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the extremely complex heterogeneity of SARS-CoV-2 recombinant vaccine, single technology platform cannot
achieve thorough and accurate characterization of such difficult proteins so integrating comprehensive tech-
nologies is essential. This study illustrates an innovative workflow employing multiple separation techniques
tandem high-resolution mass spectrometry for comprehensive and in-depth characterization of SARS-CoV-2 re-

combinant vaccine, including ultra-high performance liquid chromatography (UHPLC), ion exchange chroma-
tography (IEX) and imaged capillary isoelectric focusing (icIEF). The integrated methodology focuses on the
importance of cutting-edge icIEF-MS online coupling and icIEF fractionation applied to revealing the hetero-
geneity secret of SARS-CoV-2 recombinant vaccine.

1. Introduction

A novel coronavirus (CoV) identified at the end of 2019 has been
rapidly spread and therefore was declared as a public health emergency
of international concern by the World Health Organization (WHO) on
January 30, 2020 [1-3]. To date, the COVID-19 pandemic has resulted
in a huge of confirmed infections, over several million deaths world-
wide, and big numbers of cases increasing rapidly. Despite having a
fatality rate lower than that recorded for SARS-CoV during the epidemic
in 2003, SARS-CoV-2 is associated with severe respiratory malfunction
and has a high mortality rate among the elderly and in individuals with
chronic health issues, including diabetes and hypertension [4,5].
SARS-CoV has been found to share high levels of genomic similarity
(spike glycoprotein sequence similarity 87.2%) to SARS-CoV-2 [6,7],
providing a basis for the development of a vaccine. Efforts are currently
underway to obtain further information on SARS-CoV-2 and its mech-
anism of rapid transmission to promote the development of effective
control measures. Both the current pandemic and the threat of future
epidemics underline a prerequisite for the development of precautionary
strategies to fight coronaviruses (CoVs). In this context, vaccines
represent an effective measure for the control of widespread viral in-
fections associated with high morbidity and mortality. Research and
development (R&D) organizations and institutes worldwide are
currently using various vaccine platforms in attempts to develop a
treatment against SARS-CoV-2 infection [8]. In the most simplified
terms, a vaccine is a biological preparation that provides active acquired
immunity against a certain disease. Usually, a vaccine consists of a
biological agent that represents the disease-causing microorganism. It is
often made from a weakened or killed form of the microorganism, its
toxins or one of its surface protein antigens [9-11]. An individual that
has been vaccinated produces antibodies against the protein antigen that
protect him/her from contracting the disease upon attack from the
pathogenic microorganism. In addition to live vectored and inactivated
viruses, novel recombinant technologies are being used in the devel-
opment of COVID-19 vaccine [12,13]. A recombinant vaccine is a vac-
cine produced through recombinant DNA technology. This involves
inserting the DNA encoding an antigen (such as a bacterial surface
protein) that stimulates an immune response into bacterial or
mammalian cells, expressing the antigen in these cells and then pur-
ifying it from them. The advantage of recombinant vaccines is their
greater response predictability and improved efficacy [14]. Thus, re-
combinant S-protein mimicking SARS-Cov-2 S protein can be used as an
effective vaccine. SARS-CoV-2 enters human target cells via its viral
transmembrane spike (S) protein. The spike protein is a trimeric class I
fusion protein consisted of two subunits, namely S1 and S2, and the
receptor-binding domain (RBD) is part of subunit S1 [15]. S protein
plays the role of binding and membrane fusion in host cell receptor
through the receptor binding domain (RBD), so a SARS-CoV-2 vaccine
based on RBD of recombinant S-protein may induce the production of
antibodies and virus neutralization efficiently. That’s why the S protein
is considered as a good candidate for vaccine development [16,17].

The development of a successful manufacturing process of recom-
binant vaccines requires their characterization in both upstream and
downstream. Due to the extreme complexity of recombinant vaccines
from the presence of numerous sialic acids, high diversities occur in

