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Identifying and characterizing charge heterogeneity is essential for the suc-
cessful development and production of biopharmaceuticals. Imaged capillary
isoelectric focusing technology based on isoelectric point differentiation has
been becoming the gold standard of quality and manufactory process control
in the biopharmaceutical industry due to its high-resolution characterization of
protein charge variants with high throughput. Fluorocarbon-coated capillaries
are widely used in the imaged capillary isoelectric focusing to suppress the
electroosmotic flow and minimize the protein adsorption onto the fused silica
capillary inner surface. Additionally, polymers such as methylcellulose are
usually added to the sample solution to serve as a dynamic capillary coating that
improves the peak shape and resolution during the imaged capillary isoelectric
focusing separation, especially for complex proteins. However, the addition of
methylcellulose tends to result in tedious operation, “spike peaks” from bubble
generation, and frequent capillary blockage during the imaged capillary iso-
electric focusing separation. In addition, methylcellulose is not compatible with
mass spectrometry and easily produces the contamination of mass spectrometry
ion source when carrying out imaged capillary isoelectric focusing—mass spec-
trometry direct coupling. Recently, a new imaged capillary isoelectric focusing
method was developed employing a methylcellulose-coated capillary cartridge,
to avoid the addition of methylcellulose which is then present throughout the
whole analysis. When applied to protein drug characterization the established
imaged capillary isoelectric focusing method demonstrated high repeatability,
stable coatings, outstanding separation efficiency, and excellent isoelectric point
differentiation. In addition, we compared imaged capillary isoelectric focusing
separation using the methylcellulose-coated capillary with that utilizing the
routinely coated capillary such as fluorocarbon, illustrating that methylcellulose

Article Related Abbreviations: AD, acrylamide; ADC, antibody-drug conjugate; FC, fluorocarbon; iCIEF, imaged capillary isoelectric focusing;
mAbs, monoclonal antibodies; MC, methylcellulose.
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coating provided consistent results and could be seamlessly integrated into an
existing drug discovery process. Finally, the methylcellulose-coated fused silica
capillary was applied to imaged capillary isoelectric focusing—mass spectrom-
etry for characterizing protein charge variants allowing reliable identification
of mass spectrometry after imaged capillary isoelectric focusing separation.
This can greatly simplify the operation steps and prevent the contamination
of mass spectrometry ion source that often results from using routinely coated
capillaries ultimately making this an essential innovation of imaged capillary
isoelectric focusing—mass spectrometry that greatly improves the imaged
capillary isoelectric focusing compatibility with mass spectrometry.

KEYWORDS
antibody, coated capillary, fluorocarbon, imaged capillary isoelectric focusing, mass spectrom-
etry

1 INTRODUCTION

Protein charge variants arise from a variety of mechanisms
including chemical degradation, post-translational modi-
fication, and production conditions during the manufac-
turing process [1–4]. These alterations can cause changes
in the pI of a protein which can affect the safety and
efficacy of a protein drug [5, 6]. Therefore, understand-
ing and characterizing the charge heterogeneity of protein
drugs is a critical step in the commercial and clinical
production of biotherapeutics. For this purpose, Imaged
capillary isoelectric focusing (iCIEF) technology based on
pI differentiation is becoming the gold standard across
the pharmaceutical industry [7, 8]. Recently, more com-
plex proteins including antibody-drug conjugates (ADCs),
bi-specific antibodies, and fusion proteins have attracted
great attention as potential therapeutic candidates [9–11].
This has required advancements in iCIEF technology to
maintain a highly repeatable, high-resolution strategy for
an optimal drug discovery workflow.
In fact, reproducible iCIEF separation of larger

biomolecules using bare fused silica capillaries is rare
due to protein adsorption [12]. Many proteins have large
localized regions of positive charge that are electrostat-
ically attracted to the negatively charged silanol groups
at the capillary inner surface. Additional adsorption
can be caused by hydrophobic and hydrogen bonding
interactions. In iCIEF separation, the electroosmotic flow
(EOF) generated by this adsorption along the capillary
can seriously impend the complete sorting of proteins
according to their pIs. Hence, coating technologies using
hydrophobic fluorocarbon (FC) or acrylamide (AD) chem-
ically linked to the capillary wall (static), have been widely
used to suppress EOF for more efficient iCIEF protein
separation [13–15]. Hydroxyethylcellulose and hydrox-

