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Introduction
The development of biotherapeutics has revolutionized 
modern medicine by providing new treatment options 
for a wide range of diseases. These biomolecules are 
often complex, heterogeneous, and fragile, which makes 
their production, purification, and delivery challenging. 
Methods to assess the surface charge of lipid nanoparticles 
and charge heterogeneity of proteins and antibodies are 
key to quality assurance in the biochemical industry.

The imaged capillary isoelectric focused (icIEF) 
technique utilizes imaging to visualize the separation 
of analytes along the length of the capillary, 
allowing for accurate determination of the pI of each 
molecule. This method is particularly useful in the 
biopharmaceutical industry for quality control and 
process development of protein-based drugs. 

Seth Madren et al. (2022), report the results of an 
assessment that aimed to assess the robustness and 
precision of the iCE3 and Maurice platforms across 
numerous different bioanalytical laboratories. In this 
study they performed charge heterogeneity analysis 
of the National Institute of Standards and Technology 
(NIST) mAb and a rhPD-L1-Fc fusion protein.

Next, Finja Krebs et al. (2022) show how icEIF methods can 
successfully be used in quality and stability assessments of 
mRNA vaccines. Their focus was on investigating various 
storage times at different temperatures and freeze-thaw 
cycles, as well as the ability of the methods to distinguish 
lipid compositions and measure batch-to-batch variability.  

The next study, by John W. Loughney et al. (2019) 
report on the development of an icIEF method 
to characterize the surface charge of mRNA lipid 
nanoparticle vaccines. This method is capable of 
distinguishing the pI of LNPs manufactured with one or 
more different ionizable lipids to confirm LNP identity 
in a manufacturing setting. Additionally, the method is 
quantitative and stability-indicating making it suitable 
for both process and formulation development.

Christin Scheller et al. (2021) have done a comparative 
study of CE-SDS, SDS-PAGE, and Simple Western methods 
for the shift of apparent molecular mass in glycosylated 
proteins. They found large deviations for some methods 
and offer some possible explanations for this.

The studies conclude with a whitepaper from 
Bio-Techne that highlights the possibilities the 
MauriceFlex system offers for icIEF Fractionation.

Through the methods and applications presented in 
this article collection, we aim to educate researchers on 
new technologies and techniques about icIEF. For more 
information, we encourage you to visit Bio-Techne to learn 
more and explore options to enhance your research. 

Dr. Martin Graf-Utzmann 
Editor at Wiley Analytical Science
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Research Article

Global intercompany assessment of ICIEF
platform comparability for the
characterization of therapeutic proteins

An international team spanning 19 sites across 18 biopharmaceutical and in vitro diag-
nostics companies in the United States, Europe, and China, along with one regulatory
agency, was formed to compare the precision and robustness of imaged CIEF (ICIEF) for
the charge heterogeneity analysis of the National Institute of Standards and Technology
(NIST) mAb and a rhPD-L1-Fc fusion protein on the iCE3 and the Maurice instruments.
This information has been requested to help companies better understand how these in-
struments compare and how to transition ICIEF methods from iCE3 to the Maurice in-
strument. The different laboratories performed ICIEF on the NIST mAb and rhPD-L1-Fc
with both the iCE3 and Maurice using analytical methods specifically developed for each
of the molecules. After processing the electropherograms, statistical evaluation of the data
was performed to determine consistencies within and between laboratory and outlying in-
formation. The apparent isoelectric point (pI) data generated, based on two-point calibra-
tion, for the main isoform of the NIST mAb showed high precision between laboratories,
with RSD values of less than 0.3% on both instruments. The SDs for the NIST mAb and
the rhPD-L1-Fc charged variants percent peak area values for both instruments are less
than 1.02% across different laboratories. These results validate the appropriate use of both
the iCE3 and Maurice for ICIEF in the biopharmaceutical industry in support of process
development and regulatory submissions of biotherapeutic molecules. Further, the data
comparability between the iCE3 and Maurice illustrates that the Maurice platform is a
next-generation replacement for the iCE3 that provides comparable data.

Keywords:
Antibody / Biopharmaceutical analysis / Fusion protein / ICIEF / Imaged capillary
Isoelectric focusing DOI 10.1002/elps.202100348

� Additional supporting information may be found online in the Supporting Infor-
mation section at the end of the article.

1 Introduction

There is a pressing need for robust analytical techniques to
monitor and control protein drug product quality, owing to
the rapid development and commercialization of mAbs, fu-
sion proteins, biosimilars, etc., over the last 15 years. Charge
heterogeneity is deemed a critical product quality attribute by

Correspondence: Dr. Seth Madren, Technical Development, Bio-
gen, Research Triangle Park, Durham, NC, USA.
E-mail: seth.madren@biogen.com

Abbreviations: ICIEF, imaged CIEF; ISO, International Orga-
nization for Standardization; NIST, National Institute of Stan-
dards and Technology; PD-L1, programmed death-ligand 1

regulatory agencies and must be evaluated due to the poten-
tial impact of acidic and basic isoforms on pharmacokinetics,
biological activity, and long-term storage [1,2]. Charge hetero-
geneity can be monitored by a wide range of analytical meth-
ods that are based on LC [3] or electrophoresis [4]. Among the
electrophoretic-based methods, CIEF has become the most
common method used in the biopharmaceutical industry to
characterize charge heterogeneity [4,5].

In conventional CIEF methods, the analyte is focused in-
side a capillary and then mobilized past a detection window.
While themobilization of the analyte is required for detection
with this technique, it can reduce the resolution of the sepa-
ration by disturbing the focused bands. Imaged CIEF (ICIEF)

Color online: See article online to view Fig. 1 in color.
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was developed to eliminate the need for the mobilization
step. In ICIEF, focusing of the analyte occurs in a capillary
and is monitored by a whole-capillary detection system at
280 nm. As a result, the different charge variants of a sample
can be simultaneously recorded by the whole-capillary detec-
tor without disturbing the separation resolution, which can
result in improved reproducibility compared to conventional
CIEF. In addition, since there is no need for a lengthy
mobilization step, the analysis time of ICIEF methods is
significantly shorter, typically less than 10 min.

Because of its short run times and high resolution,
ICIEF has increasingly been adopted by pharmaceutical and
biotechnology industries as a primary tool for determining
charge heterogeneity and identity of therapeutic proteins
[6–10]. Along with the evolution of therapeutics, the technol-
ogy for ICIEF detection has improved over the years. In 2011,
the results of an interlaboratory collaboration with 11 inde-
pendent biopharmaceutical companies in North America
and Europe to evaluate the robustness of ICIEF for the charge
heterogeneity analysis of amAb using the iCE280 instrument
were reported [11]. The apparent pI data generated for each
resolved charge isoform showed excellent precision between
instruments and across laboratories with RSD values of
less than 0.8%. Similarly, the RSD for the charge variants
percent peak area values were less than 11% across different
laboratories. As the system gained popularity, improvements
to the auto sampler and injector of the iCE280 were made,
giving rise to the iCE3. In 2018, another intercompany study
in China evaluated the iCE3 comparability between sites,
with the goal of setting ICIEF as a compendial method [10].
Importantly, it was the first study of this nature that followed
ICH guidelines to validate the ICIEF method and used
a therapeutic monoclonal antibody instead of a reference
molecule. Ten laboratories across eight different companies
participated in that study, and the method was found to
perform strongly on specificity, precision, accuracy, linearity,
range, and limit of quantitation. Based on these results,
the ICIEF method was validated as an identity and purity
assay for the characterization of protein charge and stability
studies of therapeutic mAbs. Studies such as these are critical
for the acceptance of ICIEF by both industry and regulators
because, while themethod has been around for over 20 years,
LC-based methods have existed significantly longer [3,12].

Just as improvements to the operation of the iCE280
resulted in the iCE3, additional improvements to the in-
strumentation have recently resulted in the Maurice. The
cartridge for the iCE3 contains a capillary for focusing
and imaging, reservoirs for the electrolytes, and capillaries
for fluidic connection to the system. The cartridge for the
Maurice contains these same components but in addition, it
also contains all the fluidic connections required for sample
injection and cartridge flushing, and the electrodes required
for focusing. These changes to the cartridge result in simpli-
fied operation and reduces the number of instrumentation
failures by moving the most common failure points from
the instrument to the cartridge, which is frequently replaced.
The significant changes in the instrument operation that

result from this new cartridge has raised concerns regard-
ing the comparability of the two systems have arisen. To
demonstrate the comparability between iCE3 and Maurice, a
global multi-lab study was conducted with a team of 19 com-
panies, including biopharmaceutical companies, an in vitro
diagonistics company, and a regulatory agency located in the
United States, Europe, and China. This study evaluated the
well-characterized National Institute of Standards and Tech-
nology monoclonal antibody (NISTmAb) reference material,
and a programmed death-ligand 1 (PD-L1) fusion protein
using both the iCE3 and Maurice instruments. Intra- and in-
terlaboratory precision and robustness of the ICIEF method
for the two different molecules on both instruments were
evaluated to (i) determine the apparent pI and (ii) the relative
distribution of the sample charge variants. The goals of this
interlaboratory study are to (1) further facilitate regulatory
and industrial acceptance of ICIEF as a reliable technology
to assess the purity of therapeutic proteins as it relates to
charge heterogeneity, (2) demonstrate the comparability of
the iCE3 and Maurice instruments, and (3) demonstrate the
ease of transitioning iCE3 methods to the Maurice.

2 Materials and methods

2.1 Samples and chemicals

All samples and chemicals used in this study were provided
to the participants by Protein Simple.

NISTmAb (PN RM 8671) is a humanized IgG1κ mon-
oclonal antibody and was obtained from the Materials Mea-
surement Laboratory at NIST. The recombinant human PD-
L1/B7-H1 Fc chimera protein (PN 156-B7-01M) was obtained
fromR&D systems (Minneapolis, MN). Pharmalyte 3–10 (PN
GE17-0456-01) and Pharmalyte 8–10.5 (PN GE17-0455-01)
were obtained from Millipore Sigma. SimpleSol protein sol-
ubilizer for cIEF (PN 046–575), Maurice cIEF cartridges (PN
PS-MC02-C), iCE3 FC cartridge (PN 101701), electrolyte kit
(0.08 M H3PO4 in 0.1% in methyl cellulose and 0.1 M NaOH
in 0.1%methyl cellulose) (PN 102506), 500mM arginine (PN
042–691), 1%methyl cellulose (PN 101876), 0.5%methyl cel-
lulose (PN 102505), pI marker 4.05 (PN 046-029), pI marker
9.99 (PN 046-034), and pI marker 8.4 (PN 046-033) were ob-
tained from Protein Simple.

2.2 Sample preparation

The NISTmAb sample solutions were prepared by adding
12 μL of NISTmAb at 10 mg/mL into a 1.5 mL microfuge
tube containing 108 μL of deionized water. The solution was
mixed by pipetting and was stored at 4°C on ice until ready
for use. The rhPD-L1-Fc sample was prepared to a final con-
centration of 0.5 mg/mL.

The NISTmAb ampholyte mixture was prepared by
adding the following reagents in a 1.5 mL microfuge tube:
592μL of deionized water, 45μL of Pharmalyte 8–10.5, 15μL

© 2022 Wiley-VCH GmbH www.electrophoresis-journal.com
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of Pharmalyte 5–8, 15 μL of 500 mM arginine, 525 μL of 1%
methylcellulose, 4μL of pImarker 8.4, and 4μL of pImarker
9.99. Themicrofuge tube was then vortexed for 10 s, followed
by centrifugation for 3 min at 10 000 × g.

The rhPD-L1-Fc ampholyte mixture was prepared by
adding the following reagents in a 1.5 mL microfuge tube:
600 μL of SimpleSol protein solubilizer, 34 μL of Pharmalyte
3–10, 11 μL of Pharmalyte 5–8, 525 μL of 1% methylcellu-
lose, 22 μL of water, 4 μL of pI marker 8.4, and 4 μL of pI
marker 4.05. The microfuge tube was then vortexed for 10 s,
followed by centrifugation for 3 min at 10 000 × g.

Two preparations of each protein were prepared by
mixing the ampholyte solutions with the respective antibody
sample solutions. Note that 360 μL of both ampholyte solu-
tions were each aliquoted into two 1.5 mL microcentrifuge
tubes, one for the sample protein and the other for the blank.
For NISTmAb analysis, 60 μL of 1 mg/mL NISTmAb was
added to one microcentrifuge tube, while 60 μL of deionized
water was added to another tube to serve as a blank. Similarly,
for rhPD-L1-Fc analysis, 60 μL of rhPD-L1-Fc at 1 mg/mL
was added to one tube, while 60 μL of the sample buffer was
added to another tube serving as blank. All tubes were then
vortexed for 5 s, followed by centrifugation for roughly 20 s.
If the Prince autosampler was connected to the iCE3 system,
150 μL of each final sample was added to sample vials for
the iCE3 and 150 μL of each final sample was added to a
96-well plate for the Maurice. If the Alcott autosampler was
used, then 80 μL of final samples were added to a 96-well
plate for the Maurice and the remaining sample volume was
added to the sample vials for the iCE3. All Maurice and iCE3
96-well plates and vials with final samples were centrifuged
for 1 min at 3000 × g.

2.3 Imaged capillary electrophoretic conditions

All participants in this study used the iCE3 and Maurice
instruments from ProteinSimple. The iCE3 instrument
employed a UV detector at 280 nm and an Alcott 720
Autosampler or PrinCE Next Microinjector. The Maurice
instrument allowed UV absorbance at 280 nm. The sample
compartments for the instruments were set at 10°C. For the
analysis of NISTmAb, the samples were loaded into the car-
tridge and focused by using a potential of 1500 V for 1 min,
and then at 3000 V for 12 min. For rhPD-L1-Fc analysis, the
samples were focused using a potential of 1500 V for 1 min,
followed by 3000 V for 10 min. Each sample was injected
six times.

2.4 Data management and peak integration

As there were certain sites that did not use the Empower soft-
ware, all unprocessed electropherograms were blinded and
electronically transferred to ProteinSimple where the data
were processed using Empower. The following data attributes
were determined from the data supplied by the participants:

apparent pI, percent peak area, intermediate precision, speci-
ficity, and repeatability. Three study coordinators represent-
ing United States, Europe, and China managed the experi-
ments across the labs in each region.

Figure 1 shows the integrations for the NISTmAb and
rhPD-L1-Fc. The NISTmAbwas processed comparably to pre-
vious work [13,14] with three charge regions: acidic, main,
and basic. The largest peakwas identified as themain isoform
and the region of the profile with a lower pI was considered
acidic isoforms and the region of the profile with a higher pI
was considered basic isoforms. rhPD-L1-Fc was divided into
five peak groups. The two peak groups with the highest pI
were then grouped together. The most basic peak was used
for a relative migration time reference for component iden-
tification. The jump in the absorbance in the acidic region
was used as the break between Group A and Group B. This
jump was the most consistent feature of the rhPD-L1-Fc peak
profile. Group B was always the next six peaks and Group C
was always the next four more basic peaks. Group D was the
remaining basic peaks.

2.5 Statistical data evaluation and outlier analysis

The statistical analysis was performed based on the principles
of the International Organization for Standardization (ISO)
5725-2 Guide [15]. The processed data were critically evalu-
ated to identify outliers. There are two possible types of out-
liers: (1) results collected from a single laboratorymay deviate
from the rest of the data collected at the lab, meaning their
results are too low or too high compared the other values;
and (2) data from a single laboratory may deviate in either
repeatability or in mean values compared to the other labs.
Unequal repeatability values deviate from a fundamental as-
sumption in the statistical analysis, specifically homogeneity
of variances.

To test for homogeneity of variances, the Cohran’s test
was utilized to detect outliers within laboratory variances.
This test is calculated as:

C = s2max∑p
i=1 s

2
i

, (1)

where s2max is the highest variance in the data set and s
2
i is the

variance of the laboratory being evaluated. The criteria for the
outlier rejection were taken from the ISO 5725-2 Guideline.
Variances significant at α = 0.01 were considered outliers and
were removed from the dataset, while stragglers (variances
significant at α = 0.05) were kept in for further calculations.
Critical C values can be found in ISO 5725-2.

To test for outliers in the mean values of the relative peak
areas, a two-sidedGrubb’s test was used. The test is calculated
as:

G =
∣∣ ¯̄γ i j − γ̄i

∣∣
s

, (2)

where γ̄i is the laboratory mean, ¯̄γ i j is the grand mean of all
laboratories, and s is the standard deviation (SD) for all of the
mean values. The value of G is compared to the critical val-

© 2022 Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 1. Example electropherograms obtained for (A) NISTmAb and (B) rhPD-L1-Fc, each overlaid with their respective formulation blank
injections. Baselines for peak integration were selected to best agree with signal from blank injections.

ues for the test. Values larger than the critical value for the
Grubb’s test are considered outliers.

The grand mean, SD, and percent RSD for the relative
peak areas for each peak were calculated after removing all
outlying values.

3 Results and discussion

Figure 1 shows representative electropherograms for the
NISTmAb and rhPD-L1-Fc sample and the integration pro-
tocols used for the relative peak area determinations. Consis-
tent electrophoretic profiles were obtained by all laboratories
on both the iCE3 and Maurice (Figs. S2–S19).

3.1 Qualitative comparison of the NISTmAb

The NISTmAb was selected as a model mAb for this study be-
cause it is a commercially available mAb with well-controlled
characteristics that has been studied extensively previously
[13,14]. The ICIEF profile for the NISTmAb contains a main
isoform peak, which is themost abundant peak in the profile.
Isoforms with apparent pI values greater than the main peak
are considered basic and isoforms with apparent pI values
less than the main peak are considered acidic. To evaluate the
focusing of the NISTmAb on both the iCE3 andMaurice, the
apparent pI for the main peak was compared. The apparent
pI of a protein is determined by including markers of known
pI values with the samples. Both the iCE3 and Maurice au-
tomatically calculate the pI values for the peak assuming a
linear pH gradient between the pI markers. Therefore, the

apparent pI value of a peak is highly dependent on the ability
of the instrument to focus the ampholytes and the sample in
a reproducible manner. To compare the focusing of the Mau-
rice to the iCE3, the apparent pI value for the main isoform
was calculated for each laboratory (Table 1). Both systems
were able to achieve similar apparent pI across all laborato-
ries with a %RSD between labs of <0.3%, even though two
lots of Pharmalyte were used for both NISTmAb and rhPD-
L1-Fc. This confirms that both instruments can reproducibly
focus the NISTmAb across sites, with multiple analysts and
multiple instruments. Both systems measured the pI value
for the main isoform as 9.26, confirming that both systems
focus the NIST mAb in a similar manner.

3.2 Quantitative comparison of the NISTmAb

The electropherograms collected at each laboratory were pro-
cessed to determine the relative peak area for these acidic,
main, and basic regions (Table S1). The data were used to de-
termine the means and SD of the relative peak area of each
region for each laboratory. The Cochran’s and Grubb’s tests
were then applied to the data to identify any outlying results.

