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Abstract

Coupling of capillary electrophoresis to electrospray mass spectrometry still remains challenging and a topic of research to find
the best interface regarding sensitivity, robustness, and ease of use. Here, a nanoflow sheath liquid interface for CE-ESI-MS is
presented and compared to both a standard triple-tube sheath liquid and a porous-tip sheathless interface for three groups of
analytes. The nanoflow sheath liquid interface with a separation capillary inserted into a glass emitter was initially characterized
to facilitate optimization and method development. Implementation of a shut-off valve, syringe pump, and inline filter enabled
easy handling and fast analyses, repeatable both in positive and negative modes (intra-day RSD of 6.6 to 12.0%). The same setup
was used for sheathless interfacing by exchanging the emitter and using a porous etched tip separation capillary. Both nanoflow
interfaces showed similar performance. Average peak areas using the nanoflow sheath liquid interface were a factor of 38 for 6
organic acids in negative mode, 114 and 36 for the light and heavy chain of a monoclonal antibody, and 13 higher for peptides in
positive mode compared to the triple-tube interface. This first direct comparison of the three most common interfaces exhibits a
strong improvement in sensitivity to the same extent for both nanoflow interfaces, where sheath liquid interfaces offer full
flexibility in method development.
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Introduction effluent and decreases sensitivity, wherefore nanoflow

electrospray ionization represents an alternative. Nanoflow

The hyphenation of capillary electrophoresis (CE) with mass
spectrometry (MS) is a valuable technique for the analysis of
charged compounds in a wide field of application like prote-
omics, metabolomics, drug analysis, and bioanalysis as well
as in food and forensic sciences [1]. The commercially avail-
able co-axial sheath liquid electrospray (ESI) interface is used
for routine analyses in many applications due to its robustness
and analytical stability [2]. However, utilization of sheath lig-
uid flow rates of 1 to 10 pL/min dilutes the low-flow CE
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electrospray interfaces are characterized by the use of small
ID emitters and flow rates below 1000 nL/min [3] omitting a
nebulizing gas. In this regime, comparably smaller initial
droplets are produced, thus generating gas phase ions more
efficiently and the tip can be positioned closer to the MS
orifice to enhance sampling [4]. In the last years, several
new designs appeared in the literature, aiming at the enhance-
ment of sensitivity while trying to maintain reproducibility
and robustness, demonstrating the relevance of the topic.
Recent reviews summarize the properties of the interfaces
and study the principles of ESI and nanoESI concepts [3,
5-8].

Sheathless interfacing benefits from the absence of addi-
tional liquid diluting the capillary effluent by spraying the
background electrolyte (BGE) directly, resulting in high ioni-
zation efficiencies. The lack of supporting liquid can compro-
mise separation and electrospray conditions, since pH value,
electroosmotic flow (EOF), capillary coating, organic solvent,
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or inlet pressure need to be considered to achieve an effective
spray. The electrical contact for grounding can be realized in
various ways, leading to different designs reported in the lit-
erature, for example a sheathless porous-tip interface [9], by
using a detachable porous emitter [10, 11], a metal-coated
emitter [12], a sub-micrometer fracture in the capillary for
the electrical contact [13], or an “interface-free” approach by
using a narrow capillary with an ID <15 pm omitting an
additional power supply or grounding [14]. The sheathless
porous-tip interface, introduced in 2007 by Moini [9], is based
on a 30-um capillary etched to porosity to close the electrical
contact over the conductive liquid. This interface has been
commercialized by Beckman Coulter (now Sciex, Brea,
California, USA) and, thus, has been used by several research
groups. LODs in nanomolar to picomolar concentrations have
been reported for anionic metabolites [15] or intact proteins
[16]. Comparisons with the triple-tube sheath liquid interface
demonstrated an improvement of at least 8-30 times for the
analysis of the urinary metabolome [17], 50-140 times lower
LOD:s for intact proteins [18], and improvements of more than
fivefold in intensity and 10 times higher number of peaks
detected for cationic metabolites [19].

