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a b s t r a c t

The performance of 5 cm long columns packed with shell particles was compared to totally porous sub-
2 �m particles in gradient and isocratic elution separations of hormones (dienogest, finasteride, gestodene,
levonorgestrel, estradiol, ethinylestradiol, noretistherone acetate, bicalutamide and tibolone). Peak capac-
ities around 140–150 could be achieved in 25 min with the 5 cm long columns. The Ascentis Express
column (packed with 2.7 �m shell particles) showed similar efficiency to sub-2 �m particles under gra-
dient conditions. Applying isocratic separation, the column of 2.7 �m shell particles had a reduced plate
height minimum of approximately h = 1.6. It was much smaller than obtained with totally porous par-
ticles (h ≈ 2.8). The impedance time also proved more favorable with 2.7 �m shell particles than with
hell particles
eak capacity

totally porous particles. The influence of extra-column volume on column efficiency was investigated.
The extra-column dispersion of the chromatographic system may cause a shift of the HETP curves.
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. Introduction

In liquid chromatography a new age has started with using sub-
�m particles, monolith columns and shell particles. The theory of
an Deemter and his well-known equation [1] paved the way to get
igher plate numbers and better resolution in separation. On sub-
�m particles, due to the narrow peaks, sensitivity and separation
re improved albeit at the cost of pressure. Extra-column effects are
ore significant for scaled down separations, therefore it is essen-

ial to minimize extra-column dispersion. It took many years to
ntroduce the theoretical approach into practice. The first fast and
edicated system for ultra-high-pressure separation was released

n the year of 2004. The new hardware was able to work up to
000 bar (15,000 psi) and the particle size of stationary phases was
educed down to 1.7 �m. To distinguish this new technology from
onventional high-performance liquid chromatography (HPLC) a
ew name, ultra-performance liquid chromatography (UPLC) was

ntroduced. It was proved that the analysis time could be reduced
own to a 1- or 2-min interval without the loss of resolution and
ensitivity [2,3].
One solution to moderate ultra-high pressure (P > 400 bar) is to
levate temperature. Analysis time can also be shortened without
he loss of resolution through column heating [4–7]. Mobile phase
iscosity decreases with increasing temperature and, thus, column
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ack-pressure decreases. Systems with a maximum pressure capa-
ility of 400 bar can then be used with the sub-2 �m columns
ithout over-pressuring the pump. Preheating of the mobile phase

s essential to avoid brand broadening.
Monolithic columns are attractive alternatives to packed

olumns. Like other continuous media, monolithic columns
pproach fast analysis by bypassing the limitations imposed by
ressure via through-pores, which allow higher flow rates than
articulate columns at reasonable column back-pressure. Analyte
etention is usually provided within the monolithic structure by
maller mesopores. This monolith approach, originally initiated by
he work of Hjertén et al. [8], Svec and Frechet [9], Horvath and co-
orkers [10] and Tanaka and co-workers [11], which already lead

o a number of well-performing, commercially available polymeric
nd silica monolith columns [12,13].

Another approach dates back to the early days of liquid chro-
atography. Horvath and co-workers [14,15] first demonstrated

ellicular particles, made of a solid core surrounded by a layer of
orous material. This medium became the first commercial HPLC
acking that provided convincing results. Horvath at al. also sug-
ested the pellicular type stationary phases for the separation
f biopolymers. Later Kirkland [16] developed similar products
hat were useful in liquid–liquid chromatography and liquid–solid

adsorption) chromatography. The most recent introduction of a
uperficially porous particle is the so-called fused-core particle
17,18]. The outer shell is sufficiently thin (0.50 �m) to allow rapid

ass transfer into and out of the stationary phase; because the
nner core is solid, analytes cannot penetrate any further. This

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:fekete.szabolcs1@chello.hu
dx.doi.org/10.1016/j.jpba.2008.10.009
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iffusion path length is shorter than in the porous particles of
pproximately the same diameter and roughly equivalent to the
ub-2 �m particles.