ypropylcellulose were also reported for both dynamic and
covalent coatings of the fused silica capillary in CIEF [16,
17]. In commercial iCIEF analysis, FC-coated capillaries
have been proven to be the most stable and popular option
for protein separation. Although such coated capillaries
can effectively decrease protein adsorption onto the fused
silica capillary’s inner surface, the residual negatively
charged silanol groups, which cannot be fully shielded by
FC coatings, tend to adsorb the proteins, resulting in low
separation efficiency and poor repeatability. Thus, neutral
polymers such as methylcellulose (MC) are usually added
to the protein sample solution containing proteins and
ampholytes to create a dynamic coating as shown in
Figure 1. This process further eliminates interactions
between proteins and capillary inner surface resulting
from potential regions of exposed silanol region after the
static coating by FC and preserves the repeatability and
efficiency of protein separation in iCIEF. Unfortunately,
the addition of MC tends to result in tedious operation,
“spike peaks” generation associated with high solution
viscosity, and even capillary blockage during the iCIEF
separation. The required pre-rinsing of the coated capillary
with MC solution also results in low analysis throughput.
Moreover, HRMS is currently the most powerful means of
qualitative protein analysis [18, 19], but MC is not compat-
ible with MS and easily produces the contamination of MS
ion source, which accordingly hinders the applications by
iCIEF-MS direct coupling.
In our work, an MC permanently coated capillary

based on bilayer polymerizations was developed for iCIEF
characterization of protein charge variants. This study
aims to simplify the operation steps in the iCIEF analysis
and prevent the contamination of the MS ion source
resulting from using routinely coated capillary requiring
pre-rinsing with MC solution before sample running. The
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F IGURE 1 Advantages of methylcellulose (MC) static coating in imaged capillary isoelectric focusing (iCIEF) as compared to MC
dynamic coating.

developed method effectively avoided the addition of MC
as a dynamic coating and was free from pre-conditioning
with MC solution before the iCIEF separation. Excellent
long-term stability of MC-coated capillary was achieved
and the iCIEF behaviors of diverse protein drugs includ-
ing monoclonal antibodies (mAbs), ADC, bi-specific
antibodies, and fusion proteins were compared with the
use of FC-coated and MC-coated capillaries to ensure the
methodological consistency. Finally, the MC-coated fused
silica capillary was applied to iCIEF-MS for characterizing
protein charge variants with reliable MS identification
after iCIEF separation. Ultimately, the methods based on
MC coatings, outlined herein, are robust, highly efficient,
and have high throughput for iCIEF quality control and
iCIEF-MS direct coupling.

2 MATERIALS ANDMETHODS

2.1 Chemicals

AESlyte carrier ampholytes and all pI markers were
obtained from Advanced Electrophoresis Solutions Ltd
(AES, Cambridge, Ontario, Canada). Pharmalytes car-
rier ampholytes were purchased from Cytiva Ltd. Mono-
clonal antibody NISTmAb was purchased from Millipore
Sigma (cat. no. NIST8671). Other protein drugs including
mAbs (avastin-bevacizumab), mAb-AT-1, ADC-AT-1, bi-
specific Ab-AT-1, and fusion protein-AT-1 employed in this
study were kindly donated from Thermo Fisher Scientific
(China). MS-grade ACN, formic acid, formamide, and MC
were purchased from Fisher Scientific (Hampton, NH).
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2.2 Solutions for iCIEF

For iCIEF-UV and iCIEF-MS, the sample solutions for
protein drugs employed in this study were listed in Table 1.

2.3 Imaged capillary isoelectric
focusing

CEInfinite iCIEF (Advanced Electrophoresis Solutions
Ltd, Cambridge, Canada) was employed in this study. By
utilizing bi-layer polymerization, MC-coated capillary car-
tridges developed are proprietary by AES as shown in
Figure 1 and the bridge coatings of FC as the first poly-
merization layer and following MC coatings. 100 μm id
MC-coated (AES, cat. no. CP00501) and 100 μm id FC-
coated (AES, cat. no. CP00201) capillaries are utilized for
iCIEF-UV analysis. 200 μm id MC-coated (AES, cat. no.
CP00503), 200 μm id AD coated capillaries (AES, cat.
no. CP00303), and micro-tee integrated (AES, cat. no.
CP00303M) were used for iCIEF-MS. All coated capillar-
ies had an od of 360 μm. All these WCID (Whole Column
Imaging Detection) cartridges have a 5 cm long separation
capillary, and a 50 μm id transfer capillary is assembled
for both iCIEF-MS. The 200 μm AD coated iCIEF-MS
capillary used for iCIEF-MS includes a quartz union
(works as a micro-tee), connecting the make-up solution
and transfer capillary to the ion source of MS. Both the
make-up solution capillary and transfer capillary have a
100 μm id.
As for iCIEF-UV analysis, the focus was 1 min at 1000 V,