Nanoflow sheath liquid interfaces operate in the nanoliter
per minute range (nL/min) [20] with minimal sample dilution
but benefit from the sheath liquid regarding spray formation,
ionization process, and flexibility in the selection of the BGE.
Examples are a low sheath flow interface with a blunt [21] or
tapered stainless steel needle [22], a flow-through microvial
using a tapered stainless steel needle [23], a nanoflow sheath
liquid interface with a glass emitter [24, 25], and a self-
aligning hybrid liquid junction interface with a polished fused
silica capillary as emitter [26]. The nanoflow sheath liquid
interface using a glass emitter introduced by Hsieh in 1999
[25] was electrically connected by metal wire. Dovichi’s
group connected the tapered glass emitter of 835 wm opening
via a cross piece to the electrode in a sheath liquid reservoir at
ambient pressure [20, 24, 27] (commercialized as EMASS-II,
CMP Scientific, Brooklyn, NY). The outer diameter of the
separation capillary end can be reduced by etching to reach
further into the emitter tip and minimize analyte diffusion
[20]. With this interface, more than 20 applications have been
published, mainly in the field of monoclonal antibody (mAb)
analysis, proteomics, metabolomics, polysaccharides, and
peptide analysis where LODs of picomolar concentrations
could be achieved [27-31]. However, comparison with other
interfaces has not been performed yet, as also noted by others
[6].

In this work, the first systematic comparison of a nanoflow
sheath liquid interface to the standard triple-tube sheath liquid
and to a sheathless interface for CE-ESI-MS coupling is pre-
sented. A nanoflow sheath liquid interface with an etched
capillary inside a glass emitter and a sheathless interface using
a capillary with a porous tip were selected as representative
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interfaces due to the number of publications and reported per-
formance. The experiments were performed under identical
conditions applying the same instrumentation, samples, and
time frame, using organic acids in negative mode and tryptic
peptides and a reduced mAD in positive mode to cover a wide
mass range. For the nanoflow sheath liquid interface, the elec-
tric and flow characteristics were studied and a syringe pump,
shut-off valve, and inline filter enabled fast and repeatable
analysis. The same interfacing setup was used to perform both
nanoflow sheath liquid and sheathless porous-tip coupling
with only minor modifications.

Materials and methods
Chemicals and samples

Methanol, isopropanol (both LC-MS grade), acetic acid,
formic acid, sodium hydroxide, and hydrochloric acid were
obtained from Carl Roth GmbH und Co. KG (Karlsruhe,
Germany). All solutions were prepared using ultrapure wa-
ter (18 MQ*cm at 25 °C, SG Ultra Clear UV from Siemens
Water Technologies, USA). Hydrofluoric acid 40% (v/v)
was purchased from Merck (Darmstadt, Germany).
Dithiothreitol (DTT) and sodium bicarbonate were obtain-
ed from Sigma-Aldrich (Steinheim, Germany). “ES Tuning
mix” solution was obtained from Agilent Technologies
(Palo Alto, CA, USA). Dynamic UltraTrol™ low normal
(LN) coating was from Target discovery (Palo Alto, CA,
USA). Sample solutions of a model mAb (kindly provided
by F. Hoffmann-La Roche AG) were used. For the reduc-
tion, 1 M DDT was added and, after heating during 5 min at
70 °C in a Thermomixer (Eppendorf, Wesseling-Berzdorf,
Germany), the sample was centrifuged at 14,500 rpm for
45 s (MiniSpin plus, Eppendorf, Wesseling-Berzdorf,
Germany). Standard mixtures of six organic acids (4-
toluenesulfonic acid, 4-styrenesulfonic acid, 1-
octanesulfonic acid, 3-nitrobenzenesulfonic acid,
naphtalene-2-sulfonic acid, and decane-1-sulfonic acid) ob-
tained from Sigma-Aldrich (Steinheim, Germany) were
prepared by solving them in ultrapure water and diluting
to final concentrations. The trypsin-digested BSA was from
New England Biolabs (Ipswich, USA) and diluted to final
concentration in acetonitrile:water (20:80 v/v) with 0.01%
(v/v) formic acid.