terms of isoelectric points and complex glycosylation profiles including
multiple N- and O-linked glycosylation sites. Hence, single analytical
platform cannot achieve accurate characterization of such complex
heterogeneities. Employing a portfolio containing comprehensive tech-
nologies is essential to address numerous properties (i.e., quality at
tributes) for recombinant vaccines as well as for biosimilars with a
special focus on so-called critical quality attributes (CQAs), which affect
product safety and drug efficacy [18,19]. A recent publication reviewed
the analytical strategies of complex protein characterization including
mass spectrometry and chromatography [20]. Ultra-high Performance
Liquid Chromatography (UHPLC),high-resolution tandem mass spec-
trometry (HRMS) and ion exchange chromatography coupled to mass
spectrometry (IEX-MS) has been widely utilized for in-depth charac-
terization of complex protein drugs [21-25]. Capillary electrophoresis
(CE) is an essential electromigration technology for the characterization
of complex proteins [26,29], which has important applications in
characterizing recombinant proteins. Imaged capillary isoelectric
focusing (icIEF) has become an indispensable tool in therapeutic protein
development and manufacturing because of its high analytical
throughput, ease of use, fast method development, and excellent
reproducibility [27,28]. Recently, icIEF-MS has attracted much atten-
tion to utilize for protein charge variant analysis [30-39]. Our recent
study demonstrated a straightforward and sensitive icIEF-MS platform
for charge heterogeneity characterization of nine therapeutic mAbs
[40]. A preparative icIEF workflow was illustrated to fractionate protein
charge variants that were characterized by UHPLC-MS at the levels of
intact and peptide mapping [21,41], which greatly simplified the sample
complexity with more accurate in-depth characterization of protein
heterogeneity.

There are already multiple publications on recombinant SARS-COV-
2 S protein characterization [15,16,42-46]. However, these proteins
were all expressed in human cell lines and the sample used in this study
was Chinese Hamster Ovary (CHO) expressed trimeric RBDs. Different
expression systems and production process conditions will bring het-
erogeneity to recombinant proteins, especially for this protein contain-
ing 657 amino acids and multiple N and O glycosylation sites [15,16,
42-46].

In this study, an MS-based workflow integrating comprehensive
separation techniques was developed for the complex heterogeneity
characterization of CHO cell expressed recombinant trimeric SARS-CoV-
2 RBD vaccine for the first time. UHPLC-MS analysis at the levels of
native intact MS was carried out and UHPLC-MS/MS technology was
utilized for in-depth characterization of SARS-CoV-2 recombinant vac-
cine including peptide mapping and post-translational modification
(PTM) identification. IcIEF and icIEF-MS were utilizing for finger-
printing the subtle heterogeneity of SARS-CoV-2 recombinant vaccine,
and high-resolution carrier ampholytes were used for high-efficiently
separating its extremely complex compositions. Meanwhile, the results
were consistently verified by the PTMs from UHPLC-MS characteriza-
tion. Based on our latest study of the charge variant of therapeutic mAbs
[401, in this study icIEF-MS was further developed for extremely com-
plex protein characterization such as SARS-CoV-2 recombinant vaccine
with high resolution and sensitive detection. To simplify the complexity
of SARS-CoV-2 recombinant vaccine, preparative icIEF recently devel-
oped in our study [21,41], was firstly employed to fractionate the charge
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Fig. 1. MS based workflow integrating comprehensively chromatographic techniques with various separation mechanisms for characterizing recombinant vaccine

heterogeneity.

variants of such a complex vaccine and then IEX-MS was used for
intact-level characterization of collected fractions. During the whole
workflow, different sample preparation approaches were optimized for
the native and denatured MS identification. The established workflow
was comprehensive and innovatively integrated multiple separation
techniques coupled to high resolution MS for extremely complex
SARS-CoV-2 recombinant vaccine. In addition, as new technologies,
icIEF-MS and icIEF-based fractionation further contributed to dissecting
extremely complex protein system with deeper understanding of com-
plex charge heterogeneity.

2. Experimental
2.1. Chemicals and enzymes

All ampholytes (AESlytes) were obtained from Advanced Electro-
phoresis Solutions Ltd (AES, Cambridge, Ontario, Canada). The SARS-
CoV-2 recombinant vaccine studied in this work was produced in the
CHO cell expression system [42,43]. Mass spectrometry grade acetoni-
trile (ACN), formic acid, acetic acid and 1 M Tris-HCl solution were
purchased from Fisher Scientific. Ammonium bicarbonate, 1 M ammo-
nium hydroxide solution, 8 M guanidine hydrochloride solution,
bio-ultra grade DL-Dithiothreitol (DTT) and sodium iodoacetate were
purchased from Sigma-Aldrich. Sequence grade trypsin was purchased
from Promega. PNGaseF and a2-3,6,8 neuraminidase were purchased
from New England Biolabs.

