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a  b  s  t  r  a  c  t

The  separation  of  large  biomolecules  such  as  proteins  or monoclonal  antibodies  (mAbs)  by  RPLC  can  be
drastically  enhanced  thanks  to the  use  of  columns  packed  with  wide-pore  porous  sub-2  �m  particles  or
shell particles.  In this  context,  a  new  wide-pore  core–shell  material  has  been  recently  released  under  the
trademark  Aeris  WIDEPORE.  It is made  of  a  3.2 �m  solid  inner  core  surrounded  by  a  0.2  �m  porous  layer
(total  particle  size  of  3.6  �m). The  aim  of this  study  was to evaluate  the  performance  of this  new  mate-
rial,  compare  it to other  recently  developed  and  older  conventional  wide-pore  columns  and  demonstrate
its  applicability  to real-life  separations  of proteins  and  mAbs.  At  first,  the  traditional  hmin values  of  the
Aeris  WIDEPORE  column  were  determined  for small  model  compounds.  The  hmin values  were  equal  to
1.7–1.8  and  1.4  for the  2.1  and  4.6 mm  I.D.  columns,  respectively,  which  are  in  agreement  with  the  values
reported  for  other  core–shell  materials.  In  the  case  of a small  protein  Insulin  (5.7  kDa),  the  achievable
lowest  h value  was  below  2 and  this  impressive  result  confirms  that  the  Aeris  WIDEPORE  material  should
be dedicated  to protein  analysis.  This  column  was  then  compared  with  five  other  commercially  available
wide-pore  and  medium-pore  stationary  phases,  in the  gradient  elution  mode,  using  various  flow  rates,
gradient  steepness  and  model  proteins  of  MW  = 5.7–66.8  kDa.  The  Aeris  WIDEPORE  material  often  pro-

vided  the  best  performance,  in  terms  of peak  capacity,  peak  capacity  per  time  and  pressure  unit  (PPT)  and
also based  on  the gradient  kinetic  plot  representation.  Finally,  real  separations  of  filgrastim  (18.8  kDa)
and its  oxidized  and  reduced  forms  were  performed  on  the  different  columns  and  the  Aeris  WIDEPORE
material  provided  the most  impressive  performance  (peak  capacity  >  100  for  tgrad <  6 min).  Last  but  not
least,  this  new  material  was  also  evaluated  on digested  and  reduced  mAb  and  powerful,  high-throughput
separations  were  also attained.
. Introduction

Columns of sub-3 �m superficially porous particles (also known
s core–shell, fused-core or porous shell particles) recently have
ad significant impact on the liquid chromatographic separation of
mall molecules. The success of columns packed with these par-

icles is mostly based on their comparable efficiency to that of
olumns made with sub-2 �m fully porous particles, but at about
ne-half operating pressure [1–6]. Superficially porous particles
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manifest the advantages of porous and some benefit of nonporous
particles. Several types of the new generation of superficially
porous materials are now commercially available (5 �m,  2.7 �m,
2.6 �m and 1.7 �m)  [7].  The kinetic efficiency of columns packed
with these shell particles is improved when the porous shell thick-
ness is decreased. However, the optimum shell thickness in reality
is likely to be a compromise between efficiency, sample loading
capacity and analyte retention. Now it seems that the structure of
the last generation of shell-particles is very close to its optimum in
terms of the column efficiency and loadability.

Recent development and commercialization of the latest gener-
ation of core–shell columns have not included media with pore
sizes of around 300 Å, which are regarded essential for macro-
molecule separations. However, a 160 Å packing was introduced in

