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a  b  s  t  r  a  c  t

The  commercial  C18  columns  packed  with  sub-3  �m  shell  particles  were  tested  and  compared  to  a  ref-
erence  UHPLC  column,  in  terms  of kinetic  performance  as  well  as selectivity,  retention  capability,  peak
shape  and loading  capacity.  For  this  purpose,  a set  of  pharmaceutically  relevant  molecules  was  selected,
including  acidic,  neutral  and basic  drugs.  Regarding  kinetic  performance,  hopt values  for  the  shell  particles
were  found  between  1.7  and  2,  while  the  UHPLC  column  provided  a value  of  approximately  2.5.  How-
ever,  this impressive  performance  should  be considered  with  caution,  particularly  for  the  construction
of  kinetic  plots  since  hopt values  were  sometimes  related  to  the column  dimensions,  depending  on  the
provider  (hopt comprised  between  1.8 and  2.6  for  longer  columns  of 150  mm  packed  with shell  particles).
Despite  the  non-porous  inner  core  of the  shell  particles  representing  between  25  and  36%  of  the particle,
we  demonstrated  that the  decrease  in retention  was  on  the  maximum  equal  to 15% for Ascentis  column
while  Acquity  and  Poroshell  were  strictly  equivalent  in terms  of  retention.  Concerning  loading  capacity,
it  remains  comparable  to that  of fully  porous  sub-2  �m  particles  and  always  more  pronounced  with  0.1%
formic  acid  vs. phosphate  buffer.  The  loading  capacity  of  the  different  columns  was  found  to  be better
correlated  to  the  pore  volume  or  surface  coverage  than  the  shell  thickness.  Experimentally,  the  most

pronounced  overloading  was  observed  with  the  Poroshell.  Finally,  the  selectivity  and  peak  shape  were
evaluated  using  a mixture  of  basic  and  acidic  drugs.  It  appears  that  results  were  very  similar  between
sub-3 �m  shell  particles  and  fully  porous  sub-2-�m  particles  for our  mixture  of compounds,  showing
the  ability  to  transfer  existing  methods  to shell  particles,  with  only  limited  adjustments.  This  study  con-
firms the  potential  of columns  packed  with  shell  particles  and  demonstrates  the  interest  of such  column
technology  with  pharmaceutical  compounds.
. Introduction

In modern LC, columns packed with shell particles can be of
nterest to meet requirements in terms of throughput and elevated
esolution [1,2]. During the 1960s, Horvath et al. pioneered work
n pellicular particles, but there was not a strong interest from
he chromatographic community because it was exclusively ion-
xchange material. In the 1980s, Unger et al. prepared pellicular
articles made of C18 material, but the loading capacity was  too
imited [3].  In 1992, Kirkland [4] reported the successful synthesis
f core–shell particles with a larger shell thickness (i.e., the particles
n average measured 7 �m,  with a 1 �m shell thickness), allowing
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sufficient retention and loading capacity. Later, these columns were
commercialized by Agilent with 5 �m particles under the name
Poroshell 300 Å. However, their success was limited because these
columns were mostly dedicated to the analysis of peptides and
proteins, but other techniques were generally employed for the
analysis of biomolecules at the end of the 1990s [5].

Finally, the most recent development of shell particles was
introduced in 2007 by a company founded by J.J. Kirkland, Advanced
Material Technologies (Wilmington, DE, USA), under the trademark
Halo [6].  This new version of shell particles was markedly improved
in terms of its chromatographic performance. In addition, the parti-
cle size was  drastically reduced to 2.7 �m to meet the requirement
for high throughput and high-resolution separations, while the
porous shell thickness should remain suitable (0.5 �m)  for reten-

tion and loading capacity [7]. In terms of marketing, this new pack-
ing material was primarily dedicated to the analysis of small molec-
ular weight compounds but could also be employed for peptides
and proteins, which is currently a field of interest for RPLC. Today,

dx.doi.org/10.1016/j.chroma.2011.09.013
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:davy.guillarme@unige.ch
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arious columns packed with sub-3-�m shell particles are com-
ercialized, including Ascentis from Supelco (Bellefonte, PA, USA),

inetex from Phenomenex (Torrance, CA, USA) and more recently
oroshell from Agilent (Waldbronn, Germany). Currently, columns
re available with particle sizes of 1.7, 2.6 or 2.7 �m and porous
hell thickness equal to 0.23, 0.35 and 0.5 �m,  respectively [8].

A survey on recent literature related to shell particle technol-
gy has demonstrated that most of the works deal with the kinetic
erformance evaluation of such columns using model compounds
nd analytical conditions far from those commonly employed
n application laboratories [9,10].  In addition, there is only one
aper published in the meantime of this study [11] that refers
o the overloading behavior of sub-3-�m shell particles. The goal
f the present study, was to evaluate the columns packed with
ub-3-�m shell particles commercially available in terms of their
inetic performance, retention capability, loading capacity, selec-
ivity and peak shape. Thus, to assess the potential of these columns,
ompounds of pharmaceutical interest were examined using the
radient mode and pH conditions close to procedures commonly
mployed by the pharmaceutical industry.

