Analytical and Bioanalytical Chemistry (2022) 414:1745-1757
https://doi.org/10.1007/500216-021-03814-6

PAPER IN FOREFRONT q

Check for
updates

Characterisation of a new online nanoLC-CZE-MS platform
and application for the glycosylation profiling of alpha-1-acid
glycoprotein

Alexander Stolz"2 - Christian Neusii3'

Received: 1 October 2021 / Revised: 19 November 2021 / Accepted: 30 November 2021 / Published online: 9 December 2021
© The Author(s) 2021

Abstract

The ever-increasing complexity of biological samples to be analysed by mass spectrometry has led to the necessity of sophis-
ticated separation techniques, including multidimensional separation. Despite a high degree of orthogonality, the coupling
of liquid chromatography (LC) and capillary zone electrophoresis (CZE) has not gained notable attention in research. Here,
we present a heart-cut nanoLC-CZE-ESI-MS platform to analyse intact proteins. NanoLC and CZE-MS are coupled using
a four-port valve with an internal nanoliter loop. NanoLC and CZE-MS conditions were optimised independently to find
ideal conditions for the combined setup. The valve setup enables an ideal transfer efficiency between the dimensions while
maintaining good separation conditions in both dimensions. Due to the higher loadability, the nanoLC-CZE-MS setup exhibits
a 280-fold increased concentration sensitivity compared to CZE-MS. The platform was used to characterise intact human
alpha-1-acid glycoprotein (AGP), an extremely heterogeneous N-glycosylated protein. With the nanoLC-CZE-MS approach,
368 glycoforms can be assigned at a concentration of 50 pg/mL as opposed to the assignment of only 186 glycoforms from
1 mg/mL by CZE-MS. Additionally, we demonstrate that glycosylation profiling is accessible for dried blood spot analysis
(25 pg/mL AGP spiked), indicating the general applicability of our setup to biological matrices. The combination of high
sensitivity and orthogonal selectivity in both dimensions makes the here-presented nanoLC-CZE-MS approach capable of
detailed characterisation of intact proteins and their proteoforms from complex biological samples and in physiologically
relevant concentrations.

Keywords Capillary zone electrophoresis - Glycoprotein - Heart-cut - Intact protein analysis - Orosomucoid - Two-
dimensional separation

Introduction

Mass spectrometry (MS) has developed into an indispensa-
ble tool in various fields, including the analysis of biological
and pharmaceutical proteins [1, 2]. MS offers high sensitiv-
ity and the possibility of compound identification, and in the
field of proteomics, it allows sequencing and characterisa-
tion of peptides and intact proteins. To fully exploit the capa-
bilities of MS, front-end separation is essential to reduce ion
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suppression, resolve compounds with identical or similar
masses and boost sensitivity. Although major advances have
been made to improve the separation of peptides and intact
proteins by liquid chromatography (LC) and capillary zone
electrophoresis (CZE), respectively, one-dimensional sepa-
ration is often insufficient to adequately characterise com-
plex samples [3, 4].

To increase separation capabilities, multidimensional
separation platforms, primarily two-dimensional (2D), are
increasingly applied in proteomics [5] and biopharmaceu-
tical analysis [6]. 2D separations can either be performed
offline or online. In offline techniques, a defined number of
fractions are collected from the first dimension ('D) and are
successively subjected to the second-dimension (°D) sepa-
ration. This approach is technically easy to apply, sample
treatment can be performed between the two separations and
there are virtually no restrictions in the separation techniques
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to be coupled. However, automation is challenging, total
analysis time tends to be long and significant sample loss
occurs during the transfer from the 'D to the *D. Online 2D
separations, in which the 'D fraction is directly transferred to
the ?D, can broadly be classified as either comprehensive or
heart-cut techniques [7]. In comprehensive mode, the efflu-
ent from the 'D is completely sequentially transferred to the
2D. Moreover, the transfer frequency is high, allowing the
transfer of multiple fractions per 'D peak, thereby retaining
the separation of the 'D [8]. The comprehensive mode aims
to maximise peak capacity to characterise complex mixtures.
In the (multiple) heart-cut mode, only one or several frac-
tions are transferred from the 'D to the 2D. Here, the main
objective is to enable separation of selected analytes that are
not resolved in the 'D. The limitation to the transfer of one
or a few fractions allows independent selection and optimi-
sation of separation conditions in both dimensions.

Due to the fundamentally different separation mecha-
nisms, hence high orthogonality, the coupling of LC and
CZE has been proposed as promising for a long time [9].
Despite the theoretical benefits of such an approach, the
number of publications of LC-CZE couplings is limited.
To transfer effluent from the 'D to the 2D in LC-CZE, dif-
ferent technical approaches were described. These include
flow-gating [10-12], microfluidic [13, 14] and valve-based
approaches [15-17]. Our group has used commercial, as well
as custom-built, nanoliter valves to perform 2D CE separa-
tions of intact proteins, especially monoclonal antibodies
[18-20]. The low internal volumes (4—40 nL), as well as the
insulating material, makes these valves promising for LC-
CZE coupling. Based on a proof-of-concept study, we dem-
onstrated the general applicability of such a valve to couple
nanoLC and CZE-MS [21]. A comprehensive review and
comparison of LC-CZE systems, as well as relevant applica-
tions, was recently published by Ranjbar et al. [4]. Among
the reported setups, most use optical detection. LC-CZE
platforms using MS detection were only scarcely reported
in literature [11-14, 22-24], and besides our own work, none
of them describe the separation of intact proteins.

Considering the advent of top-down mass spectrometry
(TDMS) in proteomics and biopharmaceutical analysis,
sophisticated separation platforms are needed for intact
proteins [25, 26]. Here, the combination of LC and CZE is
particularly interesting as both separation techniques address
different molecular characteristics of proteins. While the
hydrophobicity-based mechanism of reversed-phase (RP)
LC enables separation of proteins (due to different amino
acid sequences), the electrophoretic mobility-based separa-
tion of CZE uniquely enables separation of proteoforms as
many post-translational modifications (PTM) alter the num-
ber of potential charge carriers in the protein. These different
characteristics can be used to characterise complex protein
mixtures on the proteoform level (the term proteoform is
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used according to Smith and Kelleher) [27]. One example
of such a complex proteoform mixture is the microhetero-
geneity of alpha-1-acid glycoprotein (AGP). AGP is an
acute-phase plasma protein that is upregulated in response to
inflammation and infection [28]. AGP is a 33-39-kDa pro-
tein and is highly glycosylated with a carbohydrate content
of ~45% (w/w) and 5 potential N-glycosylation sites [29,
30]. The high content of sialic acids in the glycan structure
results in a very low isoelectric point of 2.8-3.8 [28]. Addi-
tionally, the protein is present in several sequence variants
[28]. This combination makes human AGP an extremely
diverse protein with hundreds of proteoforms. The glyco-
sylation profile is known to be influenced by various diseases
[31-33], making detailed characterisation of this microhet-
erogeneity clinically interesting.

Here, we present a novel nanoLC-CZE-MS platform for
the analysis of intact proteins. The basic concept is based on
our previous study. Here, we fully optimised and character-
ised a nanoLC-CZE-MS platform regarding the following
aspects: The two dimensions were developed independently
to obtain ideal separation capabilities. The platform was
optimised towards a high transfer efficiency from 'D to 2D
and was characterised regarding repeatability and sensitivity.
This 2D platform was used to perform detailed profiling of
glycosylation and sequence variants of human alpha-1-acid
glycoprotein (AGP).

