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a  b  s  t  r  a  c  t

In the  last  decade,  an  important  technical  evolution  has  occurred  in pharmaceutical  analysis  with  numer-
ous  innovative  supports  and  advanced  instruments  that  have  been  proposed  to  achieve  fast  or  ultra-fast
separations  in LC  with an  excellent  sensitivity  and ease  of operation.  Among  the proposed  strategies  to
increase  the  throughput,  the  use  of short  narrow-bore  columns  packed  with  sub-3  �m  core–shell  and
porous  sub-2  �m particles  have  emerged  as the  gold  standards.  Nevertheless,  to  take  the  full  benefits
of  these  modern  supports,  a suitable  chromatographic  system  has  to be employed.  This  review  summa-
rizes  the  instrumental  needs  and  challenges  in  terms  of extra-column  variance,  dwell  volume,  maximum
system  pressure,  detector  data  acquisition  rate,  and  injection  cycle  time.  In addition,  because  of their  rea-
sonable  pressure  drop, the  use  of  columns  packed  with  sub-3  �m core–shell  particles  on a  conventional
LC  instrument  is  discussed  in  detail.  A methodology  is  proposed  to  check  the  compatibility  between  sta-
tionary  phase  and  instrument,  and  some  solutions  are  proposed  to improve  the  performance  of  standard
instruments.
Finally, because  the  column  technology  is evolving  faster  than  instrumentation,  it  is nowadays  possible
to  purchase  short,  narrow-bore  columns  packed  with  1.3 �m  core–shell  particles.  Micro  columns  (1  mm
I.D.)  packed  with  1.7–1.9  �m porous  particles  are  also  available  from  several  providers,  which  limit  fric-
tional  heating  effects  and  reduce  solvent  and  sample  consumption.  However,  it  remains  difficult  to find
instruments  compatible  with  such  column  geometries  and  a severe  loss of  performance  may  be  observed
due  to  the  system  itself.
© 2013 Elsevier B.V. All rights reserved.
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. Introduction: current solutions for fast analysis in LC

LC has been strongly evolving in the last few years with the
mergence of numerous attractive supports that have been pro-

food, or chemical analysis) where the time response delivery has to
be reduced or the productivity enhanced, due to the large number
of analyzed samples. The main driving force for faster separations
remains the pharmaceutical field due to the need for enhanced pro-
osed to achieve rapid and efficient procedures for qualitative and
uantitative analysis. Indeed, there is a growing demand for high-
hroughput separations in numerous fields (e.g., environmental,

∗ Corresponding author. Tel.: +41 36 30 395 6657.
E-mail addresses: szabolcs.fekete@unige.ch, szfekete@mail.bme.hu (S. Fekete).

731-7085/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jpba.2013.03.012
ductivity as well as reduced costs. In fact, a significant number of
pharmaceutical applications, including purity assays, quality con-
trol, pharmacokinetic, and drug metabolism studies require high
throughput separations.
Raising the mobile phase flow rate and reducing the column
length while maintaining similar particle morphology appears to
be the easiest way  to decrease analysis time in LC. With this

dx.doi.org/10.1016/j.jpba.2013.03.012
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
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Fig. 1. Separation of a pharmaceutical formulation “Rapidocain” in isocratic mode.
Experimental conditions: mobile phase containing ACN/phosphate buffer at pH 7.2
(40:60, v/v). A. Waters Xterra RP18, 150 × 4.6 mm,  5 �m, F = 1000 �l/min, Vinj = 20 �l.
B.  Waters Acquity Shield RP18, 50 × 2.1 mm,  1.7 �m, F = 613 �l/min, Vinj = 1.4 �l. C.
Waters Acquity Shield RP18, 50 × 2.1 mm,  1.7 �m,  F = 1000 �l/min, Vinj = 1.4 �l. 1,
methylparaben; 2, 2,6-dimethylanalinine; 3, propylparaben; 4, lidocaine.
06 S. Fekete et al. / Journal of Pharmaceutica

pproach, the kinetic performance is however strongly compro-
ised, because the plate count is directly proportional to the

olumn length and, according to the van Deemter curve, work-
ng beyond the optimal linear velocity generates an additional loss
f efficiency. For this reason, this approach is often inappropriate,
xcept for the analysis of simple mixtures of compounds [1].

An alternative approach to the traditional columns packed with
pherical silica-based particles is the use of monolithic supports,
hich consist in a single rod of porous material possessing unique

eatures related to its bimodal structure composed of macropores
nd mesopores. This material, originally developed in the 90’s in
cademic laboratories by Hjerten, Frechet and Svec, and Tanaka
nd Nakanishi, became available in 2000 from Merck under the
rademark Chromolith®. The commercial version of the silica-based

onolith is composed of 2 �m macropores and 12 nm mesopores,
roviding a kinetic efficiency equivalent to the one obtained with

 column packed with 3.5 �m particles and backpressure similar
o a column packed with 11 �m particles [2]. In 2007, Guiochon
tated that the recent invention and development of the monolithic
olumns was a major technological innovation in column technol-
gy. The design, the preparation, and the application of monolithic
olumns are probably the most vibrant area of research in LC [3].
owever, despite the tremendous advantages of monoliths, less

han 1% of liquid based separation applications are routinely using
his column technology [4]. This can be explained by the lower per-
ormance compared to alternative approaches, such as UHPLC and
ore–shell technology. Nevertheless, a second generation of silica-
ased monoliths (macropores of 1.1 �m and mesopores of 13 nm)
as been released in 2011. This new generation provides perfor-
ance close to the one of sub-2 �m particles at a reduced pressure

rop [5], due to an independent control of the macropore and
esopore sizes through the sol–gel synthesis process, allowing for

uning the permeability and the chromatographic efficiency. How-
ver, due to a limited number of available providers, chemistries,
nd dimensions, these phases also remain scarcely used.

It has been very early reported by Knox and others that small
articles lead to improved performance in LC [6–8]. However, the
echnical challenge to pack columns in a reliable way with very fine
orous particles (below 2 �m)  was only recently resolved. In addi-
ion, Knox explained in 1977 [7] that ultra-fast LC would require a
ew generation of instrumentation with reduced volumes, higher
ressure capability, and improved data acquisition rate. In this
ontext, 20–30 years passed before obtaining both appropriate
olumns and instruments for UHPLC operation. In 2004, the first
ommercial column packed with porous 1.7 �m hybrid silica parti-
les, able to withstand pressure up to 1000 bar, was released on the
arket, combined with adequate UHPLC instrumentation [9,10].
ith such innovative stationary phase technology, the through-

ut can be theoretically increased by 9-times, while maintaining a
imilar kinetic efficiency compared to the conventional 5-�m pack-
ng [11]. However, the backpressure generated by small particles
ould be prohibitive for conventional HPLC systems, as it is pro-
ortional to d2

p according to the Darcy’s law, and even to d3
p when

orking under optimal linear velocity conditions [12]. Working
ith dedicated UHPLC systems compatible with pressure beyond

00 bar is therefore recommended. Nowadays, a wide variety of
olumns packed with porous sub-2 �m particles (more than 100
ifferent columns packed with 1.5–2 �m particles, from about 15
roviders) as well as instruments (about 20 different systems with
pper pressure limit comprised between 600 and 1300 bar) are
vailable on the market [13]. Fig. 1 illustrates an example of the pos-
ibilities offered by UHPLC in the pharmaceutical field. An isocratic

ethod for the quality control of a pharmaceutical formulation of

idocaine was transferred from conventional HPLC (150 × 4.6 mm,
 �m,  Fig. 1A) to UHPLC (50 × 2.1 mm,  1.7 �m,  Fig. 1B and C) [1].
fficiency remained similar but the analysis time was  ca. 8-fold
Reproduced by permission of The Royal Society of Chemistry (http://www.rsc.org/
shop/books/2012/9781849733885.asp).

reduced at the optimal flow rate and even up to 12-fold at the
maximal pressure of the UHPLC system.