. Experimental

.1. Chemical and reagents

Water was obtained from a Milli-Q Water Purification Sys-
em from Millipore (Bedford, MA,  USA). Acetonitrile and methanol
ere of HPLC gradient grade from Panreac Quimica (Barcelona,

pain). Ammonium hydroxide and potassium dihydrogen phos-
hate (KH2PO4) were from Sigma-Fluka (Buchs, Switzerland).
ormic acid was of ULC–MS grade and purchased from Biosolve
Valkenswaald, Netherlands). Dipotassium hydrogen phosphate
K2HPO4) was from Riedel-de-Haën (Seelze, Germany).

Methylparaben, ethylparaben, propylparaben, butylparaben,
racil, morphine, atenolol, codeine, lidocaine, prilocaine, acebu-
olol, bupropion, bupivacaine, propranolol, trimipramine, ketopro-
en, flurbiprofen, ibuprofen, sulfaguanidine, and sulfadiazine were
upplied by Sigma-Fluka and sulfanilamide was purchased from
erck (Darmstadt, Germany).
A stock solution of uracil, methylparaben, ethylparaben, propy-

paraben and butylparaben at 25 mg/mL  in methanol was prepared
nd diluted in water to obtain a final solution at 50 �g/mL. For the
nalysis of the 13 test compounds, all samples were prepared by an
ppropriate dilution of a 1 mg/mL  stock solution of each compound
n MeOH to obtain the desired concentration in water:methanol
80:20, v/v). Aqueous sulfonamides mixture at 50 �g/mL in water
as prepared from a stock solution at 300 �g/mL.

For the analysis performed at pH 2.7, 0.1% formic acid was added
o both water and ACN. Concerning the study at pH 6.85, a phos-
hate buffer at 20 mM was prepared using an adequate quantity of
2HPO4 and KH2PO4 solutions at 20 mM to reach the desired pH.

.2. Instrumentation

Chromatographic experiments were performed using a Waters
cquity ultra performance liquid chromatography (UPLC) system

Waters, Milford, MA,  USA) that can deliver mobile phases at
ressures up to 1000 bar. This instrument was equipped with a
inary solvent manager with a maximum delivery flow rate of

 mL/min, a sample manager with a 2, 5 and 10 �L loop for the
nalysis performed on 50, 100 and 150 mm columns length, respec-

ively (injections performed in full-loop conditions), a UV–vis
rogrammable detector with a 500 nL flow cell, and a column man-
ger composed of a column oven and a pre-column heater. Data
cquisition, data handling, and instrument control were performed
 1228 (2012) 221– 231

by Empower Software v2.0. The UV wavelength was set at 240 nm
for parabens analysis and 230 nm for the other mixtures. The acqui-
sition rate and time constant were systematically fixed at 20 Hz
and 50 ms  for all compounds. The extra column volume, (Vext), and
the dwell volume (Vd), were experimentally measured at 13 and
100 �L, respectively with the 2 �l injection loop.

Table 1 summarized the properties of columns tested during
this study. It is important to mention here that the Ascentis Express
C18 and Halo C18 columns should theoretically be the same. Indeed
this stationary phase is produced by Advanced Materials Technol-
ogy who sells this column under the name of Halo, while Supelco is
a vendor of this phase with another name, Ascentis Express. How-
ever, as exposed in this study, some significant differences can be
observed between these two materials and we can express some
doubts about their equivalency.

2.3. Kinetic plot

To evaluate the kinetic performance of different columns, a
kinetic plot methodology was applied to simultaneously account
for the mobile phase flow rate, chromatographic efficiency, gen-
erated backpressure and column geometry. This methodology was
based on the work of Desmet et al. [12] according to Eqs. (1) and
(2):

N = �Pmax

�

(
Kv0

u · H

)
experimental

(1)

t0 = �Pmax

�

(
Kv0

u2

)
experimental

(2)

The above equations include experimental Van Deemter data (u,
H), permeability values (Kv0), a scaling value for the pressure drop
(�P), which was fixed at 600 bar for shell particles and 1000 bar
for fully porous sub-2-�m particles, and the mobile phase viscos-
ity (�), which was  equal to 0.76 cP for a mobile phase containing
35:65 ACN:H2O at 40 ◦C [13]. Thus, both equations were employed
to transform experimental data into extrapolated plots of analysis
time vs.  efficiency. This can be done automatically using an excel
tool developed by Desmet group (kinetic plot analyzer), available
on the web [14]. For more information on kinetic plot construction,
readers can refer to [15].

3. Results and discussion

3.1. Kinetic performance of shell particles

To evaluate the kinetic performance of a chromatographic sys-
tem, experimental values of efficiencies at various mobile phase
linear velocities should be fitted with the well-known Van Deemter
equation:

H = A + B

u
+ Cu (3)

where H is the height equivalent to a theoretical plate, u is the
mobile phase linear velocity and A, B and C terms are constant,
accounting for band broadening. The A coefficient represents the
eddy dispersion, the B term is the longitudinal diffusion and the C
parameter is related to mass transfer resistances.

The kinetic performance of columns packed with shell particles
has been extensively investigated by Gritti and Guiochon [16–18].
Most of their studies were dedicated to the evaluation of Kine-
tex material using model compounds. In another study, Desmet
et al. [19] made a comparison of separation efficiencies that can

be attained with various commercial columns packed with shell
particles, including Kinetex, Halo and Poroshell materials. Finally,
Fekete et al. also made important contribution to the kinetic eval-
uation of this new technology [20,21]. These authors reported very
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Table 1
Column properties.

