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Research Article

Separation optimization of long porous-layer
open-tubular columns for nano-LC–MS of
limited proteomic samples

The single-run resolving power of current 10 �m id porous-layer open-tubular (PLOT)
columns has been optimized. The columns studied had a poly(styrene-co-divinylbenzene)
porous layer (∼0.75 �m thickness). In contrast to many previous studies that have employed
complex plumbing or compromising set-ups, SPE–PLOT-LC-MS was assembled without the
use of additional hardware/noncommercial parts, additional valves or sample splitting. A
comprehensive study of various flow rates, gradient times, and column length combinations
was undertaken. Maximum resolution for <400 bar was achieved using a 40 nL/min flow
rate, a 400 min gradient and an 8 m long column. We obtained a 2.3-fold increase in peak
capacity compared to previous PLOT studies (950 versus previously obtained 400, when
using peak width = 2� definition). Our system also meets or surpasses peak capacities
obtained in recent reports using nano-ultra-performance LC conditions or long silica mono-
lith nanocolumns. Nearly 500 proteins (1958 peptides) could be identified in just one single
injection of an extract corresponding to 1000 BxPC3 beta catenin (−/−) cells, and ∼1200
and 2500 proteins in extracts of 10 000 and 100 000 cells, respectively, allowing detection of
central members and regulators of the Wnt signaling pathway.
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1 Introduction

Nano-LC–ESI-MS is commonly used for applications that re-
quire high sensitivity, as the narrow nanocolumns provide
a higher concentration of eluting compounds. In addition,
the low flow rates used in nano-LC can allow the whole
eluate to enter the MS, thus increasing the sensitivity in
ESI-MS [1, 2]. Further sensitivity improvements are desir-
able for the analysis of very limited samples, such as can-
cer stem cells, laser-capture microdissection samples or even
single cells or cell components [3–5]. The sensitivity may be
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substantially increased by further downscaling column di-
mensions compared to the commonly used 75–50 �m id
columns [2]. In addition to high sensitivity, a high resolving
power is required to obtain maximum information from lim-
ited amounts of sample [6, 7]. Unlike packed and monolithic
columns, the performance of open-tubular (OT) columns in
LC is directly connected with the internal diameter, where
narrower columns provide both higher analyte concentration
in the eluate and higher efficiencies [8, 9]. Although OT-LC
was introduced in 1978 [10], its use was limited by several
obstacles such as extracolumn volumes, loadability, and the
LODs of detectors [11,12]. The loadability of OT columns was
improved by introducing porous layers (PLOT columns) by
etching silica [13, 14] and cross-linking polymeric layers [15].
Although OT-LC was already combined with MS in 1989 [16],
a renewed interest in OT-LC began with the introduction
of nano-electrospray in combination with OT columns [17].
Porous layer open tubular (PLOT) columns of 10 �m id with
a 1 �m polymeric layer were used by Yue et al. for the sep-
aration of complex tryptic digests combined with nanospray
ESI-MS [18], and was later found by our group to be well suited
for intact protein separations [19]. PLOT-LC–MS has demon-
strated subattomole LODs, high column-to-column repeata-
bility, and high-resolving power [18,19]. PLOT columns have
also been combined on-line with precolumns for SPE and 2D
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LC [20]. In other words, there is great potential in the prac-
tical use of PLOT for, for example, bottom-up and top-down
proteomics of limited samples. Although these PLOT
columns themselves are remarkably simple to prepare, pre-
viously reported PLOT-LC systems typically require com-
plicated set-ups with fittings that are not commercially
available or require compromises such as sample splitting
[19, 20], which can discourage analysts from exploring PLOT
columns. Therefore, we have designed a simple SPE–PLOT-
LC system that is fully compatible with commercial and auto-
mated nano-LC instrumentation, and that does not require ex-
tra hardware or custom-made parts (with the exception of the
simply prepared columns). The columns used in this system
were a 50 �m id methacrylate based monolithic precolumn
and a 10 �m id poly(styrene-co-divinylbenzene) (PS-DVB)
PLOT column.

As we are interested in obtaining the maximum resolu-
tion for our limited-sample applications, we decided to ex-
plore central chromatographic parameters to maximize the
resolving power (flow rates, column length, gradient time
(tG), temperature, etc.), as detailed surveys of these parame-
ters and their combinations have been missing regarding the
separation power of modern PLOT columns.

