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Pfizer’s icIEF Method  
Optimizes AAV Characterization 
for Gene Therapy Development

Pfizer recently published a peer-reviewed study entitled 
Development of an icIEF Assay for Monitoring AAV Capsid 
Proteins and Application to Gene Therapy Products in the journal 
of Molecular Therapy. The study described the development 
of an imaged cIEF (icIEF) platform method on the Maurice™ 
system for charge heterogeneity analysis of AAV capsid 
proteins, which in turn provided critical insights into post-
translational modifications (PTMs) and associated decrease in 
potency as a stability indicating assay. Importantly, the study 
also drew comparisons between the results obtained from 
icIEF, RP-HPLC, and a multi-attribute method (MAM) using 
high-resolution LC-MS, demonstrating the suitability of GMP 
compliant icIEF method for routine product testing.

Highlights of the study

•	 The development of an icIEF platform method for 
resolving AAV capsid proteins (VP1, VP2, and VP3) and 
other charges species linked to PTMs

•	 Fractionation and analysis of different charged species 
with RP-HPLC MS, and subsequent isoelectric point (pI) 
verification with icIEF

•	 The introduction of point-mutations in AAVs to induce 
and measure deamidation

•	 Forced degradation of AAVs and charge assessment to 
confirm that icIEF is stability-indicating, validating the 
results against RP-HPLC and MAM

•	 Correlation of AAV stability with transduction efficiency 
(relative potency)

The study demonstrated multiple uses of Maurice icIEF for 
AAV product characterization, from differentiating between 
serotypes to deducing potential impacts on potency based on 
capsid stability. If you’re interested in optimizing your AAV 
characterization, read the full paper for details, or visit our 
website to learn more about Maurice!  
 
*PS: The study in the paper used RP-HPLC for AAV charge isoform 
fractionation, but we now offer that capability too with our brand-
new MauriceFlex™ system!

While a quantitative peptide 
map or MAM, as in the data we 
presented, is a powerful tool to 
monitor capsid deamidation,  
a more rapid and suitably  
GMP-compliant method benefits  
routine product testing.  
 
- Xiaoping He et al., 2023
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Introduction

This article collection delves into the intersection of advanced analytical methods, 

biomanufacturing, and biopharmaceuticals. The studies demonstrate how these 

techniques enhance our understanding of complex biological systems, improve 

therapeutic interventions, and drive innovation in the biomanufacturing process, 

holding immense potential for the future of healthcare.

This collection begins with a study on an enhanced icIEF immunoassay for analyzing 

adeno-associated viruses (AAV) capsid proteins, crucial for gene therapy. The meth‑

od by Ramírez et al. offers higher sensitivity and specificity [1], enabling detailed 

protein characterization, stability monitoring, and serotype identification, especially 

useful in upstream process development.

Next, Krebs et al. explored the isoelectric points of SARS-CoV-2 proteins [2], using 

theoretical values and the Maurice capillary isoelectric focusing (cIEF) system for 

measurements. The study found that theoretical values align with experimental 

results, providing useful predictions about the isoelectric points of these proteins. 

The method proved robust across various experimental conditions.

Geurink et al. then investigates the use of capillary electrophoresis (CE) in vaccine 

analysis [3], demonstrating its applicability in characterizing and testing various vi‑

ral vaccines. They developed and validated diverse CE methods for analyzing virus, 

protein, DNA, and excipients. These methods, which improved process and product 

understanding, were applied across the vaccine development process, enhancing 

safety, efficacy, and quality.

Lastly, Kumar et al. delved into the role of CE in the analytical characterization of 

biopharmaceutical products [4]. They highlighted its advantages, such as fast sep‑

aration and high resolution, and its use in process development, characterization, 

quality control, and release testing. The study also discussed the emerging trend of 

combining CE with mass spectrometry for assessing the primary structure of thera‑

peutic proteins and their impurities.

This collection underscores the significance of advanced CE-based analytical meth‑

ods in understanding and developing biopharmaceuticals. The studies collectively 

highlight the power of these techniques in enhancing our knowledge of complex 

biological systems, improving the safety and efficacy of therapeutic interventions, 

and driving innovation in biomanufacturing processes. These advancements are 
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pivotal in the face of emerging health challenges and hold immense potential for 

the future of healthcare and medicine.

Through the methods and applications presented in this article collection, we hope 

to educate researchers on new technologies and techniques biomanufacturing an‑

alytics. To gain a deeper understanding of available options for improving your 

research, we encourage you to visit Bio-techne’s website.

Dr. Christene A. Smith, PhD

Editor at Wiley 
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Abstract
Post-translational modifications (PTMs) of adeno-associated virus (AAV) cap-
sid proteins tune and regulate the AAV infective life cycle, which can impact
the safety and efficacy of AAV gene therapy products. Many of these PTMs
induce changes in protein charge heterogeneity, including deamidation, oxi-
dation, glycation, and glycosylation. To characterize the charge heterogeneity
of a protein, imaged capillary isoelectric focusing (icIEF) has become the gold
standard method. We have previously reported an icIEF method with native
fluorescence detection for denatured AAV capsid protein charge heterogeneity
analysis. Although well suited for final products, the method does not have suf-
ficient sensitivity for upstream, low-concentration AAV samples, and lacks the
specificity for capsid protein detection in complex samples like cell culture super-
natants and cell lysates. In contrast, the combination of icIEF, protein capture,
and immunodetection affords significantly higher sensitivity and specificity,
addressing the challenges of the icIEF method. By leveraging different primary
antibodies, the icIEF immunoassay provides additional selectivity and affords
a detailed characterization of individual AAV capsid proteins. In this study, we
describe an icIEF immunoassay method for AAV analysis that is 90 times more
sensitive than native fluorescence icIEF. This icIEF immunoassay provides AAV
stability monitoring, where changes in individual capsid protein charge hetero-
geneity can be observed in response to heat stress.When applied to differentAAV
serotypes, thismethod also provides serotype identitywith reproducible quantifi-
cation of VP protein peak areas and apparent isoelectric point (pI). Overall, the
described icIEF immunoassay is a sensitive, reproducible, quantitative, specific,
and selective tool that can be used across the AAV biomanufacturing process,

Abbreviations: AAV, adeno-associated virus; icIEF, imaged capillary isoelectric focusing; pI, isoelectric point; PTMs, post-translational
modifications.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Electrophoresis published by Wiley-VCH GmbH.
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RAMÍREZ et al.

especially in upstream process development where complex sample types are
often encountered.

KEYWORDS
adeno-associated virus, capillary immunoassay, capsid proteins, identity, isoelectric focusing

1 INTRODUCTION

Delivery of a genetic payload with a viral vector like
adeno-associated viruses (AAVs) is becoming a widely
used therapeutic approach for the treatment of rare genetic
diseases [1]. AAVs are nonpathogenic viruses belonging to
the Parvovirinae subfamily of Parvoviridae, comprising a
protein capsid, formed from three capsid proteins, VP1,
VP2, and VP3 into a 60-mer, and a 4.7 kb single-stranded
DNA (ssDNA) genome [2]. Ten naturally occurring AAV
serotypes determine tissue tropism, with nonnatural vari-
ants (e.g., AAV2/5) engineered to improve various func-
tional or physiochemical attributes [3]. The serotypes differ
at the amino acid level across the three capsid proteins and
consequently have different cellular receptors [4].
Like all other biotherapeutics, AAV-based therapies are

subject to regulatory guidelines, like those provided by
the FDA [5]. Following these guidelines, the physiochem-
ical properties of AAV therapeutics including identity and
purity need to be characterized [5]. Extended characteriza-
tion includes a wide variety of techniques and attributes
testing, including post-translational modification (PTM)
monitoring. Indeed, therapeutic antibodies are closely
monitored for changes in glycosylation, deamidation, and
glycation [6]. Asmany as 75 PTMs on the individual capsid
proteins of AAVs have been identified inAAVs produced in
HEK293 cells and several of these PTMs have been shown
to tune and regulate aspects of AAV function [7, 8]. Many
of these PTMs are process-related, therefore monitoring
AAV products for these changes is important throughout
product processing. Several PTMs found on the AAV cap-
sid proteins induce charge changes to the modified amino
acid, including asparagine deamidation, methionine oxi-
dation, serine/threonine phosphorylation, and O-linked
glycosylation [7–9].
Among the methods used to characterize the charge

heterogeneity of proteins, imaged capillary isoelectric
focusing (icIEF) is one of the most widely used tech-
nologies in the biopharmaceutical industry [10]. This
method has been applied to diverse molecules, includ-
ing therapeutic monoclonal antibodies, fusion proteins,
and viruses [10]. Recently, a platform AAV capsid protein
method based on icIEF with native fluorescence detec-
tion was published [11]. That method detects as little as
1010 VP/mL and is suitable for the analysis of late-stage

or pure AAV products. The AAV capsid protein charge
characterization method was applied to eight different
serotypes and was shown that both the peak patterns
and averaged isoelectric point (pI) values of the serotypes
could be used for AAV identity [11]. Subsequently, a sec-
ond denatured icIEF capsid protein method was put forth
by He et al. [12]. Importantly, this icIEF method cor-
related with both reverse-phase high-performance liquid
chromatography and multi-attribute monitoring for mon-
itoring capsid protein deamidation. A major finding of
the study was that the degree of capsid protein deami-
dation observed by icIEF correlated with loss of vector
potency.
Although the published icIEF native fluorescencemeth-

ods are fast and sensitive, they cannot be used in highly
complex samples like bioreactor supernatants where the
abundance of the AAV product is lower and the concen-
tration of contaminating proteins is higher. Additionally,
because icIEF separates proteins based on their charge,
and owing to the high degree of similarity between the
AAV capsid proteins, the charge heterogeneity pI of each
viral protein cannot be characterized individually with-
out pre-separation by their sizes, for example, 2D–PAGE.
In this study, we describe an icIEF capillary immunoas-
say method using Simple Western™ that combines the
resolving power of icIEF with the specificity, selectivity,
and sensitivity of an immunoassay to support extended
characterization of AAVs in upstream process steps. The
method has significantly higher sensitivity compared to
the reported icIEF methods, and crude AAV samples in
complex matrices can be characterized directly without
sample purification. Like the published icIEF native fluo-
rescence method [11], the method described herein is also
stability indicating, but with the added value of charac-
terizing stress changes at the individual capsid protein
level.

2 MATERIALS ANDMETHODS

2.1 Materials

AAV samples of different serotypes (2 × 1013 VP/mL)
were purchased from Virovek (Hayward, CA, USA).
HEK293Twhole-cell lysate was fromOriGene (LY500001).
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Formamide (>99.5%, 47 671), dimethyl sulfoxide (DMSO,
>99.7, D2650), and dithiothreitol (DTT, >99.0%, D0632)
were purchased from SIGMA. Overall, 1% methylcellu-
lose (101 876), pI standard ladder 1 (040-644), pI marker
8.4 (041-036), isoelectric focusing (IEF) anolyte (042-337),
IEF catholyte (042-338), Antibody Diluent 2 (042-203), and
anti-mouseHRP-conjugated secondary antibody (042-205)
were products of ProteinSimple. Pharmalyte 3-10 (SIGMA,
GE17-0456-01) and Pharmalyte 5-8 (SIGMA, GE17-0453-01)
were purchased from Cytiva. Mouse monoclonal antibod-
ies to AAV VP1 (61 056) and to VP1/2/3 (61 058) were
obtained from PROGEN. All solutions were made using
Millipore deionized water.

2.2 Instruments

Analysis by icIEF immunoassay was performed with
Peggy Sue™ (004-800, ProteinSimple) and analysis by
icIEF native fluorescence was performed with Maurice™
(090-000, ProteinSimple).

2.3 Sample preparation

AAVs (2 × 1013 VP/mL) were denatured in the presence of
50%DMSOand 12mMDTTby heating the solution at 70◦C
for 10 min then cooling to room temperature for 5 min.
Denatured AAVs were then mixed with the IEF master
mixture at a 1:50 ratio to form a final IEF sample solution
containing 50% formamide, 0.7%methylcellulose, 2%Phar-
malyte 3-10, 2% Pharmalyte 5-8, 2 mMDTT, and 5%DMSO,
with pI standard ladder 1 and pImarker 8.4. The final mix-
ture was vortexed for 30 s and stored on ice until use. For
stability testing, AAV samples were incubated at 37◦C for
1, 4, 7, 11, and 14 days prior to denaturation and analysis.

2.4 icIEF immunoassay analysis

Denatured AAVs, as described above, were focused on
Peggy Sue (ProteinSimple, San Jose, CA, USA) for 1 min
at 1.5 kV, then, at 3 kV for 12 min. At the end of focus-
ing, protein zones inside the capillary were immobilized
to the capillary wall for 200 s. Focused AAV samples were
then probedwith either anti-VP1/2/3monoclonal antibody
(mAb) (1:50 dilution in Antibody Diluent 2) or anti-VP1
mAb (1:25 dilution in Antibody Diluent 2) for 60 min.
Bound primary antibodies were detected using a species-
specific HRP-conjugated secondary antibody (anti-mouse
IgG secondary antibody 042-205, ProteinSimple) followed
by chemiluminescence detection and HDR imaging using
the Compass for Simple Western software (Version 5.0.1).

To determine the limit of quantitation (LOQ), we
adapted the method defined in ICH Q2 (R1) [5], which
is based on the standard deviation and the slope of the
detection response [5]. Themethod considers the response
linearity and noise level in the baseline. In the experi-
ment, a twofold serial dilution series of purified AAV9
was prepared from 4 × 1010 to 1.6 × 108 VP/mL. A no-
analyte sample was included as a control. To determine the
LOQ in a matrix background, an identical serial dilution
series was prepared in the presence of 20 µg/mL HEK293T
whole-cell lysate (OriGene, PN LY500001). The resulting
peak areas were plotted by concentration for each serial
dilution series, and a linear regression analysis was per-
formed to generate a calibration curve. The analysis was
performed three times at each concentration point. Using
the linear equation from the calibration curve, the curve’s
intercept point of the curve at zero analyte concentration
was determined. The standard deviation (σ) of the inter-
cept points from the three tests was calculated. The LOQ
was determined by the following equation:

𝐿𝐿𝐿𝐿𝐿𝐿 𝐿 𝐿𝐿𝐿𝐿𝐿𝐿𝐿

where S is the average value of the slopes of the three cal-
ibration curves. The above equation was used to calculate
LOQs for the analyte in both the presence and absence of
HEK293T whole-cell lysate.

2.5 icIEF native fluorescence analysis

The analysis of AAV9 by icIEF native fluorescence was
performed as described previously [10] using the Maurice
instrument (ProteinSimple).

3 RESULTS AND DISCUSSION

3.1 AAV analysis by icIEF immunoassay
and comparability to native fluorescence

To establish the icIEF immunoassay method for charac-
terizing denatured AAV capsid proteins, we started with
AAV9 due to its prevalence in clinical pipelines [13–15].
AAV9 samples were prepared according to Section 2 and
analyzed by the icIEF immunoassay. For the detection of
the denatured AAV9 capsid proteins, a monoclonal anti-
body was used that recognizes all three capsid proteins
(VP1, VP2, andVP3). The results from this analysis showed
3major peaks between pI 6 and 7, labeled as Peak 1, 2, and 3
(Figure 1, top panel). We compared the results of the icIEF
immunoassay method to the published results of AAV9
analysis by the icIEF native fluorescence method [11]. The
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F IGURE 1 Comparison of AAV9 peak profiles between the imaged capillary isoelectric focusing (icIEF) immunoassay and icIEF native
fluorescence methods. (Top panel) chemiluminescent detection of AAV9 (2.3 × 1010 VP/mL) using anti-VP1/2/3 monoclonal antibody (mAb)
for detection. (Bottom panel) native fluorescence detection of AAV9 (9.3 × 1011 VP/mL) with 80 s exposure time.

TABLE 1 Peak area percentages of the three main peaks in
AAV9 were measured by imaged capillary isoelectric focusing
(icIEF) with immunoassay detection and with native fluorescence
detection as shown in Figure 1.

Peak 1 (%) Peak 2 (%) Peak 3 (%)
icIEF native fluorescence 8.4 32.6 59.0
icIEF immunoassay 10.5 22.7 66.9

two methods demonstrated similar resolution of protein
separation, peak signature, overall pI range (Figure 1, bot-
tom panel), and peak area percentage (Table 1). It should
be noted that the icIEF immunoassay method used 30
times less AAV9 sample when compared to icIEF native
fluorescence (2.3 × 1010 VP/mL vs. 9.3 × 1011 VP/mL).

3.2 Analysis of AAVs in HEK293T
whole-cell lysate

An advantage of combining icIEF with protein immobi-
lization and subsequent immunodetection is the ability to

detect target proteins in complex samples. AAVs are typ-
ically produced in HEK293T cells and are harvested from
the cell supernatants and lysates [8, 16]. Thus, we tested
the method’s ability to characterize AAV capsid protein
charges in a complex matrix, specifically HEK293T whole-
cell lysate. To do so, a titration series of AAV9was prepared
in the absence or presence of HEK293T whole-cell lysate
(20 µg/mL) and compared for dynamic range (Figure 2A).
The results show that there is almost no effect on AAV
quantification by the addition of the lysate (Figure 2B).
HEK293T at 20 µg/mL has 300–30,000 times higher pro-
tein concentration than the AAV sample in this titration,
and such complex samples are difficult to analyze by icIEF
with native fluorescent detection. The tolerance to the
sample matrix illustrates the use of this method to directly
monitor AAV capsid protein modifications in upstream
samples prior to sample cleanup or purification.
To determine the method’s sensitivity, the LOQs for

purified AAV9 and for AAV9 in a sample matrix of
HEK293Twhole-cell lysatewere calculated, as described in
Section 2. The LOQwas 1.5× 108 VP/mL for purified AAV9
and 2.1 × 108 VP/mL for AAV9 in 20 µg/mL HEK293T
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F IGURE 2 Method comparability in a complex matrix: (A)
analysis of an AAV9 titration from 4.0 × 1010 to 1.6 × 108 VP/mL (top
panel) and analysis of the same concentration series in the presence
of 20 µg/mL HEK293T lysate (bottom panel); (B) the dynamic range
of the assay in the absence (solid line) or presence (dashed line) of
20 µg/mL HEK293T lysate.

whole-cell lysate. Thus, the LOQ for the icIEF immunoas-
say method described here is at least 90× more sensitive
than the native fluorescence detection method for AAV9
analysis [11].

3.3 Method reproducibility

Wenext sought to understand themethod intraassay repro-
ducibility. The overlaid electropherograms resulting from
this analysis showed closely reproducible separation pro-
files of AAV9 (Figure 3). The standard deviation of each
peak’s apparent pI was ≤0.01 (Table 2A), and the rela-
tive standard deviation of each peak’s area was less than
6% (Table 2B). In evaluating the overall reproducibility of

measured pI value and peak area percentage, we used the
concept of “averaged pI” value as previously described [11].
The averaged pI value is calculated by the sum of each
peak’s pI value weighed by the peak’s percentage. This
value represents the entire peak pattern and can be used
in sample identification. The standard deviation of the
averaged pI values of the six injections is 0.001 (Table 2C).

3.4 Selective analysis of AAV capsid
proteins

Due to their high sequence homology, the three AAV cap-
sid proteins can only be partially separated by IEF, thus
making it difficult to observe changes in the charge hetero-
geneity of each capsid protein [9]. Therefore, the method
described here is valuable, as the charge profiles of the
capsid proteins are more sensitive indicators of AAV sta-
bility than size or hydrophobicity [17, 18]. Modifications
like deamidation and glycation cause very small changes
in molecular weight and hydrophobicity; however, these
modifications can alter vector function [9, 17, 18] and can
be monitored with icIEF [12].
A key advantage of the icIEF immunoassay method

described here is that each capsid protein can be character-
ized individually using different antibodies, which allows
for a more complete understanding of the stability and
changes of individual AAV capsid proteins. We probed
AAV9 with both anti-VP1/2/3 and anti-VP1 antibodies
separately as shown in Figure 4. The AAV9 capsid pro-
tein charge profile as detected with the anti-VP1 antibody
(Figure 4, orange shading) highlights the acidic region of
the complex profile detected with the anti-VP1/2/3 mAb.
These data agree with both 2D–PAGE and the newer
denatured icIEF paper [9, 12]. Using this capsid protein-
specific detection approach, the method provides a rapid
and specific identity assay that can be used to monitor the
modifications of each capsid protein.

3.5 AAV stability monitoring

Product stability is a critical quality attribute that is mon-
itored during manufacturing and product release, and
icIEF methods have been applied to understand the stabil-
ity of various biotherapeutics [10, 11, 17, 18]. The described
icIEF immunoassay was used to examine the degradation
patterns of VP1 in AAV9 compared to the overall cap-
sid proteins profile (VP1/2/3). AAV9 (2 × 1013 VP/mL)
was stressed at 37◦C (1, 3, 7, 11, and 14 days) before anal-
ysis using capsid protein-specific antibodies. The acidic
shifting is apparent in both the overall charge profile
(using anti-VP1/2/3) and the VP1 charge profile (Figure 5).
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F IGURE 3 Intra-assay reproducibility of the denatured adeno-associated virus (AAV) capillary immunoassay. Overlay of six injections
of the AAV9 sample (2.3 × 1010 VP/mL) in the same run batch, detected with the anti-VP1/2/3 primary antibody.

TABLE 2A Peak area percentages of the six injections as
shown in Figure 3.

Peak 1 Peak 2 Peak 3
Injection 1 6.4 25.2 68.4
Injection 2 6.9 26.6 66.5
Injection 3 6.8 25.4 67.8
Injection 4 6.0 27.7 66.3
Injection 5 6.6 27.0 66.4
Injection 6 7.1 27.0 66.0
RSD% 5.9 3.7 1.4

TABLE 2B Peak isoelectric point (pI) values of the six
injections as shown in Figure 3.

Peak 1 Peak 2 Peak 3
Injection 1 6.51 6.58 6.69
Injection 2 6.50 6.59 6.69
Injection 3 6.51 6.59 6.69
Injection 4 6.51 6.59 6.69
Injection 5 6.50 6.58 6.69
Injection 6 6.51 6.59 6.68
STD 0.01 0.01 0.00

Using the described “averaged pI” approach, we measured
the shift from temperature stress. The averaged pI value
decreases from 6.63 for the reference AAV9 sample to 6.54
for the sample stressed at 37◦C for 14 days using the anti-
VP1/2/3 detection (Table 3). This decrease of 0.09 pH units

TABLE 2C Averaged isoelectric point (pI) values of the six
injections as shown in Figure 3.

Averaged pI value
Injection 1 6.651
Injection 2 6.650
Injection 3 6.652
Injection 4 6.650
Injection 5 6.648
Injection 6 6.650
STD 0.001

F IGURE 4 Identification of individual adeno-associated virus
(AAV) capsid proteins in the denatured imaged capillary isoelectric
focusing (icIEF) profile. AAV9 (2.3 × 1010 VP/mL) sample using
anti-VP1/2/3 (blue) or anti-VP1 monoclonal antibody (mAb)
(orange). VP1 peaks focus on the acidic side of the denatured AAV
profile (middle panel). Overlay of two capillaries to illustrate peak
identification of VP1 peaks in VP1/2/3 profile (bottom panel).
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F IGURE 3 Intra-assay reproducibility of the denatured adeno-associated virus (AAV) capillary immunoassay. Overlay of six injections
of the AAV9 sample (2.3 × 1010 VP/mL) in the same run batch, detected with the anti-VP1/2/3 primary antibody.

TABLE 2A Peak area percentages of the six injections as
shown in Figure 3.

Peak 1 Peak 2 Peak 3
Injection 1 6.4 25.2 68.4
Injection 2 6.9 26.6 66.5
Injection 3 6.8 25.4 67.8
Injection 4 6.0 27.7 66.3
Injection 5 6.6 27.0 66.4
Injection 6 7.1 27.0 66.0
RSD% 5.9 3.7 1.4

TABLE 2B Peak isoelectric point (pI) values of the six
injections as shown in Figure 3.

Peak 1 Peak 2 Peak 3
Injection 1 6.51 6.58 6.69
Injection 2 6.50 6.59 6.69
Injection 3 6.51 6.59 6.69
Injection 4 6.51 6.59 6.69
Injection 5 6.50 6.58 6.69
Injection 6 6.51 6.59 6.68
STD 0.01 0.01 0.00

Using the described “averaged pI” approach, we measured
the shift from temperature stress. The averaged pI value
decreases from 6.63 for the reference AAV9 sample to 6.54
for the sample stressed at 37◦C for 14 days using the anti-
VP1/2/3 detection (Table 3). This decrease of 0.09 pH units

TABLE 2C Averaged isoelectric point (pI) values of the six
injections as shown in Figure 3.

Averaged pI value
Injection 1 6.651
Injection 2 6.650
Injection 3 6.652
Injection 4 6.650
Injection 5 6.648
Injection 6 6.650
STD 0.001

F IGURE 4 Identification of individual adeno-associated virus
(AAV) capsid proteins in the denatured imaged capillary isoelectric
focusing (icIEF) profile. AAV9 (2.3 × 1010 VP/mL) sample using
anti-VP1/2/3 (blue) or anti-VP1 monoclonal antibody (mAb)
(orange). VP1 peaks focus on the acidic side of the denatured AAV
profile (middle panel). Overlay of two capillaries to illustrate peak
identification of VP1 peaks in VP1/2/3 profile (bottom panel).
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F IGURE 5 VP-specific stability
monitoring. Heat-stressed AAV9 samples
(1.8 × 1011 VP/mL) were analyzed with (A)
anti-VP1/2/3 monoclonal antibody (mAb) to
detect all three VPs or (B) in separate
capillaries, with anti-VP1 mAb. Reference
AAV9 was compared to AAV9 which was
stressed at 37◦C for 1, 4, 7, 11, and 14 days.
Averaged isoelectric point (pI) values were
calculated for each time point and are
summarized in Table 3.

TABLE 3 Averaged isoelectric point (pI) values resulting from
the stress test as shown in Figure 5.

Averaged pI values
Sample Anti-VP1/2/3 Anti-VP1
Control 6.634 6.374
1 day 6.617 6.374
4 days 6.584 6.317
7 days 6.566 6.299
11 days 6.545 6.251
14 days 6.541 6.239

is above the resolution of the method in averaged pI value
shown in Table 2C.
The VP1 charge profile exhibits more changes than

the observed change in the overall AAV9 charge profile.
Notably, more peaks in the acidic region arose after only
1 day at 37◦C. Using the averaged pI value to quantita-

tively measure the degradation, we observed a decrease
from 6.37 for the reference sample to 6.24 for the 14-day
stressed AAV9 (Table 3). This decrease of 0.13 pI units is
greater than the change in the overall charge profile of 0.09
pI units and suggests that VP1 is more sensitive to stress
and may serve as a stronger stability indicator compared
to the overall VP peak pattern. This is the first time that
the charge profile changes of individual AAV viral pro-
teins (VP1 and VP1/2/3) are characterized separately and
simultaneously.

3.6 Evaluation and identification of
other AAV serotypes

AAVs are a diverse family of viruses, with 10 naturally
occurring serotypes that infect different tissues. All AAV
serotypes contain the three capsid proteins (VP1, VP2,
and VP3) that assemble in a stochastic manner to form
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F IGURE 6 Charge profiles of six different adeno-associated virus (AAV) serotypes. AAV 1, 2, 3, 6, 8, and 9 (of 4.0 × 1010 VP/mL) were
analyzed by the capillary isoelectric focusing (cIEF) immunoassay using the anti-VP1/2/3 antibody. Individual peak signatures and calculated
average isoelectric point (pI) values (API) of the most abundant peak are shown for each serotype.

a 60-mer capsid that protects a ssDNA genome [2]. The
capsid proteins range in homology from 99% identical
(AAV1/AAV6) to around 50% for the least related serotypes
[4]. These capsid proteins differ at the amino acid level
but haveminimal differences inmolecularmass. However,
we have previously shown that there are significant differ-
ences in the peak patterns of the various AAV serotypes
when separated by icIEF [11]. We similarly verified the
ability of this new method to differentiate various AAV
serotypes, and thereby also serve as an identity assay. Six
AAV serotypes (AAV1, AAV2, AAV3, AAV6, AAV8, and
AAV9) were analyzed with the anti-VP1/VP2/VP3 anti-
body. Like our previous observations, the peak patterns of
eachAAV serotype and their averaged pI values are unique
(Figure 6). Because the standard deviation (0.001) of the
averaged pI measurement shown in Table 2C is smaller
than the averaged pI differences of the AAVs of different
serotypes (Figure 6), the method can be used as an iden-
tity assay. Interestingly, the API of AAV9 in Figure 6 is
slightly less acidic than the API reported earlier (Tables 2C
and 3), and this could be because the AAV9 analyzed
and summarized in Figure 6 was from a different AAV9
lot. Therefore, we envision that this capillary IEF (cIEF)
immunoassay may be used as an orthogonal method to
provide batch-to-batch identity information as defined by
regulatory agencies [5], where subtle changes in manufac-
turing are expected to change the capsid protein charge
heterogeneity.

