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a b s t r a c t

Native capillary zone electrophoresis-mass spectrometry (CZE-MS) has attracted attentions for the
characterization of monoclonal antibodies (mAbs) due to the potential of CZE for highly efficient sepa-
rations of mAbs under native conditions as well as its compatibility with native electrospray ionization
(ESI)-MS. However, the low sample loading capacity and limited separation resolution of native CZE for
large proteins and protein complexes (e.g. mAbs) impede the widespread adoption of native CZE-MS.
Here, we present a novel native capillary isoelectric focusing (cIEF)-assisted CZE-MS method for the
characterization of mAbs with much larger sample loading capacity and significantly better separation
resolution than native CZE-MS alone. The native cIEF-assisted CZE-MS employed separation capillaries
with a new carbohydrate-based neutral coating, a commercilized electrokinetically pumped sheathflow
CE-MS interface, and a high-end quadrupole-time-of-flight (Q-TOF) mass spectrometer. Using the
method, we documented the separations of different proteoforms of the SigmaMAb and the detection of
its various glyco-proteoforms and homodimer. The native cIEF-assisted CZE-MS separated the NIST mAb
into three peaks with a submicroliter sample loading volume, corresponding to its different proteoforms.
We observed that both the NIST mAb and its homodimer had eight glyco-proteoforms, four of which had
low abundance. The results demonstrate the potential of our native cIEF-assisted CZE-MS method for
advancing the characterization of large proteins and protein complexes under native conditions.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Monoclonal antibodies (mAbs) have become a dominant class of
therapeutics for the treatment of cancer and autoimmune diseases
because of their specificity and affinity to diverse targets [1,2]. Since
first commercialized in 1985, over 80 therapeutic mAbs have been
approved by FDA [3,4]. However, the complex production process of
mAbs usually introduces various post-translational modifications
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(e.g., glycosylation, oxidation, deamidation, etc.) and structure
changes (e.g., misfolding, denaturation, aggregation, etc.), leading
to heterogeneities in the final products, which affect the potency,
stability and efficacy of the therapeutics [5e7]. Thus, critical quality
attributes of mAbs need to be closely monitored to ensure desired
product quality.

Capillary zone electrophoresis (CZE) has been widely used for
the quality control of mAbs in biopharmaceutical fields due to its
high separation efficiency and straightforward operation [8].
Compared to other electrophoresis techniques, one advantage of
CZE is that it has better compatibility with electrospray ionization-
mass spectrometry (ESI-MS). A large number of reports illustrate
CZE-ESI-MS for the characterization of mAbs from peptidemapping
to intact protein analysis [9e19]. Although the peptide-level
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analysis can reveal detailed information on primary structure and
PTMs of mAbs, intact mAb analysis better defines accurate mass
and heterogeneity of mAb proteoforms. Han et al. performed an
intact mass analysis of reduced and deglycosylated IgG1 by CZE-
ESI-MS implemented by an electrokinetically pumped sheath-
flow nanospray interface [16]. Redman et al. developed a micro-
fluidic CZE-ESI device with online MS detection for separation and
characterization of charge variants of intact Infliximab [14]. We
note thatmost of the intact mAb analyses by CZE-MS are performed
under denaturing conditions, which most likely lead to the infor-
mation loss of mAb’s structure changes.

