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ABSTRACT: Stationary-phase-assisted modulation is used to overcome one of the limitations of contemporary comprehensive
two-dimensional liquid chromatography, which arises from the combination of a ﬁrst-dimension column that is typically narrow
and long and a second-dimension column that is wide and short. Shallow gradients at low ﬂow rates are applied in the ﬁrst
dimension, whereas fast analyses (at high ﬂow rates) are required in the second dimension. Limitations of this approach include a
low sample capacity of the ﬁrst-dimension column and a high dilution of the sample in the complete system. Moreover, the
relatively high ﬂow rates used for the second dimension make direct (splitless) hyphenation to mass spectrometry diﬃcult. In the
present study we demonstrate that stationary-phase-assisted modulation can be implemented in an online comprehensive twodimensional LC (LC × LC) setup to shift this paradigm. The proposed active modulation makes it possible to choose virtually
any combination of ﬁrst- and second-dimension column diameters without loss in system performance. In the current setup, a
0.30 mm internal diameter ﬁrst-dimension column with a relatively high loadability is coupled to a 0.075 mm internal diameter
second-dimension column. This actively modulated system is coupled to a nanoelectrospray high-resolution mass spectrometer
and applied for the separation of the tryptic peptides of a six-protein mixture and for the proteome-wide analyses of yeast from
Saccharomyces cerevisiae. In the latter application, about 20000 MS/MS spectra are generated within 24 h analysis time, resulting
in the identiﬁcation of 701 proteins.

F

Recently, organic monolithic columns have been developed that
yielded an impressive nc of 1000, but at the cost of a 10 h gradient

or the analyses of complex samples, a separation technique
with a high peak capacity is required. The increasing complexity of mixtures encountered in biomedical and environmental samples often exceeds the limits of peak capacity (nc)
achievable using traditional one-dimensional separations. The nc
obtained with one-dimensional gradient-elution liquid chromatography (LC) in relatively short analyses times is quite limited.
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time.1 The online combination of two very diﬀerent (“orthogonal”)
separation techniques creates attractive comprehensive twodimensional (2D) separation devices that oﬀer high peak
capacities (2Dnc) in relatively short analyses times. Examples
are the combination of strong cation-exchange LC with reversedphase LC (SCX × RP)2−5 and RP-LC coupled to capillary
electrophoresis (CZE).6 Online comprehensive SCX × RP-LC,
using pulsed elution in the ﬁrst dimension, is widely applied in
proteomics. It is at the heart of the multidimensional proteinidentiﬁcation technology (MudPIT), ﬁrst described by Yates
et al.7−9 Recent improvements have resulted in the identiﬁcation
of 4488 proteins with a microscale MudPIT.10 With this latter
setup 39 ammonium-acetate (NH4Ac) concentration steps were
used to collect SCX fractions, each of which was subsequently
analyzed by gradient-elution RP-LC coupled to mass spectrometry. A reduction of about 40% in total analyses time was
obtained in comparison with conventional MudPIT.8,10 Nevertheless, the analysis time exceeded 16 h, with a protein
identiﬁcation rate of about 5 proteins per min. Other attempts
have been made to identify more proteins, but at the expense of
very long analyses times (>5 days).11 An additional drawback of
MudPIT derives from the pulsed nature of the ﬁrst-dimension
(1D), which results in reduced ﬁrst-dimension resolution and
carryover of peptides in subsequent SCX fractions.12 Up to 58%
of the early eluting peptides have been reported to occur in
several SCX fractions.13,14
To make full use of the increased peak capacities when combining two or more separation mechanisms, it is essential that
these are as orthogonal as possible, that is, that the retention
times in one dimension are independent of those in another
dimension.15 The highest nc in the shortest analysis time can
eventually be achieved by applying a spatial separation,16 for
example by using a high-resolution version of thin-layer liquid
chromatography.17,18 However, the practical requirements for
such spatial separations are still demanding.
The total nc of various multidimensional setups can be optimized using the Pareto-optimality approach.16,19,20 The Paretooptimal front is formed by those points that cannot be bettered
both in terms of analysis time and in terms of peak capacity.
There is not one single optimum, but a series of Pareto-optimal
points. The conditions at the obtained Pareto-optimal front
correspond to combinations of narrow 1D columns (small 1dc)
with intermediate particle sizes (3−5 μm) and short and wide 2D
columns (large 2dc) packed with the smallest possible particles to
allow fast second-dimension analysis without exceeding the
maximum backpressure of the system. Thus, optimum conﬁgurations are characterized by a high 2dc/1dc ratio.19 In Figure 1 the
dashed line (a; partly obscured by the drawn line representing
ideal modulation) represents such a combination (2dc/1dc of 7).
The gradual decrease in highest possible peak capacity (2Dnc,th)
with decreasing 2dc/1dc ratio is illustrated in Figure 1 by lines
(b) to (f). Additional details are reported in the Supporting
Information (section S.1).
So far, we have assumed that the fractions collected from
the 1D eﬄuent are injected in the 2D in their entirety, without
changing the volume or the concentrations of the analytes.
This common situation is referred to as “passive modulation”. In
contrast, in “active modulation” the volume is reduced and the
concentrations are increased between the ﬁrst- and seconddimension columns. Ideal modulation implies that the volume of
the collected fractions is reduced to a value such that the seconddimension band broadening is not signiﬁcantly aﬀected, without
losing any of the analytes. Thus, in a modulated system the