In this study the effectiveness of sub-2 �m totally porous par-
icles and porous silica layered solid core type (2.7 �m) particles
ere compared under isocratic and gradient elution conditions.
e also tried to compare the extra-column dispersion of dedi-

ated UPLC and other fast and conventional HPLC systems when
mall columns packed with porous and shell particles are applied.
he test analytes were steroids and a non-steroidal hormone (polar
eutral compounds), which are used as a treatment in contracep-
ion, climax, prostatic hyperplasia, prostate cancer and hirsutism.
omparison of shell particles to other porous particles is a favor-
ble topic [17,19] but according to our best knowledge there is
o such study in which the peak capacity, Van Deemter plots,
nd other kinetic plots of 1.5, 1.7, 1.9 �m, totally porous particles
nd porous silica layered solid core type (2.7 �m) particles are
ompared.

. Experimental

.1. Chemicals, column

Acetonitrile and methanol (gradient grade) were purchased
rom Merck (Darmstadt, Germany). For measurements water was
repared freshly using Milli-Q equipment (Milli-Q gradient A10 by
illipore).
The reference materials and samples as dienogest (17�-

yanomethyl-17�-hydroxyestra-4,9(10)-diene-3-one), finasteride
N-tert-butyl-3-oxo-4-aza-5�-androst-1-ene-17�-carboxamide),
estodene (13-ethyl-17-hydroxy-18,19-dinor-17�-pregna-4,15-
ien-20-yn-3-one), levonorgestrel (13-ethyl-17-hydroxy-18,19-
inor-17�-pregn-4-en-20-yn-3-one, (−)), estradiol (estra-1,3,
(10)-triene-3,17�-diol), ethinylestradiol (19-nor-17-pregn-1,3,
(10)-trien-20-yn-3,17-diol), noretistherone acetate (17-acetoxy-
9-nor-17�-pregn-4-en-20-yn-3-one), bicalutamide (N-[4-
yano-3-(trifluoromethyl)phenyl]-3-(4-fluorophenyl)sulfonyl)-
-hydroxy-2-methyl propanamide, (±)), and tibolone
17-hydroxy-7�-methyl-19-nor-17�-pregn-5(10)-en-20-yn-
-one) were produced by Gedeon Richter Plc (Budapest,
ungary).

Ascentis Express C18 column (Supelco) with a particle size
f 2.7 �m (50 mm × 2.1 mm) was purchased from Sigma–Aldrich
td., Budapest. Waters UPLCTM BEH C18 column with a particle
ize of 1.7 �m (50 mm × 2.1 mm) was purchased from Waters Ltd.,
udapest. Grace Vision HT C18 column with a particle size of 1.5 �m
50 mm × 2.0 mm) was purchased from Lab-Comp Ltd., Budapest.
ypersil Gold C18 column (Thermo) with a particle size of 1.9 �m

50 mm × 2.1 mm) was purchased from Lab-Comp Ltd., Budapest.

.2. Equipment, softwares

Throughout the measurements a Waters Acquity UPLCTM

ultra-performance liquid chromatography) system with Empower
oftware from Waters Ltd., Budapest, Hungary, a Shimadzu UFLC
ultra-fast liquid chromatography) Prominence system with Class
P software from Simkon Ltd., Budapest, Hungary and an Agi-

ent 1200 RRLC (rapid resolution liquid chromatography) system
ith Chemstation software were employed. Calculation and data

ransferring to obtain the kinetic plots was achieved by using the

inetic Method Plot Analyzer template (Gert Desmet, Vrije Univer-
ity Brussel, Belgium). Solvent optimization was performed using
ry Lab 2000 Plus chromatography optimization software (Molnar-

nstitute Berlin, Germany). Image-J (freeware image-processing
oftware program developed at the National Institutes of Health)

i
m
y
g
t
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as used to determine the particle size distribution of column pack-
ng materials.

.3. Apparatus and methodology

The mobile phases were prepared by mixing appropriate
mount of HPLC gradient grade acetonitrile and Milli-Q water. The
ixtures were degassed by sonication for 5 min.
The stock solutions of reference standards (dienogest, finasterid,

estodene, levonorgestrel, estradiol, ethinylestradiol, noretisterone
cetate, bicalutamide and tibolone) were dissolved in methanol
1000 �g/ml). The solutions for the chromatographic runs were
iluted from the stock solutions with acetonitrile/water 40/60 (v/v).
he concentration of the test analytes was 10 �g/ml.