To detect outliers in the data, the Cochran’s and Grubb’s
tests were applied to the data. The Cochran’s test was used to
identify data with variabilities that were significantly higher
than the other labs. The Cochran’s value (C) was determined
by Eq. (1) for each region for each laboratory. The results for
the relative peak area for each laboratory are shown in Fig. 2.
It can be observed that results from laboratories 4, 7, and 14
show large C values, which are greater than the 1% critical
value of 0.192 and should be rejected. All data from the iCE3

© 2022 Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 2. Cochran’s C values
to determine outliers in lab-
oratory consistency within
the NISTmAb dataset. The
line represents the 1% critical
value of 0.196.

Table 1. Apparent pI of the NIST mAb main isoform measured by
each laboratory using both the iCE3 and Maurice
instruments

Laboratory Average apparent pI value

iCE3 Maurice

1 9.25 9.28
2 9.27 9.27
3 9.27 9.27
4 9.25 9.32
5 9.29 9.25
6 9.27 9.25
7 9.29 9.28
8 9.25 9.26
9 9.26 9.26
10 9.27 9.25
11 9.27 9.26
14 9.23 9.24
15 9.24 9.25
17 9.21 9.22
18 9.29 9.27
19 9.32 9.26
20 9.24 9.20
21 9.26 9.25
Mean 9.26 9.26
SD 0.025 0.026
%RSD 0.27 0.28

instrument were rejected from laboratories 4 and 14 since
both the acidic and main peak values failed the Cochran’s
test. The basic region for the iCE3 instrument was rejected
for lab 7. To detect outliers in the mean values for the relative
peak areas, a two-sided Grubb’s test was utilized. Data that
had been rejected by the Cochran’s test were not included in
this analysis. The G value was determined by Eq. (2) for each
region for each laboratory. The results of the Grubb’s test are

shown in Fig. S1. The Grubb’s test does not reject any of the
data in the study.

The data for laboratory 4 showed poor resolution of the
basic isoforms for early injections but improved over the
course of the experiment. For laboratory 14, the high variabil-
ity can be attributed to a shoulder peak on the main isoform
that is observed for some injections but not all of them. For
laboratory 7, the high variability can be attributed to the sec-
ond basic peak falling below the noise threshold for several
injections. Fluctuations in the focusing of a protein are not
uncommon in ICIEF and while a robust method can reduce
the impact of these fluctuations, they are difficult to eliminate
due to the complexity of the charge profile and the large num-
ber of possible root causes. Since the fluctuations are only ob-
served on iCE3 systems, the sources of variability associated
with the samplematrix and pharmalyte. A common source of
variability that is only present on the iCE3 is hydrodynamic
flow due to a poor fluid seal where the cartridge interfaces
with the system. While major leaks are easily detected, mi-
nor leaks can occur intermittently before the highly viscus
methylcellulose can seal the leaks temporarily. The cartridge
for the Maurice eliminates this interface, eliminating this po-
tential source of variability.

After the rejection of outliers by the Cochran’s test, the re-
maining data were used to compare the results obtained on
theMaurice to the results obtained on the iCE3. Figure 3 com-
pares the relative percent area for the acidic, main, and basic
isoforms measured on both instruments. The grand means
of the relative peak areas for the acidic, main, and basic iso-
formsmeasured on the iCE3 (32.0%, 59.3% and 8.7%, respec-
tively) agree with the valuesmeasured on theMaurice (32.0%,
59.2%, and 8.9%, respectively). The precisions of all three re-
gions are comparable (Table S2) and the standard deviation of
the data collected on the iCE3 (<0.91) is comparable to data
collected on theMaurice (<1.02). The box plots in Fig. 3 show
significant overlap of the data collected on both instruments,

© 2022 Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 3. Box plots for the relative peak area for the acidic (A), main peak (B), and basic (C) isoforms for the NISTmAb.

Figure 4. Cochran’s C values (A) and Grubb’s G values (B) to determine outliers in laboratory consistency within the rhPD-L1-Fc dataset.
The line represents the 1% critical value for both statistical analyses.

supporting that the data from the Maurice are comparable to
the data collected on the iCE3.

3.3 Comparison of rhPD-L1-Fc

Previously published round robin studies evaluating the
performance of ICIEF [10,11] has used a mAb as the model
protein. However, the use of ICIEF is not limited to mAbs.
The fusion protein rhPD-L1-Fc was selected as a model
for therapeutic proteins that have ICIEF profiles that are
significantly more complex than routinely observed for
mAbs. While not a therapeutic protein itself, rhPD-L1-Fc

is a commercially available critical reagent that has been
used as a reference standard for the characterization of other
therapeutic proteins [16,17]. The ICIEF profile of the fusion
protein rhPD-L1-Fc consists of over a dozen well-resolved
peaks. Due to the complexity of its charge heterogeneity, the
profile was grouped into five sections, with the two sections
with the highest pI value combined into a single group,
group D. Determination of apparent pI is not practical for
such profiles and thus was not measured for this study. How-
ever, since the droplines for several sections in the profile
are based on the number of peaks observed, the precision
and robustness of the quantitative results is dependent on
consistent focusing of the protein.

© 2022 Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 5. Box plots for the rel-
ative peak area for Group A
(A), B (B), C (C), and D (D) of
rhPD-L1-Fc.

The electropherograms collected at each laboratory were
processed to determine the relative peak area for groups A,
B, C, and D (Table S3). The data were used to determine the
means and SD of the relative peak area of each region for
each laboratory. As with the NIST mAb, the Cochran’s and
Grubb’s tests were then applied to the data to identify any
outlying results. The results of the Cochran’s test for the rel-
ative peak area for each laboratory are shown in Fig. 4. It can
be observed that results from laboratories 1 and 5 show large
C values, which are greater than the 1% critical value of 0.196
and should be rejected. The group B data on the Maurice
and group C data on the iCE3 for laboratory 1 were above
the critical value and rejected. Since the high variability is
observed on both the iCE3 and the Maurice, it is likely con-
tamination in the pharmalyte or sample used for the analysis.
The group A data on the Maurice for laboratory 5 was also re-
jected. This seems to be caused by a hump in the most acidic
region of the profile. The rhPD-L1-Fc data from the Maurice
has a lower intensity and therefore more sensitive to variabil-
ity than the iCE3. To detect outliers in themean values for the
relative peak areas, the Grubb’s test was utilized. As with the
NISTmAb, data that had been rejected by the Cochran’s test
were not included in this analysis. The results of the Grubb’s

test are shown in Fig. 4. Results for group A and C on the
Maurice from laboratory 4 have G values are above the criti-
cal value and are rejected. The intensity of the profile from the
Maurice is much less than the other laboratories and is the
likely reason for the out of trend results. Results for group
B on the iCE3 and region D from laboratory 11 were also
rejected. As with the data for laboratory 1, since data from
both the Maurice and iCE3 are outliers, it seems likely that
a contamination in the pharmalyte or sample is responsible.
Due to the nature of the study (with testing sites across the
world and test occurring over the course of multiple months),
it is not feasible to identify the contamination with high con-
fidence. However, since only two laboratories are outliers, it
does not seem to be a systematic issue.

After the rejection of outliers by the Cochran’s and
Grubb’s test, the remaining data were used to compare the
results obtained on the Maurice to the results obtained on
the iCE3. Figure 5 compares the relative percent area for the
groups A, B, C, and D. The grand means of the relative peak
areas for groups A, B, C, and D measured on the iCE3 (8.2%,
34.5%, 33.9%, and 23.6%, respectively) agree with the values
measured on theMaurice (8.4%, 34.7%, 34.2% and 22.6%, re-
spectively). The precisions of all three regions are comparable

© 2022 Wiley-VCH GmbH www.electrophoresis-journal.com
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(Table S4) and the standard deviation of the data collected on
the iCE3 (<0.81) is comparable to data collected on the Mau-
rice (<0.93). The box plots in Fig. 3 show significant overlap
of the data collected on both instruments, supporting that the
data from theMaurice are comparable to the data collected on
the iCE3.

4 Concluding remarks

This manuscript describes an interlaboratory study to deter-
mine the performance and comparability of iCE3 and Mau-
rice systems. To evaluate this, each site across North America,
Europe, and Asia ran the same method using supplied ma-
terials, while data were processed by a single lab. The data
included in this manuscript show that both the iCE3 and
the Maurice systems can perform ICIEF in a robust man-
ner to monitor charge heterogeneity of monoclonal antibod-
ies and fusion proteins. The electropherograms for both the
NISTmAb and the rhPD-L1-Fc are consistent across all labo-
ratories and between both the iCE3 and the Maurice instru-
ments. The iCE3 and Maurice instruments produce identical
apparent pI values for themain isoform and comparable rela-
tive peak areas for the acidic, main, and basic isoforms for the
NISTmAb. Both instruments also produce comparable quan-
titative results for rhPD-L1-Fc.

The authors would like to thank ProteinSimple, a Bio-Techne
brand, for providing all the materials used in this study. The au-
thors would also like to thank Ed Chase, Baburaj Kunnummal,
Chris Heger, Susan Bilsborrow, Michael Eggers, and Manisha
Pratap for assistance in study organization and design.

Protein Simple, the manufacturer of the iCE3 and Mau-
rice, provided all required reagents to the participating labs and
developed the focusing conditions used for the study. They were
also involved in the study design and processing the blinded
data.

Data availability statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

5 References

[1] Khawli, L. A., Goswami, S., Hutchinson, R., Kwong, Z.
W., Yang, J., Wang, X., Yao, Z., Sreedhara, A., Cano, T.,
Tesar, D., Nijem, I., Allison, D. E., Wong, P. Y., Kao, Y.-H.,
Quan, C., Joshi, A., Harris, R. J., Motchnik, P.,MAbs 2010,
2, 613–624.

[2] Rudge, S. R., Nims, R. W., in ICH Quality Guidelines: An
Implementation Guide, John Wiley & Sons, Inc., Hobo-
ken, NJ 2017, pp. 467–486.

[3] Fekete, S., Beck, A., Veuthey, J. L., Guillarme, D., J.
Pharm. Biomed. Anal. 2015, 113, 43–55.

[4] Kumar, R., Guttman, A., Rathore, A. S., Electrophoresis
2022, 43, 143–166.

[5] Sastre Toraño, J., Ramautar, R., de Jong, G., J. Chro-
matogr. B: Anal. Technol. Biomed. Life Sci. 2019, 1118–
1119, 116–136.

[6] Meert, C. D., Brady, L. J., Guo, A., Balland, A., Anal.
Chem. 2010, 82, 3510–3518.

[7] He, X. Z., Que, A. H., Mo, J. J., Electrophoresis 2009, 30,
714–722.

[8] Zhang, J., Yip, H., Katta, V., Anal. Biochem. 2011, 410,
234–243.

[9] Sosic, Z., Houde, D., Blum, A., Carlage, T., Lyubarskaya,
Y., Electrophoresis 2008, 29, 4368–4376.

[10] Wu, G., Yu, C., Wang,W.,Wang, L., Electrophoresis 2018,
39, 2091–2098.

[11] Salas-Solano, O., Babu, K., Park, S. S., Zhang, X., Zhang,
L., Sosic, Z., Boumajny, B., Zeng, M., Cheng, K.-C., Reed-
Bogan, A., Cummins-Bitz, S., Michels, D. A., Parker, M.,
Bonasia, P., Hong, M., Cook, S., Ruesch, M., Lamb, D.,
Bolyan, D., Kiessig, S., Allender, D., Nunnally, B., Chro-
matographia 2011, 73, 1137–1144.

[12] Lucy, C. A., J. Chromatogr. A 2003, 1000, 711–724.

[13] Turner, A., Schiel, J. E., Anal. Bioanal. Chem. 2018, 410,
2079–2093.

[14] Michels, D. A., Ip, A. Y., Dillon, T. M., Brorson, K., Lute,
S., Chavez, B., Prentice, K. M., Brady, L. J., Miller, K. J.,
in State-of-the-Art and Emerging Technologies for Ther-
apeutic Monoclonal Antibody Characterization Volume
2. Biopharmaceutical Characterization: The NISTmAb
Case Study, American Chemical Society,WashingtonDC
2015, pp. 237–284.

[15] ISO/IEC, International Organization for Standardization,
Accuracy (Trueness and Precision) of Measurements
Methods and Results (ISO/IEC Standard 5725-2). 2019.

[16] Osa, A., Uenami, T., Koyama, S., Fujimoto, K., Okuzaki,
D., Takimoto, T., Hirata, H., Yano, Y., Yokota, S., Kinehara,
Y., Naito, Y., Otsuka, T., Kanazu, M., Kuroyama, M., Ham-
aguchi, M., Koba, T., Futami, Y., Ishijima, M., Suga, Y.,
Akazawa, Y., Machiyama, H., Iwahori, K., Takamatsu, H.,
Nagatomo, I., Takeda, Y., Kida, H., Akbay, E. A., Hammer-
man, P. S., Wong, K. K., Dranoff, G., Mori, M., Kijima, T.,
Kumanogoh, A., JCI Insight 2018, 3, e59125.

[17] Burova, E., Hermann, A., Waite, J., Potocky, T., Lai, V.,
Hong, S., Liu, M., Allbritton, O., Woodruff, A., Wu, Q.,
D’Orvilliers, A., Garnova, E., Rafique, A., Poueymirou,
W., Martin, J., Huang, T., Skokos, D., Kantrowitz, J.,
Popke, J., Mohrs, M., MacDonald, D., Ioffe, E., Olson,
W., Lowy, I., Murphy, A., Thurston, G.,Mol. Cancer Ther.
2017, 16, 861.

© 2022 Wiley-VCH GmbH www.electrophoresis-journal.com

	 12	

http://www.electrophoresis-journal.com


S. Madren et al. Electrophoresis 2022, 43, 1050–1058

6 Addendum

2ProteinSimple, San Jose, CA, USA
3Analytical Sciences, Biopharmaceutical Development, R&D, AstraZeneca, Gaithersburg, MD, USA
4Analytical Development, Biogen, Cambridge, MA, USA
5Bio Process + Analytical Development, Boehringer Ingelheim Pharma GmbH & Co. KG, Biberach an der Riss, Germany
6Quality Control/Clinical Supply Transfer, Boehringer Ingelheim Pharma GmbH & Co. KG, Biberach an der Riss, Germany
7Global Process Development Analytics, Biologics Development, Bristol Myers Squibb, Devens, MA, USA
8Biologics, Catalent Pharma Solutions, Kansas City, MO, USA
9Institute of Biologics, Chia Tai Tianqing Pharmaceutical Group Co., Ltd., Jiangsu, P. R. China
10Coriolis Pharma Research GmbH, Martinsried, Germany
11BioTechnology Discovery Research Lead Optimization, Eli Lilly and Company, Indianapolis, IN, USA
12Department of Protein Analytical Chemistry, Genentech, South San Francisco, CA, USA
13Key Laboratory of the Ministry of Health for Research on Quality and Standardization of Biotech Products, National Institutes
for Food and Drug Control, Beijing, P. R. China

14Process Analytical Sciences, Novartis, Mengeš, Slovenia
15Novo Nordisk A/S, Hillerød, Denmark
16Analytical R&D, Biotherapeutics Pharmaceutical Sciences, Pfizer, Chesterfield, MO, USA
17BioProcess Analytics, Sanofi Genzyme, Framingham, MA, USA
18Analytical Development, Sanofi Genzyme, Framingham, MA, USA
19Analytical Sciences, Seagen Inc., Bothell, WA, USA
20Analytical Science and Development, Shanghai Henlius Biotech Inc., Shanghai, P. R. China
21Quality Research Department and Quality Control Department, Sichuan Kelun-Biotech Biopharmaceutical Co., Ltd., Sichuan,
P. R. China

22Analytical Development, Takeda, Lexington, MA, USA
23Shanghai Analytical Sciences, WuXi Biologics, Shanghai, P. R. China
24Immunodiagnostic Reagents Business Unit, Medix Biochemica, Espoo, Finland

© 2022 Wiley-VCH GmbH www.electrophoresis-journal.com

		  13

http://www.electrophoresis-journal.com


Received: 11 May 2022 Revised: 11 August 2022 Accepted: 13 August 2022

DOI: 10.1002/elps.202200123

RESEARCH ARTICLE

Two quality and stability indicating imaged CIEF methods
for mRNA vaccines
Finja Krebs1 Udo Burger2 Susanne Dörks2 Markus Kramer3

HermannWätzig1

1Institute of Medicinal and
Pharmaceutical Chemistry, Technische
Universität Braunschweig, Braunschweig,
Germany
2ProteinSimple, a Bio-Techne brand,
Wiesbaden-Nordenstadt, Germany
3CureVac AG, Tübingen, Germany

Correspondence
Hermann Wätzig, Institute of Medicinal
and Pharmaceutical Chemistry,
Technische Universität Braunschweig,
Beethovenstraße 55, 38106 Braunschweig,
Germany.
Email: h.waetzig@tu-bs.de

Color online: See the article online to
view Figures 1–2 in color.