4 CONCLUDING REMARKS

Here, we describe an icIEF immunoassay for the detailed
study of AAV capsid protein charge heterogeneity. Unlike

the icIEFmethodwith direct detection [11, 12], thismethod
uses ultrasensitive chemiluminescence, which demon-
strated a 90× sensitivity improvement compared to direct
detection. Furthermore, this icIEF immunoassay platform
has high sample throughput, processing up to 96 sam-
ples in a fully automated overnight run, resulting in
reproducible quantification of each peak area percentage
and apparent pI. The high reproducibility of this method
can be leveraged to identify different AAV serotypes by
calculating their averaged pI values from peak area per-
centage and the pI of each peak. Thismethod also provides
stability monitoring at the capsid protein level, delineat-
ing the changes in VP1 from those of the other capsid
proteins. With the development of new antibodies for spe-
cific serotypes, specific capsid proteins, and even other
viral vectors, we anticipate that this versatile method will
provide detailed insight into capsid protein heterogene-
ity that can be broadly applicable to not just diverse
AAV serotypes, but other viral vectors like lentivirus as
well.
As an immunoassay, the specificity of this method

enables specific target protein analysis in complex sam-
ple types. With this specificity, the charge heterogeneity
of AAV capsid proteins in complex matrices like HEK293T
whole-cell lysates can be characterized. The method was
shown to perform without influence from as much as
20 µg/mL HEK293T lysate, indicating the method can be
used to study upstream samples for capsid protein charge
heterogeneity and serve as an early indicator of prod-
uct change from events like deamidation. Furthermore,
purity assays using anti-HCP antibodies are compatible
with the cIEF immunoassay [19], and the Peggy Sue instru-
ment allows for up to 8 probing cycles with 8 different
antibodies on the same sample. Therefore, purity analysis
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using anti-HCP antibodies may be combined with charge
heterogeneity analysis using antibodies targeting capsid
proteins to provide multi-attribute viral vector analysis in
a single platform, improving in-process development for
biomanufacturing workflows.
By combining and automating the high-resolution pro-

tein separation of capillary electrophoresis with the speci-
ficity, selectivity, and sensitivity of, the icIEF immunoassay
method can rapidly monitor AAV samples and their indi-
vidual capsid proteins to inform process development in
both upstream and downstream bioprocess workflows.
Thus, we anticipate that this icIEF immunoassay will
be a useful tool to monitor AAVs in different stages of
manufacturing.
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Short Communication

Isoelectric point determination by imaged
CIEF of commercially available SARS-CoV-2
proteins and the hACE2 receptor

Abstract In order to contribute to the scientific research on the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), we have investigated the isoelectric points
(pI) of several related proteins, which are commercially available: the receptor-binding do-
main (RBD) with His- and Fc-tag, the S1 subunit with His-tag, the S1/S2 subunits with
His-tag and the human angiotensin-converting enzyme 2 (hACE2) with His-tag. First, the
theoretical pI values, based on the amino acid (AA) sequences of the proteins, were cal-
culated using the ProtParam tool from the Bioinformatics Resource Portal ExPASy. The
proteins were then measured with the Maurice imaged CIEF system (native fluorescence
detection), testing various measurement conditions, such as different ampholytes or am-
pholyte mixtures. Due to isoforms, we get sections with several peaks and not just one
peak for each protein. The determined pI range for the RBD/Fc is 8.24–9.32 (theoretical
pI: 8.55), for the RBD/His it is 7.36–9.88 (8.91) and for the S1/His it is 7.30–8.37 (7.80).
The pI range of the S1/S2/His is 4.41–5.87 (no theoretical pI, AA sequence unknown) and
for hACE2/His, the determined global range is 5.19–6.11 (5.60) for all experimental con-
ditions chosen. All theoretically derived values were found within these ranges, usually
close to the center. Therefore, we consider theoretical values as useful to make predictions
about the isoelectric points of SARS-CoV-2 proteins. The experimental conditions had only
a minor influence on the pI ranges obtained and mainly influenced the peak shapes.

Keywords:
CIEF / COVID-19 / hACE2 / Isoelectric point / SARS-CoV-2 proteins

DOI 10.1002/elps.202100015

The Coronavirus Disease 2019 (COVID-19) pandemic is cur-
rently shaking up the whole world. Since the beginning of
the outbreak, research has been conducted into medicines
and vaccines against the virus in the field of pharmaceutical
research. For research purposes, there are several significant
proteins of the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) on the market. Therefore, our intention was
to contribute to the progress of research in this field with
the means available to us. In this short communication, the
results of the capillary isoelectric focusing (CIEF) measure-
ments of different sections of the SARS-CoV-2 spike protein
and the human angiotensin-converting enzyme 2 (hACE2)
are presented.

SARS-CoV-2 uses the receptor-binding domain (RBD) of
its surface glycoprotein (spike protein) to enter the human
body via the hACE2 receptor [1]. The spike protein is com-

Correspondence: Prof. Dr. Hermann Wätzig, Institute of Medici-
nal and Pharmaceutical Chemistry, Technische Universität Braun-
schweig, Beethovenstraße 55, 38106 Braunschweig, Germany
Email: h.waetzig@tu-bs.de

Abbreviations: hACE2, human angiotensin-converting en-
zyme 2; RBD, receptor-binding domain; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2

prised of two functional subunits: S1 and S2. While the S1
subunit binds to the hACE2 receptor, the S2 subunit is impli-
cated in the merging of the viral and human cell membranes
[2]. For more information on the physicochemical properties
of SARS-CoV-2, please refer to the review of Scheller et al. [3].

In the CIEF, the isoelectric focusing takes place in a cap-
illary, as a charge-based analysis via capillary electrophoresis.
The CIEF method was implemented by Hjerten et al. in the
1980s and can be seen as an improved, new version of the
conventional isoelectric focusing in slab gels [4,5]. The ad-
vantages of CIEF over IEF with slab gels are, for example, a
smaller sample volume required, shorter analysis times, and
higher sensitivity [6]. Using CIEF, a pH gradient is built up
in the capillary. The ampholytic analytes migrate in this pH
gradient and then remain in the pH zone that corresponds to
their pI value [7]. It is also possible in CIEF to use immobi-
lized pH gradients as applied in slab gels. This technique is
still under development, but can bring many advantages [6,
8–10]. In this case, the imaged CIEF with carrier ampholytes
was used, i.e., an on-line imaging detection system that does
not require the mobilization of the analytes after focusing
[11].

Since the isoelectric point of proteins is an important
property, we sought to determine it using the Maurice (im-
aged) CIEF system from ProteinSimple, a Bio-Techne brand.

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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Table 1. Experimental conditions for the determination of the isoelectric points via Maurice CIEF of the SARS-CoV-2 proteins and the
hACE2 receptor from R&D Systems; sample Load: 55 s, anolyte: 80 mM phosphoric acid in 0.1% methyl cellulose, catholyte:
100 mM NaOH in 0.1% methyl cellulose, Vwell: 100 μL, 40% SimpleSol Protein Solubilizier (except for experiment f of
hACE2/His), 0.35% methyl cellulose, 10 mM arginine (except for experiment f of hACE2/His); ρ = mass concentration of the
respective protein in mg/mL

RBD/Fc RBD/His S1/His S1/S2/His hACE2/His

Catalog number #10499-CV #10500-CV #10522-CV - #933-ZV
ρinitial [mg/mL] 2.100 1.860 0.350 0.470 0.468
Buffer PBS pH 7.4 PBS pH 7.4 PBS pH 7.4 PBS pH 7.4 12.5 mM Tris, NaCl, ZnCl2

and glycerol
Theoretical pI 8.55 8.91 7.80 - 5.60
Separation 1 min 1500 V 1 min 1500 V 1 min 1500 V 1 min 1500 V 1 min 1500 V

7.5 min 3000 V 7.5 min 3000 V 8.5 min 3000 V 11 min 3000 V a-e: 20 min, f: 15 min 3000 V
Fluorescence exposure time 50 s 50 s 50 s 50 s a: 5 s, b: 50 s, e: 30 s, f: 10 s
ρfinal [mg/mL] 0.036 0.035 0.040 0.080 a: 0.040

b: 0.016
e: 0.041
f: 0.098

Urea [mol/L] - - - - e: 2
f: 7

Ampholyte a/b: 3–10 (4%) a/b: 3–10 (4%) a/b: 3–10 (4%) a: 3–10 (4%) a/b/e: 3–10 (4%)
c: 3–10 (1%),
8–10.5 (3%)
d: 8–10.5 (4%)

c: 3–10 (1%),
8–10.5 (3%)

c: 3–10 (1%),
8–10.5 (3%)
d: 8–10.5 (4%)

f: 2.5–5 (3%), 5–8 (2%)

pI markers (1% each) a: 3.38, 9.99
b/c/d: 7.05, 9.50

a: 3.38, 9.99
b/c: 7.05, 10.17

a: 3.38, 9.99
b/c/d: 7.05, 9.50

a: 3.38, 9.99 a: 3.38, 9.99
b/e/f: 4.05, 7.05

We used the SARS-CoV-2 proteins currently available on the
market, namely the RBDwith His- and Fc-tag, the S1 subunit
with His-tag, and the S1/S2 subunits with His-tag.

As the virus binds to the hACE2 in the human body, this
receptor was included in the study (all proteins were pro-
vided by R&D Systems, a Bio-Techne brand, Minneapolis,
Minnesota, USA).

First, the theoretical pI values of the proteins were calcu-
lated using the ProtParam tool from the Bioinformatics Re-
source Portal ExPASy [12]. The basis for this was the given AA
sequence of the corresponding protein, which can be found
in the R&D Systems catalog [13] on the page of the respective
protein (see catalog numbers in Table 1).

The SARS-CoV-2 RBD/Fc is derived from the surface
glycoprotein (NCBI Reference Sequence: YP_0 097 24390.1)
Arg319-Phe541, which is linked to human IgG1 (Pro100-
Lys330) via the sequence IEGRMD. The pI value calculated
using this sequence is 8.55. The His-tagged SARS-CoV-2
RBD, with a theoretical pI of 8.91, is also the surface glyco-
protein Arg319-Phe541, but with a C-terminal 6-His-tag. The
S1/His subunit is also the surface glycoprotein, but the se-
quence Val16-Pro681, with a C-terminal 6-His-tag. A pI of
7.80 can be calculated from this sequence. The S1/S2/His
protein is not yet commercially available and therefore not
included in the R&D Systems catalog. For this reason, no
theoretical pI value can be calculated as the exact AA se-
quence is unknown. The hACE2/His receptor consists of the
AA sequence of the hACE2 protein (UniProtKB/Swiss-Prot:
Q9BYF1) Gln18-Ser740, with a C-terminal 10-His-tag. The pI
value of this sequence calculated via ExPASy is 5.60.

Subsequently, it is investigated to what extent the theoret-
ical pI values agree with the experimentally measured ones.

For the Maurice CIEF system, the Maurice CIEF car-
tridges and the Maurice CIEF method development kit (in-
cluding all reagents used, such as the anolyte, catholyte, am-
pholytes, pI markers, SimpleSol, etc.) were used (provided
by ProteinSimple, a Bio-Techne brand, San Jose, California,
USA). With native fluorescence at an excitation wavelength
of 280 nm, emitted light at 320–450 nm was used for detec-
tion [14].

The measurements were performed under the experi-
mental conditions shown in Table 1.

The preparation of the samples is now explained us-
ing the sample from experiment a of the RBD/Fc as an ex-
ample. 8.5 μL of protein, dissolved in PBS buffer (ρinitial =
2.100 mg/mL), was mixed with 35 μL of 1% methyl cellu-
lose, 40 μL SimpleSol, 4 μL ampholyte 3–10, 2 μL of 500 mM
arginine, 1 μL each of pI markers 3.38 and 9.99 and 8.5 μL
DI water, resulting in a total volume of 100 μL. Samples were
then vortexed and centrifuged to be pipetted into a 96-well
plate.

In order to get a general overview of the pI value of the
respective protein, the wide range ampholyte with markers at
the edges of the range was first selected (a).

In a second step, pI markers whose pI values were as
close as possible to those of the respective protein were cho-
sen (b).

Next step was to improve the resolution of the peaks by
using ampholyte mixtures. For this purpose, wide range am-
pholytes and narrow range ampholytes were mixed in a ratio

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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Short Communication

Isoelectric point determination by imaged
CIEF of commercially available SARS-CoV-2
proteins and the hACE2 receptor

Abstract In order to contribute to the scientific research on the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), we have investigated the isoelectric points
(pI) of several related proteins, which are commercially available: the receptor-binding do-
main (RBD) with His- and Fc-tag, the S1 subunit with His-tag, the S1/S2 subunits with
His-tag and the human angiotensin-converting enzyme 2 (hACE2) with His-tag. First, the
theoretical pI values, based on the amino acid (AA) sequences of the proteins, were cal-
culated using the ProtParam tool from the Bioinformatics Resource Portal ExPASy. The
proteins were then measured with the Maurice imaged CIEF system (native fluorescence
detection), testing various measurement conditions, such as different ampholytes or am-
pholyte mixtures. Due to isoforms, we get sections with several peaks and not just one
peak for each protein. The determined pI range for the RBD/Fc is 8.24–9.32 (theoretical
pI: 8.55), for the RBD/His it is 7.36–9.88 (8.91) and for the S1/His it is 7.30–8.37 (7.80).
The pI range of the S1/S2/His is 4.41–5.87 (no theoretical pI, AA sequence unknown) and
for hACE2/His, the determined global range is 5.19–6.11 (5.60) for all experimental con-
ditions chosen. All theoretically derived values were found within these ranges, usually
close to the center. Therefore, we consider theoretical values as useful to make predictions
about the isoelectric points of SARS-CoV-2 proteins. The experimental conditions had only
a minor influence on the pI ranges obtained and mainly influenced the peak shapes.

Keywords:
CIEF / COVID-19 / hACE2 / Isoelectric point / SARS-CoV-2 proteins

DOI 10.1002/elps.202100015

The Coronavirus Disease 2019 (COVID-19) pandemic is cur-
rently shaking up the whole world. Since the beginning of
the outbreak, research has been conducted into medicines
and vaccines against the virus in the field of pharmaceutical
research. For research purposes, there are several significant
proteins of the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) on the market. Therefore, our intention was
to contribute to the progress of research in this field with
the means available to us. In this short communication, the
results of the capillary isoelectric focusing (CIEF) measure-
ments of different sections of the SARS-CoV-2 spike protein
and the human angiotensin-converting enzyme 2 (hACE2)
are presented.

SARS-CoV-2 uses the receptor-binding domain (RBD) of
its surface glycoprotein (spike protein) to enter the human
body via the hACE2 receptor [1]. The spike protein is com-

Correspondence: Prof. Dr. Hermann Wätzig, Institute of Medici-
nal and Pharmaceutical Chemistry, Technische Universität Braun-
schweig, Beethovenstraße 55, 38106 Braunschweig, Germany
Email: h.waetzig@tu-bs.de

Abbreviations: hACE2, human angiotensin-converting en-
zyme 2; RBD, receptor-binding domain; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2

prised of two functional subunits: S1 and S2. While the S1
subunit binds to the hACE2 receptor, the S2 subunit is impli-
cated in the merging of the viral and human cell membranes
[2]. For more information on the physicochemical properties
of SARS-CoV-2, please refer to the review of Scheller et al. [3].

In the CIEF, the isoelectric focusing takes place in a cap-
illary, as a charge-based analysis via capillary electrophoresis.
The CIEF method was implemented by Hjerten et al. in the
1980s and can be seen as an improved, new version of the
conventional isoelectric focusing in slab gels [4,5]. The ad-
vantages of CIEF over IEF with slab gels are, for example, a
smaller sample volume required, shorter analysis times, and
higher sensitivity [6]. Using CIEF, a pH gradient is built up
in the capillary. The ampholytic analytes migrate in this pH
gradient and then remain in the pH zone that corresponds to
their pI value [7]. It is also possible in CIEF to use immobi-
lized pH gradients as applied in slab gels. This technique is
still under development, but can bring many advantages [6,
8–10]. In this case, the imaged CIEF with carrier ampholytes
was used, i.e., an on-line imaging detection system that does
not require the mobilization of the analytes after focusing
[11].

Since the isoelectric point of proteins is an important
property, we sought to determine it using the Maurice (im-
aged) CIEF system from ProteinSimple, a Bio-Techne brand.

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 1. Electropherograms of the Maurice CIEF measurements. A: SARS-CoV-2 RBD/Fc experiment b; B: RBD/His experiment b; C:
S1/His experiment b; D: S1/S2/His experiment a; E: hACE2/His experiment f. For better visualization, the y-axes were displayed only in the
area of fluorescence of the sample peaks.

of 1:3 (c). The mixing ratio was chosen based on the work of
Kahle et al. [15].

An additional approach was to only use narrow range
ampholytes (d). Because the peak profile of the hACE2/His
protein was not as reproducible, this protein was also
measured with an addition of urea. For e, the two protein
solubilizers SimpleSol and urea were used. Since the ad-
dition of SimpleSol and urea did not lead to a good peak
shape either, SimpleSol was subsequently omitted and the
concentration of urea was increased. In addition, several
ampholyte mixtures were tested. Finally, a concentration of 7
M urea and a mixture of ampholytes 2.5–5 (3%) and 5–8 (2%)
was used and thus well reproducible peaks were obtained
(f).

Since the proteins are very expensive and only available
in small quantities, further optimization attempts were
not conducted. Furthermore, there were no repetitions of

non-evaluable measurements, as the proteins will be used for
future affinity capillary electrophoresis (ACE) experiments,
in which the binding behavior of the SARS-CoV-2 proteins
to the hACE2 receptor will be investigated.

Figure 1 shows the electropherograms of each measured
protein in the particular experimentwhere the protein yielded
the most reproducible peaks with the best peak shape.

The electropherograms show, that the proteins produce
very different peak profiles. In case of the SARS-CoV-2
RBD/Fc (Figure 1A), the individual isoforms can be seen
very clearly. SARS-CoV-2 RBD/His (Figure 1B), on the other
hand, shows very small peaks in the approximate range of
pI 7 to 8.5 and then some larger ones in the range of pI 8.5
to 10.

The S1/His subunit (Figure 1C) produces three peaks,
whose areas increase with pI, so the one with the highest pI
is the largest at about 8.4.

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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Table 2. Results of the Maurice CIEF measurements of SARS-CoV-2 proteins and the hACE2 receptor (experiments a-f). Given are the
mean values of the isoelectric points determined from a certain number of repetitions (n) and the relative standard deviation
(RSD) in %

a RBD/Fc (theoretical pI: 8.55) n= 5

mean 8.359 8.572 8.782 8.924 9.052 9.153 9.250 9.316
RSD [%] 0.219 0.222 0.064 0.093 0.142 0.088 0.085 0.061
b n= 8
mean 8.254 8.478 8.649 8.794 8.915 9.021 9.103 9.164
RSD [%] 0.157 0.158 0.029 0.032 0.048 0.044 0.051 0.049
c n= 6
mean 8.390 8.633 8.757 8.886
RSD [%] 0.054 0.134 0.036 0.061
d n= 6
mean 8.235 8.429 8.629 8.877
RSD [%] 0.050 0.159 0.007 0.069

a RBD/His (theoretical pI: 8.91) n= 7

mean 7.412 7.738 8.025 8.338 8.799 9.229 9.503 9.691 9.833
RSD [%] 0.114 0.137 0.201 0.203 0.081 0.110 0.084 0.073 0.072
b n= 8
mean 7.357 7.685 7.991 8.314 8.766 9.217 9.509 9.695 9.849
RSD [%] 0.135 0.117 0.104 0.117 0.212 0.085 0.061 0.047 0.131
c n= 6
mean 7.925 8.199 8.440 8.733 9.086 9.316 9.477 9.702 9.875
RSD [%] 0.060 0.307 0.098 0.125 0.106 0.058 0.070 0.075 0.056

a S1/His (theoretical pI: 7.80) n= 8

mean 7.545 7.994 8.372
RSD [%] 1.394 1.349 1.376
b n= 8
mean 7.479 7.932 8.334
RSD [%] 0.103 0.037 0.025
c n= 6
mean 7.303 7.706 8.064
RSD [%] 0.040 0.066 0.015
d n= 6
mean 7.681 7.837 8.012 8.134
RSD [%] 0.048 0.185 0.039 0.114

a S1/S2/His n= 6

mean 4.406 4.507 4.605 4.817 4.974 5.157 5.309 5.423 5.608 5.872
RSD [%] 0.154 0.059 0.040 0.106 0.165 0.059 0.252 0.176 0.481 0.109

a hACE2/His (theoretical pI: 5.60) n= 8

mean 5.605 5.673 5.790 5.846 5.908 5.939 6.004 6.109
RSD [%] 0.402 0.807 0.438 0.119 0.129 0.046 0.085 0.094
b n= 8
mean 5.355 5.428 5.497 5.576 5.692
RSD [%] 0.133 0.087 0.102 0.123 0.090
e n= 5
mean 5.370 5.416 5.465 5.528 5.581 5.618 5.751
RSD [%] 0.057 0.020 0.027 0.076 0.054 0.054 0.116
f n= 12
mean 5.188 5.231 5.263 5.304 5.341 5.375 5.413 5.451 5.489 5.526
RSD [%] 0.086 0.022 0.076 0.053 0.057 0.053 0.048 0.044 0.048 0.049
mean 5.570 5.626 5.670 5.723 5.771 5.834 5.884 5.928
RSD [%] 0.042 0.044 0.036 0.036 0.032 0.037 0.030 0.019

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 1. Electropherograms of the Maurice CIEF measurements. A: SARS-CoV-2 RBD/Fc experiment b; B: RBD/His experiment b; C:
S1/His experiment b; D: S1/S2/His experiment a; E: hACE2/His experiment f. For better visualization, the y-axes were displayed only in the
area of fluorescence of the sample peaks.

of 1:3 (c). The mixing ratio was chosen based on the work of
Kahle et al. [15].

An additional approach was to only use narrow range
ampholytes (d). Because the peak profile of the hACE2/His
protein was not as reproducible, this protein was also
measured with an addition of urea. For e, the two protein
solubilizers SimpleSol and urea were used. Since the ad-
dition of SimpleSol and urea did not lead to a good peak
shape either, SimpleSol was subsequently omitted and the
concentration of urea was increased. In addition, several
ampholyte mixtures were tested. Finally, a concentration of 7
M urea and a mixture of ampholytes 2.5–5 (3%) and 5–8 (2%)
was used and thus well reproducible peaks were obtained
(f).

Since the proteins are very expensive and only available
in small quantities, further optimization attempts were
not conducted. Furthermore, there were no repetitions of

non-evaluable measurements, as the proteins will be used for
future affinity capillary electrophoresis (ACE) experiments,
in which the binding behavior of the SARS-CoV-2 proteins
to the hACE2 receptor will be investigated.

Figure 1 shows the electropherograms of each measured
protein in the particular experimentwhere the protein yielded
the most reproducible peaks with the best peak shape.

The electropherograms show, that the proteins produce
very different peak profiles. In case of the SARS-CoV-2
RBD/Fc (Figure 1A), the individual isoforms can be seen
very clearly. SARS-CoV-2 RBD/His (Figure 1B), on the other
hand, shows very small peaks in the approximate range of
pI 7 to 8.5 and then some larger ones in the range of pI 8.5
to 10.

The S1/His subunit (Figure 1C) produces three peaks,
whose areas increase with pI, so the one with the highest pI
is the largest at about 8.4.

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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With the S1/S2/His subunit (Figure 1D), it was challeng-
ing to get peaks at all. Using a very high concentration, a
broad peak with some spikes is finally obtained.

After some optimization of the experimental conditions,
the hACE2/His receptor (Figure 1E) shows a very repro-
ducible peak profile, in which the different isoforms can be
well recognized.

With the peak profiles of the individual proteins inmind,
we now take a look at the determined isoelectric points of the
proteins. Table 2 summarizes the results of the CIEF mea-
surements of the five proteins.

With regard to the results, the RBD/Fc protein will be dis-
cussed first. The theoretically calculated pI value of this pro-
tein is 8.55. In all experiments (a-d) pI values in the range of
8.24 to 9.32 were obtained. The measured values are there-
fore in the range around the theoretically calculated pI, the
distribution is probably due to isoforms.

Next, we come to the results of the SARS-CoV-2 RBD
with His-tag. For the two measurements in ampholyte 3–10
(a, b) we have very similar pI values in the range between
about 7.36 and 9.85. The pI values in measurement c, i.e.,
the measurement in the ampholyte mixture, lie between 7.93
and 9.88, which is probably due to the fact that the pI gradient
in the ampholyte mixture at the edges of the narrow range
ampholyte is not linear. The measurement with the narrow
range ampholyte (d) could not be evaluated for this protein
and was not repeated due to the small amount of material
available. The theoretical pI of this protein is 8.91. In themea-
surements, this is in the range of the large peaks of the pro-
tein. Overall, the experimentally determined pI values can be
found around the theoretically determined value in the range
± 1 pH unit for this protein.

Looking at the S1 subunit with His-tag, the pI range of
the experiments a and b again hardly differs, so the pI val-
ues seem to behave nearly linear over the whole pI area. The
determined range in these two experiments is about 7.48 to
8.37. The differences in comparison to the measurement in
the ampholyte mixture (c) are probably due to the fact that the
pI value of the protein is located at the border of the narrow
range ampholyte (8–10.5) and pI values in this border area
are probably somewhat distorted.

The pI values determined using the narrow range am-
pholyte in experiment d lie in the range from 7.68 to 8.13, i.e.,
the range is significantly smaller than in the previous mea-
surements. The theoretically calculated pI of the S1 subunit
with His-tag is 7.80 and thus approximately in the middle of
the experimentally determined ranges.

When measuring the S1/S2 subunit with His-tag, the
first problem was that no peaks could be found. The con-
centration of the protein was then continuously increased
until peaks could finally be identified. These peaks, shown
in the electropherogram in Figure 1D, could also be de-
scribed as very broad and flat. Because of the high sample
consumption due to the high concentration and the failed
experiments before, only experiment a was performed. The
experimentally determined pI values lie in a range from
4.41 to 5.87. Due to the unknown AA sequence, there is no

theoretically calculated pI value and therefore it is not possi-
ble to assess whether the values are in the same range.

The last protein investigated is the His-tagged hACE2
receptor, whose theoretically calculated pI value is 5.60. The
pI range determined with the wide range ampholyte and the
markers 3.38 and 9.99 is 5.61 to 6.11 (experiment a), but the
peaks looked as if the protein was aggregated.

Subsequently, a lower concentration was chosen for
measurements b, c, and d to avoid aggregation, whereby only
experiment b could be evaluated. The pI range determined
there is 5.36 to 5.69 and is in the range determined in
experiment a, but smaller. Since the peaks still looked as if
the protein was aggregated, a measurement with urea and
SimpleSol as protein solubilizers was conducted afterwards
(e). The reproducibility of the peak profiles was slightly
improved and the values (5.37–5.75) hardly differ from those
of measurement b. In order to obtain a reproducible peak
shape and no aggregation, an attempt was made to optimize
the method. In the following, SimpleSol was omitted and the
concentration of urea was increased. In addition, several am-
pholyte mixtures were tried. In experiment f, with 7 M urea
and ampholytes 2.5–5 (3%) and 5–8 (2%), peaks with recog-
nizable isoforms of the receptor were finally obtained, which
were very reproducible. The pI values in this experiment
are between 5.19 and 5.93 and therefore in the range of the
previously performed experiments. Thus, the aggregation
did not have a strong effect on the pI value determination.
Due to the good reproducibility, this method could be well
used for quality control of the receptor, since even the small-
est impurities would presumably have an effect on the peak
shape.

In summary, the theoretical pI values calculated on the
basis of the AA sequence are in the same range as those
determined experimentally. It is not possible to determine
an exact value experimentally for these proteins, since all
electropherograms show several peaks due to isoforms.
However, these ranges always coincide with the calculated
values.

Therefore, the model calculations for these proteins are
useful to make predictions about the isoelectric points of the
proteins, if they are needed and no time and/or equipment is
available for own experiments regarding the pI value determi-
nation. The experimental conditions (ampholyte, pI markers,
concentration) do not have a particularly large influence on
the determined pI value and merely the number and shape
of peaks vary. By optimizing the experimental conditions, ag-
gregation can be prevented and the separation of the individ-
ual isoforms can be made possible. With further optimiza-
tion, quality control methods using CIEF can be developed
for these proteins.

