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ABSTRACT: Intact protein analysis using mass spectrometry
(MS) is an important technique to characterize and provide a
comprehensive overview of protein complexity. It is also the basis
of “top-down” approaches in proteomics to describe the proteo-
forms of single protein’s post-translational modifications (PTMs).
MS-based analysis of intact proteins benefits from high-resolution
separations prior to electrospray ionization. Capillary isoelectric
focusing (cIEF) is a high-resolution separation for proteins and
peptides which is capable of separating proteoforms. MS detection
coupled to cIEF can separate, detect, and characterize proteoforms
at the molecular level. However, cIEF with MS detection is a
compromised process. The concentration of ampholytes required
for cIEF is mutually exclusive with mass spectrometer contam-
ination. We have improved an online cIEF-ESI-MS interface to reduce (desalt) amino acid ampholytes in-line after cIEF and prior to
electrospray ionization. In proof of principle experiments, >90% increase in area under the curve of the electropherograms was
observed with the interface compared to without the interface. Protein standards including proteoforms of cytochrome C,
myoglobin, and α-casein were separated and resolved with high reproducibility. The interface did not compromise the linearity of
the cIEF pH gradient separations, achieving a high linearity with a R2 of 0.99. In addition, a tryptic digest of BSA demonstrates
baseline resolution of peptides with as little as 0.02 pI unit difference and a full width at half-maximum average of 7.1 s.

■ INTRODUCTION
Mass spectrometry (MS) detection of intact proteins is an
ideal method for identification and quantification of protein
forms, or proteoforms.1,2 Proteoforms, which encompass
genetic variations, alternative splicing, and post-translational
modifications (PTMs), can lead to diverse protein func-
tions.3−9 Understanding vital biological processes and disease
mechanisms necessitates proteome characterization at proteo-
form-specific resolution.
Traditionally, liquid chromatography (LC) and SDS-PAGE

have been used for proteoform separation and identification
due to their ability to separate complex intact protein
mixtures.1,2,10 Reverse-phase liquid chromatography however
has limited capacity to resolve proteoforms with similar
chemical composition, particularly for protein and peptide
isoforms.1 SDS-PAGE is difficult to automate, and downstream
processing is tedious.
Capillary zone electrophoresis (CZE) is an electrophoretic

technique that separates analytes based on their size-to-charge
ratio.11−16 This enables higher resolution proteolytic separa-
tions in shorter time frames than LC and is readily interfaced
to mass-spectrometric analysis.16,17 However, it is constrained
by low volumetric loading capacity (<1% of capillary volume)
and narrow separation windows.18,19 Although recent efforts
have improved the sample loading capacity in CZE it remains

an issue.20−23 Furthermore, CZE has limited resolution for
individual charge variants of macromolecules like pro-
teins.18,24,25 As such, it predominantly finds utility in cases
where analysis is not concentration limited.26

Capillary isoelectric focusing (cIEF) is an alternative
approach that uses the entire separation volume of the
capillary and operates orthogonally to CZE and reverse-phase,
relying on the electrophoretic separation of amphoteric
molecules based on their isoelectric points (pI).27−29 cIEF
has gained popularity for its high-resolution separations of
proteoforms, achieving resolutions as high as 0.005 pI units,
enabling variations in amino acid sequence, PTMs, and protein
degradation products to be separated.30

cIEF excels as a high-resolution technique for separating
charge heterogeneity, but it cannot distinguish the underlying
structural origins of the variations including mass. MS
detection is the dominant method to characterize the basis
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of charge variants separated by cIEF.31−34 However, cIEF
coupled to MS detection is an inherently compromised
process. The necessity of ampholytes to establish and maintain
the pH gradient within the separation capillary severely
suppresses MS ionization and contaminates the instrument,
resulting in diminished sensitivity and robustness of cIEF-
MS.29,30,35,36