Nanoflow CE-MS interface

The setup of the nanoflow interface is shown in Fig. 1. A
separation capillary is threaded through a PEEK T-union with
a 1.3-mm ID (Upchurch Scientific, Munich, Germany) into a
borosilicate electrospray emitter of 5.5-cm length, 1-mm OD,
0.75-mm ID, and 3-mm tapered tip, finishing in a 30-pm
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Fig. 1 Schematic representation
of both nanoflow interfacing
setups. Syringe with pump (a),
10 um inline filter (b), shut-off
valve (¢), sheath/conductive
liquid reservoir with grounding
electrode (d) nanoflow sheath
liquid (e), and sheathless porous- —
tip (f) interface. Further
information, see “Nanoflow CE-

MS interface”

system

opening (Gynemed, Lensahn, Germany). The capillary outlet
of 30- or 50-um ID and 365-um OD capillaries (Polymicro
Technologies, AZ, USA) was etched with hydrofluoric acid to
reduce the outer diameter to a 5—10-um wall thickness. For
sheathless porous-tip applications, capillaries were etched to a
5-pum wall thickness till porosity [9] over approximately 3 cm
length and the emitter tip was opened to approximately
100 wm so that the porous capillary tip protrudes approximate-
ly I em.

An XYZ-stage allowed positioning of the emitter in front
of the MS entrance. A 10-um inline filter, PEEK T-unions,
and PEEK tubing with 0.5-mm ID and 1.6-mm OD were
obtained also from Upchurch Scientific. The tubing for sheath
or conductive liquid had a total length of 35 cm from the
emitter T-union to the reservoir (Fig. 1). A syringe pump
(Cole-Parmer®, IL, USA) with a 5-mL syringe (SMDF-LL-
GT, SGE Analytical Science, Melbourne, Australia) was used
to fill the system with sheath or conductive liquid. Between
analyses, the flow to the reservoir was closed by a shut-off
valve to flush the emitter (Upchurch Scientific). Emitter tip
and spray plume were observed using a digital microscope
(HR 5 MP Long distance, Dino-Lite Europe,
The Netherlands). For standard sheath liquid experiments,
the triple-tube interface (G1607A from Agilent
Technologies) was used at a flow rate of 4 puL/min.

LN

CE-MS conditions

CE experiments were performed using a PrinCE Next 850
(Prince Technologies, Emmen, The Netherlands) or an
Agilent 7100 (Agilent Technologies). For MS detection, a
micrOTOF-Q controlled by micrOTOF control software
(Bruker Daltonik, Bremen, Germany) was used. Data process-
ing was performed using the Bruker Compass Data Analysis
software (Bruker Daltonik). The conditions employed for
each analyte and each CE-MS interface are summarized in
Table 1.