The Maurice CIEF, including all reagents, and the proteins
were provided by ProteinSimple, a Bio-Techne Brand. We would
like to thank Susanne Doerks, Carsten Lueck, Udo Burger, and
Chris Heger for their tremendous support.
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With the S1/S2/His subunit (Figure 1D), it was challeng-
ing to get peaks at all. Using a very high concentration, a
broad peak with some spikes is finally obtained.

After some optimization of the experimental conditions,
the hACE2/His receptor (Figure 1E) shows a very repro-
ducible peak profile, in which the different isoforms can be
well recognized.

With the peak profiles of the individual proteins inmind,
we now take a look at the determined isoelectric points of the
proteins. Table 2 summarizes the results of the CIEF mea-
surements of the five proteins.

With regard to the results, the RBD/Fc protein will be dis-
cussed first. The theoretically calculated pI value of this pro-
tein is 8.55. In all experiments (a-d) pI values in the range of
8.24 to 9.32 were obtained. The measured values are there-
fore in the range around the theoretically calculated pI, the
distribution is probably due to isoforms.

Next, we come to the results of the SARS-CoV-2 RBD
with His-tag. For the two measurements in ampholyte 3–10
(a, b) we have very similar pI values in the range between
about 7.36 and 9.85. The pI values in measurement c, i.e.,
the measurement in the ampholyte mixture, lie between 7.93
and 9.88, which is probably due to the fact that the pI gradient
in the ampholyte mixture at the edges of the narrow range
ampholyte is not linear. The measurement with the narrow
range ampholyte (d) could not be evaluated for this protein
and was not repeated due to the small amount of material
available. The theoretical pI of this protein is 8.91. In themea-
surements, this is in the range of the large peaks of the pro-
tein. Overall, the experimentally determined pI values can be
found around the theoretically determined value in the range
± 1 pH unit for this protein.

Looking at the S1 subunit with His-tag, the pI range of
the experiments a and b again hardly differs, so the pI val-
ues seem to behave nearly linear over the whole pI area. The
determined range in these two experiments is about 7.48 to
8.37. The differences in comparison to the measurement in
the ampholyte mixture (c) are probably due to the fact that the
pI value of the protein is located at the border of the narrow
range ampholyte (8–10.5) and pI values in this border area
are probably somewhat distorted.

The pI values determined using the narrow range am-
pholyte in experiment d lie in the range from 7.68 to 8.13, i.e.,
the range is significantly smaller than in the previous mea-
surements. The theoretically calculated pI of the S1 subunit
with His-tag is 7.80 and thus approximately in the middle of
the experimentally determined ranges.

When measuring the S1/S2 subunit with His-tag, the
first problem was that no peaks could be found. The con-
centration of the protein was then continuously increased
until peaks could finally be identified. These peaks, shown
in the electropherogram in Figure 1D, could also be de-
scribed as very broad and flat. Because of the high sample
consumption due to the high concentration and the failed
experiments before, only experiment a was performed. The
experimentally determined pI values lie in a range from
4.41 to 5.87. Due to the unknown AA sequence, there is no

theoretically calculated pI value and therefore it is not possi-
ble to assess whether the values are in the same range.

The last protein investigated is the His-tagged hACE2
receptor, whose theoretically calculated pI value is 5.60. The
pI range determined with the wide range ampholyte and the
markers 3.38 and 9.99 is 5.61 to 6.11 (experiment a), but the
peaks looked as if the protein was aggregated.

Subsequently, a lower concentration was chosen for
measurements b, c, and d to avoid aggregation, whereby only
experiment b could be evaluated. The pI range determined
there is 5.36 to 5.69 and is in the range determined in
experiment a, but smaller. Since the peaks still looked as if
the protein was aggregated, a measurement with urea and
SimpleSol as protein solubilizers was conducted afterwards
(e). The reproducibility of the peak profiles was slightly
improved and the values (5.37–5.75) hardly differ from those
of measurement b. In order to obtain a reproducible peak
shape and no aggregation, an attempt was made to optimize
the method. In the following, SimpleSol was omitted and the
concentration of urea was increased. In addition, several am-
pholyte mixtures were tried. In experiment f, with 7 M urea
and ampholytes 2.5–5 (3%) and 5–8 (2%), peaks with recog-
nizable isoforms of the receptor were finally obtained, which
were very reproducible. The pI values in this experiment
are between 5.19 and 5.93 and therefore in the range of the
previously performed experiments. Thus, the aggregation
did not have a strong effect on the pI value determination.
Due to the good reproducibility, this method could be well
used for quality control of the receptor, since even the small-
est impurities would presumably have an effect on the peak
shape.

In summary, the theoretical pI values calculated on the
basis of the AA sequence are in the same range as those
determined experimentally. It is not possible to determine
an exact value experimentally for these proteins, since all
electropherograms show several peaks due to isoforms.
However, these ranges always coincide with the calculated
values.

Therefore, the model calculations for these proteins are
useful to make predictions about the isoelectric points of the
proteins, if they are needed and no time and/or equipment is
available for own experiments regarding the pI value determi-
nation. The experimental conditions (ampholyte, pI markers,
concentration) do not have a particularly large influence on
the determined pI value and merely the number and shape
of peaks vary. By optimizing the experimental conditions, ag-
gregation can be prevented and the separation of the individ-
ual isoforms can be made possible. With further optimiza-
tion, quality control methods using CIEF can be developed
for these proteins.

The Maurice CIEF, including all reagents, and the proteins
were provided by ProteinSimple, a Bio-Techne Brand. We would
like to thank Susanne Doerks, Carsten Lueck, Udo Burger, and
Chris Heger for their tremendous support.
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Sixteen capillary electrophoresis
applications for viral vaccine analysis

A broad range of CE applications from our organization is reviewed to give a flavor of the
use of CE within the field of vaccine analyses. Applicability of CE for viral vaccine charac-
terization, and release and stability testing of seasonal influenza virosomal vaccines, uni-
versal subunit influenza vaccines, Sabin inactivated polio vaccines (sIPV), and adenovirus
vector vaccines were demonstrated. Diverse CZE, CE-SDS, CGE, and cIEF methods were
developed, validated, and applied for virus, protein, posttranslational modifications, DNA,
and excipient concentration determinations, as well as for the integrity and composition
verifications, and identity testing (e.g., CZE for intact virus particles, CE-SDS application
for hemagglutinin quantification and influenza strain identification, chloride or bromide
determination in process samples). Results were supported by other methods such as RP-
HPLC, dynamic light scattering (DLS), and zeta potential measurements. Overall, 16 CE
methods are presented that were developed and applied, comprising six adenovirus meth-
ods, five viral protein methods, and methods for antibodies determination of glycans, host
cell-DNA, excipient chloride, and process impurity bromide. These methods were applied
to support in-process control, release, stability, process- and product characterization and
development, and critical reagent testing. Thirteen methods were validated. Intact virus
particles were analyzed at concentrations as low as 0.8 pmol/L. Overall, CE took viral vac-
cine testing beyond what was previously possible, improved process and product under-
standing, and, in total, safety, efficacy, and quality.
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change; AQbD, analytical quality by design; AUC, analytical
ultra-centrifugation; BFS, bare fused silica; CH, clarified har-
vest; CMA, critical material attribute; CMP, critical method pa-
rameter; CPP, critical process parameter; CS, control strat-
egy; DB, domiphen bromide; DLS, dynamic light scattering;
DP, drug product; DS, drug substance; ELS, electrophoretic
light scattering; FB, formulation buffer; HA, hemagglutinin;
HIV, human immunodeficiency virus; (i)cIEF, (imaging) cap-
illary isoelectric focusing; IPC, in-process control testing; LH,
lysed harvest; NIBSC, National Institute for Biological Stan-
dards and Control; PAR, proven acceptable range; PNGase F,
N-glycosidase F; PTM, posttranslational modification; qPCR,
quantitative polymerase chain reaction; RP-HPLC, reversed-
phase high-performance liquid chromatography; RSV, respi-
ratory syncytial virus; SDS, sodium dodecyl sulfate; SE, sedi-
mentation equilibrium; sIPV, Sabin inactivated polio vaccine;

1 Introduction

Viral vaccines are key in the prevention of infectious diseases
caused by viruses such as nCoV-2, Ebola virus, Respiratory
syncytial virus (RSV), human immunodeficiency virus (HIV),
influenza virus, Polio virus, and so on [1,2]. Vaccines must
be proven safe, efficacious, and of constant quality, and must
be authorized by health authorities before the vaccine can
be administered [3]. Analytical methods are needed to prove
safety, efficacy, and quality, by determining the product iden-
tity, product and process-related impurities, product content,
and product potency [4]. First, vaccine products are character-
ized to determine the critical quality attributes (CQAs) of the
vaccine that are linked to safety, efficacy, and quality. Second,
the critical process parameters (CPPs) and the critical mate-
rial attributes (CMAs) are determined, and proven acceptable

SRID, single radial immunodiffusion; SV, sedimentation ve-
locity; UF/DF, ultra- and diafiltration; UV, ultraviolet
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ranges (PARs) and design space are set [2,5–8]. Subsequently,
a control strategy (CS) is defined. Analytical testing is vital
to support this process for determining and linking CQAs,
CPPs, CMAs, and PARs, and defining a CS.

Due to the nature of CE, that is, efficient, sensitive, and
fast separation in small volumes, the technique is intrinsi-
cally suitable for analytical analysis for many different CQAs,
e.g., virus content and integrity [9–32], viral protein content,
composition, integrity, and identity [33–44], protein [45], chlo-
ride [46], bromide [47,48] excipients, etc. However, only a few
publications are in the context of pharmaceutical analysis of
viral vaccines.

The objective of this paper is to demonstrate the appli-
cability of CE for viral vaccine analysis by presenting studies
done within Janssen Vaccines. Application of CE was stud-
ied for viral vaccine characterization, and release and stabil-
ity testing of seasonal influenza virosomal vaccines, universal
subunit influenza vaccines, Sabin inactivated polio vaccines
(sIPV), and adenovirus vector vaccines.

2 Materials and methods

If not indicated otherwise, samples were produced at Janssen
Vaccines and Prevention (Leiden, the Netherlands). Antibody
1 (Ab1) and antibody 2 (Ab2) were from ImmunoPrecise an-
tibodies Ltd. (Victoria, Canada). NIBSC B/Brisbane/60/2008
was from NIBSC (Hertfordshire, UK). Ad5.ATCC was from
American Type Culture Collection (Manassas, USA).

All CE experiments were performed on an Agilent 7100
capillary Electrophoresis system (Waldbronn, Germany) with
either ChemStation (Agilent) or Waters Empower 3 (Milford,
USA) software, if not indicated otherwise.

2.1 CE-SDS analysis

A 50 μm ID bare-fused silica (BFS) capillary, total length of
33.0 cm and detection window at 24.5 cm from Agilent was
used. The capillary was conditioned with 0.1MNaOH at 4 bar
for 10 min and 0.1 M HCl at 4 bar for 3 min, Milli-Q water at
4 bar for 2 min, and filled with gel buffer at 4 bar for 10 min
from the IgG purity and heterogeneity assay kit from Sciex
(Nieuwerkerk aan den IJssel, The Netherlands) [49]. All sam-
ples were injected at 100mbar for 100 s. Separationswere per-
formed with a pressure of 2 bar on both capillary ends and an
applied voltage of –20 kV. Signals were recorded at 214 nm.

2.1.1 CE-SDS for critical reagent antibody purity

Samples were treated according to the purity and heterogene-
ity assay kit [49]. Separation was achieved with an applied volt-
age of –16.5 kV, and a cassette temperature of 25°C.

2.1.2 CE-SDS for seasonal influenza protein

Samples were reduced and denatured with 0.5% (v:v) sodium
dodecyl sulfate (SDS, Invitrogen Bleiswijk, The Netherlands)
and 62.5mM2-mercapthoethanol (2-ME, Sigma Aldrich Zwi-
jndrecht, The Netherlands), set to 100°C, for 10 min. Degly-
cosylation was performed by adding 4μL of phosphate buffer
pH 7.4, 4 μL of N-glycosidase F (PNGase F, Roche Woerden,
The Netherlands), and 4 μL of Triton X-100 (Sigma Aldrich)
to 20 μL of the reduced sample, and incubation at 37°C for
1 h. Before analysis, 2 μL of 10% (w/v) SDS was added to the
deglycosylated sample. The samples were injected on either
the short end, 8.5 cm effective length, or long end, 24.5 cm
effective length (100mbar for 100 s). Separation was achieved
with a cassette temperature of 32.5°C, and 85% v:v gel buffer
(kit gel buffer diluted with Milli-Q water). See van Tricht et al.
for more details [33].

2.1.3 CE-SDS for universal influenza protein

Samples were reduced and denatured with 0.45% w/v SDS
and 4.5% v/v 2-ME and incubated at 70°C for 10min and sub-
sequently deglycosylated using 0.66% v/v Triton X-100, 6.6%
of a mixture of deglycosylation enzymes consisting of PN-
Gase F, O-glycosidase (New England Biolabs Evry, France),
and neuraminidase from Arthrobacter ureafaciens (Sigma–
Aldrich), and incubated at 37°C for 1 h. Before analysis, 0.32%
w/v SDS and 1.6% v/v 10 kDa internal standard (Sciex) were
added. Samples were injected (100 mbar for 100 s) at the
short-end of the capillary, 8.5 cm effective length. The cap-
illary temperature was kept at 20°C. See Geurink, et al. for
more details [34].

2.1.4 CE-SDS for Sabin inactivated polio protein

Samples were reduced and denatured with 2% w/v SDS and
7% v/v 2-ME and incubated at 100°C for 20 min. Samples
were injected (100 mbar for 100 s) at the long end of the
capillary, 24.5 cm effective length. The separation conditions
were 20°C capillary temperature, and 80% v:v gel buffer. See
Geurink et al. for more details [34].

2.2 icIEF for universal influenza protein

Imaging capillary isoelectric focusing (icIEF) analyses were
performed on a Maurice C. instrument (ProteinSimple San
Jose, USA). Sialic acids were removed by the addition of 1.3%
v/v sialidase fromArthrobacter ureafaciens (Sigma–Aldrich) to
the sample and incubation for 2 h at 37°C. Subsequently, the
samples were buffer exchanged and concentrated on a 10 kDa
Amicon spin filter (MilliPore Merck Amsterdam-Zuidoost,
the Netherlands). The icIEF separation master mix for one
sample was composed of 2 μL Pharmalyte pI 3–10 (GE
Healthcare Chicaco, USA), 6 μL Servalyt pI 4–9 (Biophoret-
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use of CE within the field of vaccine analyses. Applicability of CE for viral vaccine charac-
terization, and release and stability testing of seasonal influenza virosomal vaccines, uni-
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developed, validated, and applied for virus, protein, posttranslational modifications, DNA,
and excipient concentration determinations, as well as for the integrity and composition
verifications, and identity testing (e.g., CZE for intact virus particles, CE-SDS application
for hemagglutinin quantification and influenza strain identification, chloride or bromide
determination in process samples). Results were supported by other methods such as RP-
HPLC, dynamic light scattering (DLS), and zeta potential measurements. Overall, 16 CE
methods are presented that were developed and applied, comprising six adenovirus meth-
ods, five viral protein methods, and methods for antibodies determination of glycans, host
cell-DNA, excipient chloride, and process impurity bromide. These methods were applied
to support in-process control, release, stability, process- and product characterization and
development, and critical reagent testing. Thirteen methods were validated. Intact virus
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1 Introduction

Viral vaccines are key in the prevention of infectious diseases
caused by viruses such as nCoV-2, Ebola virus, Respiratory
syncytial virus (RSV), human immunodeficiency virus (HIV),
influenza virus, Polio virus, and so on [1,2]. Vaccines must
be proven safe, efficacious, and of constant quality, and must
be authorized by health authorities before the vaccine can
be administered [3]. Analytical methods are needed to prove
safety, efficacy, and quality, by determining the product iden-
tity, product and process-related impurities, product content,
and product potency [4]. First, vaccine products are character-
ized to determine the critical quality attributes (CQAs) of the
vaccine that are linked to safety, efficacy, and quality. Second,
the critical process parameters (CPPs) and the critical mate-
rial attributes (CMAs) are determined, and proven acceptable
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ics Spars, USA), 70 μL 1% methylcellulose (ProteinSimple),
34 μL Milli-Q water, 2 μL Maurice C. pI marker 3.38 (Pro-
teinSimple), 2μLMaurice C. pImarker 7.05 (ProteinSimple),
5 μL 1.5 M urea solution (Sigma–Aldrich), and 11 μL Anodic
spacer 200 mM iminodiacetic acid (Sigma–Aldrich). Equili-
bration and rinsing were performed using default Maurice C
conditions. Twenty-five microliters of sample was mixed on-
board with 100μL ofmaster mix and run at 1min 1500 V and
6min 3000 V. Native protein fluorescent signals were used for
peak integration and apparent pI determination.

2.3 CZE for adenovirus analysis

A PVA coated capillary with extended light path, 50 μm
ID, 33.0 cm total length, and 8.5 cm effective length (Agi-
lent) was rinsed with 10 mM ortho-phosphoric acid (Merck
Millipore) and filled with a BGE (pH 7.7) composed of
a 125 mM Tris(hydroxymethyl)aminomethane (Merk Mil-
lipore), and 338 mM tricine (Sigma Aldrich), and 0.2%
polysorbate-20 (Merck Millipore), both at 2.5 bar for 1 min.
Samples were injected at 50 mbar for 5 s at the short end
of the capillary (8.5 cm effective length) and separated with
an applied voltage of –25 kV (12 s ramping) at 15°C cassette
temperature. UV-absorbance at 214 nm was recorded. See
for more details van Tricht et al. [20]. The adenovirus type
26 (Ad26) concentration was determined based on the cor-
rected peaks area and a one-point calibration from a well-
characterized in-house Ad26 reference material.

2.4 HC DNA analysis

DNA was purified from the samples using the DNA extrac-
tor WAKO kit (Fujifilm Neuss, Germany) [50]. To 500 μL of
sample, 20 μL of sodium N-lauroyl sarcosinate solution, and
500 μL sodium iodide with glycogen were added and incu-
bated for 15 min at 40°C. The sample was centrifugated at
10.000 g for 15 min. The supernatant was removed and the
pellet was reconstituted in formulation buffer (FB).

2.4.1 Capillary gas electrophoresis

Analysis was performed according to the Sciex dsDNA 1000
kit [51]. A Sciex 8000 plus system was used with a Sciex DNA
Capillary (100 μm ID, 40.2 cm total length, 30 cm effective
length). The capillary was conditioned with dsDNA gel at
20 psi for 10min, water dip for 0min, and applied voltage at –
5.0 kV for 10min (with a 5min ramp). Before each sample in-
jection, the capillary was conditioned with the Sciex DSFNDA
1000 Gel Buffer with LIFluorTM EnhanCE dye at 20 psi for
10 min. The Thermo Fisher Scientific 200 bp (Breda, The
Netherlands) was added as an internal standard to the sam-
ple and the sample was injected at –8 kV for 20 s. Separation
was performed with an applied voltage of –7.8 kV, at 20°C, for

30 min. The fluorescent signal was recorded with excitation
wavelength of 488 nm and emission wavelength of 520 nm.

2.4.2 Slab-gel electrophoresis

Slab-gel electrophoresis was performed according to the Bio-
Rad Chemidoc user guide [52]. Lonza (Geleen, The Nether-
lands) 6x loading buffer was added to the samples 1:5 (v:v)
and loaded on a Lonza Flash Gel cassette 2.2% agarose load-
ing gel. Separation was performed on a Bio-Rad (Lunteren,
The Netherlands) ChemiDac gel Electrophoresis instrument at
250 V for 6min. Pictures weremade with the Bio-Rad camera
and processed with the Bio-Rad Image Lab software.

2.5 DLS and ELS

The determinations of the size and zeta potential of aden-
ovirus particles were performed with a Malvern Panalytical
Ltd. (Malvern, UK) Zetasizer Nano ZS. Measurements were
carried out at 25˚C with a disposable Folded Capillary cell
(DTS 1070, Malvern Panalytical Ltd.) containing 800 μL sam-
ple. The size determination was measured by dynamic light
scattering (DLS) with a 632.8 nm laser at a measuring angle
of 173˚. The laser power was set on automatic attenuation.
For each size determination, a total of three measurements
were performed, the measurement duration was set on au-
tomatic. The zeta potential was measured by electrophoretic
light scattering (ELS). The zeta potential was determined by
measuring the electrophoretic mobility with electrophoretic
light scattering and converting this value into the zeta poten-
tial using the Smoluchowski equation. A total of three mea-
surements consisting of 20 runs each were performed. The
laser attenuation and the voltage selection were set on auto-
matic. Data acquisition and processing were done by the Ze-
tasizer software.

2.6 Domiphen concentration with RP-HPLC-CAD

Reversed-phase high-performance liquid chromatography
(RP-HPLC) analyses were carried out on a Waters Alliance
2695 HPLC with a Waters XBridgeTM Shield RP18 column
(4.6×100 mm, 3.5 μm). with mobile phases A: 10 mM am-
monium acetate (Sigma Aldrich), pH 3, and B: acetonitrile
(Sigma Aldrich). One hundred microliters sample was in-
jected and elution was carried out at a flow rate of 1.0mL/min
starting with 5% B for 2.2 min, followed by a linear gradi-
ent of 1.8 min to 95% B and 95% B for 2 min. Column re-
equilibration comprised a linear gradient of 95% to 5% B
in 1 min followed by 5% B for 2 min. The column temper-
ature was 60˚C. Analytes were monitored with a UV detec-
tor at 262 nm. Data acquisition and processing were done
by Empower 3 software. The concentration was determined
based on the peak area and a calibration curve prepared with
weighted in domiphen standards.
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2.7 CZE for bromide analysis

An Agilent BFS capillary, with an extended light path, 50 μm
ID, and a 48.5 cm total length (40 cm effective length),
was used. The capillary was flushed at 1 bar with 0.1 M
sodium hydroxide for 10 min and Milli-Q water for 2 min
and equilibrated until 20°C before analysis. Before each in-
jection, the capillary was flushed at 1 bar with Milli-Q water
for 1 min, 60% v:v acetonitrile in Milli-Q water for 2 min,
and the BGE for 3 min (100 mM methane-sulfonic acid
(Sigma–Aldrich), 74 mM triethanolamine (Sigma–Aldrich),
60% v:v acetonitrile (Sigma–Aldrich). Samples were di-
luted five times in MS-water (Biosolve Valkenswaard, The
Netherlands) and injected at 100 mbar for 5 s. Separation
was performed with an applied voltage of –15 kV at 20°C
(ramped to –15 kV in 30 s). UV-absorbance at 200 nm was
recorded. The bromide concentration was determined based
on the corrected peak area and a three-point calibration curve
of potassium bromide (Sigma Aldrich) in MS-grade water
standards.

2.8 CZE for Chloride analysis

Analysis was performed according to the CZE method for
adenovirus analysis (see Section 3.2) with an analysis time
of 1 min. The chloride concentration was determined based
on the corrected negative peak area and a three-level calibra-
tion curve prepared from sodium chloride (Merck) in Milli-Q
standards.

2.9 RP-HPLC for Ad26 protein analysis

A Waters Acquity H-class UPLC system with PDA detector,
quaternary solvent manager, and autosampler with a Waters
Acquity UPLC protein BEH C4 column, 2.1 mm diameter,
150mm length, 300 Å pore size, and 1.7μmparticle diameter
were used. New columns were conditioned with 3 injections
of cytochrome c (Sigma–Aldrich). Samples were injected and
proteins separated through a gradient from 20% - 60% v:v
acetonitrile in 17 min, with a continuous TFA (Biosolve) con-
centration of 0.175% w/v. UV-absorbance at 280 nm was
recorded and peaks were integrated to determine retention
times and %peak areas. Peaks were identified with fraction
collection and peptidemapping procedure with trypsin diges-
tion and LC-MSE analysis. See formore details van Tricht et al.
[53].

3 Results and discussion

In general, we have found CE suitable for a wide range
of applications within vaccine analysis. Here, we describe
sixteen CE methods that were developed, of which thir-
teen were validated, see Table 1 for the list of applications
and validation results, and see supporting information for

validation result tables and the statistical procedures. The
applications include the analysis of critical reagent antibody
purity, seasonal virosomal influenza vaccine, universal
subunit influenza vaccine, Sabin inactivated polio vaccine
(sIPV), and adenovirus vector vaccines. For the adenovirus
vector vaccine applications, applications during different
steps of the process, i.e., seed production, cell lysis, clarifica-
tion, anion exchange (AEX)-filtration, ultra- and diafiltration
(UF/DF), and drug substance (DS) and drug product (DP), are
described.

3.1 Critical reagents antibody purity

For many vaccine products, product identity and potency are
determined as part of product release testing. Often, anti-
bodies are being used in assays for the determination of po-
tency and identity. Antibodies are highly selective due to their
structure and posttranslational modifications (PTMs). Anti-
bodies are hard to produce at consistent quality and are prone
to degradation [54], which consequently impacts the selectiv-
ity for the antigen. Therefore, antibodies are seen as critical
reagents [55] and the quality of the antibody needs to be de-
termined and controlled before use in a potency or identity
test.

CE-SDS and cIEF are techniques that can be used to de-
termine antibody molecular size and isoform patterns and
were extensively used for antibody analysis previously (e.g.,
[56,57]). CE-SDS is a specific form of CGE where proteins are
denatured with SDS and separation is based on size. CE-SDS
can be used to determine the size variants of an antibody and
is sensitive to for example fragmentation. cIEF can be used
to determine charge variants and is sensitive to oxidation and
loss of charged PTMs like sialic acids.

Although many publications discuss the use of CE-SDS
and cIEF for therapeutic antibodies, we have used these
techniques for the analysis of antibodies that are critical
reagents for release testing technologies such as Western
Blot (WB) identity testing and ELISA potency testing. As an
example, the quality of HIV antibodies used for these tests
was determined with CE-SDS. Multiple and broad light chain
(LC) and heavy chain (HC) peaks were observed for Ab1 and
Ab2, see Figure 1. This suggested heterogeneous Ab mate-
rials. This was not observed for Ab3. In parallel, antibody
specificity was tested with WB and ELISA. Both Ab1 and Ab2
resulted in nonspecific bands with WB and background sig-
nals with ELISA in the presence of cell lysates and other HIV
vaccine antigens. Ab3 resulted in one band at the expected
location for WB and no significant background signal for
ELISA in the presence of cell lysates and other HIV vaccine
antigens. Therefore, the heterogeneous antibody materials
could not be used for release testing, and Ab3 was selected
for further WB and ELISA method development. The results
of CE-SDS and cIEF analysis were used to improve antibody
selection and control antibody quality as these kit-based
applications proved to be quick and easy to apply, see Table 1
application 1.
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ics Spars, USA), 70 μL 1% methylcellulose (ProteinSimple),
34 μL Milli-Q water, 2 μL Maurice C. pI marker 3.38 (Pro-
teinSimple), 2μLMaurice C. pImarker 7.05 (ProteinSimple),
5 μL 1.5 M urea solution (Sigma–Aldrich), and 11 μL Anodic
spacer 200 mM iminodiacetic acid (Sigma–Aldrich). Equili-
bration and rinsing were performed using default Maurice C
conditions. Twenty-five microliters of sample was mixed on-
board with 100μL ofmaster mix and run at 1min 1500 V and
6min 3000 V. Native protein fluorescent signals were used for
peak integration and apparent pI determination.

2.3 CZE for adenovirus analysis

A PVA coated capillary with extended light path, 50 μm
ID, 33.0 cm total length, and 8.5 cm effective length (Agi-
lent) was rinsed with 10 mM ortho-phosphoric acid (Merck
Millipore) and filled with a BGE (pH 7.7) composed of
a 125 mM Tris(hydroxymethyl)aminomethane (Merk Mil-
lipore), and 338 mM tricine (Sigma Aldrich), and 0.2%
polysorbate-20 (Merck Millipore), both at 2.5 bar for 1 min.
Samples were injected at 50 mbar for 5 s at the short end
of the capillary (8.5 cm effective length) and separated with
an applied voltage of –25 kV (12 s ramping) at 15°C cassette
temperature. UV-absorbance at 214 nm was recorded. See
for more details van Tricht et al. [20]. The adenovirus type
26 (Ad26) concentration was determined based on the cor-
rected peaks area and a one-point calibration from a well-
characterized in-house Ad26 reference material.

2.4 HC DNA analysis

DNA was purified from the samples using the DNA extrac-
tor WAKO kit (Fujifilm Neuss, Germany) [50]. To 500 μL of
sample, 20 μL of sodium N-lauroyl sarcosinate solution, and
500 μL sodium iodide with glycogen were added and incu-
bated for 15 min at 40°C. The sample was centrifugated at
10.000 g for 15 min. The supernatant was removed and the
pellet was reconstituted in formulation buffer (FB).