Abstract
Two imaged capillary isoelectric focusing methods were developed to provide
insight into the quality and stability of messenger ribonucleic acid (mRNA) vac-
cines, specifically, mRNA encapsulated in lipid nanoparticles (LNPs). A variety
of stressed and lipid composition-modified samples weremeasured and detected
by their UV absorption. The results were supported by the data of an encapsula-
tion assay and particle sizing. One method, using 9 M urea as an additive, shows
two broad and jagged peaks in which the peak shape offers detailed informa-
tion. The summed peak area of both peaks showed RSDs from 2% to 8% when
one batch was measured in triplicate and apparently depends on the size of the
LNPs. In the second method, a combination of 5.5 M urea and 2 M N-ethylurea
was used. This method is characterized by a high repeatability of the isoelectric
point (pI, <0.5%). The repeatable peak area (RSD of 2%–7%) correlates linearly
with the mRNA content, which also applies to the first method, and added stress
is evident by the change in pI and peak area. Furthermore, experiments with
the addition of a fluorescent dye were performed (fluorescence detection), which
tremendously increased the sensitivity of themethods. Bothmethods can be used
to characterize the stability of mRNA-loaded LNPs, for example, when investi-
gating various storage times at different temperatures and freeze–thaw cycles, as
well as the ability of the methods to distinguish lipid compositions and measure
batch-to-batch variability.
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1 INTRODUCTION

Messenger ribonucleic acid (mRNA) vaccines generally
comprise an mRNA, specific for the therapeutic target,
which is encapsulated into a lipid nanoparticle (LNP) for
patient delivery. The lipids contained in the LNP form
an aqueous core in which the mRNA molecules reside,
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allowing the mRNA to enter the cells in a protected
manner [1]. The mRNA is thereby exposed to water,
which can explain the low stability of these vaccines in
the thawed state, as this can lead to degradation through
hydrolysis and oxidation of the mRNA [2]. The theory that
the mRNA is located in the core of the LNPs is supported
by the RiboGreen assay [3].
Basically, the LNPs for mRNA vaccines need a cationic

lipid that interacts with the negatively charged mRNA.
Most of the cationic lipid is presumably located with the
mRNA in the core of the LNP. In addition, polyethylene
glycol (PEG)-lipids should be present to protect the LNPs
from aggregation and unwanted interactions, as well
as structural lipids, such as phospholipids and choles-
terol, that are commonly found in cell membranes [4].
The mRNA-LNP (CureVac AG, Tübingen, Germany)
used in this study consists of four lipid components:
cholesterol, 1,2-distearoyl-sn-glycero-3-phosphocholine,
PEGylated lipids, and a cationic lipid (LNP formula-
tion by Acuitas Therapeutics [Vancouver, BC, Canada]
[5]). The encapsulated, unmodified mRNA encodes the
main rabies virus antigen, the envelope glycoprotein
RABV-G [6].
Given the rising importance of modern mRNA vac-

cines, such as those used against COVID-19, the World
Health Organization has proposed new guidance to focus
on the relevant properties of mRNA vaccines to assess
the quality, safety, and efficacy of mRNA for these vac-
cines [7]. The document provides regulatory considera-
tions regarding key aspects for mRNA vaccines against
infectious diseases in general and is intended to provide
initial guidance until more detailed information becomes
available [8].
Vaccines, and therefore mRNA vaccines, must be cer-

tified to be safe, effective, and of consistent quality.
Before the vaccine can be administered, they must also be
approved by public health authorities [9]. To learn more
about the regulatory pathway for mRNA vaccines against
infectious diseases in the EU, see Hinz et al. [10].
To demonstrate the important parameters, analyti-

cal methods are required to determine product identity,
product- and process-related impurities, product content,
and product potency [11]. The first step for this is to charac-
terize the vaccine products to determine the critical quality
attributes (CQAs) of the vaccine. Indeed, these are asso-
ciated with safety, efficacy, and quality. Then, the critical
process parameters (CPPs) and critical material attributes
(CMAs) are determined. In addition, proven acceptable
ranges (PARs) and design space are established, followed
by the definition of a control strategy (CS). To determine
and link CQAs, CPPs, CMAs, and PARs, and to establish a
CS, analytical testing is essential [12–16].

Crommelin et al. [17] summarized analytical methods
to determine and monitor quality attributes and stability
of mRNA vaccines, which was adapted from the papers
by Poveda et al. [18] and Muralidhara et al. [19]. Among
the methods is an assay that leverages fluorescent dyes to
assess encapsulation efficiency [17–19]. This approach will
be relevant to the work described in this study.
Separation methods for the analysis of mRNA in vari-

ous contexts have been recently reviewed byMinkner et al.
[20]. Several chromatographic separation principles, such
as ion exchange, ion-pair reversed-phase, size exclusion
and affinity, and capillary electrophoretic approaches such
as capillary zone electrophoresis, pulsed-field capillary
electrophoresis, capillary gel electrophoresis, and capillary
isoelectric focusing (CIEF), have beenhighlighted, further-
more discussing spin columns, extractions, precipitations,
and magnetic nanoparticles [20].
Analytical methods to characterize the particle size, sur-

face charge, lipid composition, particle morphology, and
surface hydrophobicity of LNPs are important because
LNPs can differ greatly in these aspects, but also because
these properties are very important for the effect of the
vaccine. For example, they affect the uptake and release
of the mRNA. The surface charge of LNPs is correlated
with cell toxicity, which makes the analysis of the same,
as we do here via imaged CIEF (iCIEF), very important
[21–25]. Positively charged LNPs have the advantage that
they can better interact with negatively charged mucosal
surfaces, which is important for immune activation and
uptake into cells. The disadvantage of the positive charged
LNPs, however, is that they can have a toxic and, for
example, pro-inflammatory effect [21, 26]. Capillary elec-
trophoresis has already proven to be very useful for vaccine
analysis. CE in general has expanded viral vaccine test-
ing beyond what was formerly possible, increased the
understanding of procedures and products, and enhanced
overall safety, efficacy, and quality [16]. Recently, Mal-
buret et al. determined the global charge of LNPs
using CE [27].
The CIEF method was introduced in the 1980s by

Hjertén et al. [28, 29]. In this method, a pH gradient is
established in a capillary via carrier ampholytes, in which
the analytes migrate until they remain in the pH zone cor-
responding to their isoelectric point (pI). For detection,
an online imaging detection system that does not require
a mobilization of the analytes after focusing can be used
today [30]. The performance of this approach has been
characterized in comparison to other charge-dependent
separation techniques by Kahle et al. [31]. We recently
used the method to determine the pI values of various
commercially available severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) proteins [32].
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2 MATERIALS ANDMETHODS

2.1 Materials

Experimentswere performed on theMaurice iCIEF system
from ProteinSimple, a Bio-Techne brand (San Jose, CA,
USA) and analyzed using the associated compass for iCE
software (version 2.2.0). For the Maurice CIEF system, the
Maurice CIEF cartridges (capillary length: 50 mm, 100 µm
id × 200 µm od, silica coated with fluorocarbon) and the
Maurice CIEF method development kit (including system
suitability kit, fluorescence calibration standard, anolyte
(80 mM phosphoric acid in 0.1% methyl cellulose (MC)),
catholyte (100 mM NaOH in 0.1% MC), Pharmalyte R©

carrier ampholytes (manufactured by Cytiva, Marlbor-
ough,MA,USA), pImarkers, SimpleSol protein solubilizer
(proprietary formulation), and MC (1%, 0.5%)) were used
(provided by ProteinSimple, a Bio-Techne brand). The pI
markers are peptides with the corresponding pI (e.g., 5.85
or 8.40). Carrier ampholytes are low molecular weight
molecules of zwitterionic character with a specific pI
range, which, for example, ranges from pI 3 to 10 for
Pharmalyte R© 3–10. The capillary was automatically cali-
brated with the fluorescence calibration standard before
the samples were measured. In addition, a system suitabil-
ity test was performed both before and after measuring
the samples to ensure that the instrument was working
properly. Samples were injected via vacuum for 55 s to be
subsequently prefocused at 1500 V for 1 min and focused
at 3000 V for varying times. During injection, the capillary
is overfilled to waste such that the same ionic strength is
present at both electrodes. The focusing time was adapted
to the respective methods. UV absorbance was detected at
280 nm. With native fluorescence at an excitation wave-
length of 280 nm, emitted light at 320–450 and 458 nmwas
used for the detection of the samples containing fluores-
cent dye [33]. Glycerol (≥99.5%) from Sigma-Aldrich (St.
Louis, MO, USA), Tween R© 20 (molecular biology grade)
from VWR Chemicals (Radnor, PA, USA), urea (≥99.5%)
from VWR Chemicals (Radnor, PA, USA), N-ethylurea
(97%) from Sigma-Aldrich (St. Louis, MO, USA), and
the fluorescent dye 6-(p-Toluidino)-2-naphthalenesulfonic
acid sodium salt (TNS, Sigma-Aldrich, St. Louis,MO,USA)
were used for the experiments. Ultrapure water for the
experiments was obtained from an Arium pro VF sys-
tem (Sartorius AG, Göttingen, Germany). Determination
of encapsulation of LNPs was performed by a Quant-it
RiboGreen RNA Assay Kit and a RiboGreen RNA Reagent
(Thermo Fisher Scientific, Waltham, MA, USA). Particle
sizes and polydispersity indexes (PDI) were determined on
a ZetasizerUltra (Malvern Panalytical, a Spectris company,
Malvern, UK).

2.2 Samples

The mRNA-LNP vaccine against rabies (CureVac AG,
Tübingen, Germany) served as sample materials. Both the
mRNA loaded LNPs (batch 1) and the unloaded placebo
were used for method development. The concentration of
the samples was 25 mg/ml based on lipids and 1 mg/ml
mRNA, in the case of the loaded LNPs. Stressed and mod-
ified samples, respectively, were also measured besides
LNP batches 1 and 2 (manufactured at different times)
and Placebo-LNPs, using the two final methods (Sec-
tion 3.4). These were the following samples: LNP batch
1 stored at 5◦C for 4 weeks, LNP batch 1 after 10 passed
freeze–thaw cycles (FTC), LNP ±20% cationic lipid, and
LNP ±20% PEG-lipid. The ±20% refer to mol% of the
cationic lipid/PEG-lipid and apply to both the solution
during the formulation process and the LNPs formed. All
samples were suspended in a 10 mM phosphate buffer (pH
7.2–7.4) containing 75 mM sodium chloride and 150 mM
sucrose.

2.3 Method development

To prepare the samples, a master mix is always first
produced. This consists of MC, pI markers, carrier
ampholytes, and, if necessary, additives and water. This
master mix was mixed well and centrifuged (to free the
solution from bubbles). The master mix was then pipet-
ted into Eppendorf Tubes R©, and the respective sample was
added to achieve a total volume of 160 µl. The mixture
was again mixed gently and centrifuged so that 100 µl of
the solution could then be pipetted into each well of the
96-well-plate (based on the method development guide of
ProteinSimple, a Bio-Techne brand [34]). All percentages
given are v/v.
The first experiments (1) were carried out with the

addition of 10% glycerol, following the experiments of
Loughney et al. [35]. Subsequently, 27 different test com-
binations were prepared to screen for optimal separation
of LNP samples. These included varying sample concen-
tration, carrier ampholytes (ratio and overall total %), and
solubilizers (urea, N-ethylurea, Tween R© 20, glycerol, Sim-
pleSol). For a tabulated listing of all test mixes used in the
study, see Table S1.
The focusing times varied between 10 and 30 min,

depending on the type and amount of additives. In some
cases, the focusing time was 30 min to see if the analytes
would keep their focusing position at some point. As only 2
of the 27 methods showed stable separation (shown in the
next section), the individual times of the othermethods are
not mentioned.
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TABLE 1 Composition of master mixes A and B

A B
V (µl) Content V (µl) Content

1% MC – – 12 0.075%a

Pharmalyte R© 3–10 6 3.75%a 8 5%a

Pharmalyte R© 5–8 2 1.25%a - –
pImarker 5.85 2 1.25%a 2 1.25%a

pImarker 8.40 2 1.25%a 2 1.25%a

Water – – 44 –
10 M urea in water 32 2 M ureab – –
10 M urea in 0.5% MC 112 7 M ureab

0.35%a MC
88 5.5 M urea

0.275%a MC
Sample 4 0.625 mg/ml lipid 4 0.625 mg/ml lipid
Total 160 160

a(v/v).
b2 M plus 7 M urea add up to the final concentration of 9 M urea.
Note: In each case, the master mix was first prepared for the corresponding number of samples to be measured, and 156 μl of the master mix was then mixed with
4 μl of the sample. In the case of master mix B, 28.1952 mg N-ethylurea per sample to be measured was added to the tube beforehand.
Abbreviation: MC, methyl cellulose; pI, isoelectric point.

2.4 Final methods

Two methods showed the most stable and repeatable
separations and were used to measure the stressed and
modified LNP samples. During method development, it
was noticed that the addition of 9 M urea (A) or 5.5 M urea
+2 M N-ethylurea (B) showed the best results. For these
twomethods, the best carrier ampholyte (mixture) and the
optimum focusing time were further optimized. Finally, a
focusing time of 15 min was chosen for both methods. The
exact final sample compositions for master mix A and B
can be seen in Table 1.
For the experiments with the fluorescent dye TNS,

a 1.9 mM aqueous TNS solution was first prepared. In
the case of method A, this solution was then used in
combination with 1% MC to prepare the 10 M urea with
which the master mix ended up containing 0.35% MC and
1.0 mM TNS. Thus, the 144 µl of 10 M urea for one master
mix consisted of 88 µl of 1.9 mM TNS and 56 µl of 1% MC.
For method B, on the other hand, 44 µl of the 1.9 mM TNS
solution were added to the master mix instead of water,
and the 10 M urea solution was prepared from 1% MC and
TNS (50/50, v/v) to similarly arrive at a final concentration
of 1.0 mM TNS.

2.5 Size and encapsulation data
assessment

To determine the mRNA encapsulation of the LNPs, the
commercially available Quant-it RiboGreen RNA Assay

Kit was used according to the instructions of the provider.
An RNA standard calibration curve was prepared by dilut-
ing the RNA provided with the kit to a concentration
range of 0.02–0.6 µg/ml. The total RNA concentration of
the LNPs was 1 g/L and diluted accordingly in Tris–EDTA
buffer. Triton-X 100 in a concentration of 0.2% (v/v) was
used to break the LNPs apart and release the encapsulated
RNA.
Particle sizes and PDI were determined on a Malvern

Zetasizer Ultra. The samples were diluted in water and
measured. The measurement is performed at 22◦C in the
“General Mode” of the software. The Z average is given as
“size (nm),” which is the intensity-weighted mean hydro-
dynamic size of the ensemble collection of particles mea-
sured by dynamic light scattering. Furthermore, the PDI
is given. PDI values greater than 0.25 determined at 174.7◦
suggest a broad particle size distribution, which is one sign
of low quality materials. This can be seen, for example,
after an extended storage of the LNPs, as the PDI is increas-
ing over time as the aggregation of particles occurs. Freshly
produced LNP batches show PDI values smaller than 0.2,
which shows a much narrower particle size distribution
and therefore a homogenous formulation process.

3 RESULTS AND DISCUSSION

Highly selective methods are desirable for the charac-
terization and statements on the quality and stability of
mRNA vaccines. Thus, an iCIEF method should be devel-
oped. We were inspired by the paper of Loughney et al.
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[35] who developed an iCIEF method that reproducibly
measures the apparent pI of mRNA-loaded LNPs. In our
measurements, the samples were each measured three
times in succession, that is, as replicates. Peak areas and
pIs were calculated using measurements of the samples
immediately after thawing. The RSDs given always refer to
three measurements of the same batch directly in succes-
sion. Subsequently, the samples were stored at 5◦C in the
refrigerator and measured again after 1 week.
In addition to the iCIEF measurements, the Zetasizer

measurements and the RiboGreen assay described in Sec-
tion 2.5 were performed with the samples. The results can
be found in Table S2.
Our paper shows the progress of the method develop-

ment so far, yet a complete interpretation of the data is
still relatively challenging. Nevertheless, the data provide
initial insights and show how promising this methodology
could be.

3.1 Method development

For reproducible results over iCIEF, it is important that
the analytes remain at their pI after the selected separa-
tion time and keep their focusing position. Glycerol has
previously been known as a common substance for sta-
bilizing proteins in iCIEF [36]. As Loughney et al. [35]
showed that LNPs for iCIEF can be stabilized very well in
10% glycerol, we similarly started with a master mix con-
taining 10% glycerol. The samples we investigatedwere not
sufficiently stabilized in the electric field by the addition
of 10% glycerol. The pI and peak shape changed perma-
nently and the resulting electropherogram could only be
regarded as a snapshot. An example of this insufficient sta-
bilization of the LNP can be seen in master mix 3 during a
15-min focusing in Video S1. For this reason, we continued
to search for a more suitable master mix. Other glycerol
concentrations (5%–20%) did not bring success either. The
addition of SimpleSol resulted in the baseline becoming
somewhat smoother, it had no effect on the LNP peaks.
Addition of Tween R© 20 apparently destroyed the LNPs in
the electric field, no signals were detectable anymore. The
exact master mixes tested can be found in Table S1. The
breakthrough inmethod development was achieved by the
addition of the strong denaturing and structure-breaking
reagents urea and N-ethylurea. Urea is a very suitable and
thus frequently used denaturing agent in CIEF. The aim is
to stabilize a special conformation of LNP, which are large
particles with charges on the surface. It seems that urea
interacts with the polar groups of the lipids. This leads to
urea partially replacing water at the lipid membrane sur-
face or penetrating into the LNP. This is thought to lead
to the stabilization of the lipid membrane under osmotic

stress and, in our case, could lead to sharper separation
of the LNPs [37, 38]. In the presence of a pH gradient, it
is mandatory that the sum of these LNP charges does not
change and that the entire complex migrates stably to the
pI position. A chaotropic molecule should therefore help
stabilize this LNP complex. The chaotropic effect of N-
ethylurea is much stronger, which is precisely the reason
why it is often used in combination with urea for proteins
that are difficult to denature [39, 40]. The addition of 9 M
urea, the highest concentration tested, resulted in an inter-
esting, stable electropherogram with two peaks, which
allows great opportunities for interpretation and further
method development. Addition of 5.5 M urea and 2 M N-
ethylurea, the ratio that showed the most stable results
in our measurements, gave an electropherogram with one
sharp, almost Gaussian main peak, which impresses with
high repeatability in the pI value and a decent one of the
peak area. After finding the best additives, that is, 9M urea
for method A and 5.5 M urea with 2 M N-ethylurea for
method B, we continued to look for the best sample con-
centration and themost suitable carrier ampholytes,which
are important for resolution. The conditions found to be
the best are shown in Table 1.