Results and discussion
Setup of the nanoflow interfaces

For nanoflow sheath liquid interfacing, a CE capillary is in-
troduced into a glass emitter protruding a PEEK T-union
where the third port is connected to a reservoir filled with
sheath liquid and a grounding electrode, similar to the
EMASS-II (CMP Scientific, Brooklyn, NY) [25, 32]. In the
literature, flushing of the separation capillary is performed by
applying low pressures with running electrospray [20, 33]
leading to long preconditioning times. The implementation
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voltage drop of some hundred volts from capillary outlet to the
grounding electrode and therefore a potential located at the
emitter tip. By calculating the resistance of the sheath liquid
system by using measured values for the specific resistance of
individual sheath liquids and the geometry of the sheath liquid
system (calculated value for Rgp = 0.08 G(2, Fig. 2, for emitter
with inserted capillary, T-unions, and tubing), remaining po-
tentials of 0.3 to 0.5 kV are present at the emitter tip. This is in
agreement with the fact that the electrospray onset potential at
the MS inlet is lowered by 400 V when CE voltage is turned
on. It is obvious that the generally higher current in the sepa-
ration capillary requires a drain for the excess current that is
unable to flow over the electrospray which is why the sheath
liquid needs to be conductive and determines the remaining
potential in the emitter tip. Therefore, the maximum separa-
tion current, electrospray voltage, and sheath liquid composi-
tion are interdependent and careful optimization is required.
This kind of nanoflow interface with a glass emitter has been
reported to be electrokinetically driven, with sheath liquid
pumped by EOF generated on the emitter surface [28]. The
voltage drop of about + 400 V from the capillary outlet to the
grounding electrode by applying a positive potential in the CE
inlet can generate an EOF only away from the emitter tip,
independent of electrospray polarity and independent of loca-
tion of ES potential (positive needle or negative MS inlet).
This fact is generally caused by the higher currents in CE
compared to ESI. Consequently, the EOF cannot be the driv-
ing force of the sheath liquid flow which is contradictory to
previously published statements [28, 35].

So far, flow rate for this type of interface was only esti-
mated [20], however, is of importance in the context of
stable and sensitive CE-ESI MS as also noted by others
[6]. The flow rate in self-flow nano electrospray is depend-
ing on liquid parameters like surface tension, viscosity, con-
ductivity, electric field strength, emitter geometry, orifice
diameter, and backpressure [36—39]. To determine the flow
rates in the setup, an additional tubing of 0.5 mm ID and
10 cm length filled with sheath liquid was connected hori-
zontally (leveled to prevent siphoning effects) extending
the reservoir. The consumption was measured during anal-
ysis depending on spray voltage and sheath liquid compo-
sition. In negative mode, flow rates of approximately
0.4 uL/min were measured with 900 V MS inlet potential,
2.0 mm distance, and a sheath liquid of isopropanol:water
(50:50 v/v) with 0.5% (v/v) formic acid or with 10 mM
ammonium acetate. The flow rate increased to 0.8 uL/min
with increased distance of the capillary outlet to emitter tip
from 0.30 to 0.80 mm without influencing the peak inten-
sity or peak shape (see Electronic Supplementary Material
(ESM) Fig. S1). In positive mode, lower flow rates of ap-
proximately 0.2 pL/min for methanol:water (50:50 v/v)
with 0.5% (v/v) formic acid were determined under opti-
mized conditions.

—

RSL

—@_ Ree Res _6_

Uce / Ues
Emitter tip

Fig. 2 General scheme for liquid supported electrospray systems for CE-
MS with reservoir held on ground with Rcg, resistance of the separation
capillary; Rgp, resistance of the sheath liquid tubing including emitter tip;
Rgs, resistance of the electrospray. Ucg is the applied CE potential and
Ukgs the electrospray potential

Optimization of interfacing parameters

In the following, experiments for the optimization of the in-
terface parameters are described. The final conditions are
shown in Table 1.

Distances and electrospray voltage

To study the influence of the distance between emitter tip and
MS inlet and the applied electrospray voltage on signal inten-
sity, direct infusion experiments were performed for the
nanoflow sheath liquid interface and sheathless porous-tip in-
terface. The separation capillary was filled with a mixture of
four organic acids (0.5 pg/mL), the digested BSA
(0.225 pmol/uL), or the reduced mAb (0.057 mg/mL) solved
in BGE and separation conditions were applied. Intensities of
related analyte traces and signal stability were measured in
dependency of distance from 0.5 to 4.0 mm and electrospray
voltages from 500 to 2000 V in both interfaces. In accordance
with the literature, closer distances led to higher signal inten-
sities in the three applications due to more efficient sampling
of the electrospray plume [40] but also to lower spray stability
[41]. A distance of 2.0 mm between emitter tip and MS inlet
offered sensitive and stable spray for both interfaces and was
therefore chosen for the final experiments for the comparison
of the interfaces. The lowest MS inlet potential, at which the
spray was stable, yielded the highest signal intensities for both
nanoflow interfaces and all groups of analytes. Stable spray
conditions were achieved with approximately 100-200 V
more than the onset voltage. These results from the direct
infusion experiments were confirmed by separation experi-
ments. For the nanoflow sheath liquid interface, it is important
to note that the CE current influences the remaining potential
at the emitter tip. Therefore, the spray stability is affected by
current fluctuations, e.g., due to high resistivity sample plugs
or unstable CE-conditions.