Many approaches have been employed to address ampholyte
suppression and contamination. Diluting the concentration of
ampholytes used for the IEF separation is one routine
approach to improve analyte ionization but this comes at the
expense of IEF capacity and resolution.36,37 In 1988, the Smith
group introduced a coaxial sheath flow interface that has been
used to decrease the concentration of carrier ampholytes prior
to MS.38 While this method permits the use of higher
ampholyte concentrations by diluting them through the sheath
prior to MS, it leads to compromised analyte sensitivity from
dilution of analyte, and contamination concerns persist.38

Moreover, significant analyte suppression remains. Besides
ampholyte dilution, the use of online cIEF-MS dialysis/
partitioning membranes to reduce the impact of low molecular
weight ampholytes has been successfully employed.39−42

Although these designs facilitate the separation and detection
of proteins and peptides, the devices change the integrity of the
peaks, leading to band broadening, or aliquoting which reduces
sensitivity, resolution, and increases complexity and analysis
times.39−42 These interfaces operate off and online rather than
in-line, which limits their adoption for single-dimensional
analysis and directly interfacing to an ESI-MS interface.
To address these challenges, we constructed an in-line

interface to directly couple cIEF to ESI-MS. We utilized
Nafion tubing enclosed within a stainless-steel tube, enabling
liquid counter-flow for desalting. Ampholytes permeate the
membrane and are eliminated as analytes are mobilized into
the mass spectrometer. This interface effectively addresses the
need to reduce ampholytes prior to MS without significantly
impacting the separation.
Commercial ampholytes, like Pharmalyte and Servalyte, are

traditionally used for cIEF-MS. However, amino acid
ampholytes have been suggested as an alternative to
commercial ampholytes because they limit analyte suppression
and instrument contamination.42,43 We optimized this inter-
face for amino acid ampholytes (including Lys, His, Gly, Asn,
Glu) because they are low molecular weight and have been
demonstrated to permeate Nafion membranes.44−46 We
measured peak area for intact proteins in the presence and

absence of the in-line interface and a 90% increase in area
under the curve of the electropherograms was observed. In
addition, standard proteins were successfully separated with a
0.99 R2 linearity, demonstrating no significant alterations in the
proteins’ migration with the interface. A complex mixture of
BSA tryptic peptides showed baseline resolution of peptides
with as little as 0.02 pI difference. The average peak width of
the resolved peptides was 7.1 s at full width at half-maximum
(fwhm).

■ EXPERIMENTAL SECTION
Reagents and Materials. Except as noted, reagents were

analytical grade or higher and purchased from Sigma-Aldrich
(St. Louis, MO). Solutions were prepared from deionized−
distilled water (ddH2O) from a Barnstead Nanopure System
(Thermo-Fisher Scientific, Waltham, MA) or using MS-grade
water (Honeywell, Muskegon, MI). The protein standards and
amino acids ampholytes were purchased from Sigma-Aldrich.
Trypsin was purchased from Promega (Madison, WI).

Sample Preparation. The amino acids, lysine (pI 9.7),
histidine (pI 7.6), glycine (pI 6.1), asparagine (pI 5.4), and
glutamic acid (pI 3.1), were dissolved in 10 mL of ddH2O and
stored at 4 °C. Standard protein samples of cytochrome C,
myoglobin, and α-casein were suspended in ddH2O at 10 mg/
mL. Proteins were stored at −20 °C, thawed then diluted into
the amino acid ampholytes prior to use.
Bovine serum albumin (BSA, 100 μg) dissolved in 100 mM

