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A carrier ampholyte is a molecule containing both acid and base functionality
that is critical for imaged capillary isoelectric focusing. The quality of an imaged
capillary isoelectric focusing separation for protein charge variants’ characteri-
zation is highly dependent on attributes of the carrier ampholytes used including
baseline signal, linearity of the pH gradient, pI discrimination, and consistency
between manufactured lots. AESlytes are a high-resolution carrier ampholyte
series that have been developed for the high-resolution and selective character-
ization of diverse and complex protein drugs including diverse fusion proteins,
antibody-drug-conjugate, bi-specific antibodies, and viral proteins. While rou-
tine commercial ampholytes usually cannot solve such challenges, AESlytes
demonstrate a reduction in baseline noise and distinguishably increased con-
sistency between lots as compared to other commercial ampholytes. Here we
apply AESlytes for the imaged capillary isoelectric focusing separation of sev-
eral commercial fusion proteins and biosimilars with excellent repeatability. In
addition, AESlytes with narrow-range pH were employed directly coupled to
a mass spectrometer for optimizing the separation resolutions allowing more
reliable and accurate protein charge variant identification. Our study demon-
strates that innovative high-resolution carrier ampholytes as critical reagents
play an essential role in high-performance imaged capillary isoelectric focussing
and tandem mass spectrometry analysis the routinely commercial ampholytes
cannot achieve, especially for extremely complex protein drugs.
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1 INTRODUCTION

Charge variants of recombinant proteins can arise due
to post-translational modifications, and degradation reac-
tions such as deamidation, C-terminal lysine clipping, and
glycation. Comprehensive characterization of charge vari-
ants is critical both for generic drugs and biosimilar drugs.
This is because the variants can result in altered product
efficacy and pharmacokinetics or even complete prod-
uct inactivation, especially when these modifications are
located in the complementarity-determining regions [1–4].
Thus, there is an essential need for reliable characteriza-
tion of charge variants for the assessment of critical quality
attributes and to ensure consistency during the manufac-
turing of therapeutic monoclonal antibodies (mAbs) for
clinical and commercial development [5–6].
The most commonmethods for charge variant monitor-

ing in the biotechnology industry include IEC, traditional
IEF, and imaged capillary IEF (icIEF) [7–16]. Specifically,
icIEF technology based on pI differentiation is becoming
the gold standard across the pharmaceutical industry for
protein charge variant characterization. An additional step
requires the determination of intact charge variant mass.
High-resolutionMS is a powerful tool for the characteriza-
tion of molecular weight and associated post-translational
modifications [17, 18]. However, commonly used mobile
phases of IEC, cIEF, and icIEF are incompatible with
MS. In recent years, some researchers have developed an
IEC-MS method with a volatile mobile phase for charge
variant analysis of mAbs [19, 20], human growth hormone
[21], bispecific and impaired IgGs [22, 23]. cIEF and icIEF
are alternatives to IEC for charge variant analysis, and
recently icIEF-MS has attracted much attention to utiliz-
ing for protein charge variant analysis [24–28]. Compared
to IEC, charge variant analysis by icIEF as a front separa-
tion method is faster and can provide a higher separation
resolution of protein charge variants.
A carrier ampholyte (CA) is a molecule containing both

acid and base functionality and the quality of an icIEF
separation is highly dependent on several attributes of
the CAs used including baseline signal, linearity of the
pH gradient, pI discrimination, and consistency between
manufactured lots. Recently, antibody-drug conjugates
(ADCs), bi-specific Abs, and fusion proteins have regained
the special attention of scientists due to their unique
therapeutic effects [29–31]. However, routine commercial
ampholytes usually do not have enough selectivity and pI
resolution to effectively separate these extremely complex
proteins.
AESlytes introduced in this study have been developed

asHRampholytes that demonstrate a reduction in baseline
noise and distinguishably increased consistency between
lots. Their HR contributes largely to their effective char-

acterization of diverse protein therapeutics meanwhile the
routine commercial ampholytes usually cannot solve such
challenges based on our comparable experiments. This
study demonstrates the success of AESlytes in the study of
fusion proteins created through the joining of two or more
genes that originally coded for separate proteins. In addi-
tion, AESlytes were employed to icIEF-MS for optimizing
the separation resolutions with more reliable and accurate
protein identification. Our study indicates that innova-
tively HR ampholytes as critical reagents play an essential
role in high-performance icIEF and icIEF-MS analysis
that routine ampholytes cannot achieve, especially for
extremely complex protein drugs.