For the measurement of peak capacity, gradients with different
ime (5, 10, 15, 20 and 25 min) were run from 10% to 80% acetonitrile.
or this study 35 and 60 ◦C column temperature, 0.5 ml/min flow
ate, 0.5 �l injection and detection at 220 nm were applied.

The kinetic efficiency of the columns were determined with a
obile phase contained 40% acetonitrile in case of all columns,

5 ◦C column temperature, 0.5 �l injection and detection at
20 nm were applied. The flow rate was varied from 0.05 up
o 1.0 ml/min.

.4. Equations used for calculation

Peak capacity defines a measure of the column performance
nder gradient conditions. Several definitions and equations are
sed for the determination of peak capacity [20–22]. One of those

s conditional peak capacity, which can be calculated with very
imple formulas, which use the data of obtained chromatograms,
uch as retention times, average peak width and gradient duration
ime.

In this study we used the following equation to determine peak
apacity:

∗
c = 1 + tG

w

here tg is the gradient duration, and w is the average peak width.
The column efficiency is mostly illustrated by the Van Deemter

urves. Previously Desmet et al. showed [23,24] that it is very
traightforward to map the kinetic performance of a given chro-
atographic support type by taking a representative set of the Van
eemter curve data and re-plotting them as H2/KV0 versus KV0/(uH)

nstead of H versus u. The minimal analysis time can be calculated
y simple rearranging the data in a measured Van Deemter curve
nd the value of the column permeability (KV0). The following equa-
ions transform the linear velocity–plate height data into t0 time
ersus plate number (N).

= �P

�

(
KV0

u0H

)

0 = �P

�

(
KV0

u2
0

)

here N is the plate number, � mobile phase viscosity, �P available
ressure drop, KV0 column permeability, u0 linear velocity, and H
s the plate height. The obtained values correspond directly to the
inimal t0 time needed in a column taken exactly long enough to

ield a given number of theoretical plates. It is easy to combine the
iven N value with the corresponding plate height value to obtain
he corresponding column length.
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Fig. 1. Peak capacity curves at (a) 35 ◦C, (b) 60 ◦C of 2.7 �m shell and sub-2 �m totally porous particles. Mobile phase: acetonitrile–water gradient; flow: 0.5 ml/min; injection:
0 HT C1
U n cur
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.5 �l; solute: mixture of nine hormone compounds. (�) Black curve: Grace Vision
PLCTM BEH C18 column with a particle size of 1.7 �m (50 mm × 2.1 mm); (×) gree
lue curve: Ascentis Express C18 column (Supelco) with a particle size of 2.7 �m (
eader is referred to the web version of the article.)

The most common type of kinetic plot represents t0/N2 values
s a function of N [25]:

t0

N2
= �

�P

(
H2

KV0

)
=

(
�

�P

)
E0 = tE

here E0 is defined as the separation impedance number [26]. The
ime required to obtain a certain resolution for a separation, with
specific pressure drop, is directly proportional to the separation

mpedance of the column. The lower the separation impedance, the
etter is the performance of the column. Plotting t0/N2 ratio as a
unction of N and reversing the direction of the N axis, the obtained
mpedance time plots still represent the same kinetic information
s the plot of t0 versus N, but regain the familiar view of a conven-
ional Van Deemter curve.

. Results and discussion

.1. Peak capacity
At first for a basic comparison peak capacity curves were mea-
ured for all four columns. The injected sample contained nine
ormone compounds (10 �g/ml) diluted with acetonitrile/water
0/60 (v/v). The measurements were carried out with the columns
ept at constant temperature of 35 and 60 ◦C. A flow rate of

w

e
H
t

ig. 2. Experimental Van Deemter (a) and reduced plate height (b) plots of 2.7 �m shell an
roadening). Mobile phase: 40% acetonitrile–60% water; temperature: 35 ◦C; injection: 0
article size of 1.5 �m (50 mm × 2.0 mm); (�) red curve: Waters UPLCTM BEH C18 colum
18 column with a particle size of 1.9 �m (50 mm × 2.1 mm); (�) blue curve: Ascentis Ex

nterpretation of the references to color in this figure legend, the reader is referred to the
8 column with a particle size of 1.5 �m (50 mm × 2.0 mm); (�) red curve: Waters
ve: Hypersil Gold C18 column with a particle size of 1.9 �m (50 mm × 2.1 mm); (�)