Recently, native CZE-ESI-MS has emerged as a promising tech-
nology for the characterization of mAb variants and aggregates as
well as complex proteomes under native conditions [20,21]. The
Ivanov group published the pioneering works on the analysis of
mAbs by native CZE-MS, revealing major proteoforms due to gly-
cosylations as well as low-abundance truncated species and mAb
aggregates [22,23]. A sheathless CZE-MS interface [24], a linear
polyacrylamide (LPA)-coated capillary, and an Orbitrap EMR mass
spectrometer [25] were employed in the study. Le-Minh et al.
investigated the conformational changes of Infliximab under
stressed conditions using native CZE-MS [26]. A co-axial sheath
liquid interface [27], a separation capillary with cationic coatings,
and a Q-TOF mass spectrometer were utilized. Some challenges still
exsit in native CZE-MS for the characterization of mAbs. First, the
CZE separation of different mAb variants or conformations under
native conditions needs to be improved. Second, the sample
loading capacity of CZE is low under native conditions, which im-
pedes the detection of low-abundance proteoforms of mAbs. Our
group has demonstrated the capability of dynamic pH junction
sample stacking method [28] for substantially boosting the sample
loading capacity of CZE for large-scale top-down proteomics under
denaturing conditions [29]. However, the dynamic pH junction
method is hard to deploy for native CZE due to the fact that it
employs the drastic difference in pH between sample buffer and
background electrolyte (BGE) (i.e., pH 8e11 vs. 3). Alternative
sample stacking methods are required for native CZE-MS.

In this work, we present the successful coupling of CZE with a
high-end Q-TOF mass spectrometer using the electrokinetically
pumped sheath-flow CE-MS interface [30,31] for the characteriza-
tion of mAbs under native conditions. We first optimized the Q-TOF
instrument parameters and CZE separation conditions, together
with employing a new capillary coating to fulfill the maximum
signal and mass resolution for native mAb detection. An online
sample stacking method based on capillary isoelectric focusing
(cIEF) in a narrow pH range was developed to expand the loading
capacity as well as improve the CZE separation in the native con-
dition for the first time.
2. Material and methods

2.1. Materials and reagents

The SILu Lite SigmaMAb universal antibody standard human
(MSQC4), Pharmalyte 3e10, ammonium persulfate, ammonium
acetate, ammonium formate and ammonium bicarbonate were
purchased fromMillipore Sigma Inc. (St Louis, MO, USA). Micro Bio-
Spin™ P-6 gel columns were purchased from Bio-Rad Laboratories
(Hercules, CA, USA). Hydrofluoric acid (HF) and acrylamide were
purchased from Acros Organics (NJ, USA). The fused silica capillary
(50 mm i.d., 360 mm o.d.) was purchased from Polymicro Technol-
ogies (Phoenix, AZ).
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2.2. Antibody purification

SigmaMAb lyophilized powder was dissolved in water (10 mg/
mL). NISTmAb was received in solution (10 mg/mL). Antibody
samples were purified and buffer exchanged with 10 mM ammo-
nium acetate (pH 6.8) by Bio-Spin™ P-6 gel columns according to
the instruction. Briefly, after the removal of remaining buffer in the
column, the column was washed with 500 mL 10 mM ammonium
acetate for four times. Then 20 mL of the stock sample was loaded in
the column, and the protein sample was collected in the flow-
through solution after centrifugation. The samples were diluted
to desired concentrations for native CZE-MS analysis.

2.3. Preparation of separation capillaries

Two 70-cm-long capillaries (50 mm i.d., 360 mmo.d.) coatedwith
a new linear carbohydrate polymer (LCP) coating from a synthe-
sized sugarmonomer (for details about themonomer synthesis and
characterizations, see Scheme S1 and Figs. S1 and S2 in the Sup-
porting Information) and a linear polyacrylamide (LPA) coating
from a commercially available acrylamidemonomer (Fig. S3A)were
used for CZE separation. The newly designed sugar monomer
(Fig. S3B) was used to form the LCP coating. The LPA coating was
prepared on the inner wall of the capillary based on the literature
[30,31]. The new coating procedure is similar to the LPA coating.
Briefly, a bare fused silica capillary was successively flushed with
1 M hydrochloric acid, water, 1 M sodium hydroxide, water, and
methanol, followed by treatment with 3-(trimethoxysilyl) propyl
methacrylate to introduce carbon-carbon double bonds on the in-
ner wall of the capillary. Then the pretreated capillary was filled
with degassed sugar monomer (3-O-acryloyl-a/b-D-glucopyranose)
solution (0.5 mg/mL) containing ammonium persulfate, followed
by incubation at 35 �C water bath for 25e30 min with both ends
sealed by silica rubber. After that, the capillary was flushed with
water to remove the unreacted reagents. Both capillaries were
etched with HF to reduce the outer diameter of one ends of the
capillaries to ~70 mm [32].