2010 by Advanced Material Technology (AMT) and Sigma–Aldrich
under the brand names of Halo Peptide ES-C18 and Ascentis Express
Peptide ES-C18, respectively [8,9]. These particles have the same
physical dimensions as the Halo or Ascentis Express particles
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pplied for small molecule analyses, but with a larger average pore
ize of about 160 Å allowing for the unrestricted access of molecules
p to about 15,000 Da, depending on the molecular conformation
10]. In a recent study, Kirkland et al. compared the efficiency per-
ormance of the 160 Å Halo Peptide ES-C18 column to the original
0 Å Halo-C18 column for mixtures of peptides and small pro-
eins [8].  The smaller peptides eluted with equivalent efficiency
rom both columns. However the small proteins (i.e. ribonuclease,
nsulin, cytochrome c and lysozyme) with MW ranging between 5.7
nd 14.6 kDa showed broadened peaks on the 90 Å Halo-C18 col-
mn, indicating restricted diffusion, but narrow peaks on the 160 Å
alo Peptide ES-C18 column. Gritti and Guiochon also investigated

he performance of the new 160 Å Halo Peptide ES material [9].
heir results confirmed that the Halo Peptide ES column, designed
o resolve mixtures of large molecules, provided markedly better
inetic performance than the first generation of Halo particles did.
he physico-chemical explanations for these observations might
ot necessarily be those anticipated during the design of this new
acking material. Indeed, the initial incentive was to increase the
esopore size in order to reduce the hindrance to diffusion through

he porous shells of the particles. Successfully enough, the sam-
le diffusivity in the porous shells was increased. However, their
esults also proved that the trans-particle mass transfer resistance
erm is not the limiting kinetic factor that controls the solid–liquid

ass transfer resistance in Halo particles. According to Gritti and
uiochon, the van Deemter C term (associated with mass transfer

esistance) of large molecules is mostly accounted for by a slow
xternal film mass transfer [9].  It seems that the improvement
n the column efficiency for large molecules could be related to
he easier access of their molecules to the internal volume. The
mprovement in column performance is also due to the reduced
ddy dispersion term (A term) of the Halo Peptide ES 160 Å col-
mn, which is 25% smaller than that of the first generation of Halo
0 Å column (as for small analytes). This diminution of the A term
mphasizes the important role of sample diffusivity through par-
icles in the relaxation of radial concentration gradients caused
y short-range inter-channel and trans-column velocity biases [9].
ow, a 3.6 �m core–shell material has been recently launched by
henomenex under the name of Aeris WIDEPORE. As an alternative
o core–shell particles, columns packed with wide pore sub-2 �m
ully porous particles are commercially available (Waters Acquity
EH300) and showed excellent performance in peptide and protein
eparations [11].

The aim of this study was to perform a critical evaluation of
he practical possibilities and limitations of this new commercially
vailable wide pore core–shell material. Isocratic measurements
ere performed with small molecular weight test analytes (estra-
iol and ivermectin) and with insulin in order to assess the
chievable reduced plate height minimum values of this new col-
mn. Two column dimensions (2.1 mm and 4.6 mm I.D.) were
ompared in terms of isocratic column efficiency.

The kinetic performance of this new column was also investi-
ated and compared in gradient elution mode. Peak capacities of
ix 150 mm × 2.1 mm columns (all C18 stationary phases), packed
ith conventional 5 and 3 �m wide pore (300 Å) fully porous, sub-

 �m wide pore (300 Å) and intermediate pore size (175 Å) fully
orous, 2.7 �m 160 Å and 3.6 �m wide pore superficially porous
articles were obtained and investigated for protein separations.

ntact proteins (5.7–66.8 kDa) and monoclonal antibody fragments
10–50 kDa) were separated in gradient mode at elevated temper-
ture (T = 50 ◦C and 75 ◦C). The effect of flow rate and gradient time
n the peak capacity and achievable separation time was studied

nd the potential of the six columns in protein separation was com-
ared. Peak capacity plots, peak capacity per time unit and pressure
nit plots as well as gradient kinetic plots were obtained and com-
ared. Finally, some practical real-life examples are also shown,
 A 1236 (2012) 177– 188

and present the potential of the new wide pore superficially porous
packing for protein separation.