High throughput analysis in LC can also be achieved with sub-
3 �m superficially porous particles, also known as fused-core or
core–shell technology. Core–shell columns are basically packed
with 2.6 or 2.7 �m particles, including a 1.7 or 1.9 �m solid inner
core surrounded by a thin 0.35 or 0.5 �m porous layer [14]. An effi-
ciency of ca. 80% of the one achieved with fully porous sub-2 �m
particles (UHPLC) has been reported with sub-3 �m core–shell
particles but with a 2 to 3-times lower backpressure compared
to UHPLC phases. This impressive kinetic performance has been
extensively investigated by Guiochon and Gritti [15–17], Fekete
et al. [18,19], Desmet et al. [20] or Guillarme et al. [21,22] which
reported that this high plate count at moderate pressure was
related to a reduced height equivalent to a theoretical plate (hmin),
comprised between 1.5 and 2 [21] and even 1–1.3 for standard
columns of 4.6 mm I.D. [23], associated with a good permeability.
This small hmin value was  probably explained by the narrow particle
size distribution and the high packing density, leading to a small A
term (eddy dispersion) of the Van Deemter equation. Moreover, the

reduction of the solutes diffusion path appeared to also positively
impact the B (longitudinal diffusion) and C (mass transfer resis-
tance) terms of the Van Deemter equation, especially in case of large

http://www.rsc.org/shop/books/2012/9781849733885.asp
http://www.rsc.org/shop/books/2012/9781849733885.asp
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ig. 2. Separation of 13 pharmaceutical compounds on A. Acquity BEH C18, 50 × 2.1 

.6  �m,  and D. Halo C18, 50 × 2.1 mm,  2.7 �m.  See [21] for experimental conditions

eprinted from [21] with permission from Elsevier B.V.

olutes. Besides the kinetic performance, some studies demon-
trated that the loading capacity, the retention, the selectivity, and
he peak shape of small analytes [21] as well as large biomolecules
22] were very close to the ones obtained with fully porous sub-

 �m particles despite the lower amount of porous material. This
ehaviour is illustrated in Fig. 2 with a mixture of 13 pharmaceu-
ical compounds. The same fast gradient analysis was performed
n a fully porous sub-2 �m phase (Fig. 2A) and on three different
ore–shell sub-3 �m particles from various providers (Fig. 2B–D).
he overall performance was comparable between the different
onditions, but the backpressure was ca. 2-times reduced with the
ore–shell particles. Thanks to the commercial success of sub-3 �m
ore–shell particles, the range of available particle sizes has been
ecently extended to smaller (1.3–1.7 �m)  [19] and larger (4–5 �m)
24] ones.

As previously discussed, a number of technical solutions for
igh throughput pharmaceutical analysis are nowadays available.
owever, to take the full advantage of the monolithic phases,

he columns packed with fully porous sub-2 �m particles, and
he stationary phases made of core–shell sub-3 �m particles, the
nstrumentation characteristics should be definitely considered.
ndeed, fast or ultra-fast analyses present some constraints in terms
f extra-column and dwell volumes, pumping pressure capabil-
ty, injection time, and detector acquisition rate. This review aims
o answer practical questions, i.e., (i) what are the instrumental
equirements to properly work with the different column technol-
gy currently available, (ii) are the columns packed with sub-3 �m
ore–shell really compatible with any LC instruments, (iii) how is it
ossible to transform a relatively old-generation LC device to make

t compatible with high throughput separations, and (iv) are the
urrent chromatographic systems suitable for any existing column
echnology, focusing on the requirements and challenges.
. Importance of extra-column volume and variance

The success of fast and efficient separations depends on
he intrinsic column efficiency, but also on its preservation by
.7 �m;  B. Poroshell 120 EC-C18, 50 × 2.1 mm,  2.7 �m; C. Kinetex® C18, 50 × 2.1 mm,

minimizing the instrument induced extra-column band spread-
ing. Extra-column band broadening effects are much more critical
when using small columns with smaller internal diameter than the
standard ones, e.g., 4.6 or 3.0 mm.  Several papers have discussed the
extra-column effects as a major concern that negatively impacts the
apparent column efficiency under fast and ultra-fast LC conditions
[25–27].

Generally, the extra-column effects are taking place in the
“external” instrument (extra-column) volumes, including the injec-
tor system, the connector tubing, and the detector cell. An
additional contribution is related to time-based effects, namely on
the time constant of the detector device. Obviously, the observed
extra-column peak variance depends on the extra-column volume
of the system. The latter is a physical characteristic of the used
instrument and can be easily evaluated in terms of volume unit (e.g.,
�l). On the other hand, the extra-column peak variance accounts for
the sample dispersion before and after the column. Extra-column
dispersion (or variance) can be calculated in time square or vol-
ume  square units. The extra-column peak variance is a function of
the flow rate, the sample diffusion coefficient, the mobile phase
viscosity, the temperature, and the injected amount. Theoretically,
the different peak variances coming from the system and from the
column itself are additive. The experimentally measured peak vari-
ance (�2

total) is the sum of the extra-column peak variance occurring
before the column (�2

ec,b), the variance inside the column (�2
col), and

the extra-column peak variance generated after the column (�2
ec,a)

as expressed in Eq. (1):

�2
total = �2

ec,b + �2
col + �2

ec,a (1)

The peak variance on the chromatographic column can be gen-
erally expressed by the Eq. (2):

V2 V2
�2
col = r

Ncol
= 0

Ncol
(1 + k)2 (2)

where Vr is the retention volume, Ncol is the column plate number
and V0 is the column hold-up volume.
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Then, the efficiency loss caused by the system can be estimated
nd the remaining column efficiency (Er) calculated with Eq. (3)
25]:

r = 100
�2

col

�2
col + �2

ec
≈ V0

Vec
(3)

here �2
ec is the sum of the extra-column peak variances (�2

ec,a +
2
ec,b).

�2
col is a function of the column volume, while �2

ec depends on
he extra-column volume (Vec). Then, the efficiency loss caused
y the system is predominantly related to the ratio of the col-
mn/system volume [28,29]. Although the extra-column volume
f modern UHPLC systems is significantly reduced, the column
imensions (i.e., the column void volume) is also decreased, some-
imes to a greater extent than the extra-column volume. Thus, the
oss in apparent column efficiency can also be significant in UHPLC
onditions [29].

Extra-column variance depends on the injected volume (Vi,)
ubing radius (r) and length (l), flow-cell volume (Vc), detector time
onstant (�), and flow rate (F). It can be estimated according to Eq.
4) [1]:

2
V,ext = Ki

V2
i

12
+ Kc

V2
c

12
+ �2F2 + r4lF

7.6DM
(4)

n which Ki and Kc are constants linked to the injection mode (i.e.,
peed and geometry) and the detector cell geometry, respectively.
o minimize the extra-column dispersion, the injected volume, the
etector cell volume, the tubing and the detector time constant
ave to be primarily optimized. Without going into details, the
asic fundamentals of the different dispersion processes are briefly
ummarized hereafter.