Materials and methods
Chemicals and material

Ultrapure water (UPW, 18 MQ*cm at 25 °C) was prepared
with an SG Ultra Clear UV (Siemens Water Technologies,
USA). Acetonitrile (ACN, LC-MS grade), 2-propanol (LC-
MS grade), acetic acid (HA) and formic acid (> 98%) (FA)
were purchased from Carl Roth (Karlsruhe, Germany).
Hydrochloric acid (37%), hydrofluoric acid (40%) and
sodium hydroxide (1 M) were purchased from Merck KgaA
(Darmstadt, Germany). Trifluoracetic acid (LiChrompur >
99%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), alpha-1-acid glycoprotein from human plasma (>
99%), bovine serum albumin (BSA, > 96%), cytochrome C
(Cyt C) from equine heart (> 95%), lysozyme (Lys) from
chicken egg white, myoglobin (Myo) from equine skeletal
muscle (95-100%) and ribonuclease A (RNAse A) from
bovine pancreas (> 60%) were all acquired from Sigma-
Aldrich (Steinheim, Germany). Ribonuclease B from bovine
pancreas was purchased from Abnova (Taipei, Taiwan).
Poly(diallyldimethyl-ammonium) chloride (PDADMAC),
20% w/w in UPW (average MW: 500,000 g/mol) and
poly(methacrylic acid) (PMA) were purchased from Sigma-
Aldrich (Saint-Quentin Fallavier, France). Quarternized
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diethylaminoethyl dextran (DEAEDq) was obtained from
Pharmacia (Uppsala, Sweden). FS capillaries with 30 and
50 pm inner diameter (ID) and 375 pm outer diameter were
acquired from Polymicro Technologies (Phoenix, AZ, USA).
Glass emitters with 750 pm ID and an orifice tip of 30 pm
were obtained from BioMedical Instruments (Zoellnitz,
Germany).

Sample preparation

For method development and characterisation, a mixture
containing RNAse A, Cyt C, Lys and Myo was used and
prepared as follows: stock solutions of the proteins (4 mg/
mL in UPW) were mixed to a final solution of 1 mg/mL
per protein. The protein solution was divided into aliquots
of 5-50 pL and dried by vacuum centrifugation for several
hours at room temperature. The dried aliquots were stored at
— 20 °C. Before usage, the aliquots were resolved with 0.1%
(v/v) TFA solution to the final concentration for nanoL.C and
nanoL.C-CZE-MS analysis. For CZE-MS, the aliquots were
solved in 15% ACN + 0.1% TFA (if not stated otherwise,
all percentages are v/v). Samples were used for a maximum
of 5 days and stored at 4-8 °C. AGP aliquots were prepared
similarly with a stock solution of 2 mg/mL.

Human dried blood spot (DBS) samples were obtained
from Uppsala University Hospital (Sweden). All human
samples used were leftovers after the completion of diagnos-
tic tests and were used in accordance with the regional ethi-
cal review board of Uppsala (no 2001/367). DBS samples
were prepared by punching out a 3-mm disk on a Whatmann
mat. Proteins were extracted by incubation with 100 pL of
20 mM HEPES buffer (pH 7.4) for 30 min. After centrifuga-
tion, 1:10 or 1:20 dilutions (with 0.1% TFA) were prepared
for analysis.

CZE-MS

All capillaries were etched with hydrofluoric acid to reduce
the outer diameter to < 150 pm as described elsewhere [34,
35]. PVA capillaries were prepared as described elsewhere
[36]. SMIL-coated capillaries were prepared as previously
described [37]. For this study, two different combinations of
polycation and polyanion were used: PDADAMAC-PMA
and DEAEDq-PMA. Capillaries were initially flushed
(all flush steps with 2 bar pressure) for 20 min with 1 M
sodium hydroxide, 5 min with UPW and 10 min with 20
mM HEPES buffer (pH 7.4). Subsequently, the capillaries
were alternately flushed for 7 min with 3 mg/mL polycation
(PDADMAC or DEAEDq) and polyanion (PMA) solutions
with a 3-min 20-mM HEPES flush between each coating
step. After attachment of the last polycation layer, the capil-
lary was flushed with background electrolyte (BGE) for 10

min. To stabilise the coating before first use, — 10 kV was
applied for 10 min.

For CZE-MS and nanoLC-CZE-MS, the following CZE-
MS setup was used. CZE-MS was performed with a G1600
HP 3D CE instrument (Agilent Technologies, Waldbronn,
Germany) on 50-um-ID, 70-cm PVA, PDADMAC-PMA-
or DEAEDq-PMA-coated capillaries. Before analysis, a
capillary was flushed with BGE (0.2 M FA for the PDAD-
MAC-PMA and 2 M HA for the DEAEDq-PMA coating)
for 2 min followed by application of — 10 kV for 5 min.
Hydrodynamic injection was performed for 10 s at 50 mbar.
Separation was performed at + 30 kV for PVA, — 30 kV
for the PDADMAC-PMA and — 15 kV for DEAEDq-PMA
coating. For the nanoLC-CZE-MS coupling, — 15 kV was
applied for both coatings. The CE instrument was coupled
to a Bruker Compact QTOF MS (Bruker Daltonics, Bremen,
Germany) via an in-house built nanoflow sheath liquid inter-
face equipped with a 30-pm tip ID emitter [35]. 50:50 2-pro-
panol with either 0.5% FA or 1% HA was used as sheath
liquid (SL) for PDADMAC-PMAPVA-coated capillaries and
DEAEDq-PMA-coated capillaries respectively. The spray
voltage was set individually between 1700 and 2100 V for
stable operation before each measurement. Dry temperature
was set to 180 °C with a scan rate of 500-2500 m/z for the
standard protein mix and 1500-3500 m/z for AGP. Lens volt-
ages and other transfer parameters were optimised to the
chosen m/z range respectively.

Nano liquid chromatography

All separations were performed on an UltiMate™ 3000
RSLCnano system (Thermo Fisher, Germering, Germany).
The system was coupled to an external ECD2600 EX UV
detector (ECOM spol. S r.0., Prague, Czech Republic) by
connecting the column end to a 30-pm-ID, 375-um-OD FS
capillary with a UV window (detection capillary). Detec-
tion was performed at 205 nm and 2 Hz scan rate. For all
methods, eluent A was composed of 100% UPW + 0.1%
TFA and eluent B of 80% ACN, 20% UPW + 0.1% TFA.
For the separation of the protein mixture, three different
columns were used: An Acclaim PepMap C18 column (75
pm X 150 mm) was obtained from Thermo Fisher Scien-
tific and a C4 (75 pm X 500 mm) column from CoAnnTech
Technologies (Richland, USA). PLRP-S (75 pm X 250
mm) columns were slurry-packed in-house. All columns
were held at 60 °C during measurement. For each column,
gradients were developed for optimised separation of pro-
teins. All gradients for the three columns are described in
the supporting information (SI). After column comparison,
the PLRP-S column (75 pm X 250 mm, 5 pm PLRP-S,
1000 A) was chosen for all subsequent measurements. To
allow the injection of higher sample volumes (up to 20
pL), a 150 pm X 50-60 mm trap column (C4, 3 pm, 300
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10\) was used (CoAnnTech Technologies, Richland, USA).
Separation was performed with a flow rate of either 300
nL/min or 100 nL/min with the following gradients:

For the 300-nL/min method, the trap column was loaded
with 15% B at a flow rate of 4 pL/min for 10 min while the
analytical column was equilibrated with 15% B at 500 nL/
min flow rate. After loading, the column-switching valve
was switched and separation was performed with a linear
gradient of 32 min to 60% B at 300 nL/min. The column
was flushed with 95% B for 7 min before re-equilibration
at 15% B for 10 min. The overall method length was 60
min.

For the 100 nL/min method, loading was performed the
same way while column equilibration was performed at 500
nL/min. After switching the valve, separation was performed
with a linear gradient of 31 min to 60% B, followed by 17
min flushing at 95% B at 100 nL/min. Column equilibra-
tion was performed at 15% B for 10 min at 100 nL/min and
another 5 min at 500 nL/min. The overall method length
was 75 min.