Column name Suppliers Particle
diameter (�m)

Porous
diameter (�m)

Non-porous
diameter (�m)

Pore size (Å) pH range Endcapping? �Pmax (bar) Tmax (◦C)

Acquity UPLC
BEH C18

Waters 1.7 1.7 – 130 1–12 Yes 1000 90

Poroshell 120
EC-C18

Agilent 2.7 0.5 1.7 120 2–9 Yes 600 60

Ascentis Supelco 2.7 0.5 1.7 90 2–9 Yes 600 60
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reported in Figs. 1 and 2 should be interpreted with caution
because a strong variation of efficiency between columns of dif-
ferent lengths was observed. Based on these experiments, it was
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Fig. 1. (A) Dependencies of theoretical plate height (H) on linear velocity (u)
obtained for butylparaben (50 �g/mL) with different stationary phases. Columns:
Ascentis Express C18, 50 × 2.1 mm,  2.7 �m;  Kinetex C18, 50 × 2.1 mm,  2.6 �m;
Acquity BEH C18, 50 × 2.1 mm,  1.7 �m; Poroshell 120 EC-C18, 50 × 2.1 mm,  2.7 �m
and Halo C18, 50 × 2.1 mm,  2.7 �m. Conditions: isocratic conditions of acetonitrile:
water (35:65, v/v) were used for all columns excepted for Kinetex and Poroshell
columns where acetonitrile:water (34:66, v/v) and acetonitrile:water (36:64, v/v)
Express  C18
Kinetex  C18 Phenomenex 2.6 0.35 1.9
Halo  C18 AMT  2.7 0.5 1.7

mall h values (reduced height equivalent to a theoretical plate)
or small, uncharged compounds to 1.5 [7] and below (1 [9]) for
uch columns, in contrast to values of 2–3 for columns packed with
orous particles. The main conclusions on the van Deemter terms
o explain this behavior was the following: (i) the diffusion path
s shorter compared to totally porous particles because the inner
ore is solid, and thus, impenetrable by analytes. The C-term is then
educed but not dramatically, and therefore, it cannot explain the
utstanding kinetic performance of shell particles. (ii) Because it
s possible to precisely control the shell thickness of this mate-
ial, these columns present an exceptionally narrow particle size
istribution in addition to an enhanced roughness of their surface
ompared to porous particles, leading to a smaller A-coefficient by
bout 40%. (iii) The presence of the solid core also has a direct con-
equence on the B-value because analytes cannot axially diffuse in
he solid inner core. As reported by Guiochon and Gritti, the B-term
ecreases by approximately 20% between a fully porous and a shell
article [3]. Finally, for small neutral molecules, the semi-porous
articles maintain approximately 80% efficiency of sub-2-�m par-
icles but with a 2-fold lower backpressure for an identical column
ength [1].

.2. Van Deemter curves and pressure plots

Van Deemter curves were plotted in Fig. 1A for the four differ-
nt columns packed with shell particles and for UHPLC columns
ith the same length (50 mm).  The uopt values were comprised

etween 3 and 4 mm/s  for butylparaben (k ≈ 8), while optimal
late heights ranged between 4 and 6 �m.  The Acquity column
as the most efficient, with a Hopt value 10% better than the best

hell particles column, i.e., the Poroshell. The differences between
oroshell, Ascentis and Kinetex were negligible, with Hopt values
anging between 4.64 and 4.79 �m (see Table 2). Finally, the Halo
olumn produced a significantly lower kinetic performance (Hopt

alue of 5.39 �m).  Despite the lower performance of the Halo col-
mn, when taking into account the particle size of the supports, hopt

alues were always below 2 for columns packed with shell parti-
les, while the Acquity produced an acceptable but significantly
igher hopt value (hopt = 2.52) confirming recently published data
20].

HPLC columns are generally divided into “batches” of station-
ry phases and “lots” of columns. Thus, two types of problem can
e encountered with this quite new technology and have not yet
een discussed in the literature: (i) the packing material is not
onsistent between columns/batches: problem of batch-to-batch
eproducibility and (ii) the different column geometries/lots are
ot well packed. In other words, the packing quality could vary
ith the column geometry, and thus, it could be beneficial to also

valuate various column lengths. Because of the substantial price

f these columns, it was difficult to have three columns from dif-
erent batches at our disposal, with three different lengths and
rom five different providers. Thus, this study was  limited to a
easonable number of columns, including Poroshell and Kinetex
100 1.5–10 Yes 600 60
90 2–9 Yes 600 60

columns with variable lengths (50, 100 and 150 mm)  and only to
the evaluation of the packing quality. Because the number of col-
umn  of each dimension was  very limited (n = 1), the preliminary
data presented here should be considered with caution. The cor-
responding results are reported in Fig. 2A and 2B, respectively.
As expected, the inter-column variability for different columns
lengths from the same chemistry was quite high, i.e., Hopt varied
between 4.6 and 5.5 �m for the Poroshell column, and between
4.8 and 6.9 �m for the Kinetex column. In this context, results
were used respectively, injected volume = 2 �L, � = 240 nm,  T = 40 ◦C and different
flow rates from 20 to 1200 �L/min were tested to construct Van Deemter curves. To
improve readability, the Y-axis was  cut at H = 8 �m and thus, the H values observed at
lowest mobile phase flow rates were not always reported. (B) Evolution of pressure
in  function of the mobile phase flow rate for all columns.
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Table  2
chromatographic parameters of the columns.