Figure 1. Implementation of modulation can be used to achieve the
highest possible 2Dnc,th in LC × LC with free choice of column
dimensions. Pareto-optimal fronts are shown for the 2dc/1dc ratios of (a)
7 (partly obscured by the drawn line representing ideal modulation), (b)
4, (c) 2, (d) 1, (e) 0.5, ( f) 0.25. In the present paper, a ratio of 0.25 is used
with (nearly) ideal modulation.
2

dc/1dc ratio can be very small without aﬀecting 2Dnc,th. The solid
line in Figure 1 represents the case of ideal modulation, which is
independent of the 2dc/1dc ratio. One aspect of LC × LC in
proteomics is that the detection of low-abundant analytes
necessitates a relative large ﬁrst-dimension column with a high
loadability.21,22 The sensitivity of MS, on the other hand,
increases when reducing the LC eﬄuent ﬂow to the nanolitreper-minute range.23 These opposing requirements for the two
dimensions imply a compromise is needed for hyphenation. By
implementing stationary-phase-assisted modulation (SPAM), a
form of active modulation, a relatively large capillary-scale 1D
column (0.3 mm internal diameter; i.d.) can be combined with a
“nano-scale” 2D column (0.075 mm i.d.), which is fully compatible with nanospray interfaces for high-resolution MS. The
apparent mismatch between the 1D ﬂow rate (1F; typically
4 μL·min−1) and the 2D ﬂow rate (2F; typically 400−500 nL·min−1)
can be overcome by implementing SPAM. Other forms of active
modulation are thermal modulation24,25 or solvent-assisted
modulation.26,27 In the current study SPAM was achieved by
substituting the empty loops that are typically present in LC ×
LC interfaces, with small traps that retain the peptides eluting
from the ﬁrst dimension. Salts from the 1D eﬄuent are washed
from the trap prior to desorption of the analytes in a small
volume to the analytical column. The basic principle of SPAM
has been already demonstrated in the late 1970s for injecting
large sample volumes in conventional one-dimensional LC.28
This approach has later been adapted for the online collection
of pulsed 1D-fractions in an online SCX × RP setup3,4,13,29,30
operated with very long (>75 min) 2D RP analyses. When
incorporating intermediate trapping (SPAM) in 2D analyses, the
retentive properties of the trap need to exceed that of the 1D
column, but the desorption solvent should not be so strong as
to cause breakthrough of the analytes from the 2D column.31
Trapping of analytes has been previously used to overcome
mismatches in mobile-phase composition, for example for the
combination of size-exclusion chromatography and RP-LC
(SEC × RP),32 SCX × RP,3,4,14,29 and when using porous
graphitic carbon (PGC) in RP × RP.33 SPAM was also used for
sample enrichment in an RP × RP setup.31,34
In the current study active modulation was implemented to
incorporate online desalting, to concentrate the analytes prior to
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The UV absorbance of bromide at 214 nm was studied at various
desalting times. In the second method a quantitative estimate of
the salt residue was obtained by analyzing the potassium (KCl)
levels in the total 2D eﬄuent collected from a 4 h modulated
LC × LC run using inductively coupled-plasma MS (ICP-MS).
The desalting eﬃciency was estimated by comparing the 2D
eﬄuent of a nondesalted setup to that of a setup in which 30 s
desalting was incorporated.
LC × LC-FTICR-MS/MS Analyses with Modulation. To
couple a capillary-scale 1D column online to a nanoscale 2D
column, running fast 2D gradients, the 1D eﬄuent volumes
must be greatly reduced. In our setup this was achieved by
implementing SPAM to trap the peptides eluting from the ﬁrstdimension column and to wash out salts prior to desorption of
the analytes in small volumes to the nanoscale second-dimension
column. The 1D eﬄuent was diluted with a makeup ﬂow containing 0.1% heptaﬂuorobutyric acid (HFBA) to reduce the
ACN concentration and to enhance the trapping.39 Desalting is
essential to avoid suppression of the electrospray ionization.
Online desalting was achieved using an additional pump,
delivering a wash-solvent (0.1% FA in 2% ACN in water;
10 μL·min−1). This allowed the traps to be desalted prior to 2D
injection and equilibrated after injection, while the nanopump
maintained a stable ﬂow to the 2D column and, therefore, to the
mass spectrometer. In this conﬁguration the trap and 2D RP
column were simultaneously equilibrated, reducing the overall
modulation time. The composition of the wash solvent was
identical to the starting composition for the 2D gradient elution.
The setup used an Agilent HP100 micro pump (Agilent
Technologies, Amstelveen, The Netherlands) as 1D pump. A
microtee was used to mix the eﬄuent from the 1D with the
aqueous makeup ﬂow delivered by a 10AVP pump module
(Shimadzu, ‘s Hertogenbosch, The Netherlands). Wash solvent
for desalting and equilibration of the traps was delivered by the
loading pump of the Ultimate 3000 and the 2D gradient was
delivered by the nanopump of the Ultimate 3000. To maximize
the compatibility with electrospray ionization, a volatile ammonium
formate (AF) SCX buﬀer was used to moderate the desalting
step.4,40 Throughout the gradient, the mobile phase contained 15%
ACN to reduce hydrophobic interactions.
Optimization of the LC × LC-FTICR-MS/MS Analyses. To
investigate the various modulators the valve setup shown in
Figure S.3A was used. To investigate the applicability of the
modulation LC × LC system a tryptic digested six-protein
mixture was analyzed for the sequence recovery and the
occupation of the separation space. This was performed by
using a 2-h 1D gradient from 0 mM AF to 300 mM AF at 1F =
1 μL·min−1. The 2D gradient was programmed from φACN =
0.008 to φACN = 0.36 in 7 min at 2F = 500 nL·min−1.
LC × LC-MS/MS data were acquired with a Bruker ApexUltra
FTICR-MS (Bruker Daltonics, Bremen, Germany) equipped
with a 7 T magnet and a nanoelectrospray Apollo II DualSource.
An absolute amount of 0.5 pmol of the protein mixture tryptic
digest was injected. LC × LC-FTICR-MS/MS spectra were
recorded as in our previous study.38 The processed MS/MS data
were searched with the MASCOT server program 2.3.02
(MATRIX science, London, U.K.) against the Swissprot protein
database (release 2014−07).41 The oxidation of methionine
and carboxy-methylation of cysteine were allowed as variable
modiﬁcations. The peptide tolerance was set to 10 ppm and the
peptide-fragment mass tolerance was set to 0.03 Da. The cutoﬀ
for MASCOT peptide identiﬁcation was set to 20. The exported