1min at 2000 V, and 10min at 3000 V. As for iCIEF-MS, the
focus was 1 min at 1000 V, 1 min at 2000 V, and 10 min at
3000 V, and 3000 V during mobilization; the mobilization
speed was 50 or 100nL/min with water containing 0.1% v/v
formic acid, across the separation capillary, and 5 μl/min
make up solution (water:ACN= 1:1, v/v, containing 1% v/v
formic acid) added through a micro tee. Mobilization time
was 15 min.

2.4 High-resolution MS

A Thermo Q Exactive Plus mass spectrometer with a Bio-
pharma option equipped with an Ion Max ESI Ion Source
with a 34-gauge needle (ThermoFisher Scientific, Bremen,
Germany)was used formassmeasurement. The spray volt-
age: 3.6 kV, the sheath gas: 20 L/min, the auxiliary gas:
5 L/min, the S-lens RF: 70 eV, the capillary temp: 275◦C,
the resolution: 35 000@m/z 200, the scan range of precur-
sor ion: 2000–8000 m/z, and the maximum injection time:
200 ms.

TABLE 1 Composition of the sample solution for imaged
capillary isoelectric focusing (iCIEF) separation of various protein
drugs.

a) NISTmAb
Composition Concentration Volume (μl)
Urea 2 M 50.0
Pharmalyte 3-10 1% 2.0
Pharmalyte 8-10.5 3% 6.0
pI Marker 8.18 0.5% 1.0
pI Marker 9.77 0.5% 1.0
NISTmAb 0.4 mg/ml 8.0
Nano Pure Water / 132.0
b) Avastin-Bevacizumab
Component Concentration Volume (μl)
Urea 2 M 50.0
Pharmalyte 3-10 4% 8.0
pI Marker 6.14 0.5% 1.0
pI Marker 9.33 0.5% 1.0
Avastin-Bevacizumab 0.5 mg/ml 10.0
Nano Pure Water / 130.0
c) Fusion Protein AT-1
Composition Concentration Volume (μl)
AESlyte UH 4-10 2% 4.0
Iminodiacetic acid (100 mM) 10 mM 20.0
pI Marker 3.38 0.45% 0.9
pI Marker 7.05 0.05% 0.1
Fusion Protein AT-1 0.25 mg/ml 1.95
Nano Pure Water / 173.05
d)Bi-Specific Antibody AT-1
Component Concentration Volume (μl)
Urea 1 M 40.0
AESlyte HR 9-12 4% 8.0
pI Marker 8.18 0.25% 0.5
pI Marker 10.10 0.165% 0.33
Bi-Specific Antibody AT-1 0.3 mg/ml 2.01
Nano Pure Water / 149.16
e) ADC-AT-1
Component Concentration Volume (μl)
AESlyte HR 3-10 1% 2.0
AESlyte 8-10.5 3% 6.0
pI Marker 8.71 0.5% 1.0
pI Marker 9.77 0.5% 1.0
ADC-AT-1 0.2 mg/ml 8.0
Nano Pure Water / 182.0
f) mAb-AT-1
Component Concentration Volume (μl)
AESlyte HR 7-8 2% 4.0
ADC-AT-1 1 mg/ml 40.0
Nano Pure Water / 156.0
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F IGURE 2 Imaged capillary isoelectric focusing (iCIEF)-UV profiles using methylcellulose (MC)-coated capillary for NISTmAb and
avastin bevacizumab without MC as additive (n = 3). For composition of the sample solution, see Table 1. The focusing was 1 min at 1000 V,
1 min at 2000 V and 10 min at 3000 V.

Biopharma Finder (BPF 5.0) from Thermo Fisher was
used for the data analysis including intact protein decon-
volution and peptide mapping.