× 2.1 mm). (For interpretation of the references to color in this figure legend, the

.5 ml/min, injection volume of 0.5 �l and detection at 220 nm were
pplied. For the measurements a Waters UPLC system was applied.
ig. 1 shows the obtained peak capacity curves of the different
olumns versus the gradient span.

The highest peak capacity could be achieved with the column
acked with 1.5 �m totally porous particles. The columns packed
ith porous 1.7 �m and shell 2.7 �m particles show similar capac-

ty. Peak capacities of about 140–150 could be achieved in 25 min
ith the 5 cm long column packed with shell particles when steroid

ompounds are separated.

.2. Column efficiency

The efficiencies of the four columns used in this work were mea-
ured at the temperature of 35 ◦C by means of the Van Deemter
lots. A small amount of levonorgestrel (10 �g/ml) diluted with
cetonitrile/water 40/60 (v/v) was injected to acquire the data. This
teroid was eluted with the mobile phase composition of acetoni-
rile/water 40/60 (v/v). Injection volume of 0.5 �l was applied. The
ow rate was varied from 0.05 up to 1.0 ml/min. The measurements

ere carried out on a Waters UPLC system.

Fig. 2(a) shows the obtained HETPs (micrometer) versus the lin-
ar velocity while Fig. 2(b) shows the reduced HETPs (h = H/dp), with
= A + B/u + Cu, dp the particle size. The fitting parameters of A, B, C,

he calculated uopt, HETPmin and hmin values are reported in Table 1.

d sub-2 �m totally porous particles (peak widths are corrected for the extra-column
.5 �l; solute: levonorgestrel. (�) Black curve: Grace Vision HT C18 column with a
n with a particle size of 1.7 �m (50 mm × 2.1 mm); (×) green curve: Hypersil Gold
press C18 column (Supelco) with a particle size of 2.7 �m (50 mm × 2.1 mm). (For
web version of the article.)
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Table 1
Van Deemter parameters, uopt, HETPmin and hmin values of levonorgestrel on the four columns at 35 ◦C.

Parameters Ascentis Express C18 2.7 �m Grace Vision C18 1.5 �m Acquity BEH C18 1.7 �m Hypersil Gold C18 1.9 �m

A 2.17 3.08 3.28 3.68
B 0.13 0.09 0.11 0.14
C 8.94 3.59 4.23 5.93
uopt (cm/s) 0.12 0.18 0.16 0.15
HETPmin 4.3 4.2 4.6 5.4
hmin 1.6 2.8 2.7 2.8
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Fig. 3. SEM pictures of (a) Ascentis Express shell (fused c

The C term for shell particles is about two times higher than
or sub-2 �m particles. It can be explained by the rough surface of
articles in which the mass transfer rate is reduced through the
uter stagnant liquid. Guiochon et al. [19] came to similar result
hen they compared Halo particles to 3, 3.5 and 5 �m porous par-

icles. Scanning electron microscopy (SEM) pictures of the Ascentis
xpress and Waters UPLCTM BEH materials are shown in Fig. 3.

The plate height of the 2.7 �m Ascentis Express column is very
imilar to the HETP of 1.5 and 1.7 �m totally porous particles. The
olumn of 2.7 �m shell particles has a reduced plate height min-
mum of approximately h = 1.6 in this study. The lowest reduced
late height ever reported of columns packed with shell particles
HALO) is about h = 1.4 [17]. Columns of the sub-2 �m particles
how higher reduced plate values. The three columns packed with
otally porous particles display a very similar (h ≈ 2.8) reduced
late height with the optimum mobile phase velocity between 0.1
nd 0.2 cm/s. The very small reduced plate height of the column
acked with shell particles can be explained by the shorter diffu-
ion path and by the very narrow particle size distribution [19,27].