triethylammonium bicarbonate (TEAB) was denatured and
reduced with 6% SDS and 10 mM TCEP at 95 °C for 10 min.
The sample was alkylated by the addition of iodoacetamide to
10 mM at room temperature for 30 min in the dark. The
proteins were loaded on a Suspension-Trap (Protifi,
Huntington, NY) and washed in sequence with 90:10
methanol/100 mM TEAB and 1:1 methanol/chloroform.
The sample was digested by incubating with trypsin at a
1:40 trypsin-to-protein (w/w) for 12 h at 37 °C in 100 mM
TEAB. The peptides were eluted according to the
manufacturer’s protocol. The sample was desalted by solid
phase extraction (SPE) using a 10 mg HLB SPE (Waters
Billerica, MA) cartridge following the manufacturer’s in-
structions and in reference.47 Desalted peptides were
lyophilized using a Speed Vac (Thermo Fisher), stored at
−20 °C, and thawed then diluted into the amino acid
ampholytes prior to cIEF-MS analysis. Peptide isoelectric
points were determined using Prot pI 2.2.29.152 (https://
www.protpi.ch/Calculator/ProteinTool).

Figure 1. Schematic workflow of the cIEF-Nafion-MS interface. Samples are injected into the capillary and a positive voltage is applied to focus the
molecules. Then, samples are mobilized through the interface where buffer exchange occurs using a 5% isopropanol alcohol (IPA) solution supplied
by a syringe pump. The amino acid ampholytes are removed to waste and the protein sample is migrated into the ionization source for mass
analysis and detection. Adapted with permission from ref 50. Copyright 2015 American Chemical Society.
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Preparation of Linear Polyacrylamide (LPA) Coated
Capillary. Bare fused silica capillaries (100 μm ID and 360 μm
OD, Polymicro Technologies Phoenix, AZ) were coated with
linear polyacrylamide (LPA) as described previously.48 This
protocol was modified to achieve a higher durability capillary
coating for mass spectrometry by increasing the water bath
incubation time from 45 to 60 min, as in ref 26.
Construction of Nafion Interface. The interface was

described previously for hydrogen/deuterium exchange and
off-line cIEF buffer exchange.49,50 A LPA coated capillary (100
μm ID and 360 μm OD) was sleeved inside of 0.012″−0.016″
ID Nafion tubing (PermaPure, Lakewood, NJ) by expanding
the tubing with isopropanol alcohol and placing it over the
capillary. The Nafion was UV glued with Loctite 352 and cured
for 15 s with the Cool Cure 365 Lite (American Ultraviolet
Lebanon, IN). This process was repeated with an uncoated
fused silica capillary on the distal end of the Nafion tubing
(Figure 1). This capillary−Nafion−capillary interface was
sheathed inside of a 10 cm, 1/16″ stainless steel tube and
attached to two, 0.75 mm bore, T-connectors (Valco
Instruments Co., Houston, TX). One T-connector is
connected to a syringe pump with 5% isopropyl alcohol in
water (wash buffer) counterflow to the Nafion-capillary at a
flow rate of 40 μL/min. The other T-connector is attached to
waste. Detailed assembly and construction of the interface and
part numbers is provided in the Supporting Information
(Images S1 and S2).
Automated cIEF-MS. Samples were analyzed by coupling

an Agilent 7100 CE to an Agilent 6100 series single
quadrupole MSD XT using an Agilent Jet Stream ESI-MS
sprayer. The ESI emitter was filled with sheath liquid using an
Agilent 1260 Infinity II isocratic pump connected to a 1:100
flow splitter for a flow rate of 2 μL/min. An ∼60 cm LPA
coated capillary was used for the cIEF separation, connected to
an ∼5 cm Nafion and ∼20 cm uncoated fused silica capillary.
The proximal end of the coated capillary was installed into the
CE and the distal end of the uncoated capillary was positioned
in the ESI emitter with an acidic sheath buffer. The sheath
buffer was 0.1% (v/v) formic acid and 50% methanol (v/v).42