The experimental investigation of injected solute spreading in
ifferent parts of chromatographic systems has been the subject
f several studies [30–41]. The fundamentals of solute dispersion
heory in tubes of circular cross-section were first implemented
y Taylor for both laminar and turbulent flows [42,43]. Later, Aris
xtended Taylor’s equation to the cases where the molecular diffu-
ion in the axial direction could not be neglected [44]. The validity
f the Taylor-Aris model was then demonstrated in several publi-
ations [45–47]. The most significant limitation of the Taylor–Aris
quation is that it can only be correctly applied to long residence
imes (e.g., small flow rate or relatively large tube volumes). Alter-
atively, Atwood and Golay studied the dispersion in very short
ubing lengths [47,48]. When the analyte diffusion was neglected,
he dispersion could be estimated from the parabolic flow profile.
eue et al. used a random-walk computer model to find the tran-

ition between the classical Taylor–Aris dispersion in long tubes
nd the absence of diffusion described by Golay’s proposal [27].
he Taylor–Aris, Golay and random-walk models are often used to
valuate the contribution of tubing to the band broadening. In all
odels, the contribution of tubing to the peak variance follows a

unction of the fourth power of its radius. Therefore, the smallest
ossible diameter tubes (compromised with pressure) have to be
onsidered, particularly for fast chromatographic separations. The
ontribution of the detector volume (Vc) and the injection plug (Vi)
o the solute dispersion is volumetric and has a direct effect on the
bserved peak variance as described in the literature [49,50]. In
PLC systems, detector cells of ca. 10 �l are conventionally used
hich remains unacceptable for UHPLC separations. Currently, the
se of 0.5–2 �l cells with an average pathlength of 10 mm is quite
ommon in state-of-the-art instrumentations. In addition to the

olume-based contributions to band spreading, time-based con-
ributions originating from the detector or in filters selected by the
ser, such as the time constant, need to be understood. The mea-
urements of the influence of the time constant (often called as a
Biomedical Analysis 87 (2014) 105– 119

time-based filter) on the width of the apparent signal depend on
the flow rate, in agreement with Eq. (4) [27]. At low flow rate, where
the peaks are wide in time, the influence of the time-based filters
is negligible, but they become important at higher flow rates.

The extra-column peak variances of a given system can be
measured in different ways. Currently, there is no clear-cut
methodology for the accurate and precise determination of extra-
column variances. The most accepted ones are the half-height
method and the moment method [51–53]. Both methods are based
on a set of measurements without the chromatographic column.
The latter is generally replaced by a zero dead volume union.
The sample is injected at various flow rates and the band profile
recorded.

The band variances can be calculated on the basis of the peak
width measured at its half height or can be estimated with the
first and the second central moments, which are calculated from
the whole elution peak profiles. Since this approach necessitates
the integration of the elution peak profile, the raw data have to
be exported to such formats that are compatible with appropriate
softwares (e.g., Excel, Origin). Calculations based on the exact value
of second moment of the peaks may  be more accurate than the
values based on half-height method, but they are less precise due
to the uncertainty of the estimations of the integration times’ start
and end. When peak profiles are asymmetrical, it has to be noted
that the moment method is more adapted.

The extra-column volume can be accurately measured by the
following procedure. Elution times have to be recorded at different
flow rates with a zero dead volume union, as previously described.
When plotting the elution times versus the reciprocal flow rate,
the slope of the formed linear relationship directly gives the extra-
column volume. In addition, the intercept provides the offset time
of the system. The offset time refers to the difference between the
moment when the zero time is recorded and the moment when the
sample leaves the injection needle. This offset time is negligible in
most cases (ca. 0.01 min).

The commercially available LC systems can be classified in three
groups, (i) optimized systems for fast separation with very low
dispersion (�2

ec < 10 �l2), (ii) hybrid LC systems recommended
by the vendors for both fast and conventional separations (�2

ec =
10–50 �l2), and (iii) conventional LC systems with an extra col-
umn  variance over 50 �l2 [25]. The extra-column peak variances of
several commercially available instruments were reported in the
literature. The variance of Waters Acquity UPLC system was ca.
6–7 �l2, the Agilent 1290 Infinity LC system performed ca. 4–8 �l2,
the variance of the standard Agilent 1200 Infinity and Shimadzu
Nexera systems were measured at ca. 13–20 �l2, the variance of
the standard Perkin Elmer Flexar system was determined between
18 and 26 �l2, the variance of the standard Agilent 1100 LC system
was reported ca. 50–80 �l2 while the conventional Merck LaChrom
and Waters Alliance 2695 systems possess system variance around
100–200 �l2 [25,26]. The recently launched Waters Acquity I-Class
system was characterized in [54] and its system variance was  mea-
sured between 0.5 and 4 �l2. As expected, the difference between
system variances of current instruments could be quite important.
Some model calculations were performed to illustrate its impor-
tance, which are based on experimental column efficiency data
observed with UHPLC column packed with porous 1.7 �m packing.
Fig. 3 shows the effect of extra-column variance on the remaining
column efficiency for 50 mm long columns of 1, 2.1, 3, and 4.6 mm
I.D. (moderate retention of k = 5 is assumed). Clearly, when using
the standard bore column (4.6 mm),  no impact on the column effi-
ciency is observed. This column dimension can be used with almost
any conventional HPLC systems without loss in efficiency. When

working with 3 mm I.D. columns, significant amount of the intrin-
sic column plate number can be lost when this column is operating
in conventional systems (e.g., 50% loss at 120 �l2 system variance).
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Fig. 4. Evolution of column efficiency on a 50-mm long column packed with 1.8 �m
particles with variation of column diameters. A. 4.6 mm I.D, B. 3.0 mm I.D, C. 2.1 mm
I.D., and D. 1.0 mm I.D.

Reprinted from [55] with permissions from Elsevier B.V.
ig. 3. Effect of the extra-column variance on the remaining column efficiency for
0-mm long columns of 1, 2.1, 3, and 4.6 mm I.D. A retention of k = 5 was assumed.

t becomes even more critical with narrow bore columns of 2.1 mm
.D. These small, very efficient columns can be only used on dedi-
ated UHPLC systems. Only 80% of the intrinsic column efficiency
an be achieved when working with a system having a 10 �l2 vari-
nce. Finally, based on Fig. 3, the 1 mm ID columns are obviously
ncredibly critical in terms of loss in efficiency. Even by using the
tate-of-the-art instrumentation (e.g., �2

ec of 1–3 �l2), only 40–70%
f the true column efficiency can be preserved.

Wu and Bradley recently reported experimental data on
bserved column efficiency of 50 mm long columns packed with
.8 �m particles and having different diameters (1, 2.1, 3, and
.6 mm ID), with a Waters Acquity UPLC system [55]. The total
xtra-column volume of the system was measured at 11.4 �l. Fig. 4
hows the change in observed column efficiency when varying the
olumn diameter. These data confirm the calculations. Indeed, a sig-
ificant loss of efficiency can be expected when using 2.1 or 1 mm

.D. columns with the most recent UHPLC systems. Lestremau and
zucs observed similar loss in performance in the gradient elution
ode, when using 1 mm I.D. columns with the same UHPLC system

28].
It is important to emphasize that the observed column effi-

iency also depends on the retention factor and not only on the
ystem variance. Eq. (2) shows the evolution of peak variance with
he solute retention. Fig. 5 illustrates the effect of solute retention
actor and system variance on the remaining column efficiency.
hese model calculations are based on experimental peak variances
bserved by using a 50 × 2.1 mm column packed with 1.7 �m par-
icles. Fig. 5 highlights that system variance is critical for weakly
etained compounds, while it could be less important for highly
etained compounds. When using narrow bore columns, the reten-
ion factor should be kept above k > 3. On the other hand, when
aving k > 8, this column can be used not only in UHPLC systems
ut in hybrid systems as well, keeping 75% of the intrinsic column
fficiency.

Several attempts were made to minimize the system dispersion
f existing instruments by changing the tubes, the detector cell, or
he injection system. Wu and Bradley experimentally showed the
mpact of tubing diameter on the system variance [55]. The authors
emonstrated that the extra-column system variance of an Acquity
PLC system can be decreased down to ca. 2 �l2 by replacing the

ubes with 0.0635 mm instead of 0.127 mm I.D. capillaries. Guio-
hon et al. demonstrated that the system variance of conventional
PLC instruments (e.g., Agilent 1100 LC system) can be signifi-
antly decreased by changing the capillary tubes, the needle seat,

nd the detector cell [26]. After the optimization, an Agilent 1100
ystem performed �2

ec of ca. 5–10 �l2. Similarly, Alexander et al.
howed the optimization of a Waters Alliance 2695 system [56]. In
his study, the extra-column system variance of the conventional

Fig. 5. Effect of the solute retention factor k and the system variance (extra-column
variance, ECV) on the remaining column efficiency (%). The model calculations are
based on experimental peak variances observed by using a 50 × 2.1 mm column
packed with 1.7 �m particles.
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ystem was reduced down to 15 �l2 by changing the tubes and
he injector system. Surprisingly, the manual injection was found
o provide significantly lower extra-column dispersion than the
utomatic system. Omamogho et al. optimized an Agilent 1200
C system down to 3–4 �l2 by changing the capillary tubing from
.17 mm I.D. to 0.11 mm I.D., and the flow cell from 6 to 1.7 �l [57].