Data analysis

UV data were exported as x-y data from ECOMAC software
(version 0.281, ECOM spol. S r.o., Prague, Czech Republic).
A baseline correction was performed with a Matlab script as
described in the SI. Calculation of peak area, height and full
width at half maximum (FWHM) was performed with the
baseline-corrected chromatogram in CE Val (version 0.6i2)
[38]. MS data analysis was performed with DataAnalysis
(version 4.3, Bruker Daltonics, Bremen, Germany). The m/z
values to create the extracted ion electropherograms (EIE)
for the different proteins and RNAse B glycoforms are sum-
marised in Table S1 in the SI. Prior to integration, all EIEs
were smoothed with a Gauss algorithm and 3 s smoothing
width.

Calculation of peak volumes and transfer efficiency The
peak volumes (V) of nanoLC peaks were calculated by the
following formula:

FWHM

V. =2%2326
pT o * 2355

* Q=1975* FWHM = Q0 (1)

where Q is the flow rate in nanoliters per minute and
FWHMY/2.355 is an expression for the standard deviation of
the peak in the time domain in minutes. 2.326 is the z-value
(two-sided) that corresponds to 98% of the peak integral
assuming a Gaussian peak shape. Hence, the peak volume
is estimated on a peak width corresponding to 98% peak
integral assuming a Gaussian peak shape.

The transfer efficiency (TEy,,) regarding peak volume is
calculated as follows:
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TE,, = _Vp @)
Accordingly, the transfer efficiency regarding molar ana-
lyte amount is calculated by integration of the cut fraction
of the peak assuming a Gaussian peak shape.

Analysis of AGP MS data Transferred AGP fractions were
analysed in PMI Intact Mass v3.4 (Protein Metrics, Cuper-
tino, CA, USA). For each separation, time slices of 15 or
30 s were created to cover the peak containing the different
AGP glycoforms. Mass spectra in these time slices were
deconvoluted to obtain a mass list for each time slice. The
obtained masses were matched to the theoretical masses
with an allowed deviation of 0.5 Da. If one measured mass
matched to multiple theoretical masses, the match with the
lowest deviation was chosen. This results in a list of putative
glycoform assignments.

Results and discussion
Optimisation of nanoLC and CZE conditions

To facilitate ideal conditions for the 2D setup, we optimised
both dimensions independently regarding different aspects
in 1D experiments. For the evaluation of LC parameters,
a model protein mix of RNAse A, Cyt C, Lys and Myo in
equivalent concentrations was used. For the optimisation of
CZE conditions, RNAse B was used.

LC conditions

Initial experiments were performed to evaluate ideal LC sep-
aration conditions to be used in the 2D setup. Three columns
with different stationary phases and column dimensions
were evaluated for intact protein analysis. Separation of the
model proteins was possible on all three columns with vary-
ing separation efficiency. After initial gradient optimization
for all columns, they were compared in terms of separation
efficiency (V) and resolution (Rg, Table 1). Both the CoAnn
as well as the PLRP-S column performed significantly bet-
ter than the PepMap column. For the proteins Cyt C and
Myo, separation on the PepMap column resulted in broad
peaks (exemplary chromatograms for all three columns can
be found in Fig. S1 in the SI). Compared to the CoAnn and
PLRP-S column, the PepMap contains particles with a small
pore size (100 A for PepMap vs. 1000 A for CoAnn and
PLRP-S). Due to the increased diffusion to the interior of the
particles, larger pores are beneficial for intact protein separa-
tion [39]. The CoAnn column shows the overall best separa-
tion efficiency and resolution which is most likely due to its
length of 50 cm. This capillary length, however, increases
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Table 1 Separa.tion efficiency PepMap CoAnn PLRP-S
(N) and resolution (R) of the
model proteins on the three N RNAse A (1) 34259  +2038 200,355  +19,092 85,107 +3771
analysed columns. Values were CytC Q) 4530 +360 142,080  +£19707 102216  +688
obtained after independent
optimisation of separation Lys (3) 46,284 + 1355 172,372 + 25,874 109,153 + 12,815
gradients for the columns Myo (4) 17,297 + 1385 205,546 + 13,273 371,286 + 2215
respectively. For each value, Rg' 12 3.6 +0.1 13.6 +0.9 9.6 +0.2
the standard deviation (n = 3)
o 2-3 32 +0.1 8.0 +0.6 5.5 +0.1
1S given
34 7.1 +0.2 19.9 +1.0 8.8 +02
P 60 min 90 min 60 min

*Resolution between the peak numbers as mentioned in the corresponding row

"Total method run time

backpressure and restricts the maximum applicable flow rate
to 250 nL/min. Therefore, gradient elution and equilibration
are slow, resulting in an overall method length of 90 min.
The PLRP-S column delivers an acceptable separation, but
the N and Rg values for RNAse A, Cyt C and Lys are con-
siderably lower compared to the CoAnn column. However,
due to the low backpressure, the column can be operated at
flow rates up to 500 nL/min, allowing fast equilibration of
the column. This allows separation and equilibration in 60
instead of 90 min.

Based on the aforementioned results, both columns, the
CoAnn Tech as well as the PLRP-S column, are considered
suitable for the 2D platform. If high separation efficiency
and maximal peak capacity are needed, for example, for the
analysis of complex biological samples, the CoAnn Tech
is the column of choice. The PLRP-S column on the other
hand allows for a higher throughput while providing suf-
ficient separation performance. In the context of this study,
we selected the PLRP-S column for the nanoLC-CZE-MS
platform.

For the nanoL.C method with 300 nL/min flow rate, the
volume of a peak with a FWHM of 0.35 min is approxi-
mately 200 nL. For a transfer volume of 20 nL (highest loop
volume of the valve used in this study), this corresponds
to a transfer efficiency of 10% (volume) and 18% (analyte)
respectively. The transfer efficiency describes the fraction
of the 'D peak that is transferred to the 2D and is described
in terms of either the total peak volume or the total analyte
amount. When using the total analyte amount, the Gaussian
peak shape is considered to calculate the transfer efficiency.
To increase the transfer efficiency and hence the sensitiv-
ity of the 2D platform, the flow rate of the nanoLC dimen-
sion was reduced to 100 nL/min. Fig. 1(a) shows chroma-
tograms for 300 nL/min and 100 nL/min respectively (same
concentration and injection volume). While retention times
increased at the lower flow rate, peak widths increased only
slightly. In the case of myoglobin, the peak width even
decreased with decreasing flow rate. Myoglobin possesses
a low diffusion coefficient of 0.66%1078 m> V~!s~! [8], and

thus, it is plausible that mass transfer is enhanced at lower
flow rates. Fig. 1(b) shows the effect of the reduced flow rate
on peak heights and volumes. Peak heights increase with
lower flow rates due to the decreased dilution of the injected
sample. Peak volumes decrease by factors between ~ 2.5
and ~ 5.5. Peak volumes of ~ 60 nL increase the transfer
efficiency to 33% (volume) and 55% (analyte). This trans-
fer efficiency is higher than in our previous report [21] and
considerably higher than typical transfer efficiencies of ~ 1%
that can be achieved with flow-gating interfaces [40]. We
consider this transfer efficiency of 55% (analyte) as an opti-
mum as a further increase in transfer efficiency increases the
likelihood of co-transferring adjacent peaks due to a transfer
window that is too wide.

Depending on the application, it is possible to freely
switch between the LC method with 300 nL/min (faster
separation) and 100 nL/min (higher transfer efficiency). Both
flow rates were used in the following experiments depending
on the respective application.