@ Springer
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To minimize dead volume and prevent diffusion for the
nanoflow sheath liquid interface, it is recommended to reduce
the OD of the capillary outlet (Fig. 1). The same etching pro-
tocol was used as for the porous-tip capillaries to 5-10 pm
wall thickness. By using a microscope, the capillary outlet
could be positioned 0.30 mm away from the emitter orifice
without impeding the sheath liquid flow. A distance of
0.40 mm did not influence peak width or intensity, whereas
distances of 1.5 and 1.2 mm led to significant peak broadening
for the sulfonic acids (see ESM Fig. S1) and the light chain
(LC) and heavy chain (HC) of the mAb, respectively, corre-
sponding to the distance of a non-etched capillary. Therefore,
the precise etching is not as important for the nanoflow sheath
liquid as for the porous-tip interface and could be also
manufactured by grinding to avoid working with hydrofluoric
acid [42].

Sheath liquid composition

The sheath liquid composition was optimized individually for
both sheath liquid interfaces and each group of analytes.

For the organic acids, different proportions of isopropanol
and methanol to water with formic acid, acetic acid, and am-
monium acetate as additives in concentrations of 0.1, 0.2, 0.5,
and 2% (v/v) were tested. In contrast to positive mode where
methanol:water mixtures are commonly used for the nanoflow
sheath liquid interface, in negative mode methanol contents
lower than 75% (v/v) can lead to corona discharge for the
required onset voltage [4]. However, increasing the methanol
content to 75-99% (v/v) reduces the surface tension of the
sheath liquid and stable electrospray is possible [43, 44]. All
combinations of the different additives with isopropanol:water
(50:50 v/v), where the surface tension is similar to mixtures
with 85% (v/v) methanol [45], led to a stable spray. For low-
conductivity sheath liquids of more than 85% (v/v) methanol
with 0.5% formic acid or isopropanol:water (50:50 v/v) with
acetic acid content of up to 2% (v/v), onset voltage is reached
and electrospray could be initiated when — 30 kV were applied
in the CE inlet without MS inlet voltage. Therefore, these
sheath liquids are not applicable in this setup since the actual
electrospray voltage cannot be controlled. Altering the sheath
liquid tubing dimension could minimize this limitation.
Further, 10 mM ammonium acetate as basic additive did not
improve ionization efficiency in both interfaces. Finally, a
mixture of isopropanol:water in 50:50 v/v with 0.5% (v/v)
formic acid provided the highest signal intensities for both
sheath liquid interfaces. For the reduced mAb, 50% (v/v)
methanol or isopropanol in water with 0.2 or 0.5% (v/v)
formic acid as sheath liquids were tested for the triple-tube
and nanoflow sheath liquid interface, selecting methanol with
0.5% (v/v) formic acid due to the higher intensity observed. In
the case of tryptic BSA digest, isopropanol:water (50:50 v/v)
with 0.5% (v/v) formic acid provided the highest signal
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intensities. In all experiments, the conductive liquid used for
electrical contact in the sheathless porous-tip interface was the
same as the BGE, which is common practice [15, 41].