3.2 Results for method A with 9 M urea
as additive

The mRNA-loaded LNPs very repeatably show two main
separated peaks (Figure 1A). When the samples were
injected in triplicate, the standard deviation of the total
peak area of batch 1 was 3.7% (see Table 2). The total peak
areas behave linearly with mRNA loading, as shown by
measurements of batch 1 mixed with different amounts of
the placebo (rations of 0:100, 25:75, 50:50, 75:75, and 100:0
[v/v] LNP placebo/batch 1, data not shown). This linear
correlation was also previously shown by Loughney et al.
[35]. mRNA is negatively charged and this certainly plays
a role in surface charge of loaded LNPs. It is therefore
assumed that the left peak (pI ≈ 6.8) is mostly mRNA-
loaded LNP and supported because the peak area of this
peak is strongly influenced by themRNAamount. Looking
at the electropherogram of the placebo using this method
(Figure 1C), the LNP alone gives these two peaks. Appar-
ently, there are two different LNP species in the sample,
only one of which carries the mRNA, since only the peak
area of the left peak (pI ≈ 6.8) correlates with the mRNA
content. This would at least be a possible explanation for
this phenomenon. The peak pattern shows an interesting
fine structure, possibly due to a varying number of mRNA
molecules within each LNP. One week later, while stor-
ing the samples at 5◦C, the stationary spikes on the left
peak (pI≈ 6.8) becomehigher (Figure 1B). Accordingly, the
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F IGURE 1 Electropherograms of the samples measured with method A, that is, 9 M urea as additive after 15-min separation time: (A)
batch 1, (B) batch 1 stored at 5◦C for 1 week, (C) lipid nanoparticle (LNP) placebo, (D) batch 2, (E) batch 1 stored at 5◦C for 4 weeks, (F) batch 1
after 10 freeze–thaw cycles, (G) batch 1 ±20% cationic lipid, (H) batch 1 ±20% polyethylene glycol (PEG)-lipid. Peaks at isoelectric point (pI)
5.85 and 8.40 are the respective pImarkers

method reveals even the smallest changes that occur after
samples have been stored in the refrigerator for 1 week.
As RSDs below 5% are acceptable for repeatability in the
RiboGreen assay, the difference in encapsulations of the
samples cannot be considered substantial, but the trend is
in the same direction (Table S2). The sharp, high spikes

could be due to UV absorption of the mRNA at the sur-
face of the LNP, which is then no longer shielded by the
scattering lipids.
This method provides a lot of information about the

sample due to the peak shape, even if they cannot yet be
fully interpreted, and is very repeatable as the LNPs are
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TABLE 2 Peak areas for all samples measured with methods A and B

A B

Sample LNP
Area
(mAU × pixel) RSD (%) pI

RSD
(%)

Area
(mAU × pixel)

RSD
(%)

Batch 1 9920.5 3.69 6.45 0.53 12883.6 4.55
Placebo 4264.9 5.13 6.44 0.04 5850.6 2.36
Batch 2 9875.8 8.04 6.45 0.16 11086.6 2.28
Batch 1, stored at 5◦C for 4 weeks 8625.2 2.26 6.41 0.19 9748.4 3.70
Batch 1, after 10 FTC 11489.5 7.01 6.42 0.15 10886.8 2.17
Batch 1% +20% cationic lipid 11160.3 2.05 6.50 0.31 10885.9 4.57
Batch 1% −20% cationic lipid 9496.6 4.61 6.41 0.31 8987.8 3.45
Batch 1 +20% PEG lipid 6865.7 3.63 6.42 0.26 7660.9 3.48
Batch 1% −20% PEG lipid 10574.3 3.29 6.37 0.19 11083.9 6.60

Note: Mean values from three measurements (replicates, one aliquot three times in succession) and the corresponding RSDs. For method B, the pI values with the
associated RSDs are also included.
Abbreviations: FTC, freeze–thaw cycle; LNP, lipid nanoparticle; PEG, polyethylene glycol; pI, isoelectric point.

well stabilized. Loughney et al. suggested that this broad,
jagged peak is likely caused by polydispersity in the for-
mation of various LNP structures and sizes during the
fabrication process [35]. To see how the LNP batch 1 is
focused, please watch Video S2.

3.2.1 Measurements of the stressed and
modified samples with method A

Comparing LNP batch 1 with batch 2 (Figure 1D), it is
noticeable that the left peak (pI ≈ 6.8) has a different
shape, which could result from a different mRNA distri-
bution in the LNPs. The peak areas of batches 1 and 2
are very similar, differing by only 0.45%, indicating simi-
lar mean mRNA loading. However, looking at the results
from the RiboGreen assay and the Zetasizer, batch 2 has
less mRNA encapsulated and has larger particles, even if
the differences are minimal. Larger particles would pro-
duce more scattered light and effect the signal as would
an increased absorption due to a higher mRNA loading,
with the result that these effects would compensate each
other. The relationship between particle size and light scat-
tering is described by theMie theory [41]. After 1 week, the
electropherogram of batch 2 (data not shown) looks almost
like that of batch 1, so the batches seem to have equalized,
possibly in mRNA or lipid distribution.
If the sample LNP batch 1 stored at 5◦C for 4 weeks is

considered (Figure 1E), clearlymore high stationary spikes
toward the left side are noticeable. These were previously
observed after 1 week of storage in the refrigerator. In this
sample, it is also remarkable that the right peak (pI ≈ 7)
is relevantly smaller compared to the non-stressed sample.
Thismay be due to instability of the LNPs that contain little
to no mRNA, as they lack a countercharge, and this pro-

portion thus decreases during storage. As the right peak
(pI ≈ 7) initially became larger after 1 week of storage
(Figure 1B), it is quite possible that first mRNA goes out
of the LNPs, more empty LNPs are formed, but these are
unstable and decay with time. In addition, added stress on
the samples causes the PEG lipid to diffuse out of the LNPs,
resulting in LNP fusion or aggregation. In cryo-electron
microscopy images, many fusion products can be seen,
where one half of the LNPs is empty [42]. It is challeng-
ing to determine whether this has also happened with the
measured samples and how it may have affected the mea-
surements. The total area of both peaks is also reduced by
13% due to storage, which is equally indicative that mRNA
may be degraded and consistent with the results of the
RiboGreen assay.
After 10 FTC, the electropherogram (Figure 1F) looks

even more like that of the non-stressed sample, with only
a few high stationary spikes visible. It was therefore rea-
sonable to assume that this is less of a problem for the
samples than prolonged storage at 5◦C. However, it can
also be assumed that LNP aggregates are formed by FTC
despite the addition of sucrose to the buffer containing the
LNPs [43]. The larger particle size would produce more
stray light, which is then not detected, leading to an appar-
ently higher absorbance of the sample. This could explain
the 16% larger peak area of this sample, compared to the
unstressed one. This assumption is confirmed by the mea-
surements of the Zetasizer,which showed that the particles
are larger in this sample, whereas the RiboGreen assay
showed that less mRNA is encapsulated in (Table S2). In
this case, it may therefore be challenging to determine how
much mRNA may have been released by the FTC using
iCIEF alone.
The electropherograms of themodified LNPswith±20%

of the cationic lipid (Figure 1G) show expected results.
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With +20% cationic lipid, the peak is shifted to the right,
because there are more positive charges in the LNP; with
−20%, the pI is somewhat lower, so the peak is shifted fur-
ther to the left. In addition, it is noticeable that with both
modifications many spikes occur in the entire area to the
left of the peak, because presumably mRNA-containing
aggregates leave the LNPs, as they are not stable in this
way. In addition, the peaks are strongly collapsed after 1
week and have a remarkably smaller peak area (data not
shown). It is difficult to make general statements about
the correlation between peak area and mRNA content
for the modified samples, as the lipid content also affects
UV absorbance and the particles are smaller than in the
non-modified samples. However, that lessmRNA is encap-
sulated than in the non-modified samples is also shown by
the RiboGreen assay (Table S2).
The influence of PEG-lipid content was also considered

using modified LNPs (Figure 1H). The pI value of the peak
for the sample with +20% PEG lipid is slightly higher
than that of the sample with −20% PEG lipid. At +20%
PEG-lipid in LNP, the signal is remarkably smaller than
at −20%. In general, it has been previously shown that
a higher PEG content shields the surface charge of LNPs
[44]. As can now be seen in the iCIEFmeasurements, PEG
may have a slight effect on the overall surface charge, as
the pI is slightly changed with the varied PEG content.
Another explanation for the small shift and the different
peak areas could be that less PEG-lipid in the LNP allows
moremRNA to be encapsulated,whichwould then explain
the larger peak area and the drift to the left, compared to
+20% PEG-lipid. Overall, however, at−20% PEG-lipid, still
less mRNA is encapsulated than in the unmodified sample
(Table S2).

3.3 Results for method B with 5.5 M
urea and 2 M N-ethylurea as additives

The second method, using 2 M N-ethylurea and 5.5 M
urea as additives, shows only one approximately Gaus-
sian signal with high repeatability of both peak area and
pI value (see Table 2). In this method, the peak area also
correlates linearly with the mRNA content of the sam-
ple (data not shown). It should be noted that moving
spikes without a fixed pI value prevented the correct set-
ting of the pI marker 5.85 in some measurements and the
pI thus sometimes appears slightly altered. However, the
effects are minimal, and the pI still shows a great repeata-
bility with RSDs below 0.53% for all measured samples
(see Table 2). For the sample LNP batch 1 (Figure 2A)
the RSD of the peak area is 4.6%, for the placebo 2.4%
(Figure 2C). The peak area of the placebo is equivalent
to 45% of the peak area of the mRNA loaded LNP, which

is similar (43%) to method A. Thus, slightly more than
half of the absorption is caused by the mRNA. For this
method, as well, a strong change of the peak in the elec-
tropherogram can be seen after only 1 week of storage in
the refrigerator (Figure 2B). A remarkable feature of the
measurements is that moving spikes occur in themeasure-
ments of the mRNA-loaded samples, originating from the
large peak and slowly moving toward the anode. These are
therefore species without a fixed pI value, possibly mRNA-
containing aggregates, because thesemoving spikes do not
occur with the placebo. The migration spikes could also
reflect an ongoing change in the LNP composition, which
drives them toward the anode. The electropherograms are
only snapshots, the migrating spikes leave the capillary
toward the anode and typically are not detected any longer
at the end of the separation (see Video S3).

3.3.1 Measurements of the stressed and
modified samples with method B

If we compare batch 1 (Figure 2A) with batch 2 (Figure 2D)
with this method, we notice that the peak area of batch 2
is 14% smaller, while it was only 0.45% smaller in method
A. One explanation for this would be that the peak area in
this method is not as strongly influenced by scattering or
by particle size as inmethodA. This is possibly because the
particles are all very close to one point of the capillary in
method B and they are more widely distributed in method
A, so scattering may play a greater role. An explanation for
the wider distribution in method A is the addition of the
narrow range carrier ampholyte (Pharmalyte R© 5–8) that
entails a broadening of the pH gradient in this region and
thus causes broader peaks. The fact that the light scatter-
ing in method B has a smaller effect on the absorption
measured would also explain why the peak of the sample
after 10 FTCs (Figure 2F) has a smaller peak area with this
method than the unstressed sample (Figure 2A), unlike the
case withmethodA. Similar tomethodA, thismethod also
produces high spikes when the samples are subjected to
stress. In contrast to method A, however, the spikes in this
methodmove toward the anode and do not remain station-
ary on themain peak. The sample stored at 5◦C for 4weeks
(Figure 2E) also shows a much smaller peak area than the
unstressed sample by this method, and despite the higher
mRNA content than the sample after 10 FTC, also shows a
smaller peak area. Thus, the particle size still seems to have
an influence on the detection, albeit to a lesser extent than
in method A. This can also be seen when comparing the
sample stored at 5◦C for 4 weeks with batch 2. Both sam-
ples have very similar mRNA content, but the peak area of
batch 2 is 14% larger, presumably due to the larger particle
size.
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F IGURE 2 Electropherograms of the samples measured with method B, that is, 5.5 M urea and 2 M N-ethylurea as additives after 15-min
separation time: (A) batch 1, (B) batch 1 stored at 5◦C for 1 week, (C) lipid nanoparticle (LNP) placebo, (D) batch 2, (E) batch 1 stored at 5◦C for
4 weeks, (F) batch 1 after 10 freeze–thaw cycles, (G) batch 1 ±20% cationic lipid, (H) batch 1 ±20% polyethylene glycol (PEG)-lipid. Peaks at
isoelectric point (pI) 5.85 and 8.40 are the respective pImarkers

The results of the sampleswith±20%of the cationic lipid
show expected results consistent with method A: the pI of
the “normal” sample (batch 1, Figure 2A) is 6.45, that of
the sample +20% cationic lipid is slightly above, at 6.50
and that of the sample with −20% of the lipid at 6.41 is
slightly below (Figure 2G). In addition, the peak area of

the sample with −20% cationic lipid is again somewhat
smaller.
As in method A, the sample with +20% PEG lipid

shows the smallest peak area of all mRNA-loaded sam-
ples (Figure 2H). The reason for this could be mRNA loss,
but also that the added PEG lipid shields the mRNA so
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F IGURE 3 Electropherograms of the samples measured with the addition of the fluorescence dye
6-(p-Toluidino)-2-naphthalenesulfonic acid (TNS). Emission was detected at 458 nm with 1-s exposure time: (A) batch 1, method A, (B) batch
1, method B, (C) lipid nanoparticle (LNP) placebo, method A, (D) batch 1 stored at 5◦C for 4 weeks, method A

that it absorbs less UV light. A very sharp, high peak
is shown by the sample with 20% less PEG lipid. Thus,
the reduction in PEG content causes the pI values of
the LNPs to differ less and appear lower than those of
the unmodified sample, which might also be explained
by the shielding effect of the PEG-lipid on the surface
charge [44]. The peak area is similar to that of the LNP
batch 2.

3.4 Experiments using the fluorescent
dye TNS

Although the previous results were all detected with the
absorptionmode of the instrument, in the following exper-
iments the fluorescence of the sample is detected after
the addition of the fluorescent dye TNS. The negatively
charged fluorescent dye TNS fluoresces when associated
with the surface of positively charged membranes, in this
case with the cationic lipid. However, it does not fluoresce
when it is free in solution [45]. It is added as an aqueous
solution to the master mix and applied at a final concen-
tration of 1 mM. During detection, the sample is exposed
to a wavelength of 280 nm. The emitted light is detected
in the wavelength range of 320–450 or 458 nm. As can
be seen in Figure 3, the addition of TNS leads to a mas-
sive increase in sensitivity. Tremendously large peaks are

already detectable at an exposure time of only 1 s, from an
exposure time of 3 s they are even cut off at the top, as
there is a detection maximum at 60 relative fluorescence
units. This detection method thus offers the possibility to
extremely reduce the LNP concentration.
Looking at the results of batch 1 with method A in

Figure 3A, it is noticeable that compared to the experi-
mentswithout the addition of TNS, the right peak (pI≈ 7.2)
is larger. This is the peak that was previously related to
no or very low mRNA loading. Additionally, by adding
the fluorescent dye, the placebo shows a larger peak area
than themRNA loaded sample (Figure 3C). Together, these
data suggest that due to the lack of mRNA, which is nega-
tively charged, more of the negative fluorescent dye binds.
This seems logical, as TNS does not have to compete with
mRNA for the positive charges of the cationic lipid. As the
mRNA does not fluoresce, mRNA loading does not influ-
ence fluorescence detection itself. The method is therefore
not suitable for making statements about this. However,
statements about the quality and the stability of the LNPs
can probably still be made, as the peak shape changes con-
siderably, as can be seen in Figure 3D, for example, due
to 4 weeks of storage in the refrigerator. In method B, the
same effects as in method A were seen, which is why only
the electropherogramof fresh batch 1 (Figure 3B) is shown.
Furthermore, a small peak at about pI 5.7 is noticeable,
which was already visible in the measurements without
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fluorescent dye (Figure 2), except for the placebo sam-
ple. This peak therefore seems to contain both mRNA and
cationic lipid, as without the cationic lipid, it would not be
visible by an addition of TNS in fluorescence mode.
In general, the TNS experiments are exploratory but are

worth pursuing further. Due to the enormously increased
sensitivity, the sample concentration can be considerably
reduced. As the analytes usually also act as ampholytes in
the iCIEF, they affect the pH gradient formed. This can
lead to broader peaks if too high analyte concentrations are
used. Alternatively, LNP aggregation could be promoted
under these conditions, which also supports the use of
lower LNP concentrations.
Changes in the samples due to stress and lipid modifica-

tions can also be seen with the addition of TNS, although
they are not yet be fully understood. Further research in
this area looks very promising.

4 CONCLUDING REMARKS

Two iCIEF methods have been developed, both having
their strengths, and united providing many insights
into the quality and stability of mRNA vaccines. The
highly repeatable methods offer a lot of very valuable
information about the preparation, and at the same time
they are flexible to optimize them for various kinds of
loaded LNPs. Method A, in which 9 M urea was used
as an additive, shows two broad and jagged peaks in
which the peak shape changes substantially when stress is
added to the samples, and therefore detailed information
can be derived about stability. Furthermore, the peak
pattern exhibits an interesting fine structure, possibly
due to different numbers of mRNA molecules within the
individual LNPs. The peak area of the sum of both peaks,
with RSDs from 2% to 8% when measured in triplicate,
very well correlates linearly with the mRNA content and
also apparently depends on the size of the LNPs, as was
shown by the additional examinations of the stressed
samples with the Zetasizer. In method B, a combination
of 5.5 M urea and 2 M N-ethylurea was used for LNP
separation by iCIEF. This method is characterized by a
high repeatability of the pI value (<0.5%). Again, the well
repeatable peak area (2%–7%) correlates linearly with
the mRNA content, and added stress is evident by the
change in pI and peak area. Particle size does not seem to
have a strong effect on peak area with this method. Both
methods, particularly method A, allow one to characterize
LNP stability investigating different storage times and
FTCs, and to distinguish between different preparations,
including changing lipid compositions and batch-to-batch
variability. The developed methods are very sensitive in
showing even the smallest changes in the samples, as

evident from the measurements of the samples after 1
week of storage in the refrigerator. In addition, empty
and loaded LNPs can be clearly differentiated. There-
fore, the presented methods offer several advancements
compared to previously established physicochemical
methods.
These results are consistent with the established mod-

els for mRNA encapsulated in LNPs [2, 46]. Most of the
mRNA resides in the center of the LNPs, interacting with
the cationic lipid of opposite charge. More detailed infor-
mation is certainly available by analyzing different variants
of the LNP recipes by methods A and B.
The addition of the fluorescent dye TNS resulted in

a massive increase in the sensitivity of both methods
and should indeed be considered further for use in
iCIEF.
Overall, this paper shows that iCIEF analysis is very

well suitable for the characterization of mRNA vaccines.
This approach is an important analytical tool for the
ongoing pandemic and beyond. After widespread use for
COVID-19, mRNA vaccines as such convinced competent
authorities, and we can expect many more pharmaceuti-
cals of this type in the future, and in addition exceptional
options for mRNA-based cancer treatments.
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Development of an imaged capillary
isoelectric focusing method for
characterizing the surface charge of mRNA
lipid nanoparticle vaccines

Lipid nanoparticles (LNPs) have been employed for drug delivery in small molecules,
siRNA, mRNA, and pDNA for both therapeutics and vaccines. Characterization of LNPs
is challenging because they are heterogeneous mixtures of large complex particles. Many
tools for particle size characterization, such as dynamic and static light scattering, have
been applied as well as morphology analysis using electron microscopy. CE has been ap-
plied for the characterization of many different large particles such as liposomes, polymer,
and viruses. However, there have been limited efforts to characterize the surface charge of
LNPs and CIEF has not been explored for this type of particle. Typically, LNPs for delivery
of oligonucleotides contain at least four different lipids, with at least one being an ionizable
cationic lipid. Here, we describe the development of an imaged capillary isoelectric focus-
ing method used to measure the surface charge (i.e., pI) of an LNP-based mRNA vaccine.
This method is capable of distinguishing the pI of LNPs manufactured with one or more
different ionizable lipids for the purpose of confirming LNP identity in a manufacturing
setting. Additionally, the method is quantitative and stability-indicating making it suitable
for both process and formulation development.