2.2. Parameters for icIEF - MS

For icIEF separation, the CEInfinite icIEF (Advanced Electrophoresis
Solutions Ltd, Cambridge, Canada) was utilized with on-column UV
detection at 280 nm. The sample was desalted and concentrated to ~10
mg/mL in ddH,0 using 3 k ultrafiltration Spin Column (Milipore). Final
protein concentration is 2 mg/mL in ddH,0 with 0.5%HR3-10, 2.5%
HR8.5-9.5 and 1.0%HR9-12 carrier ampholytes (AES). 200 pm ID

acrylamide derivative coated (AD) capillary cartridge with 5 cm sepa-
ration length and micro-tee integrated (AES, cat. No. CP00303 M) were
used for icIEF-MS. For iclEF separation, the focusing was performed
using 1 min at 1000 V, 1 min at 2000 V and 10 min at 3000 V. For icIEF-
MS coupling, 3000 V was applied during mobilisation of focused protein
bands; the mobilisation speed was 80 nL/min with water containing
0.1% (v/v) formic acid, across the separation capillary, and 6 pL/min
make-up solution (water: ACN = 1:1, v/v, containing 0.1% formic acid,
v/v) added through a micro tee. Mobilisation time was 60 min.

As for icIEF fractionation, 320 pm ID AD coated cartridges (AES, cat.
No. CP00307) are used for preparative icIEF with a 5 cm long separation
capillary and 50 pm ID transfer capillary assembled. Final protein con-
centration is 3 mg/mL with 0.5%HR3-10, 2.5%HR8-10.5 and 1.0%HR9-
12 carrier ampholytes (AES). After the focusing phase (1 min at 1000 V,
1 min at 2000 V and 10 min at 3000 V), 3000 V was applied during
mobilisation; the mobilisation speed was 80 nL/min with water con-
taining 0.1% (v/v) formic acid, across the separation capillary, and 1.6
pL/min make-up solution (ddH»0) added through a micro tee. Mobi-
lisation time was 50 min.

A Thermo Q Exactive™ Plus mass spectrometer equipped with Bio-
pharma option, an Ion Max ESI Ion Source and a 34-gauge needle
(Thermo Fisher Scientific, Bremen, Germany) was used for mass mea-
surement. The spray voltage: 3.8 kV, sheath gas: 8 L/min, auxiliary gas
0 L/min, S-lens RF 60, capillary temperature 275 °C, vaporizer tem-
perature 100 °C, resolution 35,000@m/z 200, scan range of precursor
ion 1500-5000 m/z, in source CID value 50 eV and maximum injection
time 200 m.

2.3. Parameters for SCX — MS

For SCX separation, a Thermo Scientific™ Vanquish™ UHPLC sys-
tem was employed with mobile phases composed of relative combina-
tions of A (25 mM ammonium bicarbonate and pH 5.3 adjusted by acetic
acid) and B (10 mM ammonia, pH 10.9). A Thermo Scientific™ MAb-
Pac™ SCX-10 R S column (5 pm, 2.1 x 50mm) was used for the
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Fig. 2. HPLC-MS for in-depth characterization of SARS-CoV-2 recombinant vaccine heterogeneity. (A) EThcD MS2 spectra of peptide VQPTESIVR, with an O-glycan

GalNAc-3SG at T5; (B) EThcD MS2 spectra of peptide FPNITNLCPFGEVFNATR,

with an N-glycan FA2 at N25; (C) EThcD MS2 spectra of peptide FPNITNLCPF-

GEVFNATR, with an N-glycan FA2G2S2 at N25; (D) EThcD MS2 identified O-glycans and abundance% of peptide VQPT (5)ESIVR; (E) EThcD MS2 identified N-
glycans and abundance% of peptide FPN(13)ITNLCPFGEVFN(25)ATR; (F) The comparison between EThcD peptide mapping and released glycans approach. MS PM,
trypsin digested sample followed by LC-MS/MS based peptide EThcD MS2 mapping at Orbitrap Fusion Lumos; HPLC: O-glycans were released and labelled using

commercial kit, followed by UHPLC-FLD-MS.

separation. The gradient elution programs are 0-10min, 40-100%B,
10-18min, 100%B, 18.1-20min, 0%B, 20-20.1min, 0-40%B. Flowing
rate was set at 0.3 mL/min with 30 °C column temperature, 280 nm UV
wavelength and 20 pg sample injection. A Thermo Orbitrap Exploris™
240 Mass Spectrometer equipped with Biopharma option, an Ion Max
ESI Ion Source and a 34-gauge needle (Thermo Fisher Scientific, Bre-
men, Germany) was used for mass measurement. The spray voltage: 3.6
kV, sheath gas: 45 L/min, auxiliary gas 15 L/min, S-lens RF 100,

capillary temperature 250 °C, vaporizer temperature 150 °C, resolution
30,000@m/z 200, scan range of precursor ion 1000-8000 m/z, in source
CID value 75eV and maximum injection time 100 m.

Sample digestion conditions are indicated in Supplementary data 1.
All UHPLC-MS based native intact MS and UHPLC-MS/MS peptide
mapping conditions are indicated in Supplementary data 2. Released N/
O linked glycans and sialic acid labelling and experimental conditions
are indicated in Supplementary data 3.
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Fig. 2. (continued).