CZE conditions

Capillary coatings are vital to reduce undesired interactions
between the analytes and the capillary wall for the separa-
tion of intact proteins [41]. In our previous proof-of-concept
study, we used PVA-coated capillaries for the °D. Although
being effective in reducing protein interactions, some prob-
lems with the PVA coating remain: (i) The coating proce-
dure is complex and time-consuming, (ii) batch-to-batch var-
iations tend to be high, and (iii) the lack of an electroosmotic
flow (EOF) makes the system very susceptible to pressure
fluctuations and current instabilities. This is especially true
for the application in the 2D setup where the separation is
performed through the four-port valve.

Successive multiple ionic-polymer layer (SMIL) coatings
offer a high separation efficiency based on a reversed EOF
(5 layers, 5™ layer cationic), while the coating protocols are
easy, quick and reproducible [42-44]. We compared the per-
formance of a PVA and a 5-layer PDADMAC-PMA-coated
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Fig. 1 Optimization of nanoLC and CZE parameters for the 2D setup.
(a) Representative chromatogram of 6 pg/mL protein mixture (1 pL
injected) with 300 and 100 nL/min flow rate, respectively, on the
PLRP-S column. 1: RNAse A, 2: Cyt C, 3: Lys, 4: Myo. (b) Peak
height and peak volume for the four proteins for 300 and 100 nL/
min flow rate, respectively. Error bars: standard deviation (n = 3). (c)
EIEs of RNAse A and RNAse B glycoforms by CZE-MS. (c1) 70-cm
PVA-coated capillary, (c2) 70-cm PDADMAC-PMA-coated capil-
lary. 0.2 M FA BGE, respectively. The resolution between RNAse A
and the Man 5 glycoform is given in the respective electropherogram.
The according peaks are marked with an asterisk

capillary (70 cm length respectively) for the separation of
RNAse B glycoforms. Fig. 1(c) shows extracted ion electro-
pherograms for both coatings. Due to the reversed EOF on
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the PDADMAC-PMA-coated capillary, the migration order
is reversed compared to the PVA coating. Separation takes
slightly longer on the PDADMAC-PMA-coated capillary
while the overall separation of the glycoforms is enhanced
as representatively demonstrated by the resolution between
RNAse A and glycoform Man 5 (5.31 for PDADMAC-PMA
vs. 4.31 for PVA).

The high separation performance of SMIL coatings com-
bined with an easy, quick and reproducible coating protocol
makes these types of coating ideal for application in the 2D
platform. Furthermore, in our experience, the presence of a
high EOF proved to be beneficial for the analytical stability
and reproducibility of the overall 2D setup. Detailed infor-
mation on capillary preparation, coating stability and storage
can be found elsewhere [42, 43, 45].

Setup of the nanoLC-CZE-MS platform

After independent optimization of the LC and CZE dimen-
sions, they were combined in the 2D setup (Fig. 2). The 'D
separation was performed with either of the two nanoLC
methods (300 or 100 nL./min) as described before. To cou-
ple the 'D with the 2D, a mechanical four-port valve with
an internal 20-nL loop on the rotor was used as previously
described in detail [18, 21]. The detection capillary of the
nanoL.C was connected to one of the ports of the valve
with ~ 12 cm between the UV window and valve inlet. The
nanoLC effluent is carried through the valve to the waste
(Fig. 2(B)). Upon detection of the peak in the UV chroma-
togram, the valve was switched after the appropriate delay
time, as calculated by using the capillary dimensions and the
nanoL.C flow rate. Switching of the valve (Fig. 2(C)) allows
a fraction of the peak to be transferred to the D. For the 2D,
the inlet capillary (35 cm) was connected to the four-port
valve. The other free port of the valve was connected to the
separation capillary (70 cm).

One major and critical characteristic of the nanoLC-
CZE-MS platform is the “cut precision”. The peak of
interest is transferred to the 2D by calculating the time
a fraction needs to traverse from the UV window to the
loop of the valve. To characterise small or narrow peaks,
or to selectively transfer peaks from a complex sample,
the transfer procedure has to be precise. Therefore, we
evaluated the precision in cutting by multiple transfer of
Lys from the four-protein model mixture (20 pg/mL). We
decided to use Lys because the protein exhibits only a
single proteoform, allowing straight evaluation of preci-
sion based on the peak area of its EIE in CZE-MS. The
relative standard deviation (RSD) of the peak areas was
22% (n = 6, intra-day repeatability) demonstrating a high
precision in transferring the peak apex. Migration times
in the combined nanoLC-CZE-MS setup were also repeat-
able with 1.1% (n = 6) intra- and 2.3% (n = 12) inter-day
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loading auto-
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Fig.2 Fluidic setup of the nanoLC-CZE-MS platform with A-D
highlighting the subsequent steps in analysis. (A) The sample is
loaded on the trap column via the loading pump. (B) The separation
is performed via the nanoflow pump over the analytical column. The
column is connected to a 30-pm ID capillary with a UV window for
detection via an external UV detector. The UV window is placed ~
12 cm prior to the valve entrance. The LC effluent is carried through

RSD (3 days, 6 + 3 + 3 measurements). The raw data for
this calculation can be found in Tables S2 and S3 in the
SI. Besides the good migration time stability, the applica-
tion of PDADMAC-PMA-coated capillaries additionally
increased the ruggedness of the setup in terms of current
stability compared to the previously used PVA coating. As
mentioned before, we attribute this increased analytical
stability to the presence of an EOF in the CE dimension,
making the CZE dimension less susceptible to syphoning
effects, slight pressure gradients and small air bubbles.

Sensitivity of the nanoLC-CZE-MS platform

The substantially higher loadability of the nanoLC is
expected to result in a higher concentration sensitivity of

nLC-UV
©
/7‘°

Absorbance

Retention Time

© CzE-MS

sl

Migration Time

Abundance

HV

the four-port valve equipped with a rotor (20-nL internal loop vol-
ume). (C) When the peak of interest reaches the detector, the valve
is switched after the appropriate delay time. (D) The transferred frac-
tion is analysed by CZE-MS. The box on the top right corner shows
a schematic chromatogram of the 'D separation and an electrophero-
gram of the D according to the transferred fraction

the nanoLC-CZE-MS platform compared to CZE-MS alone.
To evaluate this capability, the protein mix was prepared in
different dilutions to create calibration curves with CZE-
MS and nanoLC-CZE-MS. For the calibration of the CZE-
MS platform, concentrations of 100, 80, 60, 40 and 20 pg/
mL with an injection volume of 20 nL were used. For the
nanoLC-CZE-MS platform, 5, 3, 1 and 0.5 pg/mL with an
injection volume of 20 pL on the nanoLC were used. For
nanoLC-CZE-MS, Lys was transferred from D to 2D.

As expected, peak areas for Lys were considerably
higher in nanoLC-CZE-MS compared to those in CZE-
MS (Fig. 3(a)). To quantify the differences in concentra-
tion sensitivity, the slopes of the calibration curves for Lys
were used. Fig. 3(b) shows the calibration curves for the
two instrumental setups. The nanoLC-CZE-MS approach
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exhibits a 280-fold higher slope, hence concentration sen-
sitivity for Lys compared to CZE-MS. As separation and
MS conditions in the D are the same as in the CZE-MS
method, we assume the higher loadability to be the sole
reason for this increased sensitivity. The obtained factor
is slightly lower than the maximum possible improvement
factor of 500 (1000-fold higher injection volume and ~
50% transfer efficiency of the analyte). We expect similar
factors are achievable for other analytes and samples.

Interestingly, the limiting factor towards analysing con-
centrations < 0.5 pg/mL was neither the UV nor the MS
sensitivity but protein adsorption phenomena that were
present at such low concentrations. To characterise very-
low-concentrated protein samples, additional strategies to
reduce adsorption during sample preparation and on sam-
ple vials are necessary.