3 RESULTS AND DISCUSSION

In this work, a strategy of bilayer polymerizations was
developed for the static coating of MC in the capillary,
to achieve the high-efficient characterization for protein
charge variants. The first layer of FC coating onto the
capillary inner surface was achieved as a bridge that
constructed the second static coating layer with MC as
illustrated in Figure 1. The innovative MC-coated capillary
successfully avoids addition of MC as a dynamic coating
and omits pre-condition of MC solution before the iCIEF
separation.
The unique MC-coated capillary was applied to charac-

terize the charge variants of therapeutic mAb including
NISTmAb and avastin-bevacizumab as shown in Figure 2,
demonstrating excellent separation resolution with good

repeatability. Without the use of solution MC, the experi-
mental workflow is simplified ultimately allowing a much
higher- throughput of analysis.

3.1 Stability of MC-coated capillary

As seen in Figure 3, theMC-coated capillary demonstrated
excellent long-term repeatability with the consistent iCIEF
profile by employing NISTmAb as targeted protein in the
consecutive 80 runs. Supporting Information 1 demon-
strated outstandingly repeatable peak areas of charge
variants (RSD < 5.0%).

3.2 Comparison of iCIEF separation
using FC- andMC-coated capillaries

The study indicated that the FC- andMC-coated capillaries
exhibited comparable iCIEF separation with good resolu-
tion for NISTmAb and avastin bevacizumab in Supporting
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F IGURE 3 Imaged capillary isoelectric focusing (iCIEF) repeatability of NISTmAb using methylcellulose (MC)-coated capillary. (A)
consecutive 80 runs; (B) repeatability of ICIEF analysis (n = 10). Long lifetime of coating was demonstrated. For composition of the sample
solution, see Table 1. The focusing was 1 min at 1000 V, 1 min at 2000 V and 10 min at 3000 V.

Information 2. The FC-coated capillary utilized sample
solutions containing 0.35% v/v MC and pre-conditioning
with MC was performed before each run. Meanwhile, the
MC-coated capillary is completely free from using MC
solution during the whole analysis. The iCIEF profiles
obtained were consistent for both FC- andMC-coated cap-
illaries illustrating that this coating can be easily integrated
into a pre-existing method development process.

3.3 MC-coated capillary for complex
proteins

Complex proteins including fusion protein, bi-specific Ab,
and ADC have attracted significant attention in the bio-
pharmaceutical industry [9–11] but characterizing their
charge heterogeneity is challenging due to their com-
plex protein compositions. As illustrated in Supporting
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Information 3, the MC-coated capillary developed was
employed for various types of complex protein therapeu-
tics with excellent pI differentiation for protein isomers.
It was observed that the peaks of the fusion protein were
acidic, located in the narrow range of pI 4.0-6.5 with major
three peak groups (pI 4.0–5.1, pI 5.1–5.5, and pI 5.5–6.5)
(Supporting Information 3A). The Bi-specific Ab demon-
strated rather basic pIs—around 9.5 for the main protein
and its four charge variants (Supporting Information 3B)
and finally, the ADC studied also indicated basic prop-
erties with pIs in the range of 8.7–9.2 for major protein
peaks (Supporting Information 3C). This represented the
wide applicability of MC-coated capillary in a diverse of
therapeutic proteins.

3.4 iCIEF-MS for characterizing protein
charge variants using MC-coated capillary

In this study, the developed iCIEF-HRMS system and
patented capillary cartridges [20–22] eliminate the need
for chemical migration when coupled to online mass
spectrometry as shown in Supporting Information 4A.
Furthermore, using proprietary capillary-coated cartridges
and separation solutions during iCIEF separations greatly
reduces the need for polymers and urea. It enables the
isolated protein charge variants to be directly used for
high-sensitivity MS characterization, thus retaining the
excellent separation resolution of iCIEF for mass spec-
trometry analysis. The seamless interface to MS based on
micro-fluidity prevents sample loss enhancing the sensitiv-
ity of MS detection of separated proteins. The constructed
system requires no special modifications to the ionization
source and can be directly connected to the mass spec-
trometers from the different leading mass spectrometry
brands.
After proteins’ focusing along the separation capillary

is completed, water containing 0.1% v/v formic acid func-
tions as a mobilization solvent from the syringe pump to
drive the focused protein bands out of the separation cap-
illary towards the MS ion source at 50–200 nl/min flowing
rate depending on selected separation capillary id (typi-
cally 50 nl/min for 200 μm id capillary; and 160 nl/min
for 320 μm id capillary). Sheath liquid or make-up solu-
tion (water:ACN = 1:1 v/v, containing 1% v/v formic acid)
helps the effluents directly into MS ion source though a
seamless interface. The whole process is automatic and
user-friendly.
To demonstrate the high accuracy of iCIEF-MS for