Biopharma Finder software (version 5.1) from Thermo Fisher was
used for data analysis. The glycan database used for identifying glycome
and glycoforms is the software built-in version with a CHO host cell-line

type.
3. Results and discussion

Fig. 1 illustrates a MS-based workflow integrating comprehensively
chromatographic techniques with various separation mechanisms for
characterizing recombinant vaccine heterogeneity, by which obtained
results can be compared and cross validated for more comprehensive
and accurate insights into the complexity of recombinant vaccine
heterogeneity.

3.1. HPLC-MS for in-depth characterization of SARS-cov-2 recombinant
vaccine heterogeneity

As discussed in previous section, the studied protein has multiple
potential PTMs, such as N- and O- glycosylation, deamidation and
oxidation [15,16,42-46]. Deamidation is a common degradation of
proteins and it can significantly impact protein structure and function.

At neutral and basic pH, deamidation proceeds via the formation of a
five-membered ring intermediate succinimide [47]. Oxidation is a
common protein modification, mainly occurring on methionine,
cysteine, histidine, and tryptophan residues under the treatment of
t-butyl hydroperoxide (tBHP), hydrogen peroxide, ultraviolet light, and
high-temperature conditions. After the oxidation of these sites, the hy-
drophobicity of the product decreased [47]. Since these PTMs may
induce quality or safety issues of the vaccine [16], they are usually
defined as product quality attributes (PQAs). To ensure the desired
product quality, identification and monitoring of PQAs are essential for
biotherapeutic product development, manufacturing, and quality con-
trol [48]. Therefore, LC-MS based in-depth characterization of this
complex glycoprotein is necessary. First, both reduced and non-reduced
trypsin digested peptide mapping data were acquired at a Thermo Sci-
entific Vanquish UHPLC system tandem with a Thermo Scientific Q
Exactive Plus mass spectrometer. The sequence coverage of reduced
digestion sample is 89.5% since high glycan heterogeneity made it very
hard for the identification using HCD fragmentation. However, PTMs
other than glycosylation, such as deamidation and oxidation can be
identified and relatively quantified. This recombinant protein is con-
sisted of three repeated sequences so each modification appears three
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Fig. 2. (continued).

times in the protein. At W118/337/556, both oxidation (0.42%) and
double oxidation (0.32%) were identified. Four deamidation sites were
identified based on peptide mapping results. For N130/319/568, its
abundance of deamidation is 0.57%. The %deamidation of

N214/433/652 is 1.49%, a little bit higher than 1%. However, 10.74%
deamidation was observed for N163/382/601, while the %deamidation
of N218/437/656 is 66.5%. As described above, these PQAs should be
monitored during the whole life cycle of the biotherapeutic due to their
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Table 1
O-glycan identification and quantification results comparison: peptide mapping
vs. UHPLC-FLD-MS.

Mod %Relative Abundance %Relative Monoisotopic
MS peptide mapping Abundance HPLC- mass (Da)
FLD-MS

GalNAc-3SG  56.06 56.13 656.228

GalNAc-6S- 30.94 24.15 947.323
3SG

None 6.43 - 0

GalNAc 2.09 - 203.079

GalNAc-3G 1.98 - 365.132

GalNAc-6S 1.49 - 494.175

GalNAc-6S- 0.62 - 989.333
3 S G-Ac

GalNAc- 0.23 - 698.238
35G-Ac

GalNAc-6S- 0.14 - 1031.343
3 S G-Ac2

GalNAc- 0.01 - 536.185
6S-Ac

GalNAc- 0.01 - 740.248
35G-Ac2

MS peptide mapping: identified and quantified by EThcD MS2 peptide mapping
at Fusion Lumos.
UHPLC-FLD-MS: released glycans assay at UHPLC-FLD-MS.

potential efforts on product quality, efficacy and safety [48]. In our
study, higher %deamidation of N163/382/601 and N218/437/656
should be noticed since deamidation can affect protein structure and
function [47,48]. The HCD fragmentation-based peptide mapping result
provides important information for the following intact protein analysis,
especially the glycoforms determination. Also, the combination of
reduced and non-reduced trypsin digestion results contribute to identi-
fying three disulfide bonds (C61-C114, C73-C207, C162-C170) with
high confidence MS/MS spectra, which is essential to stabilize right
protein with higher order structure [17].

