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a b s t r a c t

A systematic study is reported on the performance of long monolithic capillary columns in gradient
mode. Using a commercial nano-LC system, reversed-phase peptide separations obtained through UV-
detection were conducted. The chromatographic performance, in terms of conditional peak capacity
and peak productivity, was investigated for different gradient times (varying between 90 and 1320 min)
and different column lengths (0.25, 1, 2 and 4 m) all originating from a single 4 m long column. Peak

3

radient liquid chromatography
eak capacity
ed homogeneity

capacities reaching values up to n = 10 were measured in case of the 4 m long column demonstrating the
high potential of these long monoliths for the analysis of complex biological mixtures, amongst others.
In addition, it was found that the different column fragments displayed similar flow resistance as well
as consistent chromatographic performance in accordance with chromatographic theory indicating that
the chromatographic bed of the original 4 m long column possessed a structural homogeneity over its
entire length.
. Introduction

After their introduction in the 1990s, silica monoliths have
ttracted increased attention in the field of liquid chromatography
s an alternative support structure to particulate columns [1–3]. Sil-
ca monoliths have a skeleton-shaped continuous morphology and
re synthesized in situ using the classical sol–gel technology [4]. As a
esult, the conventional packing procedure requiring retaining frits
s avoided. In addition, the bed morphology which is often charac-
erized by the external porosity and the domain size (comprising
he skeleton and through pore size) can be tuned by controlling the
nitial sol–gel composition. Doing so, a second generation of silica

onoliths, having a smaller domain size and increased phase ratios,
as produced by Tanaka et al. [5] characterized by an increased

hromatographic performance. Using alkylbenzene mixtures, plate
eight values of less than 5 �m were reported and attributed
o the reduced mass transfer distances inside the monolithic

olumn.

The control that can be exerted on the bed morphology by
djusting the preparation conditions also offers the possibility
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to produce monolithic columns having an open-porous morphol-
ogy delivering a low pressure drop. This specific feature allows
employing longer columns in order to further increase the chro-
matographic performance while maintaining a reasonable mobile
phase flow at the same operation pressure. Very recently, the high
performance of such long columns reaching a length of 4 m was
illustrated by Tanaka et al. [6]. They demonstrated the applicability
of long silica monolithic columns to achieve a striking chro-
matographic performance in isocratic mode going up to 1000,000
plates.

Since there is a high demand for an increased separation perfor-
mance in the field of proteomics [7,8], monolithic silica capillary
columns have also been explored for the separation and identifica-
tion of complex peptide mixtures. While early reports focused on
shorter columns [9,10], more recent papers deal with the use of long
monolithic columns to further enhance the chromatographic per-
formance and increase the number of identified peptides/proteins
[11,12].

To our knowledge, detailed systematic studies regarding the
chromatographic performance of these long columns (up to 4 m)

have not been reported yet in gradient mode. Gradient separa-
tions are of high importance since gradient elution is the most
powerful operation mode for the separation of complex mixtures
in liquid chromatography. In the present contribution reversed-

dx.doi.org/10.1016/j.chroma.2010.10.045
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:heghbali@vub.ac.be
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Fig. 1. SEM (scanning electron microscopy) images of the silica monolith with (a)
a cross-sectional view of the monolithic capillary column (I.D.: 100 �m) and (b) a
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Fig. 2. Ratio between the pressure drop and column length (�Pcolumn/L) as a func-
tion of the flow rate for monolithic columns having a different column length (L):
L = 0.25 m (empty triangles); L = 1 m (black dots); L = 2 m (empty squares); L = 4 m
agnified view of the continuous bed morphology.

hase peptide separations obtained through UV-detection will be
llustrated while applying a commercial nano-LC system at con-
entional pressures (below 400 bar). In almost all previous studies
ealing with gradient elution, silica monoliths were exclusively
valuated or used in combination with MS [11–13]. This approach is
f course much more favorable when aiming towards the identifi-
ation of unknown components. UV detection is, however, more
uited to study the intrinsic performance of a chromatographic
ed because it is possible to exclude any biased performance
ontribution (the ionization source) delivered by the MS which
acilitates to focus on the chromatographic performance of the
olumn.