The cIEF “sandwich” injection protocol was used to
facilitate automated cIEF-MS, Figure S1.51,52 A 5.0 s plug of
0.2 M NH4OH catholyte and a 15.0 s protein-ampholyte
mixture were sequentially injected into the LPA coated
capillary and then inserted into an anolyte buffer vial
containing 0.1% (v/v) formic acid. A supplement of 10%
glycerol was added to the anolyte, catholyte, and sample to
minimize adhesion of the proteins onto the capillary walls and
reduce the effect of joule heating.51,52 After injections, a
voltage of 20 kV was applied across the capillary-Nafion-
capillary interface for focusing followed by pressure assisted
chemical mobilization (0−10 mbar).
The mass spectrometer ESI spray chamber had a drying gas

temperature of 280 °C with a flow rate of 7 L min−1 and
nebulizer pressure of 15 psig. The capillary and fragmentor
voltages were 4000 and 80 V. The electrospray voltage was
held under 3.85 kV to generate stable spray. The m/z range
was set to 600−3000 m/z (0.12 step width 1.00 s/cycle) for
intact proteins, 300−1300 m/z (0.2 step width 1.99 s/cycle)
for the analysis of the BSA digest, and 2 to 300 m/z (0.15 step
width 1.15 s/cycle) for analysis of the amino acid ampholytes.
Capillary Cleaning and Regeneration. Capillary regen-

eration was performed after every three cIEF-MS runs to
remove residual proteins absorbed on the capillary wall. The

capillary was flushed with 4 M urea for 5 min then ddH2O for
15 min.

Data Analysis. All raw data files were exported and
analyzed with Sciex (Framingham, MA) Analyst version 1.5.1
for mass spectra deconvolution and protein identification.53,54

The data deconvolution was using the Bayesian protein
reconstruction tool performed with a S/N of 5, step mass of
3, and a mass range of 12000 to 25000. The remaining
parameters were kept as default. The results were smoothed
and exported as .txt files. The files were then plotted in R55

(Version 4.2.2 (R Core Team 2022)) using RStudio.55 Raw
files are available at Dryad DOI: 10.5061/dryad.280gb5n0r
https://datadryad.org/stash/dataset/doi:10.5061/dryad.
280gb5n0r

■ RESULTS AND DISCUSSION
The main objective of this work is to enable the in-line analysis
of cIEF separated samples directly using ESI-MS analysis. The

mechanism to achieve this is to remove the ampholytes from
solution after cIEF and prior to electrospray ionization. The
status quo in the field is to reduce the concentration of
ampholytes for the cIEF separation at the expense of IEF
capacity, sensitivity, and peak resolution.36,37,56 These
approaches address the bulk-suppression from ampholytes,
but the ampholytes remain significantly more abundant than
analyte, which suppresses analyte ionization and contaminates

Figure 2. 10-point walking average of the time corrected extracted ion
electropherograms (EIE) of a cIEF-Nafion-MS analysis without (A)
and with (B) the 5% IPA counterflow. Separations were performed
with 4 mg/mL amino acid ampholytes: lysine (blue) (pI 9.7, 147.1 ±
0.1 m/z), histidine (green) (pI 7.6, 156.1 ± 0.1 m/z), glycine
(yellow) (pI 6.1, 76.0 ± 0.1 m/z), asparagine (orange) (pI 5.4, 133.1
± 0.1 m/z), and glutamic acid (red) (pI 3.1, 148.1 ± 0.1 m/z). The
glutamic acid signal in the lysine channel is isobaric interference from
the 13C isotope of lysine. Injection: 950 mbar, 15 s, 60.2 cm LPA
capillary, 5.1 cm Nafion, 19.7 cm silica capillary.
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the mass spectrometer. In this paper we address these issues
using an interface (Figure 1) to remove amino acid ampholytes
prior to MS, during the IEF mobilization, for high resolution
cIEF separations with MS detection.
Assessing In-Line Performance of the Interface.