Analysis of alpha-1-acid glycoforms
by nanolLC-CZE-MS

To fully harness the potential of such a 2D separation plat-
form, we analysed human AGP. AGP is present in three
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Fig.3 Concentration sensitivity of CZE-MS vs. nanoLC-CZE-MS.
(a) Representative EIEs of lysozyme (5 pg/mL) analysed by CZE-MS
and nanoLC-CZE-MS. (b) Calibration curves for lysozyme by CZE-
MS and nanoLC-CZE-MS respectively

@ Springer

sequence variants: F1 (wild type), S (Q38 => R) and F2
(V174 = M). Furthermore, it is heavily glycosylated and
exhibits 5 glycosylation sites [28]. On each of the glyco-
sylation sites, the glycan structures vary in the number of
antennas, fucosylation and sialyation. Analysis of the gly-
cosylation profile of AGP promises an interesting clinical
approach as altered glycosylation has been linked to several
disease conditions [31-33]. In a previous study, it was shown
that CZE-MS allows detailed characterisation of AGP gly-
coforms on intact level [29].

As a benchmark for comparison, we performed the gly-
cosylation profiling of a 1-mg/mL solution AGP with CZE-
MS first. As the high content of sialic acids on the protein
results in a low pl (2.8-3.8 [28]), hence low mobility in
CZE, we decided to adapt the CZE-MS separation system.
By using a SMIL coating with a lower EOF (DEAEDq-
PMA), resolution can be enhanced for slowly migrating
species [37]. CZE-MS resulted in a broad peak of overlap-
ping glycoforms (Fig. S2). For putative glycoform assign-
ment, 30-s time slices were created to average mass spectra
and perform subsequent mass deconvolution. The intact
masses of all slices were matched against the theoretical
masses of the glycoforms for assignment. One hundred
eighty-six glycoforms of AGP were detected of which 92
could be attributed to the F1, 74 to the S and 20 to the F2
sequence variant. This number is comparable to the number
previously reported [29]. Fig. 4 shows a plot of the number
of sialic acids against the number of the respective time
slice in CZE-MS. The correlation indicates that the sialya-
tion of the proteoforms is the main aspect for selectivity in
the CZE dimension as it effectively changes the charge of
the protein in the solution.

Despite the good selectivity of the CZE separation
based on the sialyation of the protein, a single dimension
is not sufficient to adequately separate this highly complex

'::..: R%2=0.729
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< . o s . o o .
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o
s 10 } ceee . ceee .
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Fig.4 Number of sialic acids vs. slice number of assigned glyco-
forms by CZE-MS. The orange line represents a linear regression
function to show correlation
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mixture of proteoforms. We evaluated the use of nanoL.C-
CZE-MS for glycosylation profiling of AGP and compared
it to CZE-MS. For the application of nanoLC-CZE-MS,
the following benefits could be expected: (i) The increased
sensitivity allows AGP glycosylation profiling from lower-
concentrated samples. (ii) The nanoLC separation enables
separation of the matrix or other proteins (if present), and
(iii) the LC dimension allows a pre-separation of AGP pro-
teoforms, reducing complexity in the CZE-MS dimension,
enabling detection of low-abundant proteoforms. Fig. 5
shows the general principle of AGP glycoform profiling by
nanoLC-CZE-MS. NanoLC separation of AGP results in
a double peak (Fig. 5(a)). From this peak, three individual
fractions were transferred to the °D, resulting in the sepa-
ration of various glycoforms in the D (Fig. 5(b)). Time
slicing and deconvolution were performed as described for
CZE-MS (Fig. 5(c)). By combining three cuts, 368 putative
glycoforms could be assigned by nanoLC-CZE-MS from a
50-pg/mL sample. This represents roughly twice as many
putative glycoforms from a 20-fold lower-concentrated sam-
ple compared to CZE-MS.

Fig. 6(a) shows the number of assigned putative gly-
coforms for the three major sequence variants between
CZE-MS and nanoLC-CZE-MS. Combining all three cuts,
133 (F1), 106 (S) and 129 (F2) glycoforms were assigned.
Compared to the CZE-MS approach, this represents an
increase of 45%, 43% and 645% respectively. The high
increase for the F2 sequence variant was especially surpris-
ing. The relative intensities for each assigned glycoform
were determined after deconvolution and normalised to the
intensity of the most abundant glycoform for each of the
cuts. Comparing these normalised intensities for the three
variants, it can be seen that the median relative intensity
for F2 is lower than for F1 and S (9.8% for F2 vs. 11.9%
and 16.0% for F1 and S respectively). A corresponding
table and histogram can be found in the SI. We suspect that
the lower abundance of F2 glycoforms could be the main
reason for the significantly higher assignment rates with
the nanoLC-CZE-MS approach. As the nanoLC-CZE-MS
approach reduces the complexity of the protein mix that is
simultaneously introduced in the MS, low-abundant spe-
cies can be identified more confidently due to the reduction
of ion suppression effects.

Interestingly, the F1 variant was only detected in cuts
2 and 3. The highest number of putative glycoforms for
the S variant was detected in cut 2. For F2, 68 and 76
glycoforms could be assigned in cut 1 and 3 while only
12 were assigned in cut 2. This suggests that chromato-
graphic separation is partially driven by the presence of
the different sequence variants. Interestingly, however,
the behaviour of the F2 variant suggests that this process
is not a simple separation of the three sequence variants,
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Fig.5 General principle of AGP characterisation by nanoLC-
CZE-MS. (a) NanoLC separation of human AGP (50 pg/mL, 10
pL injection) including the three parts of the double peak that were
transferred to the 2D. (b) BPE of cut 2. To assign AGP glycoforms,
30-s time slices were created across the broad, unresolved peak. (c)
Deconvoluted mass spectra of the marked time slice

but it appears to be a more complex separation princi-
ple combining effects comprising sequence variant and
glycosylation.

Fig. 6(b) shows a Venn diagram comparing the number
of putative glycoforms between CZE-MS and nanoLC-
CZE-MS. The number of putative glycoforms that were
assigned by both of the techniques is 82. One hundred
four unique glycoforms could be assigned by CZE-MS
alone. This can be explained by the incomplete transfer
of fractions along the LC double peak from the 'D to
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Fig.6 Number of assigned AGP glycoforms in CZE-MS and
nanoLC-CZE-MS. (a) Number of assigned glycoforms by sequence
variant by CZE-MS and nanoLC-CZE-MS by the combination of
three individual cuts from the 'D. In the lower panel, the assignments

the D. We suspect the proportion of uniquely assigned
putative glycoforms in CZE-MS to decrease when more
cuts from the 'D are transferred to the °D. At the same
time, this would increase both the commonly assigned
as well as the uniquely assigned putative glycoforms for
nanoLC-CZE-MS.

As previously mentioned, AGP is an important plasma
protein and a potential biomarker for various diseases. To
evaluate the general applicability of the nanoLC-CZE-MS
platform for AGP glycosylation profiling in clinical samples,
we spiked 25 pg/mL AGP to 1:20 diluted DBS eluate. We
chose DBS as a model matrix as samples were readily avail-
able and contain high abundant matrix proteins (mainly hae-
moglobin). Before analysing the spiked samples, we evalu-
ated whether the DBS eluate contains endogenous AGP. In
nanoLC analysis, we did not observe any peak for AGP. Pre-
sumably, the stability of AGP on the DBS is not sufficient to
extract it in relevant concentrations. The spiked DBS eluate
samples were then analysed with the same cutting scheme
as shown in Fig. 5(a). As can be seen in Fig. S3 in the SI,
besides AGP, haemoglobin was identified as a prominent
peak. It is separated from AGP and does not hamper AGP
glycoform profiling in the *D. Overall, 229 glycoforms were
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for the individual cuts can be seen. (b) Venn diagram comparing the
assigned glycoforms in CZE-MS and nanoL.C-CZE-MS. (¢) CZE-MS
of 25 pL/min AGP spiked to 1:20 diluted DBS eluate. In the expected
MT window for AGP, no signals were detected

assigned which is 37% less than assigned for the AGP solved
in UPW. This reduced number of assigned glycoforms is
presumably due to a combination of the lower concentra-
tion used in this experiment and the complex sample matrix.
Typical AGP concentrations in human plasma are between
600 and 1200 pg/mL [46]. Considering a sample prepara-
tion with sample loss and dilution (e.g. the 1:20 dilution
used here for the DBS eluate), a final concentration of 25
pg/mL lies within the range to be obtained from clinical
samples. Fig. 6(c) shows the base peak electropherogram of
a CZE-MS separation (1D) of the spiked DBS eluate. Only
the haemoglobin peak as well as some other smaller peaks
are visible in the electropherogram. In the time window of
AGP, no signal could be obtained. The concentration of 25
pg/mL AGP is too low to be detected in CZE-MS which
again demonstrates the value of the nanoLC-CZE-MS in pre-
concentration. We want to emphasise here that we did not
evaluate the usage of DBS for AGP analysis in the clinical
context but rather wanted to show the general applicability
of the platform to complex samples.