2 METHODS ANDMATERIAL

2.1 Chemicals

All CAs (AESlytes, a commercial name from Advanced
Electrophoresis Solutions Ltd supplies) used in this study
including HR and ultra-high (UH) ampholytes were
obtained from Advanced Electrophoresis Solutions Ltd
(AES, Cambridge, ON, Canada). Fusion proteins, ADC,
bi-specific antibody, viral protein, recombinant protein,
and mAb-AT-1 studied were kindly donated from Thermo
Fisher Scientific (China). Mass spectrometry grade ACN,
formic acid, urea, and methylcellulose (MC) were pur-
chased from Fisher Scientific (Hampton, NH).

2.2 Solutions for icIEF

For icIEF analysis, the sample solutions for studied pro-
tein drugs employed in this study were listed in Table 1.
Urea solution (480 mg/ml) was added to protein samples
with the final concentration of 4 mol/L for improved icIEF
repeatability.

2.3 Imaged cIEF

CEInfinite icIEF (AES) was employed in this study.
Note that, 100 μm ID fluorocarbon coated (AES, cat. no.
CP00201) is utilized for icIEF-UV analysis. Note that,
200 μm ID acrylamide-coated (AD) capillary cartridges
(AES, cat. no. CP00303) and micro-tee integrated (AES,
cat. no. CP00303M) are used for icIEF-MS. All these
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 cartridge used for icIEF-MS includes a quartz
union (works as a micro-tee), connecting the make-up
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TABLE 1 Sample preparation of studied fusion proteins

No.

Final
concentration
(mg/ml)

Volume
(μl)

1%MC
(μl)

H2O
(μl) Ampholyte Sample name

1 0.5 10 35 46 UH (pH 3–10) Commercial Etanercept
2 5.3 10 35 46 UH (pH 3–10) Biosimilar Enbrel
3 5 10 35 46 UH (pH 3–10) Enbrel analogue-1
4 3.2 20 35 36 UH (pH 3–10) Enbrel analogue-2
5 4 10 35 46 HR (pH 3–10) rhVEGFR-Fc
6 1.2 60 35 0 HR (pH 3–10) EPO-HAS fusion protein
7 7.8 10 35 46 HR (pH 3–10) rhGLP-1-Fc fusion protein

All sample solutions contained 4 M urea.
Abbreviations: HR, high-resolution; UH, ultra-high.

solution and transfer capillary to ESI 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,

1 min at 2000 V, and 10 min at 3000 V. Note that 0.35% MC
solution was utilized for pre-rinse before each run. 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 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 0.5% formic acid, v/v) added through a
micro tee. Mobilisation 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 (Thermo Fisher Scientific, Bre-
men, Germany) was used for mass measurement. The
spray voltage: 3.6 kV, sheath gas: 20 L/min, auxiliary
gas: 5 L/min, S-lens RF 70 eV, capillary temp: 275◦C,
resolution 35,000@m/z 200, scan range of precursor ion
2000–8000m/z, and the maximum injection time 200 ms.
Biopharma Finder (BPF 5.0) from Thermo Fisher was

used for the data analysis including intact protein decon-
volution.