EM images and Image-J (image-processing software) were used to
etermine the particle size distribution of the Ascentis Express and
aters UPLCTM BEH materials (Fig. 4). However, the efficiency of

scentis Express column decreases faster with an increasing mobile
hase velocity. The optimum of mobile phase velocity is higher

s
E

p
t

Fig. 4. Cumulative frequency (a) and particle size distribution (b) of Ascentis Exp
article and (b) Waters UPLC BEH 1.7 �m porous particle.

hen sub-2 �m particles (uopt ≈ 0.15–0.18 cm/s) are used than in
he case of shell particles (uopt ≈ 0.12 cm/s). The lower optimum
inear velocity might also be the consequence of the rough surface
f shell particles.

.3. Kinetic plots

The permeability of the four columns was assessed from the plot
f the experimental column pressure (P) versus the flow rate (Fig. 5).
olumn permeability data, which were used for the calculations
f kinetic plots were corrected with system pressure drop (extra-
olumn pressure drop).

The data in a measured Van Deemter curve and the value of
he column permeability were used to calculate the kinetic plots.
he obtained t0 time versus required plate number (N) curves are
hown in Fig. 6. The column lengths obtained are plotted in Fig. 7.
he impedance time plots for the four different type of columns are
isplayed in Fig. 8. All the kinetic plots related to 400 and 600 bar
5800 and 8700 psi) pressure drop. The maximum allowable pres-

ure with a conventional HPLC system is 400 bar. The Ascentis
xpress fused core columns are certified up to 600 bar.

The Ascentis Express column (2.7 �m particles) has much higher
ermeability than sub-2 �m packed columns so it allows the users
o achieve fast separations with modest operating pressure.

ress 2.7 �m shell particles and Waters UPLC BEH 1.7 �m porous particles.
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Fig. 5. Column permeability. (�) Black curve: Grace Vision HT C18 column with a
particle size of 1.5 �m (50 × 2.0 mm); (�) red curve: Waters UPLCTM BEH C18 col-
umn with a particle size of 1.7 �m (50 mm × 2.1 mm); (×) green curve: Hypersil Gold
C18 column with a particle size of 1.9 �m (50 mm × 2.1 mm); (�) Blue curve: Ascentis
Express C18 column (Supelco) with a particle size of 2.7 �m (50 mm × 2.1 mm). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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Fig. 6. t0 vs. N plots with maximum available pressure drop of 400 bar (a) and 600 bar
(50 mm × 2.0 mm); (�) red curve: Waters UPLCTM BEH C18 column with a particle size
particle size of 1.9 �m (50 mm × 2.1 mm); (�) blue curve: Ascentis Express C18 column (S
references to color in this figure legend, the reader is referred to the web version of the ar

Fig. 7. Column length vs. N plots with maximum available pressure drop of 400 bar (a) a
1.5 �m (50 mm × 2.0 mm); (�) red curve: Waters UPLCTM BEH C18 column with a particle
a particle size of 1.9 ��m (50 mm × 2.1 mm); (�) blue curve: Ascentis Express C18 colum
the references to color in this figure legend, the reader is referred to the web version of th
Biomedical Analysis 49 (2009) 64–71

When higher plate number is required (N > 15–20,000) the anal-
sis time is more advantageous in case of 2.7 �m shell particles.
f smaller plate number is demanded, the columns packed with
mall totally porous particles yield shorter analysis time. We found
he same trend with column length. The advantage of the shell
articles against porous particles can be demonstrated unambigu-
usly with the impedance time plots. Much shorter impedance
ime can be achieved with 2.7 �m shell particles than with porous
articles. However, the impedance time of Ascentis Express col-
mn increases faster with decreasing required plate numbers. The
ptimum of theoretical plate number is smaller when sub-2 �m
articles (Nopt ≈ 10,000–20,000) are used than in the case of shell
articles (Nopt ≈ 30,000–40,000).