injection in the second dimension and to perform a relatively
large number of short 2D gradients to increase the overall peak
capacity and the peak-production rate (i.e., peak capacity per
unit time). The performance of in-house prepared organicmonolithic stationary phases was lower than that of commercially
available silica-based packed-bed columns (see Supporting
Information, section S.4). The applicability of SPAM is
demonstrated in an LC × LC setup using a capillary-scale 1D
SCX-column in combination with a nanoscale 2D RP-column
hyphenated to a high-resolution Fourier-transform ion-cyclotronresonance mass-spectrometer (FTICR-MS) for the analyses of
a tryptic digest of a mixture of six proteins and the digested
proteome of Saccharomyces cerevisiae.
To suppress the hydrophobic eﬀects on the SCX column
(and thus to increase the orthogonality of the two separation
methods) organic modiﬁer was added to the ﬁrst-dimension
mobile phase. To avoid the loss of hydrophilic peptides a makeup
ﬂow was introduced that was mixed with the ﬁrst-dimension
eﬄuent to reduce the concentration of organic modiﬁer prior to
trapping in the modulator.35 Additionally, in the proposed setup
we performed online desalting of the collected fractions prior to
the reversed-phase separation coupled to the FTICR-MS.

■

EXPERIMENTAL SECTION
Chemicals and Materials. For a detailed list of chemicals
used, we refer to the Supporting Information, section S.2.
Sample Preparation of Saccharomyces cerevisiae. A
tryptic digest of Saccharomyces cerevisiae (strain ATCC 204508/
288c) was prepared in-house by the trichloroacetic acid-method
as described in the Clontech Yeast Protocols Handbook.36 In
short, a pellet was extracted, corresponding to about 2−3 mg of
proteins. The extract was transferred to a poly acrylamide gelelectrophoresis (PAGE) plate and the proteins were separated
based on their size. The distance covered by the proteins in the
gel was subdivided in eight (equally spaced) fractions. Each
fraction was in-gel digested using trypsin.37 The eluted peptide
digests were dried in a vacuum centrifuge and dissolved in 30 μL
of 2% FA in 50% ACN. Of each of the seven trypsin-digested
fractions, discarding the fraction containing the smallest proteins,
1 μL or 2 μL of each fraction was pooled prior to analyses in
matrix containing 0.1% TFA and 10% ACN in water.
Instrumentation and Chromatographic Conditions.
Instrumentation. All 1D analyses were performed on an
Ultimate 3000 RSLCnano system (Thermo Scientiﬁc, Breda,
The Netherlands). The system is essentially identical to that
described previously.38
Column Characterization. The performance of the commercially available RP column (Acclaim PepMap) and trap columns
was compared to that of the in-house prepared organic-based
monolithic columns. The RP columns were characterized using
mobile phase A consisting of 0.1% (v/v) FA in H2O and mobile
phase B consisting of 20:80% (v/v) H2O/ACN with 0.1% (v/v) FA.
Prior to use, the eluent was degassed by sonication for
20 min. All gradient separations were performed at 30 °C using
1 μL full-loop injection, unless otherwise speciﬁed. The gradient
times and compositions were adapted to obtain a maximal
eﬀective gradient window.
Online Desalting. The eﬃciency of the online desalting
(removing the IEX-buﬀer from the 1D eﬄuent) in the LC × LC