From previous publications [15,16,42-46], two N-glycosylation and
two potential O-glycosylation sites at RBD region were reported. How-
ever, the samples analyzed in these publications were human cell line
expressed. The trimeric RBDs used here was expressed in CHO cell.
N-glycosylation can affect the immunogenicity, potency,
antibody-dependent cell-mediated cytotoxicity (ADCQ),
complement-dependent cytotoxicity (CDC), serum clearance, and
pharmacokinetics of the biotherapeutics [47]. Therefore, the N-glyco-
sylation must be closely monitored and controlled to ensure product
efficacy and safety. It is well known that the glycoforms can be quite
different in different express cell line, and it is necessary to use multiple
techniques for glycan and glycosylation sites identification in our sam-
ples. A Thermo Fisher Scientific Orbitrap Fusion Lumos mass spec-
trometer was employed for glycan and glycosylation sites identification
at peptide mapping level, using the HCD trigger EThcD MS2 method. It
can provide high quality EThcD MS2 spectra for both glycan type
identification and modification sites determination. Samples treated
with or without PNGaseF followed by denatured trypsin digestion were
used for the characterization of O-linked glycans and N-linked glycans,
respectively. Using this approach, due to sufficient fragmentation MS
information of glycopeptides, sequence coverage of trypsin digested
only sample achieved 97.7% (without PNGaseF treatment) and 99.5%
(with PNGaseF treatment) for O-glycopeptides contained samples. Un-
covered regions are those with continuous K and R that generated short
peptides by trypsin digestion, which are not suitable for MS2 identifi-
cation. However, it can be solved by using other enzymes. Fig. 2A-C
shows ETheD MS2 spectra of three glycopeptides, respectively. Fig. 2D
and E displays UHPLC-MS based N/O-linked glycans identification and
quantification results. ETheD fragmentation can keep the glycans at side
chain while breaking the peptide bonds so the peptide sequence, glycan
type and modification sites can be identified at the same time. One
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O-glycosylation site T5 was identified and it is repeated two more times
(T224 and T443) in the whole sequence. From the peptide mapping
quantification results, it is easy to find out that the most abundant
O-glycan is GalNAc-3SG (+656.228Da, monoisotopic mass) with
56.06% calculated with the use of peak areas of modified/unmodified
peptides (Supplementary data 4). The second is GalNAc-6S-3 S G
(+947.323Da, monoisotopic mass) and relative abundance is 30.94%.
None modified form ranks the third (6.43%). This is unique information
the released glycan approach cannot provide. For other glycoforms, they
are all below 3%. We also compared LC-MS based peptide mapping re-
sults with released N/O-glycans identification and quantification results
by UHPLC-FLD-MS. For O-glycans, it is clearly that HCD trigger EThcD
MS2 peptide mapping at Orbitrap Fusion Lumos can identify and
quantify more glycans than released glycans method, and peptide
mapping method can provide glycosylation sites information which
released glycans method cannot. The comparison results in Fig. 2F and
Table 1 shows high consistency for top glycoforms. For example, relative
abundance of GalNAc-3SG is 56.06% in peptide mapping results and
56.13% in release glycan results. Two N-glycosylation sites were iden-
tified in peptide mapping result, one is N13 (also N232 and N451) and
the other is N25 (also N244 and 463). Therefore, 6 N-glycosylation sites
were identified in total. The most abundant N-glycan is FA2G2S2 at N25
(39.86%) and top 5 N-glycans are all at N25. Except FA2 (third place,
10.44%), others are all highly sialic acid contained type (FA2G2S1,
13.59%; FA2G1S1, 6.69% and FA3G2S2, 5.11%). The top N-glycan at
N13 is FA3G2S1 (4.70%). The N-glycan profile of this sample is quite
different from previous publication [15,16,42-46]. This may be caused
by difference in expressed cell lines, cell passaging, medium selection
and protein purification process, etc. For released N-glycans, it is hard to
quantify because of non-baseline separation at chromatography level
(Supplementary data 4) but the most abundant glycoforms are consis-
tent with the peptide mapping results. Released sialic acids quantifica-
tion was achieved by 1,2-diamino-4,5-methylenedioxybenzene-2HCI
(DMB) dye labelling following UHPLC-FLD. On average, every molecule
carries ~9 Neu5Ac and 0.09 Neu5Gc (Supplementary data 4). As re-
ported [15], O-glycans are involved in protein stability and function.
Some viruses can use host-sialylated structures for binding to their target
host cell [15,16] and that is why it is essential to watch highly sialylated
glycans in this sample. All these detailed N- and O-glycan identification
and relative quantification results provide sufficient information for
product efficacy and safety assessment.

All of these characterization results, especially the glycosylation
parts, contribute to essential information for intact MS data elucidation.