Column name Particles diameter (�m) 50 mm column length 150 mm column length

uopt (mm/s) Hopt (�m) hopt Kv0 (m2) E Hopt (�m) hopt Kv0 (m2) E

Acquity 1.7 3.40 4.30 2.52 4.39 E−15 4250 4.61 2.71 5.28 E−15 4020
Poroshell 120 EC 2.7 3.50 4.64 1.71 8.85 E−15 2430 5.50 2.04 1.11 E−14 2720
Ascentis Express 2.7 2.97 4.70 1.74 1.04 E−14 2120 – – – –
Kinetex 2.6 3.57 4.79 1.84 1.03 E−14 2220 6.91 2.66 1.20 E−14 3980
Halo 2.7  2.96 5.39 1.99 1.20 E−14 2420 4.93 1.83 1.49 E−14 1630(
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3.3. Kinetic plots
hopt = Hopt
dp

and E =
H2

opt
Kv0

)
.

mpossible to conclude whether the efficiency loss was  attributed
o batch-to-batch variability or to a packing problem with longer
olumns. However, these preliminary results highlight the need
o duplicate experiments with various columns packed with shell
articles from the same provider before drawing conclusions. Fur-
hermore, providers still need to improve the packing procedure
or all geometries.

Finally, 50 mm columns packed with shell particles provided
 reduction of efficiency by only 7–20% compared to the ref-
rence UHPLC 50-mm column packed with sub-2 �m particles.
or the 150 mm column length, the reduction of efficiency was
etween 6 and 33% compared to the Acquity column. However,

 simultaneous significant reduction of backpressure was also
bserved, as shown in Fig. 1B. The pressure drop was reduced
y 1.8- to 2.4-fold, highlighting the benefits of 2.6 or 2.7 �m
hell particles. For example, the pressure drop for a mobile phase
ow rate of 1 mL/min was equal to 607, 329, 305, 298 and only

51 bar on Acquity, Poroshell, Ascentis, Kinetex and Halo columns,
espectively. Finally, because of the reasonable generated back-
ressure, columns packed with shell particles could theoretically be
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ig. 2. Van Deemter curves for Poroshell (A) and Kinetex (B) columns of different
ength (50, 100, and 150 mm)  obtained in the same conditions of Fig. 1.
compatible with a conventional HPLC system, provided that (i) the
extra-column contributions and system dwell volume were mini-
mized, (ii) methanol–water mixtures were not employed because
viscosity is approximately 2-fold higher than acetonitrile–water
mixtures, (iii) long columns providing high resolution are not
required.

Another figure of merit widely employed for column compar-
ison is the separation impedance, E which describes the tradeoff
between speed, efficiency and pressure. The latter was  calculated
and reported in Table 2. As expected, the impedance of 50 mm col-
umn  packed with sub-2 �m particles was equal to 4250 while all
the 50 mm length columns packed with shell particles possess E
values between 2100 and 2400, because of the very impressive h
values.
Another way to illustrate the data reported in Figs. 1 and 2 is
the kinetic plots representation. As described in the experimental
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Fig. 3. Performance comparison of various stationary phases using kinetic plots
representation: t0/N2 = f(N) for butylparaben with the 50 mm length (A) and the
150  mm length (B) columns in the same conditions as in Fig. 1.
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Fig. 4. Separation of 13 pharmaceutical compounds on Acquity BEH C18, 50 × 2.1 mm,  1.7 �m;  Poroshell 120 EC-C18, 50 × 2.1 mm,  2.7 �m;  Kinetex C18, 50 × 2.1 mm,  2.6 �m
and  Halo C18, 50 × 2.1 mm,  2.7 �m.  Conditions:  mobile phase: 0.1% formic acid in water modified with 0.1% formic acid in ACN, gradient profile: 5% ACN for 1 min, then 5–95%
ACN  in 3 min, flow rate of 500 �L/min, T = 40 ◦C, injected volume = 2 �L, � = 230 nm.  Elution order: (1) morphine 50 �g/mL, (2) atenolol 40 �g/mL, (3) codeine 100 �g/mL,
(4)  lidocaine 100 �g/mL, (5) prilocaine 50 �g/mL, (6) acebutolol 10 �g/mL, (7) bupropion 30 �g/mL, (8) bupivacaine 100 �g/mL, (9) propanolol 8 �g/mL, (10) trimipramine
50  �g/mL, (11) ketoprofen 12 �g/mL, (12) flurbiprofen 8 �g/mL, (13) ibuprofen 25 �g/mL. (*) designates an impurity present within the mixture.
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Fig. 5. Separation of 13 pharmaceutical compounds (same compounds as Fig. 4) on Acquity BEH C18, 50 × 2.1 mm,  1.7 �m;  Poroshell 120 EC-C18, 50 × 2.1 mm,  2.7 �m;
Kinetex  C18, 50 × 2.1 mm,  2.6 �m and Halo C18, 50 × 2.1 mm,  2.7 �m.  Conditions: mobile phase: phosphate buffer (20 mM,  pH 6.85) modified with ACN, gradient profile: 5%
ACN  for 1 min, then 5–95% ACN in 3 min, flow rate of 500 �L/min, T = 40 ◦C, injected volume = 2 �L, � = 230 nm.  (*) designates an impurity present in the mixture.
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ig. 6. Comparison of the retention capacity on different columns (Acquity BEH
0  × 2.1 mm,  2.6 �m;  Ascentis Express C18, 50 × 2.1 mm,  2.7 �m and Halo C18, 50
ulfadiazine at 50 �g/mL). Conditions: 0.1% formic acid in water modified with 0.
njected  volume = 2 �L, � = 230 nm.