modulator was investigated using two methods. In the ﬁrst
method a UV-detector was used together with a 500 mM KBr
solution (UV active, unlike KCl) containing 15% ACN as 1D
eﬄuent, pumped through the traps at a ﬂow rate of 1 μL·min−1.
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mascot generic ﬁles (mgf) of the processed MS/MS peak lists
were processed to create the 3D plot as shown.
LC × LC-FTICR-MS/MS Analyses of Saccharomyces
cerevisiae. From the evaluation of the LC × LC-MS data we
observed diﬀerences in performance between traps operated in
forward-ﬂush and back-ﬂush modes (forward-ﬂush yielded
a lower eﬃciency; see Supporting Information, section S.4).
Therefore, we adopted a diﬀerent conﬁguration for the analyses
of the Saccharomyces cerevisiae. The new valve conﬁguration is
shown later in Figure 5. The 1D gradient was set from 20 mM AF

the 12 and 24 h runs were segmented in individual acquisitions
of 110 min with a time-gap of about 10 s. The segmented
chromatograms were recorded using the Bruker DataAnalysis
4.0 program. Data-dependent Q-selected peptide ions were
fragmented in the hexapole collision cell at an argon pressure of
6 × 10−6 mbar (measured at the ion gauge) and the fragment ions
were detected in the ICR cell at a resolution of up to 60000. In
the MS/MS duty cycle, three diﬀerent precursor peptide ions
were selected from each survey MS. After performing the MS/
MS acquisitions the MS precursor ions were not selected for
fragmentation for 1 min. The MS/MS duty cycle time for one
survey MS and three MS/MS acquisitions was about 3 s.
Instrument mass calibration was better than 2 ppm over an m/z
range of 250 to 1500. Raw FTICR-MS/MS data were processed
with the MASCOT DISTILLER program, version 2.4.3.1 (64 bits),
MDRO 2.4.3.0 (MATRIX science, London, U.K.). This program
allows the corresponding data set segments for the 12 and 24 h runs
to be processed as multiﬁles which results in a combined processed
data set for each run. Peak picking for both MS and MS/MS spectra
was optimized for the mass resolution of up to 60000. Peaks
were ﬁtted to a simulated isotope distribution with a correlation
threshold of 0.7, with minimum signal-to-noise of 2. For each
chromatographic run the segment-combined processed data
were searched in a MudPIT scoring approach with the MASCOT
server program 2.3.02 (MATRIX science) against the Saccharomyces cerevisiae Yeast strain ATCC 204508 ORF translation
database (Uniprot 2011 update, downloaded from http://www.
uniprot.org/uniprot). The database was complemented with its
corresponding decoy database for statistical analyses of peptide
false discovery rate (FDR). Trypsin was used as enzyme and one
missed cleavage was allowed. Carbamidomethylation of cysteine
was used as a ﬁxed modiﬁcation and oxidation of methionine as
variable modiﬁcation. The peptide-mass tolerance was set to 10
ppm and the peptide-fragment-mass tolerance was set to 0.03 Da.
MASCOT MudPIT peptide-identiﬁcation score was set to a
cutoﬀ of 20. At this cutoﬀ and based on the number of assigned
decoy peptide sequences, a peptide FDR of less than 1% for all
analyses was obtained. The MASCOT protein-identiﬁcation
reports were exported as XML and then imported in a custommade VBA-software program running in Microsoft Excel. The
program facilitated organization and data mining of large sets of
proteomics data.