Multiple N/O glycosylation sites and dozens of glycoforms make
intact protein analysis of this glycoprotein quite challenging. Intact MS
was studied at first but the spectra was extremely complex only
providing rather limited information (data not shown). Then glycosi-
dases were utilized to remove glycans to reduce complexity. PNGaseF
was employed to remove N-linked glycans. Fig. 3A and B shows the
native intact MS and deconvoluted spectrum of PNGaseF treated pro-
tein. The components distributed from 75,000Da to 77,000Da show
combination of different O-linked glycans at three O-glycosylation sites
in the sequence. The complexity of deconvoluted spectrum is signifi-
cantly reduced and it helps us to better understand O-glycan distribu-
tions at all three sites at the same time, which can only be observed at
intact level. For components greater than 78,000Da, the N-linked gly-
cans weren’t completely removed. Fig. 3C and D shows native intact MS
and deconvoluted spectra of a2-3,6,8 neuraminidase treated proteins.
Part of sialic acids were removed but due to N-glycosylation, the spec-
trum is still complex. PNGaseF followed by o2-3,6,8 neuraminidase
treatment was used to remove both N-linked glycans and sialic acids.
Fig. 3E and F shows the native intact MS and deconvoluted spectrum of
protein after this treatment, and for the most abundant components,
only O-glycan cores were left. The percentage of O-glycans at intact level
are consistent with peptide mapping and released glycan results (Fig. 3G
and Table 2).
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Fig. 3. Native intact MS identification of glycoforms with glycosidases treated sample. (A) Native intact MS spectrum of PNGaseF treated sample (Resolution =

70,000); (B) deconvoluted spectrum of PNGaseF treated sample. Insert table,

glycoforms of components>20%; (C) Native intact MS spectrum of «2-3,6,8 neur-

aminidase treated sample (Resolution = 70,000); (D) Deconvoluted spectrum of «2-3,6,8 neuraminidase treated sample. Insert table, glycoforms of top 5 components;
(E)Native intact MS spectrum of sample treated with PNGaseF followed by «2-3,6,8 neuraminidase (Resolution = 70,000); (F) Deconvoluted spectrum of sample
treated with PNGaseF followed by «2-3,6,8 neuraminidase; (G) Comparison of O-glycans identification and quantification results using different methods. Intact level

is based on native intact MS results, peptide mapping level is based on EThcD

3.2. icIEF and icIEF-MS for characterization of SARS-cov-2 recombinant
vaccine heterogeneity

Although glycosidase treatment can help to reduce MS spectra
complexity, considering the effect of glycans on protein stability,
bioactivity, and immunogenicity, it is necessary to use multiple
analytical platforms to achieve accurate characterization of such com-
plex heterogeneities. In this study, icIEF- high resolution MS tandem
platform was employed to intact protein analysis.

Protein sample was desalted and prepared for icIEF-MS following
conditions described in Section 2.2. Since the molecular weight, pI and
post-translational modifications of this protein is quite different from
mAbs, we optimized the composition of carrier ampholytes by mixing
three high-resolution carrier ampholytes together. These three different
carrier ampholytes cover different plI ranges respectively, which can
provide better separation of charge variants at icIEF level compares to
using single carrier ampholytes. Also, the parameters of MS, such as scan
range and dissolvent fragmentation energy were optimized for full MS
data acquisition. Fig. 4A and B shows the icIEF- UV and icIEF-MS profile,
respectively. Due to high glycosylation heterogeneity, 18 peaks were

MS2 results and released glycan level is from UHPLC-FLD-MS results.

identified using icIEF platform. Corresponding MS peaks were labelled
in Fig. 4B. The iclEF separation in front of mass spectrometry can
significantly reduce sample heterogeneity and MS spectra were also
simplified. Fig. 4C shows raw MS spectra of peak 1 and peak 2 with the
significant difference observed. Fig. 4D illustrates deconvoluted spectra
mirror plot of these two peaks and it is clear that the molecular distri-
bution is different. From basic peak to acidic peak (P1 to P18), the
molecular weight of detected components and sialic acid% demonstrate
increasing trend. In peak 1 to 4, for most components, 5 of 6 N-glyco-
sylation sites are occupied, the dominant O-glycans are 2xGalNAc-
3SG+1xGalNAc-6S-3 S G, and 3xGalNAc-3SG starts to appear in peak 3.
As for the peak 5 to 8, 5 of 6 N-glycosylation sites are occupied but fully
occupied forms cannot be observed. The dominant O-glycans in peak 5
to 8 are still 2xGalNAc-3SG+1xGalNAc-6S-3 S G but the percentage of
3xGalNAc-3SG grows up when moving to acidic side. As for peak 9 to 18,
all 6 N-glycosylation sites fully occupied by the highly sialic acid, and
the typical and dominant O-glycans are 3xGalNAc-3SG. Top 5 compo-
nents in each peak are shown in Supplementary data 5.