Pressure in sheathless porous-tip interface

The capillary flow in the sheathless porous-tip interface is
mainly caused by the EOF and the suction from the ESI pro-
cess. The latter becomes negligible above a flow rate of 10 nL/
min [46]. In the case of mAD analysis, capillaries with a dy-
namic pre-coating as UltraTrol LN were used to prevent pro-
tein adsorption and minimize the EOF. Therefore, an inlet CE
pressure is required to create a sufficient flow of BGE to
maintain electrospray. With pressures between 10 and
100 mbar (flow rates between 2 and 20 nL/min for a 30-um
ID and 70-cm capillary considering the EOF = 0), no signifi-
cant differences in signal intensity were observed. Jarvas et al.
[47] demonstrated that the signal intensity of an infused mAb
stays constant for flow rates between 250 and 20 nL/min. A
100-mbar inlet pressure was selected during experiments for
the reduced mADb due to higher spray stability. In the case of
the organic acids, bare-fused silica capillaries in combination
with reversed polarity (— 30 kV inlet potential) were used and
the low EOF with pH of around 2 for 10% (v/v) acetic acid
was counterbalanced with a 35-mbar inlet pressure. However,
the EOF generated in the MS direction by normal polarity (+

30 kV) for the tryptic BSA digest was sufficient to sustain a
stable spray and no extra pressure was applied in the CE inlet.

Capillary dimensions

Different capillary dimensions have been used so far without
showing any limitation or restriction in design for the
nanoflow sheath liquid interface [48] which is advantageous
for method development. For the sheathless porous-tip inter-
face, Moini suggested in the first experiments in 2007 that a
wide range of capillary sizes could be used, but 20-30-pum ID
capillaries were especially appropriate [9]. In the commercial
sheathless porous-tip interface by Sciex, the dimensions are
fixed in length (90 cm), ID (30 um) [49], and OD (150 um) by
design.

In our experiments, capillaries with 30- and 50-um IDs
were compared in the triple-tube and nanoflow sheath liquid
interfaces to study the difference in analytical performance for
the reduced mAb. By injecting the same plug length for both
capillary diameters (corresponding to threefold lower injected
volume for the 30-um capillary), factors of 1.5 in intensity and
2.0 in area were determined for 50-um ID capillaries in the
triple-tube interface. However, for both IDs used in the
nanoflow sheath liquid interface, similar intensities and peak
areas were obtained (data not shown). This could be explained
by a better ionization efficiency due to a reduced mass flow of
BGE with 30-um ID capillaries [50]. Therefore, depending on
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Fig. 3 Comparison of the three different interfaces (in rows: triple-tube,
nanoflow sheath liquid interface; sheathless porous-tip interface) for the
three analytes selected (in columns: organic acids; reduced mAb; tryptic
BSA digest). Organic acids: EIEs for 4-toluenesulfonic acid (#2, m/z
171.011), 4-styrenesulfonic acid (#3, m/z 183.011), 1-octanesulfonic acid
(#5, m/z 193.089), 3-nitrobenzenesulfonic acid (#1, m/z 201.981),

the capillary dimension used in the triple-tube interface, dif-
ferent improvement factors can be expected for the compari-
son between the interfaces.

Analytical performance of the three interfaces

Comparative analyses between all interfaces were carried out
within 2 to 3 days for each group of analytes using the same

naphthalene-2-sulfonic acid (#4, m/z 207.011), decane-1-sulfonic acid
#6, m/z 221.121); 0.5 pg/mL in water. mAb: EIEs for HC and LC of
reduced model mADb (2.27 mg/mL) in water with the corresponding mass
spectra. BSA digest: EIEs for trypsin-digested BSA peptides
(0.225 pmol/pL) in acetonitrile:water (80:20, v/v) with 0.01% (v/v) formic
acid. For further conditions, see Table 1

instrumentation with the previously optimized conditions
(Table 1) to minimize deviations in instruments performance.
The CE method and MS parameters were not optimized for
highest sensitivity, since the comparison was the goal of the
study. Factors of improvement for signal intensity and area
were determined for both nanoflow interfaces in relation to
the triple-tube interface. Reproducibility for one type of inter-
face was tested on two subsequent days with exchanged
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Table 2  Factor of improvement, repeatability, and reproducibility for each analyte with the three interfaces

Analyte Interface Factor of improvement” Repeatability RSD (%)" Reproducibility RSD (%)°