Nafion tubing is a high composition fluorocarbon polymer
with side chains terminated in immobilized sulfonic acid
groups.46,57 When exposed to a liquid environment, the
sulfonic acid sites will interact with ions in solution which
interchange, or permeate, across the Nafion polymer.44

Due to their amphoteric properties and smaller size relative
to peptides and proteins, amino acids can generate rapid pH
gradients in cIEF separations. In addition, many amino acids
are known to efficiently permeate Nafion tubing.45 As Nafion is
a selectively permeable membrane, we needed to determine
which selected amino acids permeate across the membrane and
can be removed from the analyte stream. We used flow
injection analysis (FIA) to inject plugs of amino acids (1.0 mg/
mL) through a modified interface with a syringe pump flowing
at 5 μL/min. Eluant and wash solutions were collected, and
amino acid concentrations were determined using Trinitro-
benzenesulfonic Acid (TNBS) to detect primary amines
measured at 420 nm. Percent permeation was determined
from the reduction of TNBS signal in control vs membrane-
exposed amino acid solutions. All the amino acids tested were
observed to migrate across the membrane, consistent with that
seen in ref 46 (data not shown). We also tested if glycerol

permeated the membrane as it is deleterious to MS. Glycerol
was similarly analyzed with FIA and measured by TLC (data
not shown). Glycerol readily permeated the membrane at
concentrations higher than the eluant. We estimate its
permeation at ∼80%.
To demonstrate removal and desalting of the interface, we

injected a mixture of the five amino acids into the LPA coated
capillary and focused without (Figure 2A) and with (Figure
2B) the 5% IPA counterflow. After focusing, chemical
mobilization migrated the amino acids into the mass
spectrometer for mass analysis. The migration profiles of the
five amino acids without the counterflow span a roughly 15
min window of migration, with the amino acids migrating from
basic to acidic pI, as expected with positive polarity
mobilization. The high concentration of the amino acids
provides a high buffering capacity and creates wide focused
zones that overlap, resulting in a pH gradient. When the 5%
IPA counterflow is added during the focusing and
mobilization, the extracted ion electropherogram (EIE) area
under the curve (AUC) decreased by 267% (2.7-fold). On the
basis of these results, we conclude that the Nafion-interface
significantly reduces the ampholyte concentration and does not
demonstrably interfere with pH gradient formation.
Three different concentrations of amino acid ampholytes

were tested in-line to examine the effect of ampholyte
concentration on Nafion permeation. Current cIEF-ESI-MS
published work with amino acids ampholytes use a

Figure 3. (A) Log10 area under the curve of the EIE of the most intense three m/z ratios (849, 808, 1131 ± 0.1 m/z) of myoglobin injections (16.9
kDa) with (black) and without (gray) the 5% IPA counterflow. Three different concentrations of amino acid ampholytes were tested: 2.0, 4.0, and
8.0 mg/mL. Samples were analyzed in duplicate with counterflow but single-analysis without counterflow to limit contamination of the mass
spectrometer. (B) The averaged myoglobin mass spectra of the EIE peaks from the 2.0 mg/mL amino acid ampholyte runs with (black) and
without (gray) the counterflow. The average migration time of myoglobin with the interface at 2.0 mg/mL ampholytes was 16.8 min and without
the interface was 17.0 min. Protein concentration: 15 μg/mL, injection: 950 mbar, 15 s, 65.2 cm LPA capillary, 4.3 cm Nafion, 20.9 cm silica
capillary.
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concentration of 0.5−2.0 mg/mL.42,43 Therefore, myoglobin
was injected with amino acid concentrations of 2.0, 4.0, and 8.0
mg/mL, Figure 3, with and without the liquid counterflow
around the Nafion membrane.
With the counterflow (Figure 3A, black bars), the area under

the curve (AUC) of the electropherograms increased
significantly by at least 90% compared to data without the
counterflow (Figure 3A, gray bars): 90% for 2.0 mg/mL, 95%
for 4.0 mg/mL, and 8.0 mg/mL (student’s t test, p-value <
0.05). Notably, with the counterflow, the AUC exhibited a
decrease from 4.0 to 8.0 mg/mL. Despite the removal of amino
acids, the higher ampholyte concentration led to an increased
interference from the amino acids, resulting in increased
suppression and reduced AUC for the myoglobin peak with 8.0
mg/mL ampholytes. We determined that 4.0 mg/mL was the
optimal concentration for cIEF gradient formation and limiting
signal suppression.