ection, kinetic plots were constructed by extrapolating the data
btained on a column of a given length to shorter or longer columns
enerating the maximal pressure drop that the chromatographic
ystem could withstand. Previously, we emphasized that efficiency
ould strongly vary with column length; thus, kinetic plots were
enerated based on data obtained with 50 mm (Fig. 3A) and 150-
m column length (Fig. 3B).
As these two representations were very different, there is no

nterest in interpreting in details Fig. 3A and B. However, because
inetic plot representations were often constructed on the basis
f extrapolation from a 50-mm column packed with shell parti-
les (e.g., [21]), results should be considered with caution because
he packing quality could depend on the column length and the
rovider, therefore, extrapolation is no longer valid.

.4. Chromatographic behavior of columns packed with shell
articles with compounds of pharmaceutical interest

Beside the kinetic performance, it is important to evaluate
he chromatographic behavior of these new materials in real
hromatographic conditions. Thus, a mixture of 13 relevant phar-
aceutical compounds was investigated with a generic gradient

n acidic and neutral conditions. The test mixture includes basic
rugs with pKa comprised between 7.2 and 9.5 as well as acidic
ompounds with pKa ranging between 4.1 and 4.4. To reach
cidic conditions (approximately pH 2.7), 0.1% formic acid was
dded to both aqueous and organic solvents of the mobile phase.
or neutral conditions, 20 mM phosphate buffer (pH 6.85) was
elected. Figs. 4 and 5 report chromatograms obtained with differ-
nt columns packed with shell particles and sub-2-�m particles,
n acidic and neutral pH, respectively. During this study, only C18

aterials were tested, but other chemistries are available from
ifferent providers.

As reported in Fig. 4, the elution order remained strictly
quivalent between the different columns. This was because resid-
al silanols should be mostly neutral at pH 2.7, and retention
as governed by a pure reversed phase mechanism. Selectivity

etween successive peak pairs was also very similar, except for

orphine (peak 1), which was eluted more rapidly on Kinetex

nd Halo columns. Selectivity between prilocaine (peak 5)/ace-
utolol (peak 6) and also between lidocaine (peak 4)/prilocaine
peak 5) were reduced on the Acquity compared to the Kinetex
 50 × 2.1 mm,  1.7 �m;  Poroshell 120 EC-C18, 50 × 2.1 mm,  2.7 �m; Kinetex C18,
 mm,  2.7 �m)  for polar compounds ((1) sulfaguanidine, (2) sulfanilamide and (3)
mic acid in ACN, isocratic conditions: 2% ACN, flow rate of 500 �L/min, T = 40 ◦C,

column. In addition, selectivity between an unidentified impu-
rity and trimipramine (peak 10) changed significantly between
columns. Despite these small changes in selectivity, the overall
separation, and thus, the hydrophobicity of the support remained
nearly constant. Thus, if the method was originally developed on
a fully porous material, such as the Acquity column, it could be
transferred to columns packed with shell particles. However, some
adjustments could be necessary to attain acceptable selectivity for
the most critical peak pairs. Finally, peaks exhibited a similar sym-
metry and width on the different columns, except atenolol (peak
2), codeine (peak 3) and lidocaine (peak 4), which present a more or
less pronounced tailing, depending on the considered column. This
behavior could be related to the loading capacity of these different
columns and is discussed in the next section.

In Fig. 5, the same separation of pharmaceutical compounds was
performed at neutral pH. In these conditions, most of the resid-
ual silanols were in their deprotonated form because the pKa of
silanols are generally between 3.5 and 6.8 [22]. Because the tested
compounds consisted of basic drugs, more pronounced changes in
retention and selectivity were expected because silanol activity can
vary between columns. The tailing previously observed on peaks 2,
3 and 4 was not anymore observed at neutral pH. Again, selectivity
of the different columns was similar, even for the most critical pairs.
A better separation of codeine (peak 3) and acebutolol (peak 6) was
observed on Poroshell and Halo columns, while the Acquity column
was not able to distinguish these compounds. On the contrary, the
Acquity column was  able to discriminate propranolol (peak 9), flur-
biprofen (peak 12) and ibuprofen (peak 13). Because all columns
packed with shell particles were end-capped, it was not surpris-
ing that silanol activity was  very similar. Only small variations in
the proprietary bonding process could explain the minor selectivity
changes between these columns. Finally, the Acquity column was
a hybrid, fully end-capped material with a lower acidity of surface
silanols groups (pKa > 8) [22]. This could explain the little difference
in selectivity observed at neutral pH compared to columns packed
with shell particles.