2 Materials and methods

2.1 Materials and reagents

HPLC-grade acetonitrile (VWR, Radnor, PA, USA), type 1
(18.2 M� cm resistivity at 25�C) water produced with a
Milli-Q water purification system (Merck Millipore, MA,
USA) and formic acid (FA; Sigma-Aldrich, St. Louis,
MO, USA) were used for the preparation of mobile
phases. Divinylbenzene (DVB) 80% mixture of isomers,
styrene (99%), the inhibitor 2,2-diphenyl-1-picrylhydrazyl,
3-(trimethoxysilyl)propyl methacrylate (�–MAPS) (98%),
butyl methacrylate (BuMa) (98%), 1,4-butanediol (99%), ethy-
lene dimethacrylate (EDMA) (98%), anhydrous DMF (99.8%),
azobisisobutyronitrile (AIBN), cytochrome c (12 kDa), and
human transferrin (76–81 kDa) were purchased from Sigma-
Aldrich. Polyimide-coated fused-silica tubes (365 �m od)
were obtained from Polymicro Technologies (Phoenix, AZ,
USA). 1-Propanol and NaOH pellets were purchased from
Merck (Darmstadt, Germany). Ethanol was obtained from
Arcus (Oslo, Norway). Nitrogen gas (99.99%) was purchased
from AGA (Oslo, Norway).

2.2 Standard protein sample preparation

Human transferrin was reduced and alkylated using a pre-
viously described procedure [21]. Transferrin was dissolved
in water to a concentration of 1 mg/mL. Denaturation and
alkylation were done simultaneously by addition of 1 �g DL-
dithiothreitol (DDT, Sigma-Aldrich) per 50 �g protein and in-
cubation at 95�C for 15 min, followed by cooling to room tem-

perature. Iodoacetamide (IAM, Sigma-Aldrich) was added
(5 �g per 50 �g protein), and the sample was incubated in
the dark at room temperature for 15 min. 5 �L 1 M triethyl-
ammonium bicarbonate buffer (pH 8.5, Sigma-Aldrich) and
5 �L 1 mg/mL trypsin (bovine pancreas, Sigma-Aldrich) so-
lution were added to the 100 �L reduced and alkylated pro-
tein solution. Digestion was performed overnight at 37�C and
stopped by adding 5 �L of FA.

100 �L of 1 mg/mL cytochrome c solution (aq) was added
to 5 �L triethylammonium bicarbonate buffer (pH 8.5) and
digested overnight at 37�C. The trypsination reaction was
stopped by adding 5 �L FA. Transferrin and cytochrome c
solutions were stored at 4�C until use.

2.3 Preparation of rat-liver extracts and BxPC3

samples

The in-gel-digested rat liver sample was prepared accord-
ing to a previously described procedure [22]. In brief, 15 �L
(40 �g/�L) of rat liver extract was loaded onto the gel. A
slice containing the 50 kDa fraction was cut from the gel,
containing about one-tenth of the total protein loaded. The
sample was trypsinated overnight, extracted twice with 60 �L
of 5% FA/acetonitrile (1:1, v/v) and then once with 60 �L of
acetonitrile, followed by evaporation to dryness using a Sa-
vant Speedvac (Thermo Fischer) and stored at 4�C. Before
injection, the sample was redissolved in 40 �L 0.1% (aq) FA
and then the 1.5 �g/�L sample was further diluted using
3 �L of sample and 97 �L of water, to a final concentration of
45 ng/�L.

A �-catenin knock-out modified BxPC3 cell line was har-
vested and lysed in lysis buffer (Native lysis buffer, Cell Sig-
naling, Danvers MA, USA) and 50 mM phenylmethylsulfonyl
fluoride (Nigu Chemie, Germany) as described by the man-
ufacturer to a final concentration of 100 000 cells/�L buffer.
20 �L of cell lysate was separated according to the manufac-
turer’s protocol on an SDS-PAGE gel (3–8% Bis-TrisAcetate,
NuPAGE, Invitrogen, Carlsbad, CA, USA) until sufficient
(about 1 h at 150 V) separation was achieved. The gel was
stained in Coomassie Blue, and excised in eight bands, which
were digested with trypsin (Sequence Grade, Promega, Fitch-
burg, WI, USA) and extracted from the gel according to the
manufacturer’s protocol. The bands were pooled and the re-
sulting sample dried in a Savant SpeedVac and diluted in 20
�L 0.1% v/v TFA (Sigma-Aldrich) in HPLC water (Sigma).
Separation on a gel followed by in-gel digestion allowed ef-
ficient trypsination and removal of detergents from the lysis
of the cells. For total sample analysis, the bands were pooled
after digestion. The sample was further diluted with 0.1% v/v
TFA to the desired concentrations.