The mass spectra of myoglobin with the counterflow (Figure
3B, black trace), has approximately a 10-fold increase in
intensity compared to the mass spectra of myoglobin without
the counterflow (Figure 3B, gray trace). The gray trace
illustrates noise spikes, presumably attributed to the presence
of ampholytes in the solution. A shift in charge state
distribution is observed in the absence of the counterflow,
likely due to lack of ampholyte removal leading to analyte
suppression, increased pH, and a lower absolute concentration
of the protein.
Myoglobin has widespread use in cIEF-MS experiments,

serving as a validation control in analytical approaches.29,58

Myoglobin focuses to two well-defined proteoforms at pI 7.1
and 6.8. In addition to achieving high sensitivity of myoglobin
(Figure 3), the interface reproducibly resolves the proteoforms.
The most abundant proteoforms of myoglobin shown in
Figure 4A were resolved from the lower intensity proteoform.

Figure 4. (A) EIE (1131 ± 0.1 m/z) of a cIEF-Nafion-MS triplicate run of myoglobin (16.9 kDa) with 4 mg/mL amino acid ampholytes. (B) The
deconvoluted spectra of the bottom electropherogram of the apex of the main peak (M) and two acidic proteoforms (A1, A2). Protein
concentration: 4 μg/mL myoglobin, injection: 950 mbar, 15 s, 65.2 cm LPA capillary, 4.3 cm Nafion, 20.9 cm silica capillary.
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Triplicate analyses of myoglobin yielded high precision
measurements with precise migration times (RSD of 3.49%).
All three analyses resolved a deconvoluted primary mass
spectrum peak at 16 951 Da (Mavg = 16951.5) and acidic
proteoform peaks at 16948 Da. A representative example of the
deconvoluted peak (ca. 9 min; Figure 4B, M) and proteoform
peaks (Figure 4B, A1 and A2) of the bottom electropherogram
in Figure 4 are shown.

In-Line cIEF-Nafion-MS Separations of Proteins and
Peptides. In order to determine the linearity of the isoelectric
gradient and resolve more complex mixtures, we next separated
protein mixtures and complex peptide-digests on the interface.
We selected: cytochrome C (pI 10.3), myoglobin (pI 7.1
proteoform at pI 6.8), α-casein (pI 4.6), and a peptide tryptic
digest of BSA. These proteins have been analyzed in other
cIEF-MS studies and are well characterized.42,58,59 We can
directly compare peak shapes, resolution, mass spectra, etc. of
these characterized proteins. The two standard proteins
myoglobin and α-casein, as well as the proteoform of
myoglobin, were separated, as shown in Figure 5. A correlation
coefficient of 0.99 (R2) was obtained through linear regression
between the pI values and their respective migration times.
This strong linearity serves as clear evidence that the pH
gradient was successfully established within the capillary and
maintained effectively during the mobilization across the
Nafion membrane and onto the mass spectrometer. The
resolution of the proteoforms observed and the peak widths in-
line with previous work indicate there is minimal contribution
to band broadening from the interface.26,35,42 The current
profile, as depicted in Figure 5B, conforms to the expected
current profile for an IE-focusing and mobilization profile.
Current is expected to initially decline as the molecules are
focused in the capillary, then approach zero when there is no
net movement, followed by an increase in current after ∼20
min, attributing to the hydrodynamic movement of formic acid
into the capillary. Based on this data, we conclude the interface
does not interfere with the focusing and mobilization using
cIEF.
Amino acids come with inherent constraints with respect to

generating high-resolution and high-range pH gradients within
the separation capillary, a feature commonly offered by
commercially available carrier ampholytes. Cytochrome C
(pI 10.2) resolves poorly with the five amino acid ampholyte
mixture due to the limited focusing capacity of Lys (pI 9.7) at
that pI (Figure S2). Increasing the amino acid concentration
from 2 to 4 mg/mL improved the separation efficiency and
resolution. Additionally, exclusion of glutamic acid (pI 3.1)
improved resolution by altering the pH gradient from
approximately 9.7−3.1 to 9.7−5.1. A narrower range provides