2.4. Native CZE-ESI-MS analysis

A 7100 CE System from Agilent Technologies (Santa Clara, CA)
was used for automated operation of CZE. The commercialized
electrokinetically pumped sheath-flow nanospray interface
(EMASS-II CE-MS Ion Source, CMP Scientific, Brooklyn, NY) [33,34]
was used to couple CZE to a 6545XT AdvanceBio LC/Q-TOF mass
spectrometer (Agilent Technologies, Santa Clara, CA). The ESI
emitters of the CE-MS interface were pulled from borosilicate glass
capillaries (1.0 mm o.d., 0.75 mm i.d., 10 cm length) with a Sutter P-
1000 flaming/brown micropipet puller. The opening size of the ESI
emitters was 30e40 mm. Voltage for ESI ranged from þ2.2
to þ2.5 kV.

High voltage (þ30 kV) and 50 mbar assisting pressure were
applied for CZE separation unless specified. Samples were injected
into the capillary by applying 100e950 mbar air pressure and the
injection volume was calculated based on Poiseuille’s law. The
background electrolyte (BGE) was 25 mM ammonium acetate (pH
6.8), and the sheath liquid (SL) was 10 mM ammonium acetate (pH
6.8) for CZE separation unless specified otherwise. For cIEF, Sig-
maMAb was dissolved in 10 mM ammonium acetate (pH 6.8) with
0.25% Pharmalyte 3e10. Before sample injection, 160 nL (50 mM)
ammonium acetate (AA, pH 9.0) was injected as the catholyte. After
sample injection, 12 nL BGE was injected to make sure the sample
would not move back into the stock BGE solution. At the beginning
of the separation, the sample was first focused without assisting
pressure for 5e20 min depending on the injection volume. Then



Fig. 1. Mass spectra of the SigmaMAb through direct infusion MS with the CZE system
and the nanospray sheathflow CE interface. (A) Skimmer and (B) Collision energy were
investigated.
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assisting pressure of 50 mbar was applied to the sample injection
end of the separation capillary.

6545XT AdvanceBio LC/Q-TOF mass spectrometers (Agilent
Technologies, Santa Clara, CA) with and without an electro-
magnetostatic ExD cell (e-MSion, Corvallis, OR) were used for the
experiments. The instrument without the ExD cell was used for
optimizations of MS parameters, CZE background electrolytes
(BGEs) and sheath liquid (SL). The instrument with the ExD cell was
used for other experiments. The ExD cell was set for positive
transmissionwithout ECD fragmentation (ECD off). Collision energy
of 10 V was required for the maximum transmission efficiency of
mAbs in the systemwith the ExD cell. A regular ESI spray shield and
a nanoESI spray shield were used in the experiments. The gas
temperature and flow rate of nitrogen drying gas was 365 �C and
1 L/min. The voltage applied on the ion transfer capillary was 0 V.
The mass range option was set as High (10,000 m/z). The slicer
mode was High Resolution. The mass range of detection was
3000e10000 m/z, and the scan rate was 0.25 spectrum/sec. Frag-
mentor voltage, skimmer voltage and collision energy were set as
specified.

2.5. Data analysis

Native CZE-ESI-MS runs were analyzed with Agilent Mass-
Hunter Qualitative Navigator B.08.00. Mass spectra were averaged
across the electropherographic peaks. Average charge state (Zavg) of
the mAb was calculated based on the equation [35]:

Zavg ¼
Pn

i qiIiPn
i Ii

where q is the net charge of the given charge state, I is the intensity
of the given charge state.

Deconvolution was performed using Agilent MassHunter Bio-
Confirm 10.0 using Maximum Entropy algorithm. The mass step
was 0.05 Da. Other parameters for deconvolution were set as
default.