Keywords:
Cationic lipid / Imaged capillary isoelectric focusing / Isoelectric point (pI) / Lipid
nanoparticles / Maurice / mRNA vaccine DOI 10.1002/elps.201900063

1 Introduction

Drug and vaccine development in which the active drug sub-
stance is encapsulated with a lipid nanoparticle (LNP) has
gained momentum over the past decade as an efficient drug
delivery system [1, 2]. Several lipid-based delivery systems
have been clinically approved to deliver small drug molecules
such as doxorubicin and vincristine [3]. In 2018, the first
LNP-based drug containing small interfering RNA (siRNA)
named Patisiran was approved for the treatment of heredi-
tary transthyretin-mediated amyloidosis [4]. Additional LNPs
are being evaluated clinically for delivery of a wide variety
of nucleic acids, including siRNA, messenger RNA (mRNA),
and plasmid DNA, for both therapeutic and vaccine purposes
[5–7]. LNPs that encapsulate nucleic acid macromolecules
are generally comprised of four components: (1) an ionizable
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Abbreviations: DSPC, 1,2-distearoyl-sn-glycero-3-
phosphocholine; icIEF, imaged capillary isoelectric fo-
cusing; LNP, lipid nanoparticle; mRna, messenger RNA;
PEG-lipid, polyethylene glycol-lipid; siRNA, small interfering
RNA

amino lipid (cationic lipid); (2) a zwitterionic phospholipid
such as 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
or 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); (3)
a neutral lipid such as cholesterol; and (4) a polyethylene
glycol-lipid (PEG-lipid) [8]. The ionizable cationic lipid plays
a principal role, for example, in siRNA transfection, by me-
diating cytosolic delivery of the siRNA through facilitated en-
dosomal escape after LNP endocytosis. Neutral lipids, such
as DSPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, and
cholesterol, are selected to modulate the fluidity and phase
behavior of the LNP, whereas PEG-lipids are utilized to im-
prove particle circulation half-life and systemic exposure [9].

LNPs are produced through a self-assembly process and
can be made to have a particle size ranging from 70 to 110 nm
depending on the target delivery purpose [10]. LNPs can
have a complex structure with respect to particle size, surface
charge, lipid composition, particle morphology, and surface
hydrophobicity [11, 12]. All of these attributes can affect the
uptake of LNP and release of the RNA drug in various cell
types [13]. In addition to the transfection efficiency, the sur-
face charge may be correlated with cell toxicity [14, 15]. Last,
a guideline from the FDA recommends the physiochemical
characterization of liposomes, including a stability assess-
ment should be completed [16]. Zhang et al., have described
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how to characterize size and morphology of LNPs using tech-
niques such as dynamic light scattering, cryoelectron mi-
croscopy, high performance size exclusion chromatography,
and asymmetric flow field-flow fractionation [12, 17]. How-
ever, there is a lack of tools to measure the surface charge of
LNPs. Currently, zeta potential is the only method routinely
used and available to measure surface charge of LNPs.

Liposome protein interactions have been studied using
imaged capillary isoelectric focusing (icIEF) [18] and CE has
been applied to study other types of large particles such as
bacteria, viruses, colloidal/nanoparticles, and polymeric par-
ticles [19–24]. However, CE has not been used to effectively
measure the surface charge of LNPs. Here, we describe for the
first time, using CE for characterizing LNPs that encapsulate
nucleic acids using icIEF separation.

Earlier publications have described traditional gel iso-
electric focusing to analyze the size of colloidal nanoparticles
and gold nanoparticles [25,26]. However, these gel-based elec-
trophoretic techniques are labor intensive and qualitative in
nature. This study describes an icIEF method to measure
the pI of LNPs for the process and formulation development
of an mRNA-based vaccine. This method is capable of distin-
guishing the pI of LNPs manufactured with different cationic
lipids, is quantitative, and is stability-indicating.

2 Material and methods

2.1 Chemicals and reagents

All methylcellulose containing solutions, Maurice icIEF fluo-
rescence calibration standards, system suitability standards,
pI markers (5.85 and 8.40), Servalyt pH 2–9 ampholytes, and
icIEF cartridges were obtained from ProteinSimple (Santa
Clara, CA, USA). Pharmalyte ampholytes pH 3–10 and pH
5–8 were purchased from GE Healthcare (Uppsala, Sweden).
Glycerol and sucrose were purchased from Sigma–Aldrich
(St. Louis, MO, USA).

2.2 LNP preparation

LNPs containing mRNA were prepared in-house as pre-
viously described [27]. Briefly, LNP preparation includes
(i) with, or without (empty LNP) mRNA, drug sub-
stance, (ii) a cationic lipid, (referred to here as Cationic
Lipid-1 or Cationic Lipid-2), which is an ionizable lipid
that complexes with mRNA to promote the formation
of LNPs, (iii) one or more commercially available lipids,
such as cholesterol, DSPC, and 1,2-dimyristoyl-rac-glycero-3-
methylpolyoxyethylene, that contribute to the overall pharma-
ceutical properties of LNP. A lipid stock solution was prepared
by dissolving the cationic lipid, cholesterol, phospholipid,
and 1,2-dimyristoyl-rac-glycero-3-methylpolyoxyethylene in
ethanol in a molar ratio of 50–58:30–38:10:1–2.

2.3 icIEF sample preparation

The icIEF sample preparation has been previously de-
scribed [28, 29]. Unless specified otherwise, the ampholytes
solution was prepared by combining two parts of the
ampholytes (pH 5–8) with 1 part of the ampholytes (pH
3–10). The sample was prepared by combining 70 µL of 0.5%
methylcellulose, 8µL of ampholytes solution, 16µL of glycerol
(99%), 1 µL of each pI marker 5.85 and 8.40 with various vol-
umes of LNP (0.5 to 2.5 µL) to make consistent cationic lipid
concentrations, and various amounts of water to obtain a final
volume of 160 µL. The samples were centrifuged at 5 000 g
for 5 min before 120 µL was transferred to the 96-well plate.

2.4 icIEF instrument and software

Maurice is an instrument from ProteinSimple that is sim-
ilar to iCE280 and iCE3 instruments except the capillary is
provided in a preassembled cartridge. The IEF separation
capillary is 50 mm in length and is 100 µm ID x 200 µm
OD silica coated with fluorocarbon. The catholyte consists of
0.1 M NaOH in 0.1% methylcellulose and the anolyte con-
sists of 0.08 M phosphoric acid in 0.1% methylcellulose. All
other reagents, such as system suitability standard, fluores-
cence calibration standard, and 0.5% methylcellulose, were
prepared according to vendor recommendations. The capil-
lary is automatically calibrated with a fluorescence standard
preconditioned with a system suitability control to ensure the
capillary is functioning properly. The samples were injected
using the default pressure setting for 55 s and were prefo-
cused for 1 min at 300 V/cm, followed by focusing time for
8 min at 600 V/cm. All electropherograms were detected with
UV absorbance at 280 nm. All data analyses were performed
using vendor software called Compass for iCE. The Compass
software aligns each electropherogram using the pI markers
so that the x-axis is displayed as a normalized pI for each
injection.

3 Results and discussion

3.1 Apparent pI measurement of LNPs

Development of an icIEF method for LNPs was initiated us-
ing broad range ampholytes to determine the apparent pI.
Two different broad range ampholytes (Servalyt pH 2–9 and
Pharmalyte pH 3–10) were tested and compared initially as
shown in Fig. 1A (trace A and B, respectively). The Serv-
alyt ampholytes profile showed many sharp irreproducible
peaks indicating possible LNP precipitation or aggregation.
The Pharmalyte mixture showed an inconsistent broad peak
shape. Glycerol is known to be a stabilizing additive for pro-
tein cIEF method development [30], and was tested with the
Pharmalyte mixture. The addition of 10% glycerol helped to
consistently and reproducibly focus the LNP as illustrated
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Figure 1. (A) Electropherograms of an LNP using various ampholytes and additives. Traces A and B show high background or precipitation
and LNP containing sharp peaks using the broad range Servalyt pH 2–9 and Pharmalyte ampholytes pH 3–10, respectively. Trace C shows
a focused LNP with an apparent pI of approximately 7.3 using pH 3–10 Pharmalyte ampholytes containing 10% glycerol. Trace D uses a
mixture of 33.3% ampholyte pH 5–8 and 66.6% ampholytes pH 3–10 with 10% glycerol. Trace E uses a 66.6% ampholyte pH 5–8 and 33.3%
ampholytes pH 3–10 with 10% glycerol. Trace F uses ampholyte pH 5–8 containing 10% glycerol. The pI of the LNP shifts to approximately
7.6–7.8 in traces D, E, and F. Two pI markers are 5.85 and 8.40. (B) Electropherogram of an LNP prepared in triplicate. An LNP sample
was prepared in triplicate for the icIEF experiment. The LNP has an apparent pI of approximately 7.89 and peak shape was consistent
for the three replicates. (C) Calibration curve of LNP, which ranges from 7.2–115 µg/mL of total lipids. LNP samples were diluted in icIEF
ampholyte mixtures from 0.56 to 9.0 µg/mL of mRNA (equivalent to 7.2 to 115 µg/mL of total lipid). This linear range has a coefficient of
determination (R2) � 0.997.

in Fig. 1A trace C. Higher percentages (20% and 40%) of
glycerol noticeably increased the viscosity and, thus, de-
creased the ability of the LNP to be focused in the tested sepa-
ration time (data not shown). Based on the initial observation
using the broad range ampholytes mixture, the estimated pI
of the LNP was approximately 7.3 (Fig. 1 trace C).

The separation was further optimized by mixing differ-
ent amounts of narrower range Pharmalyte ampholytes pH
5–8 into the Pharmalyte ampholytes pH 3–10. As the per-
centage of the narrow range ampholytes increased from 33%
to 100%, the apparent pI shifted from approximately 7.6 to
7.8 (Fig. 1A trace D, E, and F, respectively). Figure 1A trace F
showed the best LNP peak shape, yet the separation was more
reproducible and consistent using the conditions shown in
trace E. Trace E was the final ampholyte mixture used in all
remaining experiments.

The ampholyte screening and optimization, shown in
Fig. 1A, was performed with an LNP containing Cationic
Lipid-1, which had an apparent pI of 7.7. The LNP peak
was relatively broad and not quite as homogeneous as
normally observed for proteins. This broad peak shape is

consistent with published gel IEF methods analyzing gold
nanoparticles [25]. We believe this broad, jagged peak is
likely caused by the polydispersity of generating different LNP
structures and sizes during the manufacturing process. It is
important to note that mixing the broad range and narrow
range ampholytes can introduce different pH slopes, thus,
shifting the apparent pI. This phenomenon was observed in
Fig. 1A traces C to F; the different ampholyte mixture showed
a pI shift of approximately 0.5 units. Regardless, using the
final ampholytes mixture, the pI and peak shape remained
consistent between three individual preparations of a differ-
ent LNP samples (Fig. 1B). Precision of the pI was evaluated
with this LNP sample over 16 independent runs; the LNP had
an average pI of 7.89 ± 0.028 (RSD � 0.4%).

Last, five concentrations of an LNP sample ranging from
0.56 to 9.0 µg/mL of mRNA (equivalent to 7.2 to 115 µg/mL
of total lipids) were tested by icIEF and the pI was deter-
mined. Using linear regression analysis, the peak area of the
standard (LNP) was plotted against the mRNA concentration
(µg/mL). This linear range has a coefficient of determina-
tion (R2) � 0.997 showing strong linearity and demonstrating
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the ability of this technology to perform quantitative analysis
(Fig. 1C).

3.2 Effect of lipid concentration on the pI

The pI of an LNP sample was found to vary when loading
different quantities of LNP based on mRNA concentration
into the ampholytes mixture; samples of higher LNP concen-
tration display a higher apparent pI. To further investigate if
the pI variation was caused by the cationic lipid or the mRNA
concentration, both parameters were examined. Four differ-
ent LNP batches were formulated and each batch contained a
different cationic lipid to mRNA ratio (mole/mole). The four
LNP batches had cationic lipid to mRNA ratios of 3.1, 6.6,
12.2, and 20.1. The LNP batches were diluted to five different
cationic lipid concentrations and subjected to icIEF. The ap-
parent pIs for all prepared LNPs were plotted against cationic
lipid and mRNA concentrations.

The apparent pI was found to have a strong correlation
to cationic lipid concentration with an R2 = 0.956, using a
logarithmic fit (Fig. 2A). The apparent pI has a weaker corre-
lation with an R2 = 0.653, using a logarithmic fit to mRNA
concentration (Fig. 2B). Results of this experiment indicate

that icIEF sample loading should be normalized according to
cationic lipid concentration rather than to mRNA concentra-
tion to maintain consistent pI results between different LNP
batches. This data correlate well with the hypothesis that the
cationic lipid is at the surface of the LNP and the mRNA is
located inside of the LNP. This hypothesis is reasonable as
the LNP acts as a protective hydrophobic barrier to protect
the mRNA.

3.3 UV-Vis spectrum of LNP with and without
mRNA

The icIEF instrument detects the LNP at 280 nm and the
instrument does not allow this wavelength to be altered.
To better understand how the LNP was being detected by
the icIEF instrument, the absorbance spectrum of LNPs
(containing Cationic Lipid-1) formulated with and without
mRNA was measured using an Agilent 8453 ultraviolet-
visible spectrophotometer. The LNPs were prepared in
two different matrices: Tris buffer (10 mM Tris with 10%
sucrose) and cIEF ampholytes matrix. The Tris buffer was
measured because ampholytes used in cIEF are known to
have interference at wavelengths below 280 nm. In addition,
the samples prepared in Tris buffer serve as a control

Figure 2. LNP pI plotted by cationic lipids and mRNA concentration: different LNP batches were formulated to contain different cationic
lipid to mRNA ratios. These LNPs were then diluted to five different lipid concentrations and subjected to icIEF. The pI (y-axis) was
plotted against cationic lipid concentration (Fig. 2A) and the mRNA concentration (Fig. 2B). A strong correlation of pI to cationic lipid
concentration was observed (R2 = 0.956; logarithmic fit, left graph) compared to a weaker correlation of pI to mRNA concentration (R2 =
0.653; logarithmic fit, right graph).
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spectrum of intact LNPs. Figure 3A shows UV spectra for
each matrix measured from 210 nm to 600 nm.

The UV spectra of LNPs containing mRNA for both Tris
and ampholyte matrices showed an elevated UV absorbance
from 240 to 290 nm, with an absorbance maximum at 260 nm.
The absorbance at 260 nm is due to the mRNA component of
the LNP. In addition, both LNPs formulated with and formu-
lated without mRNA have significant light scatter throughout
the wavelengths collected.

Comparing the UV spectra of LNPs without mRNA for
both Tris and ampholyte matrices, the spectra showed only
broad-spectrum light scattering. No defined UV absorbance
was observed within 240–290 nm. These data suggest that
observed icIEF signal at 280 nm results from a combination
of both the mRNA absorbance and light scattering of the
approximately 100 nm LNP. Thus, mRNA is not needed to
obtain a signal at 280 nm.

Last, LNPs measured in the ampholyte matrix displayed
inconsistent signal from 210 to 256 nm. This inconsistency
was expected due to interfering components in the ampholyte
matrix resulting in higher background below 250 nm [30]. Re-
gardless, both the Tris buffer matrix and the ampholyte matrix
absorbance traces were identical at wavelengths higher than
260 nm. These data also suggest that LNPs formulated with
or without mRNA are stable and intact in the final ampholyte
matrix (Fig. 3A).

The apparent pIs of LNPs formulated with or without
mRNA were subsequently measured by icIEF. Figure 3B
shows that LNPs with and without mRNA have similar pIs
at approximately 7.7. As expected, the peak areas for LNPs
containing mRNA are larger than those for LNPs without
mRNA. These data further support the conclusion that the
observed signal is a combination of both scattered light and
mRNA absorbance.

3.4 Effect of cationic lipid type on LNP pI

The LNPs contain several ionizable groups that can contribute
to the apparent pI: the phosphate backbone of the mRNA, the
cationic lipid, the zwitterionic phospholipid, and potential
degradants from the various lipids (e.g., fatty acids resulting
from hydrolysis of DSPC or the PEG-lipid). The contribution
of the phosphate backbone within the mRNA is negligible as
shown in Fig. 2B and 3B.

To demonstrate the apparent pI of the LNP is dependent
on the cationic lipid used in the LNP, a second LNP was
evaluated containing Cationic Lipid-2. Cationic Lipid-2 has a
pKa of approximately 0.4 units higher than that of Cationic
Lipid-1. Figure 4 trace A shows an LNP containing Cationic
Lipid-1 with a pI of approximately 7.75. The LNP contain-
ing Cationic Lipid-2 demonstrated a higher apparent pI of
approximately 8.1, as illustrated in Fig. 4 trace B, which sug-
gests the pKa of the cationic lipid is the main contributing
factor for the observed pI. When a mixture of these two LNPs
was prepared and analyzed by icIEF, both LNPs were baseline
resolved as shown in Fig. 4 trace C. A slight basic shift for
both LNP peaks was observed; at this time, the mechanism
for this observation is not known and further investigation
is required. Regardless, this finding suggests the method is
capable of separating LNPs by their pI based on the discrete
cationic lipid pKa values (Fig. 4). The results demonstrate that
the icIEF method can be used to confirm the identity of the
cationic lipid present within a given LNP sample.

3.5 Detecting LNP stability

The new icIEF method can detect changes in LNP stability
upon heat stress as shown in Figs 5A and B. In Fig. 5A, when

Figure 3. (A) UV absorbance of LNPs in both aqueous and icIEF ampholyte mixtures. LNPs containing mRNA were tested in Tris buffer
(blue trace) and icIEF ampholyte mixture (black dash trace). LNPs without mRNA were tested in Tris buffer (green trace) and icIEF
ampholyte mixture (red dash trace). LNPs containing mRNA show an absorbance max at 260 nm compared to LNP without mRNA, which
lack a peak at 260 nm. Both aqueous and icIEF ampholyte mixtures absorbance traces were identical when comparing the wavelengths at
260 nm demonstrating that with or without mRNA, LNPs are stable and intact in the final cIEF ampholyte mixture. (B) Electropherogram
of LNP formulated with and without mRNA. LNPs without mRNA (red dashed trace) have a similar pI to LNPs formulated with mRNA
(black solid trace). The pI of both LNPs is approximately 7.6–7.7. Two pI markers were 5.85 and 8.40.
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Figure 4. LNP with different
cationic lipids have unique pIs.
Trace A shows an LNP con-
taining Cationic Lipid-1with a
lower pKa value has a pI of
7.6–7.7. (B) LNP containing
Cationic Lipid-2 with a higher
pKa value has a pI of 8.1. (C)
Separation of a mixture of LNP
containing different cationic
lipids. Two pI markers were
5.85 and 8.40.