Figure 2. Estimated peak capacity as a function of the total analyses time.
For 2 (⧫), 4 (■), or 16 h (●) with in the Acclaim PepMap column.
2
F = 500 nL·min−1 at a 2φACN programmed from 0.008 to 0.32; 2T = 30 °C;
2
tdwell = 3 min for each modulation. Solid symbols are experimental data
obtained with a 50 mm long column, the open symbols represent the
extrapolated performance of a 150 mm long column. Lines are drawn for
clarity and cannot be used for interpolation. Gradient conditions in the
gray shaded area cannot be used due to the time needed for the MS/MS
duty cycle. Data based on the average peak widths at-half-height (W1/2)
of angiotensin, neurotensin, ACTH18−39, and bovine insulin chain B.

(pH 2.9) to 400 mM AF (pH 3.3) at 1F = 1 μL·min−1. The 2D
gradient was either programmed from φACN = 0.008 to 0.40 in
7 min or from φACN = 0.008 to 0.36 in 6 min, followed by
an instantaneous increase to φACN = 0.58 for 1 min at 2F =
400 nL·min−1.
LC × LC-MS/MS data were recorded during the 12 and 24 h
ﬁrst-dimension gradients. In order to limit the raw-data-ﬁle size,

Figure 3. Eﬀect on retention times by implementation of stationary-phase-assisted modulation for large volume injections. A 1 μL sample injection
(solid) compared to a large volume (10 μL) injection (dashed) and large volume injection using modulation (dotted). Without active modulation the 2tc
is much too long due to the low 2F.
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the ﬁrst dimension (1nc; equal to the number of fractions
collected, because the modulation time is longer than the 1D
bandwidth, 1W) with the peak capacity of the second dimension
(2nc).19 A longer 2D analysis time decreases the former, but
increases the latter. Thus, there is an optimal second-dimension
gradient time (2tG). For each fraction 2tdwell (3.0 min) was taken
into account, independent of 2tG. The 2D peak capacity (2nc) can
be calculated by dividing 2tG by the average (4σ) bandwidth (2W)
and adding 1.43 In Figure 2, the estimated 2Dnc is shown as a
function of the number of 1D fractions collected in either 2 h
(diamonds), 4 h (squares), or 16 h (spheres) total analyses time
for the Acclaim Pepmap column (operated at 500 nL·min−1 to
ensure MS compatibility). 2Dnc decreases for shorter analyses
times (2tG < 3 min) due to increased contribution of 2tdwell. For
longer gradients (2tG > 30 min) the peak capacity may be
increased by implementing a longer column. The performance of
the 50 mm long column was extrapolated using the kineticperformance approach44 to estimate the performance of a 150 mm
long 2D column (2tG > 30 min). The estimated performance
is illustrated in Figure 2 with open symbols, revealing that 2Dnc
increases with a longer 2D column. Nevertheless, 2Dnc did not
exceed the value found for short modulation times with a short
2
D column. The best S-co-DVB monolithic column yielded an
approximately 30% lower performance than the packed C18
column under the same gradient conditions. Therefore, the latter
was used in further analyses.
As can be seen in Figure 2, the maximum system performance
could be obtained using a 2tG of 5 min collecting a total 30 SCX
fractions in 4 h analyses time, resulting in a 2Dnc of 1461 and a
peak production rate of 6.1 peaks/min. To further demonstrate
the power of the proposed separation approach we coupled the
chromatographic setup to an FTICR-MS. For obtaining the max
60000 resolution the acquisition time was relative long, resulting
in a duty cycle with one MS and three MS/MS spectra in 3 s,
hence, 60 MS/MS spectra per min. This required a 2tG of at least
5 min to maintain 2W above 15 s. Otherwise, coeluting peptides
might not be isolated for fragmentation. The MS would then be
occupied in the duty cycle of a previous precursor ion and a
partially resolved peptide might no longer be available for
fragmentation in a subsequent cycle. The shaded area in Figure 2
represents 2D gradient settings resulting in too narrow peptide
peaks for the current MS/MS data acquisition.
For further analyses a 2tG of 7 min was selected, collecting 25
SCX fractions in 4 h, resulting in a 2Dnc of 1432, which is 2% less
than the maximum nc achieved with the current setup in the
selected analyses time. To achieve a similar peak capacity as was
obtained with MudPit (nc = 3240 in about 30 h),8 the current
setup would require about 9 h analyses time, which implies a
3-fold reduction in total analyses time.
The use of the number of 1D fractions collected to estimate 1nc
is only valid if the 2D analyses time (modulation time) is very
large (viz. the modulation time is much greater than 1W). Additional band broadening can be calculated as shown in previous
studies.19 Based on experimental data the 1D peak width when
using a 13 h gradient is about 20 min (column band broadening
plus external dispersion). The two-dimensional peak capacity
(2Dnc,exp) can be estimated from eq 1.