3. Results and discussion

3.1. Optimizations of mass spectrometric parameters

Different from the detection of denaturing proteins, native MS
requires mild MS parameters to prevent protein complex dissoci-
ation, denaturation and fragmentation in the system. To achieve
high-quality spectra as well as maintain the native condition of
native mAbs, we investigated three MS parameters (fragmentor
voltage, skimmer voltage, collision energy) of the Q-TOF instru-
ment through direct infusion MS of SigmaMAb (3 mg/mL in 10 mM
NH4Ac, pH 6.8) with CZE system.

Fragmentor voltage is designed to promote ion transmission and
perform in-source fragmentation. For large molecules like mAbs,
the high fragmentor voltage could improve transmission and
sensitivity. Moreover, high salt concentration is usually used for
native conditions and caused salt adduction on proteins. The high
fragmentor voltage could help decluster salts and water molecules
complexing with the proteins. Therefore, we chose the fragmentor
voltage of 380 V for the later experiments, which was the largest
value we could set for the instrument.

Skimmer voltage and collision energy also had significant im-
pacts on the mass resolution and signal intensity of the mAb.
Skimmer is used to sample the analytes into the high vacuum
compartment. It can also focalize the ions and reduce ion beam
broadening. When the skimmer voltage was raised from 65 to
300 V, we observed a three-fold improvement in mass resolution
3

and a ten-fold increase in mAb intensity, Fig. 1A. The higher
skimmer energy could add more internal energy on the analytes
and further remove the salt and solvent adducts on the mAbs. As a
result, the heterogeneity of the mAb was reduced and higher mass
resolution and signal intensity were achieved.

Applying collision voltage is also commonly used to help
remove salt and neutral adducts from proteins during native MS
experiments. We investigated five different collision energy volt-
ages (0 Ve40 V) in the CID cell. As we increased the collision
voltage, the intensity of both monomer and homodimer of Sig-
maMAb decreased, Fig. 1B. One possible reason is that we already
applied enough energy on the proteins for declustering, and the
high collision energy could cause fragmentation of the proteins and
lead to the reduction of protein intensity. Therefore, collision en-
ergy was not necessary for native MS of the SigmaMAb. We used
10 V for later experiments because we have an ExD cell in our in-
strument and we needed the addition of collision energy to increase
the transmission efficiency.

Another setting that affects the acquired spectra is the spray
shield on the inlet of the Q-TOF mass spectrometer. We tested two
kinds of the spray shield: a regular ESI spray shield and a nanoESI
spray shield. With the regular ESI spray shield that has a larger
orifice, more ions could be transmitted into the instrument and
higher signal intensity was obtained. With nanoESI spray shield
that has a smaller orifice and allows fewer ions to pass into the
instrument, the signal intensity dropped about 10 times. However,
the mass resolutionwas greatly improved and the peak broadening
effect was reduced. As a result, we were able to see clear signals of



X. Shen, Z. Liang, T. Xu et al. International Journal of Mass Spectrometry 462 (2021) 116541
mAb proteoforms due to glycosylations in the spectra with the
nanoESI spray shield.
3.2. Optimizations of the CZE conditions for mAb

Volatile salt solutions around neutral pH are usually used to
preserve the higher order structure of proteins in native liquid-
phase separations. We first investigated two kinds of salt, ammo-
nium acetate (AA) and ammonium formate (AF), for BGE and SL in
native CZE-ESI-MS. An LPA-coated capillary was used for CZE sep-
aration and SigmaMAb (3 mg/mL) was still used as a standard to
test the system. For each CZE run, 60 nL mAb sample was injected.
Here, we used the regular ESI spray shield. Both BGE and SL were
prepared with 10 mM concentration of the salt buffers. AA and AF
presented almost identical separation profiles, Fig. 2A and B, but AA
had slightly better separation performance in the labeled part
where two minor peaks were separated. The mass spectra of the
major peaks in both electropherograms have a charge state distri-
bution from 21þ to 28þ in the range of 5000e7200 m/z, Fig. 2D.
Besides the monomer, we also observed the homodimer of Sig-
maMAb with a charge state distribution of 32þ to 39þ, demon-
strating two salt conditions were gentle enough to preserve the
noncovalent interaction. However, when comparing these two
spectra, AA presented higher intensity for both monomer and
homodimer of the SigmaMAb. We further calculated the average
charge state of the mAb in two conditions. The mAb in AA has a
marginally lower average charge state than that in AF (24.4 vs.
24.5). The result indicates that mAb in AF might be a little more
denatured, which is consistent with previous reports that AF has a
destabilizing effect and can cause structure unfolding of proteins
[35,36].