Figure 5. (A) Stability of LNPs
containing mRNA. The LNPs
containing mRNA were ex-
posed to elevated tempera-
tures for 24 h. The LNP stored
at 2–8°C showed a symmetri-
cal peak shape with a pI of ap-
proximately 7.7. As the tem-
perature increased, the LNP
with mRNA peaks became
more acidic and split into two
distinct peaks. (B) Stability of
empty LNPs. LNPs without
mRNA stored at 2–8°C showed
a symmetrical peak shape with
a pI of approximately 8.0. As
the temperature increased, the
LNP without mRNA showed a
different degradation pattern
compared to the LNPs con-
taining mRNA. Two pI markers
were 5.85 and 8.40.
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an mRNA-containing LNP sample was stressed at 37°C for
24 h, the entire LNP profile shifts to lower apparent pI values
and a new peak is detected (analogous to acidic variants in the
context of protein analysis). Moreover, the “acidic variants”
became more acidic with increasing temperature. At 60°C,
the “acidic variants” were baseline separated from the main
peak with a pI of 7.4 (Fig. 5A). This suggests that the higher
the stress temperature, the greater the “acidic variant.”

The LNP stability experiment described above was re-
peated using LNPs that were formulated without mRNA.
The corresponding electropherograms shown in Fig. 5B had
a different degradation pattern compared to the LNPs con-
taining mRNA. At 45°C after 24 h, the empty LNP peak
showed a slight acidic shift of approximately 0.1 pI units.
A sample stressed at 60°C for 24 h showed an uncharacteris-
tic peak profile containing a sharp spike in absorbance, which
may indicate LNP destabilization or aggregation. Unlike the
mRNA-containing LNPs, these preparations did not show
splitting into two peaks or generation of “acidic variants.” It
is conceivable that the previously seen acidic peak could be
due to the mRNA being exposed on the surface of the LNP.
Future work employing LC ion exchange could be exploited
to further investigate the behavior of these stressed samples.

4 Concluding remarks

Characterization of LNPs is challenging because they are het-
erogeneous mixtures of large complex particles. There are
limited methods for surface charge LNP characterization that
have been explored including CE. To better characterize the
surface charge of LNP drug delivery systems, we have devel-
oped a new icIEF method. This method uses a commercially
available cIEF instrument and can measure the pI of LNPs
formulated with or without mRNA. The icIEF method can
reproducibly measure the apparent pI of LNPs, provided that
the cationic lipid concentration is known. With detection at
280 nm, the observed signal is proportional to the LNP con-
centration. Surface charge of an LNP is found to be primarily
driven by the cationic lipid, implying that this lipid is at the
surface of the LNP. In addition, this method is capable of
differentiating LNPs containing different cationic lipids and
is suitable as a test for LNP identity. More importantly, it
is a stability-indicating assay, which can be used to support
process and formulation development for LNP-based mRNA
vaccines. To the best of our knowledge, this is the first re-
ported use of icIEF applied to an LNP-based drug delivery
system.
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Research Article

A comparative study of CE-SDS, SDS-PAGE,
and Simple Western—Precision,
repeatability, and apparent molecular mass
shifts by glycosylation

SDS gel electrophoresis is a commonly used approach for monitoring purity and apparent
molecular mass (Mr) of proteins, especially in the field of quality control of biopharma-
ceutical proteins. The technological installation of CE-SDS as the replacement of the slab
gel technique (SDS-PAGE) is still in progress, leading to a continuous improvement of
CE-SDS instruments. Various CE-SDS instruments, namely Maurice (CE-SDS/CE-SDS
PLUS) and Wes by ProteinSimple as well as the microchip gel electrophoresis system
LabChip® GXII TouchTM HT by PerkinElmer were tested for precision and repeatability
compared to SDS-PAGE (Bio-Rad). For assessing these quality control parameters, stan-
dard model proteins with minor post-translational modifications were used. Overall, it
can be concluded that the CE-SDS-based methods are similar to SDS-PAGE with respect
to these parameters. Quality characteristics of test systems gain more significance by test-
ing proteins that do not behave like model proteins. Therefore, glycosylated proteins were
analyzed to comparatively investigate the influence of glycosylation on Mr determination
in the different instruments. In some cases, high deviations were found both among the
methods and with regard to reference values. This article provides possible explanations
for these findings.

Keywords:
CE-SDS / Glycoproteins / Molecular mass determination / Precision / SDS-PAGE
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� Additional supporting information may be found online in the Supporting Infor-
mation section at the end of the article.

1 Introduction

For more than 20 years, CE-SDS has been increasingly used
as an analytical method for characterizing and measuring
sample purity, especially for the investigation of biopharma-
ceuticals and is replacing the previously used SDS-PAGE.
The principle of both techniques is the same: heat denatu-
ration of proteins, in presence of SDS and reducing agents,
which leads to protein unfolding and stretching. SDS ideally
binds in a ratio of 1.4 mg SDS/mg protein and consequently,
the charge density of the protein becomes nearly constant.

Correspondence: Dr. Imke Oltmann-Norden, Institute of Medici-
nal and Pharmaceutical Chemistry, Technische Universität Braun-
schweig, Beethovenstraße 55, 38106 Braunschweig, Germany
Email: i.oltmann-norden@tu-bs.de

Abbreviations: AA, amino acid; β-ME, β-mercaptoethanol;
EPO, Erythropoietin;Mrs, relative molecular masses; PNGase
F, Peptide-N-glycosidase F; r-Mr, reference molecular mass;
SST, system suitability test

Next, the SDS-protein-complexes are separated electrophoret-
ically according to their Stokes radii and, therefore, by their
relative molecular masses (Mrs) [1]. In contrast to the tra-
ditional planar SDS-PAGE, in which slab gels consisting of
polyacrylamide are used, noncross-linked entangled polymer
networks, for example, dextran, pullulan, polyvinyl alcohol,
polyethylene oxide, or polyethylene glycol, are utilized as sep-
aration matrices in CE-SDS [2–6]. Another exciting advance-
ment of SDS-PAGE is the method called SDS-PAGE focus-
ing. Here, a gradient of positive charges is attached to the
polyacrylamide matrix, which causes the Mr and relative mi-
gration distances to behave more linearly than in conven-
tional SDS-PAGE. Since the Mr determination in SDS-PAGE
is carried out via linear regression, it becomes more accurate.
This method will not be examined here, as we are only con-
cerned with the comparison of SDS-PAGE with various CE-
SDS instruments [7]. Kahle et al. give an impression about the
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state-of-the-art performance of some recently developed CE-
SDS instruments [8]. CE-SDS is a well-established approach
to determine the purity of monoclonal antibodies [8–14].
Thus, several studies have evaluated CE-SDS platforms, and
have been largely focused on improving and investigating the
performance for antibody analysis. The focus of these studies
ismore on the enhancement of resolution, sensitivity, and lin-
earity, and not on apparent Mr determination [8, 15–17].

The publication by Wiesner et al. illustrates the influ-
ences of sample preparation and the choice of the Mr marker
on the apparent Mr determination of proteins by compar-
ing CE-SDS instruments with SDS-PAGE [18]. The present
publication is a follow-up study to this previously mentioned
work, comparing the precision, repeatability, and apparent
Mr shifts by glycosylation on Mr determination. Specifi-
cally, the Maurice CE-SDS/CE-SDS PLUS and Wes by Pro-
teinSimple as well as the LabChip® GXII TouchTM HT by
PerkinElmer were investigated and compared to the con-
ventional SDS-PAGE following the Laemmli procedure [19].
Precision experiments were conducted using carbonic an-
hydrase, ovalbumin, BSA, and phosphorylase B by analyz-
ing them individually using ten independent preparations.
For repeatability, 60 measurement replicates were performed
with one preparation mixture of all four proteins.

The second part of this article deals with the compar-
ison of the instruments concerning the Mr determination
of post-translationally modified proteins. It is already known
that specific side groups like carbohydrates, lipids, or other
prosthetic groups can cause abnormal migration behaviors
in SDS electrophoresis due to an irregular binding of SDS re-
sulting in inaccurate estimates of the apparent Mr [1, 20–24].
Engel et al. analyzed proteins varying in their glycanmoieties
by microchip gel electrophoresis and found deviations in siz-
ing proteins compared to SDS-PAGE [25]. Moreover, Wang
et al. investigated various mammalian glycoproteins using
CE-SDS and SDS-PAGE under reduced and nonreduced con-
ditions and revealed substantial reduction in electrophoretic
mobility under the capillary mode: while Mrs determined by
SDS-PAGEwere close to the theoretical values, theMrs deter-
mined by CE-SDS appeared to be more than 10 kDa higher
per glycan site in average [26].

In the present work, the apparentMr shifts caused by gly-
cosylation of proteins in SDS-PAGE and various CE-SDS in-
struments were investigated by analyzing several glycosylated
proteins (ovalbumin, α-2-macroglobulin, Matuzumab, CD74,
Erythropoietin (EPO), SynCAM1, N-Cadherin) before and af-
ter enzymatic deglycosylation. It includes an insight into the
reasons that may explain the discrepancies found.

2 Materials and methods

2.1 Materials

2.1.1 Instrumentation

The CE-SDS systems Simple Western (Wes) and Maurice
(both from ProteinSimple, a Bio-Techne Brand, San Jose,

CA, USA), the gel electrophoresis system Mini-PROTEAN®
Tetra System by Bio-Rad (Bio-Rad Laboratories GmbH, Feld-
kirchen, Germany), a Vilber Lourmat Peqlab FUSION SL gel
documentation system 2012 (Vilber Lourmat Deutschland
GmbH, Eberhardzell, Germany), and the LabChip® GXII
TouchTM HT by PerkinElmer, Inc. (Waltham, MA, USA) were
used.

2.1.2 Chemicals and reagents

Tris (ultrapure grade (>99.9%), Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) and SDS (Dodecylsulfate-Na-
salt, electrophoresis grade, SERVA Electrophoresis GmbH,
Heidelberg, Germany) were used for buffer preparation. As
reducing agents, 14.2 M β-mercaptoethanol (β-ME, 99%, Carl
Roth GmbH, Karlsruhe, Germany) and 400 mM DTT out
of the Simple Western EZ Standard Pack (ProteinSimple,
a Bio-Techne Brand) were used. For deglycosylation experi-
ments, following enzymes were used: Peptide-N-glycosidase
F (PNGase F) by Promega GmbH (Walldorf, Germany) and
the Protein Deglycosylation Mix II (New England Biolabs,
Ipswich, MA, USA). An additional reagent for deglycosyla-
tion was TergitolTM solution type NP-40 (ω = 70% in H2O)
from Sigma-Aldrich (St. Louis, MO, USA). The ultrapure
water used in all experiments was produced by an arium
pro VF system (Sartorius AG, Göttingen, Germany). Ami-
con®Ultra 0.5 mL centrifugal filter units with an Ultracel®
10 K Membrane (Merck Millipore Ltd., Tullagreen, Ireland)
were needed for protein sample concentration and buffer
exchange.

For the SDS-PAGE, Bio-SafeTM Coomassie G-250 Stain,
10× tris/glycine/SDS buffer, 2× Laemmli Sample Buffer,
Mini-PROTEAN® TGXTM Gels 7.5% 10-well, 30 μL and
Mini-PROTEAN® TGXTM Gels 10% 10-well, 30 μL precast
gels for use with tris/glycine buffers (all from Bio-Rad Labo-
ratories GmbH) were used.

For performing CE-SDS experiments on theMaurice, the
CE-SDS or the CE-SDS PLUS system was used in combina-
tion with the respective CE-SDS (PLUS) Size Application Kits
(ProteinSimple, a Bio-Techne Brand) containing reagents and
consumables. For more detailed information about the con-
tent of the kits, see Wiesner et al. or ProteinSimple’s website
[18, 27]. Regarding the kits, CE-SDS and CE-SDS PLUS differ
from each other in CE-SDS PLUS using another cartridge as
well as a different sample buffer. Maurice CE-SDS IgG Stan-
dard and Maurice CE-SDS Molecular Weight Markers were
also obtained from ProteinSimple.

For performing Simple Western experiments on the
Wes, the 12–230 kDa Wes Separation Module, containing
8 × 25 capillary cartridges, reagents, and consumables, was
used. For more detailed information about the content of the
kit, see Wiesner et al. or ProteinSimple’s website [18, 28].

To perform experiments on the LabChip® GXII
TouchTM HT, the ProteinEXactTM assay reagent kit and
the ProteinEXactTM assay HT LabChip® were used
[29].
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2.1.3 Proteins

The following proteins were used in this study: carbonic
anhydrase from bovine erythrocytes (29.0 kDa, SERVA
Electrophoresis GmbH), albumin from chicken egg white
(ovalbumin, lyophilized, 42.7 kDa, glycosylated: 44.3 kDa),
BSA (66.0 kDa), and phosphorylase B from rabbit mus-
cle (97.0 kDa) from Sigma-Aldrich Chemie GmbH. Addi-
tional proteins for deglycosylation experiments were: α-2-
macroglobulin from human plasma (163.3 kDa, glycosy-
lated: 179.0 kDa, Sigma-Aldrich Chemie GmbH), recombi-
nant humanN-Cadherin Fc Chimera (89.2 kDa, catalog num-
ber: 1388-NC, [30]), recombinant human CD74 (19.3 kDa,
catalog number: 3590-CD, [31]), recombinant human EPO
(ultrapure, 21 kDa, catalog number: 286-EP, [32]), and recom-
binant human IGSF4A/SynCAM1 (38.4 kDa, catalog num-
ber: 3519-S4, [33]), all from R&D Systems, Inc., a Bio-Techne
Brand (Minneapolis, MN, USA) andMatuzumab (PatentWO
2009/04 3490 A1 [34], light chain 23.63 kDa and heavy chain
49.66 kDa), provided by Merck KGaA (Darmstadt, Germany)
as a 10 mg/mL stock solution.

2.2 Methods

2.2.1 General procedure for sample preparation and
deglycosylation

For precision and repeatability experiments, the protein stock
solutions were prepared by dissolving an appropriate amount
of each protein mentioned in Section 2.1.3 in a 100 mM tris
buffer (pH 8.0) containing 1% SDS to achieve a concentra-
tion of 1 mg/mL. While single protein samples were used
for the precision measurements, mixtures of the four investi-
gated proteins were utilized for the repeatability experiments.
Repeatability experiments were conducted by measuring one
single protein mix about 60 times. For precision, ten samples
were all prepared independently. For more detailed informa-
tion about the individual sample preparations, see the respec-
tive chapter of the instrument (2.2.2–2.2.5).

For deglycosylation experiments, ovalbumin and α-2-
macroglobulin were dissolved according to the procedure for
the precision and repeatability experiments, but to a concen-
tration of 4 mg/mL. The Matuzumab stock solution was di-
luted with 100 mM tris buffer (pH 8.0) containing 1% SDS
to reach this concentration as well. A higher starting con-
centration of protein is required because the deglycosyla-
tion reaction requires subsequent dilution steps which other-
wise would lead to very low final concentrations. Due to this
fact, it was necessary to concentrate the proteinsN-Cadherin,
CD74, EPO, and SynCAM1 (concentrations at hand were
0.315, 0.623, 1.33, and 0.462 mg/mL) by using Amicon®Ul-
tra 10K centrifugal filter units. The concentrates were replen-
ished with the above-mentioned buffer to a concentration of
3 mg/mL.

The deglycosylation of ovalbumin, α-2-macroglobulin,
and Matuzumab with PNGase F was conducted based on the

enzyme manufacturer’s protocol. Briefly, to 10 μL of each
stock solution (ρ = 4mg/mL), 1μL 14.2 M β-ME was added,
and the sample was denatured by heat at 95°C for 5min. After
cooling for 5 min, 5 μL of 100 mM tris buffer (pH 8), 2 μL of
NP-40 (ω = 10%), and 2 μL of PNGase F (respective amount
of water added in case of nondeglycosylated controls) were
added, resulting in a protein concentration of 2 mg/mL. In-
cubation was performed at 37°C for 3 h.

Deglycosylation of N-Cadherin, CD74, EPO, and Syn-
CAM1 with the Deglycosylation Mix II was conducted based
on the manufacturer’s protocol (New England Biolabs). First,
40 μL of each stock solution (ρ = 3 mg/mL) was mixed with
6 μL Deglycosylation Mix Buffer 2 and denatured by heat at
95°C for 5 min. After cooling for 5 min, 6 μL of Deglycosy-
lation Mix II (or water for nondeglycosylated controls) were
added, resulting in a protein concentration of 2.31 mg/mL.
Incubation was performed at 25°C for 30 min in the first step
and at 37°C for 24 h in the second step.

2.2.2 SDS-PAGE (Bio-Rad)

Sample preparation was performed by diluting the stock
solution 1+1 with Laemmli sample buffer, addition of the
Maurice CE-SDS 25× Internal Standard (10 kDa) and a
reduction and denaturation step in the presence of β-ME
(710 mM), while heating to 95°C for 5 min. The Maurice
CE-SDS Molecular Weight Markers were used to calculate
the Mr. For the precision measurements, the final protein
concentration was 0.5 mg/mL each, while the concentra-
tion of each protein in the repeatability measurements was
0.125mg/mL. Loading quantities onto the gel were 10μL per
sample or 7.5 μL of the Maurice CE-SDS Molecular Weight
Markers respectively (due to the unknown concentration, no
information can be provided regarding the protein amount).
The final protein concentration in the sample for the deglyco-
sylation experiments of ovalbumin, α-2-macroglobulin, and
Matuzumab was 1 mg/mL, while it was 1.155 mg/mL for
N-Cadherin, CD74, EPO, and SynCAM1. Loading quantities
onto the gel were 5 μg per protein and 7.5 μL of the Maurice
CE-SDSMolecular Weight Markers. SDS-PAGE experiments
were carried out using 10% (for Mrs < 100 kDa) and 7.5%
(for Mrs > 100 kDa) polyacrylamide gels, whereby precast
gels by Bio-Rad were used to ensure reproducibility. The
electrophoresis itself, carried out according to the Laemmli
procedure [19], and the subsequent calculation of Mrs have
been described in detail in the previous work [18]. To briefly
summarize: SDS-PAGEs were performed on a Mini-
PROTEAN® Tetra System by Bio-Rad in a tris/glycine/SDS
running buffer (25 mM tris, 192 mM glycine, 0.1% SDS,
pH 8.3) while applying a voltage of 200 V (29.9 V/cm),
resulting in a current of about 50 mA. After completion of
the electrophoresis, the gels were washed with deionized
water, subsequently stained with Bio-SafeTM Coomassie
G-250 Stain for at least 2 h and destained with deionized
water overnight. Transmitted light photos were taken for
documentation using an imager (Vilber Lourmat Peqlab
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FUSION SL gel documentation system 2012) connected
to the program Infinity by Vilber Lourmat (version 15.06).
These were evaluated using the image processing program
ImageJ 1.52a (Wayne Rasband, National Institutes of Health,
Bethesda, MD, USA) which works with grayscale analysis.
The Maurice CE-SDS 25× Internal Standard (10 kDa) added
to every sample, was used to calculate relative migration
distances, which in turn are used for Mr calculation.