The chromatographic performance will be described and com-
ared for different column lengths (ranging from 0.25 m and going
p to 4 m) and gradient times. The performance was determined
y measuring the conditional peak capacity based on the analy-
is of two different peptide mixtures (a BSA tryptic digest and a

ynthetic peptide mixture to allow a reliable determination of the
verage peak width and) under identical conditions as was previ-
usly reported by Sandra et al. [14].
(black diamonds). The full line curves are linear regressions (R2 > 0.99) of the exper-
imental data. The pressure drops were corrected for the extra-column pressure.

The different column lengths that were investigated were
obtained by cutting down the monolithic capillary column (L = 4 m)
gradually into smaller lengths.

Finally, the performance of these columns will be demonstrated
by a real-world proteomics sample.

2. Experimental

2.1. Materials and reagents

HPLC grade water and HPLC-S gradient acetonitrile were
obtained from Biosolve (Valkenswaard, The Netherlands).
Spectrophotometric trifluoroacetic acid (TFA), tris(2-
carboxyethyl)phosphine (TCEP), iodoacetamide (IAA), uracil and
bovine serum albumin (BSA) were purchased from Sigma–Aldrich
(Bornem, Belgium). Porcine sequencing grade modified trypsin
was obtained from Promega (Madison, WI, USA) and Proteomix
from LaserBio Labs (Sophia-Antipolis Cedex, France).

2.2. Sample preparation

To 400 �g of BSA (∼6.7 nmol), present in 100 �L 100 mM
NH4HCO3, TCEP was added in a 50 molar excess (5 �L of a
4.75 mg/250 �L solution) and the reaction mixture was incubated
during 15 min at 37 ◦C. TCEP is acidic and was dissolved in 500 mM
NH4HCO3 to maintain a pH of 8. Iodoacetamide was subsequently
added in a 100 molar excess (5 �L of a 6.2 mg/250 �L solution)
and the mixture was incubated at 37 ◦C in the dark for 1 h. Iodoac-
etamide was dissolved in 100 mM NH4HCO3. The reaction mixture
(in a volume of 110 �L) was subsequently desalted by means
of membrane filtration (Amicon Ultra-0.5 mL, 10 kDa centrifugal
filters (Millipore, Billerica, MA)). The recovered protein was sub-
sequently diluted in 50 mM NH4HCO3 and trypsin was added in
a 1:50 ratio (w/w) (final volume: 250 �L). Sample was incubated
overnight at 37 ◦C and subsequently stored at −20 ◦C prior to anal-
ysis. A 1/5 dilution (final concentration 0.32 �g/mL) was made in
0.1% TFA prior to injection.

The peptide mixture (Proteomix containing Bradykinin,
Angiotensin II, Neurotensin, ACTH, Bovine Insulin Chain B) used
for the calculation of the average peak width was prepared by
adding 2 mL 0.1% TFA to the lyophilized mixture. The mixture was

injected as such.

The MARS depleted, reduced and alkylated human serum tryptic
digest was prepared according to the procedure described in [14].
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Fig. 3. Sample peak capacity determination procedure based on UV-chromatograms. (a) Separation of BSA (Bovine Serum Albumin) tryptic digest mixture for different
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radient times (tg) with a 4 m long column (FR = 0.3 �L/min). The first and last peak
ndicated with arrows. (b) Example of a peptide test mixture separation (L = 0.25 m
alculate the peak capacity using Eq. (3.2). The average peak width was calculated f