2.4 Column preparation

The 10 �m id PLOT columns were prepared according to a
previously described procedure [18], with the exception that
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Figure 1. Schematic diagram of the
column switching system. The en-
tire 500 nL or 1 �L sample was
loaded onto the 4.5 cm long 50 �m
id BMA-EDMA monolithic precol-
umn at a flow rate of 0.5 �L/min for
2.5 min (solvent directed to loading
waste). Following sample loading,
the valve was switched and the flow
rate was set to give 20–80 nL/min
through the columns (see Section 2
for details). When the LC pump flow
rate was stable, the gradient was
started and the sample transferred
to the PLOT column for separation
and detection. The flow through the
chromatographic system was de-
termined by the backpressure over
the chosen gradient-split capillary.

the ethanol to monomer ratio in the polymerization mixture
was changed to reduce the column operational backpressure
(see below). A simple homemade pressure bomb system cou-
pled directly to a nitrogen flask was used for filling and wash-
ing the capillaries and columns (Supporting Information
Fig. S1). A 50 or 10 �m id fused-silica capillary was cut to
the desired length, and filled with aqueous 1 M NaOH so-
lution, plugged with a rubber septum, and left in an oven at
100�C for 2 h. The capillaries were then flushed with water and
acetonitrile and dried with nitrogen gas to remove residual
water and acetonitrile, since the presence of water prevents
the reaction between �-MAPS and the silanol groups on the
silica surface [23]. Silanization solutions were prepared from
5 mg 2,2-diphenyl-1-picrylhydrazyl dissolved in a mixture of
300 �L �-MAPS and 700 �L anhydrous DMF, and filled in the
pretreated capillaries. Both ends were plugged with a rubber
septum, and the sealed capillary was left in an oven at 110�C
for 6 h. After silanization the capillary was washed with ace-
tonitrile and blown dry with nitrogen and subsequently filled
with a polymerization mixture. Both the PLOT columns and
the monolithic columns were prepared using the above de-
scribed pretreatment and silanization procedure. For PLOT
column preparation, the polymerization mixture consisted of
5 mg AIBN, 942 �L ethanol, 200 �L styrene, and 200 �L
divinylbenzene. The polymerization solution was ultrasoni-
cated for 5 min and filled in the pretreated 10 �m id capil-
lary. Both ends of the capillary were plugged with a rubber
septum and the capillary was placed in an oven at 74�C for
16 h. After polymerization, the column was washed with ace-
tonitrile, dried with nitrogen, and both ends were inspected
using an optical microscope (PME Olympus, Tokyo, Japan).
With visual microscopic inspection of the PLOT columns, the
columns were cut from both ends until a layer of polymer was
seen inside (Supporting Information Fig. S2). After cutting
5–25 cm from both ends, the columns were ready for use. The
50 �m id poly(butyl methacrylate-co-EDMA) BMA-EDMA
precolumn was made using a polymerization solution con-
sisting of 269 �L BuMa, 152 �L EDMA, 423 �L 1-propanol,

256 �L 1,4-butanediol, and 41 mg AIBN, as previously de-
scribed [24]. The prepared polymerization solution was de-
gassed by ultrasonification for 5 min, filled in the silanized
capillary and the ends were plugged with a rubber septum.
The capillary was heated at 74�C for 24 h. Subsequently the
BMA-EDMA column was flushed with acetonitrile and blown
dry with nitrogen gas. The BuMa column was cut to a final
length of 4.5 cm and used as a precolumn.