2.2.3 CE-SDS and CE-SDS PLUS (Maurice by
ProteinSimple)

The sample preparations and experiments were performed
with the respective kits and according to the manufacturer’s
protocols [35, 36], which mainly contain a dilution step of the
stock solution with sample buffer, an addition of the Mau-
rice CE-SDS 25× Internal Standard (10 kDa), and a reduction
and denaturation step with β-ME (710 mM), while heating to
95°C for 5 min. For the precision measurements, the final
protein concentrationwas 0.5mg/mL each, while the concen-
tration of each protein in the repeatability measurements was
0.125 mg/mL. The final protein concentration in the sam-
ple for the deglycosylation experiments of ovalbumin, α-2-
macroglobulin, and Matuzumab was 1 mg/mL, while it was
1.155 mg/mL for N-Cadherin, CD74, EPO, and SynCAM1.

The cartridges used contain a capillary with an effective
length of 15 cm and an inner diameter of 50 μm. The sample
injections were conducted electrokinetically for 20 s at 4600 V.
A reduced IgG (included in the kit) was used as system suit-
ability test (SST) at the beginning and end of each sequence.
Regarding the precision and repeatability experiments, the
Maurice CE-SDS Molecular Weight Markers and the protein
samples with Mrs of more than 70 kDa were separated for
35 min at 5750 V, while the reduced IgG and protein sam-
ples with Mrs of less than 70 kDa were separated for 25 min
at the same applied voltage. All protein samples of the degly-
cosylation experiments were separated for 40 min at 5750 V.
Detection was doneUV-metrically at a wavelength of 220 nm.
Data were analyzed using Compass for iCE 2.1.0.

2.2.4 Simple Western (Wes by ProteinSimple)

The sample preparations and experiments were performed
with the respective kit and according to the manufacturer’s
protocol [37]. For the precision measurements, the final pro-
tein concentration was 0.2 mg/mL each, while the concentra-
tion of each protein in the repeatability measurements was
0.05 mg/mL. The experiments were conducted under reduc-
ing conditions (40mMDTT). The final protein concentration
in the sample for the deglycosylation experiments of ovalbu-
min, α-2-macroglobulin, and Matuzumab was 0.75 mg/mL,
while it was 0.8663 mg/mL for N-Cadherin, CD74, EPO, and
SynCAM1. Separation took place at 375 V for 25 min. After-
wards, the proteins were immobilized on the capillary wall,
covalently labelled with biotin for 30 min, washed, and incu-

bated for 30 min with Streptavidin Horseradish peroxidase
conjugate followed by chemiluminescence detection. Evalua-
tion was conducted by Compass for SW 4.1.0.

2.2.5 Microchip CE-SDS (LabChip® GXII TouchTM HT
by PerkinElmer)

The ProteinEXactTM assay was used and the sample prepara-
tions and experiments were performed according to theman-
ufacturer’s protocol [29]. For the precisionmeasurements, the
final protein concentration was 0.05 mg/mL each, while the
concentration of each protein in the repeatability measure-
ments was 0.0125 mg/mL. All experiments were conducted
under reducing conditions (161 mM β-ME). The final protein
concentration in the sample for the deglycosylation exper-
iments of ovalbumin, α-2-macroglobulin, and Matuzumab
was 0.1 mg/mL, while it was 0.1155 mg/mL for N-Cadherin,
CD74, EPO, and SynCAM1. The samples were separated for
65 s and detected by fluorescence. Afterwards, the data were
analyzed using the LabChip® GX Reviewer by PerkinElmer
(software version 5.5.2312.0).

3 Results and discussion

3.1 Precision

To compare the methods described in Section 2.2, ten re-
peat measurements were conducted with independent sam-
ple preparations of the four investigated proteins to calculate
the precision afterwards. The precision results for the instru-
ments regarding RSDs are all<3.1% which can be seen from
Table 1. Remarkably low are the RSDs on the LabChip® in
combinationwith the ProteinEXactTM assay, which are≤0.6%
for all four examined proteins. The CE-SDS PLUS system on
the Maurice also produced high precision, where all RSDs
are<1.6%. The CE-SDS PLUS shows improvements over the
original CE-SDS system for all four proteins, where RSDs
previously ranged from 1.0 to 3.1%. Overall, CE-SDS and
SDS-PAGE are similar in their precision in the conducted ex-
periments. Additionally, the RSDs for BSAonSDS-PAGE and
CE-SDS are slightly higher than for the other proteins. This
could be due to the fact that BSA can be present in several iso-
forms [38]. This heterogeneity leads to band/peak broaden-
ing resulting in more imprecise calculations of the Mr. This
kind of broadening has been observed for BSA in CZE and
described by Dolnik and Gurske in 2011 [39]. An influence
of the separation matrix on the separation efficiency was de-
scribed by Karim et al. [40]. Thismight also explain why some
observed effects are not observed across all examined instru-
ments. Specifically, the two CE-SDS methods (CE-SDS and
CE-SDS PLUS) tend to show slightly higher deviations for
larger proteins, while the effect on the Wes seems to be ex-
actly the opposite.

It is important to note that these data do not provide
information about the trueness of the results, as this was
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Table 1. The precision experiment’s results of the proteins measured via SDS-PAGE, Maurice CE-SDS, Maurice CE-SDS PLUS, Wes, and
PerkinElmer LabChip® (ProteinEXactTM assay); shown are the respective mean calculated Mrs (n = 10) for each protein;
reference Mrs: 29.0 kDa for carbonic anhydrase, 44.3 kDa for ovalbumin, 66.0 kDa for BSA, and 97.0 kDa for phosphorylase B

SDS-PAGE CE-SDS CE-SDS PLUS Wes LabChip®

Mean (kDa) RSD (%) Mean (kDa) RSD (%) Mean (kDa) RSD (%) Mean (kDa) RSD (%) Mean (kDa) RSD (%)

Carbonic anhydrase 28 1.6 32 1.0 32 0.0 37 1.1 28 0.6
Ovalbumin 45 1.7 45 1.1 46 1.1 49 2.0 45 0.4
BSA 68 3.0 68 3.1 68 1.1 63 1.0 77 0.5
Phosphorylase B 99 1.7 102 2.6 104 1.6 102 0.7 105 0.2

Table 2. The repeatability experimental results of the proteins measured via SDS-PAGE, Maurice CE-SDS, Maurice CE-SDS PLUS, Wes,
and PerkinElmer LabChip® (ProteinEXactTM assay); reference Mrs: 29.0 kDa for carbonic anhydrase, 44.3 kDa for ovalbumin,
66.0 kDa for BSA, and 97.0 kDa for phosphorylase B

SDS-PAGE CE-SDS CE-SDS PLUS Wes LabChip®

Mean (kDa) RSD (%) Mean (kDa) RSD (%) Mean (kDa) RSD (%) Mean (kDa) RSD (%) Mean (kDa) RSD (%)

Carbonic anhydrase 30 1.5 31 1.2 31 1.5 36 1.0 29 0.8
Ovalbumin 46 1.7 45 1.6 46 1.1 48 1.2 46 0.5
BSA 72 1.7 68 1.9 69 0.7 63 0.6 77 0.6
Phosphorylase B 101 1.7 102 2.3 105 1.8 99 1.1 105 0.4

determined in the previous work [18]. For example, both
carbonic anhydrase (on Simple Western) and BSA (on
LabChip®), exhibit larger deviations in apparent Mr com-
pared to the reference molecular mass (r-Mr) even though
the precision is more than acceptable.

3.2 Repeatability

In addition to the precision investigated in Section 3.1 when
testing samples from independent preparations, it was also
investigated how repeatable the result of one and the same
sample is when measuring it several times. Concerning re-
peatability (Table 2), the results are similar to those in Sec-
tion 3.1. The RSDs on SDS-PAGE for all four proteins range
between 1.5 and 1.7%. As already similarly observed in the
precision experiments, the RSDs received with CE-SDS in-
crease with higher Mrs. This effect was not seen on the CE-
SDS PLUS system. Again, lowest RSDs are obtained with the
LabChip® ranging between 0.4 and 0.8%, which overlaps
with Simple Western (RSDs 0.61.2%).

Additional effects become apparent when looking at the
control charts in Fig. 1. The first observation is the wavy
course of the measurements on the SDS-PAGE (Fig. 1A).
Seen from left to right, there are always nine points belong-
ing to one gel (protein mix loaded to nine lanes while the
Maurice CE-SDS Molecular Weight Markers were loaded to
one of the middle lanes). Thus, when looking at the course
of a gel from left to right, it is noticeable that the measur-
ing points obtained in the middle of the gel, especially di-
rectly next to the lane with the Maurice CE-SDS Molecular

Weight Markers, tend to result in higher Mrs than the values
in other lanes further to the edges. This effect can be observed
in nearly the same way for all proteins, sometimes more or
less pronounced. There is a suspicion concerning the reason
for this effect: the sample of the Maurice CE-SDS Molecu-
lar Weight Markers in the middle of the gel is of lower ionic
strength than the other protein samples and, thus, of lower
conductivity. When starting the electrophoresis by applying
voltage to the gel, the differing conductivities would lead to
an unequally distributed resulting current. Related to this ef-
fect, the temperature development throughout the gel is ex-
pected to be unequal as well. These effects cause the running
distances to be different. In lanes with lower ionic strength,
the conductivity, the resulting current, and the temperature is
lower and samples in these lanes will migrate slightly slower
than in lanes with samples of higher ionic strength. An ex-
ample of a gel making this effect visible is shown in Fig. S1
of the Supporting information. In this context, it is impor-
tant to mention that such effects are usually only noticeable
macroscopically if one and the same sample is applied several
times to a gel. Similar effects are also shown by See et al. who
investigated the effects of different salt concentrations on Mr
determination in SDS-PAGE [41].

The second effect can be observed in Fig. 1B in the
control charts of the measurements on CE-SDS. The exper-
iments were conducted in two batches of 30 repeats each
with fresh reagents. Two batches were necessary because only
48 injections are possible in one batch. At the beginning of
each batch, the calculated Mrs are higher and seem to get
closer to a minimum asymptotically with each run. This ef-
fect can be observed for all proteins. A lower calculatedMr is a
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Figure 1. Control charts of the
repeatability results. All single
measurement values of the
four examined proteins phos-
phorylase B, BSA, ovalbumin,
and carbonic anhydrase are
plotted according to their cal-
culated Mr. (A) results ob-
tained by SDS-PAGE (Bio-Rad,
repetitions = 63); (B) results
obtained by Maurice CE-SDS
(repetitions = 60); (C) results
obtained by Maurice CE-SDS
PLUS (repetitions = 60); (D)
results obtained by Wes (rep-
etitions = 66); (E) results
obtained by the PerkinElmer
LabChip® GXII TouchTM HT
(ProteinEXactTM assay, repeti-
tions = 62).

result of a shorter migration time. One reason for this might
be temperature changes. An increase in temperature leads to
lower viscosities of liquids, in this case, for example, of the
separation matrix. The effect of temperature and viscosity on
sieving media in capillary gel electrophoresis was already de-
scribed in 1996 by Nakatani et al. [6]. It would be conceivable
that the temperature of the capillary as well as of the instru-
ment’s interior is not yet constant at the beginning of a new
batch and only settles at a temperature over time. This would
lead to the separation matrix experiencing viscosity changes
which in turn lead to differences in migration. In this con-
text, it is critical to consider that the SST andMaurice CE-SDS
Molecular Weight Markers are running at the beginning of a
batch. According to the assumption that the test parameters
are not yet constant at this point, it might be suboptimal to
run the markers, which represent the calculation basis for all
subsequent measurements, if fluctuations are still present. It
remains to be noted that such systematic effects usually be-
come visible only when a series of consecutivemeasurements
of the same sample is evaluated. However, on CE-SDS PLUS
the effect is much less pronounced (Fig. 1C). As the CE-SDS
and CE-SDS PLUS platforms on Maurice differ in the sam-
ple buffer, the cartridge, and software, it would be reasonable
to assume that these differences result in this improvement.
Regarding the measurements onWes and on the LabChip®,
no special observations could be made in terms of any ab-
normalities (Fig. 1D and E). While these observations are in-

triguing, the overall apparent Mr RSD across all platforms
is ≤2.3%.

3.3 Apparent molecular mass shifts by glycosylation

3.3.1 Measured differences between various
approaches

To investigate whether (and if so to what extent) a possible
glycosylation of a protein has an influence on the Mr deter-
mination using different methods, seven proteins were mea-
sured in their glycosylated and deglycosylated state. The cor-
responding results are shown in Table 3. The respective RSDs
of the individual experiments can be found in Table S1 of the
Supporting information.

In some cases, there are striking differences in Mr de-
termination, both between the glycosylated/deglycosylated
variants and between the methods or instruments used. In
most cases, the Mr is rather over- than underestimated com-
pared to the r-Mr. The lowest apparent Mr differences are
observed for ovalbumin, where the calculated Mrs of the
glycosylated ovalbumin show quite similar values between
43 and 46 kDa across all instruments (r-Mr for glycosylated
ovalbumin with 44.3 kDa). There is a decrease in the calcu-
lated Mr after deglycosylation with PNGase F, with CE-SDS
showing the lowest value with 33 kDa and SDS-PAGE the
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Table 3. Results of the deglycosylation experiments on CE-SDS and CE-SDS PLUS (Maurice, ProteinSimple), SDS-PAGE (Bio-Rad),
Simple Western (Wes, ProteinSimple), LabChip® GXII TouchTM HT (ProteinEXactTM assay, PerkinElmer); shown are the
respective mean calculated Mrs (n = 3) for each of the seven proteins in their glycosylated (glyc) and deglycosylated (deglyc)
state, for the origin of the r-Mr data see Section 2.1.3

Mr (kDa)

CE-SDS CE-SDS PLUS SDS-PAGE Wes LabChip® r-Mr (kDa)

Ovalbumin glyc 43 44 45 45 46 44.3
deglyc 33 35 42 39 41 42.7

α-2-macroglobulin glyc 245 241 144 132 221 179
deglyc 165 164 136 111 180 163.3

Matuzumab light chain glyc 25 26 27 31 27 23.63
deglyc 23 26 27 30 27

Matuzumab heavy chain glyc 63 67 57 56 68 49.66
deglyc 53 57 53 51 61

CD74 glyc 81 82 34 48 63
deglyc 34 35 23 31 32 19.3

EPO glyc 97 101 40 56 74
deglyc 21 18 20 27 17 21

SynCAM1 glyc 343 345 74 123 194
deglyc 62 59 50 54 65 38.4

N-Cadherin glyc 262 253 117 121 195
101

deglyc 134 127 108 99 164 89.2
108 103 94 82 143

highest one with 42 kDa. The r-Mr calculated from the amino
acid (AA) sequence for ovalbumin without glycosylation is
42.7 kDa.

α-2-Macroglobulin, on the contrary, shows more distinct
differences. For example, when the glycosylated protein is
measured by CE-SDS, CE-SDS PLUS, and LabChip®, the
values range from 221 to 245 kDa, whereas values of 144
and 132 kDa are obtained on SDS-PAGE and Wes, respec-
tively. Thus, absolute differences of approximately 100 kDa
between methods occur. If α-2-macroglobulin is deglycosy-
lated and measured again, a significant reduction in Mr is
seen, in some cases by up to 80 kDa (CE-SDS). Since each
glycosylated glycan site is assumed to add 2.5 kDa to the Mr
of the protein in average, this is much more than can be ex-
plained by the mass of the sugar chains [42, 43]. It can be
assumed that the Mrs of the glycosylated proteins are some-
times significantly overestimated by CE-SDS-based methods
(effect appears less pronounced when using Simple West-
ern). After deglycosylation of α-2-macroglobulin, the Mrs de-
termined using CE-SDS and CE-SDS PLUS are very close to
the r-Mr of 163.3 kDa at 165 and 164 kDa, respectively.

Antibodies are well known to carry significant glycosyla-
tion. Therefore, an antibody (Matuzumab) was also studied.
After reduction with β-ME, it is present separately in light and
heavy chains. Values between 25 and 31 kDa were measured
for the light chain before deglycosylation, with the r-Mr be-
ing 23.63 kDa. Since the light chain is not glycosylated, the
calculated values with and without PNGase F treatment are
nearly identical on all instruments. The heavy chain, on the
other hand, undergoes glycosylation. Glycosylated Mrs be-
tween 56 kDa (Wes) and 68 kDa (LabChip®) were obtained.

On CE-SDS and CE-SDS PLUS, deglycosylation results in
a reduction of Mr by 10 kDa, while on SDS-PAGE, Wes,
and LabChip® it is somewhat lower with 4, 5, and 7 kDa,
respectively.

The proteins discussed in the following, namely CD74,
SynCAM1, and N-Cadherin, are membrane proteins,
whereas EPO is a hormone. Examination of these proteins
revealed even greater discrepancies in some cases than
for α-2-macroglobulin. Measured values for glycosylated
CD74 range from 34 kDa on SDS-PAGE to 82 kDa on CE-
SDS PLUS. After deglycosylation according to the procedure
in Section 2.2.1, the Mrs calculated using the four CE-SDS-
based methods are all close to each other (31–35 kDa),
only the SDS-PAGE value is slightly lower at 23 kDa, while
the r-Mr is 19.3 kDa. Exemplary electropherograms of the
deglycosylation experiments of CD74 are shown in Fig. S2 of
the Supporting information. Examination of EPO revealed
Mrs between 40 and 101 kDa for the glycosylated form,
while Mrs after deglycosylation are between 18 and 27 kDa.
The SDS-PAGE and CE-SDS values, at 20 and 21 kDa,
respectively, are closest to the r-Mr of 21 kDa.

There were clear differences between the methods when
measuring glycosylated SynCAM1. While SDS-PAGE yields
a Mr of 74 kDa, the values obtained with CE-SDS-based
methods are much higher. For example, Wes shows a Mr of
123 kDa, LabChip® of 194 kDa, and CE-SDS (PLUS) Mrs of
above 340 kDa. The calculated Mrs after deglycosylation are
in a similar range of 50–65 kDa (r-Mr = 38.4 kDa) for all
methods. This provides clear evidence that glycosylation of
the protein has a significant effect on Mr determination, to
varying degrees depending on the method used.
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Finally, N-Cadherin, which, along with Matuzumab
(heavy chain), CD74 and SynCAM1, is a protein where Mrs,
both glycosylated and deglycosylated, tend to be overesti-
mated by all methods examined. The appearance of two
bands or peaks of N-Cadherin can be explained by immature
(nonspliced) and mature N-Cadherin [44]. When consider-
ing absolute figures, the differences between SDS-PAGE and
CE-SDS (PLUS) are highest whenmeasuring the glycosylated
proteins SynCAM1 and N-Cadherin.