In conclusion, by combining high sensitivity and differ-
ent selectivities, the nanoLC-CZE-MS platform enables AGP
characterisation in physiologically relevant concentrations from
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complex biological matrices which is not directly possible by
CZE-MS alone.

Concluding remarks

Here, we report a heart-cut nanoLC-CZE-MS platform
with optimised separation conditions for intact proteins,
high transfer efficiency between the two dimensions and
high sensitivity. To our knowledge, this is the first well-
described LC-CZE-MS platform for the analysis of intact
proteins. A polymer-based stationary phase (PLRP-S) in
the 'D combined with SMIL-coated capillaries in the 2D
provides favourable conditions for intact protein separa-
tion. The type of SMIL coating can be adapted to the
mobility of the protein to maximise separation capabili-
ties for different protein groups. With the optimised oper-
ational conditions, an ideal transfer efficiency of around
50% was achieved which is considerably higher than what
has been reported so far. Furthermore, repeatability of the
valve-based transfer was demonstrated. The combination
of high transfer efficiency and considerably increased
loadability of nanoLC compared to CZE results in high
sensitivity. The nanoLC-CZE-MS platform exhibits 2-3
orders of magnitude higher sensitivity compared to CZE-
MS alone.

NanoLC-CZE-MS was used to characterise the gly-
cosylation profile of human AGP. By transferring three
fractions from the 'D to the 2D, the number of assigned
glycoforms could be doubled using a 20-fold lower-con-
centrated sample compared to CZE-MS alone. This under-
lines the combined benefits of the high sensitivity and
the orthogonality of the separation dimensions. In fact,
the two separation dimensions address different molecular
characteristics of the proteins. The hydrophobicity-based
LC separation separates different proteins based on their
different amino acid sequences. The mobility-based CZE
separation on the other hand has a high selectivity for
PTMs that change the overall charge of the proteoform.
This principle was demonstrated by the analysis of AGP
spiked to the DBS eluate. The nanoLC dimension allowed
efficient separation of matrix proteins. The CZE-MS anal-
ysis enabled the separation and detection of various AGP
glycoforms.

To further exploit the capabilities of nanoLC-CZE-MS,
we aspire to further optimise our setup by the implementa-
tion of multiple heart-cut or selective comprehensive mode
and extending the number of peaks to be transferred by
using multi-segment injections in the 2D. This will enable
even more detailed characterisation of complex biological
samples on the level of intact proteins and their respective
proteoforms.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-021-03814-6 .

Acknowledgements The authors would like to thank Jonas Bergquist
(Uppsala Universitet) for providing the DBS samples. The authors want
to thank Kevin JooB for methodological support and helpful remarks
on the draft of the manuscript.

Author contribution Alexander Stolz: conceptionalisation, investiga-
tion, writing—original draft, and visualisation; Christian Neusiif}: con-
ceptionalisation, supervision, and writing—review and editing

Funding Open Access funding enabled and organized by Projekt
DEAL.

Availability of data and material Not applicable

Code availability Not applicable

Declarations

Ethics approval/source of biological material All human samples used
were leftovers after the completion of diagnostic tests and were used
in accordance with the regional ethical review board of Uppsala (no
2001/367).

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Aksenov AA, Da Silva R, Knight R, Lopes NP, Dorrestein
PC. Global chemical analysis of biology by mass spectrom-
etry. Nat Rev Chem. 2017. https://doi.org/10.1038/541570-
017-0054 .

2. Fekete S, Guillarme D, Sandra P, Sandra K. Chromatographic,
electrophoretic, and mass spectrometric methods for the analytical
characterization of protein biopharmaceuticals. Anal Chem. 2016.
https://doi.org/10.1021/acs.analchem.5b04561 .

3. Stroink T, Ortiz MC, Bult A, Lingeman H, de Jong GJ, Underberg
WIM. On-line multidimensional liquid chromatography and capil-
lary electrophoresis systems for peptides and proteins. J. Chroma-
togr. B: Anal. Technol. Biomed. Life Sci. 2005. https://doi.org/10.
1016/j.jchromb.2004.11.057 .

4. Ranjbar L, Foley JP, Breadmore MC. Multidimensional liquid-
phase separations combining both chromatography and electro-
phoresis - a review. Anal Chim Acta. 2017. https://doi.org/10.
1016/j.aca.2016.10.025 .

@ Springer


https://doi.org/10.1007/s00216-021-03814-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41570-017-0054
https://doi.org/10.1038/s41570-017-0054
https://doi.org/10.1021/acs.analchem.5b04561
https://doi.org/10.1016/j.jchromb.2004.11.057
https://doi.org/10.1016/j.jchromb.2004.11.057
https://doi.org/10.1016/j.aca.2016.10.025
https://doi.org/10.1016/j.aca.2016.10.025

1756

Stolz A., C. Neusi§

10.

12.

13.

14.

16.

17.

18.

19.

Yuan H, Jiang B, Zhao B, Zhang L, Zhang Y. Recent
advances in multidimensional separation for proteome analy-
sis. Anal Chem. 2019. https://doi.org/10.1021/acs.analchem.
8b04894 .

Stoll D, Danforth J, Zhang K, Beck A. Characterization of thera-
peutic antibodies and related products by two-dimensional liquid
chromatography coupled with UV absorbance and mass spectro-
metric detection. J] Chromatogr B: Anal Technol Biomed Life Sci.
2016. https://doi.org/10.1016/j.jchromb.2016.05.029 .

Pirok BWJ, Stoll DR, Schoenmakers PJ. Recent developments in
two-dimensional liquid chromatography: fundamental improve-
ments for practical applications. Anal Chem. 2019. https://doi.
org/10.1021/acs.analchem.8b04841 .

Pirok BWJ, Gargano AFG, Schoenmakers PJ. Optimizing separa-
tions in online comprehensive two-dimensional liquid chromatog-
raphy. J Sep Sci. 2018. https://doi.org/10.1002/jssc.201700863 .
Giddings JC. Two-dimensional separations: concept and promise.
Anal Chem. 1984. https://doi.org/10.1021/ac00276a003 .
Hooker TF, Jorgenson JW. A Transparent flow gating interface for
the coupling of microcolumn LC with CZE in a comprehensive
two-dimensional system. Anal Chem. 1997. https://doi.org/10.
1021/ac970342w .

. Bergstrom SK, Samskog J, Markides KE. Development of a

poly(dimethylsiloxane) interface for on-line capillary column
liquid chromatography—capillary electrophoresis coupled to
sheathless electrospray ionization time-of-flight mass spec-
trometry. Anal Chem. 2003. https://doi.org/10.1021/ac030
117g .