2.5 Column switching system

LC separations were initially carried out using an Agilent
(Santa Clara, CA, USA) 1200 nanopump. Mobile phases used
for gradient separations consisted of A (0.1% FA in water)
and B (0.1% FA, 10% water in acetonitrile). A 4.5 cm BuMa
precolumn was connected between two PEEK T-pieces (Up-
church Scientific, Oak Harbor, WA, USA) each with a sweep
volume of 29 nL. Samples were injected using a Valco (VICI
Valco Instruments, Huston, TX, USA) injector with a 500 nL
internal loop. The sample was loaded into the 50 �m
id precolumn for 2.5 min at a flow rate of 0.5 �L/min (Fig. 1).
Prior to onset of solvent gradient, the six-port valve was
switched and the pump flow was increased to 2 �L/min.
This valve position enabled a flow splitting before the precol-
umn resulting in appropriate separation flow rates through
the pre and analytical columns (20 to 80 nL/min were ex-
amined in this study). Note that this splitting does not affect
the volume injected, as the whole 500 nL entered the pre-
column during sample loading (Supporting Information Fig.
S3). To measure the flow rates through the PLOT columns,
50 and 75 �m id fused-silica capillaries were connected to
the end of the 10 �m i.d. PLOT columns with a PicoClear
union (New Objective, Woburn, MA, USA). The liquid was al-
lowed to flow into the measuring capillaries for a given time,
and the length traveled was visually measured and used to
calculate the flow rate (Supporting Information Fig. S4). For
ESI-MS, a distal-coated pulled-tip nanospray needle (20 �m id
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with 5 �m id orifice, New Objective) was cut shorter to
reduce post column volume (about 12–15 nL in the needle af-
ter cutting) and connected to the end of the PLOT column us-
ing a PicoClear union. In BxPC3 protein identification experi-
ments, the columns, parts and settings described above were
incorporated in an Easy 1000 nLC system (Thermo Fisher
Scientific, Waltham, MA, USA), with the exception of the
flow rate before splitting (200 nL/min) and injection volume
(1 �L).

2.6 Mass spectrometric detection, data extraction,

and identification

A Q-Exactive Orbitrap MS (Thermo) equipped with a
nanospray ESI source was used for mass spectrometric de-
tection. An electrospray was created using a spray voltage
of 2.1 kV and mass spectra were acquired from m/z 400 to
1500 in the positive ion mode. The AGC target was set to 2e5
ions. Data were acquired at a resolution of 35 000 and the
scan speed with the setting used was 7.2 scans per second.
Extracted ion chromatograms (EICs) were obtained using
�m/z of 20 ppm.

For MS/MS analysis of BxPC3 cells, a spray voltage of
1.5 kV was used, with a scan range of m/z 350–1850 in the
positive ion mode. The top ten highest intensity ions were
fragmented in each spectrum, with the exception of singly
charged ions, and ions with a charge above six. The AGC
target and resolution were set to 5e6, 70 000 in MS and 5e5,
35 000 in MS/MS, respectively. A high-energy collision dis-
sociation was performed with a normalized collision energy
of 25%.

The identification of BxPC3 proteins was performed us-
ing Proteome Discoverer v1.3 (Thermo Scientific) by com-
bining the SEQUEST and Mascot algorithms. Mascot and
SEQUEST searches were performed against the SwissProt
database with human taxonomy and the human protein
database (www.uniprot.org), respectively. Enzyme specificity
was set to trypsin, and a maximum of two missed cleav-
ages were allowed. The precursor mass tolerance was set to
15 ppm (MS) and the fragment tolerance to 20 mmu
(MS/MS). Carbamiodomethylation of cysteine, oxidation of
methionine and phosphorylation of serine, threonine, and
tyrosine were set as dynamic modifications. The false dis-
covery rate was determined by searching against a decoy
database and a strict value of 0.01 was applied. Peptide spec-
tral match was set to medium, and only Peptide spectral
matches better than 0.15 were considered as a positive peptide
match.

2.7 Peak capacity calculations

Peak capacity calculations were based on a previously de-
scribed definition [25];

nc∗∗ = (tfirst − tlast)/Wav (1)

where tfirst and tlast are the retention times of the first and
last eluting peptides in the sample, and Wav is the average
peak widths of the extracted peaks within the selected reten-
tion window. Peak widths were measured at 10% of the peak
height (W0.1) in the EICs and the retention window was cal-
culated from the first and last eluting peptide, as previously
described [21]. For the peak capacity calculations based on
separations of tryptic digested cytochrome c in the present
study, five peptide m/z values spread over the retention win-
dow were extracted for each chromatogram.