Figure 5. (A) EIE of the cIEF-Nafion-MS separation of the two most
abundant signals in the charge envelopes of myoglobin (849 and 1131
± 0.1 m/z) and α-casein (907 and 880 ± 0.1 m/z). (B) The current
profile of the analysis. (C) A calibration curve of pI vs observed
migration time for cIEF was based on the myoglobin peaks (M1 and
A1) and the α-casein peak (M2). Protein concentration: 8 g/mL
myoglobin (16.9 kDa), and 16 g/mL casein (23.6 kDa) in 4 mg/mL
amino acid ampholytes, injection: 950 mbar, 15 s, 60.4 cm LPA
capillary, 4.9 cm Nafion, 21.3 cm silica capillary. Cytochrome C (pI
10.2) is not visible in the separation window shown (Figure S2).

Figure 6. EIEs (±0.3 m/z) of eight selected (pI 4.56−3.98) peptides from a cIEF-Nafion-MS separation of a bovine serum albumin (BSA) tryptic
digest. Each peptide peak is labeled with the calculated theoretical isoelectric point (calculated on Prot pi). Protein concentration: 0.07 mg/mL
bovine serum albumin digest. Injection: 950 mbar, 15 s, 60.0 cm LPA capillary, 5.0 cm Nafion, 18.2 cm silica capillary.
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a closer match to the protein’s pI, ensuring a more granular pH
gradient, which aids in precise separation and sharper
resolution of the proteins of interest. Additionally, each
ampholyte is proportionally more represented, which increases
the resolving capacity. Improving the amino acid pH gradient
and, consequently, the effectiveness of the IEF separation
would necessitate further refinement of the amino acid
concentrations and compositions.
A tryptic digest of BSA was used to evaluate the separation

performance of the amino acid based cIEF-Nafion-MS
interface. Peptides have significantly more precise isoelectric
points due to their reduced size/amphoteric complexity.
Isoelectric separation of them at high resolution defines the
resolving limits of the pH gradient in this interface. We
injected, focused, and separated a tryptic digest of BSA shown
in Figures 6 and S3. Eight peptides with small differences in pI
were selected and plotted as EIE in Figure 6.32 Baseline
resolution was observed for 7/8 selected peptides, including
ECCHGDLLECADDRADLAK (pI 4.23) and YICDNQDT-
ISSK (pI 4.21), with a pI difference of Δ0.02, and
ECCHGDLLECADDR (pI 4.10), which is Δ0.13 pH more
acidic due to the resolved tryptic fragment, ADLAK. The
average peak width of the resolved peptides is 7.1 s at fwhm.
We next correlated the observed migration time and

theoretical isoelectric points for the peptides focused and
separated with the in-line interface. To test if the interface did
not alter the resolution and separation of the narrow pI range
peptides, we compared this correlation to that published earlier
by Zhu et al., in ref 42. Figure 7 illustrates the correlation
between the observed migration time and the theoretical
isoelectric points for the BSA tryptic peptides. Figure 7A shows
a single replicate of the eight selected BSA tryptic peptides
shown in the EIE in Figure 6. Figure 7B shows the triplicate
analysis for a broad range of tryptic peptides. The cIEF-Nafion-
MS interface has a high correlation coefficient (R2 = 0.888) for
the most acidic peptides (Figure 7A), while the neutral and
basic peptides migrate within a narrow time frame (Figure 7B).
This phenomenon was observed in Zhu et al., using similar
amino acid ampholytes.42 Our correlation is virtually identical
to what they observed (Figure S4), demonstrating that the
desalting interface does not demonstrably alter the resolution
and separation of the isoelectric separation. We speculate this
is due to nonlinearity of amino acids as ampholytes which do

not generate continuous pH gradients, particularly at more
basic pIs. There are limited zwitterionic molecules available
with titrations suitable as high pH, low-molecular weight
ampholytes. This leads to isoelectric gaps, which reduce
linearity in pI separations.