In order to further increase the observed column efficiency,
arkas et al. introduced a novel injection technique called Perfor-
ance Optimizing Injection Sequence (POISe) or isocratic focusing

58]. The impact of the injection system on the observed chromato-
raphic performance was eliminated. The POISe technique involves
njecting a defined volume of weak solvent along with the sample to
ncrease retention factors during sample loading. With this injec-
ion technique, 10–20% decrease in peak width was  observed in
socratic mode for weakly retained solutes [58].

In gradient elution mode, peak widths are continuously
ompressed during the elution, because the strong solvent concen-
ration is slightly larger in the rear than in the front of the peaks.
herefore, the column efficiency is improved as a result of this ther-
odynamic compression effect. Consequently, the extra-column

eak variance that is evolved before the column is mostly compen-
ated by this compression effect. In most cases, the extra-column
eak dispersion is practically negligible in gradient elution mode
hen using optimized UHPLC systems. However, it was  shown

hat the true performance of the narrow-bore 2.1 mm I.D. BEH
olumn (packed with 1.7 �m particles) is deteriorated by the exces-
ive contribution to overall band broadening of the parts of the
nstrument upstream the column (particularly for the less retained
ompounds) and by that of the parts placed downstream the col-
mn (for all compounds) [59]. Moreover, many analytes migrate
long a significant fraction of the column length under isocratic
onditions and they do not benefit from the compression of their
and when the gradient flushes them out of the column. There-
ore, the resolution power is lost when the compound isocratically

igrates along the column [59]. This shows that the dwell volume
f the instrument should be further minimized. Finally, there are
lso various additional contributions that could explain some unex-
ected band broadening in gradient mode. They include viscous
ngering effects (related to a viscosity mismatch between the sam-
le diluent and mobile phase [60], solubility issues as well as heat
ffects.

In conclusion, it is clear that further improvements in instru-
ent design (smaller dispersion) are necessary to take the full

dvantage of the most recent very efficient small columns [25]. At
he moment, it is not possible to fully use the potential of these
mall columns. The loss in column efficiency can reach 20–30% and
ven 30–80% when using state-of-the-art 2.1 mm and 1.0 mm I.D.
olumns, with commercially available optimized UHPLC systems.
herefore, the chromatographers are suggested to optimize their
ystem to keep the efficiency of their columns when doing efficient
ast separations.

. Importance of system dwell volume for fast analysis

Nowadays, most LC experiments performed in industrial and
cademic laboratories are carried out in the gradient mode. This
s particularly true in the pharmaceutical analysis, since complex
eparations of numerous compounds possessing a broad range
f physico-chemical properties are often performed (e.g., impu-
ity profiling, complex quality control, pharmacokinetics, and drug
etabolism studies). The efficient use of gradient elution requires
n understanding of the interplay between the achieved responses
retention, bandwidth, selectivity, and resolution) and the oper-
ting parameters (gradient profile, column geometry, and mobile
hase flow rate). For this purpose, various theories of gradient
Biomedical Analysis 87 (2014) 105– 119

elution were proposed by Jandera and Churacek [61,62], Schoen-
makers et al. [63–65], and Snyder, Dolan et al. [66–68]. However,
these theories are only valid as long as the system dwell volume
(Vd), also known as gradient delay volume, is taken into account.
The Vd of a system represents the volume from the mixing point
of solvents to the head of the analytical column. Indeed, after the
gradient has begun, a delay is observed until the selected propor-
tion of solvent reaches the column inlet [69]. The sample is thus
subjected to an undesired additional isocratic migration in the ini-
tial mobile phase composition. Two  types of pumping systems are
commercially available for HPLC operations, i.e., (i) high-pressure
mixing systems, where the dwell volume comprises the mixing
chamber, the connecting tubing and the autosampler loop; and
(ii) low-pressure mixing systems, combining the solvents upstream
from the pump, where additional tubing as well as volume of the
pump head is added to the components of the high-pressure mixing
system [70]. In the case of conventional HPLC systems, typical dwell
volumes are in the range of 0.5–2 ml  and 1–5 ml  for high-pressure
and low-pressure mixing systems, respectively.

The dwell volume may  differ from one instrument to another,
but it can be easily measured according to several procedures
described in the literature [70]. The system setup is rather simple
and consists of using water for the A-solvent, and water spiked with
0.1% acetone for the B-solvent. The column is replaced by a zero-
dead volume union, the detector is set to 265 nm,  and the flow rate
at a value adequately high to generate sufficient backpressure for
reliable check valve operation. Finally, a 0–100% B gradient in ca.
20 min  is programmed on the pumping system to obtain the final
curve. Then, the dwell time can be measured by drawing a tangent
to the main part of the gradient curve, and extrapolate the baseline
to intersect this tangent. The time between the start of the gradient
and this intersection represents the dwell time. The dwell volume
is obtained by multiplying the dwell time by the flow rate. Alterna-
tively, the delay volume can also be measured from a step gradient
method with 10% gradient impulse steps from 0 to 100% B.

Fig. 6 summarizes some instrument characteristics of all the
UHPLC systems (�P  > 600 bar) currently available on the market.
The type of pumping system (low pressure vs. high pressure) is
specified (Fig. 6A), as well as the system dwell volume (Fig. 6B).
In comparison with conventional HPLC instruments which possess
Vd between 0.5 and 5 ml,  UHPLC systems have dwell volumes of ca.
300–400 �l, with the best UHPLC systems having Vd of ca. 100 �l,
and up to ca. 1000 �l for some UHPLC instruments. Two main con-
cerns related to large system dwell volume when performing fast
separations in LC are observed, including (i) unreliable gradient
method transfer between columns of different geometries, and (ii)
ultra-fast separations, which require more time than expected.

The problem observed during gradient method transfer has
become a topic of particular interest since the introduction of
phases containing fully porous sub-2 �m particles. Indeed, a sig-
nificant number of scientific papers deal with the issue of method
transfer from conventional HPLC to UHPLC. In the case of phar-
maceutical analysis, analytical methods may  be developed with
UHPLC system in R&D laboratories since it allows for a signifi-
cant decrease of method development timeframe. However, QC
laboratories are often equipped with conventional LC instruments
and the developed UHPLC methods have thus to be transferred
to HPLC. Whatever the need, i.e., HPLC to UHPLC or UHPLC to
HPLC, the methodology for transferring a gradient method from
one column geometry to another one remains identical and some
well-established rules have to be applied to scale the injected
volume, the mobile phase flow rate, the gradient slope, and the

isocratic step duration [1,11,69,71]. However, the system dwell vol-
ume also needs to be accounted during this transfer since it may
differ between LC systems. Moreover, the extra isocratic step cre-
ated at the starting of the chromatogram may  also be different
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Fig. 6. Graphical representation of A. pressure tolerance and type of pumping system, and B. standard system dwell volume of all the UHPLC systems (�P > 600 bar)
commercially available. In A., light red expresses low pressure system volume while dark blue represents high pressure system volume. Specifications were obtained by the
providers and in [115]. It is important to notice that the standard dwell volume reported in this figure can be modified on a few instruments either by bypassing the damper
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nd  mixer, or by changing the volume of the mixing chamber. (For interpretation of
his  article.)

nd could result in retention time variations, affecting the reso-
ution during method transfer. To overcome this issue, the ratio
f system dwell time on column dead time (td/t0) must be ideally
eld constant while changing column dimensions, particle size, or
obile phase flow rate [72]. Since the column dead time is severely

educed in fast-LC due to the use of short columns at high linear
elocity compared to HPLC, the dwell time should also be signifi-
antly decreased, which leads to smaller dwell volumes of UHPLC
nstruments compared to conventional HPLC systems. In order to
each such low Vd values, some providers (i.e., Agilent Technologies
nd Shimadzu) proposed innovative devices based on micro-fluidic
e.g., Jet weaver technology) for an efficient mixing in a very low
olume (less than 50 �l). To further reduce system dwell time, the
ixing chamber as well as the damper (used to reduce pump rip-

les and associated UV noise) can be by-passed on few instruments,
ince the flow rates employed in UHPLC are rather low. Finally, due
o the quite difficult method transfer on some instruments, it is
lso possible to (i) postpone the injection after the beginning of the
radient to simulate a higher dwell volume, or (ii) use a system
imulation software to emulate another instrument possessing a
igher dwell volume, to alleviate some of these differences [73].