To conclude, shell particles presented selectivity very close to
fully porous particles for our tested mixture. Thus, if a method

should be transferred, only small adjustments should be applied to
maintain constant retention and selectivity. However, even if some
additional column chemistries are already available (i.e., C8, silica,
phenyl, phenyl-hexyl, PFP, amide), the number of shell particles can
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Fig. 7. Influence of the compounds concentration on the peak shape for the different columns ((A) Ascentis Express C18, 50 × 2.1 mm,  2.7 �m; (B) Halo C18, 50 × 2.1 mm,
2 m,  2.7
( L. Con
p 0 ◦C, i

s
i
g
c
p
p
w

3

s

.7  �m;  (C) Kinetex C18, 50 × 2.1 mm,  2.6 �m; (D) Poroshell 120 EC-C18, 50 × 2.1 m
2)  codeine and (3) bupivacaine at 1, 2, 5, 10, 20, 50, 100, 200, 500, and 1000 �g/m
rofile: 5% ACN for 1 min, then 5 to 95% ACN in 3 min, flow rate of 500 �L/min, T = 4

till be limited compared to fully porous UHPLC columns. Indeed,
t could be interesting to have a C18 material with polar embedded
roup for the separation of isomers [23]; a less hydrophobic alkyl
hain, such as C4 material for proteins analysis [24]; different HILIC
hases (particularly a zwitterionic one) to deal with polar com-
ounds [25]; and a cyano column to elute most apolar compounds
ithin reasonable time frame.
.5. Retention of columns packed with shell particles

Because of the solid inner core of shell particles, the latter can
uffer from a lower retention in comparison with a fully porous
 �m and (E) Acquity BEH C18, 50 × 2.1 mm,  1.7 �m) for the analysis of (1) atenolol,
ditions: 0.1% formic acid in water modified with 0.1% formic acid in ACN, gradient
njected volume = 2 �L, � = 230 nm.

particle of the same material. The porous shell volume (Vp), avail-
able for retention, can be easily calculated [3]:

Vp = �
d3

p − d3
i

6
(4)

where dp and di are the diameter of the particle and the solid core,
respectively. The geometry of Ascentis, Halo and Poroshell columns

was strictly similar (dp of 2.7 �m,  di of 1.7 �m, shell thickness of
0.5 �m)  and the fraction of porous shell corresponded to 75% of
the total particle volume. For Kinetex particles (dp of 2.6 �m,  di of
1.9 �m,  shell thickness of 0.35 �m),  the porous layer corresponded
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cid in ACN, gradient profile: 5% ACN for 1 min, then 5 to 95% ACN in 3 min, flow
ate  of 500 �L/min, T = 40 ◦C, injected volume = 2 �L, � = 230 nm.

o 64% of the total particle volume. Thus, the volume of the porous
aterial within the column was significant.
To evaluate the ability of columns packed with shell parti-

les to retain relatively polar compounds, a critical mixture of
 antibacterial sulfonamides possessing log DpH3 values between
0.1 (sulfadiazine) and −1.3 (sulfaguanidine) was prepared and
nalyzed. The corresponding chromatogram is reported in Fig. 6.
o calculate retention factors of the compounds, the column dead
ime was experimentally measured with uracil after the deduc-
ion of extra-column volume contribution (13 �L) and a system
ffset of 0.013 min. The t0 were equal to 0.168, 0.178, 0.205, 0.183,
.177 min  for Ascentis, Kinetex, Acquity, Poroshell and Halo mate-
ial, respectively. It is not surprising that the column dead time
n columns packed with shell particles was lower as the poros-
ty was reduced because of the solid inner core. As expected, the
etention of these compounds on C18 material was very limited

nd required a mobile phase containing only 2% ACN. In these iso-
ratic conditions, the retention factor for the early-eluted peak (i.e.,
ulfaguanidine) varied from 0.97 to 1.15 between the two most dif-
erent columns (Ascentis and Acquity). For the last eluted peak (i.e.,
with ACN, gradient profile: 5% ACN for 1 min, then 5–95% ACN in 3 min, flow rate of
500  �L/min, T = 40 ◦C, injected volume = 2 �L, � = 230 nm.

sulfadiazine), k was always equal to 8.9 for all investigated columns.
To conclude, the decrease in retention factor between the UHPLC
column packed with fully porous particles and columns packed
with shell particles was  equal to 15% (on the maximum) for the
Ascentis column. Finally, retention factors on Poroshell were very
similar to those obtained on Acquity, confirming that the surface
available for retention on these shell particles was  sufficient.

Finally, the retention of butylparaben, a more hydrophobic
compound (log P = 3.41) than sulfonamides was  also calculated, to
evaluate the amount of hydrophobic binding sites on these differ-
ent columns. It appears that the retention factor of this compound
eluted with 35% ACN/65% water was comprised between 8.2 and
8.4 for the Halo, Ascentis and Acquity. On the other hand, the k
value was around 10% lower for the Kinetex material and about
10% higher for the Poroshell one. These small differences can be

explained by changes of carbon load, pore diameter, surface cov-
erage between columns and also by the nature of the endcapping
and the proprietary bonding process.
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.6. Loading capacity of columns packed with shell particles

Another possible issue related to the thickness of the porous
ayer was the loading capacity of the column. As calculated with
q. (4),  the volume fraction of the porous shell was quite important
75 and 64%, depending on the geometry), and thus, the loading
apacity of the column should be acceptable.