2.4.1 Capillary gas electrophoresis

Analysis was performed according to the Sciex dsDNA 1000
kit [51]. A Sciex 8000 plus system was used with a Sciex DNA
Capillary (100 μm ID, 40.2 cm total length, 30 cm effective
length). The capillary was conditioned with dsDNA gel at
20 psi for 10min, water dip for 0min, and applied voltage at –
5.0 kV for 10min (with a 5min ramp). Before each sample in-
jection, the capillary was conditioned with the Sciex DSFNDA
1000 Gel Buffer with LIFluorTM EnhanCE dye at 20 psi for
10 min. The Thermo Fisher Scientific 200 bp (Breda, The
Netherlands) was added as an internal standard to the sam-
ple and the sample was injected at –8 kV for 20 s. Separation
was performed with an applied voltage of –7.8 kV, at 20°C, for

30 min. The fluorescent signal was recorded with excitation
wavelength of 488 nm and emission wavelength of 520 nm.

2.4.2 Slab-gel electrophoresis

Slab-gel electrophoresis was performed according to the Bio-
Rad Chemidoc user guide [52]. Lonza (Geleen, The Nether-
lands) 6x loading buffer was added to the samples 1:5 (v:v)
and loaded on a Lonza Flash Gel cassette 2.2% agarose load-
ing gel. Separation was performed on a Bio-Rad (Lunteren,
The Netherlands) ChemiDac gel Electrophoresis instrument at
250 V for 6min. Pictures weremade with the Bio-Rad camera
and processed with the Bio-Rad Image Lab software.

2.5 DLS and ELS

The determinations of the size and zeta potential of aden-
ovirus particles were performed with a Malvern Panalytical
Ltd. (Malvern, UK) Zetasizer Nano ZS. Measurements were
carried out at 25˚C with a disposable Folded Capillary cell
(DTS 1070, Malvern Panalytical Ltd.) containing 800 μL sam-
ple. The size determination was measured by dynamic light
scattering (DLS) with a 632.8 nm laser at a measuring angle
of 173˚. The laser power was set on automatic attenuation.
For each size determination, a total of three measurements
were performed, the measurement duration was set on au-
tomatic. The zeta potential was measured by electrophoretic
light scattering (ELS). The zeta potential was determined by
measuring the electrophoretic mobility with electrophoretic
light scattering and converting this value into the zeta poten-
tial using the Smoluchowski equation. A total of three mea-
surements consisting of 20 runs each were performed. The
laser attenuation and the voltage selection were set on auto-
matic. Data acquisition and processing were done by the Ze-
tasizer software.

2.6 Domiphen concentration with RP-HPLC-CAD

Reversed-phase high-performance liquid chromatography
(RP-HPLC) analyses were carried out on a Waters Alliance
2695 HPLC with a Waters XBridgeTM Shield RP18 column
(4.6×100 mm, 3.5 μm). with mobile phases A: 10 mM am-
monium acetate (Sigma Aldrich), pH 3, and B: acetonitrile
(Sigma Aldrich). One hundred microliters sample was in-
jected and elution was carried out at a flow rate of 1.0mL/min
starting with 5% B for 2.2 min, followed by a linear gradi-
ent of 1.8 min to 95% B and 95% B for 2 min. Column re-
equilibration comprised a linear gradient of 95% to 5% B
in 1 min followed by 5% B for 2 min. The column temper-
ature was 60˚C. Analytes were monitored with a UV detec-
tor at 262 nm. Data acquisition and processing were done
by Empower 3 software. The concentration was determined
based on the peak area and a calibration curve prepared with
weighted in domiphen standards.
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Figure 1. Critical antibody
method reagent integrity
testing of three HIV antibodies
(Ab1, Ab2, and Ab3) with
CE-SDS. The 10 kDa control
standard is used as an internal
standard and the light chains
(LC) and heavy chains (HC)
migration time ranges are
depicted with dotted lines. For
other conditions, see text.

3.2 Seasonal virosomal influenza vaccine

In addition to antibody analysis, the CE-SDS application de-
veloped for antibodies could be used for viral proteins as well
[33,34,58–61]. For influenza vaccines, hemagglutinin (HA) is
the most targeted influenza protein due to its immunogenic
properties [62,63]. Due to the antigenic drift of HA, a new
influenza vaccine with three different HA proteins needs to
be developed each year. Usually, SDS-PAGE, single radial im-
munodiffusion (SRID) assays, and RP-HPLC methods were
developed for identification and quantification. SDS-PAGE
could not distinguish between different viral strains, could
not quantify HA, and has low throughput. In addition, an-
tibody selection for SRID is time consuming. RP-HPLC was
not able to determine theHA concentration in complexmatri-
ces such as cell lysate and lacked precision and accuracy. For
these reasons, a CE-SDS application was developed and vali-
dated (see Table 1 application 2) to quantify HA and identify
the influenza strains. Potentially, the presence of other impor-
tant proteins, such as neuraminidase (NA) [64,65], andmatrix
protein (M) [66], could be quantified as well [33], see Table 1
application 3. Themethodwas further developed as short-end
injection was tested to reduce analysis time and increase sam-
ple analysis throughput. The separation time decreased about
threefold without significant loss ofmethod performance, see
Figure 2.

3.3 Universal subunit influenza vaccine “mini-HA”

3.3.1 Mini-HA size purity

A universal influence vaccine is being developed to avoid
yearly redevelopment or the risk of potential off-target
vaccines. The universal influenza vaccine, “mini-HA,” is
an HA-stem-based antigen called mini-HA and induces a
broad-spectrum antibody response to cover many different

influenza HA variations [67–70]. For the development and
the production of a group 1 mini-HA, a quantitative protein
purity method was needed to determine peptide backbone
integrity. With the four-step approach described previously
[34] and based on the Sciex CE-SDS application, we were
able to develop and validate a CE-SDS method for group 1
mini-HA purity determination ([34], Table 1 application 4).

3.3.2 Mini-HA PTM heterogeneity

Themini-HAprotein is a homotrimer protein linked by disul-
fide bridges and has severalN-linked and oneO-linked glyco-
sylation sites per monomer, with potentially multiple sialic
acids attached per glycan. Glycans could have a significant ef-
fect on safety and efficacy due to their effect on the folding
and shielding of functional epitopes [71,72].

Glycans are known to affect the CE-SDS separation
[73,74] and CE-SDS was used for glycoprotein analysis previ-
ously [38]. Therefore, the optimized CE-SDSmethod to deter-
mine the mini-HA protein by its primary structure required
an optimal sample preparation protocol to reduce and degly-
cosylate the protein. Reduced and nonreduced samples were
tested with combinations of different glycosidases. Different
combinations of glycosidases resulted in different peak pat-
terns, see Figure 3.

Analysis of only denatured mini-HA (Figure 3B) caused
a broad peak around 35 min which represented glycosylated
trimeric mini-HA. The peak was only partly captured as the
analysis run timewas 35min.Mini-HA reduction (Figure 3C)
resulted in a broad hump composed of several peaks of gly-
cosylated monomers at around 23 min. PNGase F treatment
(Figure 3D) removed the N-glycans and resulted in 4 peaks in
the time window of 25–30 min, and 2 peaks in the time win-
dow 15–20 min under non-reduced conditions. The 4 peaks
around 25–30 min were likely trimeric mini-HA with 0, 1,
2, or 3 O-glycans attached. The 2 peaks around 15–20 min
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Figure 2. Electrophero-
gram results of influenza
reference standard NIBSC
B/Brisbane/60/2008 analyzed
with CGE with an effective
length of 24.5 cm or 8.5 cm,
and peaks Hemagglutinin sub-
unit 1 (HA1), hemagglutinin
subunit 2 (HA2), matrix pro-
tein (M), and nuclear protein
(NP). For other conditions, see
text.

Figure 3. Effects of reduction and different deglycosylation protocols on the CE-SDS separation of a purified mini-HA sample, resulting
in a glycan distribution overview of the protein, For experimental conditions, see text.

were also observed when the protein was reduced before PN-
Gase F treatment (Figure 3E) and were likely monomer mini-
HA with either 0 or 1 O-glycan attached. Sialidase treatment
removed the sialic acids. Hence, a combination of PNGase
F and Sialidase was expected to provide one peak. Neverthe-
less, multiple peaks were observed after PNGase F and Sial-
idase treatment under non-reduced (Figure 3F) or reduced

(Figure 3G) conditions, which was thought to be the effect of
the heterogeneity of the remaining O-glycans after removal
of sialic acid. After Sialidase treatment, later migration times
were observed which could be explained by the removed sialic
acids decreasing the number of negative charges of the glyco-
protein. After PNGase F, Sialidase, and O-glycosidase treat-
ment, all glycans were removed and one peak for the gly-
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Figure 1. Critical antibody
method reagent integrity
testing of three HIV antibodies
(Ab1, Ab2, and Ab3) with
CE-SDS. The 10 kDa control
standard is used as an internal
standard and the light chains
(LC) and heavy chains (HC)
migration time ranges are
depicted with dotted lines. For
other conditions, see text.

3.2 Seasonal virosomal influenza vaccine

In addition to antibody analysis, the CE-SDS application de-
veloped for antibodies could be used for viral proteins as well
[33,34,58–61]. For influenza vaccines, hemagglutinin (HA) is
the most targeted influenza protein due to its immunogenic
properties [62,63]. Due to the antigenic drift of HA, a new
influenza vaccine with three different HA proteins needs to
be developed each year. Usually, SDS-PAGE, single radial im-
munodiffusion (SRID) assays, and RP-HPLC methods were
developed for identification and quantification. SDS-PAGE
could not distinguish between different viral strains, could
not quantify HA, and has low throughput. In addition, an-
tibody selection for SRID is time consuming. RP-HPLC was
not able to determine theHA concentration in complexmatri-
ces such as cell lysate and lacked precision and accuracy. For
these reasons, a CE-SDS application was developed and vali-
dated (see Table 1 application 2) to quantify HA and identify
the influenza strains. Potentially, the presence of other impor-
tant proteins, such as neuraminidase (NA) [64,65], andmatrix
protein (M) [66], could be quantified as well [33], see Table 1
application 3. Themethodwas further developed as short-end
injection was tested to reduce analysis time and increase sam-
ple analysis throughput. The separation time decreased about
threefold without significant loss ofmethod performance, see
Figure 2.

3.3 Universal subunit influenza vaccine “mini-HA”

3.3.1 Mini-HA size purity

A universal influence vaccine is being developed to avoid
yearly redevelopment or the risk of potential off-target
vaccines. The universal influenza vaccine, “mini-HA,” is
an HA-stem-based antigen called mini-HA and induces a
broad-spectrum antibody response to cover many different

influenza HA variations [67–70]. For the development and
the production of a group 1 mini-HA, a quantitative protein
purity method was needed to determine peptide backbone
integrity. With the four-step approach described previously
[34] and based on the Sciex CE-SDS application, we were
able to develop and validate a CE-SDS method for group 1
mini-HA purity determination ([34], Table 1 application 4).

3.3.2 Mini-HA PTM heterogeneity

Themini-HAprotein is a homotrimer protein linked by disul-
fide bridges and has severalN-linked and oneO-linked glyco-
sylation sites per monomer, with potentially multiple sialic
acids attached per glycan. Glycans could have a significant ef-
fect on safety and efficacy due to their effect on the folding
and shielding of functional epitopes [71,72].

Glycans are known to affect the CE-SDS separation
[73,74] and CE-SDS was used for glycoprotein analysis previ-
ously [38]. Therefore, the optimized CE-SDSmethod to deter-
mine the mini-HA protein by its primary structure required
an optimal sample preparation protocol to reduce and degly-
cosylate the protein. Reduced and nonreduced samples were
tested with combinations of different glycosidases. Different
combinations of glycosidases resulted in different peak pat-
terns, see Figure 3.

Analysis of only denatured mini-HA (Figure 3B) caused
a broad peak around 35 min which represented glycosylated
trimeric mini-HA. The peak was only partly captured as the
analysis run timewas 35min.Mini-HA reduction (Figure 3C)
resulted in a broad hump composed of several peaks of gly-
cosylated monomers at around 23 min. PNGase F treatment
(Figure 3D) removed the N-glycans and resulted in 4 peaks in
the time window of 25–30 min, and 2 peaks in the time win-
dow 15–20 min under non-reduced conditions. The 4 peaks
around 25–30 min were likely trimeric mini-HA with 0, 1,
2, or 3 O-glycans attached. The 2 peaks around 15–20 min
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Figure 4. Typical electropherogram of a purified mini-HA sample
with icIEF. For experimental conditions, see text.

can free primary protein structure was observed, which was
trimeric for the non-reduced (Figure 3H), andmonomeric for
the reduced (Figure 3I) sample.

The different sample treatments revealed that the het-
erogeneity of the sample was caused by different features of
the glycans attached. Different sample treatments resulted in
different peak profiles characterizing the protein PTMs (e.g.,
disulfide integrity, glycan profiling, sialic acid loading). Study-
ing glycans in this way does not yield in-depth characteriza-
tion of the location and building blocks, as could possibly be
determined by peptide mapping LC-MS [75,76], and the gly-
can derivatization assays like the CE-LIF application [77], and
UPLC-LIF application [78]. Nonetheless, CE-SDS peak pro-
filing provided an overview of the overall distribution of gly-
cans on the mini-HA protein with different sample prepara-
tion and could be a quick high-throughput check for protein
PTM quality, see Table 1 application 5.

3.3.3 Mini-HA Charge purity

A cIEFmethod was designed to determine the purity of mini-
HA based on charge, in addition to the size-based CE-SDS
method. The charge of proteins is affected by various fac-
tors such as amino acid composition, pH, and PTMs. Protein
charge can be analyzed by several techniques such as cIEF
[79], icIEF [80], CZE, and IEC. All of these techniques have
the potential to separate the different charge species, the op-
timal technique might vary per protein. Both CZE and IEC
methods have a lot of critical method parameters (CMPs) to
be developed, e.g., capillaries, columns, buffers, etc., compli-
cating method development. cIEF is more complex and has
longer run times compared to icIEF due to the need of mobi-
lization after focusing. The icIEF CMPs, such as the type and
concentration of ampholytes, spacers, and sample diluent ad-
ditives (e.g., urea, guanidine, etc.), could easily be optimized.
Therefore, the icIEF application was selected, developed, and
validated, see Table 1 application 6 and Figure 4. It should be
noted that an apparent pI was determined and not a true pI
for the same reason as for all other IEF methods (effect of
sample treatment and separation conditions on the folding

and PTMs and thus the net charge of the protein), and the
ampholyte gradient being pseudo-linear [81,82].

3.3.4 Mini-HA Stability

Both the CE-SDS and the icIEF methods for mini-HA purity
determination were used to study mini-HA degradation. Sev-
eral stressed conditions (i.e., thermal stress (70°C and 95°C),
basic stress, and chemical oxidative stress) were applied for
24 h and thereafter the samples were analyzed with the CE-
SDS and icIEF methods and compared to the 24 h at RT con-
trol sample. The CE-SDS method was used to determine size
changes, such as hydrolysis. The icIEF method was expected
to be sensitive for PTMs changing the pI of the desialized
mini-HA (e.g., disulfide-scrambling, deamidation, oxidation,
isomerization, hydrolysis).

The main mini-HA peak area decreased, and the % peak
area with migration times earlier than the main peak in-
creased for all stressed samples determined with CE-SDS,
see Table 2 and Figure 5A. The %peak area with migration
times later than the main peak was increased after 24 h at
95°C and after 24 h in basic conditions, see Table 2. Peaks
migrating earlier than the main peak were likely degraded
mini-HA (e.g., hydrolyzed mini-HA), and the later migrating
peaks were suggested to be larger mini-HA aggregates. How-
ever, analytical artifacts, such as the effect of stress conditions
on the sample preparation efficiency, could not be excluded.

Very distinct pI ranges and profiles were determinedwith
cIEF for each stressed condition, see Table 3 and Figure 5B.
Incubation for 24 h at 70°C resulted in a narrow pI range
and was thought to be caused by disulfide reduction, reduc-
ing trimers and possible dimers into monomers. Incubation
for 24 h at 95°C resulted in an apparent pI shift to lower pH
similar to basic conditions. The pI shift could be explained
by deamidation, isomerization, and hydrolysis, which are re-
lated to pH and temperature stress. Oxidation increased the
apparent pI compared to the control sample. The peaks were
not identified at the time since peak identification in icIEF is
challenging and applications like icIEF-MS [83,84] were not
at hand.

It is important to note that the icIEF peak % areas were
not used for degradation pathway analysis, since the apparent
pIs of the peaks were significantly different and could not be
correlated between conditions.

Due to the precision and the stability-indicating power
of both methods, the methods were used to identify possi-
ble routes of degradation supporting an early product CQA
analysis and future product quality and comparability assess-
ments.

3.4 Sabin inactivated polio vaccine

Another example of using CE-SDS for viral protein analysis
was for the development of a Sabin inactivated trivalent po-
lio vaccine (sIPV). The identity of each serotype was to be
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Table 2. Effects of several stressed conditions on a purified mini-HA sample analyzed with CE-SDS on the main peak corrected area
recovery compared to the 24 h RT sample and the percentage of the main peak, low molecular weight (LMW), and high
molecular weight (HMW) species

Condition Deglycosilated mini-HA
monomer [% recovery]

Deglycosilated mini-HA
monomer [% Area]

LMW [% Area] HMW [%
Area]

24 h RT 100% 96.7% 2.6% 0.7%
24 h 70°C 51% 89.1% 10.9% 0.0%
24 h 95°C 5% 10.0% 86.1% 3.9%
24 h pH Basic 46% 21.3% 70.4% 8.3%
24 h pH

Oxidized
73% 96.8% 2.0% 1.3%

A B

Figure 5. Effects of several stressed conditions on a purified mini-HA sample analyzed with (A) CE-SDS and (B) icIEF. For experimental
conditions, see text.

Table 3. Effects of several stressed conditions on a purified
mini-HA sample, analyzed with icIEF

Condition Main peak apparent
pI [pH]

Apparent pI
range [pH]

24 h RT 5.13 4.99–5.28
24 h 70°C 5.25 5.17–5.25
24 h 95°C 4.85 4.62–4.85
24 h pH basic 4.81 4.45–4.81
24 h pH

oxidative
5.39 5.39–5.71

confirmed by analytical testing. Immunochemical method-
ologies, like antibody-mediated viral neutralization assays,
SRID assays, or D-antigen determination with ELISA, are
commonly used for virus type identification [85–88]. All these
methodologies use antibodies for specific detection of the
virus subtype. Antibodies are very specific, but are also costly
to develop, to produce, and to control the quality of. A four-
step approach was used to optimize a CE-SDS method to

identify poliovirus types based on protein profiles as an alter-
native non-antibody method. Due to this four-step approach,
an sIPV identity method was developed in 4 days, see Table 1
application 7 and [34].

3.5 Adenovirus vector vaccine

The previously discussed vaccines are examples of atten-
uated, inactivated, or subunit vaccines. Another type of
vaccines are the viral vector vaccines, where a safe virus
is used as a carrier for a pathogenic gene in order to elicit
a specific antigen immune response. Adenoviruses are a
type of viruses used as viral vector vaccines, currently for
example to combat COVID-19 [89] and Ebola [90]. Aden-
oviruses are non-enveloped common cold viruses with a
diameter of about 90 nm. Double-stranded DNA is encap-
sidated by proteins and about 13 different types of proteins
are present in the virion [91]. The individual proteins can
be separated by UPLC [53]. The adenovirus vector vac-
cines are produced in bioreactors with cultured human
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Figure 4. Typical electropherogram of a purified mini-HA sample
with icIEF. For experimental conditions, see text.

can free primary protein structure was observed, which was
trimeric for the non-reduced (Figure 3H), andmonomeric for
the reduced (Figure 3I) sample.

The different sample treatments revealed that the het-
erogeneity of the sample was caused by different features of
the glycans attached. Different sample treatments resulted in
different peak profiles characterizing the protein PTMs (e.g.,
disulfide integrity, glycan profiling, sialic acid loading). Study-
ing glycans in this way does not yield in-depth characteriza-
tion of the location and building blocks, as could possibly be
determined by peptide mapping LC-MS [75,76], and the gly-
can derivatization assays like the CE-LIF application [77], and
UPLC-LIF application [78]. Nonetheless, CE-SDS peak pro-
filing provided an overview of the overall distribution of gly-
cans on the mini-HA protein with different sample prepara-
tion and could be a quick high-throughput check for protein
PTM quality, see Table 1 application 5.

3.3.3 Mini-HA Charge purity

A cIEFmethod was designed to determine the purity of mini-
HA based on charge, in addition to the size-based CE-SDS
method. The charge of proteins is affected by various fac-
tors such as amino acid composition, pH, and PTMs. Protein
charge can be analyzed by several techniques such as cIEF
[79], icIEF [80], CZE, and IEC. All of these techniques have
the potential to separate the different charge species, the op-
timal technique might vary per protein. Both CZE and IEC
methods have a lot of critical method parameters (CMPs) to
be developed, e.g., capillaries, columns, buffers, etc., compli-
cating method development. cIEF is more complex and has
longer run times compared to icIEF due to the need of mobi-
lization after focusing. The icIEF CMPs, such as the type and
concentration of ampholytes, spacers, and sample diluent ad-
ditives (e.g., urea, guanidine, etc.), could easily be optimized.
Therefore, the icIEF application was selected, developed, and
validated, see Table 1 application 6 and Figure 4. It should be
noted that an apparent pI was determined and not a true pI
for the same reason as for all other IEF methods (effect of
sample treatment and separation conditions on the folding

and PTMs and thus the net charge of the protein), and the
ampholyte gradient being pseudo-linear [81,82].

3.3.4 Mini-HA Stability

Both the CE-SDS and the icIEF methods for mini-HA purity
determination were used to study mini-HA degradation. Sev-
eral stressed conditions (i.e., thermal stress (70°C and 95°C),
basic stress, and chemical oxidative stress) were applied for
24 h and thereafter the samples were analyzed with the CE-
SDS and icIEF methods and compared to the 24 h at RT con-
trol sample. The CE-SDS method was used to determine size
changes, such as hydrolysis. The icIEF method was expected
to be sensitive for PTMs changing the pI of the desialized
mini-HA (e.g., disulfide-scrambling, deamidation, oxidation,
isomerization, hydrolysis).

The main mini-HA peak area decreased, and the % peak
area with migration times earlier than the main peak in-
creased for all stressed samples determined with CE-SDS,
see Table 2 and Figure 5A. The %peak area with migration
times later than the main peak was increased after 24 h at
95°C and after 24 h in basic conditions, see Table 2. Peaks
migrating earlier than the main peak were likely degraded
mini-HA (e.g., hydrolyzed mini-HA), and the later migrating
peaks were suggested to be larger mini-HA aggregates. How-
ever, analytical artifacts, such as the effect of stress conditions
on the sample preparation efficiency, could not be excluded.

Very distinct pI ranges and profiles were determinedwith
cIEF for each stressed condition, see Table 3 and Figure 5B.
Incubation for 24 h at 70°C resulted in a narrow pI range
and was thought to be caused by disulfide reduction, reduc-
ing trimers and possible dimers into monomers. Incubation
for 24 h at 95°C resulted in an apparent pI shift to lower pH
similar to basic conditions. The pI shift could be explained
by deamidation, isomerization, and hydrolysis, which are re-
lated to pH and temperature stress. Oxidation increased the
apparent pI compared to the control sample. The peaks were
not identified at the time since peak identification in icIEF is
challenging and applications like icIEF-MS [83,84] were not
at hand.

It is important to note that the icIEF peak % areas were
not used for degradation pathway analysis, since the apparent
pIs of the peaks were significantly different and could not be
correlated between conditions.

Due to the precision and the stability-indicating power
of both methods, the methods were used to identify possi-
ble routes of degradation supporting an early product CQA
analysis and future product quality and comparability assess-
ments.

3.4 Sabin inactivated polio vaccine

Another example of using CE-SDS for viral protein analysis
was for the development of a Sabin inactivated trivalent po-
lio vaccine (sIPV). The identity of each serotype was to be
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cells by adenovirus vector seed inoculation (e.g., HEK293,
Per.C6®) [19,92–103]. Purification of the adenovirus can
be performed via cell lysis, clarification of the adenovirus
particles from the cell debris and host cell DNA (HC DNA),
AEX-filtration, and UF/DF [19,92,95,104–109]. After purifi-
cation, the adenovirus vaccines are formulated and packaged
before storage, distribution, and clinical usage [110–116].
See Supporting Information Section 2 for a detailed process
overview. Different CQAs and CPPs are important in the
CS of each of these steps. Several examples are provided
for the use of CE to determine these CQAs per process
step.

3.5.1 Seed production

For bioreactor inoculation, a precise and accurate seed aden-
ovirus concentration was needed. Previously, an adenovirus
particle content CZE method for in-process control testing
(IPC) of drug substance production was developed and val-
idated [19,20], see Table 1 application 11. The development
took experience from other large biomolecule and viral analy-
sis CZEmethods into account [9,13,15–18,21–27,30,117,118].
However, in the literature mostly BFS capillaries in combi-
nation with borate buffers and SDS were used. This is not
appropriate for adenovirus particles, as SDS denatures and
disintegrates the adenovirus particle, and the adenovirus
particle adsorbs to BFS. Therefore, a neutrally polyvinyl alco-
hol (PVA) coated capillary in combination with a Tris-tricine
buffer and polysorbate-20 BGE were used for adenovirus
analysis with CZE. Downstream process samples can be an-
alyzed without sample pretreatment, but for crude samples
from the upstream process, DNA-related interference peaks
and spikes were observed. With the addition of a cell lysis
and a DNase sample pretreatment [19], the interference with
the adenovirus concentration determination was reduced
and this method was validated for seed release testing,
see Table 1 application 8. See van Tricht, et al. for method
details [19].

3.5.2 Cell lysis

The adenovirus purification process was designed with a de-
tergent lysis step after adenovirus production to release the
virus from the host cells and limit the host cell DNA and
host cell protein (HCP) release. However, the detergent used
was put on Annex XIV by the EU REACH-Committee as the
degradation product was deemed environmentally hazardous
and will, therefore, need to be replaced. Alternative lysing
agents were studied for their effect on adenovirus yield, and
HCP and HC DNA release. The number of analytical meth-
ods that can cope with complex matrices such as cell lysates
without extensive sample prep is limited. However, the CZE
method showed to be precise and accurate for a complex sam-
ple matrix such as clarified harvest (CH) ([19, 20], Table 1 ap-
plication 12). Therefore, CZEwas used to determine the Ad26

concentration, and to study the impact of the detergent on
other peaks in the electropherogram that are related to HC
DNA, HCP, cell components, or aggregates.

In general, the peak profiles, i.e., separation and peak
shapes obtained after lysis with different detergents, were
comparable, see Figure 6. No new peaks were observed that
could be associated with excessive HC DNA, HCP, cell com-
ponents, and aggregates. This suggested that each of these
detergents performed equivalently. Subsequently, the CZE
method was used during hold time studies to select the most
optimal lysis agent and lysis conditions.

3.5.3 Clarification

Cell lysis is followed by HC DNA clarification. HC DNA con-
tent and size are safety CQAs due to potential infectiveness
and oncogenic properties [119–122]. Therefore, regulatory au-
thorities expect a CS to limit theHCDNA presence in vaccine
products to 10 ng/dose for continuous cell lines and amedian
size of ≤200 bp [123–125]. The CS consisted of i) removal of
DNA via detergent aided DNA precipitation with domiphen
bromide (DB) [19,20,95] and ii) testing of HC DNA content
and fragment size distribution throughout the vaccine pro-
duction process.

Host cell DNA analysis
An HC DNA fragment size determination method was
needed with an LOD of 10 ng/dose. First, four different DNA
extraction methods were evaluated. The Wako DNA Extrac-
tor® kit [50] in combination with an RNase treatment was
determined to be the best extractionmethod due to highDNA
recoveries, high throughput, and short extraction time, and
was deemed easiest to transfer to other testing sites. Sec-
ond, for DNA fragment separation and detection, the Sciex
eCAP DNA 1000 application was evaluated, see Table 1 ap-
plication 13. Three pronounced bands were observed below
200 bp for the clarified harvest and AEX-filtrate with the slab-
gel Electrophoresis (Figure 7A) and corresponded with the de-
termined peak patterns with the Sciex eCAPDNA 1000 appli-
cation (Figure 7B). The large band at >1000 bp with slab-gel
Electrophoresis is Ad26 intact DNA, and out of scope for this
method. Noteworthy, for the Sciex eCAP DNA 1000 applica-
tion the samples were diluted to have the same adenovirus
concentration, which is not performed for the slab-gel elec-
trophoresis. The reason for this is that a too high Ad26 DNA
concentration disturbed the electrophoresis. This effect could
have been the reason for the observed spikes at >25 min in
this electropherogram. A similar decrease in <200 bp frag-
ments was observed with the slab-gel electrophoresis and the
Sciex eCAP DNA 1000 application and were deemed inter-
changeable for this purpose.