protein Mr measurement, we validated that the decon-
voluted Mr (molecular mass) of the main component of
bevacizumab’ was consistent by HPLC–MS and ICIEF-
MS (Supporting Information 4B). This guarantees the

methodological accuracy of ICIEF-MS coupling in the
characterization of intact protein charge variants. Further-
more, an intact NISTmAb was utilized for the stability
evaluation of the iCIEF-MS methodology, to achieve good
repeatability (Supporting Information 4C). The total ion
CIEF-gram demonstrates highly repeatable results (n = 3)
in terms of elution times and measured Mr due to coated
capillary stability and the compatibility of ampholytes
with MS contributes to high sensitivity in MS detection.
This warrants the applicability of iCIEF-MS established in
characterizing diverse of charge variants of protein drugs.
As mentioned previously, the developed iCIEF-MS

method employed an MC-coated separation cartridge, to
simplify operation steps and prevent contamination of the
MS ion source that can result from using a traditional cap-
illary pre-rinsed with MC solution. As shown in Figure 4,
the MC-coated fused silica capillary (Figure 4A) achieved
comparable results to an AD coated capillary (Figure 4B)
while avoiding the use of MC during the sample run-
ning of NISTmAb. This is an outstanding advantage of
iCIEF-MS to greatly improve the compatibility with MS
meanwhile obtaining comparable iCIEF-MS behaviors. It
is worthy of being mentioned that the migration times of
protein change variants on the MC-coated capillary are a
little longer than those with the use of AD coated capil-
lary, which supported the lower EOF level resulting from
a static MC coating. To account for this, the flowing rate
of mobilization solvent from syringe pump can be flexi-
bly tuned from 50–100 nl/min to optimize the iCIEF-MS
analytical time.
As illustrated in Supporting Information 5, using a very

narrow pH range ampholyte (pH 7–8), mAb-AT-1 with its
four charge variants was profiled by iCIEF-MS with good
sensitivity. Lastly, the developed iCIEF-MS platform was
further extended to characterize the charge variant of a
more complex protein (bi-specific Ab) (Supporting Infor-
mation 6). This provided fast and accurate fingerprinting
of the proteins’ charge heterogeneity including a main
component, two acidic variants, and two basic variants.
Furthermore, for even the smallest peaks (A2/B2) an MS
spectrumwith good S/Nwas obtained illustrating the high
sensitivity of this system in Supporting Information 6B.

4 CONCLUDING REMARKS

In this work, an innovative iCIEF method was devel-
oped employing anMC-coated capillary cartridge, to avoid
the need for MC in the whole process of analysis. The
innovative iCIEF method was utilized for protein drug
characterization, which demonstrated high repeatability,
outstanding coating stability, excellent separation effi-
ciency, and robust pI differentiation for a diverse set of
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F IGURE 4 Imaged capillary isoelectric focusing (iCIEF)-MS of NISTmAb: (A) Methylcellulose (MC)-coated capillary; (B) Acrylamide
(AD)-coated capillary. The comparable results using both coated capillaries were obtained. The focusing was 1 min at 1000 V, 1 min at 2000 V
and 10 min at 3000 V, and 3000 V during mobilisation; the mobilisation speed was 50 or 100 nl/min with water containing 0.1% v/v formic
acid, across the separation capillary, and 5 μl/min make up solution (water:ACN = 1:1, v/v, containing 1% v/v formic acid) added through a
micro tee. Mobilisation time was 15 min.

protein therapeutics including mAb, ADC, fusion pro-
tein, and bi-specific mAb. Moreover, the iCIEF separation
using the MC-coated capillary can be compared with that
of the routinely coated capillary such as FC, to ensure
consistency during the whole process of drug discovery.
Following validation, theMC-coated capillarywas used for
the iCIEF-MS characterization of protein charge variants
for a diverse set of protein therapeutics. The removal of
MC from the experimental workflow greatly improved the
compatibility with MS; eliminating the required pre-rinse
with MC allowed a more automated and user-friendly
operation. This combined with the reliable and rapid
identification of MS peaks after iCIEF separation proves
that the developed iCIEF-MS method outlined here is a
cutting-edge technology in iCIEF-MS development.
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