Another issue related to large system dwell volume is the time
pent for the additional isocratic hold produced at the beginning
f the gradient which could be a severe issue when performing
ltra-fast separations on micro or narrow-bore columns. This issue

s illustrated in Fig. 7, with the representations of 3D-views of the
socratic hold duration for various column internal diameters and
heir corresponding mobile phase flow rates commonly employed
ith UHPLC and core–shell technologies. Several system dwell

olumes varying between 100 and 1000 �l were considered for

his representation. As expected, a large dwell volume and a low

obile phase flow rate compromises ultra-fast separations. This
s particularly significant when dealing with micro-bore columns
f 1 mm I.D. (Fig. 7C) which are often employed in bio-analytical
ferences to colour in this figure legend, the reader is referred to the web version of

applications to improve MS  sensitivity. In fact, the current UHPLC
systems are not adapted to such column dimension in terms of
gradient delay volume as the isocratic hold is on the minimum
equal to 0.5 min  (for Vd of 100 �l and flow rate of 200 �l/min,
corresponding to a linear velocity of ca. 7 mm/s) and could be equal
to 20 min  in the worst conditions (Vd of 1000 �l and flow rate of
50 �l/min, corresponding to a linear velocity of ca. 1.7 mm/s). On
the other hand, the 2.1 mm I.D. stationary phases (most widely
used column I.D. in UHPLC and core–shell technologies, Fig. 7B) are
more suitable with current instrumentation for high throughput
separations, provided that the Vd remains reasonable (Vd < 300 �l)
and the flow rate is sufficiently high (F > 600 �l/min). In such con-
ditions, the initial isocratic step will be systematically lower than
0.5 min. Finally, the 3 mm I.D. (Fig. 7A) columns can accommodate
larger Vd, up to 600 �l at a flow rate of 1200 �l/min, and even up
to 1000 �l at a flow rate of 2000 �l/min. In both conditions, the
initial isocratic hold will only length 0.5 min. This behaviour can
be easily explained by the higher flow rates on larger I.D. columns,
for a similar linear velocity, leading to reduced dwell times.

Fig. 8 shows the effect of transferring a pharmaceutical method
between various UHPLC instruments possessing different dwell
volumes (100, 300 and 500 �l). As expected, the retention, the
selectivity and the overall resolution differ between these three
chromatograms. This is particularly true for peaks number 4, 5, 6,
and 7. In addition, the analysis time could be reduced from 3 min
to 2.5 min, when reducing dwell volume from 500 to 100 �l.

In conclusion, it is straightforward to determine which type
of column geometry can be employed on which instrument, after
system characterization. In theory, smaller Vd are highly recom-
mended for fast and ultra-fast analysis, but some concerns have

been reported with various UHPLC systems equipped with small
mixer. Indeed, a problem of excessive blending noise has been
described, caused by inadequate mixing of mobile phases from
the binary pumps [74,75]. This blending noise could be dependent
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Fig. 7. Representation of the isocratic hold duration for various mobile phase flow rates (600–2000 �l/min) and dwell volumes (100–1000 �l) with A. 3 mm  I.D. column, B.
2.1  mm I.D. column, and C. 1 mm I.D. column.

Fig. 8. Method transfer between UHPLC instruments with various dwell volumes. The simulated chromatograms were obtained with Drylab® 2010 Plus modelling software
(Molnar-Institute, Berlin, Germany). A. Dwell volume of 500 �l, B. Dwell volume of 300 �l, and C. Dwell volume of 100 �l. 1, phtalic acid; 2, vanillic acid; 3, isovanillic acid;
4,  anthmilic acid; 5, vanillin; 6 syringaldehyde; 7, ferulic acid; 8, ortho-vanillin; 9, benzoic acid; 10, trans-2,4-dimethoxycinnamic; 11, methyl benzoate; 12, ethyl benzoate.
Conditions: Halo C18, 100 × 2.1 mm,  2.7 �m; mobile phase containing water and ACN, gradient 15 to 90% ACN in 4 min, F = 800 �l/min.
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n the pump design (i.e., piston column, mixer volume, and pres-
nce of a damper). As a result, cyclical perturbations synchronized
o the pump strokes are observed on the UV signal, leading to a
ecrease in sensitivity. The phenomenon is particularly relevant
hen the UV detection is carried out at relatively low wavelengths

200–230 nm)  with volatile mobile phases (e.g., formate or acetate
alts). To avoid this problem, larger mixing volumes can be used, but
t the expense of increasing dwell time. Many manufacturers thus
ffer large mixer with volumes comprised between 300 and 500 �l,
or a use at 214 nm with mobile phase containing trifluoroacetic
cid (TFA).

. Importance of elevated system pressure for high
hroughput separations

For the last 20 years, columns packed with 3.5–5 �m particles
ere the gold standards in HPLC. According to the Darcy’s law (Eq.

5)) which takes into account the permeability of the stationary
hase and the mobile phase viscosity, the backpressure generated
y these phases usually ranges between 50 and 200 bar:

P  = �
�Lu

d2
p

(5)

here L is the column length, u is the averaged mobile-phase veloc-
ty, � is the mobile phase viscosity, Ф is the flow resistance, and
p is the particle size. Until recently, conventional HPLC systems
ossessing an upper pressure limit of 400 bar were adapted for an
ppropriate work with columns packed with 3.5–5 �m particles.

The interest of using smaller particle size in HPLC has been the-
retically discussed in the 70’s but has been experimentally tested
n two academic state-of-the-art laboratories only at the end of the
0’s. Jorgenson et al. were the first to evaluate the interest of using
ub-2 �m particles in HPLC and extensively published in this field
76–80]. The proof-of-concept was demonstrated in 1997, using

 fused-silica capillary column of 52 cm × 30 �m I.D. packed with
.5 �m non-porous particles and a UHPLC system able to work up
o 4100 bar [76]. A plate count of 140,000–190,000 was  attained
or an analysis time of less than 10 min. Few years later, the upper
ressure limit of the system and column was extended to 7000 bar
nd analysis time reduced as low as 4 min  while plate numbers
emained excellent (i.e., 190,000–300,000) using a 43 cm × 30 �m
.D. column packed with 1.0 �m non-porous particles [78]. Nearly at
he same time, Lee et al. also investigated the possibilities of UHPLC
sing capillary columns of 12.5 cm × 29 �m I.D. packed with 1.5 �m
on-porous particles, and a system able to work up to 3600 bar
81–85]. Using this strategy, a UHPLC separation of several benzo-
iazepines was carried out in less than 1 min  [81]. The innovative
orks made in the groups of Jorgenson and Lee under extreme con-
itions prove that the system pressure capability has to be extended
eyond the 400 bar limit to take the full advantage of columns
acked with very fine particles.