.3. Instrumentation and experimental conditions

Experiments were conducted using an UltiMate 3000 Pro-
eomics MDLC system (Dionex,Germany) with a 1:300 flow splitter
nd a variable-wavelength (� = 214 nm) detector equipped with
3-nL flow cell. The 4 m (I.D.: 100 �m) long monolithic capil-

ary column (delivering a performance of N = 370,000 in isocratic
ode with hexylbenzene (k = 0.2) as marker), fabricated at Kyoto
onotech (Kyoto, Japan), was kindly donated by GL Sciences Inc. as

esearch sample. The different column lengths investigated, were
btained by cutting down the original monolithic capillary column
L = 4 m) gradually into smaller lengths (L = 2 m, 1 m, 0.25 m). Dur-
ng this process the column was each time cut at the injection side

hile leaving the connection (that was established by means of a
ero-dead volume union (Upchurch Scientific®) to minimize any
dditional band broadening) between the end of the column and
etector intact. Columns were operated at 300 nL/min and ther-
ostated at 25 ◦C. Solvents A and B consisted of water (0.1% TFA)

nd 20/80-water/ACN (0.08% TFA), respectively. The extra-column

ressure was measured to be 15 bar at a FR = 300 nL/min using sol-
ent A. This was realized by connecting the injection valve directly
o the UV-detector by means of a 15 cm long capillary having a
arge ID (150 �m), hence displaying a negligible pressure drop at
en to calculate the separation window (t2 − t1) for implementation in Eq. (3.2) are
0.3 �L/min; tg = 90 min) for the measurement of the peak widths (4�) needed to

he width of the four peaks tagged with numbers (1–4).

the present flow rate. Theoretical calculations (not shown) also con-
firmed that the pressure drop over the capillary was much less than
1% of the overall measured pressure drop. Linear gradients were
conducted for different gradient times (tg = 90; 180; 360; 600; 840;
1080; 1320 min) from 0% B to 70% B followed by column regen-
eration and equilibration. Samples were injected in full loop mode
(1 �L). Chromeleon software (Dionex) was used for data acquisition
and analysis.

3. Results and discussion

3.1. Morphology and pressure drop

Fig. 1 shows a cross-sectional view of the monolithic col-
umn that was investigated in the current study. The continuous
skeleton-shaped morphology which is typical for silica monoliths
can be clearly observed. Based on several SEM-images (Fig. 1), the
skeleton size and through-pore size could be roughly estimated to
be 1–2 �m and 3–4 �m, respectively, resulting in a domain size

around ddom = 5 �m. Comparing the estimated through-pore size
with the through-pore size of a conventional bed packed with 5 �m
particles (dpor ∼= (dpart/3) ∼= 1.7 �m), it can be concluded that the
through-pore of the presently used monolith is relatively large (two
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Fig. 4. (a) Peak capacity (n) as a function of the gradient time (tg) for monolithic
columns (FR = 0.3 �L/min) having a different column length (L): L = 0.25 m (empty
triangles); L = 1 m (black dots); L = 2 m (empty squares); L = 4 m (black diamonds).
The full line curves are added to guide the eye. (b) Plot of the peak productivity
(n/(tg + t0)) as a function of the gradient time (tg) for the different column lengths. The
full line curves are added to guide the eye. (c) Same experimental data as in (a) where
n 1/2
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/L vs. tg/t0 is plotted. The column dead time (t0) of the different columns was
etermined using uracil as tracer component. All data points result from triplicate
easurements.

imes larger). This observation underlines the open-porous charac-
er of these monoliths making them suitable for the construction
f longer columns.

The permeability of the initial 4 m long monolith was deter-
ined to be Kv0 = 11 × 10−14 m2 which is in the same range as the

ermeability of the long monolithic columns described by Tanaka
t al. [6]. The relationship between the pressure drop and the flow
ate can be depicted as:

�Pcolumn
L
= cst F (3.1)

here �Pcolumn is the pressure drop over the column; L represents
he column length and F the flow rate. The value of the propor-
1218 (2011) 3360–3366 3363

tional constant (cst) is a measure for the flow resistance of the
chromatographic bed.