Compared to mADb, the glycosylation heterogeneity of studied protein
is much higher, and one way to reduce analytical difficulty is to remove
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Table 2
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O-glycan identification and quantification results comparison using different methods.

Modification %Relative Abundance MS %Relative Abundance UHPLC-FLD-  O-glycan combination %Relative Abundance Intact Native
PM MS MS
GalNAc-3SG 56.06 56.13 2xGalNAc-3SG, 1xGalNAc-6S-3 S G 39.05
GalNAc-65-3 S G 30.94 24.15 3xGalNAc-3SG 28.52
None 6.43 0 1xGalNAc-3SG, 2xGalNAc-6S-3 S G 19.86
GalNAc 2.09 0 3xGalNAc-6S-3 S G 3.37
GalNAc-3G 1.98 0 2xGalNAc-3G, 1xGalNAc-6S-3 S G 3.32
GalNAc-6S 1.49 0 1xGalNAc-3SG, 1xGalNAc-6S-3 S G 2.59
GalNAc-6S-3 S G-Ac 0.62 0 2xGalNAc-3SG 1.84
GalNAc-3SG-Ac 0.23 0 2xGalNAc-6S-3 S G 0.66
GalNAc-6S-3 S G- 0.14 0 2xGalNAc-3SG, 1xGalNAc-6S-3 S 0.48
Ac2 G,1xGlycation
GalNAc-6S-Ac 0.01 0 2xGalNAc-3SG, 1xGalNAc-6S-3 S 0.17
G,1xGalNAc-6S
GalNAc-3SG-Ac2 0.01 0 2xGalNAc-6S-3 S G,1xGalNAc-6S 0.09
3xGalNAc-3SG,1xGalNAc-6S-3 S G 0.05

MS PM: identified and quantified by EThcD MS2 peptide mapping at Fusion Lumos.

UHPLC-FLD-MS: released glycans assay at UHPLC-FLD-MS.
Intact Native MS: PNGaseF treated sample analyzed using SEC-MS.

glycans. First, the sample was treated by PNGaseF using the established
icIEF-MS workflow. Fig. 4E and F demonstrate the icIEF- UV and icIEF-
MS profiles of PNGaseF treated sample, respectively. Although N-gly-
cans were removed, due to high O-glycosylation heterogeneity, 14 peaks
were identified using icIEF platform. Fig. 4G illustrates raw MS spectra
of peak 5, peak 7 and peak 10 as examples. Fig. 4H is deconvoluted
spectra of these three peaks. Fig. 41 displays O-glycans distribution trend
across all peaks in this PNGaseF treated sample. The N-glycans were not
completely removed from major components in peakl-3. From peak 4 to
10, N-glycans removed components are dominated. In peak 4 and 5,
two/three two/three O-glycosylated species are co-existed. From peak 6,
three O-glycosylation sites are fully occupied. It is worth noting that
multiple deamidation can be detected in sample before/after PNGaseF
treatment. This is consistent with our peptide mapping results in Session
3.1. One benefit of using high-resolution carrier ampholytes is that even
for such a complex sample, the charge variants can be separated based
on their plI value, which makes the following MS data interpretation
much easier. These differences in molecular weight distribution are in
agreement with glycan distribution. Also, more sialic acids can be
observed in acidic peaks than basic peaks.

3.3. icIEF fractionation integrating IEX-MS for SARS-cov-2 recombinant
vaccine heterogeneity

The CE infinite icIEF platform enables fractionation [21,41]. In this
study, all 18 peaks were fractionated into 5 groups based on their pI
values and collected fractions from each group were for offline SCX-MS
characterization. Fig. 5A and B shows icIEF-UV profile of trimeric RBD
and 5 fractions. Differences among fractions can be observed. Fig. 5C
and D are BPC profiles and full MS spectra of 5 fractions, analyzed by
SCX-MS. The MS spectra as illustrated in Fig. S5E shows significant dif-
ference of various fractions collected by preparative icIEF and indicates
the separation effects of icIEF fractionation on simplifying sample
complexity. Fig. S5E demonstrates the deconvolution results of these 5
fractions and corresponding icIEF-MS online peaks are labelled for each
fraction in Fig. 5E. Supplementary data 6 lists top 5 components in each
fraction analyzed by icIEF-MS and SCX-MS, respectively. Identified
peaks from 1 to 4 using icIEF-MS online workflow are missed in the
SCX-MS identification, and a possible explanation is icIEF-MS online has
better sensitivity than SCX-MS due to icIEF sample precontraction and
nano-flow rate mobilisation in icI[EF-MS, which is consistent with our
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study before [40]. The separation mechanism of icIEF and IEX is
different from each other. Although these two methods are both broadly
used in biotherapeutics charge variant analysis, by combining them
together, more complementary information can be collected.