3 Results and discussion

3.1 Preparation of long PLOT columns with

decreased backpressure

Recently, several groups have packed or synthesized very long
LC columns for maximizing peak capacity [26–28], as this is
often correlated with the number of proteins that can be iden-
tified based on LC–MS/MS data [6]. Long columns can be
packed with particles, but such columns generate high back-
pressures [29] and are difficult to pack in narrow formats [30].
Regarding highly permeable monolithic columns, the prepa-
ration often requires a mixture of two or three solvents to
serve as the porogenic solution. The ratio of these solvents
is of major importance regarding morphology and the re-
sulting backpressure [31], and small deviations may result
in low chromatographic performance, production repeatabil-
ity, or clogged columns. In this regard, a major advantage
of the PS-DVB PLOT column preparation is the use of a
single solvent in the polymerization solution. We have pre-
pared about 15 10 �m id (and some 5 and 20 �m id) PLOT
columns, and our experience is that these columns are eas-
ier to produce reproducibly compared to organic monolithic
columns independent of the person making the column (for
more details on column-to-column repeatability, see [18,19]).
To manufacture long 10 �m id PLOT columns, a simple
pressure bomb system coupled directly to a gas flask was de-
veloped (Supporting Information Fig. S1). Column lengths
were however limited to about 6 m, due to the maximum pres-
sure of 200 bar in these gas flasks. To enable production and
use of longer PLOT columns and higher flow rates than pre-
viously described, columns with reduced backpressure were
produced. A polymerization solution containing 70% ethanol
and 30% monomers was used, giving a layer thickness of
about 0.70–0.75 �m. Hence, the columns had a larger in-
terstitial zone, reducing the column backpressure compared
to previously described 1 �m layer PLOT columns [19]. Even
with the reduced stationary phase thickness, the loadability of
120 fmol (Supporting Information Fig. S5) was not reduced
compared to that previously reported with a 1 �m layer col-
umn (∼100 fmol). We believe that the high loadability is due
to the effective SPE to LC transfer compared to pressure bomb
driven injections used earlier [18]. The loadability is of course
lower compared to larger sized columns, but surprisingly
comparable to commercial nanocolumns, e.g. that in [32].
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Nonetheless, it should be kept in mind that very limited sam-
ple analysis is the most natural application area of PLOT
columns.

3.2 A simple column switching system

In our previously reported 10 �m id PLOT-LC system [19] for
intact protein separation, a simple split system was used to
show a proof of principle. A major drawback was that the flow
split was placed after the injector and before the PLOT col-
umn, leading 99% of the sample directly to waste, and only
1% onto the PLOT column. Coupling with an enrichment
column allows faster sample loading, the possibility of load-
ing larger sample volumes and less column clogging, and
has previously been successfully used with 10 �m id PLOT
columns [20, 33, 34]. However, the system in these studies
consisted of one ten- and one six-port valve and three T-pieces
(one of which is not commercially available), and required
flow splitting both during sample loading and gradient sepa-
ration. We therefore designed and utilized a simpler design
(Fig. 1), compatible with common nano-LC systems (e.g. the
Thermo Easy-nLC or the Waters nanoAcquity), consisting
of only one six-port switching valve and only commercially
available parts. The only difference between our system and
common nano-LC systems is that the union between the pre
and analytical columns is T-coupled with a “gradient split”
fused-silica capillary. Splitting the flow at this junction dur-
ing the LC separation step significantly reduces the gradient
delay time, and allows stable flow rates down to 20 nL/min
through the columns during gradient separation.

To evaluate the repeatability of this simple system, three
consecutive injections and separations were performed using
a 25 �g/mL transferrin tryptic digest (Supporting Informa-
tion Table S1). The retention time RSDs were ≤0.2%. Thus,
we were in a position to further evaluate important separa-
tion parameters such as flow rate, column length and gradient
times, with the goal of maximizing the separation power of
the simplified PLOT-LC system.