.4. Extra-column dispersion effect on column performance

The dispersion of analyte bands in the extra-column volumes
an be decomposed into three parts. The contributions to band
roadening due to the axial dispersion in the capillary tubes that
re swept by the mobile phase stream (Taylor-Aris dispersion) [28],
he exponential tailing due the mixer type behavior of those extra-

olumn volumes that are not convectively swept [29] and the finite
idth of the rectangular injection profile.

Extra-column effects are more significant for scaled down sepa-
ations (column volume decreases). The following equation shows
he achievable improvements in resolution, asymmetry and effi-

(b). (�) Black curve: Grace Vision HT C18 column with a particle size of 1.5 �m
of 1.7 �m (50 mm × 2.1 mm); (×) green curve: Hypersil Gold C18 column with a

upelco) with a particle size of 2.7 �m (50 mm × 2.1 mm). (For interpretation of the
ticle.)

nd 600 bar (b). (�) Black curve: Grace Vision HT C18 column with a particle size of
size of 1.7 �m (50 mm × 2.1 mm); (×) green curve: Hypersil Gold C18 column with

n (Supelco) with a particle size of 2.7 �m (50 mm × 2.1 mm). (For interpretation of
e article.)
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Fig. 8. Impedance time plots with maximum available pressure drop of 400 bar (a) and 600 bar (b). (�) Black curve: Grace Vision HT C18 column with a particle size of
1.5 �m (50 mm × 2.0 mm); (�) red curve: Waters UPLCTM BEH C18 column with a particle size of 1.7 �m (50 mm × 2.1 mm); (×) green curve: Hypersil Gold C18 column with
a particle size of 1.9 �m (50 mm × 2.1 mm); (�) blue curve: Ascentis Express C18 column (Supelco) with a particle size of 2.7 �m (50 mm × 2.1 mm). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

Table 2
Detector cell volume, sampling rate, capillary diameters and extra-column volume of the applied chromatographic systems.

Waters Acquity UPLC Agilent 1200 RRLC Shimadzu Prominence UFLC
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low cell volume 0.5 �l
etector data rates 80 Hz
apillary diameter 0.06 mm
xtra-column volume 1.3 �l

iency by reducing the injection volume (Vinj), the flow cell volume
Vcell) and column to detector connecting tubing internal radius (rc)
30]:

2
ext ∝ Kinj

V2
inj

12
+ Kcell

V2
cell

12
+ �2F2 + r4

c · lc · F

7.6 · Dm

In addition to the volumetric effects, time constant of the detec-
or (�, response rate) and scan rate may also contribute to peak
roadening; therefore should not be disregarded.

Three different liquid chromatographic systems were compared.
he Waters UPLC system, which is dedicated for ultra-high-
ressure fast analysis, and other two systems (Agilent 1200 RRLC
nd Shimadzu Prominence UFLC) which are suggested for fast sepa-
ation and also for conventional HPLC applications. The detector cell

olume and capillary diameters of the applied systems are shown
n Table 2. The extra-column band profiles were recorded (Fig. 9)
y replacing column with a zero-volume connector and injecting
1 �l) the samples. Levonorgestrel as a test analyte was used for

ig. 9. Extra-column band profiles of the different liquid chromatographic systems.
: Waters Acquity UPLC; 2: Agilent 1200 RRLC; 3: Shimadzu Prominence UFLC.
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he measurements. A flow rate of 0.5 ml/min was applied for the
omparison.

Fig. 10 shows the experimental Van Deemter curves obtained on
ifferent chromatographic systems to compare the extra-column
ffects on plate height. The mobile phase contained 40% acetoni-
rile, 35 ◦C column temperature and 1 �l injection were applied in
he case of all three liquid chromatographic system (Waters Acquity
PLC, Agilent 1200 RRLC and Shimadzu Prominence UFLC). The
ow rate was varied from 0.05 up to 1.0 ml/min.