Beutner A, Kochmann S, Mark JJP, Matysik F-M. Two-dimen-
sional separation of ionic species by hyphenation of capillary ion
chromatography X capillary electrophoresis-mass spectrometry.
Anal Chem. 2015. https://doi.org/10.1021/ac504800d .
Chambers AG, Mellors JS, Henley WH, Ramsey JM. Mono-
lithic integration of two-dimensional liquid chromatography-
capillary electrophoresis and electrospray ionization on a
microfluidic device. Anal Chem. 2011. https://doi.org/10.
1021/ac102437z .

Mellors JS, Black WA, Chambers AG, Starkey JA, Lacher NA,
Ramsey JM. Hybrid capillary/microfluidic system for compre-
hensive online liquid chromatography-capillary electrophoresis-
electrospray ionization-mass spectrometry. Anal Chem. 2013.
https://doi.org/10.1021/ac400205a .

. Bushey MM, Jorgenson JW. Automated instrumentation for com-

prehensive 2-dimensional high-performance liquid-chromatogra-
phy capillary zone electrophoresis. Anal Chem. 1990. https://doi.
org/10.1021/ac00209a002 .

Lemmo A, Larmann J, Moore AW, Jorgenson JW. 2-Dimensional
separations of peptides and proteins by comprehensive liquid-
chromatography capillary-electroporesis. Electrophoresis. 1993.
https://doi.org/10.1002/elps.1150140169 .

Ranjbar L, Gaudry AJ, Breadmore MC, Shellie RA. Online com-
prehensive two-dimensional ion chromatography X capillary elec-
trophoresis. Anal Chem. 2015. https://doi.org/10.1021/acs.analc
hem.5b01130 .

Joof K, Hiihner J, Kiessig S, Moritz B, Neusii3 C. Two-dimen-
sional capillary zone electrophoresis-mass spectrometry for the
characterization of intact monoclonal antibody charge variants,
including deamidation products. Anal Bioanal Chem. 2017.
https://doi.org/10.1007/s00216-017-0542-0 .

Romer J, Montealegre C, Schlecht J, Kiessig S, Moritz B, Neusiif3
C. Online mass spectrometry of CE (SDS)-separated proteins by
two-dimensional capillary electrophoresis. Anal Bioanal Chem.
2019. https://doi.org/10.1007/s00216-019-02102-8 .

@ Springer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Romer J, Kiessig S, Moritz B, Neusii§ C. Improved CE(SDS)-
CZE-MS method utilizing an 8-port nanoliter valve. Electropho-
resis. 2021. https://doi.org/10.1002/elps.202000180 .

JooB K, Scholz N, Meixner J, Neusiil C. Heart-cut nano-LC-
CZE-MS for the characterization of proteins on the intact
level. Electrophoresis. 2019. https://doi.org/10.1002/elps.
201800411 .

Lewis KC, Opiteck GJ, Jorgenson JW, Sheeley DM. Compre-
hensive on-line RPLC-CZE-MS of peptides. ] Am Soc Mass
Spectrom. 1997. https://doi.org/10.1016/S1044-0305(97)
00009-3 .

Zhang J, Hu H, Gao M, Yang P, Zhang X. Comprehensive two-
dimensional chromatography and capillary electrophoresis cou-
pled with tandem time-of-flight mass spectrometry for high-speed
proteome analysis. Electrophoresis. 2004. https://doi.org/10.1002/
elps.200405956 .

Bergstrom SK, Dahlin AP, Ramstrom M, Andersson M, Markides
KE, Bergquist J. A simplified multidimensional approach for anal-
ysis of complex biological samples: on-line LC-CE-MS. Analyst.
2006. https://doi.org/10.1039/b601660j .

Chen B, Brown KA, Lin Z, Ge Y. Top-down proteomics: ready for
prime time? Anal Chem. 2018. https://doi.org/10.1021/acs.analc
hem.7b04747 .

Srzenti¢ K, Fornelli L, Tsybin YO, Loo JA, Seckler H, Agar JN,
Anderson LC, Bai DL, Beck A, Brodbelt JS, van der Burgt Yuri
EM, Chamot-Rooke J, Chatterjee S, Chen Y, Clarke DJ, Danis
PO, Diedrich JK, D’Ippolito RA, Dupré M, et al. Interlaboratory
study for characterizing monoclonal antibodies by top-down and
middle-down mass spectrometry. J] Am Soc Mass Spectrom. 2020.
https://doi.org/10.1021/jasms.0c00036 .

Smith LM, Kelleher NL. Proteoforms as the next proteomics cur-
rency. Science (New York, NY). 2018. https://doi.org/10.1126/
science.aat1884 .

Fournier T, Medjoubi-N N, Porquet D. Alpha-1-acid glycoprotein.
Biochim Biophys Acta Protein Struct Mol Enzymol. 2000. https://
doi.org/10.1016/S0167-4838(00)00153-9 .

Ongay S, Neusiiss C. Isoform differentiation of intact AGP from
human serum by capillary electrophoresis-mass spectrometry.
Anal Bioanal Chem. 2010. https://doi.org/10.1007/s00216-010-
3948-5 .

Schmid K, Nimberg RB, Kimura A, Yamaguchi H, Binette JP.
The carbohydrate units of human plasma al-acid glycoprotein.
Biochimica et Biophysica Acta (BBA) - Protein. Structure.
1977:10.1016/0005-2795(77)90080-0 .

Ceciliani F, Pocacqua V. The acute phase protein alpha 1-acid
glycoprotein: a model for altered glycosylation during diseases.
Curr Protein Pept Sci. 2007. https://doi.org/10.2174/1389203077
79941497 .

Balmana M, Gimenez E, Puerta A, Llop E, Figueras J, Fort E,
Sanz-Nebot V, de Bolos C, Rizzi A, Barrabes S, de Frutos M, Per-
acaula R. Multiple approaches to characterise alpha-1-acid glyco-
protein glycosylation in pancreatic cancer. FEBS J. 2015;282:280.
Tanabe K, Kitagawa K, Kojima N, Iijima S. Multifucosylated
alpha-1-acid glycoprotein as a novel marker for hepatocellular
carcinoma. J Proteome Res. 2016. https://doi.org/10.1021/acs.
jproteome.5b01145 .

Schlecht J, Stolz A, Hofmann A, Gerstung L, Neusiif§ C. nano-
CEasy: an easy, flexible, and robust nanoflow sheath liquid cap-
illary electrophoresis-mass spectrometry interface based on 3d
printed parts. Anal Chem. 2021. https://doi.org/10.1021/acs.analc
hem.1c03213 .

. Hocker O, Montealegre C, Neusiif3 C. Characterization of a nano-

flow sheath liquid interface and comparison to a sheath liquid and
a sheathless porous-tip interface for CE-ESI-MS in positive and