■ CONCLUSIONS
We developed and validated a new automated cIEF-ESI/MS
interface for the removal of amino acid ampholytes in-line after
cIEF and prior to electrospray ionization. The amino acid
ampholytes were depleted from the flow and led to a
significantly increased electropherogram signal and area
under the curve (90% gain of signal). The automated
performance of this interface was demonstrated in-line to
separate protein standards. Cytochrome C, myoglobin, and α-
casein were separated and resolved with high reproducibility.
The interface did not compromise the cIEF linearity of the
intact protein separations, achieving a high linearity with a R2

of 0.99. Additionally, a tryptic BSA digest analysis led to
baseline resolution of peptides with as little as 0.02 pI unit
difference.
cIEF is traditionally performed using capillaries with a 50

μm inner diameter. Nafion membrane tubing is commercially
available with an inner diameter (ID) of 300−400 μm. It
necessitated the use of larger ID capillaries (100 μm ID) to
minimize the ID mismatch between the capillary and Nafion.
When employing a wider column diameter, band broadening is
typically observed due to factors like Joule heating and the
parabolic flow velocity distribution (referred to as bulk liquid
siphoning).60,61 For future experiments, it would be beneficial
to acquire or fabricate a Nafion membrane with a reduced
inner diameter (ID) to enable higher applied voltage and
improved performance. Even with a higher ID capillary, the
capillary-Nafion-capillary interface has lasted longer (>50
analyses) than the LPA coating on the capillaries. For cIEF
performed with a high pH catholyte, the durability and lifetime
of LPA capillaries is roughly 20−50 analyses.
Based on the peak shape and performance of this interface,

we conclude that flow profile is no longer plug-flow and likely
laminar from the mobilization through the membrane.
Pressure assisted mobilization is an option on this hardware
(Agilent) that we did not explore in this study but would be
expected to increase the resolution and decrease the assay time

Figure 7. (A) Calibration curve of the isoelectric points vs migration times of the eight peptides (pH 4.56−3.98, n = 1) in Figure 6 and (B) of an
expanded pH range (∼pH 3−10, n = 3) peptides for the triplicate cIEF-Nafion-MS analysis of the BSA tryptic digest (peptides listed in Table S2).
The pI values of peptides were calculated using Prot pi, and the migration time was obtained by extracting the time at the highest intensity for each
EIE peak. Injection: 950 mbar, 15 s, 60.0 cm LPA capillary, 5.0 cm Nafion, 18.2 cm silica capillary.
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due to improvements in flow-rate and a priori reductions in
diffusion broadening.
The tryptic BSA peptide analysis demonstrates the amino

acid ampholytes create a linear pH gradient at acidic pHs (<6).
However, the isoelectric gaps in the pH gradient caused by
using amino acids leads to a nonlinear gradient at neutral and
basic pHs. To further improve the resolution of this method,
more ampholytes would be required to fill the IEF gaps,
specifically at high pHs. Increasing the linearity in the high pH
range (pH 6−10) would allow for future experiments analyzing
larger proteoforms, like monoclonal antibodies, which have
numerous isoforms with small differences in pI (0.01 or less).
Future methods could facilitate removal of traditional
branched ampholytes (Pharmalytes, Servalytes, AESlyes, etc.)
using this or related interfaces. This innovative interface has
the potential to enhance sensitivity and robustness in
proteoform characterization, contributing to the advancement
of discovery and development processes for protein separa-
tions.
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