RESULTS AND DISCUSSION
Online coupling of LC × LC puts restrictions on the column
combinations used due to the limited sample volumes that can be
injected in the second dimension, detector considerations (e.g.,
only volatile buﬀers in 1D or 2D when hyphenating with MS), or
ﬂow-rate mismatch (e.g., when coupled to nanospray MS). To
overcome these limitations we developed a modulation system in
which trap columns replaced the empty loops typically used to
couple the dimensions of an LC × LC system. Analytes eluting
from the 1D are actively concentrated on the stationary phase
present in the loop, reducing both the fraction volume and the
gradient-delay volume to the 2D separation. This modulation
allows online desalting of the SCX fractions collected prior to the
2
D analyses without jeopardizing MS compatibility.
Active Modulation. To evaluate the eﬃciency obtained
using active modulation we compared a direct injection (smallvolume injection; 1 μL), large-volume injection (mimicking the
injection of large loops for 1D fractions; 10 μL) and modulated
injection of a large volume (10 μL) on a nanoscale 2D column as
shown in Figure 3. All peptides were eluted using a 2F of 500 nL·
min−1 with a 7 min 2D gradient (φACN from 0.04 to 0.40). The
large-volume injection (without modulation) resulted in long 2D
analyses times and a dramatic decrease in the peak capacity, while
the modulated large-volume injection showed the same gradient
dwell times on the 2D column as the small-volume injection,
without loss in peak capacity. This clearly shows the ability to
trap the samples during relative long 1D fraction-collection times
and to desorb them from the traps without loss in 2D eﬃciency.
Online Desalting. Besides reducing the fraction volume,
active modulation allows online desalting of the 1D fraction prior
to the 2D analyses. Desalting was investigated by ﬁlling the traps
with 500-mM KBr solution and measuring the UV absorbance
(at 214 nm) as a function of the desalting times, until the
salt concentration dropped below the detection limit. A time
dependent decrease of the UV absorbance was observed. A
desalting time of 30 s (at 10 μL·min−1) was suﬃcient to wash all
salt away. In a separate experiment, ICP-MS was used to measure
the potassium content of the combined total eﬄuent from a 4 h
SCX × RP-LC run (24 fractions), using 500 mM KCl solution in
the ﬁrst dimension. With 30 s desalting less than 1 ppm of
potassium was observed, which implied that more than 99.4% of
all potassium had been removed. Clearly, the 30 s desalting
suﬃced to eliminate potassium from the traps and, therefore, this
desalting time was used in further experiments. The total seconddimension cycle time for each 1D fraction (2tc) consisted of the
second-dimension system dwell time (2tsys), the desalting time of
the traps (tdesalting), the equilibration time of the 2D column
(2treeq), and the 2D gradient time (2tG). The combination of all
nonproductive times can be deﬁned as the total dwell time for the
current setup (2tdwell = 2tsys + tdesalting + 2treeq), which was 3 min.
For a detailed overview of the obtained results see section S.5,
Supporting Information.
Characterization of 1D and 2D Columns. The hydrophobic character of the polysulfethyl aspartamide (PSE-ASP)
columns was investigated in a manner similar to that described
in literature42 (see Supporting Information, section S.6). To
minimize hydrophobic interaction on the SCX PSE-ASP column,
while eﬃciently trapping hydrophilic peptides on the modulation
traps, all further SCX analyses were performed using 15% ACN
in the mobile phase.
The total peak capacity of the comprehensive two-dimensional
setup (2Dnc) can be estimated by multiplying the peak capacity of