To explore this parameter, three of the most critical compounds
rom the mixture of drugs (i.e., atenolol, codeine and bupivacaine)
ere employed in both acidic and neutral conditions. Investigated

oncentrations ranged from LOD (1 �g/mL) to a high concentration
evel (1000 �g/mL). Because of the large number of experiments
equired in this study, it was difficult to perform the analysis of indi-
idual compounds in the isocratic mode. Thus, experiments were
onducted with a generic gradient. The initial 1 min  isocratic step at
% ACN allowed the elution of atenolol and sometimes codeine (on
scentis, Halo, Kinetex), thus confirming that Acquity and Poroshell
ere slightly more retentive. However, bupivacaine was eluted
uring the gradient.

.7. Overloading effects in acidic conditions (0.1% formic acid)
Fig. 7 presents the chromatograms obtained with the 5 different
olumns and for sample concentrations of 1, 2, 5, 10, 20, 50, 100,
00, 500 and 1000 �g/mL in acidic conditions. For each column,
ofen at 100 �g/mL (A) and 1000 �g/mL (B) on the different stationary phases at pH
adient profile: 5% ACN for 1 min, then 5–95% ACN in 3 min, flow rate of 500 �L/min,

a characteristic band tailing was  accompanied by a reduction of
retention with increasing sample load. The most deleterious effect
was observed for codeine and atenolol because they were often
eluted in the isocratic mode, while the tailing on bupivacaine was
less pronounced due to peak compression effects during the gradi-
ent run. A peak shouldering was  observed for codeine on Acquity
BEH at concentration levels higher than 200 �g/mL. To confirm this
observation, experiments were duplicated using various Acquity
BEH columns, and this behavior was systematically observed. This
could be related to the fact that the start of the gradient corre-
sponded precisely to the elution of codeine. This effect was  also
observed with Poroshell at the same retention time on the chro-
matogram, but in this case, the shouldering was less pronounced.

To better visualize overloading effects, asymmetry, column effi-
ciency and retention factor were reported as a function of the
injected sample mass, composed of 2 ng to 2 �g (Fig. 8), in agree-
ment with studies of McCalley et al. [26,27].  Asymmetry, efficiency
and retention factors observed for an injected mass of 2 ng were
considered as the reference value (negligible overloading effect),
and the relative loss for each sample mass was calculated and
reported in Fig. 8. Because the inter-column behavior was  quite

similar for the 3 investigated compounds, only data of atenolol were
reported because the latter was always eluted during the initial
isocratic step (thus, efficiency and retention factors could be calcu-
lated). As expected, an increase in asymmetry by up to 8-fold was



230 J. Ruta et al. / J. Chromatogr. A 1228 (2012) 221– 231

F ifferen
p

o
t
w
F
b
c
r
C
t
f
i
s
o
A
e
t
m
m
c
t
t
t
i
a
c

t
a
[
p
a
t

ig. 11. Schematic comparison of the different column performance based on d
H/temperature/pressure resistance and minimal plate height values.

bserved simultaneously with a reduction of up to 30% in reten-
ion factor and a diminution of efficiency by up to 50-fold in the
orst case when the stationary phase overloaded. According to

ig. 8, the detrimental effects were observed for injected masses
eyond 40 ng (equivalent to 20 ppm). Generally, there was a good
orrelation between the data obtained for asymmetry (Fig. 8A) and
etention factor (Fig. 8C) and the column ranking was equivalent.
onversely, the evolution of efficiency loss for the different sta-
ionary phases (Fig. 8B) was  more difficult to interpret, particularly
or the lowest injected masses and this was certainly linked to the
naccurate measurement and the limited variation of efficiency at
uch low values. Because the increase of asymmetry and reduction
f retention factor was always less pronounced for the fully porous
cquity column, the latter was less subjected to mass overloading
ffects. Regarding columns packed with shell particles more prone
o overloading than Acquity material, Halo, Ascentis and Kinetex

aterials were not significantly different, while Poroshell was  the
ost critical. At first, results obtained for the different shell parti-

les were quite unexpected because the loading capacity should be
heoretically proportional to the shell thickness, and thus, the Kine-
ex column should be the most critical. This confirmed that the shell
hickness was not the only parameter for explaining loading capac-
ty and that the carbon load, surface chemistry, pore size, surface
rea, surface coverage, end-capping nature and bonding process
ould play an important role.

Two mechanisms have been proposed in the literature to explain
he overloading of basic drugs in acidic conditions, which gener-
te tailed peaks and significant loss in efficiency: (i) Guiochon et al.

28] proposed that the tailing observed with silica-based stationary
hases could be related to the presence of few strong sites of high
dsorption energy among a huge number of sites with low adsorp-
ion energy. Band tailing could result either from rapid overload
t parameters: price, resistance to pressure, retention and overloading capacity,

of the strong sites or from the slower sorption/desorption of basic
drugs from these sites. However, it was demonstrated that there
were very few (if any) ionized silanols on type B silica phases at
acidic pH [29]. Furthermore, a hybrid material, such as Acquity
BEH, was  expected to contain even less ionized silanols consid-
ering the high pKa value. (ii) Stahlberg et al. [30] and McCalley
[31,32] suggested that positively charged drug interacts with C18
alkyl chains (hydrophobic interaction). Thus, the initially adsorbed
charged molecules discourage further sorption of molecules pos-
sessing the same charge (electrostatic repulsion). Some additional
experiments were conducted with the Acquity stationary phase
(i.e., increase of mobile phase temperature, variation of pore size
from 120 to 300 A, change from Acquity to Acquity Shield station-
ary phase). All of these tests helped us to conclude that the second
mechanism was certainly the correct one.