Fig. 2 shows a plot where �Pcolumn/L is plotted versus F for the
different column lengths (L = 0.25 m; 1 m; 2 m; 4 m) in isocratic
mode (100% solvent A). For all four different column lengths a clear
linear trend (R2 > 0.99) can be observed which is consistent with Eq.
(3.1). It should be mentioned that the pressure drops have been cor-
rected for the extra-column pressure. In case of the smallest column
(L = 0.25 m) an overall pressure drop of 30 bar was assessed at a flow
rate of 0.3 �L/min. Half of this total pressure drop (15 bar) could
be attributed to the extra-column pressure. This implies that the
extra-column pressure contributes significantly to the total pres-
sure drop and should not be neglected, especially for the shorter
columns where this contribution is more pronounced.

Another striking assessment in Fig. 2 is the good overlap of the
four curves. Interpreting this observation using Eq. (3.1), it can
be derived that the flow resistance (which is proportional to the
slope of the curve) for all four cases are identical within a relative
standard deviation of three percent. This leads to the conclusion
that the original 4 m long monolithic column exhibited structural
homogeneity over its entire length regarding flow resistance.

3.2. Chromatographic performance

The chromatographic performance of the different monolith
columns were quantified by measuring the sample peak capacity n
[15]:

n = t2 − t1

Wav
(3.2)

where t1 and t2 are, respectively, the retention times of the first
and the last eluting components in the sample. Wav represents the
average peak width (4�) of selected peaks eluted within this time
window.

Later on, the term conditional peak capacity was used for the
same concept to emphasize that its value strongly depends on
all experimental conditions including gradient program, column
parameters as well as the employed sample(s) [16].

The currently employed method to determine the conditional
peak capacity is similar to the procedure reported by Sandra et
al. [14]. First, a BSA tryptic digest as injection sample was ana-
lyzed (Fig. 3a). The retention window which is the nominator in
Eq. (3.2) could be easily derived from the obtained chromatograms.
However, since we are dealing with a highly complex mixture, the
accurate determination of the average peak width is difficult and
less reliable because partial or complete peak overlap can occur
and influence the measured average peak width. When exploring
different gradient conditions, selectivity changes have also been
reported [17]. This makes identification of the selected peaks from
one chromatogram to another much more difficult. Therefore, a
commercially available standard peptide mixture was separated
under identical conditions as the BSA digest mixture (while eluting
within the separation window of the BSA digest) and used to deter-
mine the average peak width (Wav) for implementation in Eq. (3.2).
Fig. 3b shows a separation of the peptide mixture at the lowest
separation condition (L = 0.25 m; tg = 90 min) that occurred in the
present study. The use of such a standard peptide mixture for the
calculation of the peak capacity has several advantages compared
to complex mixtures. On the one hand, the sample components can
be easily resolved and hence allow for a baseline separation of the
different peaks. That way the peak widths can be easily measured
with minimal bias, even when dealing with relatively low perfor-

mance separation conditions (Fig. 3b). On the other hand, a good
peak shape in combination with an optimal signal-to-noise ratio
can be achieved which again facilitates a prompt derivation of the
peak width from the recorded chromatograms.
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ig. 5. Separation of BSA tryptic digest mixture with four different column length
radient time was adjusted proportionally to the column length (corresponding t
tg = 420 min); (c) L = 1 m (tg = 210 min); (d) L = 0.25 m (tg = 52.5 min).

Fig. 4a shows the progress of the peak capacity versus the gra-
ient time for the four column lengths. At short gradient times the
eak capacity increases rapidly, while at higher gradient times this

ncrease becomes less significant. This qualitative trend of the peak
apacity as a function of the gradient time corresponds well with
he trend predicted by gradient elution theory [18].