3 RESULTS AND DISCUSSION

3.1 ASElyte UH and HR CAs for
high-performance icIEF

The quality of an icIEF separation is highly dependent
on several attributes of the CAs used including base-
line signal, linearity of the pH gradient, and consistency

betweenmanufactured lots. Currently, commercial brands
of ampholytes have been frustrating the biopharmaceuti-
cal industry due to spectral artifacts which have extremely
negative impacts on accurate pI measurement and quan-
titation of protein charge. These artifacts include an
unexpected “dip” of the baseline (pH 6–7) due to histi-
dine contained in routine CAs and a “shift” of both peak
and pI during icIEF separation. A “dip” is commonly
observed in the acidic range when using pH 3–10 and
mixed ampholytes 5–8 and 8–10.5 provided by routine com-
mercial brands, and occurs because of variable lots and
sample excipients. Similarly, a “shift” of both peak and
pI results from unstable lots of ampholytes and is disas-
trous in quality control (QC) and product release. More-
over, no amount of method optimization can overcome
the above troubles with the use of routine commercial
ampholytes
AESlytes HR and UH CA series developed in our study

were composed of mixtures of small molecules with spe-
cific pKa for forming pH gradient, which demonstrates a
reduction in baseline noise and distinguishably increased
consistency between lots when compared to other CAs
brands of the same pH range. AESLytes CAs are com-
mercial products and can be customized according to
application requests by adjusting the compositions and
corresponding concentrations with desirable resolutions.
This unparallel lot-to-lot stability of AESlyte (Figure 1A)
mitigates “Dip” occurrence and “shift” of pI and peak
in icIEF separation, which guarantees consistency in QC
method development. A hemoglobin isomers (A, S, F, and
C)mixturewas focusedwith three different lots of 3–10HR
AESlytes, aswell as three lots of other 3–10CAs, as the pI of
hemoglobin A, which is standard for ampholyte manufac-
turing. Figure 1A shows that in comparison to the three lots
ofAESlytes, the other commercial brands showan increase
in hemoglobin isomer variability.
Another concern is that while icIEF uses UV light

at 280 nm to detect proteins, the CAs themselves can
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F IGURE 1 AESlytes ampholytes’ advantages and its
comparison with other commercial carrier ampholytes (CAs) at 4%
concentrations

absorb UV light as well. To combat this, AESlytes have a
greater proportion of “working” CAmolecules so that suf-
ficient resolution is maintained at lower concentrations.
This allows a lower and more uniform baseline for pH
3–10 HR AESlytes compared to the commercial brands
most notably between pH 6 and 9 (Figure 1B). Further-
more, in our recent study, AESlytes with ranges as narrow
as one pH (using HR AESlyte 7–8) unit were created
for increased resolution, specifically contributing to the

highly-efficient separation of charge variants of extremely
complex proteins [32].
A linear pH gradient is another critical factor of effec-

tive icIEF separation. To calculate the linearity of the
pH gradient for AESlytes compared to other commercial
ampholytes, 15 pI markers between pH 3 and 10 were
focused. As illustrated in Figure 1C, the AESlytes showed
comparable linearity to the other 3–10 CAs.

3.2 icIEF of fusion proteins with the use
of ASElyte UH and HR ampholytes

Fusion proteins contain multiple protein domains to com-
bine multiple therapeutic functions [30]. At present, cur-
rent technologies usually cannot efficiently characterize
the charge variants of such a complex protein. Typically,
the fusion protein is separated as peak groups with poor
resolution and peak shape under routine icIEF conditions.
In our study, AESlyte UH 3–10 ampholytes were used for
profiling Etanercept, a commercially available fusion pro-
tein. As shown in Figure 2, the multiple peaks observed
were located in an acidic pH range and themajor peaks had
much better resolutions than those from recently reported
results utilizing commercial Serva ampholytes [33]. In
addition,UH3–10 ampholytes contributed to the outstand-
ing repeatability of Etanercept’s characterization in terms
of peak shape, pI, and profiles of multiple peaks observed.
Moreover, AESlyte UH 3–10 ampholytes were utilized for
characterizing the Etanercept (Enbrel) biosimilar and its
two analogs as illustrated in Figures 3 and 4, respectively.
The separation profile of fusion proteins is often complex,
with several groupings of peaks that correspond to vary-
ing degrees of modifications. Here, the biosimilar fusion
protein was divided into four groupings of protein charge
variants (G1: pH 5.10–5.30; G2: pH 5.30–5.65; G3: pH 5.65–
5.85; and G4: pH 5.85–6.30) where Group 1 was the most
acidic and the regionwhere Group 4was themost basic. In
Table 2, the peak areas of four groups of Enbrel biosimilar
in the icIEF electropherogram were listed with satisfac-
tory repeatability, indicating a greater percentage of acidic
components in the sample solution. As seen in Figure 4,
Enbrel biosimilar and its two analogs showed different
peak patterns in the icIEF and analogue-2 hinted charge
variants with more acidic modifications. This knowledge
is critical when evaluating the critical quality attributes of
a biosimilar.
Another fusion protein, rhVEGFR-Fc that treats chronic