Nonetheless, The eCAP DNA 1000 application took 3–
4 h to prepare and analysis times were 35 min per sample,
whereas the slab-gel application, with the usage of Flash Gels,
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Figure 6. Effects of three
different cell lysis deter-
gents at 0, 2.5 × 1010, and
3.8 × 1011 VP/mL on the Ad26
concentration determination
and impurities with CZE. The
3.8 × 1011 VP/mL sample was
diluted in FB to fit the CZE
method range. The matrix
was obtained from the super-
natant after centrifugation at
20.000 rcf and 4°C for 1 h. For
other conditions, see text.

A B

Figure 7. Example in-process samples analyzed with (A) slab-gel electrophoresis in lane 1 the DNA QuantLadder 100–1000 bp, lane 2
clarified harvest and lane 3 AEX-eluate, and (B) CGE eCAP 1000 application of blank (Blue), the clarified harvest (red), and the AEX-eluate
(green). The DNA ladder, and two samples were ran on the same slab-gel and irrelevant lanes were removed by picture splicing indicating
with a separator line in the figure. For experimental conditions, see text.

could be prepared in 10 min and 11 samples were analyzed
simultaneously in 5 min. In addition, the slab-gel application
was perceived to be less labor intensive, and to require less
training.

Domiphen-adenovirus interaction
Domiphen is a cationic detergent that is added during
clarification to precipitate the negatively charged HC DNA.
The domiphen concentration is a CPP [95] and a sub-optimal
concentration leads to ineffective DNA clearance, AEX-filter

blockage, or low adenovirus yields. Other CPPs that have
an impact on the domiphen-HC DNA interaction are the
clarification incubation time and temperature, adenovirus
concentration, ionic strength, and pH. Domiphen does
not only interact with DNA, but also with other negatively
charged components like the adenovirus particle. This has a
potential impact on the affinity of the adenovirus particles for
the AEX filter and on the CZE analysis for adenovirus con-
centration determination. To set PARs for the clarification,
the effect of the domiphen concentration on the adenovirus
particle was studied.
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cells by adenovirus vector seed inoculation (e.g., HEK293,
Per.C6®) [19,92–103]. Purification of the adenovirus can
be performed via cell lysis, clarification of the adenovirus
particles from the cell debris and host cell DNA (HC DNA),
AEX-filtration, and UF/DF [19,92,95,104–109]. After purifi-
cation, the adenovirus vaccines are formulated and packaged
before storage, distribution, and clinical usage [110–116].
See Supporting Information Section 2 for a detailed process
overview. Different CQAs and CPPs are important in the
CS of each of these steps. Several examples are provided
for the use of CE to determine these CQAs per process
step.

3.5.1 Seed production

For bioreactor inoculation, a precise and accurate seed aden-
ovirus concentration was needed. Previously, an adenovirus
particle content CZE method for in-process control testing
(IPC) of drug substance production was developed and val-
idated [19,20], see Table 1 application 11. The development
took experience from other large biomolecule and viral analy-
sis CZEmethods into account [9,13,15–18,21–27,30,117,118].
However, in the literature mostly BFS capillaries in combi-
nation with borate buffers and SDS were used. This is not
appropriate for adenovirus particles, as SDS denatures and
disintegrates the adenovirus particle, and the adenovirus
particle adsorbs to BFS. Therefore, a neutrally polyvinyl alco-
hol (PVA) coated capillary in combination with a Tris-tricine
buffer and polysorbate-20 BGE were used for adenovirus
analysis with CZE. Downstream process samples can be an-
alyzed without sample pretreatment, but for crude samples
from the upstream process, DNA-related interference peaks
and spikes were observed. With the addition of a cell lysis
and a DNase sample pretreatment [19], the interference with
the adenovirus concentration determination was reduced
and this method was validated for seed release testing,
see Table 1 application 8. See van Tricht, et al. for method
details [19].

3.5.2 Cell lysis

The adenovirus purification process was designed with a de-
tergent lysis step after adenovirus production to release the
virus from the host cells and limit the host cell DNA and
host cell protein (HCP) release. However, the detergent used
was put on Annex XIV by the EU REACH-Committee as the
degradation product was deemed environmentally hazardous
and will, therefore, need to be replaced. Alternative lysing
agents were studied for their effect on adenovirus yield, and
HCP and HC DNA release. The number of analytical meth-
ods that can cope with complex matrices such as cell lysates
without extensive sample prep is limited. However, the CZE
method showed to be precise and accurate for a complex sam-
ple matrix such as clarified harvest (CH) ([19, 20], Table 1 ap-
plication 12). Therefore, CZEwas used to determine the Ad26

concentration, and to study the impact of the detergent on
other peaks in the electropherogram that are related to HC
DNA, HCP, cell components, or aggregates.

In general, the peak profiles, i.e., separation and peak
shapes obtained after lysis with different detergents, were
comparable, see Figure 6. No new peaks were observed that
could be associated with excessive HC DNA, HCP, cell com-
ponents, and aggregates. This suggested that each of these
detergents performed equivalently. Subsequently, the CZE
method was used during hold time studies to select the most
optimal lysis agent and lysis conditions.

3.5.3 Clarification

Cell lysis is followed by HC DNA clarification. HC DNA con-
tent and size are safety CQAs due to potential infectiveness
and oncogenic properties [119–122]. Therefore, regulatory au-
thorities expect a CS to limit theHCDNA presence in vaccine
products to 10 ng/dose for continuous cell lines and amedian
size of ≤200 bp [123–125]. The CS consisted of i) removal of
DNA via detergent aided DNA precipitation with domiphen
bromide (DB) [19,20,95] and ii) testing of HC DNA content
and fragment size distribution throughout the vaccine pro-
duction process.

Host cell DNA analysis
An HC DNA fragment size determination method was
needed with an LOD of 10 ng/dose. First, four different DNA
extraction methods were evaluated. The Wako DNA Extrac-
tor® kit [50] in combination with an RNase treatment was
determined to be the best extractionmethod due to highDNA
recoveries, high throughput, and short extraction time, and
was deemed easiest to transfer to other testing sites. Sec-
ond, for DNA fragment separation and detection, the Sciex
eCAP DNA 1000 application was evaluated, see Table 1 ap-
plication 13. Three pronounced bands were observed below
200 bp for the clarified harvest and AEX-filtrate with the slab-
gel Electrophoresis (Figure 7A) and corresponded with the de-
termined peak patterns with the Sciex eCAPDNA 1000 appli-
cation (Figure 7B). The large band at >1000 bp with slab-gel
Electrophoresis is Ad26 intact DNA, and out of scope for this
method. Noteworthy, for the Sciex eCAP DNA 1000 applica-
tion the samples were diluted to have the same adenovirus
concentration, which is not performed for the slab-gel elec-
trophoresis. The reason for this is that a too high Ad26 DNA
concentration disturbed the electrophoresis. This effect could
have been the reason for the observed spikes at >25 min in
this electropherogram. A similar decrease in <200 bp frag-
ments was observed with the slab-gel electrophoresis and the
Sciex eCAP DNA 1000 application and were deemed inter-
changeable for this purpose.

Nonetheless, The eCAP DNA 1000 application took 3–
4 h to prepare and analysis times were 35 min per sample,
whereas the slab-gel application, with the usage of Flash Gels,
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A B

Figure 8. Effect of different concentrations of Ad26. In (A) CZE electropherograms with (a) DS, (b) DS with 3 mM DB added, (c) a 3 mM
clarified harvest (CH) diluted with DS FB, (d) a 3 mM CH, and (e) a 4 mM CH, and (B) the respective Ad26 peak spectra of the library
reference (black), (a) DS sample, and (d) 3 mM DB CH and (e) 4 mM DB CH. For experimental conditions, see text.

Clarification was originally performed at 3 mM DB (Fig-
ure 8A d)), and an additional later migrating adenovirus peak
shoulder was observed in CH compared to a DS sample (Fig-
ure 8A a)) with CZE. Spiking of the 3 mM DB into the DS
sample (Figure 8A b)) had a similar effect. The latermigration
time of the shoulder indicate lower electrophoretic mobility,
so a lower charge/size ratio. This means that the Ad26 parti-
cle was larger, or less charged, or a combination of the two.
Both a larger particle and a lower surface charge can be the
result of an interaction of domiphen with adenovirus. DLS
analysis confirmed that the hydrodynamic radius of Ad26 in-
creased from 90–100 nm to 100 - 110 nm after DB addition to
DS. The Ad26 peak ultra-violet (UV) spectrum also changed
and indicated more scattering and thus larger particles (Fig-
ure 8B).

During further Ad26 AEX-filtration purification no yield
loss was observed at 3 mM DB and no domiphen could be
determined in the AEX-filtration sample with RP-HPLC with
charged aerosol detection. Dilution of the CH sample with FB
of theDS (Figure 8A c)) resulted in a narrow single peak. Both
results indicate that the domiphen-adenovirus interaction is
reversible, and that adenovirus is cleared fromdomiphen dur-
ing AEX processing.

The Ad26 particle yield significantly decreased when clar-
ification was done with 4 mM DB (Figure 8A e)) instead of
3mMDB (Figure 8A d)).WithCZE, theCHwith 4mMDB re-
sulted in a broad pattern (2–3min)with several peaks, indicat-
ing a very heterogeneous pool of adenovirus particles. With
DLS, hydrodynamic radii of 500–1000 nm were observed in
the CH samples containing 4 mM DB, compared to 90–100
for DS samples. Therefore, it is likely that clarification with
4 mM DB resulted in Ad26 particle aggregates which were
lost in the process, possibly due to precipitation or a decreased

affinity for the AEX-filter. The adenovirus pattern UV spectra
were comparable to the 3 mM DB CH, suggesting scattering
and thus larger particles.

Interestingly, re-injection of clarified samples after 24 h
resulted in decreased Ad26 concentrations and the decrease
was more pronounced with longer hold times and higher DB
clarification concentrations. Clarification duration studies in-
dicated that the Ad26 yield decreased rapidly with time and
timely process continuation was essential. The use of CZE
reduced analysis times and process hold times from approx-
imately three days to less than 2 h, because of the combined
effect of faster analysis and higher precision. Consequently,
a fast, accurate, precise, and robust at-line assay for IPC test-
ing was validated [20], and implemented at different sites, see
Table 1 application 9. The observed shoulder with high DB
concentration did not impact the method performance. Sub-
sequently, the CZEmethod was used to set PARs for a robust
and consistent adenovirus purification process, and the tar-
get DB concentration for clarification was set to a maximum
value.

Bromide content
HC DNA Clearance with domiphen is performed by adding
domiphen bromide to the bulk solution. As bromide is
known to be an anticonvulsant and sedative, an acceptance
limit of not more than 4 μg/dose for the adenovirus vaccine
product was determined. During the purification process,
bromide is cleared to well below this limit. A CZE method
based on the CZE method from Stålberg et al. [47] was devel-
oped to determine the bromide concentration during the pu-
rification process to prove bromide clearance. Bromide and
chloride are among the fastest migration anions that result
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Figure 9. Bromide (8 μg/mL) spiked into AEX-eluate and DS sam-
ples and analyzed with CZE. For experimental conditions, see
text.

in a method free of interference of matrix components. The
method also makes use of the absorbance of bromide at low
UV-wavelengths in order to avoid the need for indirect detec-
tion methods.

Although chloride has low UV-absorbance, high sample
chloride concentrations could cause loss of separation be-
tween the bromide and chloride peak due to electromigration
dispersion. Both the addition of iodide as leading electrolyte
and milli-Q water sample dilution were tested to improve the
peak efficiency and decrease electromigration dispersion by
influencing the transient isotachophoresis mechanism. Dilu-
tion with milli-Q water improved the separation sufficiently,
see Figure 9. Still, a squared bromide peak was observed for
the sample with high chloride concentration, but despite the
peak shape, themethod was fit for purpose and was validated,
see Table 1 application 14.

3.5.4 AEX-filtration and ultra- and diafiltration

After clarification, HCPs are removed during AEX-filtration
and UF/DF is performed to reduce the concentration of re-
maining matrix components, and to formulate the aden-
ovirus particles in a stable environment, resulting in so-called
drug substance (DS).

Host cell Protein AEX-filter blockages
During the AEX-filtration process, the amount of material
loaded on the AEX-filter is a CPP as overloading could result
in yield loss or filter blockage, while underloading could re-
sult in yield loss due to adsorption.

In the example given in Figure 10A, (the front of) a new
peak at 3.5 min was observed with CZE in cell lysed (LH
2) and clarified (CH 2) samples compared to the lysed har-
vest (LH 1) and clarified samples (CH 1) from a reference
batch. The new peak did not interfere with the Ad26 determi-
nation, however, the appearance of this peak correlated with
high AEX-filtration pressures. An absorbance maximum in
the UV-spectrum at 280 nm suggested that the peak con-
tained protein, see Figure 10B. Subsequently and as a result
of this observation in the CZE determination, at-line analysis

was performed allowing for fast root-cause investigation and
resolution of the issue.

Chloride content
During AEX-filtration, high concentrations of NaCl are used
for adenovirus elution from the AEX-filter. In addition, NaCl
is present in the vaccine product as a tonicity agent and is
therefore considered a CQA. A NaCl concentration outside
the intended range leads to unnecessary pain at the injec-
tion site and is associated with adenovirus instability [110–
116]. For these reasons, the chloride concentrations were de-
termined in the FB rawmaterial, throughout the UF/DF, and
in the final DS, for process characterization and process val-
idation purposes. For process validation, a concentration de-
termination with accuracy 95–105% and intermediate preci-
sion ≤ 5% RSD was needed.

Several techniques could be considered to determine the
chloride concentration. However, in the CZE method for
Ad26 particle analysis, chloride is observed as an electromi-
gration dispersed (triangular) indirect-UV peak in the migra-
tion time window 0.5–1.0 min. Therefore, we verified if the
Ad26 CZEmethod could also be used for chloride quantifica-
tion. This proved to be the case and the method was validated
for Ad26 process validation as well as bed-site mixing studies
of AlOH3 adjuvantedmini-HA, see Table 1 application 15 and
Figure 11.

3.5.5 Drug substance and drug product

After UF/DF, drug substance is obtained and drug product
can be produced. Both DS and DP are subjected to exten-
sive testing for clinical release and stability testing. Impor-
tant CQAs for release testing are the adenovirus identity,
the product-related impurities such as empty and incomplete
adenovirus particles, and the adenovirus concentration. For
stability testing, it is important to determine the adenovirus
concentration loss and to identify the route of degradation.

Strain identity
Adenovirus vaccines are common cold viruses and subtypes
were selected to avoid pre-existing immunity toward the
viral vector [126,127]. Different adenovirus subtypes can be
produced in the same manufacturing facility or analyzed in
the same lab. The different adenovirus subtypes have dif-
ferent physicochemical properties, e.g., pI, and amino acid
composition [91]. A method that can discriminate selectively
between different strains is a requirement. With the Ad26
CZE method, all tested different adenovirus subtypes were
separated. Therefore, the method can be used for viral vector
identity confirmation, see Figure 12. As CZE separation
is based on charge/size ratio, the migration correlates to
the number of negative charges on the adenovirus particle.
The adenovirus particle surface charge determines the NaCl
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Figure 8. Effect of different concentrations of Ad26. In (A) CZE electropherograms with (a) DS, (b) DS with 3 mM DB added, (c) a 3 mM
clarified harvest (CH) diluted with DS FB, (d) a 3 mM CH, and (e) a 4 mM CH, and (B) the respective Ad26 peak spectra of the library
reference (black), (a) DS sample, and (d) 3 mM DB CH and (e) 4 mM DB CH. For experimental conditions, see text.

Clarification was originally performed at 3 mM DB (Fig-
ure 8A d)), and an additional later migrating adenovirus peak
shoulder was observed in CH compared to a DS sample (Fig-
ure 8A a)) with CZE. Spiking of the 3 mM DB into the DS
sample (Figure 8A b)) had a similar effect. The latermigration
time of the shoulder indicate lower electrophoretic mobility,
so a lower charge/size ratio. This means that the Ad26 parti-
cle was larger, or less charged, or a combination of the two.
Both a larger particle and a lower surface charge can be the
result of an interaction of domiphen with adenovirus. DLS
analysis confirmed that the hydrodynamic radius of Ad26 in-
creased from 90–100 nm to 100 - 110 nm after DB addition to
DS. The Ad26 peak ultra-violet (UV) spectrum also changed
and indicated more scattering and thus larger particles (Fig-
ure 8B).

During further Ad26 AEX-filtration purification no yield
loss was observed at 3 mM DB and no domiphen could be
determined in the AEX-filtration sample with RP-HPLC with
charged aerosol detection. Dilution of the CH sample with FB
of theDS (Figure 8A c)) resulted in a narrow single peak. Both
results indicate that the domiphen-adenovirus interaction is
reversible, and that adenovirus is cleared fromdomiphen dur-
ing AEX processing.

The Ad26 particle yield significantly decreased when clar-
ification was done with 4 mM DB (Figure 8A e)) instead of
3mMDB (Figure 8A d)).WithCZE, theCHwith 4mMDB re-
sulted in a broad pattern (2–3min)with several peaks, indicat-
ing a very heterogeneous pool of adenovirus particles. With
DLS, hydrodynamic radii of 500–1000 nm were observed in
the CH samples containing 4 mM DB, compared to 90–100
for DS samples. Therefore, it is likely that clarification with
4 mM DB resulted in Ad26 particle aggregates which were
lost in the process, possibly due to precipitation or a decreased

affinity for the AEX-filter. The adenovirus pattern UV spectra
were comparable to the 3 mM DB CH, suggesting scattering
and thus larger particles.

Interestingly, re-injection of clarified samples after 24 h
resulted in decreased Ad26 concentrations and the decrease
was more pronounced with longer hold times and higher DB
clarification concentrations. Clarification duration studies in-
dicated that the Ad26 yield decreased rapidly with time and
timely process continuation was essential. The use of CZE
reduced analysis times and process hold times from approx-
imately three days to less than 2 h, because of the combined
effect of faster analysis and higher precision. Consequently,
a fast, accurate, precise, and robust at-line assay for IPC test-
ing was validated [20], and implemented at different sites, see
Table 1 application 9. The observed shoulder with high DB
concentration did not impact the method performance. Sub-
sequently, the CZEmethod was used to set PARs for a robust
and consistent adenovirus purification process, and the tar-
get DB concentration for clarification was set to a maximum
value.

Bromide content
HC DNA Clearance with domiphen is performed by adding
domiphen bromide to the bulk solution. As bromide is
known to be an anticonvulsant and sedative, an acceptance
limit of not more than 4 μg/dose for the adenovirus vaccine
product was determined. During the purification process,
bromide is cleared to well below this limit. A CZE method
based on the CZE method from Stålberg et al. [47] was devel-
oped to determine the bromide concentration during the pu-
rification process to prove bromide clearance. Bromide and
chloride are among the fastest migration anions that result
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A B

Figure 10. The front of a new peak observed in (A) electropherograms of lysed harvest (LH 2) and clarified harvest (CH 2) samples from
a batch with AEX-filter blockage (blue), compared to lysed harvest (LH 1) and clarified harvest (CH 1) samples from a batch without
AEX-filter blockage (green), analyzed with CZE, and (B) UV-spectra of annotated CH2 peaks. For experimental conditions, see text.

Figure 11. Chloride analysis of Milli-Q water, 50 mM NaCl added
to aluminum hydroxide mini-HA (Al(OH)3) adjuvant and purified
Ad26 DS with CZE. Experimental conditions, see text.

concentration required during AEX-filtration, hence the CZE
migration time is indicative of the NaCl concentration re-
quired for elution during AEX-filtration. For example, Ad35
migrated at 1.5 min and required a higher NaCl AEX-elution
concentration than Ad26, which migrated at 2.1 min.

Adenovirus incomplete
During adenovirus production in the bioreactor, incomplete
or empty particles are formed [128–131]. The concentrations
of completes and incompletes can be determined by sedimen-
tation velocity analytical ultra-centrifugation (SV-AUC) [132].
However, this method is elaborative, has low throughput, and

is expensive. Therefore, we tested whether we could deter-
mine the incomplete impurity percentage with the Ad26 par-
ticle CZE method. Incomplete and complete fractions were
obtained with sedimentation equilibrium analytical ultra-
centrifugation (SE-AUC) in cesium chloride (CsCl) [128]. Vi-
ral particle concentrations were determined with CZE and
fractions of incomplete and complete were mixed ranging
from 0 to 100% incompletes.

Complete particles and incomplete virus particles were
not separated, see Figure 13A. So, independent of having en-
capsidated DNA or not, the mobility of the virus particle is
the same since the charge and the hydrodynamic size remain
the same. UV-spectra and the optical density ratio at 260 nm
and at 280 nm were significantly different from 0% incom-
pletes at 50% incompletes, see Figure 13B. This is above the
expected %-incompletes in DS and DP samples. Therefore,
the relative number of incomplete particles could not be de-
termined with the CZE method.

Content release testing
Adenovirus vector-based vaccines are dosed based on the vec-
tor particle concentration to avoid lack of efficacy or caus-
ing adverse effects [121,133]. OD260 [134,135] or quantita-
tive polymerase chain reaction (qPCR) [136–139] have been
used for adenovirus concentration determination. Van Tricht
et al. reported an intermediate precision for qPCR of 15.9%
RSD (or 8.1% RSD for 3 runs with 3 replicates per run)
and CZE of 6.9% RSD [20]. Since CZE was more precise,
the Ad26 CZE method was initially validated in the range of
5.0 × 1010–1.5 × 1011 VP/mL for DS and DP release testing,
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Figure 12. Electropherograms
of different adenovirus sub-
types analyzed with CZE,
including human adenovirus
5 international reference
standard Ad5.ATCC®[151]. For
experimental conditions, see
text.

see Table 1 application 10. In order to explore quantification
of low-dose vaccines, additional sensitivity was needed.

A large-volume injection can be concentrated on-
capillary based on a transient-ITP principle with chloride in
the sample as leading electrolyte and tricine in the BGE as ter-
minating electrolyte. In the Ad26 CZE method an injection
of 1.4% of the capillary length was used. The transient-ITP
principle provided the opportunity to increase the hydrody-
namically injected sample volume to a maximum of approxi-
mately 50% of the capillary length. An LOD of 5× 108 VP/mL
(0.8 pmol/L) and an LOQ of 1.5 × 109 VP/ml (2.5 pmol/L)
were readily achieved for DS and DP materials. A robust
method was developed and validated for low-dose vaccines,
with an injection volume of 25 s× –100 mbar (approximately
14% of the capillary), see Table 1 application 16.

Stability testing
Product degradation causes loss of infectious adenovirus par-
ticles and formation of degradants, which could potentially
impact both efficacy and safety of the product. Development
of a stable vaccine DP could prevent product degradation and
is best supported by studying product stability and the routes
of degradation.

The DS and DP release testing method was also vali-
dated for stability testing, see Table 1 application 10. The
stability-indicating power of the Ad26 CZE method was

validated by stressing a control sample at 50°C for 45 min
(48% recovery compared to control), 50°C for 120 min (29%
recovery compared to control), and 0.05% H2O2 for 24 h at
RT (0% recovery compared to control). The method was used
to study the effects of the formulation compositions and
container types under different types of stress on the Ad26
particle stability. The FBs varied in buffer and salt types and
concentrations with or without the presence of a preserva-
tive. The different vaccine FBs had no impact on the CZE
method performance. Plastic and glass type containers were
used, and the DP formulations were stored at 25°C during
7 or 90 days.

FB2 with the preservative (FB2+) resulted in the highest
recoveries after 7 days at 25°C in both the glass and plastic
containers, see Figure 14A. Formulations with the preserva-
tive resulted in higher recoveries than formulations without
the preservative. Lower recoveries were observed for plastic
compared to glass containers. In another study, incubation
at 25°C for 90 days resulted in the loss of Ad26 in all formu-
lations, see Figure 14B. Interestingly, for either formulations
decreases inmigration times that are linked to oxidation were
observed after 90 days. FB2 was designed to prevent oxida-
tion and showed the least migration time decrease. Hence,
the CZE content method was successfully used to find opti-
mal and stable DP conditions (FB2+) and provided additional
information regarding Ad26 particle changes during stress
testing.

© 2021 Janssen Vaccines & Prevention B.V. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com

 15222683, 2022, 9-10, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/elps.202100269 by W

iley, W
iley O

nline Library on [07/03/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

L. Geurink et al. Electrophoresis 2022, 43, 1068–1090

A B

Figure 10. The front of a new peak observed in (A) electropherograms of lysed harvest (LH 2) and clarified harvest (CH 2) samples from
a batch with AEX-filter blockage (blue), compared to lysed harvest (LH 1) and clarified harvest (CH 1) samples from a batch without
AEX-filter blockage (green), analyzed with CZE, and (B) UV-spectra of annotated CH2 peaks. For experimental conditions, see text.

Figure 11. Chloride analysis of Milli-Q water, 50 mM NaCl added
to aluminum hydroxide mini-HA (Al(OH)3) adjuvant and purified
Ad26 DS with CZE. Experimental conditions, see text.

concentration required during AEX-filtration, hence the CZE
migration time is indicative of the NaCl concentration re-
quired for elution during AEX-filtration. For example, Ad35
migrated at 1.5 min and required a higher NaCl AEX-elution
concentration than Ad26, which migrated at 2.1 min.

Adenovirus incomplete
During adenovirus production in the bioreactor, incomplete
or empty particles are formed [128–131]. The concentrations
of completes and incompletes can be determined by sedimen-
tation velocity analytical ultra-centrifugation (SV-AUC) [132].
However, this method is elaborative, has low throughput, and

is expensive. Therefore, we tested whether we could deter-
mine the incomplete impurity percentage with the Ad26 par-
ticle CZE method. Incomplete and complete fractions were
obtained with sedimentation equilibrium analytical ultra-
centrifugation (SE-AUC) in cesium chloride (CsCl) [128]. Vi-
ral particle concentrations were determined with CZE and
fractions of incomplete and complete were mixed ranging
from 0 to 100% incompletes.

Complete particles and incomplete virus particles were
not separated, see Figure 13A. So, independent of having en-
capsidated DNA or not, the mobility of the virus particle is
the same since the charge and the hydrodynamic size remain
the same. UV-spectra and the optical density ratio at 260 nm
and at 280 nm were significantly different from 0% incom-
pletes at 50% incompletes, see Figure 13B. This is above the
expected %-incompletes in DS and DP samples. Therefore,
the relative number of incomplete particles could not be de-
termined with the CZE method.

Content release testing
Adenovirus vector-based vaccines are dosed based on the vec-
tor particle concentration to avoid lack of efficacy or caus-
ing adverse effects [121,133]. OD260 [134,135] or quantita-
tive polymerase chain reaction (qPCR) [136–139] have been
used for adenovirus concentration determination. Van Tricht
et al. reported an intermediate precision for qPCR of 15.9%
RSD (or 8.1% RSD for 3 runs with 3 replicates per run)
and CZE of 6.9% RSD [20]. Since CZE was more precise,
the Ad26 CZE method was initially validated in the range of
5.0 × 1010–1.5 × 1011 VP/mL for DS and DP release testing,
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Figure 13. Effects of different fractions of incompletes at constant 214 nm UV absorbance analyzed with CZE, (A) electropherograms, and
(B) UV-spectra of the Ad26 peak at 2.2 min. For experimental conditions, see text.

Concentration determination and adenovirus particle
migration changes can be used to study the different routes
of degradation, e.g., modification, aggregation, disintegra-
tion, and adsorption. Forced degradation studies were con-
ducted to understand how Ad26 particles degraded and iden-
tify CQAs. Thermal stress (incubation at 50°C for 120 min
or at 70°C for 45 min) and oxidation stress (incubation with
0.08% v:v H2O2 for 24 h or 0.40% v:v H2O2 for 17 h) were ap-
plied in this study example. The samples were analyzed with
CZE [19], RP-HPLC [53], DLS, and ELS.

The CZE, RP-UHPLC, DLS, and ELS results for both
oxidation conditions were similar, see Figure 15. The protein
profiles for the oxidation conditions were different from
the control sample, see Figure 15B. In RP-UHPLC, Protein
II, the capsid protein hexon [91], shifted from 13.3 min in
the control sample to 12.8 min after oxidative stress. The
earlier retention time was most likely caused by a lower hy-
drophobicity due to adenoviral protein oxidation. The average
hydrodynamic diameter was about 100 nm, comparable to the
control sample, as expected from an intact non-aggregated

A B

Figure 14. The effect of different FBs, some with preservative (+), analyzed with CZE after incubation in different containers (i.e., glass
and plastic) at 25°C for, (A) 7 days, and (B) 90 days. For experimental conditions, see text.
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A B

C D

Figure 15. The effect of thermal stress 50°C 120min (blue), and 70°C 45min (green) and oxidation stress 0.08%w:v H2O2 for 24 h (yellow),
and 0.40% w:v H2O2 for 24 h (purple) and a control sample (red), analyzed with (A) CZE, (B) RP-HPLC, (C) DLS, and (D) ELS. Experimental
conditions, see text.