It should be noted that the peak capacities for the different col-
mn lengths have the tendency to overlap at low gradient times
tg = 90 min) implying that no gain in absolute performance can be
btained by switching to an increased column length. In contrast,
t can also be clearly observed that for the considered range of long

radient times the longer columns display a superior performance
ith respect to the shorter one. At tg = 1320 min a conditional peak

apacity going up to n = 700 could be achieved with the longest
olumn (L = 4 m) which is a factor 2.5 higher compared to the per-
0.3 �L/min). To obtain similar retention factors for the different components, the
nstant tg/t0-ratio for all four columns). With (a) L = 4 m (tg = 840 min); (b) L = 2 m

formance of the shortest column (L = 0.25 m). In the past, peak
capacity values of n = 1000–1500 have been reported using long
packed capillary columns (L = 2 m) [19] and coupled conventional
sized columns [20,21]. These methodologies required either the use
of ultra-high pressures or high temperatures.

Yet, we do not intend to juxtaposition our obtained conditional
peak capacity values with previously published results [19–23].
We believe that a cross-comparison of reported conditional peak
capacities is unsuited since the conditional peak capacity value
is by definition strongly dependent on the used sample(s) and
conditions as well as on the applied method to determine the

peak capacity. For instance, in some cases a single peak is used
to determine the peak width [11] whereas in other cases an aver-
age of several selected peaks is taken [20,22] as in the present
study.
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ig. 6. Analysis of 1 �g of a healthy serum tryptic digest, depleted for the six most a
t 45 ◦C and operated at a flow rate of 0.45 �L/min. A 700 min gradient was applied

From Fig. 4a it could be concluded that higher performance can
e obtained for longer columns. Nonetheless, the price one has to
ay when switching to a longer column is an increased analysis time
hich is a crucial aspect especially when facing routine analysis.
ltimately, the main challenge in practice remains to choose tg for
given column length such that sufficient separation performance

s obtained within a reasonable analysis time.
In order to account for the analysis time (tg + t0), the peak pro-

uctivity (amount of peaks per unit of time) can be calculated as
24]:

P = n

(tg + t0)
(3.3)

here tg and t0 are the gradient time and column dead time, respec-
ively.

Fig. 4b displays the peak productivity as a function of the gradi-
nt time. A general decreasing trend for all four column lengths
s observed with increasing gradient time. This trend is caused
ecause the conditional peak capacity has the tendency to flat-
en out at larger gradient times (Fig. 4a). It should be also noted
hat for relatively low gradient times (tg = 90 min) a shorter col-
mn outperforms the larger columns while for large gradient times
tg > 600 min) the situation is reversed. This observation is due to
he fact that at shorter gradient times the column dead time (which
s proportional to the column length) starts to dominate the anal-
sis time (tg + t0) which is the denominator in Eq. (3.3).

In general, it can be considered that at very low gradient times
he column dead time starts to be the determining factor for the
alue of the analysis time (denominator in Eq. (3.3)) while at higher
radient times the influence of the column dead time with respect
o the analysis time is minimal. This is also the reason why at low
radient times the longest columns (having the largest t0) exhibit
he lowest PP. While the gradient time increases the effect of t0
educes and the longest columns delivering the highest peak capac-
ty also display the largest PP. Since the PP is influenced by an
nterplay between tg and t0, it can be expected that the PP reaches

n optimum value at a certain tg. In Fig. 4b only for the 4 m column
clear optimum (around tg = 300 min) can be observed in contrast

o the three shorter columns. This assessment is nevertheless not
urprising since the influence of the column dead time on the PP
nt proteins, on a 4 m long monolithic capillary column. Capillary was thermostated
een 0 and 70% B. Peak capacity value was estimated to approach 103.

occurs at a higher tg because the 4 m long column has the largest
column dead time. Considering the same argumentation, it should
be expected that the other column lengths (L = 0.25 m, 1 m, 2 m)
should also reach an optimum, yet at a lower gradient times (lower
than tg = 90 min).

From Fig. 4a and b, it can be finally concluded that the value
of the gradient time is a critical factor and has to be chosen suffi-
ciently large when one aims to benefit from an increased column
length. One might be disappointed upon increasing the column
length while maintaining the same gradient time.