3.4 Effect of flow rate, gradient times, and

temperature

PLOT columns have previously been shown to have potential
for high-resolution separations [18], but an empirical explo-
ration of the key parameters to locate maximum peak capacity
settings has not been described. Tryptic digests of cytochrome
c were chromatographed at 20, 40, 60, and 80 nL/min, at
gradient times of 30, 60, 90, 120, 150, 180 min on a 2.4 m
PLOT column using the above-described column switching
system. The mobile phase gradient was from 5 to 71% B
in all cases. A high gradient steepness was used to elute all
peptides within a 30 min tG at 20 nL/min. Flow rates below
20 nL/min were not evaluated, as this was the minimum rec-
ommended flow rate for stable nanospray using commercial
spray needles with a 5 �m id orifice. Peptide signal intensi-

ties were found to vary less than ten percent in the range of
flow rates studied. For evaluating the resolving power of the
various combinations, the stringent nc** definition of peak
capacity (compared to, e.g. tG/Wav) was used to avoid misin-
terpretations, e.g. overestimating peak capacities in the case
of short retention windows relative to gradient length. Peak
width was defined as the width at 10% of peak height. This
should ensure a more realistic assessment of the number of
compounds that can be separated during the gradient, taking
more into account nonideal/Gaussian peak shapes as, e.g.
tailing effects, compared with using 2�, or W0.5. Recent theo-
retical calculations for OT-LC optimization predicted higher
performance at elevated temperatures [8]. However, elevated
temperatures (40–90�C) resulted in significant signal reduc-
tions (at 40 nL/min, Supporting Information Fig. S6). This is
in agreement with previous PLOT/temperature experiments
at these low flow rates (20 nL/min) [19] and seems to be inde-
pendent of the type of electrospray source. We speculate that
this may be due to more poorly charged droplet formation
at elevated temperatures at these low flow rates. Therefore,
column temperatures were kept ambient. The peak capacity
increased with longer gradient times, as expected (Fig. 2A).
For the 2.4 m column, the peak capacity approached a limiting
value at gradient times between 150 and 180 min. The high-
est values for the column switching system were obtained at
40 nL/min (corresponding to ∼12 mm/s when subtracting a
0.75 �m layer thickness in the 10 �m id column) followed by
20 nL/min (6 mm/s). At 60 nL/min (18 mm/s), the peak ca-
pacity dropped significantly compared to the lower flow rates,
and 80 nL/min (24 mm/s) gave in general the lowest values.
This trend is quite different from that previously reported on
a PS-DVB monolith with a similar experiment, where peak
capacity increased continuously with increasing flow rate and
tG [35]. Also, as seen in Fig. 3A, the decrease in peak capacity
at elevated flow rates was more significantat longer gradient
times (e.g. 180 min) compared to shorter gradient times, sim-
ilar to the findings of Wang et al. for packed columns [25].
Figure 2B shows that the retention window is relatively un-
changed for all flow rates, since both the first and the last
eluting peptide appear earlier in the chromatogram, as ex-
pected from theory [25]. More importantly, the Wav decreased
when the flow rate was increased from 20 to 40 nL/min,
but increased more at higher flow rates. These results are
similar to monoliths with large macropores (up to 10 �m)
where a large mass-transfer resistance at elevated flow rates
has been reported [36], and this is explained by the large dis-
tance between the solid structures containing the stationary
phase [37], similar to the inner diameter of OT columns. In
summary, 40 nL/min appeared to be the optimal flow rate for
the 10 �m id regarding chromatographic performance and
nanospray stability.

3.5 Column length and gradient times

Columns of 2.4, 5.4, and 8.0 m were used at a flow rate of
40 nL/min with gradient elution from 5 to 40% B with
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Figure 2. (A) Effect of flow rate and tG on peak capacity using a
2.4 m long 10 �m id PLOT column in the column switching system.
Solvent gradients were from 5 to 71% B at flow rates from 20 to
80 nL/min. (B) Relative retention window (solid line, and dia-
monds) and peak width (dashed line and circles) as function of
flow rate at a tG of 180 min. Relative values were calculated from
58 min and 35 s for retention window and peak width, respec-
tively. Peak widths were measured at W0.1 and the average value
for five peptide peaks spread over the retention window were
used for calculating the peak capacities using Eq. (1), as described
in Section 2.