We also tested 50 mM AA for BGE and SL and the electrophe-
rogram is shown in Fig. 2C. The CZE separation in 50 mM AA has a
similar separation profile, but longer migration time and wider
peak width compared to that in 10 mM AA, probably due to the
Fig. 2. Investigation of native CZE separation conditions for the SigmaMAb. (AeC) Base pea
50 mM AA as the BGE and SL. The peaks labeled with black boxes in the electropherogram
10 mM AF and (E) 10 mM AA vs. 50 mM AA are overlapped for comparisons. The insets ar
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increased viscosity of BGE as the salt concentration increased. From
the mass spectra, we observed the reduction of mAb monomer
intensity as well as the mass resolution with increased concentra-
tion of AA, Fig. 2E, which could be explained by the higher salt
concentration interfered with the ionization and caused ion sup-
pression. Nonetheless, it should be noted that the intensity of mAb
dimer is higher in 50 mM AA, Fig. 2E. Also, the average charge state
of mAb in 50 mM AA is lower than that in 10 mM AA (23.8 vs. 24.4),
because the higher salt concentration could better maintain protein
higher order structure. After an overall consideration of signal in-
tensity and native conformation, we finally decided to use 10 mM
AA as SL and 25 mMAA as BGE for the following native CZE-ESI-MS
experiments.

The assisting pressure used in CZE separation was also studied.
In native condition, the mAb is folded and carries much fewer
charges compared to that in denaturing conditions. Consequently,
the electrophoretic mobility of the mAb in native CZE is lower than
regular CZE, and its migration time can be very long. We applied
assisting pressure in native CZE separation of the mAb to shorten
the migration time and increase the throughput of experiments.
Fig. S4 shows the electropherograms of SigmaMAbwith 0e50mbar
assisting pressure during the native CZE separation. The injection
amount is 60 nL. One thing we need to additionally indicate is that
from here we changed the regular ESI spray shield to a nanoESI
spray shield. Thus, the peak intensity was decreased significantly
compared to the experiments above. As the assisting pressure
decreased, the migration time of the mAb turned longer. At the
same time, the peak width became wider and peak shape became
worse. When applying 50 mbar assisting pressure, two peaks were
observed in the electropherogram. However, only one peak was
observedwith lower assisting pressure.When no assisting pressure
was applied, we could not even find the mAb signal. The longer
migration time gave the analytes more chance to diffuse during the
separation and eventually led to the peak broadening. Considering
both the throughput and separation performance, assisting
k electropherograms of native CZE-MS for SigmaMab with 10 mM AA, 10 mM AF and
s represent the same mAb species. The spectra of the main peak in (D) 10 mM AA vs.
e the zoom-in spectra of 7500e9500 m/z range. A LPA-coated capillary was used.



X. Shen, Z. Liang, T. Xu et al. International Journal of Mass Spectrometry 462 (2021) 116541
pressure of 50 mbar was used for the following experiments.
Capillary coating is another key factor in CZE separation. The LPA

coating has been widely used in both peptide and intact protein
analysis to eliminate electroosmotic flow in the capillary and
improve CZE separation performance. However, we noticed from
the data above that the LPA-coated capillary still had protein
adsorption on the inner wall as evidenced by wide peaks of the
mAb. It has been demonstrated that the polymers having the ni-
trogen element lead to significant protein adsorption [37] and
carbohydrates-based polymers have excellent resistance to protein
non-specific adsorption [38,39]. Recently, we developed a new
linear carbohydrate polymer (LCP)-based neutral coating, which is
based on a glucose monomer (for details, see ESI) and applied this
new coating for mAb studies. With the same MS settings and CZE
conditions, the new carbohydrate coating showed a 6-fold incre-
ment in mAb intensity, Fig. 3. The result suggests that the new LCP
coating produces less interaction with the mAb during separation,
boosting the sensitivity of native CZE-MS for the mAb significantly.
We employed capillaries with the LCP coating for the rest of the
experiments.