Nowadays, columns packed with fully porous sub-2 �m and
ore–shell sub-3 �m particles are available from numerous
roviders and are routinely applied in several pharmaceutical com-
anies [86]. However, in order to obtain all the benefits of such
olumns, a chromatographic system possessing an extended upper
ressure limit should be used. In this context, a large variety of
hromatographic devices compatible with pressures in the range
00–1300 bar have been developed in parallel to these new column
echnologies, as highlighted in Fig. 7.A [87]. Compared to the semi-
al works of Jorgenson and Lee (�Pmax up to 7000 bar), the upper

ressure limits of current UHPLC systems are more reasonable.
he more restrictive pressure limitation can be explained by the
onstruction, the robustness, and the safety of the UHPLC systems
nd columns, as well as the negative effects of very high pressure
Biomedical Analysis 87 (2014) 105– 119 113

on chromatographic efficiency, selectivity, retention, and repeat-
ability. Regarding the instrumentation, it remains challenging to
consistently pump the mobile phase and introduce the sample
in a reliable way under very high pressure (ca. 1000 bar). More-
over, there are many design trade-offs that are required to balance
system features (robustness, sensitivity, and safety) and perfor-
mance characteristics. These compromises often lead to specific
technical characteristics of instruments from various providers,
as presented in Fig. 7. Lee et al. devoted an interesting paper to
the safety concerns in UHPLC [88]. Ruptures of columns and fail-
ures of the system components under ultra-high pressure can lead
to dangerous high speed liquid jet and capillary projectiles. Col-
umn  stability also needs to be considered for UHPLC operation. The
works of Jorgenson and Lee up to 3000–7000 bar were exclusively
performed on sub-2 �m non-porous stationary phases, which are
known to be more resistant than fully porous particles. However,
this type of columns suffers from an inacceptable specific area
and loading capacity, as well as a lack of appropriate retention.
Today, there is a large choice of column packed with fully porous
sub-2 �m particles which are compatible with pressures up to
1200 bar [13,89]. These stationary phases consist of (i) hybrid sil-
ica material prepared from two  monomers, i.e., tetraethoxysilane
and bis(triethoxysilyl)ethane which incorporates ethylene bridges
(the high degree of cross-linking ensures strong mechanical and
hydrolytic stability) [90], or (ii) classical silica simply packed under
much higher pressure conditions. Because the commercial UHPLC
systems and columns need to be routinely used, more extreme
pressure conditions cannot be envisaged. Another reason for the
upper pressure limit of current system is related to the frictional
heating phenomenon, which is observed with columns packed with
very fine particles operating at high mobile phase velocities, thus
generating high pressure drop [91–95]. The frictional heating is
induced by friction of the mobile phase percolating through the col-
umn  bed at very high pressure. The generated heat dissipates along
and across the chromatographic column, allowing for the forma-
tion of axial (longitudinal) and radial temperature gradients. These
thermal gradients may  influence both the retention and the column
efficiency. Two solutions can be applied to limit this phenomenon,
i.e., (i) reducing the column inner diameter, which remains diffi-
cult because of the strong contribution of extra-column variance
to peak broadening, as described in section 2, and (ii) reducing
the backpressure inside the column [96]. Because current UHPLC
instrumentations are hardly or even not compatible with columns
of less than 1 mm I.D., the only solution to alleviate the frictional
heating is to set the upper pressure limit of instruments at a rea-
sonable value.

In order to evaluate the throughput and the resolution that can
be obtained with commercially available UHPLC instruments using
sub-3 �m core–shell or sub-2 �m fully porous particles, the kinetic
plot methodology can be implemented. Indeed, this approach
allows to better visualizing the performance limits of a given sta-
tionary phase technology on a particular instrument at an upper
pressure limit. Kinetic plots were originally introduced by Giddings
to discuss the advantages and limitations of LC and GC [97], and
were also employed to compare performance of LC and CEC [8].
The construction of kinetic plot is based on the extrapolation of
the van Deemter (H, u) and permeability (Kv,0) data obtained with
a column of a certain length to shorter or longer columns, gener-
ating the maximal pressure drop that the chromatographic system
could withstand. The final representation includes the extrapolated
N and t0 values, calculated by simply rearranging the van Deemter
and permeability data. Using the kinetic plot representation and by

combining different column lengths and mobile phase flow rates for
a given upper system pressure limit, it is possible to easily deter-
mine (i) the minimum time required to reach a particular efficiency,
(ii) the maximal efficiency that can be achieved for a given analysis
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Fig. 9. Calculation of the time required to attain a given plate number for A. column containing 2.6 �m core–shell particles, B. column packed with 1.7 �m core shell, and C.
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ully  porous 1.7 �m particles, assuming k = 10, at 400, 600, 1000 and 1200 bar.

ime, and (iii) the maximal plate count that can be obtained without
ny time restriction. However, their construction remained tedious
ntil the recent work of Desmet et al.,  who proposed a simplified
ay to construct these curves using only two simple equations, i.e.,

q. (6) and Eq. (7) [98–102]:

 = �Pmax

�

(
Kv,0

u × H

)
(6)

0 = �Pmax

�

(
Kv,0

u2

)
(7)

here �Pmax is the maximal system pressure (or column mechani-
al stability), Kv,0 the chromatographic support permeability and H
he height equivalent to a theoretical plate. H, u and Kv,0 can be eas-
ly determined experimentally, while �Pmax and � are instrument
nd mobile phase dependent, respectively.

Using this approach, the minimum required time (k = 10) to
ttain an efficiency of 5000, 10,000, 30,000, 50,000 and 100,000
lates using fully porous 1.7 �m,  core–shell 2.6 �m,  and core–shell
.7 �m were estimated. The corresponding values are reported in
ig. 9 for various system pressure limits equal to 400, 600, 1000
nd 1200 bar. As shown in these figures, the performance of a
olumn containing 2.6 �m core–shell particles (Fig. 9A) system-
tically outperforms the one of a column packed with 1.7 �m core
hell (Fig. 9B) or fully porous 1.7 �m particles (Fig. 9C) for a given
ressure, within an efficiency range of 5000–100,000 plates. How-
ver, when considering the current pressure limits of these phases,
.e., 600 bar for the 2.6 �m and 1000 bar for the 1.7 �m particles,
he performance are very close for the three column technologies
between 0.57 and 0.74 min  for 10,000 plates and 56.8 – 74.4 min
or 100,000 plates). Fig. 9 also clearly demonstrates the inter-

st of having a chromatographic system possessing an elevated
pper pressure limit to reduce the analysis time for a given plate
umber. Indeed, for a column packed with fully porous 1.7 �m par-
icles (UHPLC phase), an efficiency of 10,000 plates can be attained
in 1.86 min  at a pressure of 400 bar, while it requires only 0.74
and 0.62 min  at 1000 and 1200 bar, respectively. According to the
kinetic plot methodology, the same reduction of analysis time can
be expected for N = 100,000 plates, for which analysis time was 186,
74 and 62 min  for �Pmax = 400, 1000 and 1200 bar, respectively.
Finally, the same characteristics could be observed for columns
packed with core–shell of 2.6 �m and 1.7 �m particles. All these
results demonstrate that the analysis time is always inversely pro-
portional to the �Pmax and that an elevated system pressure is
always beneficial to maximize kinetic performance. Nevertheless,
in the case of reasonable plate count (i.e., 10,000 plates), the 3-fold
reduction in analysis time between a system possessing �Pmax of
400 or 1200 bar remains marginal since in both cases the separa-
tion can be performed in less than 2 min. Considering the column
reequilibration time and the injection cycle time, a system pos-
sessing high upper pressure limit is only interesting in the second
dimension of a 2D-LC setup where ultra-fast separations (i.e., less
than 30 s) are required. On the other hand, for high resolution sep-
arations (i.e., 100,000 plates), analysis time can also be reduced
by 3-fold between systems possessing �Pmax of 400 and 1200 bar.
However, in this case, it corresponds to a drastic reduction of anal-
ysis time, from around 3 to only 1 h using columns packed with
1.7 �m particles and from 85 to 28 min  for column packed with
2.6 �m core–shell particles.