neuropathic diabetic foot ulcers, was analyzedwith the use
of AESlyte HR 3–10 ampholytes and also showed 4 peak
groupings from acidic to basic regions (Figure 5). Table 3
listed the relative peak areas of four groups and Group 2
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F IGURE 2 Imaged capillary isoelectric focusing (icIEF) separation of commercial Etanercept (n = 3) with the use of AESlyte ultra-high
(UH) 3–10

TABLE 2 Peak areas of separated groups by imaged capillary isoelectric focusing (icIEF) for biosimilar Enbrel

No.

Final
concentration
(mg/ml)

Volume
(μl)

1%MC
(μl)

H2O
(μl) Ampholyte Sample name

1 0.5 10 35 46 UH (pH 3–10) Commercial Etanercept
2 5.3 10 35 46 UH (pH 3–10) Biosimilar Enbrel
3 5 10 35 46 UH (pH 3–10) Enbrel analogue-1
4 3.2 20 35 36 UH (pH 3–10) Enbrel analogue-2
5 4 10 35 46 HR (pH 3–10) rhVEGFR-Fc
6 1.2 60 35 0 HR (pH 3–10) EPO-HAS fusion protein
7 7.8 10 35 46 HR (pH 3–10) rhGLP-1-Fc fusion protein

Abbreviations: HR, high-resolution; UH, ultra-high.

TABLE 3 Relative peak areas of separated groups by imaged
capillary isoelectric focusing (icIEF) for rhVEGFR-Fc

No. Group-1 Group-2 Group-3 Group-4
Relative peak area 14.0% 48.5% 16.6% 20.9%
RSD (n = 3) 12.6% 4.3% 8.5% 9.4%

demonstrated the highest relative concentration close to
50%.
Finally, fusion proteins, EPO-HAS, and rhGLP-1-Fc

were analyzed using AESlyte HR 3–10 ampholytes as illus-
trated in Figure 6. EOP-HAS indicated Groups 1–3 from
acidic to basic regions and more acidic Groups 1 and 2 had
higher peak area ratios. As for GLP-Fc, two strong peaks
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F IGURE 3 Imaged capillary isoelectric focusing (icIEF) separation repeatability of Enbrel biosimilar

with good peak shape were baseline separated, indicating
two major charge protein isomers.

3.3 icIEF of diverse complex proteins
with the use of ASElyte UH ampholytes

The success of novel AESlytes is not limited to analyz-
ing fusion proteins. The novel UH ampholytes described
here were also used for the effective separation of multi-

ple protein isomers for other categories of complex protein
drugs including an ADC, recombinant protein, viral pro-
tein, and a bi-specific antibody (Figure 7). Notably, the
eight different drug loadings of the analyzed ADC have
displayed separation thanks to the subtle pI discrimi-
nation from ASElyte UH CAs. The ability to analyze
drug-antibody ratio with icIEF analysis is an extreme
advantage as it can affect a drug’s therapeutic index
and therefore is a critical parameter in drug design and
QC [34].
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F IGURE 4 Imaged capillary isoelectric focusing (icIEF) separation of biosimilar Enbrel and its two analogs