3.3. Evaluating native capillary isoelectric focusing (cIEF)-assisted
CZE-MS for mAbs

One drawback of CZE is the low sample loading capacity. Less
than 1% of the total capillary volume is typically filled with the
sample to obtain high separation efficiency, which limits the
detection of low-abundance species in the sample. Using online
sample stacking methods could help solve this problem. In addi-
tion, it could reduce peak width and lead to higher separation
resolution. Many sample stacking methods have been evaluated for
denaturing CZE-MS characterization of proteins, e.g., dynamic pH
junction and field-amplified sample stacking (FASS) [29]. However,
it is difficult to apply them in native conditions efficiently. An
efficient sample stacking method under native conditions is ur-
gently needed for native CZE-MS.

Herewe investigated the possibility of employing cIEF for online
sample concentration in native CZE-MS. cIEF separates analytes
based on their isoelectric points (pIs). Although cIEF is mostly used
for protein and peptide separation under denaturing conditions,
several studies proved its feasibility for protein complex separation
under native environments without destroying the native confor-
mation and noncovalent interactions [40e44]. Its feature of
Fig. 3. Base peak electropherograms of native CZE-MS for SigmaMAb with the LCP
coated-capillary (blue) and the LPA coated-capillary (orange). Same MS settings and
CZE conditions were applied for both CZE runs.
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focusing and ability of operation in native conditions provide us the
possibility to utilize cIEF in a narrow pH range (i.e., pH 6e9) as a
sample stacking method in the native CZE separation. First, a short
plug of 50 mM AA (pH 9.0, about 160 nL) was injected as the
catholyte for cIEF. Then, we injected a 30-nL SigmaMAb sample
(3 mg/mL) dissolving in 0.25% Pharmalyte and 10 mM AA into the
capillary. After that, 12-nL BGE (25 mM ammonium acetate, pH 6.8)
was injected. After a high voltage was applied across the capillary,
the SigmaMAb was first focused by native cIEF in the sample plug.
After the focusing was completed, the mAb was further separated
by native CZE. The native cIEF stacking had an obvious contribution
to the CZE separation, Fig. 4A. Four major peaks of SigmaMAb were
separated, which was not observed by regular native CZE separa-
tions in Fig. 2.

We increased the sample concentration for higher intensity as
shown in Fig. 4B and C. The electropherograms of the three con-
centrations are reproducible in terms of migration time and sepa-
ration profile. The highest intensity was achieved with 6-mg/mL
SigmaMAb. The higher protein concentration (12 mg/mL) did not
further improve the signal intensity but widened the peak instead,
which indicated that the system was saturated. We observed four
major peaks of SigmaMAb with the 6 mg/mL sample (Fig. 4DeG).
The mass spectra show charge state distributions (CSDs) of mAb
monomer from 20þ to 28þ and homodimer from 32þ to 39þ. The
zoom-in mass spectrum of the 23þ charge state from Fig. 4E is
shown in Fig. S5A. The proteoforms due to different glycosylations
could be resolved in the spectrum. The deconvoluted mass spec-
trum of Fig. 4E shows five known glycosylated proteoforms of
SigmaMAb (Fig. S5B, Table S1), which were not achieved in the
previous work with native CZE separation and Q-TOF instrument
[26]. Interestingly, the four major peaks of SigmaMAb have minor
differences in mass after deconvolution (within 300 Da, ~0.2% of
the mAb mass) but are significantly different in CSD. As shown in
Fig. 4DeG, ions in peaks 1 and 2 carried significantly fewer charges
than peaks 3 and 4 (e.g., þ23 in peak 2 vs. þ26 in peak 4). We need
to note that the mass resolution in Fig. 4D, F, and G is much lower
than that in Fig. 4E evidenced by much wider peaks, which
certainly contributed to the mass differences across the four peaks
to some extent. Considering the situations, we speculated that the
four peaks could correspond to different groups of proteoforms of
SigmaMAb due to variations in the protein sequence, PTM, or
conformation.