Ad26 particle, see Figure 15C. Nonetheless, higher polydis-
persity numbers (not presented) were found for oxidation
stressed samples compared to the control, which suggested
higher heterogeneity of particles diameters. In CZE, Ad26
peak at 2.2 min (control) was not detected in the oxidized
samples, instead peaks at 2.0 min and 1.8 min were found,
see Figure 15A. An earlier migration time indicates a smaller
and/or more negatively charged particle. The peak at 2.0 min
was identified as Ad26 and the peak at 1.8 min was suggested
to be protein, based on the UV spectra (not presented). Ad26
particle destabilization and disintegration due to hydropho-
bicity decrease of hexon could result in free protein in the
sample and higher particle diameter heterogeneity. The zeta
potentials of the oxidized samples were similar to the control
sample, suggesting that the average surface charge of the
particles in the sample did not change, see Figure 15D. The
hexon protein is much smaller than the Ad26 particle and
could thus result in a higher electrophoretic mobility.

Differences were observed between the electrophero-
grams (Figure 15A), hydrodynamic diameter (Figure 15C),
and the zeta potential (Figure 15D) for the thermally stressed
samples compared to the control sample, but not for the re-
tention times for most of the Ad26 proteins (Figure 15B).
In the electropherograms the main Ad26 peak was absent,
and an earlier migrating cluster of peaks identified as ag-
gregates (with UV spectrum, not presented) was observed.
A higher hydrodynamic diameter was observed for the ther-
mally stressed samples, also suggesting aggregation. The zeta
potential was less negative for the thermally stressed sam-
ples compared to the control sample. This means that the
average surface charge was less negative. A change in zeta
potential could be caused by protein denaturation, followed
by particle disintegration or aggregation. Aggregation can-
not be detected with RP-HPLC due to the denaturing condi-
tions applied to the sample before separation. Interestingly,
the aggregates migration times were earlier and the total
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A B

Figure 13. Effects of different fractions of incompletes at constant 214 nm UV absorbance analyzed with CZE, (A) electropherograms, and
(B) UV-spectra of the Ad26 peak at 2.2 min. For experimental conditions, see text.

Concentration determination and adenovirus particle
migration changes can be used to study the different routes
of degradation, e.g., modification, aggregation, disintegra-
tion, and adsorption. Forced degradation studies were con-
ducted to understand how Ad26 particles degraded and iden-
tify CQAs. Thermal stress (incubation at 50°C for 120 min
or at 70°C for 45 min) and oxidation stress (incubation with
0.08% v:v H2O2 for 24 h or 0.40% v:v H2O2 for 17 h) were ap-
plied in this study example. The samples were analyzed with
CZE [19], RP-HPLC [53], DLS, and ELS.

The CZE, RP-UHPLC, DLS, and ELS results for both
oxidation conditions were similar, see Figure 15. The protein
profiles for the oxidation conditions were different from
the control sample, see Figure 15B. In RP-UHPLC, Protein
II, the capsid protein hexon [91], shifted from 13.3 min in
the control sample to 12.8 min after oxidative stress. The
earlier retention time was most likely caused by a lower hy-
drophobicity due to adenoviral protein oxidation. The average
hydrodynamic diameter was about 100 nm, comparable to the
control sample, as expected from an intact non-aggregated

A B

Figure 14. The effect of different FBs, some with preservative (+), analyzed with CZE after incubation in different containers (i.e., glass
and plastic) at 25°C for, (A) 7 days, and (B) 90 days. For experimental conditions, see text.
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corrected peak area was lower than for the adenovirus par-
ticles in the control samples. A later migration time was ex-
pected for aggregates of intact Ad26, due to the increase of
size and the shielding of charge. The decrease in the area sug-
gested components were not detected, which could be caused
by precipitation, migration later than 3.5 min, or (unlikely)
net positively charged aggregates migrating in the opposite
direction. Disintegration of the Ad26 particle and aggregation
of adenoviral protein with DNA could cause a heterogeneous
pool of aggregates of different sizes and charges.

In total, the CZE results supported the interpretation of
drug product stability and forced degradation studies, and de-
termined CQAs, e.g., free in solution protein, on capsid pro-
tein, adenovirus melting, and aggregation temperature.

4 Concluding remarks

Although great results were obtained in using CE for vaccine
analysis, similar challenges were encountered during the dif-
ferent application developments. A few are mentioned here.

Large biomolecules, such as proteins and viruses, are
often heterogeneous due to PTMs or degradants. Large
biomolecules are expected to result in more efficient peaks
than small molecules due to the lower diffusion coefficients.
However, broad adenovirus peaks were observed caused by
the complexity and, therefore, heterogeneity of the aden-
ovirus particle compared to for example a single protein virus-
like particle [140,141]. In one example, glycans prevented the
biomolecule from migrating through the gel buffer. Another
frequent observationwas aggregates/particulatematter in the
form of spikes. Aggregates were possibly induced in the sam-
ple or in the capillary because of changing local environ-
ment due to, e.g., stacking ormigration into the BGE. Sample
treatment reduced the heterogeneity by removing PTMs, but
could potentially cause a decreased stability of the analyte. Ap-
propriate BGE selection can avoid degradation and aggrega-
tion of the sample and improve migration through the BGE.

Generally, ultra-pure or well-characterized standards are
hardly available for viruses and vaccines. Because of the ana-
lyte heterogeneity in combination with the nanoliter sample
volumes and the μL BGE volumes used in CE, peak iden-
tification by fraction collection in CE is challenging. BGEs,
such as those used for the mentioned applications, are not
compatible with other techniques such as MS and neither
are complete viruses [16]. Nonetheless, great efforts are be-
ing made to develop applications with for example CE-SDS-
MS and (i)cIEF-MS [142–147]. We used a combination of ap-
proaches for peak identification including the analysis of a
selection of purified standards and blanks, physical removal
of the component of interest, adding component-specific lig-
ands (i.e., affinity capillary Electrophoresis), targeted compo-
nent degradation, the use of highly specific detection (e.g.,
UV-spectra, intrinsic fluorescence or by staining, and others),
and injection of characterized fractions collected with orthog-
onal techniques (e.g., ion-exchange chromatography, size ex-
clusion chromatography, and others).

The use of high-grade chemicals and solution prepara-
tion best practices is important to improve assay ruggedness
and robustness. Low-grade chemicals could potentially cause
unwanted effects on the sample, such as degradation, aggre-
gation, or adsorption, and have an impact on the BGE prop-
erties, such as ionic strength, viscosity, pH, etc., affecting
the Electrophoresis separation. A new lot of any critical ma-
terial needs to be verified before use, hence before the old
lot runs out. Solution preparation best practices for capillary
electrophoresis start with weighing in chemicals, instead of
determining volumes or adjusting the pH or ionic strength
manually. In addition, it is good practice to filter and/or son-
icate solutions when chemicals are dissolved, or particles are
to be expected. Reversed pipetting techniques could be bene-
ficial in avoiding air bubble introduction during liquid trans-
fer. The effects on pipetting accuracy of solution temperature,
solution viscosity, and pipette tip adsorption should not be
overlooked. If possible, ultra-sonication is a good practice to
reduce air bubbles and undissolved particles.

Adsorption of biomolecules [148–150] and matrix effects
[27] are well-known issues for the analysis of biomolecules,
although often overlooked during method development. For
CE applications, the analyte is only in contact with the cap-
illary, not with any other parts of the instrument, limiting
the type of surfaces to be dealt with. Adsorption was over-
come during the adenovirus CZE method development by
designing a BGE with low mobility, high ionic strength, high
buffering capacity, and addition of a neutral surfactant in or-
der to be robust for all process intermediates, within process
variation and anticipated experimental process conditions,
considering ionic strengths, pHs, viscosities, detergents, and
DNA/protein content [19].

Sample preparation and stability are critical for biophar-
maceutical applications, as the analytes are prone to degra-
dation and aggregations, resulting in analytical artifacts. In
addition, a solution that fits one biomolecule can be totally
wrong for another one. Sample preparation and BGE and cap-
illary selection for CE are often simplified by choosing an
off-the-shelf standard application. However, the lack of fun-
damental method understanding of or knowledge about the
composition of, for example, critical reagents, leads to robust-
ness problems and sub-optimal assay conditions. Therefore,
CMP effects need to be studied, and optimal methods to be
designed, as demonstrated in [34].

For full control of methods, methods were designed and
developed in-house. In general, there is a lot of uncertainty
regarding the sample properties and the method parameter
effects at the start of development. For some applications
(not presented here), this uncertainty and complexity meant
that a method could not be developed within the short time
frame given. Having better knowledge of, e.g., physicochem-
ical properties and sample stability, corroborates method de-
velopment. Knowledge sharing among the CE community is
key to overcome the method development threshold.

In our experience, designing a method from scratch, us-
ing the analytical quality by design (AQbD) principles, of-
ten resulted in a better method understanding and control,

© 2021 Janssen Vaccines & Prevention B.V. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com

 15222683, 2022, 9-10, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/elps.202100269 by W

iley, W
iley O

nline Library on [07/03/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Advancements in Biomanufacturing: The Impact of Analytical Methods 41

BACK TO CONTENTS

Electrophoresis 2022, 43, 1068–1090 General, CE & CEC

and consequently led to a more robust and fit-for-purpose as-
say compared to off-the-shelf applications. In addition, fun-
damental technology understanding also provided the oppor-
tunity to use the method beyond the initial method scope,
like the antibody CE-SDS application used for viral vaccine
protein analysis such as (i) seasonal influenza HA quantifica-
tion, (ii) universal mini-HA primary structure purity determi-
nation, (iii) polio protein identification, usage of themini-HA
primary structure CE-SDSmethod for (iv) glycan analysis, the
Ad26 IPC CZE method that could be used for (v) all process
intermediates, (vi) stability studies, (vii) product characteri-
zation, (viii) identification of additional protein in the context
of AEX-filter blockage, (ix) domiphen adenovirus particle in-
teraction studies, (x) low adenovirus concentration products,
and the adenovirus content CZE method that could be used
for (xi) chloride quantification.

In the end, however, the analytical test is as good as
its user. Therefore, not only robust method design, but also
operator training is of utmost importance. In our experi-
ence with method transfers, the normally expected and an-
ticipated trainings are often analytical test procedure train-
ings only. Consequently, operators were not able to oversee
and understand the consequences of habitual behaviors (e.g.,
local habits, and habits based on other technologies such
as HPLC). Habitual behaviors were often overlooked dur-
ing trainings and lead to method issues and difficult trou-
bleshooting, especially in non-travel pandemic situations.We
emphasize the importance of a holistic view on training and
to include teaching the fundamentals of CE, the specific CE
instrument, and the software, including the best practices for
each. The test procedure is then the last step in the training.
This approach, in combination with a sufficient number of
trial runs, allows for building up experience and yields a de-
crease in the number of and time spend on troubleshooting.
Eventually, it sets the basis for the operators to perform trou-
bleshooting independently.

In total, the time we took to invest in understanding CE
technology and develop applications resulted in a wide range
of CE applications supporting viral vaccine analysis. CE took
viral vaccine testing beyond what was previously possible and
improved process and product understanding and, overall,
the control of viral vaccine production with respect to safety,
efficacy, and quality. Consequently, CE has become an indis-
pensable asset to our analytical toolbox.
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corrected peak area was lower than for the adenovirus par-
ticles in the control samples. A later migration time was ex-
pected for aggregates of intact Ad26, due to the increase of
size and the shielding of charge. The decrease in the area sug-
gested components were not detected, which could be caused
by precipitation, migration later than 3.5 min, or (unlikely)
net positively charged aggregates migrating in the opposite
direction. Disintegration of the Ad26 particle and aggregation
of adenoviral protein with DNA could cause a heterogeneous
pool of aggregates of different sizes and charges.

In total, the CZE results supported the interpretation of
drug product stability and forced degradation studies, and de-
termined CQAs, e.g., free in solution protein, on capsid pro-
tein, adenovirus melting, and aggregation temperature.

4 Concluding remarks

Although great results were obtained in using CE for vaccine
analysis, similar challenges were encountered during the dif-
ferent application developments. A few are mentioned here.

Large biomolecules, such as proteins and viruses, are
often heterogeneous due to PTMs or degradants. Large
biomolecules are expected to result in more efficient peaks
than small molecules due to the lower diffusion coefficients.
However, broad adenovirus peaks were observed caused by
the complexity and, therefore, heterogeneity of the aden-
ovirus particle compared to for example a single protein virus-
like particle [140,141]. In one example, glycans prevented the
biomolecule from migrating through the gel buffer. Another
frequent observationwas aggregates/particulatematter in the
form of spikes. Aggregates were possibly induced in the sam-
ple or in the capillary because of changing local environ-
ment due to, e.g., stacking ormigration into the BGE. Sample
treatment reduced the heterogeneity by removing PTMs, but
could potentially cause a decreased stability of the analyte. Ap-
propriate BGE selection can avoid degradation and aggrega-
tion of the sample and improve migration through the BGE.

Generally, ultra-pure or well-characterized standards are
hardly available for viruses and vaccines. Because of the ana-
lyte heterogeneity in combination with the nanoliter sample
volumes and the μL BGE volumes used in CE, peak iden-
tification by fraction collection in CE is challenging. BGEs,
such as those used for the mentioned applications, are not
compatible with other techniques such as MS and neither
are complete viruses [16]. Nonetheless, great efforts are be-
ing made to develop applications with for example CE-SDS-
MS and (i)cIEF-MS [142–147]. We used a combination of ap-
proaches for peak identification including the analysis of a
selection of purified standards and blanks, physical removal
of the component of interest, adding component-specific lig-
ands (i.e., affinity capillary Electrophoresis), targeted compo-
nent degradation, the use of highly specific detection (e.g.,
UV-spectra, intrinsic fluorescence or by staining, and others),
and injection of characterized fractions collected with orthog-
onal techniques (e.g., ion-exchange chromatography, size ex-
clusion chromatography, and others).

The use of high-grade chemicals and solution prepara-
tion best practices is important to improve assay ruggedness
and robustness. Low-grade chemicals could potentially cause
unwanted effects on the sample, such as degradation, aggre-
gation, or adsorption, and have an impact on the BGE prop-
erties, such as ionic strength, viscosity, pH, etc., affecting
the Electrophoresis separation. A new lot of any critical ma-
terial needs to be verified before use, hence before the old
lot runs out. Solution preparation best practices for capillary
electrophoresis start with weighing in chemicals, instead of
determining volumes or adjusting the pH or ionic strength
manually. In addition, it is good practice to filter and/or son-
icate solutions when chemicals are dissolved, or particles are
to be expected. Reversed pipetting techniques could be bene-
ficial in avoiding air bubble introduction during liquid trans-
fer. The effects on pipetting accuracy of solution temperature,
solution viscosity, and pipette tip adsorption should not be
overlooked. If possible, ultra-sonication is a good practice to
reduce air bubbles and undissolved particles.

Adsorption of biomolecules [148–150] and matrix effects
[27] are well-known issues for the analysis of biomolecules,
although often overlooked during method development. For
CE applications, the analyte is only in contact with the cap-
illary, not with any other parts of the instrument, limiting
the type of surfaces to be dealt with. Adsorption was over-
come during the adenovirus CZE method development by
designing a BGE with low mobility, high ionic strength, high
buffering capacity, and addition of a neutral surfactant in or-
der to be robust for all process intermediates, within process
variation and anticipated experimental process conditions,
considering ionic strengths, pHs, viscosities, detergents, and
DNA/protein content [19].

Sample preparation and stability are critical for biophar-
maceutical applications, as the analytes are prone to degra-
dation and aggregations, resulting in analytical artifacts. In
addition, a solution that fits one biomolecule can be totally
wrong for another one. Sample preparation and BGE and cap-
illary selection for CE are often simplified by choosing an
off-the-shelf standard application. However, the lack of fun-
damental method understanding of or knowledge about the
composition of, for example, critical reagents, leads to robust-
ness problems and sub-optimal assay conditions. Therefore,
CMP effects need to be studied, and optimal methods to be
designed, as demonstrated in [34].

For full control of methods, methods were designed and
developed in-house. In general, there is a lot of uncertainty
regarding the sample properties and the method parameter
effects at the start of development. For some applications
(not presented here), this uncertainty and complexity meant
that a method could not be developed within the short time
frame given. Having better knowledge of, e.g., physicochem-
ical properties and sample stability, corroborates method de-
velopment. Knowledge sharing among the CE community is
key to overcome the method development threshold.

In our experience, designing a method from scratch, us-
ing the analytical quality by design (AQbD) principles, of-
ten resulted in a better method understanding and control,
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Review

Applications of capillary electrophoresis for
biopharmaceutical product characterization

Capillary electrophoresis (CE), after being introduced several decades ago, has carved out
a niche for itself in the field of analytical characterization of biopharmaceutical products.
It does not only offer fast separation, high resolution in miniaturized format, but equally
importantly represents an orthogonal separation mechanism to high-performance liquid
chromatography. Therefore, it is not surprising that CE-based methods can be found in
all major pharmacopoeias and are recommended for the analysis of biopharmaceutical
products during process development, characterization, quality control, and release test-
ing. Different separation formats of CE, such as capillary gel electrophoresis, capillary iso-
electric focusing, and capillary zone electrophoresis are widely used for size and charge
heterogeneity characterization as well as purity and stability testing of therapeutic pro-
teins. Hyphenation of CE with MS is emerging as a promising bioanalytical tool to assess
the primary structure of therapeutic proteins along with any impurities. In this review, we
confer the latest developments in capillary electrophoresis, used for the characterization
of critical quality attributes of biopharmaceutical products covering the past 6 years (2015–
2021). Monoclonal antibodies, due to their significant share in themarket, have been given
prioritized coverage.

Keywords:
Biopharmaceuticals / Capillary electrophoresis / Critical quality attributes / Mass
spectrometry / Monoclonal antibodies DOI 10.1002/elps.202100182

1 Introduction

Capillary electrophoresis (CE) is an electric field mediated
separation technique, first reported around 1970s, and in-
creasingly popular in biopharmaceutical analysis [1–11]. It
can be operated in various modes including capillary zone
electrophoresis (CZE), capillary gel electrophoresis (CGE),
capillary isoelectric focusing (cIEF), capillary electrochro-
matography (CEC), and micellar electrokinetic chromatogra-
phy (MEKC), to facilitate characterization of different cations,
anions, and even neutral molecules [12–15].

Biopharmaceuticals have been steadily gaining ground
and currently overshadow their small molecule (pharmaceu-
tical) counterparts with respect to growth in product sales.
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Biopharmaceuticals are protein or nucleic acid-based thera-
peutic products, primarily produced in living organisms [16].
Thus far, over 300 biotherapeutic products have been devel-
oped [17]. However, a primary concern with this category
of products is heterogeneity due to their biological systems
based production [18]. These heterogeneities come from
cumulative contributions of the host cell line, culture media,
and bioprocessing conditions. In addition, storage and
transportation conditions may also have significant impacts.
Since many of these heterogeneities are known to affect the
safety and efficacy of the therapeutic products, their adequate
characterization if often required by regulatory authorities
[19,20]. Additionally, as the patents of many biologicals have
expired or are on the verge of expiration, there has been a
recent emergence of the biosimilar industry [17]. Biosimilars
are biopharmaceuticals that have demonstrated similarity in
their structure, function, quality, safety, and efficacy to the
innovator product [21]. Since biosimilars are also produced
by living organisms, extensive analytical characterization is
necessary to prove their similarity to the reference product as
minor alterations during manufacturing may lead to signif-
icant implications on the quality of the product. CE methods
can be increasingly found in all major pharmacopoeias and
are recommended for the analysis of biopharmaceutical
products during process development, characterization, and
quality control [12,22,23]. However, LC still remains one
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Figure 1. Number of publi-
cations reported on the use
of capillary electrophoresis in
biopharmaceutical analysis
and therapeutic mAbs since
2000. Data were collected
from “Scopus” using “cap-
illary electrophoresis and
biopharmaceuticals,” and
“capillary electrophoresis
and therapeutic monoclonal
antibody” in the “article title,
abstract, and keywords” field.

of the most important technologies for characterizing bio-
therapeutics due to its robustness, high reproducibility, and
easy coupling with the mass spectrometer. Also, the lack of
well-trained CE scientists and the reluctance of learning new
methodologies limits the use of CE. Enormous progress has,
however, been made in CE to find its place in the standard
analytical toolsets for biotherapeutic characterization. This
impressive trend can also be seen from the published reports
from the past two decades (Fig. 1).

In this review, we focus on CE applications towards char-
acterizing the various quality attributes (QAs) of biopharma-
ceutical products. This product class is vast and includes
diverse modalities such as monoclonal antibodies (mAbs),
antibody-drug conjugates (ADCs), fusion proteins, growth
factors, cytokines, nucleic acids, and viral vectors [17]. In this
review, we focus more on the mAbs, in view of their present
dominance in the biopharmaceutical pipelines [17]. Although
many reviews have been published on advancements in CE
in the past [9–11, 22-25], the present treatment focuses on
CE applications published between 2015–2021 for the charac-
terization of quality attributes of biopharmaceutical products
(Fig. 2).

2 CE-based characterization of critical
quality attributes (CQAs) of mAb
products

One hundred mAb-based products have hit the market glob-
ally to treat more than thirty targets and diseases since the
approval of the first one in 1986 [17,26–29]. Attributes such
as primary sequence, charge and size heterogeneity, glyco-
sylation pattern and other post-translational modifications
(PTMs), and presence of host cell proteins (HCPs) are be-
lieved to potentially impact the quality, safety, and efficacy
of the product and hence require monitoring [30,31]. Apply-
ing the right method has been identified as one of the most
challenging steps when implementing quality by design ap-
proaches for the analysis of biotherapeutics and multiple, or-
thogonal tools typically part of the analytical toolbox that are

used for their characterization [30,32–36]. In the following
paragraphs, we review CE applications for the analysis of var-
ious attributes of mAb-based therapeutic products, also sum-
marized in Table 1.

2.1 Charge heterogeneity analysis

Charge heterogeneity refers to the presence of product re-
lated species in the biopharmaceutical, which differ from the
main product in terms of charge [37]. These species can arise
due to PTMs, degradation reactions such as deamidation, C-
terminal lysine processing, and glycation [38,32]. Their pres-
ence may result in altered product efficacy and pharmacoki-
netics or complete product inactivation, in the worst-case
even immunogenicity [37].

Different separation modes of CE have been reported
to effectively identify charge variants of which cIEF and im-
aged cIEF (icIEF) with ultraviolet (UV) detection have been
implemented in quality control (QC) laboratories and have
become reference methods for charge heterogeneity analy-
sis [15]. A reproducible cIEF method has been proposed for
mAb identification without the need of adding salt or urea
to the sample [39]. The method was validated for mAbs with
pIs between 7.0 and 9.0 according to Q2 (R1) guidelines of
the International Council for Harmonisation of Technical Re-
quirements for Pharmaceuticals for Human Use (ICH) and
was reported to be suitable for transferring to QC laborato-
ries. cIEF has also been coupled to MS for in-depth charac-
terization of charge variants [40]. The results obtained corre-
lated with standard icIEF-UV profiles. In addition, Mack et al.
also showed charge variant analysis of mAbs by coupling mi-
crochip icIEF with MS [41]. In a comparison between cIEF
and CZE, cIEF offered superior performance for pI analy-
sis, while CZE was better for routine and rapid charge het-
erogeneity analysis [42]. CZE for charge variant analysis has
been verified in an intra laboratory and international cross-
company study for the analysis of mAbs involving eleven dif-
ferent sites [43]. More than one thousand separations were
evaluated and the applicability of CZE for 23 mAbs with pI
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Figure 2. Schematic diagram representing capillary electrophoresis applications in characterizing critical quality attributes of biopharma-
ceuticals. The inner circle describes the types of biopharmaceuticals, while the outer circle depicts their critical quality attributes. The
common CQAs and the respective CE modes used to characterize them and described in the article are illustrated. Different CE modes are
highlighted in green, orange, yellow, and blue in the order of their usage for analyzing a given CQA, with green suggesting the maximally
used methods.

between 7.4 and 9.5 was demonstrated with about 1% preci-
sion. Based on the results, CZE was proposed to be suitable
for use in good manufacturing practice (GMP) environment.
In another study, CEC was employed for charge heterogene-
ity analysis of mAbs [44]. BSA coated open tubular column
was used to separate the up to seven charge variants of three
mAbs. The method had good repeatability with <3.7% mi-
gration time RSD. The column was stable for 25 runs with
no change in peak shape and resolution.

Microfluidic CE-based methods have also been reported
for charge variant analysis of mAb products [41,45,46] On-
line ESI-MS was demonstrated for intact mAb charge hetero-
geneity analysis with major C-terminal lysine variants sepa-
rated with an average resolution of 0.8 along with the minor
acidic and basic species. The study also identified the glycosy-
lation patterns of the 0-lysine, 1-lysine, and 2-lysine variants
[45]. In another study, microfluidic CE was coupled with na-
tive MS has been used to retain and identify the original con-
formation of a mAb. The detected proteoforms were present
at levels as low as 0.01% using just 1 ng of sample [46]. Be-
sides the intact mAb analysis, CE-MS was helpful for charge
variant profiling using the middle-up approach [47–49]. The
proteolytic enzyme SpeB was combined with icIEF to ana-
lyze the domain-specific charge heterogeneity of the innova-
tor and biosimilar forms of Rituximab [48].

Further characterization of charge variants has been re-
ported using multidimensional approaches [50,51]. For ex-
ample, a two-dimensional online CZE-CZE-MS platform was
created for MS-based characterization of charge variants and
deamidation products of a mAb [50]. Interestingly, precise
mass data with deviations of less than 1 Da was obtained. In
another study, cIEF-CZE-MSwas used to separate model pro-
teins and one peptide with pIs ranging from 5.1 to 10.3 in a
single run and demonstrated to be applicate for mAbs analy-
sis [51].

2.2 Primary sequence and PTM analysis

The primary structure of a protein refers to its amino acid
sequence that is essential for maintaining its structure and
function [31]. Primary structure analysis to identify sequence
variants is also mentioned in the ICH guidelines [19]. Addi-
tional heterogeneitymay be introduced inmAbs due to PTMs
and biochemical changes, such as deamidation and oxidation
[52–54], just to mention the most imported ones. CE is a ro-
bust and reproducible tool for primary structure and PTM
analysis [55–57]. Peptide mapping of a mAb with identifica-
tion of a wide variety of peptide lengths (3–65 amino acids),
with a 100% sequence coverage was reported with mAb

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 1. Number of publi-
cations reported on the use
of capillary electrophoresis in
biopharmaceutical analysis
and therapeutic mAbs since
2000. Data were collected
from “Scopus” using “cap-
illary electrophoresis and
biopharmaceuticals,” and
“capillary electrophoresis
and therapeutic monoclonal
antibody” in the “article title,
abstract, and keywords” field.

of the most important technologies for characterizing bio-
therapeutics due to its robustness, high reproducibility, and
easy coupling with the mass spectrometer. Also, the lack of
well-trained CE scientists and the reluctance of learning new
methodologies limits the use of CE. Enormous progress has,
however, been made in CE to find its place in the standard
analytical toolsets for biotherapeutic characterization. This
impressive trend can also be seen from the published reports
from the past two decades (Fig. 1).

In this review, we focus on CE applications towards char-
acterizing the various quality attributes (QAs) of biopharma-
ceutical products. This product class is vast and includes
diverse modalities such as monoclonal antibodies (mAbs),
antibody-drug conjugates (ADCs), fusion proteins, growth
factors, cytokines, nucleic acids, and viral vectors [17]. In this
review, we focus more on the mAbs, in view of their present
dominance in the biopharmaceutical pipelines [17]. Although
many reviews have been published on advancements in CE
in the past [9–11, 22-25], the present treatment focuses on
CE applications published between 2015–2021 for the charac-
terization of quality attributes of biopharmaceutical products
(Fig. 2).

2 CE-based characterization of critical
quality attributes (CQAs) of mAb
products

One hundred mAb-based products have hit the market glob-
ally to treat more than thirty targets and diseases since the
approval of the first one in 1986 [17,26–29]. Attributes such
as primary sequence, charge and size heterogeneity, glyco-
sylation pattern and other post-translational modifications
(PTMs), and presence of host cell proteins (HCPs) are be-
lieved to potentially impact the quality, safety, and efficacy
of the product and hence require monitoring [30,31]. Apply-
ing the right method has been identified as one of the most
challenging steps when implementing quality by design ap-
proaches for the analysis of biotherapeutics and multiple, or-
thogonal tools typically part of the analytical toolbox that are

used for their characterization [30,32–36]. In the following
paragraphs, we review CE applications for the analysis of var-
ious attributes of mAb-based therapeutic products, also sum-
marized in Table 1.