⎛ 2t
⎞
× ⎜ 2 G + 1⎟
2 ⎤
⎝ w
⎠
(1σ peak )2 + ⎡⎣(2t ω)2 /δdet
⎦
1

2D

tG

nc,exp =
4R s

(1)
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An experimental value of δdet2 of 4.76 can be used in the
“undersampling” term19 and 2tω was equal to 2tG in the current
study. The 2Dnc,exp of the setup was 1880 compared with a 2Dnc of
4925 estimated using the number of 1D fractions that can be
collected in 13 h analyses time as maximum value for 1nc.
Optimization of the Modulator. Trap Column Chemistry
and Dimensions. To optimize the modulation a makeup ﬂow
can be implemented after the trapping column, prior to the 2D
column. However, this will result in an increase in 2F, which will
make it more diﬃcult to meet the constraints of the MS coupling.
A post-column splitter could be implemented to overcome
this problem but this would result in a loss of sensitivity. When
using SPAM the trap-column and the 2D column cannot contain
exactly the same stationary phase because this will cause
inadequate refocusing at the top of the 2D column and an
ineﬃcient reduction of the 2D (injection) band broadening. This
may be achieved by ensuring that the trap is less retentive for the
analytes than the 2D column when using the wash solvent (initial
2
D solvent) as eluent. To improve the modulation process the
performance of silica-based packed-bed C18 traps (TRAP-C18;
0.3 mm i.d.) was compared to that of in-house prepared organicpolymer monoliths. The eﬀect of the inner diameter of the
modulator on the system eﬃciency was addressed using ﬁve
standard peptides (chosen to cover a broad range of hydrophobicity index45) and a tryptic digest of a protein mixture.
Monoliths were prepared in 50 mm long capillaries as described
in the Supporting Information, section S.4. As expected, an
increase in internal diameter resulted in an increased loading
capacity of the modulator (section S.4). We selected the TRAP75, since it oﬀered the best compromise between a high loading
capacity, a low ﬂow resistance and low additional band
broadening. The performance of TRAP-75 was then compared
with TRAP-C18 for the separation and identiﬁcation of a tryptic
digested protein mixture in an LC × LC-MS/MS setup.
LC × LC-MS/MS of Digested Six-Protein Mixture. To
investigate the performance of the modulated LC × LC system a
tryptic digested protein mixture was analyzed and the chromatographic performance and the sequence coverage were addressed.
In Table 1 the sequence coverage obtained with the present

modulated setup with TRAP-C18 were similar to those reported in
literature,1 except for β-galactosidase, a protein with a low number
of trypsin cleavage points, resulting in high-molecular-weight
(hydrophobic) peptides. These are diﬃcult to observe with SCX
× RP-LC,46 even if the hydrophobic character of the PSE-ASP
SCX column is suppressed by the addition of ACN to the mobile
phases.42 To investigate the coverage of the available separation
space using the current modulated system, BSA was selected
as reference protein. The distribution of the total-ion sum
originating from BSA is shown in Figure 4. A good coverage of

Figure 4. Coverage of the separation space. The sum of the ion-peaks
identiﬁed of BSA peptides from the tryptic digested protein mixture
obtained with the modulated LC × LC applied with the TRAP-C18. The
1
tG set to 180 min from 20 to 400 mM AF at 1F of 1 μL·min−1 and 2tG of
7 min with a φACN from 0.016 to 0.48 at 2F of 500 nL·min−1.

the separation space was obtained, as well as a good sequence
coverage of the proteins. The number of identiﬁcations can be
increased by increasing the MS/MS data-acquisition rate without
sacriﬁcing mass resolution and mass accuracy.
The two traps in the current conﬁguration were not eluted in
the same manner to the 2D. The ﬁrst trap is ﬁlled by the 1D
eﬄuent and emptied in the same direction (“forward-ﬂush”),
whereas the second trap is ﬁlled and emptied in opposite
directions (“back-ﬂush”). To reduce the band broadening resulting from the traps the valve-conﬁguration shown in Figure 5
was used.
LC × LC-MS/MS Analyses of Saccharomyces cerevisiae.
In the new setup (Figure 5) the two traps were both operated
in back-ﬂush mode, while, as in the previous conﬁguration, the
bypass-tubing attached to the valve on the right ensures a
continuous nanoﬂow to the 2D column and the MS, regardless of
the valve positions. In the Supporting Information (section S.7) a
detailed description of the various valve conﬁgurations is
provided. A drawback of the setup of Figure 5 is that the jumper
on the left valve is positioned diﬀerently in the two positions,
either before or after the trap. The SCX sample contained in this
jumper (140 nL) will be lost when switching from trapping on
loop II to loop I. This implies a loss of about 2 s of 1D SCX
eﬄuent every other modulation cycle (about every 20 min).
Since the peaks eluting from the 1D are more than 2 min broad
this small loss will not result in peptides being overlooked.
The lower band broadening observed with this back-ﬂush
conﬁguration results in a higher overall peak capacity of the