We further tested different sample injection volumes using the
native cIEF-assisted CZE-MS for the mAb. With the help of cIEF
sample stacking, we were able to inject a large sample volume
without losing separation resolution significantly. The concentra-
tion of Pharmalyte was decreased from 0.25% to 0.1% to reduce the
interference of ampholytes to themass spectrometer. Four different
sample injection volumes from 30 nL to 800 nL were evaluated in
two aspects: peak intensity and peak width, Fig. S6. The SigmaMAb
sample we used was 3 mg/mL. When the injection volume
increased from 30 nL to 200 nL, the peak intensity was boosted
about 6.5-folds and the peak width was doubled. When we
increased the injection volume from 200 nL to 800 nL, the peak
intensity was increased slightly, but the peak width was increased
by nearly 100%. Although we adopted cIEF to stack the sample in
the capillary, the stacking ability of cIEF was limited in native
conditions. When too much mAb sample was injected, it would
cause peak broadening and even protein precipitation in the
capillary, and finally could not provide the expected increment of
intensity. Furthermore, excess injection volume also resulted in
excess ampholytes in the capillary, which interfered with the
ionization of the mAb, enlarged the background noise and
decreased the S/N ratio. Therefore, we selected 200 nL as the in-
jection volume for later experiments.



Fig. 4. (AeC) Base peak electropherograms of native cIEF-assisted CZE-MS for 3, 6 and 12 mg/mL SigmaMAb; (DeG) Averaged mass spectra of the four major peaks separated in (B).
Herein the LCP-coated capillary was used.
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3.4. Native cIEF-assisted CZE-MS for the NISTmAb

We further applied the native cIEF-assisted CZE-MS in the
characterization of another recombinant humanized monoclonal
IgG1 antibody, NISTmAb. The NISTmAb was dissolved in a buffer
containing 0.1% Pharmalyte and 10 mM AAwith a concentration of
1 mg/mL. Because NISTmAb has an isoelectric point as 9.18, we
increased the catholyte pH to 9.5 to ensure the mAb could be
focused by cIEF. For each run, 200 nL sample was injected into the
capillary. Fig. 5A shows the separation of the NIST mAb with three
peaks. The main peak (peak 2) reveals the presence of both
monomer and homodimer of the mAb, Fig. 5B. Zoom-in mass
spectra of the monomer at 24þ and dimer at 38þ are shown in
Fig. 5C and D. The deconvolution of the monomer signal, Fig. 5E,
identified four major and four minor biantennary glyco-
proteoforms of the NISTmAb. The minor species included G2F/
G2F, the addition of one hexose and the loss of N-acetylglucos-
amine (GlcNAc). These glyco-proteoforms have been previously
reported for the NISTmAb [45]. The peaks of major glyco-
proteoforms in the spectrum had fronting shapes, which were
caused by the C-terminal lysine variants that could not be resolved
due to the limited mass resolution. We also observed eight corre-
sponding glyco-proteoforms of the homodimeric NIST mAb, Fig. 5D
and F. The assignments of all proteoforms for monomer and
homodimers are listed in Table 1. The mass spectra and deconvo-
luted spectra of peak 1 and peak 3 are shown in Fig. S7. Both
monomer and dimer signals were detected in the averaged spec-
trum across peak 1, Fig. S7A.We could not get a clear deconvolution
6