F IGURE 5 Imaged capillary isoelectric focusing (icIEF) separation of rhVEGFR-Fc

3.4 AESlyte UH and HR narrow pH
ampholytes for optimal icIEFMS/MS

A unique directly coupled icIEF-MS system was devel-
oped in our laboratory and patented capillary cartridges
were employed to eliminate the need for chemical migra-
tion when coupled to online MS [35]. The use of only
proprietary capillary-coated cartridges and separation sol-
vents during icIEF separations greatly reduces the need
for polymers and urea. These features combined enable
the isolated protein-charged variants to be directly used
for high-sensitivityMS characterization, thus retaining the
excellent separation resolution of icIEF for MS analysis.
Additionally, the constructed system requires no spe-

cial modifications to the ionization source and can be
directly connected to the mass spectrometer from the dif-

ferent leading mass spectrometer brands. After proteins’
focusing is completed along the separation capillary, water
containing 0.1% (v/v) formic acid as mobilization sol-
vent from the syringe pump drives the focused protein
bands out of the separation capillary toward the MS ion
source (ESI) at 50 nl/min flowing rate using 200 μm ID.
AD-coated capillary cartridge. Sheath liquid or make-up
solution (water:ACN = 1:1 v/v, containing 0.5% v/v formic
acid) helps the effluents direct into ESI. The seamless inter-
face to MS based on micro-fluidity prevents sample loss
enhancing the sensitivity of MS detection of proteins. The
whole process is automatic and highly user-friendly.
As shown in Figure 8, icIEF-MS was utilized for charac-

terizing charge variants of therapeutic mAb (mAb-AT-1).
We demonstrate how various narrow pH ampholytes from
AESlytes help in the optimization of separating charged
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F IGURE 6 Imaged capillary isoelectric focusing (icIEF) separations of EPO-HAS (A) fusion protein and (B) rhGLP-1-Fc fusion protein

variants with small pIs discrimination in the icIEF-MS
analysis. The use of 4% HR 8.5–9.5 could not achieve good
separation of the main component and its two charge
isomers, acidic variant (A1) and basic variant (B1), result-
ing in the poor discrimination of three protein peaks as
illustrated in Figure 8A. However, the mixture of 2% HR
8.5–9.5 and 2% HR 8–10.5 improved the resolutions of
the main component and its two charge variants, and
ultimately three protein peaks could be separated in the
total ion chromatogram despite full baseline separation
being unachieved as shown (Figure 8B). Optimal sepa-
ration resolution was achieved using 4% UH 8.5–9.5 and
the basic charge variant achieved full baseline separation
with the main component. This study demonstrates that
HR ampholytes play a critical role in improved selectiv-
ity during the icIEF-MS analysis and our comprehensive
selection of pH-range ampholytes can be used to customize
an icIEF protocol for optimal performance.

4 CONCLUDING REMARKS

AESlytes HR and UH CAs developed in this study offer a
reduction in baseline noise and distinguishably increased
consistency between lots when compared to other CAs
brands of the same pH range in icIEF analysis. AES-
lytes CAs exhibit sufficient resolution maintained at lower
concentrations and AESlytes with ranges as narrow as
one pH unit was created for further increased resolution
for the optimization in icIEF and icIEF-MS characteriza-
tion of protein charge variants. Specifically, the high pI
resolution rendered by AESlytes CAs contributes to the
high-efficient separation of charge variants of diverse com-
plex proteins including fusion proteins, ADC, bi-specific
antibodies, viral proteins, and recombinant proteins. Our
work validated the importance of high-quality CAs as crit-
ical reagents of icIEF and icIEF-MS technologies to solve
the challenges in characterizing protein heterogeneity that
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F IGURE 7 Imaged capillary isoelectric focusing (icIEF) for characterizing diverse complex proteins

F IGURE 8 Ampholyte impacts on imaged capillary isoelectric focusing (icIEF)-MS separation of monoclonal antibody (mAb)-AT-1,
using (A) 4% high-resolution (HR) 8.5–9.5; (B) 2% HR 8.5–9.5 and 2% HR 8–10.5; and (C) 4% ultra-high (UH) 8.5–9.5

routine commercial CAs cannot be achieved due to lim-
ited resolution. The features of AESlytes outlined here will
be far-reaching in the design and QC of complex protein
drugs.
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