2.1 Charge heterogeneity analysis

Charge heterogeneity refers to the presence of product re-
lated species in the biopharmaceutical, which differ from the
main product in terms of charge [37]. These species can arise
due to PTMs, degradation reactions such as deamidation, C-
terminal lysine processing, and glycation [38,32]. Their pres-
ence may result in altered product efficacy and pharmacoki-
netics or complete product inactivation, in the worst-case
even immunogenicity [37].

Different separation modes of CE have been reported
to effectively identify charge variants of which cIEF and im-
aged cIEF (icIEF) with ultraviolet (UV) detection have been
implemented in quality control (QC) laboratories and have
become reference methods for charge heterogeneity analy-
sis [15]. A reproducible cIEF method has been proposed for
mAb identification without the need of adding salt or urea
to the sample [39]. The method was validated for mAbs with
pIs between 7.0 and 9.0 according to Q2 (R1) guidelines of
the International Council for Harmonisation of Technical Re-
quirements for Pharmaceuticals for Human Use (ICH) and
was reported to be suitable for transferring to QC laborato-
ries. cIEF has also been coupled to MS for in-depth charac-
terization of charge variants [40]. The results obtained corre-
lated with standard icIEF-UV profiles. In addition, Mack et al.
also showed charge variant analysis of mAbs by coupling mi-
crochip icIEF with MS [41]. In a comparison between cIEF
and CZE, cIEF offered superior performance for pI analy-
sis, while CZE was better for routine and rapid charge het-
erogeneity analysis [42]. CZE for charge variant analysis has
been verified in an intra laboratory and international cross-
company study for the analysis of mAbs involving eleven dif-
ferent sites [43]. More than one thousand separations were
evaluated and the applicability of CZE for 23 mAbs with pI

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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digested with a single enzyme [58]. Various PTMs and low
abundance glycoforms, with a relative abundance of glycans
being as low as 0.29%, were identified successfully using only
100 fmol of the digested sample. In combinationwith LC-MS,
CE-MS was also used to deliver the first proposed sequence
of a novel anti-CD-176 antibody [59]. The study demonstrated
the relevance of CE-MS in mAb sequencing. The authors
claimed that a newmAb could potentially be sequenced using
just 200 ng sample by the CE-MS-based approach.

Compared to conventional CZE-MS methods, a mixture
of aqueous and organic solvent was proposed, significantly
improving resolution with both sheath flow and sheath-
less CZE-MS interfaces [60]. The proposed methods offered
higher sensitivity, excellent signal-to-noise ratio, and baseline
resolution of peptides, comparable with RPLC-MS, and even
allowing better recovery of small hydrophilic and large hy-
drophobic peptides. The methods have been reported to be
useful for peptide mapping analysis of an ADC and its parent
antibody, providing recovery of small, large, and conjugated
peptides with 100% sequence coverage [61]. The authors also
demonstrated the utility of this method for the quantitative
analysis of common PTMs.

The applicability of CE-MS in PTM analysis was demon-
strated with seven commercial therapeutic antibodies [62].
Themethod was used to identify glycoforms and other PTMs,
especially low mass PTMs, using intact, middle-up, and
bottom-up approaches. An offline coupling of RPLC and CE
was reported to improve sequence coverage and PTM identifi-
cation of a mAb, compared to traditional LC-MS- and CE-MS-
based approaches [63]. The tryptic digest of themAb was frac-
tionated via RPLC in the first dimension. The fractions were
pooled and analyzed via CZE-MS in the second dimension.
Almost 150 peptide sequences and 280 PTMs were identified
with this RPLC-CZE-MS approach, which were otherwise not
detected by either LC-MS or CE-MS. The platform gave 99.6%
and 98.6% sequence coverages for the mAb heavy and light
chains, respectively, which wasmore than even the combined
sequence coverage obtained with LC-MS and CE-MS.

Glycosylation, one of the major PTMs in mAbs, refers
to the addition of sugar moieties (glycans) to the molecule
[54]. The process of glycosylation is complex and usually re-
sults in proteinmolecules with varying glycosylation patterns
in terms of glycosylation sites (macroheterogeneity), and gly-
can structures (microheterogeneity) [64,65]. Especially the N-
glycosylation patterns are considered to be critical for recep-
tor binding and mAb effector functions, and their alterations
have been reported to affect the efficacy, in vivo half-life, and
safety of mAbs [66,67].

The presence of major glycoforms, that is, 2x-
glycosylated and 1x-glycosylated isoforms, in seven com-
mercially available mAbs was recently analyzed in less
than 12 min using CE-MS of intact and IdeS digested
forms [62]. Glycosylation analysis has also been reported
via relative quantification of N-glycans at the glycopeptide
level [68]. The absolute profile variation of the method for
different glycan structures was as low as 4%. Using ten
different mAbs produced in different expression systems,

the study established a CE-MS method for comprehensive
mAb glycoprofiling. Recently, a new glucose unit (GU)
database using multi-capillary CGE has been generated
and utilized for N-glycosylation structure assignments to
a mAb and a fusion protein [69]. Another study coupled
fluorescence and MS detectors for simultaneous quan-
tification and identification of N-glycans using an online
CE-LIF-MS system and a high reactivity, novel Teal dye
[70]. Identification and precise quantification of a specific
target glycan have also been reported using a CGE based
method [71]. By spiking an increasing amount of mannose-5
oligosaccharide in the N-glycan pool of a mAb, the authors
demonstrated the presence and precise quantification of the
concentration of a glycan of CQA interest in the investigated
mAb sample.

Another area of mAb glycosylation analysis is the glyco-
form analysis of separated charge variants [45–47,50,72,73].
In one study, 1x, and 2x glycosylated mAb isoforms were
identified from each of the charge variants and partially
separated in less than 20 minutes using CZE-MS [72]. CE-
MS has also been developed to separate F(ab’)2 glycoforms
[47]. The method involved fractionation of an IdeS digested
mAb with CZE-UV and offline MS analysis of the individual
fractions, thereby, allowing the detection of both Fc/2 and
(Fab’)2 variants as well as the glycoforms of each variant. The
Fc/2 and the F(ab’)2 variants were separated with resolutions
up to 2.10 and 1.05, respectively. Seven glycoforms of the
Fc/2 fragments, and eight glycoforms of F(ab’)2 domain
were detected. Quantitative glycoform analysis with intact
mAbs has also been reported usingmicrofluidic CE-MS, with
results being largely similar to those observed with released
glycan analysis [73]. Glycoforms, characteristic of mAbs
expressed in Chinese hamster ovary cells, were obtained.
Interestingly, the study also identified non-glycosylated
mAb forms, information that cannot be obtained with the
traditionally used released glycan analysis. By comparing
data from glycosylated and non-glycosylated mAbs, precise
mass analysis of glycosylation variants was reported using a
two-dimensional CZE-CZE-MS system [50].

Method developments in mAb glycosylation analysis us-
ing CE were reported using commercial human IgG as the
model sample [74–82]. For example, in one study, the hard-
ware components of the CE instrument itself were used to
develop semi and fully automated CE-LIF-based methods for
carbohydrate sequencing of released glycans [74]. The instru-
ment sample storage compartment was used for performing
temperature-sensitive exoglycosidase reactions. The separa-
tion capillary, on the other hand, besides being used for re-
solving the released glycans, was also employed for sequen-
tial delivery of exoglycosidases into the reaction mixture for
the consecutive digestion steps. CE analysis was performed
after each enzyme addition step to enable glycan sequenc-
ing. High-resolution carbohydrate sequencing was achieved
in 60 min with the semi-automated and in 128 min with the
fully automated approach, which otherwise may take up to 4
days with the conventional methods. Besides human IgG, the
platform was also useful for sequencing Etanercept, a fusion

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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protein-based biopharmaceutical. Researchers have recently
reported a method for image processing of the fluorescent
signal in real-time using LED-induced fluorescence detectors
(LedIF) [75]. The system allowed retrospective correction of
sample injection for under- and over-loaded labeled glycans.
In other words, this novel approach enabled re-analysis of
both either too low or highly saturating signals lying out-
side of the detection range of the system using the same set
of data, that is, avoiding the need for reinjection/reanalysis.
The approach expanded the dynamic range for CE-based sep-
arations and demonstrated the applicability of the method
to generate evaluable and quantifiable signals for glycans
derived from 0.2 mg/ml of IgG and up to 35 mg/ml mal-
tooligosaccharide ladder samples. The sustainability of CE
with LedIF detection for glycan analysis was also shown on
a semi-automated home-built CE device with results compa-
rable to a fully automated commercial CE system [76]. Both
systems were capable to detect 13 glycans. A universal ap-
proach, independent of the ESI interface design, for simul-
taneous fluorescence-based quantitative and MS-based qual-
itative assessment of IgG released glycans was recently pro-
posed [77]. With fluorophore labeled sugars, the authors used
an imaging laser-induced fluorescence (iLIF) system at the
Taylor cone of the electrospray interface to collect fluorescent
signal. This allowed simultaneous optical and MS detection
for quantitative and qualitative analyses, respectively. The sys-
tem had high sensitivity and reproducibility with a limit of de-
tection (LOD) of 40 attomole (inter-day peak area relative stan-
dard deviation RSD = 6.79%). The same group introduced a
“coinjected triple-internal standard method” that generated a
virtual ladder for GU calculation-based structural elucidation
of glycans [78]. Three sugar standards, maltose, maltotriose,
and maltopentadecaose were used to generate a virtual lad-
der. The method alleviated the need for an additional mal-
tooligosaccharide ladder run for GU value calculations. The
approach produced reliable results, independent of separa-
tion conditions including capillary length, coating, temper-
ature, injection, and separation methods. With a maximum
RSD of 1.07%, the method reduced the time required for gly-
can structural assignments. The authors also created a free
online application called GUcal. The tool automatically calcu-
lates the respective GU values for all target analytes in an elec-
tropherogram and assigns structures based on a human IgG
N-glycan database [79,80]. For rapid and automated identifi-
cation of bisected N-glycans, a lectin-based capillary nanogel
electrophoresis method was proposed [81]. A stationary zone
of lectin was incorporated in self-assembled nanogels to iden-
tify specific glycans. The method was suitable to identify bi-
section, galactosylation, and sialylation in N-glycans. With
this technique, baseline resolution of >1.5, and precision in
migration time of 0.08% RSD could be obtained. The sys-
tem had 70 and 300 pM detection limits with electrokinetic
and hydrodynamic injections, respectively. AmultiplexingCE
method was recently reported for released glycan analysis
from human IgG [82]. The study showed the utilization of
CZE, CGE, and MEKC for parallel and orthogonal identifica-
tion of glycans.

2.3 Host cell proteins analysis

Host cell proteins (HCPs) are other than the desired recombi-
nant product produced by the host cell line during its normal
life-cycle, and the accepted level is below 100 ppm in the final
biotherapeutic product [83–85]. A higher level of HCPs may
lead to unwanted immune responses in patients and may af-
fect the stability and potency of the product. Due to its high
resolving power, CE is gaining attention for its potential in
HCP analysis and detection. By spiking twelve proteins at
different concentrations in a mAb solution, researchers have
demonstrated the ability of CZE-MS in detecting impurities
present at 100 ppm in the sample [86]. One protein was even
detected at ∼10 ppm level. The relevance of CE-MS for HCP
analysis from cell culture samples with and without mAb de-
pletion was also demonstrated [87]. CE was able to identify
220 and 185 protein groups with and without mAb depletion,
respectively. To improve HCP identification without mAb de-
pletion, the use of a strong cation exchange-solid phase ex-
tractor CZE-MS (SCX-SPE) was also reported in the same
study. With successive pH stepwise elution from the SCX
monolith, the number of protein groups identified increased
to 230. Recently, Rathore and co-workers introduced a multi-
dimensional RPLC-CZE-MS-based platform for HCP analy-
sis in the culture supernatants of a mAb producing CHO cell
line [88]. The platform identified 225 HCPs that were oth-
erwise unidentified by either LC-MS or CE-MS alone. Dur-
ing cell growth in regular culture media and without serum
starvation, the platform was used to identify more than 330
HCPs that may influence cell proliferation and other cellular
processes. Fifty-seven proteins with catalytic activity on pro-
teins and 22 peptidases were identified. With the identifica-
tion of 146 secretory proteins, the study was also proposed to
be useful for host cell secretome analysis from actual indus-
trial samples. In another study, the authors used microfluidic
SDS-CGE to confirm the identity and purity of a purifiedHCP
[89].

2.4 Size variants

A biotherapeutic may contain multiple species of various
sizes, ranging from few nanometers to micrometers. These
species may arise due to the presence of protease impurities,
incomplete assembly, or physical, chemical, and conforma-
tional stress processes that the product may experience dur-
ing manufacturing, transport, or storage [90,91]. Character-
ization of size variants such as aggregates, which are con-
sidered critical quality attributes (CQA), is crucial as they
may impact the potency and immunogenicity of the product.
Sodium dodecyl sulfate capillary gel electrophoresis (SDS-
CGE) by using borate cross-linked dextran gels is the most
commonly used method for integrity, fragmentation, and pu-
rity assessments of mAbs [92]. For example, researchers have
used reduced and non-reduced SDS-CGE for analyzing frac-
tionated mAb acidic variants to identify their fragment com-
position [93]. Non-reduced SDS-CGE was also reported to
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quantitate low molecular weight species in mAb producing
cell harvest samples [94]. Microfluidic SDS-CGE was used
as an orthogonal method to high-performance size exclusion
chromatography (HP-SEC) for mAb fragmentation analysis
and revealedmore accuratemolecular weight estimation than
HP-SEC [89]. It should be noted, however, that for glycosy-
lated species the estimatedmolecular weight can significantly
differ than that of the actual one due to the bulky non-SDS
binding glycan moiety [92].

Recently, an approach of identifying SDS-CGE deter-
mined size variants using RPLC-MS was reported [95]. The
method allowed the identification of high and low molecular
weight species observed with SDS-CGE. In combination
with RPLC-MS, the method identified 58 unique product-
related fragments, ranging from 10 to 130 kDa. By coupling
RPLC with top-down MS analysis, identification of some
unexpected PTMs, such as intact LC disulfide-linked with
glutathione and half IgG containing thioether, present in
these fragments and the precise clipping sites was also
possible. In another study, an online two-dimensional SDS-
CGE/CZE-MS system was reported where CZE-MS was used
to analyze the peak of interest from the first-dimensional
SDS-CGE separation [96]. The system was capable to resolve
single SDS-CGE peaks into multiple proteoforms in the
second dimension. The limit of detection of the system was
estimated to be between 3 and 8 μg/ml, which would allow
the characterization of similar mass impurities present at
even as low as the 1% level. SDS-CGE was also suitable for
separating the different light chains of a bispecific antibody
[97].

Microfluidic CGE has also been developed for size het-
erogeneity analysis of mAbs. Critical parameters were opti-
mized by the design of experiment (DoE) studies for purity
and stability analysis of IgG1 type mAbs [98]. The optimized
method was used with twelve other mAbs, including an IgG4
subtype. The platform was validated according to ICH Q2
(R1) guidelines and proposed to be useful for research and
development for current GMP level applications.

2.5 Other critical quality attributes

Besides the aforementioned factors, heterogeneity may also
be introduced in mAbs via various other sources that may
directly or indirectly impact mAb quality. For instance, nu-
cleotides and nucleotide sugars are known to directly affect
mAb glycosylation. Estimation of their levels is thus essential
to develop optimal cell culture processes. Researchers have
developed a high-resolution CE-UV-based method for the
separation and quantification of nucleotides and nucleotide
sugars in CHO cell extracts [99]. The dynamic coating was
used to obtain high reproducibility with RSD in migration
time of 0.3%, and a limit of quantification (LOQ) of approxi-
mately 3 μM. Two other important factors to be looked at in
cell culture harvests are the product titer and isoform distri-
bution. Recently, researchers have reported a capillary west-
ern blot method for this purpose [100]. The process was fully

automated and allowed high throughput analysis of these
CQAs. Others developed an ultra-high voltage CE system ca-
pable of applying a potential of at least 120 kV resulting in
electric field strengths of more than 2000 V/cm [101]. Besides
using the system for monitoring charge variants of mAbs,
the authors also used it for resolving mAb disulfide isomers,
and an antibody-drug conjugate. Separation of disulfide iso-
mers is challenging as having identical mass to charge ratios.
Therefore, capillary electrophoresis that is rather based on
charge to hydrodynamic volume, that is, shape-based sepa-
ration, is a good choice. The system effectively detected addi-
tional 2–3 species otherwise not detected with conventional
CE conditions.

In another report, CZE was coupled with native MS
to identify the different conformational isomers of a mAb
[102]. Interestingly, the conformational heterogeneity was
preserved using non-denaturing conditions. Simultaneous
detection of native and unfoldedmonomers as well as dimers
were achieved in a single analysis, and the results were con-
firmed with atomic force microscopy (AFM). The same study
also used a CZE-MS-based middle-up approach for stressed
samples and identified Fab-Fab interactions as the major rea-
son for dimer formation. Using cIEF and SDS-CGE for as-
saying different quality attributes, such as isoelectric points
and size variants respectively, the technique was also used for
biosimilarity assessments [103].

3 Analysis of new modality protein
therapeutics

Apart from full-length canonical mAbs, new modalities of
protein therapeutics include mAb-based products such as
antibody-drug conjugates (ADCs), Fab fragments, fusion pro-
teins, and nanobodies. CE has also been reported in the char-
acterization of these products and a summary of some of
these studies is given in Table 2. For example, sheathless
CZE-ESI-MS has been useful for analyzing antibody-drug
conjugates and the data generated showed the platform as
a relevant alternative for comprehensive multilevel charac-
terization [104]. The methodology involved intact, middle-
up, and bottom-up approaches for mass measurements, pri-
mary structure characterization, average drug antibody ratio
(DAR), drug loaded peptides, and analysis of light chain, Fc/2,
and F(ab’)2 subunits. Protocols for usingCE for purity, charge
heterogeneity, and primary structure analysis of ADCs have
also been recently published [105,106]. CE and CE-MS has
also been useful for intact and subunit-specific analysis of bis-
pecific antibodies (BsAbs) [97,107]. The first report for the use
of sheathless CE-MS for their characterization established the
utility of CE in analyzing dimers, incomplete assemblies, and
PTMs in this class of products [107]. Subunit-specific anal-
ysis of SpeB and IdeS digested BsAbs led to the identifica-
tion of six different subunits (Lc1, Lc2, Fd’1, Fd’2, (Fc/2)1,
and (Fc/2)2) with mass measurements at isotopic resolu-
tion. Proteoforms with modifications such as pyroglutamic
acid and glycation were also determined. For Fab fragments,
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protein-based biopharmaceutical. Researchers have recently
reported a method for image processing of the fluorescent
signal in real-time using LED-induced fluorescence detectors
(LedIF) [75]. The system allowed retrospective correction of
sample injection for under- and over-loaded labeled glycans.
In other words, this novel approach enabled re-analysis of
both either too low or highly saturating signals lying out-
side of the detection range of the system using the same set
of data, that is, avoiding the need for reinjection/reanalysis.
The approach expanded the dynamic range for CE-based sep-
arations and demonstrated the applicability of the method
to generate evaluable and quantifiable signals for glycans
derived from 0.2 mg/ml of IgG and up to 35 mg/ml mal-
tooligosaccharide ladder samples. The sustainability of CE
with LedIF detection for glycan analysis was also shown on
a semi-automated home-built CE device with results compa-
rable to a fully automated commercial CE system [76]. Both
systems were capable to detect 13 glycans. A universal ap-
proach, independent of the ESI interface design, for simul-
taneous fluorescence-based quantitative and MS-based qual-
itative assessment of IgG released glycans was recently pro-
posed [77]. With fluorophore labeled sugars, the authors used
an imaging laser-induced fluorescence (iLIF) system at the
Taylor cone of the electrospray interface to collect fluorescent
signal. This allowed simultaneous optical and MS detection
for quantitative and qualitative analyses, respectively. The sys-
tem had high sensitivity and reproducibility with a limit of de-
tection (LOD) of 40 attomole (inter-day peak area relative stan-
dard deviation RSD = 6.79%). The same group introduced a
“coinjected triple-internal standard method” that generated a
virtual ladder for GU calculation-based structural elucidation
of glycans [78]. Three sugar standards, maltose, maltotriose,
and maltopentadecaose were used to generate a virtual lad-
der. The method alleviated the need for an additional mal-
tooligosaccharide ladder run for GU value calculations. The
approach produced reliable results, independent of separa-
tion conditions including capillary length, coating, temper-
ature, injection, and separation methods. With a maximum
RSD of 1.07%, the method reduced the time required for gly-
can structural assignments. The authors also created a free
online application called GUcal. The tool automatically calcu-
lates the respective GU values for all target analytes in an elec-
tropherogram and assigns structures based on a human IgG
N-glycan database [79,80]. For rapid and automated identifi-
cation of bisected N-glycans, a lectin-based capillary nanogel
electrophoresis method was proposed [81]. A stationary zone
of lectin was incorporated in self-assembled nanogels to iden-
tify specific glycans. The method was suitable to identify bi-
section, galactosylation, and sialylation in N-glycans. With
this technique, baseline resolution of >1.5, and precision in
migration time of 0.08% RSD could be obtained. The sys-
tem had 70 and 300 pM detection limits with electrokinetic
and hydrodynamic injections, respectively. AmultiplexingCE
method was recently reported for released glycan analysis
from human IgG [82]. The study showed the utilization of
CZE, CGE, and MEKC for parallel and orthogonal identifica-
tion of glycans.

2.3 Host cell proteins analysis

Host cell proteins (HCPs) are other than the desired recombi-
nant product produced by the host cell line during its normal
life-cycle, and the accepted level is below 100 ppm in the final
biotherapeutic product [83–85]. A higher level of HCPs may
lead to unwanted immune responses in patients and may af-
fect the stability and potency of the product. Due to its high
resolving power, CE is gaining attention for its potential in
HCP analysis and detection. By spiking twelve proteins at
different concentrations in a mAb solution, researchers have
demonstrated the ability of CZE-MS in detecting impurities
present at 100 ppm in the sample [86]. One protein was even
detected at ∼10 ppm level. The relevance of CE-MS for HCP
analysis from cell culture samples with and without mAb de-
pletion was also demonstrated [87]. CE was able to identify
220 and 185 protein groups with and without mAb depletion,
respectively. To improve HCP identification without mAb de-
pletion, the use of a strong cation exchange-solid phase ex-
tractor CZE-MS (SCX-SPE) was also reported in the same
study. With successive pH stepwise elution from the SCX
monolith, the number of protein groups identified increased
to 230. Recently, Rathore and co-workers introduced a multi-
dimensional RPLC-CZE-MS-based platform for HCP analy-
sis in the culture supernatants of a mAb producing CHO cell
line [88]. The platform identified 225 HCPs that were oth-
erwise unidentified by either LC-MS or CE-MS alone. Dur-
ing cell growth in regular culture media and without serum
starvation, the platform was used to identify more than 330
HCPs that may influence cell proliferation and other cellular
processes. Fifty-seven proteins with catalytic activity on pro-
teins and 22 peptidases were identified. With the identifica-
tion of 146 secretory proteins, the study was also proposed to
be useful for host cell secretome analysis from actual indus-
trial samples. In another study, the authors used microfluidic
SDS-CGE to confirm the identity and purity of a purifiedHCP
[89].

2.4 Size variants

A biotherapeutic may contain multiple species of various
sizes, ranging from few nanometers to micrometers. These
species may arise due to the presence of protease impurities,
incomplete assembly, or physical, chemical, and conforma-
tional stress processes that the product may experience dur-
ing manufacturing, transport, or storage [90,91]. Character-
ization of size variants such as aggregates, which are con-
sidered critical quality attributes (CQA), is crucial as they
may impact the potency and immunogenicity of the product.
Sodium dodecyl sulfate capillary gel electrophoresis (SDS-
CGE) by using borate cross-linked dextran gels is the most
commonly used method for integrity, fragmentation, and pu-
rity assessments of mAbs [92]. For example, researchers have
used reduced and non-reduced SDS-CGE for analyzing frac-
tionated mAb acidic variants to identify their fragment com-
position [93]. Non-reduced SDS-CGE was also reported to
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Table 2. Recent applications of CE toward characterization of other biopharmaceuticals

Sample(s) Type Separation
technique(s)

Detection Specific application(s) Reference(s)

ADC ADC Microfluidic
CE

MS Charge variants, drug load variants,
conformational isoforms

[73]

Brentuximab vedotin ADC CZE MS Mass measurement, primary
structure characterization,
average drug antibody ratio, and
analysis of light chain, Fc/2, and
F(ab’)2 subunits

[104]

Bispecific antibodies Bispecific
antibody

CE MS Dimer, incomplete assembly, PTM [107]

Ranibizumab and its intended
copy product

Fab fragment SDS-CGE, CZE Fluorescence
(SDS-CGE), UV
(CZE)

Biosimilarity [108]

Fibroblast growth factor 21 Fc-fusion
protein

Immunoaffinity
capture-CE

MS Fusion protein Stability and
pharmacokinetics profiling

[109]

Purification process
intermediates, fusion-fc
protein

Process inter-
mediates,
fusion-fc
protein

Capillary
western blot

Chemiluminescence Monitor purification process,
impurity detection, HCP

[110]

Recombinant fusion protein X Fusion protein SDS-CGE UV Purity [218]
Nanobodies Nanobody Capillary

western
Chemiluminescence Anti-drug antibodies, identification of

immunogenic module
[111]

IFNβ-1b Cytokine MEKC UV Drug quantification [112]
Recombinant human

interferon-β
Cytokine cIEF UV Quantitation of pI difference [113]

Bone morphogenetic protein
2

Cytokine icIEF Fluorescence, UV Aggregation/solubility, charge
heterogeneity

[114]

Human insulin and its analog
lispro

Hormone CZE, CGE UV (CZE, CGE), MS
(CZE)

Charge and size variants [115]

B-type natriuretic peptide Hormone CE MS Proteolysis in plasma [116]
Human chorionic

gonadotropin
Hormone CGE, cIEF, CZE UV (CGE, cIEF, CZE),

MS (CZE)
Isoform, pI, differentiate drugs,
glycan

[117]

Recombinant human
parathyroid hormone (1-34)

Hormone CZE UV Potency, stability [118]

Insulin and its analogues Hormone MEKC UV Quantification, stability, excipients [120]
Insulin Hormone CZE UV, MS Deamidation isoforms, degradation

rate
[121]

Insulin Hormone Mobility CE UV, MS Hydrodynamic radius, structure
prediction

[122]

Recombinant human
erythropoietin

Hormone CZE UV Isoforms [123]

Hormone CZE UV Quantification of amino acids used as
excipients

[124]

Hormone icIEF UV Charge variants, pI and quantification
of isoforms

[125]

Hormone cIEF UV Isoforms, pI [126]
Hormone CZE UV Isoform separation and quantification [127]
Hormone CE MS N, O-glycopeptides [119]

β-Glucuronidase Enzyme SDS-CGE, cIEF UV Monomer/dimer ratio, charge
variants, pI

[128]

Erwinia chrysanthemi
L-asparaginase

Enzyme icIEF UV Extent of PEGylation [219]

Cell free bioreactor broth
harvest

Broth harvest SDS-CGE UV Product concentration [128]

Plasmid DNA Plasmid DNA
(cell, gene
therapy)

CGE LIF Purity, degradation [129]

(Continued)
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Table 2. Continued

Sample(s) Type Separation
technique(s)

Detection Specific application(s) Reference(s)

VP2 subviral particle, mAb
production against VP2,
vaccine-mAb complex

VP2 as subunit
vaccine
candidate

CZE UV Quantification, binding stoichiometry [130]

Influenza vaccine (inactivated
virus, virosome, upstream
process sample)

Vaccine CGE UV Identification and quantitation of viral
proteins, identify viral strain

[131]

Western, Eastern, and
Venezuelan equine
encephalitis virus like
particles (VLPs)

VLP based
vaccine

Microchip
SDS-CGE

Fluorescence Purity, component protein size,
component ratios

[132]

Influenza G1
mini-haemagglutinin
protein vaccine (mini-HA)
and inactivated polio
vaccine (IPV)

Viral vaccine SDS-CGE UV Purity, strain identification [133]

Aprotinin Polypeptide CZE UV Potency (separation and detection of
substrate and product)

[220]

AAV Viral vector SDS-CGE UV, LIF Full and empty ratio [134]
AAV Viral vector SDS-CGE UV Capsid protein distribution [135]
AAV Viral vector CGE LIF Genome integrity [136]
AAV Viral proteins Microfluidic

CE
MS Serotype identification [221]

AAV Viral protein SDS-CGE LIF Purity, quantification of viral protein [222]
LNP based mRNA vaccine mRNA vaccine icIEF UV Surface charge, LNP identity, stability [139]
Botulinum neurotoxin type A Protein toxin CE LIF Light chain activity [223,224]
PrSA (peptidyl-prolyl cis-trans

isomerase from S. aureus)
Vaccine
antigen in
develop-
ment for the
treatment of
S. aureus

Frontal
analysis
continuous
CE

UV Antigen-adjuvant interaction [225]

SDS-CGE and CZE methods were developed for analyzing
size and charge variants, respectively [108]. Based on these
analyses, the study assessed the similarity between the in-
novator product and its intended biosimilar. Similarly, for Fc
fusion proteins, in vivo pharmacokinetics and purity assess-
ments have been reported using immunoaffinity capture CE
and capillary western-blot-based techniques [109,110]. Capil-
lary western blot is another commercially available technique
and was recently introduced for HCP analysis in harvest and
purified samples of an Fc-fusion protein [110]. The results ob-
tained with this setup were comparable to traditional western
blot but it additionally offered improved throughput, good
precision with RSD for molecular weight sizing, and rela-
tive quantity measurement of <2% and up to 15%, respec-
tively. Also, it had acceptable linearity ranges for both prod-
ucts (24 μg/ml to 6 mg/ml) and target HCP (250 ng/ml to
1.25μg/ml) quantitation with r2 values greater than 0.99. An-
other application involved the monitoring of anti-drug anti-
bodies (ADAs) against three experimental nanobodies with
differentmodules [111]. The platform allowed rapid immuno-
genicity testing for up to 24 pure experimental nanobody
preparations and was found to be suitable for detecting ADAs

against cytokine fusions and recombinant growth factors as
well.