Because the overloading can be explained in our case by a
mutual repulsion of similarly charged analytes at the surface of the
bonding chains, it is likely that specific parameters such as the pore
volume or surface coverage (C18 only) were involved in overload-
ing phenomenon. In this case, overloading would increase with a
decrease in the amount of C18 chains accessible to ionized solutes.
As it is difficult to determine precisely this amount, we can just sup-
pose that it might be smaller on the Kinetex material, considering
both pore diameter and surface coverage (100 Å and 2.7 �mol/m2)
compared to the Acquity BEH column (130 Å and 3.1 �mol/m2).

3.8. Overloading effects in neutral conditions (20 mM phosphate
buffer)
The same experiments were conducted at neutral pH. In these
conditions, the loading capacity was improved compared to acidic
pH on the same columns, as reported in Fig. 9. The asymmetry
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ncreased by up to 6-fold (Fig. 9A) with a reduction of up to 6%
n retention factor (Fig. 9B) and a diminution of efficiency by up to
-fold (Fig. 9C) in the worst case. The improvement of peak shape
ith basic drugs on the silica-based stationary phase in neutral

s.  acidic pH conditions was also reported by McCalley [11]. In
cidic conditions, the number of residual silanols was quite lim-
ted, and thus, interactions of protonated basic solutes with the
tationary phase were primarily hydrophobic. Conversely, silanols
ere deprotonated at neutral pH values, while basic drugs were
rimarily positively charged. Thus, hydrophobic and ion-exchange
echanisms occurred simultaneously, generating a higher num-

er of interaction sites at the surface of the stationary phase, thus
mproving the loading capacity of the column. At neutral pH, it
ecame extremely difficult to rank the columns because observed
ifferences in terms of asymmetry, efficiency and retention factor
ere very small. In conclusion, no obvious difference was  observed

etween columns packed with fully porous and shell particles, but
t was always beneficial to work in neutral pH conditions when
nalyzing basic drugs.

Finally, Fig. 10 shows chromatograms of a mixture of 4 com-
ounds (i.e., 3 basic drugs and 1 acidic drug) on the 5 different
olumns at two concentrations levels. For a concentration of
000 �g/mL (Fig. 10B), peaks were distorted, while for a concentra-
ion of 100 �g/mL (Fig. 10A), peaks were more symmetrical. Similar
hromatograms were also obtained in acidic conditions (data not
hown), but a concentration equal to or below 10 �g/mL should be
mployed to reach an acceptable peak shape, confirming that the
oading capacity of all tested columns was strongly enhanced at
igher pH and higher ionic strength.

During our current study, McCalley also investigated the over-
oading behavior of sub-2-�m porous and sub-3-�m shell particles,
ut only Halo and Kinetex were investigated [11]. In this study, a
light reduction of loading capacity was highlighted and attributed
o the non-porous core of the particle (down to 60% for the Kinetex).
imilar to our conclusions, formic acid buffer (pH 2.7) was not rec-
mmended because it decreased efficiency by twofold compared
o ammonium formate and potassium phosphate buffers.

. Conclusion

In the present study, the applicability of columns packed with
hell particles was evaluated using typical conditions found in the
harmaceutical industry. In our opinion, the kinetic performance
f this new technology is extremely promising because hopt values
elow 2 were attained for neutral compounds; even if the calcu-

ation of hopt was somewhat questionable because of the special
orphology of the shell particles. Numerous additional parame-

ers should be considered to adequately select the best column,
ncluding the price, generated backpressure, Hopt value, retention
apability, loading capacity and pH/temperature/pressure resis-
ance. To select the best column for a given application, all of these
gures of merits have been combined in the spidergrams of Fig. 11

or the 5 investigated columns.
According to the present study, columns packed with sub-3-�m

hell particles combined with a chromatographic system that with-
tand pressures of 600 bar could be a valuable alternative to UHPLC
ystem because it allows the possibility to obtain a very similar
erformance with limited frictional heating effects [11,33].  How-

ver, this new shell particles technology should only be employed
n an optimized chromatographic system, where the extra-column
nd the system dwell volumes are reduced, as reported elsewhere
34,35].
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There are numerous ways to improve the current version of
columns packed with core–shell particles:

(1) The packing procedure for 2.1 mm I.D. columns could be
improved as hopt values of 1 to 1.3 were reported for columns
of 4.6 mm I.D.

(2) According to this study, the inter-batch variability should be
reduced and the packing of longer columns could be improved
to reach hopt values similar to shorter columns.

(3) The chemical (i.e., pH resistance) and also mechanical resis-
tance (i.e., maximal temperature and backpressure) should be
improved. We  expect to have columns packed with shell parti-
cles that withstand pressure of 1000 bar very soon.

(4) The choice in terms of column chemistry is still limited com-
pared to fully porous UHPLC columns and it would be valuable
to have C18 material with polar embedded groups, C4 material,
cyano bonding and additional choice for HILIC mode.
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