3.4. Prospect of icIEF-MS and icIEF fractionation in complex protein
heterogeneity

IcIEF technology is a regulated method in biopharma development,
quality control and manufacture release in biopharma industry.
Although imaged capillary isoelectric focusing (icIEF) has got wide
recognition for protein heterogeneity, biopharma industry is in an era of
great change in biopharmaceutical analysis with a thirst for new solu-
tions to address big challenges in protein characterization, including
complex protein characterization, new mass spectrometry (MS) tandem
technology and preparation of protein charge variants. However, for a
long term, icIEF-UV has been the single mode and what to frustrate
biopharma industry is how to extend iclEF capability to MS online
coupling and fractionation purpose with more straightforward strategy.
Otherwise, icIEF analysis cannot build an effective bridge with tradi-
tional HPLC-MS and IEX-MS, especially for extremely complex proteins
with complicated PTMs including recombinant vaccine and fusion pro-
tein. In addition, routine carrier ampholytes cannot solve complex
protein sample with satisfactory resolution in icIEF separation. Recently,
four latest review articles highlight and evaluate the important de-
velopments of icIEF technology including high-resolution ampholytes,
MS online and fractionation of protein charge variants in biopharma
industry [49-52]. The reviews introduce the solutions and workflows we
have recently developed in terms of icIEF-MS and fractionation. Espe-
cially, Prof. Karger in his review insights into the perspectives on
capillary electrophoresis in the Trends in Analytical Chemistry by citing
37 latest publications with important influences [51], and highlights
that “Isoelectric focusing, as we have noted, is an important protein
characterization method and is widely used in CE. However, the
coupling of CE and MS has been limited in part because of interference
by the carrier ampholytes. There is a clear need for on-line coupling of
CIEF and MS as isolation of specific CIEF peaks for MS analysis can take
days to complete. There is active work going on direct cIEF-MS coupling
and even MS coupling to imaged CIEF, generally using low levels of
ampholytes. We can anticipate increasing use of cIEF-MS systems.*.
Promisingly, icIEF-MS technology makes the protein heterogeneity
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Fig. 4. IcIEF and icIEF-MS results. (A) IcIEF-UV profile of trimeric RBD; (B) icIEF-MS profile of trimeric RBD; (C) Raw spectra of peakl and peak2; (D) Deconvoluted
spectra mirror plot of peakl and peak2. Insert table, glycoforms of top 5 components in each peak; (E) icIEF-UV profile of PNGaseF treated trimeric RBD; (F) icIEF-MS
profile of PNGaseF treated trimeric RBD; (G) Raw spectra of peak5, peak7 and peak10 from PNGaseF treated trimeric RBD. (H) Deconvoluted spectra of peak5, peak7
and peak10 from PNGaseF treated trimeric RBD; (I) O-glycan distribution trend in icIEF — MS results of PNGaseF treated trimeric RBD.
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characterization = more  “elegant”-  straightforward, sensitive, sensitivity. Achieved results on the multiple approaches were compared

high-throughput and high data consistent. The whole workflows of
icIEF-MS and fractionation still need to be further improved in terms of
higher resolution, higher automation and developing critical reagents
for higher performance icIEF. In this work, we demonstrated an essential
role of high-resolution carrier ampholytes in high-efficient icIEF sepa-
ration of extremely complex protein system with the use of SARS-CoV-2
recombinant vaccine and exhibited an important contribution of
icIEF-MS online to rapidly fingerprinting the complex heterogeneity of
recombinant vaccine. Moreover, icIEF fractionation greatly simplified
the complexity of protein samples, which allowed it to carry out
in-depth and more accurate characterization of collected fractions by
HPLC-MS and IEX-MS. icIEF-MS online and icIEF fractionation can give
fresh vitalities to the heterogeneity characterization of complex protein
samples.

4. Conclusions

Due to extreme complexity of SARS-CoV-2 recombinant vaccine, a
workflow containing comprehensive separation techniques coupled to
high-resolution MS was developed for dissecting its complicated het-
erogeneity. Traditional HPLC-MS and HPLC-MSMS were utilized for
characterization of SARS-CoV-2 recombinant vaccine at the levels of
intact protein analysis and peptide mapping with PTMs identification.
The cutting-edge technologies including icIEF-MS online and icIEF
fractionation integrating IEX-MS were explored to investigate their
applicability in in-depth characterization of complex protein composi-
tions with high-throughput, straightforward methodology and excellent

16

and cross validated. The workflow constructed underlined the
outstanding importance of comprehensive platforms based on MS
technology and the essential contributions from innovative icIEF-MS
and preparative icIEF in the development of SARS-CoV-2 recombinant
vaccine and similar complex protein systems.
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