result for glyco-proteoforms from the spectrum due to the low
intensity, Fig. S7C. However, it is clear that the deconvolution mass
of the mAb proteoform in peak 1 is roughly 1500 Da smaller than
that in the major peak 2. The mass shift is close to the mass of one
glycan, thus, peak 1 probably represents the hemi-glycosylated
mAb. The mass spectrum of peak 3 (Fig. S7B) shows a shift of CSD
of monomer to lower charge states compared to the major pro-
teoforms of the NISTmAb, and the dimer is not observed. Several
major glyco-proteoforms can be identified by deconvolution,
Fig. S7D. The most abundant charge state (23þ) in peak 3 is one less
than that in peak 2 (24þ). One possible explanation is the deami-
dation of the mAb, which is previously reported as a common post-
translational modification for NISTmAb [46]. Unfortunately, we
cannot accurately distinguish this 1-Da mass difference in our
experimental condition. Nonetheless, the cIEF-assisted CZE shows
great potential for separation of different variants of mAbs in native
conditions with large sample loading capacity.
4. Conclusions

We developed a novel cIEF-assisted CZE-MS platform for the
analysis of mAbs under native conditions with large sample loading
capacity. The optimizations of the Q-TOF parameters and CZE
conditions provide a reference guide to the community for the
characterization of native mAbs with a Q-TOF mass spectrometer
and CZE separation. With the new capillary coating and the online
cIEF sample stacking, this platform achieved high-quality charac-
terization of glyco-proteoforms, variants and aggregates of two



Fig. 5. (A) Base peak electropherogram of native cIEF-assisted CZE-MS for the NISTmAb. (B) Mass spectrum averaged across the peak 2 in (A). (C, D) Zoom-in mass spectra of þ24
and þ 38 charge states and (E, F) Deconvolution of NISTmAb proteoforms in the main peak (peak 2). Herein the LCP-coated capillary was used.

Table 1
Theoretical and observed masses of the glyco-proteoforms of NISTmAb monomer and homodimer detected in the main peak (peak 2) with the native cIEF-assisted CZE-MS.

Structure Glyco-proteoform Theoretical Mass (Da)a Observed Mass (Da) Mass Error (Da) Mass Error (ppm)

Monomer G0F/G0F e GlcNAc 147834.0 147835.7 1.7 11.5
G0F/G1F e GlcNAc 147996.1 147992.3 3.8 25.7
G0F/G0F 148037.2 148031.5 5.7 38.5
G0F/G1F 148199.3 148194.3 5.0 33.7
G1F/G1F 148361.4 148356.2 5.2 35.1
G1F/G2F 148523.6 148516.0 7.6 51.2
G2F/G2F 148685.7 148680.4 5.3 35.6
G2F/G2F þ Hex 148847.7 148844.6 3.1 20.8

Homodimer 2 � G0F/G0F e GlcNAc 295668.0 295666.8 1.2 4.1
2 � G0F/G1F e GlcNAc 295992.2 295994.7 2.5 8.4
2 � G0F/G0F 296074.4 296064.1 10.3 34.8
2 � G0F/G1F 296398.6 296389.3 9.3 31.4
2 � G1F/G1F 296722.8 296711.8 11.0 37.1
2 � G1F/G2F 297047.2 297038.1 9.1 30.6
2 � G2F/G2F 297371.4 297362.2 9.2 31
2 � G2F/G2F þ Hex 297695.4 297687.1 8.3 28

a The theoretical masses are from reference 45.
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mAbs. Using cIEF in a narrow pH range for sample stacking is the
first attempt and a proof of concept to preconcentrate the analytes
and increase the loading capacity in native CZE conditions. We
expect our novel platform could be a useful analytical tool for the
characterization of various mAbs and large protein complexes.

Although we used Pharmalyte 3e10 in the experiments, we
believe the ampholytes in a narrow pI range (e.g., 6e9) would
7

improve the stacking performance in the native conditions further
and will be investigated in future studies. Another direction of
improvement is to integrate gas-phase fragmentation in the plat-
form (i.e. electron capture dissociation), which could offer more
precise information of PTMs on mAbs and help us to understand
the formation of different variants and aggregates during produc-
tion processes. We also need to note that the separation
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performance of our native CZE-MS system for mAb charge variants
needs to be boosted further via investigating different additives to
the separation buffer of CZE and evaluating different sugar mono-
mers for the LCP coatings.
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