Other modes of CE have also been useful for the charac-
terization of cytokines and hormones. For example, MEKC
has been reported for the quantification of interferon β-
1b [112] with the LOQ of 20 μg/mL. Using the developed
method, the potency of interferon beta-1b (IFN β-1b) was de-
termined in 34 parenteral preparations from four brands. The
method was proposed as a simple, rapid, and economical al-
ternative to LC-based approaches. Additional methods were
also developed for analyzing the charge heterogeneity and ag-
gregation/solubility of cytokines [113,114].

Another study presented two CE methods for analyzing
charge and mass variants of insulin and its analog, lispro
[115]. A CZE based method for separation of deamidation
products, and a CGE method for molecular weight trans-
formation products were developed. Other hormones such
as human chorionic gonadotropin, parathyroid hormone,
and recombinant human erythropoietin were also charac-
terized for their quality attributes like pI, isoforms, stability,
plasma proteolysis, and potency using CE-based methods
[115–127].
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Table 2. Recent applications of CE toward characterization of other biopharmaceuticals

Sample(s) Type Separation
technique(s)

Detection Specific application(s) Reference(s)

ADC ADC Microfluidic
CE

MS Charge variants, drug load variants,
conformational isoforms

[73]

Brentuximab vedotin ADC CZE MS Mass measurement, primary
structure characterization,
average drug antibody ratio, and
analysis of light chain, Fc/2, and
F(ab’)2 subunits

[104]

Bispecific antibodies Bispecific
antibody

CE MS Dimer, incomplete assembly, PTM [107]

Ranibizumab and its intended
copy product

Fab fragment SDS-CGE, CZE Fluorescence
(SDS-CGE), UV
(CZE)

Biosimilarity [108]

Fibroblast growth factor 21 Fc-fusion
protein

Immunoaffinity
capture-CE

MS Fusion protein Stability and
pharmacokinetics profiling

[109]

Purification process
intermediates, fusion-fc
protein

Process inter-
mediates,
fusion-fc
protein

Capillary
western blot

Chemiluminescence Monitor purification process,
impurity detection, HCP

[110]

Recombinant fusion protein X Fusion protein SDS-CGE UV Purity [218]
Nanobodies Nanobody Capillary

western
Chemiluminescence Anti-drug antibodies, identification of

immunogenic module
[111]

IFNβ-1b Cytokine MEKC UV Drug quantification [112]
Recombinant human

interferon-β
Cytokine cIEF UV Quantitation of pI difference [113]

Bone morphogenetic protein
2

Cytokine icIEF Fluorescence, UV Aggregation/solubility, charge
heterogeneity

[114]

Human insulin and its analog
lispro

Hormone CZE, CGE UV (CZE, CGE), MS
(CZE)

Charge and size variants [115]

B-type natriuretic peptide Hormone CE MS Proteolysis in plasma [116]
Human chorionic

gonadotropin
Hormone CGE, cIEF, CZE UV (CGE, cIEF, CZE),

MS (CZE)
Isoform, pI, differentiate drugs,
glycan

[117]

Recombinant human
parathyroid hormone (1-34)

Hormone CZE UV Potency, stability [118]

Insulin and its analogues Hormone MEKC UV Quantification, stability, excipients [120]
Insulin Hormone CZE UV, MS Deamidation isoforms, degradation

rate
[121]

Insulin Hormone Mobility CE UV, MS Hydrodynamic radius, structure
prediction

[122]

Recombinant human
erythropoietin

Hormone CZE UV Isoforms [123]

Hormone CZE UV Quantification of amino acids used as
excipients

[124]

Hormone icIEF UV Charge variants, pI and quantification
of isoforms

[125]

Hormone cIEF UV Isoforms, pI [126]
Hormone CZE UV Isoform separation and quantification [127]
Hormone CE MS N, O-glycopeptides [119]

β-Glucuronidase Enzyme SDS-CGE, cIEF UV Monomer/dimer ratio, charge
variants, pI

[128]

Erwinia chrysanthemi
L-asparaginase

Enzyme icIEF UV Extent of PEGylation [219]

Cell free bioreactor broth
harvest

Broth harvest SDS-CGE UV Product concentration [128]

Plasmid DNA Plasmid DNA
(cell, gene
therapy)

CGE LIF Purity, degradation [129]

(Continued)
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Enzymes, polypeptides, nucleic acids, vaccines, and
viruses represent some other categories of biotherapeutics
where CE has been applied for monitoring quality attributes.
For example, SDS-CGE and cIEF were reported for investi-
gating the monomer-dimer ratio, pI, charge variants of puri-
fied β-Glucuronidase, a therapeutic enzyme used for treating
lysosomal storage diseases [128]. Analysis of β-Glucuronidase
concentration in bioreactor harvest samples using SDS-CGE
was also demonstrated in the same study.

Another category of biotherapeutics is nucleic acid-based
drugs, which are used in vaccination, as well as in cell and
gene therapies. For plasmid DNA, CGE-LIF was used for pu-
rity and degradation analysis [129] Themethodwas fully auto-
mated and utilized to study plasmid topology and degradation
under accelerated stability conditions as well.

Multiple reports have been published for vaccine prod-
ucts characterization [130–133]. For example, one study re-
ported CZE-UV for quantification of a subunit vaccine [130].
Besides monitoring the purity and integrity of the viral par-
ticles, the method was also used to study its interaction and
stoichiometry with the corresponding mAb. Other CEmodes
such as CGE, and SDS-CGE were reported for identification,
quantification, and purity analysis of vaccine products [130–
133].

Adeno-associated virus (AAV) is a frequently used gene
therapy delivery vehicle with long-term transgene expression
and good disease correction ability. Similar to other biother-
apeutics, during production, several critical quality attributes
should be monitored including full and empty ratio, capsid
protein distribution, and transgene integrity. Partially filled or
empty capsids decrease the efficacy and safety of the product.
To address this issue, the full and empty ratio can be read-
ily checked by capillary isoelectric focusing [134]. SDS-CGE
is an excellent tool to assess the capsid protein distribution
[135]. Capillary gel electrophoresis at the DNA level is a good
approach for analyzing the genome integrity of AAV vectors,
another important CQA for release testing [136]

Lipid nanoparticles (LNPs) are another important class
of delivery vehicles for therapeutics and vaccines, especially
during the current Covid 19 pandemic. However, due to their
complexity, they are difficult to characterize [137,138]. An
icIEFmethod was reported for measuring surface charge (pI)
of a LNP basedmRNA vaccine [139]. Themethod was specific
to the cationic lipid composition of the LNP and was suitable
for LNP identification and stability assessments.

4 Recent advances in commercial
instrumentation for the characterization
of biopharmaceuticals

In parallel to the enormous developments in CE meth-
ods and applications in academia for better, fast, and ef-
ficient characterization of biopharmaceuticals, instrument
vendors have similarly attempted to simplify the work-
list for CE scientists. In this regard, various new CE in-
struments have been launched in the market for high

throughput, fast, or automated analysis of biotherapeu-
tics in the past few years. A multicapillary electrophore-
sis system (C100HT) was recently developed by Sciex for
high throughput analysis of complex carbohydrates, de-
rived from glycoprotein biophamaceuticals (https,//www.
sciex.com). Protein simple introduced the Maurice® sys-
tem in 2016, a small instrument for rapid and automated
cIEF and CE-SDS analysis (https,//www.proteinsimple.com/
maurice.html). The system also offers high resolution and
reproducibility for purity, identity, and heterogeneity anal-
ysis. Simple WesternTM from the same company offers
automated capillary western blotting option for up to 96
samples in a single run (https,//www.proteinsimple.com/
simple_western_overview.html). Recently, CEInfinite estab-
lished a new milestone in CE industry with the develop-
ment of a preparative icIEF instrument, allowing simultane-
ous isolation and characterization of individual charge vari-
ants [140]. Additionally, the system can be coupled to a mass
spectrometer for easy in-depth structural analysis of each
variant [141]. To overcome the issues related to CE-MS cou-
pling, 908 devices developed ZipChip® approach in which
the chip inserts into the MS and automatically positions the
optimal electrospray allowing the analysis of protein prod-
ucts at intact, reduced, and peptide levels. The commer-
cial microfluidic CE-MS system also enables the analysis of
amino acids and small molecules (https://908devices.com/
products/zipchip/). BiOptic has also expanded its portfolio
of single and multicapillary electrophoresis products for bio-
analysis (https://www.bioptic.com.tw/).

5 Non-biotherapeutics based CE
advancements

Despite the usual benefits of CE over other separation
techniques, it has some limitations such as in loading ca-
pacity, low identification rates, and low detection sensitiv-
ity. Several advancements have been introduced using non-
biotherapeutics in the last five years to overcome these limi-
tations, which hold great potential to be applicable in the bio-
pharmaceutical applications. For simplicity, these advance-
ments may be categorized as methodological and technical
as discussed below, and also summarized in Tables 3 and 4,
respectively.

5.1 Methodological advancements

Methodological advancements include CE-based techniques
that can be directly applied in the biopharmaceutical indus-
try with existing instruments and accessories. For example,
one of the significant limitations of CE is its limited sam-
ple loading capacity. At least two different new approaches
have been introduced recently in this regard. First, methods
were developed allowing analysis with minimum sample re-
quirement, for example, N-glycan analysis from only 100 cells
and nanoRPLC-CZE-MS/MS system for proteomics analysis
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Enzymes, polypeptides, nucleic acids, vaccines, and
viruses represent some other categories of biotherapeutics
where CE has been applied for monitoring quality attributes.
For example, SDS-CGE and cIEF were reported for investi-
gating the monomer-dimer ratio, pI, charge variants of puri-
fied β-Glucuronidase, a therapeutic enzyme used for treating
lysosomal storage diseases [128]. Analysis of β-Glucuronidase
concentration in bioreactor harvest samples using SDS-CGE
was also demonstrated in the same study.

Another category of biotherapeutics is nucleic acid-based
drugs, which are used in vaccination, as well as in cell and
gene therapies. For plasmid DNA, CGE-LIF was used for pu-
rity and degradation analysis [129] Themethodwas fully auto-
mated and utilized to study plasmid topology and degradation
under accelerated stability conditions as well.

Multiple reports have been published for vaccine prod-
ucts characterization [130–133]. For example, one study re-
ported CZE-UV for quantification of a subunit vaccine [130].
Besides monitoring the purity and integrity of the viral par-
ticles, the method was also used to study its interaction and
stoichiometry with the corresponding mAb. Other CEmodes
such as CGE, and SDS-CGE were reported for identification,
quantification, and purity analysis of vaccine products [130–
133].

Adeno-associated virus (AAV) is a frequently used gene
therapy delivery vehicle with long-term transgene expression
and good disease correction ability. Similar to other biother-
apeutics, during production, several critical quality attributes
should be monitored including full and empty ratio, capsid
protein distribution, and transgene integrity. Partially filled or
empty capsids decrease the efficacy and safety of the product.
To address this issue, the full and empty ratio can be read-
ily checked by capillary isoelectric focusing [134]. SDS-CGE
is an excellent tool to assess the capsid protein distribution
[135]. Capillary gel electrophoresis at the DNA level is a good
approach for analyzing the genome integrity of AAV vectors,
another important CQA for release testing [136]

Lipid nanoparticles (LNPs) are another important class
of delivery vehicles for therapeutics and vaccines, especially
during the current Covid 19 pandemic. However, due to their
complexity, they are difficult to characterize [137,138]. An
icIEFmethod was reported for measuring surface charge (pI)
of a LNP basedmRNA vaccine [139]. Themethod was specific
to the cationic lipid composition of the LNP and was suitable
for LNP identification and stability assessments.

4 Recent advances in commercial
instrumentation for the characterization
of biopharmaceuticals

In parallel to the enormous developments in CE meth-
ods and applications in academia for better, fast, and ef-
ficient characterization of biopharmaceuticals, instrument
vendors have similarly attempted to simplify the work-
list for CE scientists. In this regard, various new CE in-
struments have been launched in the market for high

throughput, fast, or automated analysis of biotherapeu-
tics in the past few years. A multicapillary electrophore-
sis system (C100HT) was recently developed by Sciex for
high throughput analysis of complex carbohydrates, de-
rived from glycoprotein biophamaceuticals (https,//www.
sciex.com). Protein simple introduced the Maurice® sys-
tem in 2016, a small instrument for rapid and automated
cIEF and CE-SDS analysis (https,//www.proteinsimple.com/
maurice.html). The system also offers high resolution and
reproducibility for purity, identity, and heterogeneity anal-
ysis. Simple WesternTM from the same company offers
automated capillary western blotting option for up to 96
samples in a single run (https,//www.proteinsimple.com/
simple_western_overview.html). Recently, CEInfinite estab-
lished a new milestone in CE industry with the develop-
ment of a preparative icIEF instrument, allowing simultane-
ous isolation and characterization of individual charge vari-
ants [140]. Additionally, the system can be coupled to a mass
spectrometer for easy in-depth structural analysis of each
variant [141]. To overcome the issues related to CE-MS cou-
pling, 908 devices developed ZipChip® approach in which
the chip inserts into the MS and automatically positions the
optimal electrospray allowing the analysis of protein prod-
ucts at intact, reduced, and peptide levels. The commer-
cial microfluidic CE-MS system also enables the analysis of
amino acids and small molecules (https://908devices.com/
products/zipchip/). BiOptic has also expanded its portfolio
of single and multicapillary electrophoresis products for bio-
analysis (https://www.bioptic.com.tw/).

5 Non-biotherapeutics based CE
advancements

Despite the usual benefits of CE over other separation
techniques, it has some limitations such as in loading ca-
pacity, low identification rates, and low detection sensitiv-
ity. Several advancements have been introduced using non-
biotherapeutics in the last five years to overcome these limi-
tations, which hold great potential to be applicable in the bio-
pharmaceutical applications. For simplicity, these advance-
ments may be categorized as methodological and technical
as discussed below, and also summarized in Tables 3 and 4,
respectively.

5.1 Methodological advancements

Methodological advancements include CE-based techniques
that can be directly applied in the biopharmaceutical indus-
try with existing instruments and accessories. For example,
one of the significant limitations of CE is its limited sam-
ple loading capacity. At least two different new approaches
have been introduced recently in this regard. First, methods
were developed allowing analysis with minimum sample re-
quirement, for example, N-glycan analysis from only 100 cells
and nanoRPLC-CZE-MS/MS system for proteomics analysis
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Table 4. Technological advancements in CE

Challenge Solution Samples/Target analytes Reference(s)

Difficult interfacing with MS Low sheath flow interface Drugs, neural cells [156,157]
Gold foil covered capillary tip as ESI

electrode
Alkaloids, trypsin digest of

cytochrome C, organic anions
[158]

Microfabricated liquid junction hybrid ESI
interface

Proteins, peptides, oligosaccharides [160]

For cIEF-MS, Sequential injection with
ampholytes in narrow pH range

Standard protein mixture [231]

Similar CE and ESI flow rate Induced ESI based sheathless interface Tripropylamine, atenolol [159]
Non compatibility of CE with MS 2D CE-MS with a mechanical valve BSA tryptic digest [232]
Carrier ampholytes in cIEF results in

reduced UV detection sensitivity
and difficult hyphenation with MS

cIEF in porous layer open-tubular capillary
column with immobilized pH gradient
(PLOT-IPG) column

Protein standards, human serum,
amino acids

[163]

Difficult temperature control across
capillary effects thermally unstable
compounds and detectors.

3D printed cartridge Monoethyl carbonate [164]

Detection methods (low sensitivity) C4D-MS dual detection Phenolic compounds [165]
C4D-MS dual detection Ions, biomolecules, vitamin B food

supplement
[166]

Dual C4D-ESI based detection Sugars, biogenic amines, carboxylic
acids

[167]

Glycan analysis Double layer PVA coating N-glycans from human serum,
maltooligosaccharide standards

[162]

Resolution Multi-snapshot imaging DNA fragments, ladders [233]
Diffusion coefficient measurement by

cIEF
Fourier analysis with cIEF and imaging plug

flow
Standard model proteins [234]

consuming small peptide amounts roughly corresponding to
1000 cells [142,143]. Second, improvements in loading ca-
pacity were recently reported with up to 2 μl injections for
bottom-up analysis of complex protein samples [144–146].
The latter group also improved the peak capacity of CE us-
ing an SEC-RPLC-CE-MS approach. Along with high sample
loading of about 500 nL, the system featured a high peak ca-
pacity of ∼4000, and a large bacterial top-down proteomics
dataset with the identification of 5700 proteoforms [147]. An-
other limitation of CE over LC, is its lower peptide identi-
fication rate. In this regard, researchers have introduced a
multisegment injection approach to double the peptide iden-
tification rate without compromising peak width and sepa-
ration efficiency [148]. The injections were timed in a way
that each was done before the previous sample left the capil-
lary.With suchwell-timed injections, dead time between runs
was significantly reduced, and the peptide identification rate
was significantly enhanced. The authors demonstrated their
method with a bottom-up proteomic analysis of the yeast pro-
teome. Another study employed sequential injection of RPLC
based pre-fractionated peptides to improve peptide identifica-
tion rate in CE-MS [149].

One recent study reported a single CE method for ana-
lyzing glycopeptides, monosaccharides, and released glycans
of glycoprotein standards using a commercial microfluidic
CE-ESI system [150]. Since glycosylation is characterized at
different levels, this single CE method dramatically simpli-
fied the task. In another study, hydrophilic interaction liquid
chromatography (HILIC) and ultra-high-performance liquid

chromatography (UHPLC) were coupled to CZE-MS for
selective enrichment and analysis of glycopeptides [151]. The
method detected a total of 268 site-specific N-glycopeptides
from eight glycosylation sites from two isomers of the
glycoprotein. The number of N-glycopeptides identified
were approximately 35%, and 70% more than those ob-
tained with conventional UHPLC-MS and CE-MS analyses,
respectively.

A capillary western blot-based immunoassay was de-
veloped for in vitro stability and in vivo pharmacokinet-
ics of a recombinant protein in development for therapeu-
tic use [152]. The method was used to study the profile
of a 55 kDa epitope-tagged recombinant protein in mouse
plasma. With the ability to test up to a hundred samples
per day, the authors presented a fully automated and eco-
nomical assay for in vitro and in vivo analysis of biolog-
ics to support early development stages. Another interest-
ing development aimed to analyze protein–protein interac-
tions by CE. For example, a protein cross-linking workflow
was reported that circumvented the need to maintain nonco-
valent interactions during separation and promoted method
development for quantitative analysis of protein–protein
interactions [153].

5.2 Advancements in CE instrumentation

One of the critical aspects of CE-based analysis of
biomolecules is its coupling with mass spectrometry
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Figure 3. Recent and future advancements of capillary electrophoresis for biopharmaceutical analysis. Some major year-wise advance-
ments in CE since 2015 are summarized. Future perspectives are also illustrated.

[154,155]. Although quite a few commercial interfaces have
been introduced in the past, practical difficulties in coupling
CE with MS still remains an issue. Several improvements in
sheath flow, liquid junction, and sheathless interfaces have
been reported offering improved stability and sensitivity
[156–160]. Advances in capillary coatings were also reported
with demonstrated applications of analyzing protein sam-
ples with UV and MS, for example, the use of double-layer
polyvinyl alcohol (PVA) coated capillaries for better detection
of glycans in a human serum sample [161,162].

cIEF in a partially filled porous layer open-tubular capil-
lary column with immobilized pH gradient, low back pres-
sure, high phase ratio, reduced non-specific adsorption and
protein precipitation was demonstrated to separate model
proteins from their isomers and impurities [163]. Themethod
was also used to separate five amino acids having pIs between
5.05 and 5.98. Leucine and Tryptophan with pIs of 5.98 and
5.89were adequately separated, whileMethionine, Phenylala-
nine, and Cysteine were baseline resolved. This can be use-
ful for developing multidimensional separation-based plat-
forms for proteome and biomarker-based studies. In another
interesting attempt, a 3D printed cartridge allowed the use
two C4D detectors and featured improved heat dissipation
[164]. By improving the temperature control, the cartridge
enabled better CE-MS interfacing and generated almost five
times greater peak area for thermally unstable monoethyl
carbonate.

To enhance sensitivity and selectivity, capillary elec-
trophoresis was coupled with two different detectors, namely
capacitively coupled contactless conductivity detection (C4D)
and electrospray ionization time-of-flight mass spectrom-
etry (ESI-TOF-MS) [165–167]. Measurements of counter-
electroosmotic species in less than 60 s demonstrated the
excellent separation efficiency attained. The authors also
showed that detector-induced band broadening can be ne-
glected in the CE-C4D/MS system. Besides providing con-
tinuous monitoring of the sample to detect any unexpected
species, the use of C4D detector also allowed to foresee peak
shape and position.

6 Future perspectives

Despite the substantial advancements in CE methodologies
and instrumentation witnessed in the last few decades, still
substantial room remains for future innovation (Fig. 3).
(1) One of the important ones on the methodology side is
the development of CE-based techniques for the analysis of
O-glycopeptides/ O-linked glycans, which latter is mainly
dependent on the availability of specific releasing enzymes
to avoid chemical reaction mediated peeling. The next gener-
ation of mAbs may be IgAs that are alternative or better than
currently used IgG-based therapeutics but have additional
heterogeneity due to O-linked glycans, thus, they are difficult

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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to characterize with currently available tools [168,169]. (2)
Another one is the use of non-aqueous CE (NACE) for
the analysis of biotherapeutics. In a recent example, the
stability of an mRNA drug substance was investigated using
CGE under non-aqueous conditions [170]. Interestingly,
only 1% of published reports on CE have used NACE in
biopharmaceuticals since 1994 [23]. Non-aqueous microchip
electrophoresis is another emerging tool, which is yet to
enter the mAb analysis field [171]. (3) Applications of less
commonly used CE modes in the industry include MEKC,
capillary electrochromatography (CEC), and the relatively
new ion-interaction CZE [172]. (4) Antigen-binding affinity
studies using CE as an economical alternative to surface
plasmon resonance and ELISA are preferable since CE uses
minimal amounts of samples and reagents and has been
reported as an appropriate tool to study protein–protein
interactions with limited samples, hence may be a good
alternative for therapeutic protein-target interaction stud-
ies. (5) Commercialization of multicapillary CE for high
throughput analysis. Some CE-based separations are still
time-consuming, thus, not always amenable for the analysis
of a large number of samples. (6) The use of CE for the
analysis of other quality attributes of biotherapeutics such
as amino acid analysis, host cell DNA, and excipient anal-
ysis. (7) CE for single-cell analysis that may be particularly
helpful in developing process analytical technologies, or for
deciphering the effect of the manufacturing process on the
product, such as culture conditions on cellular metabolic
heterogeneity using transcriptomics and proteomics [173].
(8) More CE-based multidimensional methods for the anal-
ysis of therapeutic proteins including new modalities and
commercial LC-CE and CE-CE systems may be introduced
in the future. For example, 3D/4D-based analysis such as
coupling of 2D LC with CE or protein A-digestion-LC-CE
methods for better characterization. (9) Advancement in
software and model development for the prediction of mi-
gration behavior of proteins and peptides might be useful for
better method optimization, similar to existing LC programs
such as DryLab. For example, the peptide retention time
prediction tools of LC, android application–CE Toolbox–for
calculating CE injection parameters, and the Peak Master
software for calculating CE system parameters and predicting
electropherograms for analytes [174–177]. (10) CE-based fin-
gerprinting of biopharmaceuticals may be developed for the
model generation to predict the product quality attributes.

7 Concluding remarks

CE has found numerous applications toward the character-
ization of biotherapeutics. Analysis of charge, size, and gly-
cosylation heterogeneities of mAbs have been a frequent tar-
get of CE applications. Besides mAbs, there are a plethora
of CE methods for the analysis of new modality biopharma-
ceuticals as well. Given the high resolving power, sensitiv-
ity, fast separations, and the availability of different separa-
tion modes, CE can be used for addressing multiple separa-

tion challenges. As mentioned in this review, there is plenty
of room for future innovation both in methods and instru-
mentation. For instance, improved loading capacity may pro-
vide greater proteomic coverage in HCP and host cell secre-
tome studies. Better, easy-to-use CE-MS interfaces will im-
prove system stability, sensitivity, resolution, and data quality.
The availability of the simultaneous use of multiple detectors
would enable the analysis of even trace amounts of hetero-
geneities and impurities present in the product. Better cap-
illary coatings will reduce sample adsorption onto capillary
walls, and the use of NACE may increase resolution in CE in
cases not viable with aqueous background electrolytes. Some
developments in these directions have already been reported
with non-biopharma products. Considering its increased use
in the past few years, CE has carved a niche for itself in bio-
pharmaceutical analysis.
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Figure 3. Recent and future advancements of capillary electrophoresis for biopharmaceutical analysis. Some major year-wise advance-
ments in CE since 2015 are summarized. Future perspectives are also illustrated.
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[156–160]. Advances in capillary coatings were also reported
with demonstrated applications of analyzing protein sam-
ples with UV and MS, for example, the use of double-layer
polyvinyl alcohol (PVA) coated capillaries for better detection
of glycans in a human serum sample [161,162].

cIEF in a partially filled porous layer open-tubular capil-
lary column with immobilized pH gradient, low back pres-
sure, high phase ratio, reduced non-specific adsorption and
protein precipitation was demonstrated to separate model
proteins from their isomers and impurities [163]. Themethod
was also used to separate five amino acids having pIs between
5.05 and 5.98. Leucine and Tryptophan with pIs of 5.98 and
5.89were adequately separated, whileMethionine, Phenylala-
nine, and Cysteine were baseline resolved. This can be use-
ful for developing multidimensional separation-based plat-
forms for proteome and biomarker-based studies. In another
interesting attempt, a 3D printed cartridge allowed the use
two C4D detectors and featured improved heat dissipation
[164]. By improving the temperature control, the cartridge
enabled better CE-MS interfacing and generated almost five
times greater peak area for thermally unstable monoethyl
carbonate.

To enhance sensitivity and selectivity, capillary elec-
trophoresis was coupled with two different detectors, namely
capacitively coupled contactless conductivity detection (C4D)
and electrospray ionization time-of-flight mass spectrom-
etry (ESI-TOF-MS) [165–167]. Measurements of counter-
electroosmotic species in less than 60 s demonstrated the
excellent separation efficiency attained. The authors also
showed that detector-induced band broadening can be ne-
glected in the CE-C4D/MS system. Besides providing con-
tinuous monitoring of the sample to detect any unexpected
species, the use of C4D detector also allowed to foresee peak
shape and position.

6 Future perspectives

Despite the substantial advancements in CE methodologies
and instrumentation witnessed in the last few decades, still
substantial room remains for future innovation (Fig. 3).
(1) One of the important ones on the methodology side is
the development of CE-based techniques for the analysis of
O-glycopeptides/ O-linked glycans, which latter is mainly
dependent on the availability of specific releasing enzymes
to avoid chemical reaction mediated peeling. The next gener-
ation of mAbs may be IgAs that are alternative or better than
currently used IgG-based therapeutics but have additional
heterogeneity due to O-linked glycans, thus, they are difficult
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