Table 1. Peptide Sequence Coverage in Percentage for
Proteins in a Mixture Obtained with Two Diﬀerent
Modulators, Compared to Reported Peptide Sequence
Coverages
protein
serum albumin
apo-transferrin
lysozyme
β-galactosidase
alcohol
dehydroginase
cytochrome c

organism
bovine
bovine
chicken
Escherichia coli
Saccharomyces
cerevisiae
bovine

ref 1 TRAP-75

TRAP-C18

82
74
76
64
66

53
54
69
27
36

80
74
78
34
52

70

28

70

setup, equipped with either TRAP-75 or TRAP-C18 is compared
to the sequence coverage reported using a 50 mm long
monolithic column with a three times longer gradient time.1 In
the modulated system, the TRAP-C18 clearly outperformed the
monolithic traps in terms of peptide identiﬁcation and proteinsequence coverage. The digest of the protein mixture contains a
large numbers of small, hydrophilic peptides, which were not
suﬃciently trapped on the monolithic traps, resulting in a low
sequence coverage. The sequence coverage obtained with the
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ones (0.30 mm i.d.) to reduce the additional band broadening
observed and to shorten the unproductive (washing and reequilibration) periods in the modulation cycle. The modulation
may be applied to various other separation problems, including the
study of intact proteins.

■

CONCLUDING REMARKS
In most LC × LC setups, used in proteomics research, a
nanoscale 1D separation is combined with a microscale 2D
column. The resulting relatively high second-dimension ﬂow
rates make the splitless hyphenation with nanoelectrospray massspectrometry diﬃcult. By implementing stationary-phaseassisted modulation in the LC × LC system we could combine
a high-loadability 1D column with a nanoﬂow 2D column, which
could be hyphenated with a nanospray MS, losing neither
sample, nor eﬃciency, as is evident from the high tryptic-peptide
sequence coverage obtained in the analysis of a six-protein
mixture. Other applications of active modulation are the subject
of future research.
The modulated LC × LC proved to be applicable for
proteome-wide analyses by hyphenation to a high-resolution MS
(HRMS) instrument. The setup can be further optimized to
improve proteome-wide identiﬁcation and quantiﬁcation by
enhancing the 1D selectivity, by miniaturizing the trap volume
(reducing modulation times), by upgrading the 2D performance
and by increasing the MS/MS data acquisition rate. The method
has the potential to replace current methods of proteome analysis, including time-consuming and sample-ineﬃcient oﬀ-line
protein prefractionation followed by the digestion of individual
protein fractions and LC-MS/MS data acquisition.

Figure 5. Schematic overview of the modulated LC × LC setup used for
yeast analysis.

SCX × RP-LC system. The modulated LC × LC instrument
shows superior selectivity in comparison with one-dimensional
separation techniques. It was used with the TRAP-C18 to analyze
digested-proteome of Saccharomyces cerevisiae. To achieve a 2Dnc
of 10000 in 24 h the 2F was slightly adapted to optimize nanospray ﬂow conditions for a long analysis time. 2F was reduced
from 500 to 400 nL·min−1 with the 2tc adapted accordingly. For
the ﬁrst analysis of 1 μg of digested yeast sample the 1D gradient
was ramped from 3 to 200 mM AF in 13 h. The broad dynamic
range of the peptide mixture, in combination with the long
MS/MS duty-cycle and the peptide intensity threshold for
MS/MS analyses of the lowest intensity peptides limited the
number of identiﬁcations of coeluting peptides. To reduce the
number of peptides coeluting and increase the identiﬁcation rate,
the amount of sample injected was doubled on a longer 1D
column (300 mm) in combination with a shallower 1D gradient.
From the resulting separation 19601 MS/MS spectra were recorded and 701 unique proteins were identiﬁed in 24 h analyses
time. The gain in newly identiﬁed proteins by increasing the
analyses time was minimal and many peptides eluted in more
than three fractions. This suggests that the 1D selectivity is the
limiting factor in the 24 h gradient. Moreover, doubling
the amount of sample injected resulted in an accumulation of
the hydrophobic peptides in the reversed-phase column. The 2D
gradient (up to 50% B) was found not to wash all hydrophobic
peptides from the modulator traps and the 2D analytical column.
As a result, progressive peak broadening was observed during the
second half of the analysis, up to elution times exceeding 1 min
for hydrophobic peptides with 2D retention times longer than
3 min. In contrast, no broadening of the peaks of the hydrophilic
peptides in the corresponding 1D fraction, were observed. This
peak broadening due to accumulation of hydrophobic peptides
was prevented by adding a wash-step with 70% B in the ﬁnal
minute of each 2D gradient. The three successive analyses together
resulted in the identiﬁcation of 901 proteins (see Table S.7).
Before addressing the repeatability of yeast analyses by applying
this approach in more detail some improvements can be made in
the stationary-phase-assisted modulation. The 1D selectivity and
the 2D gradient performance can be enhanced to reduce the
number of peptides coeluting, for example by using a longer 2D
column in combination with a longer 2D gradient time. Moreover,
the number of identiﬁcations can be increased by increasing
the MS/MS data-acquisition rate, without sacriﬁcing mass
resolution and mass accuracy. Also, highly retentive stationaryphase material may be applied in traps smaller than the current
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