gradient times from 40 to 490 min, except the combinations of
(2.4 m, 490 min) and (8.0 m, 40 min; Fig. 3). The 8 m column
was made by connecting a 2.6 and a 5.4 m column in series
with a PicoClear union. As expected, the lowest peak capaci-
ties were obtained with the shortest column, while an increase
in length to 5.4 m gave a significant increase in performance.
A more moderate gain was obtained by increasing the column
length to 8 m. The lower increase in peak capacity for longer
columns is not surprising since peak capacity is expected to
increase with the square root of the column length [38, 39].
The increase in peak capacities with column length corre-
sponds well with theory; the observed increase from 2.4 to
5.4 m and from 5.4 to 8.0 were only 4% larger and 8% lower
than predicted, respectively. The slightly lower increase than
predicted from theory for the 8.0 m column may be due to
small extra-column volume because two columns were con-
nected to obtain the 8.0 m column. Interestingly, the short-
est column was outperformed even at short gradient times
(40 and 80 min). This reduced performance could be due to

Figure 3. Peak capacity as a function of tG and the column length.
The gradient used was from 5 to 40% B at a flow rate of 40 nL/min.
*The 8 m column was made by connecting a 2.6 and 5.4 m column
in series using a PicoClear union.

extra-column volumes of the SPE–LC system. However; the
low performance of short PLOT columns has also previously
been observed (for intact proteins) using column lengths of 1
and 2 m, using a system without SPE trapping [19]. The max-
imum column length with backpressures comfortably below
the limits of the pumps and connections employed was about
8 m. Longer columns could be employed, but at the cost of
significantly longer analysis time and higher pressures and
rather moderate gains in peak capacity. Theoretically, for a
21 m column, the backpressure would be ∼1000 bar, with an
expected 63% increase in peak capacity compared to the 8 m
column. Although a tG of 490 min provided the highest peak
capacity, the gain was considered insignificant compared to
the shorter 400 min gradient. In summary, 40 nL/min flow
rate, using an 8 m long column and a tG of 400 min was for
all practical purposes considered as optimal for the 10 �m id
PLOT columns.

With these settings, a peak capacity of at least 415 was
achieved when injecting about 23 ng of an in-gel-tryptic-
digested gel fraction from rat liver (Fig. 4A), calculated us-
ing EICs from the seven peptides shown in Fig. 4B (average
W0.1 was 0.82 min). Higher peak capacities were obtained
for the gel digest compared to the cytochrome c digest due
to the larger retention window, because of a larger range of
hydrophobicity of peptides in the more complex mixture. In
order to compare the results achieved with the optimized
PLOT system with peak capacities reported by others, the
peak widths have to be measured in the same way. We
therefore measured and calculated peak capacities for the
rat liver sample by measuring at peak heights as defined in
references [18, 28, 40]. Using peak width = 2� in the nc**
formula (Eq. (1)), Yue et al. reported PLOT peak capacities
of 400 [18]. With the same criteria, we obtained a 2.3-fold
increase (950) using our optimized settings. Iwasaki et al.
showed a peak capacity of ∼680 (using peak width = W0.5
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Figure 4. Base peak chromatogram of the
separation of an in-gel-digested fraction
of a rat-liver sample using a 4.5 cm ×
50 �m id BuMa monolithic column as pre-
column and an 8 m long × 10 �m id
PS-DVB PLOT column (A). EICs of seven
high-intensity peptide peaks used for
peak capacity calculation (m/z = 747.3537,
788.3969, 805.9422, 815.9759, 961.7538,
996.1733, 1045.5761) (B). About 23 ng tryp-
tic digest from a SDS-PAGE cut (∼50 kDa
fraction). The gradient used was from 5 to
40% mobile phase B in 400 min at a flow
rate of 40 nL/min. The 8 m PLOT column
was made by connecting a 5.4 and 2.6 m
PLOT column in series using a PicoClear
connector. The maximum pressure during
the gradient was 375 bar.

in, Eq. (1)) [40]. Using the same criteria, we reached a sub-
stantially higher capacity (791). Similar peak capacities (∼410,
measuring at 4�) can be obtained with long nanocolumns
packed with sub 2 �m porous particles, but requiring ultra-
high pressures (e.g. 1200 bar) [28]. Recent efforts using 2.1
mm id core–shell particle columns have also achieved higher
peak capacities (1360 calculated using tG and 4�), but these
columns are operated at 1200 bar, and are not as suited for
trace analysis or limited sample amounts [41].