Fig. 10 shows that the instrument and its extra-column disper-
ion significantly takes effect on the obtained plate heights. It is not
nough to observe solely a column’s theoretical performance, it is
lways important to know on which chromatographic system it was
pplied for. In our example the minimum plate height measured on
scentis Express column was HETPmin = 4.3 (reduced plate height
= 1.6) when measured on dedicated Waters Acquity UPLC system.
he Measuring of the Van Deemter curves with Agilent 1200 RRLC
ystem resulted in a minimum plate height of 4.6. In the case of Shi-
adzu Prominence UFLC system it was 4.7. We assume that these

esults come from the fact, that the extra-column dispersion is the
mallest in the case of the Acquity UPLC system, which is dedicated
or ultra-fast analysis. Extra-column effects are more significant,
hen systems suggested for both conventional and fast separation

Agilent 1200 RRLC and Shimadzu Prominence UFLC), are applied.
Similar tendency of extra-column dispersion was observed

hen other small columns were compared with different dedicated
iquid chromatographic systems. Fig. 10(b) shows the Van Deemter
urves obtained with Waters Acquity BEH column. The measured
ETP values are 4.6 (Waters Acquity UPLC), 5.0 (Agilent 1200 RRLC)
nd 5.1 (Shimadzu Prominence UFLC).

.5. Separation of hormones on shell particles, representative

hromatogram

The nine model compounds can be separated with baseline res-
lution on all of the investigated columns within 2–3 min. Using the
ame mobile phase (acetonitrile–water) the analysis time depends
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Fig. 10. Experimental Van Deemter curves obtained on different liquid chromatographic s
Waters Acquity BEH C18, 1.7 �m totally porous particles, test analyte: levonorgestrel. 1: S

Fig. 11. Chromatogram of model sample. Chromatographic conditions: Ascentis
Express C18 2.7 �m (50 mm × 2.1 mm) column; mobile phase: acetonitrile–water
gradient elution (35–60% AcN, in 2 min); flow: 0.5 ml/min; column tem-
perature: 20 ◦C; injection volume: 2 �l; detection: 220 nm. Compounds: (1)
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ienogest (0.46 �g/ml), (2) estradiol (0.46 �g/ml), (3) finasteride (0.25 �g/ml),
4) ethinylestradiol (0.40 �g/ml), (5) gestodene (0.48 �g/ml), (6) bicalutamide
0.30 �g/ml), (7) levonorgestrel (0.48 �g/ml), (8) tibolone (0.48 �g/ml) and (9)
oretistherone acetate (0.46 �g/ml).

n the selectivity of stationary phases. (In this study we have not
ntended to compare the selectivity of the phases, we investigated
nly the efficiency of the columns.)

An example is presented for hormone separation using a
used core column (Ascentis Express C18 2.7 �m, 50 mm × 2.1 mm).
hroughout the measurements a Waters Acquity UPLCTM system
as employed.

Initial four input experiments (gradient time–column tempera-
ure model) were performed to optimize the separation on Ascentis
xpress column. Linear gradients with 6 and 18 min (0.5 ml/min)
t 20 and 60 ◦C column temperature were run. DryLab software
as used to predict the optimal solvent ratio and gradient pro-

ram, which would give a baseline resolution (Rs > 1.5). A fast,
radient method can separate the nine compounds within 2 min
Fig. 11).

. Conclusion
The Ascentis Express columns packed with 2.7 �m fused core
articles (solid cores and 0.5 �m thick porous shell of 9 nm) offer a
eally high-separation power with modest operating pressure. The
erformance achieved under both gradient and isocratic condition,

[
[
[

[

ystems (a) column: Ascentis Express C18 5 cm × 2.1 mm, 2.7 �m shell particles, (b)
himadzu Prominence UFLC; 2: Agilent 1200 RRLC; 3: Waters Acquity UPLC.

s comparable to those obtained with totally porous sub-2 �m par-
icles. Peak capacities around 140–150 could be achieved in 25 min
ith the 5 cm long columns. In this study the highest plate num-

er was reached with shell particles when polar neutral hormones
ere separated. The column of shell particles provided a reduced
late height minimum of approximately h = 1.6. The impedance
ime of shell column was also quite favorable compared to other
orous particles. Columns packed with fused core particles are
orthy of rivaling to any other column packed with sub-2 �m par-

icles.
The influence on the apparent column efficiency of extra-

olumn volume is very important when the performance of small
olumns (5 cm × 2.1 mm) is compared. The extra-column disper-
ion of the HPLC system may cause a shift of the HETP curves.
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