Area Intensity Area Intensity Area Intensity

Organic acids ~ Triple tube 1 1 74 7.9 10.8 12.0
Nanoflow sheath liquid ~ 21-59 (X =38) 2544 (x=35) 6.6 6.1 11.3 6.8
Sheathless porous tip 4-22 (X =12) 2-12 (x=11) 35 6.8 - -

mADb Triple tube 1 1 13.1 9.0 9.5 12.8
Nanoflow sheath liquid 114 (LC)/36 (HC) 76 (LC)/34 (HC)  10.2 15.4 16.5 222
Sheathless porous tip 110 (LC)/26 (HC) 87 (LCY18 (HC)  10.8 9.3 - -

BSA digest Triple tube 1 1 242 23.0 - -
Nanoflow sheath liquid 9-27 (X =13) 828 (X =12) 12.0 12.4 - -
Sheathless porous tip 3-31 (X =10) 2-26 (X =6) 16.8 16.7 - -

#Ratio between values of nanoflow sheath liquid or porous-tip and triple-tube interface, given for concentrations: reduced mAb, 2.27 mg/mL for LC and
HC; BSA digest, range and average of 26 peptides from 0.225 pmol/uL; organic acids, range and average of six analytes for 0.5 pg/mL

® Repeatability. mAb: triple-tube (n = 6, 2.27 mg/mL) and nanoflow sheath liquid (n = 4, 2.27 mg/mL), sheathless porous tip (1 = 2, 2.27 mg/mL). BSA
digest: all interfaces (n =3, 0.225 pmol/puL). Organic acids: triple-tube (n = 3, 5.0 pg/mL), nanoflow sheath liquid (n =3, 0.5 pg/mL), sheathless porous

tip (n=2, 0.5 pg/mL)

¢ Reproducibility. mAb: triple-tube (n = 10, 2.27 mg/mL) and nanoflow sheath liquid (n = 8, 2.27 mg/mL). Organic acids: triple-tube (7 = 6, 5.0 pg/mL),

nanoflow sheath liquid (n =6, 0.5 pg/mL)

separation capillaries and glass emitters in the case of the
nanoflow sheath liquid interface.

For the comparison in negative mode, a mixture of six
organic acids was separated within 12 min (Fig. 3). In the case
of the nanoflow sheath liquid interface, stable electrospray
was achieved without coating of the borosilicate emitter in
negative mode, although recommended in a recent publication
[4]. Calibration curves were generated from five concentration
levels between 200 and 5000 ng/mL for the triple-tube and 8
to 1000 ng/mL for the nanoflow interfaces to compare sensi-
tivity, linearity of response, and LOD for the compounds (see
ESM Table S1). In comparison with the triple tube, factors in
area for the six analytes in 500 ng/mL samples of 4 to 22
higher for the sheathless porous-tip interface and 21 to 59
higher for the nanoflow sheath liquid interface were achieved.
No significant peak broadening was observed for both
nanoflow interfaces. The triple-tube and nanoflow sheath lig-
uid interface show good results regarding repeatability and
reproducibility (Table 2). No reproducibility data for the
sheathless interface are given due to difficulties in the etching
process and limited lifetime, though several capillaries were
tested.

To compare the three interfaces also in positive mode, a
reduced mAb and trypsin-digested BSA were analyzed. The
HC and LC were separated in around 10 min (Fig. 3). Both
nanoflow interfaces showed significant gains for peak area
and intensity compared to the triple-tube interface.
Alterations of the obtained LC mass spectra were observed
for the three interfaces (see Fig. 3 and ESM Fig. S2). In con-
trast to sheathless, the charge state distribution is shifted to
lower charge state and higher m/z in both sheath liquid
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interfaces. Several factors can be responsible for this effect
such as the concentration of available protons, flow rate (mi-
cro- or nanospray regime), electrospray voltage, or the low
polarity and higher gas-phase basicity of methanol from the
sheath liquid in comparison with water [51, 52]. Mass spectra
of the LC at low concentrations (ESM Fig. S2) show better
spectra quality for both nanoflow interfaces demonstrating the
advantages for analysis of low concentrated samples.