3.6 Analysis of slow cycling cancer cells

As our work often revolves around analysis of limited sam-
ples (e.g. cancer cells with stem-like properties or very slow
cycling cells) related to cell signaling, the developed PLOT-LC
methodology was assessed by analyzing limited amounts of
trypsin-cleaved peptides from BxPC3 � catenin (−/−) cells,
a very slow growing cell line. When injecting extract from
just 1000 cells, the system could identify up to 456 pro-
teins per analysis (1958 peptides). With this limited sample
amount, we were able to detect a valuable number of cen-
tral Wnt pathway members or regulators, e.g. tankyrase-2, a
low-abundance regulator of the � catenin destruction com-
plex (Fig. 5) and key player in therapeutic Wnt/� catenin
targeting [42], and moesin and flap endonuclease 1, proteins
that have just recently been discovered of having effects on
the pathway [43, 44]. Figure 6 shows a map of identified Wnt
regulators and points of interaction with other members of
the pathway (for further details, see Supporting Information

Table S2). When injecting extract from 10 000 cells, 6770 pep-
tides from 1187 proteins were identified (937 identified with
a minimum of two peptides), also in just one single injection.
For 100 000 cell injections, 12 134 peptides from 2310 proteins
could be identified (1529 identified with a minimum of two
peptides). Even higher numbers of identified proteins with
such limited samples can be expected by combining cleav-
age reagents (i.e. lys C and trypsin [45]). Carry-over can often
haunt peptide analysis, but in the current system carry-over
was considered low (average ≤0.6%), assessed by comparing
peak areas of high abundant peptides present in the BxPC3
� catenin (−/−) samples and subsequent blank injections.
We believe that low carry-over is a trait of PLOT columns,
as we previously also found this to be the case with intact
proteins [19].

4 Conclusion

We have developed a simple PLOT-LC system that is fully
compatible with the hardware of commercial nano-LC in-
strumentation, without additional hardware or custom-made
fittings. The current system enabled analysis of the whole
injected sample, without sample splitting. As result of a sys-
tematic study, the optimal separation parameters at conven-
tional pressures (<400 bar) were a flow rate of 40 nL/min in
combination with an 8 m column length at a tG of 400 min.
The optimized method achieved a peak capacity of 791 or 415
using W0.5 or W0.1, respectively, doubling the peak capacity
achieved in earlier PLOT studies, and meeting or surpassing
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Figure 5. Top: base peak chro-
matogram from the analysis of extract
corresponding to 1000 BxPC3 cells.
Middle: EIC of two tryptic tankyrase-2
peptides. Bottom: fragment mass spec-
trum of the two tankyrase peptides.
Column length, flow rate, and solvent
gradient as in Fig. 4.

Figure 6. Overview of identified Wnt-
signaling pathway proteins (yellow) in
extract corresponding to 1000 � catenin
(−/−) cells and sites of interaction with
other Wnt proteins. For more details,
see Supporting Information Table S2.
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capacities achieved in recent studies using monolith or UH-
PLC based nanocolumns. The peak capacities of these PLOT
columns are expected to be improved further in combination
with UHPLC equipment, as longer columns can be used. The
current set-up was fully automated with a commercial nanop-
ump for the analysis of slow cycling cancer cells, where 456
proteins (1958 peptides) were identified from the analysis of
only 1000 cells, allowing detection of a significant number of
members and regulators of the Wnt signal pathway. When
increasing number of cells analyzed, ∼2300 proteins could
be identified in just one single run. This encourages us to
employ PLOT LC in our further work with limited samples
related to our Wnt studies (e.g. microdissection and cell sub-
population studies). Although OT-LC columns were relatively
newly “reintroduced”, their chromatographic performance is
already in the same league as far more established column
materials where production and separation conditions have
been being optimized for almost two decades. We expect the
potential of OT columns to be further realized as new station-
ary phases are being developed (e.g. [46–49]), as well as our
ongoing development and testing of novel PLOT stationary
phases.

The in-gel tryptic digested rat liver fraction was prepared by
Anders Moen (Institute of Molecular Bioscience, University of
Oslo). The Bxpc3 β catenin (−/−) cell line was acquired from
Dr. Petter Angell Olsen (Oslo University Hospital, Oslo, Nor-
way). The Norwegian Research Council is greatly acknowledged
for financial support through the research grant 197431/F20.

The authors have declared no conflict of interest.
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