Based on the data reported in Fig. 9, working with a chro-
matographic system possessing an elevated upper pressure limit is
particularly relevant for high-resolution analysis (high plate count).
Two recent papers have experimentally demonstrated this state-
ment for the analysis of small molecules and peptides [103,104].
Prototype columns packed with core–shell 2.6 �m particles were
tested at a pressure up to 1200 bar under gradient conditions. Fig. 10

presents the separation of a mixture of small molecules separated
with core–shell 2.6 �m particles at a pressure of 600 (Fig. 10A) and
1200 bar (Fig. 10B and C). As expected, the analysis time was more
than 2-fold reduced at 1200 bar compared to 600 bar, using 300 mm
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Fig. 10. Separation of a complex 19-compounds mixture on A. a 300 mm coupled
column configuration at 600 bar (np = 222 in 34 min), B. a 300 mm coupled column
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onfiguration at 1200 bar (np = 227 in 15 min), and C. a 450 mm coupled column
onfiguration at 1200 bar (np = 287 in 35 min).

eprinted from [104] with permission from Elsevier B.V.

olumn length, while the peak capacity remains identical between
oth conditions. Moreover, it was also possible to use a 450 mm
olumn length at 1200 bar to further increase peak capacity by ca.
0% (Fig. 10C).

. Injection cycle time and data acquisition rate

Injection cycle time could also represents an additional con-
traint in the case of fast or ultra-fast analyses. Indeed, in recent
HPLC systems, the time required for injecting sample is gener-
lly comprised between 30 s and more than 1 min  for the slowest
nstruments. This additional time can strongly affect the through-
ut in case of ultra-fast separations where the analysis time itself
an be reduced to less than 1 min. Various technical solutions were
roposed to optimize the injection speed. Numerous providers, e.g.,
erkinElmer, Shimadzu, and Dionex, demonstrated that the injec-
ion cycle time could be decreased with their instruments down
o 8, 10 and 15 s, respectively. However, drawing the sample too
apidly can reduce the repeatability and increase the carryover. A
ignificant contribution of the injection process is the time spent
y the needle movements to and from the vial as well as into the
ush port. These operations can be performed during the analyti-
al separation, which is known as a so-called overlapped injection.

aters or Agilent Technologies have demonstrated the benefits
f the overlapped injections on their instruments. Injection cycle
imes between 15 and 20 s can be achieved with this strategy, with-
ut affecting too much the autosampler performance.

Another technical issue encountered with high throughput
eparations is related to the detector acquisition rate. Indeed,

he narrow peaks produced by state-of-the-art stationary phases,
own to 1 s in some cases, could be critical. Indeed, for quan-
itative purpose, 10–15 acquisition points per peak are at least
ecommended to correctly define the chromatographic peak and
Biomedical Analysis 87 (2014) 105– 119 115

obtain suitable performance. This criterion is easy to achieve with
spectroscopic detectors such as UV, UV-DAD, fluorescence (FD) or
even with evaporative light scattering detectors (ELSD) and corona
aerosol discharge (CAD), since detector speed up to 200 Hz has been
reported with the last generation of instruments. However, obtain-
ing high acquisition rate with MS  devices is much more difficult
as they must be capable of short dwell times and fast duty cycles
[105,106]. Only the latest generation of instruments meets these
requirements. Indeed, the most powerful triple quadrupole (QqQ)
devices are able to perform SRM experiments in only 1 ms, while
the best QqTOF/MS instruments on the market are able to scan m/z
ratios from 100 to 1000 in only 10 ms  with a resolution of ca. 40,000
with full width at half maximum (FWHM) [105].

6. Is core–shell technology compatible with conventional
LC system?

As expected from the theory, columns packed with sub-3 �m
core–shell particles, released in 2007, provide an efficiency com-
parable to the one obtained with columns packed with totally
porous sub-2 �m particles, but at reasonable operating pres-
sure (P < 400 bar). Gritti and Guiochon first reported reduced
plate height minimum value of hmin = 1.4 for HaloTM column
(Advanced Material Technology) with the injection of small molec-
ular weight compounds [15]. These 2.7 �m HaloTM, Ascentis
ExpressTM (Sigma–Aldrich) and Poroshell 120 (Agilent Technolo-
gies) particles consist of a 1.7 �m non-porous core and a 0.5 �m
porous silica layer [14]. A different structure in shell particles
regarding the core and shell ratio was  introduced by Phenomenex
in 2009. This alternative technology offers particles, which con-
sist of a 1.9 �m or 1.24 �m non-porous core and a 0.35 �m or
0.23 �m porous silica layer, respectively [19,23,107]. Several other
vendors launched similar sub-3 �m core shell packings in 2011
(Accucore, Nucleoshell®, SunShell®, and BrownLeeTM). Because
core–shell sub-3 �m packings can operate at the half or at third
pressure compared to fully porous sub-2 �m particles, it is theo-
retically possible to operate such phases on a conventional HPLC
instrument. In this context, the column manufacturers advertised
several times that UHPLC efficiency can be achieved on HPLC sys-
tems, thanks to these innovative materials. Commercial statements
promising that columns with sub-3 �m core–shell allow for meta-
morphosing a HPLC as a UHPLC system are far to be valid and
should be cautiously considered. Some considerations, examples
and discussions are hereafter presented to determine if highly effi-
cient and fast separations can be effectively achieved with these
state-of-the-art core–shell columns on conventional HPLC systems.

In case of fast separations, the column length has to be decreased
while the mobile phase linear velocity should be increased. How-
ever, maintaining good kinetic performance when using short
column at high linear velocity requires the use of smaller parti-
cle size. The 50 mm long, narrow-bore (2.1 mm)  columns recently
became very popular, especially in the field of pharmaceutical
analysis [108–110]. The pharmaceutical industry is particularly
interested in using rapid and efficient procedures for qualitative
and quantitative analysis to cope with a large number of samples
and to reduce the time required for the delivery of results.

Regarding the required system pressure, it is true that only
the half or the third pressure is required to operate with a col-
umn  packed with 2.6–2.7 �m particles, compared to a column
packed with 1.5–1.7 �m particles, in agreement with the Darcy’s
law and Karman–Kozeny equation. The relatively high specific per-

meability of columns packed with 2.6–2.7 �m core–shell particles
ranges between K0 = 4.6 × 10−11 cm2 and 6.4 × 10−11 cm2, while the
permeability of a column packed with 1.7 �m fully porous par-
ticles is of ca. 2.5 × 10−11 cm2 [111–113]. Therefore, when using
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Fig. 11. Chromatograms obtained with a Kinetex® 100 × 2.1 mm,  2.6 �m column
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he same column dimension, linear velocity, and mobile phase
omposition, the column made with 2.6–2.7 �m particles gener-
tes significantly lower head pressure. In generic conditions, when
sing acetonitrile-water mobile phase, there is no need for more
han 400 bar pressure with columns of 50 × 2.1 mm packed with
.6–2.7 �m particles. However, higher pressure capability may be
seful when using more viscous organic modifiers in the mobile
hase such as methanol and isopropanol in order to tune the selec-
ivity and/or for sustainable purposes. The maximum viscosity of
cetonitrile–water mixture is around 1 cP at 25 ◦C, while the vis-
osity of methanol–water and isopropanol–water mixtures can
each 1.6 and 2.9 cP at 25 ◦C, respectively. The nominal mechan-
cal stability of 2.6–2.7 �m core–shell columns is 600 bar, while
he pressure capability of conventional HPLC systems is 400 bar.
o sum up, the pressure capability of conventional HPLC systems
eems to be appropriate with columns of 2.6–2.7 �m core–shell
articles (50 × 2.1 mm),  but all the benefits of these phases cannot
e attained. Indeed, operating these columns at a pressure higher
han 400 bar can provide faster separations but also allows for the
se of alternative solvents. Increasing the temperature in HPLC also
ffers a chance to reduce backpressure, as it drastically reduces
he mobile phase viscosity. The suggested maximal operating tem-
erature for Kinetex® columns is 60 ◦C, while the HaloTM columns
an be operated up to 90 – 100 ◦C. When the conventional LC sys-
em can withstand 60–90 ◦C, some additional benefits from these
.6–2.7 �m core–shell columns can be obtained.

