, 1996 ISBN 978-3-642-85856-7.

[35] Y. Zhao, L. Sun, M.D. Knierman, N.J. Dovichi, Fast separation and analysis of
reduced monoclonal antibodies with capillary zone electrophoresis coupled to
mass spectrometry, Talanta 148 (2016) 529-533, doi:10.1016/j.talanta.2015.11.
020.

[36] A. Kecskeméti, C. Nagy, P. Bird, Zs. Szabé, 1. Pocsi, T. Bartok, A. Gaspar, Analysis
of fumonisin mycotoxins with capillary electrophoresis - mass spectrometry,
Food Add. Contam. 37 (2020) 1553-1563, doi:10.1080/19440049.2020.1778797.

[37] L Leclercq, M. Morvan, J. Koch, C. Neusiif, H. Cottet, Modulation of the elec-
troosmotic mobility using polyelectrolyte multilayer coatings for protein anal-
ysis by capillary electrophoresis, Anal. Chim. Acta 1057 (2019) 152-161, doi:10.
1016/j.aca.2019.01.008.

[38] A.T. Tu, Overview of Snake Venom Chemistry, Adv. Exp. Med. Biol. 391 (1996)
37-62, doi:10.1007/978-1-4613-0361-9_3.

[39] M. Andrasi, B. Pajaziti, B. Sipos, C. Nagy, N. Hamidli, A. Gaspar, Determina-
tion of deamidated isoforms of insulin using capillary electrophoresis, J. Chro-
matogr. A. 1626 (2020) 461344-461352, doi:10.1016/j.chroma.2020.461344.


https://doi.org/10.1021/acs.analchem.9b04763
https://doi.org/10.1002/jssc.201800817
https://doi.org/10.1146/annurev-anchem-071015-041550
https://doi.org/10.1016/j.bbrc.2014.02.041
https://doi.org/10.1002/mas.21599
https://doi.org/10.1038/nmeth.2369
https://doi.org/10.1016/j.cbpa.2004.08.006
https://doi.org/10.1016/j.chroma.2007.05.048
https://doi.org/10.1016/j.chroma.2011.05.094
https://doi.org/10.1016/j.talanta.2018.09.090
https://doi.org/10.1021/ac970076m
https://doi.org/10.1002/elps.201800331
https://doi.org/10.1021/acs.analchem.5b03218
https://doi.org/10.1021/ac060376g
https://doi.org/10.1016/j.trac.2010.10.005
https://doi.org/10.1007/s00216-009-3193-y
https://doi.org/10.1016/j.chroma.2007.10.114
https://doi.org/10.1002/elps.200900015
https://doi.org/10.1002/elps.200305806
https://doi.org/10.1002/elps.200500055
https://doi.org/10.1016/j.chroma.2007.02.038
https://doi.org/10.1016/j.aca.2010.08.032
http://refhub.elsevier.com/S0021-9673(21)00572-0/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00572-0/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00572-0/sbref0024
https://doi.org/10.1016/S0021-9673(01)95485-8
https://doi.org/10.1002/elps.201600405
https://doi.org/10.1002/elps.201300070
https://doi.org/10.1016/s0021-9673(03)00572-7
https://doi.org/10.1021/acs.analchem.0c02012
https://doi.org/10.1016/j.trac.2017.02.013
https://doi.org/10.1016/j.aca.2016.06.006
https://doi.org/10.1021/ac9708755
http://refhub.elsevier.com/S0021-9673(21)00572-0/sbref0034
http://refhub.elsevier.com/S0021-9673(21)00572-0/sbref0034
http://refhub.elsevier.com/S0021-9673(21)00572-0/sbref0034
http://refhub.elsevier.com/S0021-9673(21)00572-0/sbref0034
https://doi.org/10.1016/j.talanta.2015.11.020
https://doi.org/10.1080/19440049.2020.1778797
https://doi.org/10.1016/j.aca.2019.01.008
https://doi.org/10.1007/978-1-4613-0361-9_3
https://doi.org/10.1016/j.chroma.2020.461344

	Analysis of intact proteins with capillary zone electrophoresis coupled to mass spectromery using uncoated and coated capillaries
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and materials
	2.2 Instrumentation and operating conditions
	2.3 Capillary coating

	3 Results and discussions
	3.1 Separation in bare fused silica capillary
	3.2 Separation in coated capillaries
	3.3 Comparison of the separations of proteins in venom sample using different capillaries

	4 Conclusion
	Credit author statement
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