According to the theory of gradient elution it can be assumed
that:

n ∼=
√

N ∼=
√

L (3.4)

demonstrating that the conditional peak capacity is proportional
to the square root of the plate number (N) which is on its turn
proportional to the column length (L) [21]. Eq. (3.4) holds for
reversed-phase chromatography separations when a linear sol-
vent strength gradient is applied and when the tg/t0-ratio is kept
constant resulting in similar retention factors for the different
components in the mixture. This latter condition is fulfilled in
the present study by adjusting the gradient time (tg) proportion-
ally to the column length (L) as the flow rate is kept constant
(FR = 0.3 �L/min) [21]. As an illustration, Fig. 5 shows a BSA tryp-
tic digest mixture separation obtained with the different column
lengths. The enhanced resolving power caused by an increase in
column length can be visually observed confirming the relation-
ship between the conditional peak capacity and column length Eq.
(3.4).

Going more into detail, Eq. (3.4) can also be expressed as:

n√
L

= cst (3.5)

This implies that the ratio of the sample peak capacity n and the
square root of the length should yield a constant value for a given
tg/t0-ratio. Fig. 4c is obtained through a simple data transformation

from the experimental data shown in Fig. 4a. The perfect overlap of
the data points for the four column lengths in Fig. 4c demonstrates
the validity of Eq. (3.5) indicating good agreement of the exper-
imental results with theory of gradient elution. This assessment
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llustrates that the four column fragments possessed an identical
tructural bed homogeneity indicating that the original monolithic
olumn having a length of 4 m was homogeneous over its entire
ength. Similar observations have also been reported for packed
eds [21].

.3. Real-world sample analysis

As a final illustration, the monolithic column was applied to
he analysis of a real-world sample. Fig. 6 shows a separation of
human serum tryptic digest depleted for the six most abundant
roteins obtained with a 4 m long monolith through UV-detection.
he extreme resolving power of the column already allows observ-
ng numerous sharp peaks. The peak capacity value was estimated
o approach 103. In future work the applicability of these columns
n combination with MS-detection is going to be explored. Very
ecently, Ishihama et al. applied such long columns in combina-
ion with tandem mass spectrometry for the investigation of the
. coli proteome [12]. They were able to identify more than 22,000
ryptic peptides originating from 2602 proteins and thereby cov-
red nearly the entire E. coli proteome. A question that remains
o be answered is whether the high number of identified pro-
eins is attributed to the increased peak capacity of the column
r to the time available for MS/MS analysis or a combination of
oth phenomena. In other words, what is the relationship between
hromatographic performance and the number of identified pep-
ides/proteins.

. Conclusion

We have presented a systematic study of the performance of
ong silica monolithic columns in gradient mode using peptide mix-
ures. Through UV-detection the performance of the columns was
etermined by measuring the conditional peak capacity. Differ-
nt column lengths all originating from a single 4 m column were
xplored by determining the chromatographic performance at dif-
erent gradient times.

When sacrificing analysis time, a conditional peak capacity of
= 700 could be achieved with the 4 m long column which is trans-

ated to a peak capacity value approaching 103 on a human serum
ryptic digest (Fig. 6). This illustrates that these long columns can
e very useful for the analysis of complex mixtures common in
roteomics and metabolomics. When considering absolute perfor-
ance, one can only benefit from these long columns compared

o shorter columns when operating at sufficiently large gradient

imes (roughly tg > 400 min for the applied conditions in the present
ontribution). With respect to peak productivity, the shortest col-
mn even showed superior performance over the longer columns
t low gradient times (roughly tg = 90 min) whereas the opposite

[
[
[
[
[

A 1218 (2011) 3360–3366

trend was observed for longer gradient times (roughly tg > 600 min).
Therefore, the choice of the gradient time is of high importance to
get the most out of these long columns.

Furthermore, the different investigated column fragments were
compared regarding flow resistance and chromatographic per-
formance. They exhibited similar flow resistance as well as
chromatographic performance that was in good agreement with
gradient elution theory. From these observations it can be con-
cluded that, presently, it is possible to produce long monolithic
silica capillary columns (L = 4 m) displaying structural homogeneity
over the entire length.
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