In terms of system volume and variance, the conventional HPLC
ystems are definitely not able to maintain the high efficiency
f small columns packed with 2.6–2.7 �m core–shell particles.
ased on experimental results, some model calculations were
erformed to evaluate the peak variances that can be obtained
ith columns packed with 2.6 �m core–shell particles of differ-

nt geometries (i.e., 50 × 2.1 mm,  50 × 3 mm,  and 50 × 4.6 mm)  [18].
ssuming retention factors of k = 2–10, the expected peak vari-
nce on 50 × 2.1 mm column ranges between �2

col = 9–120 �l2, is

xpected around �2
col = 25–330 �l2 with the 50 × 3 mm column,

hile the 50 × 4.6 mm column performs peak variances of �2
col =

30–1700 �l2. As discussed in Section 2, conventional systems con-
ribute to the peak variance with �2

ec = 50–150 �l2, which is clearly
ignificant for the 50 × 2.1 and 50 × 3 mm  columns. Considering
2
ec = 50 �l2 extra-column system variance, the remaining column
fficiency ranges between Er = 15–70% for the 50 × 2.1 mm column,
hile it is between Er = 33–86% and 72–97% for the 50 × 3 and

0 × 4.6 mm columns, respectively. To benefit from the advantages
f these very efficient small columns of 2.1 and 3 mm I.D., optimized
ystems are mandatory. A system having �2

ec = 5 �l2 preserves 88
nd 95% of the intrinsic column efficiency for the 2.1 and 3 mm I.D.
olumn, respectively, assuming a retention factor of k = 5. Currently,
henomenex offers a methodological guideline for the optimiza-
ion of system volumes to use the potential of very efficient small
olumns [114]. This HPLC system optimization manual discusses
n details the possible sources of non-desired peak dispersion,
nd makes suggestions to decrease the extra-column dispersion.
t recommends replacing (i) the standard needle seat with a low
olume needle seat (flow-through-needle injector models), (ii) the
njector loop with a lower volume loop, (iii) the standard UV flow
ell with a low volume flow cell (<2 �l), and (iv) the standard tub-
ng with 0.005 in I.D. tubing. As additional suggestions, the column
witching valves should be bypassed and the detector sampling
ate and time constant should be optimized. Fig. 11 shows chro-
atograms obtained with a Kinetex® 100 × 2.1 mm,  2.6 �m column
n conventional system without modification (Fig. 11A) and after
ptimization (Fig. 11B) [114]. In a systematic study, Gritti et al.
howed that the combination of several changes in the system or
he method allowed for the achievement of the full potential of
with A. a conventional HPLC system without modification, and B. after optimization.

Reprinted from [114].

core–shell type phases, using a conventional LC system [26]. The
first modification was  the reduction of the extra-column volume
of the instrument, without increasing too much its back pressure
contribution, by changing the needle seat volume, the inner diam-
eter and the length of the capillary connectors, as well as the
detector cell volume of a standard instrument (Agilent 1100). The
second adjustment consisted of injecting a volume of weak elu-
ent (less than half the elution strength of the mobile phase) right
after the sample. Experimental results showed that these changes
could provide most of the efficiency expected from the true col-
umn  performance. After applying these changes, the resolution
of the 50 × 2.1 mm,  50 × 4.6 mm,  and 100 × 4.6 mm columns for
compounds having retention factors close to 1 (worst case) were
increased by about 180, 35, and 30%, respectively.

Finally, if gradient mode has to be employed, the dwell volume
should also be considered. As explained in section 3, the system
dwell volume could become critical when performing fast analysis
by applying short narrow bore columns. Conventional HPLC sys-
tems possess 0.5–5 ml  dwell volume that is clearly unacceptable
for fast gradient separations. Similarly to extra-column band dis-
persion, the dwell volume of the system has to be also minimized.
However, adjusting the dwell volume of a given low-pressure
mixing system is not as simple as changing a detector cell or a
tubing. When small dwell volume is required, high-pressure mix-
ing systems are preferably applied. Several vendors (e.g., Dionex
and Shimadzu) offer different volume mixers for their instrument

to select the most appropriate mixing volume for the required
flow rate (column dimension). As an example, Agilent offers its
1260 pump in both standard volume delay and low volume delay
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onfigurations. Conventional HPLC systems with low pressure mix-
ng systems are only acceptable for standard bore columns.

In conclusion, conventional systems are not suitable to achieve
ast and efficient separations when using small narrow-bore
olumns packed with 2.6–2.7 �m core–shell particles. Without
ny modifications, only the 4.6 mm I.D. columns can be applied
ithout too much loss in column efficiency. For 3 and 2.1 mm

.D. columns, the conventional LC systems must be optimized.
he system volume and dwell volume have to be drastically
educed (e.g., tubing, detector cell and mixing chamber). After
he appropriate modifications, most of the advantages of columns
acked with 2.6–2.7 �m core–shell particles can be used without
he need of very high pressure.

. Conclusion

Historically, the importance of instrument has been neglected
n LC because conventional HPLC columns of 150 or 250 × 4.6 mm,

 �m,  which offer analysis times between 20 and 60 min, are fully
ompatible with the vast majority of the conventional chromato-
raphic systems. Recently, some new trends have emerged in
he pharmaceutical industry to increase the throughput. In order
o achieve fast (<5 min) or ultra-fast (<1 min) separations, short
olumns of 50 × 2.1 mm packed with fully porous sub-2 �m and
ore–shell sub-3 �m particles are increasingly used for real-life
pplications. However, a dedicated instrument is mandatory to
ully benefit from these innovative stationary phases, which are
ble to produce high plate count per time unit values. The LC
nstrument should include a reasonably low dwell volume, extra-
olumn variance, and injection cycle time, in combination with a
ufficiently high upper pressure limit and data acquisition rate.
n this context, since 2004 a new generation of instruments has
een commercialized by numerous providers to meet these strict
equirements. These recent instruments are not equivalent and
heir specific characteristics may  differ. As example, dwell volume
aries from ca. 100 to more than 800 �l, the extra-column variance
s usually comprised from 1 to 25 �l2, while the upper pressure
imit is included within the range 600–1300 bar. Moreover, some
f the current UHPLC systems might be hardly compatible with
tate-of-the-art stationary phases. In addition, because the column
echnology evolves very rapidly, even the best LC instrument on
he market could appear as insufficient in some cases. For instance,
hort narrow bore columns packed with 1.3 �m core–shell par-
icles were recently released and appear as a good strategy for
ltra-fast separations. However, the upper pressure limit and the
xtra-column variance of even the latest state-of-the-art commer-
ially available UHPLC system are clearly insufficient to reach the
ull performance of such column technology. Similar limitations
re observed when using a short column of 1 mm I.D. packed with
ub-2 �m particles. Such column dimension is particularly useful
o reduce the mobile phase and the sample consumption, but also
o increase the compatibility with ESI-MS devices or reduce the
rictional heating effects observed under very high pressure condi-
ions. Once more, the dwell volume and the extra-column variance
f current UHPLC systems are clearly too high to reach ultra-fast
eparations with high plate count on a 1 mm I.D. column [28]. Nev-
rtheless, it is possible to bring some modifications to a commercial
nstrument to improve its performance but it is not recommended

hen working in a regulated environment, such as pharmaceutical
ndustry.

It is important to notice here that nano-UHPLC systems, compat-

ble with pressure up to 600 bar, have also been commercialized.
hey permit to work with columns of 50–100 �m I.D. However,
uch instruments are mostly dedicated to the proteomic field which
equires high resolution and long analysis times. Such systems
Biomedical Analysis 87 (2014) 105– 119 117

would be incompatible with fast or ultra-fast separations, because
of unsuitable dwell volumes or extra-column volumes, and are
therefore out of the scope of the present review.

In conclusion, the column technology is nowadays evolving
faster than the LC instrumentation. In this sense, there is a need
to develop even better instrument than the current ones, including
lower system dwell volume, reduced extra-column variance, faster
injection cycle time, and higher upper pressure limit. However, all
these improvements must not reduce the reliability, the sensitiv-
ity, the precision and the safety of existing systems, due to the high
number of samples that have to be routinely analyzed in a strict
regulated environment.
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