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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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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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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.

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

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

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

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

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

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