https://doi.org/10.1021/acs.analchem.8b04894
https://doi.org/10.1021/acs.analchem.8b04894
https://doi.org/10.1016/j.jchromb.2016.05.029
https://doi.org/10.1021/acs.analchem.8b04841
https://doi.org/10.1021/acs.analchem.8b04841
https://doi.org/10.1002/jssc.201700863
https://doi.org/10.1021/ac00276a003
https://doi.org/10.1021/ac970342w
https://doi.org/10.1021/ac970342w
https://doi.org/10.1021/ac030117g
https://doi.org/10.1021/ac030117g
https://doi.org/10.1021/ac504800d
https://doi.org/10.1021/ac102437z
https://doi.org/10.1021/ac102437z
https://doi.org/10.1021/ac400205a
https://doi.org/10.1021/ac00209a002
https://doi.org/10.1021/ac00209a002
https://doi.org/10.1002/elps.1150140169
https://doi.org/10.1021/acs.analchem.5b01130
https://doi.org/10.1021/acs.analchem.5b01130
https://doi.org/10.1007/s00216-017-0542-0
https://doi.org/10.1007/s00216-019-02102-8
https://doi.org/10.1002/elps.202000180
https://doi.org/10.1002/elps.201800411
https://doi.org/10.1002/elps.201800411
https://doi.org/10.1016/S1044-0305(97)00009-3
https://doi.org/10.1016/S1044-0305(97)00009-3
https://doi.org/10.1002/elps.200405956
https://doi.org/10.1002/elps.200405956
https://doi.org/10.1039/b601660j
https://doi.org/10.1021/acs.analchem.7b04747
https://doi.org/10.1021/acs.analchem.7b04747
https://doi.org/10.1021/jasms.0c00036
https://doi.org/10.1126/science.aat1884
https://doi.org/10.1126/science.aat1884
https://doi.org/10.1016/S0167-4838(00)00153-9
https://doi.org/10.1016/S0167-4838(00)00153-9
https://doi.org/10.1007/s00216-010-3948-5
https://doi.org/10.1007/s00216-010-3948-5
https://doi.org/10.2174/138920307779941497
https://doi.org/10.2174/138920307779941497
https://doi.org/10.1021/acs.jproteome.5b01145
https://doi.org/10.1021/acs.jproteome.5b01145
https://doi.org/10.1021/acs.analchem.1c03213
https://doi.org/10.1021/acs.analchem.1c03213

Characterisation of a new online nanoLC-CZE-MS platform and application for the glycosylation... 1757

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

negative ionization. Anal Bioanal Chem. 2018. https://doi.org/10.
1007/300216-018-1179-3 .

Neuberger S, Jool K, Ressel C, Neusii§ C. Quantification of
ascorbic acid and acetylsalicylic acid in effervescent tablets by
CZE-UV and identification of related degradation products by
heart-cut CZE-CZE-MS. Anal Bioanal Chem. 2016. https://doi.
0rg/10.1007/s00216-016-9734-2 .

Stolz A, Hedeland Y, Salzer L, Romer J, Heiene R, Leclercq L,
Cottet H, Bergquist J, Neusiil C. Capillary zone electrophoresis-
top-down tandem mass spectrometry for in-depth characterization
of hemoglobin proteoforms in clinical and veterinary samples.
Anal Chem. 2020. https://doi.org/10.1021/acs.analchem.0c01350 .
Dubsky P, Ordégova M, Maly M, Riesova M. CEval: All-in-one
software for data processing and statistical evaluations in affinity
capillary electrophoresis. ] Chromatogr A. 2016. https://doi.org/
10.1016/j.chroma.2016.04.004 .

Bobély B, Veuthey J-L, Guillarme D, Fekete S. New develop-
ments and possibilities of wide-pore superficially porous parti-
cle technology applied for the liquid chromatographic analysis
of therapeutic proteins. J Pharm Biomed Anal. 2018. https://doi.
0rg/10.1016/j.jpba.2018.06.006 .

Lemmo AV, Jorgenson JW. Transverse flow gating interface for
the coupling of microcolumn LC with CZE in a comprehensive
two-dimensional system. Anal Chem. 1993. https://doi.org/10.
1021/ac00059a016 .

Huhn C, Ramautar R, Wuhrer M, Somsen GW. Relevance and use
of capillary coatings in capillary electrophoresis-mass spectrom-
etry. Anal Bioanal Chem. 2010. https://doi.org/10.1007/s00216-
009-3193-y .

Bekri S, Leclercq L, Cottet H. Polyelectrolyte multilayer coat-
ings for the separation of proteins by capillary electrophoresis:
influence of polyelectrolyte nature and multilayer crosslinking. J
Chromatogr A. 2015. https://doi.org/10.1016/j.chroma.2015.04.
033.

Leclercq L, Morvan M, Koch J, Neusiifl C, Cottet H. Modulation
of the electroosmotic mobility using polyelectrolyte multilayer
coatings for protein analysis by capillary electrophoresis. Anal
Chim Acta. 2019. https://doi.org/10.1016/j.aca.2019.01.008 .
Nehmé R, Perrin C, Cottet H, Blanchin M-D, Fabre H. Stability of
capillaries coated with highly charged polyelectrolyte monolayers
and multilayers under various analytical conditions--application to
protein analysis. ] Chromatogr A. 2011. https://doi.org/10.1016/].
chroma.2011.03.040 .

Leclercq L, Renard C, Martin M, Cottet H. Quantification of
adsorption and optimization of separation of proteins in capillary
electrophoresis. Anal Chem. 2020. https://doi.org/10.1021/acs.
analchem.0c02012 .

Colombo S, Buclin T, Décosterd LA, Telenti A, Furrer H, Lee
BL, Biollaz J, Eap CB. Orosomucoid (alphal-acid glycoprotein)

plasma concentration and genetic variants: effects on human
immunodeficiency virus protease inhibitor clearance and cellu-
lar accumulation. Clin Pharmacol Ther. 2006. https://doi.org/10.
1016/j.c1pt.2006.06.006 .

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Alexander Stolz is a PhD stu-
dent at Aalen University and
the University of Jena. His PhD
project is related to the devel-
opment of capillary electropho-
resis-mass spectrometry meth-
ods for top-down protein
analysis. He has been working
on the characterisation of gly-
cated haemoglobin from clini-
cal samples and the develop-
ment of a nano sheath liquid
interface for CE-MS coupling.
His research focus lies in the
development of two-dimen-
sional separation platforms

combining nano liquid chromatography and capillary electrophore-
sis-mass spectrometry.

Christian Neusii3 is Professor in
the Faculty of Chemistry at
Aalen University. He received
his diploma from the University
of Heidelberg and his PhD from
the University of Leipzig. His
research interests include cou-
pling and application of (electro-
migrative) separation techniques
with mass spectrometry. He is
focusing on technical develop-
N\ \ ments such as nanoESI inter-
faces and miniaturised two-
dimensional separations in
combination with high-resolu-
tion mass spectrometry as well

as method development and applications for the analysis of proteins,
metabolites and contaminants.

@ Springer


https://doi.org/10.1007/s00216-018-1179-3
https://doi.org/10.1007/s00216-018-1179-3
https://doi.org/10.1007/s00216-016-9734-2
https://doi.org/10.1007/s00216-016-9734-2
https://doi.org/10.1021/acs.analchem.0c01350
https://doi.org/10.1016/j.chroma.2016.04.004
https://doi.org/10.1016/j.chroma.2016.04.004
https://doi.org/10.1016/j.jpba.2018.06.006
https://doi.org/10.1016/j.jpba.2018.06.006
https://doi.org/10.1021/ac00059a016
https://doi.org/10.1021/ac00059a016
https://doi.org/10.1007/s00216-009-3193-y
https://doi.org/10.1007/s00216-009-3193-y
https://doi.org/10.1016/j.chroma.2015.04.033
https://doi.org/10.1016/j.chroma.2015.04.033
https://doi.org/10.1016/j.aca.2019.01.008
https://doi.org/10.1016/j.chroma.2011.03.040
https://doi.org/10.1016/j.chroma.2011.03.040
https://doi.org/10.1021/acs.analchem.0c02012
https://doi.org/10.1021/acs.analchem.0c02012
https://doi.org/10.1016/j.clpt.2006.06.006
https://doi.org/10.1016/j.clpt.2006.06.006

	Characterisation of a new online nanoLC-CZE-MS platform and application for the glycosylation profiling of alpha-1-acid glycoprotein
	Abstract
	Introduction
	Materials and methods
	Chemicals and material
	Sample preparation
	CZE-MS
	Nano liquid chromatography
	Data analysis

	Results and discussion
	Optimisation of nanoLC and CZE conditions
	LC conditions
	CZE conditions
	Setup of the nanoLC-CZE-MS platform
	Sensitivity of the nanoLC-CZE-MS platform
	Analysis of alpha-1-acid glycoforms by nanoLC-CZE-MS

	Concluding remarks
	Acknowledgements 
	References