Taken together, glycosylation has a tremendous influ-
ence on the migration behavior when size-related separa-
tions, such as SDS-PAGE and CE-SDS, are performed.

3.3.2 Effect of sialic acid

After thorough literature research, several possible reasons
arise that may explain the above-mentioned phenomena. As-
signing a single reason to each protein seems difficult. Rather,
one might consider it as an interplay of several factors that
have differing effects on the individual methods.

It can also be noted that anomalous migration behav-
ior, specifically of membrane proteins, was already described
by Rath et al. in 2009 [45]. As mentioned above, CD74, Syn-
CAM1, and N-Cadherin are membrane proteins. Looking at
the similarities shared by SynCAM1 and N-Cadherin, it is
striking that both are cell adhesion proteins, and both were
derived from an NS0 cell line. In contrast, EPO and CD74
are derived from CHO cells. Zhang et al. found, using the
example of EPO, that sialylation is cell type specific and they
postulate that there is less sialic acid bound to NS0-derived
proteins than to CHO-derived ones [46]. Sialic acids are de-
protonated under the conditions electrophoresis takes place
and, thus, contribute to increased negative charge of the pro-
tein. On the one hand, the glycans on the protein might pre-
vent complete unfolding and on the other hand, they bind
SDS less effectively, often only 0.2 mg/mg glycan [47]. Thus,
due to the glycans, the apparent Mr would be higher. How-
ever, if sialic acids are present on the glycan, their charge
can partially compensate for the fact that less SDS binds. Ev-
idence that sialic acids contribute to electrophoretic mobility
can be found in Ref. [48]. Segrest et al. performed SDS-PAGE
with sialylated proteins and found that the migration speed
decreased, and the apparent Mr increased accordingly after
their removal. Fittingly, Karger et al. described that glycopro-
teins do not conform to the predictedmigration behavior both
because of the sialic acids and the carbohydrates themselves
[49]. Wang et al. deny an influence of sialic acids on protein
mobility, but their data only allowed preliminary conclusions
[26]. However, if the observed effects were solely a matter of
abnormal binding behavior of SDS or sialylation, they would
be expected to be similar in magnitude on SDS-PAGE and
the CE-SDS-based methods. Since this is not the case, the in-
fluence of other factors causing the differences between the
methods must be assumed.

The effect of glycosylation is much more pronounced if
no sialic acid is included in the sugar chains. Since the degree

of sialylation strongly depends on the producing organisms,
so does the effect on migration time shifts of proteins pro-
duced in these organisms.

3.3.3 Relevance of carbohydrate-carbohydrate
interactions

Discrepancies between the CE-SDS-basedmethodsmight oc-
cur since the methods are based on different compositions
of the separation matrices. Here, the fact that SynCAM1
and N-Cadherin are cell adhesion proteins comes into play
again. Bucior et al. found that cell-cell recognition takes place
with the help of the carbohydrates of their cell adhesion pro-
teins, that is, carbohydrate-carbohydrate interactions occur
[50]. They found that these glycan interactions can be as
strong as antibody-antigen interactions. If one assumes that
the separation matrix of a method possibly consists of a car-
bohydrate, for example, dextran or pullulan (see Section 1, In-
troduction), it is conceivable that an interaction between the
glycan(s) of the protein and the separation matrix may occur.
To stay with the example of dextran: interactions between dex-
tran and some proteins were described as early as in 1960 [51].
In addition, some (murine)myeloma proteins appear to show
affinities to dextran [52, 53]. An interaction would reduce the
migration speed of the proteins concerned and would also
explain why the effects can be observed to different extents
when comparing the methods. Nonspecific interactions be-
tweenmatrix and (glyco)proteins are also conceivable for sep-
aration matrices that are not based on carbohydrates. Since
the compositions of the CE-SDS separationmatrices used are
unknown, further evaluation of these assumptions is not pos-
sible but the fact that an interaction between glycoprotein and
separation matrix has to be considered has already been ad-
dressed by Wang et al. [26].

Some proteins are made to interact strongly with their
sugar chains, for example, cell adhesion proteins, such as
SynCAM1 and N-Cadherin, used in this work. If such an
interaction is known or can be assumed, different interac-
tions depending on the gel must also be expected using elec-
trophoretic SDS-based separations by size. Stronger inter-
actions of some proteins will cause a chromatography-like
retention and longer migration times, which will be inter-
preted as an apparently higher Mr. In these cases, the rela-
tive Mrs of protein derivatives of the same kind can still be
estimated, assuming a similar degree of glycosylation.

3.3.4 Importance of N-glycan sites

What could also have an influence on the strength of the ob-
served effect is the number of N-glycan sites present. This
correlation can be seen in Table 4, which shows the number
of predicted glycan sites of the proteins. The N-glycan sites
should be considered, since N-glycans are generally larger
than O-glycans and, therefore, potentially have a greater in-
fluence.
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Table 4. Compilation of some of the properties of the proteins studied in the deglycosylation experiments including the isoelectric point
(pI), grand average of hydropathicity (GRAVY), proline content, percentage of negative (Asp + Glu) and positive (Arg + Lys)
charges in relation to the total number of AAs and the number of N- and O-glycan sites

Content Neg. charges Pos. charges N-glycan O-glycan
pI GRAVY proline [%] [%] [%] sites sites

Ovalbumin 5.19 –0.001 3.6 12.2 9.1 1 0
α-2-macroglobulin 6.03 –0.195 5.3 10.7 9.2 8 0
Matuzumab light chain 6.34 –0.417 4.7 9.0 8.5 N/A N/A
Matuzumab heavy chain 8.34 –0.552 7.6 9.4 10.3 N/A N/A
CD74 6.65 –0.654 11.8 11.2 10.7 2 1
EPO 8.30 0.027 5.7 9.8 10.9 3 1
SynCAM1 5.14 –0.430 6.1 12.8 8.2 6 0
N-Cadherin 5.16 –0.405 9.0 11.8 8.4 8 0

The values are taken from a calculation using the ProtParam tool by ExPASy [58], except for the glycan sites, which were taken from the
NCBI [59] using the following accession numbers: P01012 (ovalbumin), P01023 (α-2-macroglobulin), NP_0 04346 (CD74), P01588 (EPO),
Q9BY67 (SynCAM1), and P19022.4 + P01857.1 (N-Cadherin construct); for the origin of the r-Mr data see Section 2.1.3

It is noticeable that α-2-macroglobulin, SynCAM1, and
N-Cadherin have significantly more N-glycan sites than the
other proteins. Consequently, the previously described effects
would be expected to be stronger if these sites are occupied
with glycans. This is consistent with the results in Table 3,
where the highest discrepancies are found for these three pro-
teins, as already mentioned above.N-Glycan sites show a par-
ticularly strong effect.

3.3.5 Influences on SDS-binding properties

What is noticeable as well is that there are also differ-
ences in terms of Mr determination after deglycosylation. For
Matuzumab, CD74, SynCAM1, and N-Cadherin, the Mr af-
ter deglycosylation is still overestimated while for the other
three proteins it tends to be underestimated. A look at Table 4
also provides an explanation for this phenomenon. Ovalbu-
min, α-2-macroglobulin and EPO have a higher GRAVY, that
is, they are more hydrophobic in nature whereas CD74, Syn-
CAM1, and N-Cadherin have a lower GRAVY and are, there-
fore, more hydrophilic. Shirai et al. found that differences be-
tween the predicted and the apparent Mr can occur because
of the GRAVY score [54]. Since SDS binding occurs prefer-
entially on hydrophobic parts of the protein, those with a
low GRAVY tend to bind less SDS, which is why their elec-
trophoretic mobility decreases and their Mr appears higher.
According to this, especially proteins with a higher GRAVY
have a higher mobility, which is why the apparent Mr tends
to become smaller. Shirai et al. also showed that the isoelec-
tric point of the protein can affect the electrophoretic mobil-
ity. This confirms what Guan et al. postulate, namely that pro-
teins withmany charges, possibly leading to charge repulsion
with SDS, can lead to abnormal migration behavior in elec-
trophoresis [55].

The proline content of a protein should also be consid-
ered as a reason for higher apparent Mrs. The presence of
proline in a protein, due to the special heterocyclic structure,
can lead to “disturbances,” in form of kinks in the secondary

structure, because the cyclic structure in the prolinemolecule
prevents rotation of the C-N bond. This in turn leads to the
protein being unable to be completely stretched after re-
duction and SDS-binding, which results in an increase of
the Stokes radius. Such an effect has already been observed
with the proline-rich tumor suppressor protein p53 (proline
content: >11%), which has even been named according to
its unexpected apparent Mr [56, 57]. It is conceivable that
this effect might be also of importance for CD74 (proline
content: 11.8%).

All in all, however, all these protein properties must
be considered in conjunction with each other to explain
their migration behavior in electrophoresis. Hydrophobicity,
which can be characterized by the GRAVY score, influences
SDS binding and can cause various SDS loads on proteins of
the same size. The same applies to the acid/base properties
and pI: native protein charges are not ideally equalized by
SDS binding. Moreover, proline-rich proteins show partic-
ular shapes, which can also mean individual SDS binding
properties.

4 Concluding remarks

In the present work, the quality control attributes precision
and repeatability were investigated using fourmodel proteins
in different SDS-electrophoresis systems. It was shown that
the precision and repeatability of CE-SDS-based methods are
similar to those of SDS-PAGE.

Glycosylations can have a tremendous effect onMr deter-
mination, with discrepancies to the r-Mr generally increasing
with an increase in the number of glycan sites present. The
effect of glycosylation is much more pronounced if no sialic
acid is included in the sugar chains. N-Glycan sites show a
particularly strong effect. After deglycosylation, these differ-
ences between measured and theoretical Mr are only mod-
erate. They can arise due to increased hydrophilicity or hy-
drophobicity (GRAVY), high or low pI values associated with

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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an increased number of charges in the protein or a high per-
centage of proline.

Some proteins naturally interact strongly with sugar
chains, for example, cell adhesion proteins, such as Syn-
CAM1 and N-Cadherin, used in this work. If such an in-
teraction is known or can be assumed, different interac-
tions depending on the gel must also be expected using
electrophoretic SDS-based separations by size. Stronger in-
teractions of some proteins will cause a chromatography-
like retention and longer migration times, which will be in-
terpreted as an apparently higher Mr. These effects can be
mostly understood and, therefore, fairly predicted and inter-
preted.

These effects depend on the separation matrices and the
presence of glycosylation on the protein. Therefore, the ob-
served effects are not the same for all instruments and meth-
ods. In all cases, the relative Mrs of protein derivatives of the
same kind can be estimated, assuming a similar degree of
glycosylation.

It remains to joinWang et al. in stating that these aspects
are worth for further investigations [26]. The determined Mr
depends to a large extent on the properties of the protein and
not solely on the used approach. This is also the reason why
no general statement can be made about which method and
instrument is best. The choice of method must be adapted to
the proteins as well as to the needs of the user. Kahle et al. pro-
vide a comparative overview of various CE-SDS instruments,
both in terms of parameters, such as resolution, linearity, sen-
sitivity, as well as in terms of ease of use, flexibility, etc., which
could be helpful in making a good choice [8].
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Spotlight

A Novel Platform for icIEF Fractionation 
of Antibody Charge Variants

While imaged capillary isoelectric focusing 
electrophoresis (imaged cIEF or icIEF) has become the 
method of choice for monitoring charge variant levels 
of biotherapeutics, the in-depth characterization of 
charge variants has been carried out mostly by mass 
spectrometry (MS).

The MauriceFlexTM system is a new and innovative 
Maurice platform featuring icIEF-based fractionation for 
collecting protein charge variants, enabling downstream 
analysis of these variants with techniques such as MS. 
The fractionation utilizes a special cartridge to perform 
isoelectric focusing to separate protein charge variants, 
and once focused and separated, the charge variants are 
eluted via chemical mobilization for fraction collection. 
Compared to ion-exchange chromatography (IEX)-based 
fractionation, MauriceFlexTM fractionation is fast, with  
pI-based resolution, and overcomes some of the 
limitations of direct coupled cIEF-MS, such as the need 
for a dedicated interface and incompatibility of the 
background electrolytes with the MS. Moreover, offline 
fractionation and potential enrichment of charge variants 
pooled from multiple fractionations offer more flexibility 
for mass spectrometry characterization, including intact 
mass, reduced mass and peptide mapping.

In addition to fraction collection, MauriceFlexTM can 
perform routine CE-SDS and cIEF analysis using the 
relevant Maurice cartridges, and all data is analyzed using 
the 21CFR Part 11 compliant Compass for iCE software. 

In this spotlight, we demonstrate the fractionation 
workflow and intact and peptide mapping analysis  
by liquid chromatography and mass spectrometry  
(LC-MS) on the NIST mAb (RM 8761 from NIST),  
which is a common reference standard for assessing 
new analytical technologies for characterizing  
monoclonal antibodies (mAbs).

Experimental Methods
The stepwise fractionation workflow on MauriceFlexTM is 
illustrated below:

1

2

3

4

5

Setup (~30min)
• Load reagents (kit provided) and NIST mAb

(1 mg/mL)
• Insert MauriceFlex cartridge

Focusing (45min)

Voltage

Mobilization (25min)
• Mobilizer: 5 mM NH4Ac
• Voltage: 1000V

Elution (20min)

Collect fraction

• 10 min @500 V
• 10 min @1000 V
• 25 min @1500 V

• 1000 V (off during transition from well
to well)

• 36 fractions at 25 second/fraction on a
96-well plate

• Each well contains 30 uL 5 mM NH4Ac

Verification (4-5 hours)
• Check identify and purity of fractions with

analytical Maurice icIEF
• 16 fractions checked

Voltage
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For intact mass, the fractions were analyzed directly. 
For peptide mapping, the charge variant fractions from 
10 fractionation runs were pooled, lyophilized on a 
SpeedVac, and reconstituted prior to tryptic digestion.  
The digested samples were lyophilized and reconstituted 
in 40 µL 5 mM ammonium acetate solution.

The LC-MS characterization was performed with a 
Thermo ScientificTM Vanquish UHPLC coupled to a Q 
ExactiveTM HF Hybrid Quadrupole-Orbitrap™ mass 
spectrometer. Reverse phase LC separation was used 
for intact mass analysis and peptide mapping with 
appropriate gradients of 0.1% formic acid in water and 
acetonitrile at 0.3 mL/min. The injection volume was  
10 µL for both intact and peptide mapping analysis. The 
data were analyzed using BioPharma Finder 4.1 software.

Results
The method for fractionation of the NIST mAb sample 
using the MauriceFlex cIEF fractionation cartridge can 
be developed quickly based on the analytical method 
on a Maurice cIEF cartridge. FIGURE 1 shows profiles
of analytical icIEF and fractionation focusing runs of 
NIST mAb. Five charge variants (B2, B1, M, A1, A2) were 
identified for NIST mAb and their relative abundances 
were obtained (FIGURE 1A). Note that fractionation
separation with cIEF fractionation cartridge is designed 
for maximizing the yield of the fraction collection, and for 
this purpose, a higher concentration (1 mg/mL) of NIST 
mAb was loaded. While this resulted in apparently lower 
resolution with overlapped peaks (FIGURE 1B) when
compared to charge separation with the regular Maurice 
cIEF cartridge (FIGURE 1A), the same number of charge
variants were detected, as seen in FIGURE 1B, and were
well separated.

As shown in the workflow, the mobilization and elution 
steps take 45 minutes in total when collecting 36 fractions 
on a 96-well plate. The Compass for iCE software has 
a peak prediction feature that provides an estimated 
range of wells that contain the eluted charged variants. 
Alternatively, a fluorescence plate reader can be used to 
select the wells that contain the most abundant charge 
variant. For NIST mAb, a total of 16 wells of fractions were 
selected, and their identity and purity were verified with 
analytical Maurice icIEF. Among the 16 fractions analyzed, 
12 were found to contain the charge variants.

FIGURE 2 shows icIEF electropherograms of fraction wells
containing individual charge variants with the highest 
purity. As shown, except for low abundant B2 (0.9%) at 65% 
purity in fraction #10, fractions containing 100% purity for 
the four other charge variants were obtained.
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FIGURE 1. icIEF separation of NIST mAB charge variants with the Maurice 
cIEF cartridge (A) and MauriceFlexTM cIEF Fractionation cartridge (B). Both 
electropherograms show the same number of charge variants. The relative 
abundance (%) of each variant was calculated from the peak areas in the 
analytical run (A) and listed in the table insert.

FIGURE 2. Verification of charge variants of representative fractions for 
identity and purity by Maurice icIEF analytical runs. The numbers assigned 
represent the fraction numbers. 
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The LC-MS intact mass analysis on the high purity 
charge variant fractions are shown in FIGURE 3 and
the modifications identified from the deconvoluted mass 
spectra for each charge variants are summarized in 
TABLE 1. The results are consistent with the established
knowledge of PTMs of the charge variants of NIST mAb.

FIGURE 3. LC-MS intact mass analysis of charge variants showing total ion 
current (TIC) chromatograms (left), mass spectra of the peaks (middle) and 
the deconvoluted spectra (right). 
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TABLE 1. Summary of the identified modifications from intact mass analysis. 
The mass shifts of each variants are relative to the G0F/G1F glycoform of  
the M peak.
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FIGURE 4. Representative chromatograms of the peptide mapping of B1 and 
A1, and sequence coverage of Light Chain (LC) and Heavy Chain (HC) of all 
charge variants. The charge variant samples were pooled from 10 
fractionation runs.

Peak Deconvoluted 
Mass (Da) Mass Shift (Da) Modification

B2 148455.08 +259.25 2xC-term K

B1 148323.80 +127.97 C-term K

M 148195.83 0.00 G0F/G1F

A1 148359.86 +164.03 Glycation

A2 148361.48 +165.65 Glycation

Sequence Coverage %

Fraction LC HC

B2 84.0 58.9

B1 94.4 92.4

M 95.3 94.0

A1 95.3 92.2

A2 93.9 73.8

Peptide mapping is an indispensable tool for 
characterizing the primary structure of biotherapeutics, 
and the capability of pooling charge variants from 
multiple fractionation runs on MauriceFlexTM makes it 
possible to enrich the charge variants for peptide mapping 
analysis. FIGURE 4 demonstrates the peptide mapping
results from samples pooled from 10 fractionation 
runs. As shown, the sequence coverage is above 90% 
for all variants except for the low abundant B (relative 
abundance 0.9%) and heavy chain (HC) of the A2 peak.
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Conclusion
By using the NIST mAb sample with the icIEF 
fractionation feature on the new MauriceFlexTM system,  
we have demonstrated that:

• High purity fractionation of charge variants can be 
obtained in a single day

• A single fractionation run provides sufficient charge 
variant fractions for intact mass analysis

• With enrichment from pooling fractions from multiple 
runs, charge variants can be analyzed with LC-MS 
peptide mapping
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