For the tryptic BSA digest (0.225 pmol/uL), average fac-
tors in area of 14 and 11 higher for the 26 most intense peaks
were observed in the nanoflow sheath liquid interface and
sheathless porous-tip interface, respectively (Table 2), as ex-
emplarily shown in Fig. 3. Due to the low concentration used,
greater variabilities in signal intensity led to poor repeatability
in the triple-tube interface (Table 2). The overall higher sensi-
tivity allowed observation of additional peaks with the
nanoflow sheath liquid and sheathless porous-tip interface,
showing the advantage of the nanoflow interfaces for se-
quence coverage where only low concentrated samples in
minute volumes are available.

The high signal intensities reached with the nanoflow
sheath liquid interface compared to the triple-tube can be
mainly explained by a lower sheath liquid flow rate of 20-
and 40-fold (flow rates of 4 pL/min for triple-tube and 0.2—
0.4 pL/min for nanoflow sheath liquid, see “Electric and flow
characterization of the nanoflow sheath liquid interface™) and
therefore reduced dilution. Moreover, the ionization process is
more efficient due to the emitter geometry that causes smaller
droplet formation and the closer distance for better sampling.
In this context, higher gains would be expected for the
sheathless porous-tip interface having a similar emitter
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geometry with a low flow rate of around 20 nL/min without
dilution. However, the factors obtained with the nanoflow
sheath liquid interface were similar. This can be associated
with the improved ionization efficiency caused by the sheath
liquid. In fact, the use of organic solvents as additive in the
BGE can enhance ionization efficiency for a sheathless ap-
proach [18, 21], but could interfere with the quality of sepa-
ration. In the literature, this porous-tip interface has been al-
ready compared to the triple-tube interface showing similar
factors of improvement as in this work for metabolites and
intact proteins [17-19].

Conclusions

In this work, the analytical performance of a nanoflow sheath
liquid interface for CE-ESI-MS was compared to standard
sheath liquid and sheathless porous-tip interfacing. In research
articles where the sensitivity for one interfacing technique is
reported in terms of absolute quantities, comparison with
others is not ideal because of differences in the applicable
conditions and available instrumentation, concealing the real
influence of the technique itself. This first comparison was
done by keeping most instrument parameters, samples, and
time frame constant and covering a wide mass range in posi-
tive and negative MS modes in an attempt for fair comparison,
despite knowing the difficulty of good and objective
methodology.

The triple-tube interface is robust, easy to use, and flex-
ible regarding capillary dimensions, sheath liquid, or BGE
selection. Nevertheless, when better analytical sensitivity is
required, both nanoflow interfaces demonstrate great bene-
fits both in positive and negative ESI. The performance of
the nanoflow sheath liquid interface was similar to the
sheathless interface even with the dilution by the sheath
liquid. However, sheath liquid-supported systems offer full
flexibility in method development due to independence of
separation and electrospray conditions that make them
more versatile tools. In general, comparable sensitivity
could be expected for nanoflow interfaces with similar tip
geometry, regardless if sheathless or low-flow sheath liquid
supported, remarking that organic modifiers in the electro-
lyte can enhance ionization for sheathless interfacing for
some analytes.

Other key points for the design of new CE-ESI-MS inter-
faces are handling, reproducibility, and robustness. The char-
acterization of the nanoflow sheath liquid interface adds valu-
able information for the operation and working principle. The
setup used provides a technical solution for reproducible anal-
yses, compatibility with all instrument manufacturers, and
ability for high flushing rates of sheath liquid and electrolyte,
although the manual handling and fragility still hinder the
practicability. Well-engineered and sophisticated parts to

simplify assembling for a reasonable price with automated
conditioning steps and with the possibility to use standard
separation capillaries could be a promising perspective to pro-
vide future CE-ESI-MS interfaces to a broader range of users.
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