2. Experimental

2.1. Chemicals, columns

Acetonitrile and methanol (gradient grade) were purchased
from Sigma–Aldrich. Water was obtained with a Milli-Q Purifica-
tion System from Millipore (Bedford, MA,  USA). Relatively small
MW neutral analytes as real-life pharmaceutical compounds,
model proteins and an IgG1 monoclonal antibody (and its frag-
ments) were used as test probes. Estradiol (estra-1,3,5(10)-triene-
3,17-diol, MW = 272 g/mol), was  purchased from Sigma–Aldrich
(Budapest, Hungary). Ivermectin (22,23-dihydroavermectin B1a,
MW = 875 g/mol) was purchased from Bioastralis (Smitfield,
Australia). All of the test proteins such as insulin (from
bovine pancreas, MW ∼ 5.7 kDa), cytochrome-c (from horse
heart, MW ∼ 12.4 kDa) myoglobin (from equine skeletal muscle,
MW ∼ 17.7 kDa) and bovine serum albumin (BSA, MW ∼ 66.8 kDa)
were purchased from Sigma–Aldrich (Buchs, Switzerland). Recom-
binant human granulocyte-colony stimulating factor (G-CSF or fil-
grastim, MW ∼ 18.8 kDa) was obtained from Amgen (Switzerland).
IgG monoclonal antibody (MW  ∼ 150 kDa) was  purchased from
Roche (Roche Pharma, Switzerland). For fragmenting the mon-
oclonal antibody, dithiothreitol (DTT) and papain (from Carica
papaya) were obtained from Sigma–Aldrich (Buchs, Switzerland).
Trifluoroacetic acid (TFA), 30% hydrogen peroxide and methionine
were purchased from Sigma–Aldrich (Buchs, Switzerland).

An Agilent Zorbax 300SB-C18 5 �m (150 mm × 2.1 mm)  col-
umn  was  obtained from Agilent Technologies (Santa Clara, CA,
USA). A Phenomenex Jupiter 3 �m C18 300 Å (150 mm × 2.0 mm)
column was  purchased from Phenomenex Inc (Torrance, CA,
USA). An Acquity BEH-300 C18 column with a particle size of
1.7 �m (150 mm  × 2.1 mm,  300 Å) was  purchased from Waters
(Milford, MA,  USA). Hypersil Gold C18 column with a parti-
cle size of 1.9 �m (150 mm × 2.1 mm,  175 Å) was  a gift from
Thermo (Runcorn, UK). Ascentis Express Peptide ES C18 column
(150 mm × 2.1 mm,  160 Å) was purchased from Sigma–Aldrich. The
new Aeris WIDEPORE C18 columns packed with 3.6 �m core–shell
particles (150 mm × 2.1 mm and 150 mm × 4.6 mm,  300 Å) were
generous gift from Phenomenex Inc (Torrance, CA, USA).

2.2. Equipment, software

All measurements were performed using a Waters Acquity
UPLCTM system equipped with a binary solvent delivery pump,
an autosampler and an UV detector. The Waters Acquity system
includes a 5 �L sample loop and a 0.5 �L flow-cell. The loop is
directly connected to the injection switching valve (there is no
needle seat capillary). The connection tube between the injector
and column inlet was  0.13 mm I.D. and 250 mm long (passive pre-
heating included), and the capillary located between the column
and detector was 0.10 mm I.D. and 150 mm long. The overall extra-
column volume (Vext) is about 13 �L as measured from the injection
seat of the auto-sampler to the detector cell. The measured dwell
volume is 100 �L. The extra-column variance of the system was
measured by injecting one of the small test analytes (estradiol)
with a zero-dead-volume connector instead of the column at each
flow rate and in the same mobile phase [12]. The extra-column
peak dispersion (�2

ec) was  determined in �L2 according to both

the half height and moment method [12]. The plate height values
obtained with half-height and moment method were slightly dif-
ferent because of the asymmetrical peak shapes obtained in the
absence of a column. The average extra-column peak variance of
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ur system was found to be around �2
ec∼5 − 6 �L2. Data acquisition

nd instrument control was performed by Empower Pro 2 Software
Waters).

Calculation and data transferring to obtain h–� (reduced plate
eight versus reduced linear velocity), peak capacity and kinetic
lots was achieved by using a home made Excel template. The

east square non-linear curve fitting the experimental data was
erformed using the solver function of MS  Excel.

.3. Apparatus and methodology

.3.1. Sample preparation and mobile phase composition
The isocratic mobile phase consisted of 80/20 (v/v%)

ater/acetonitrile for estradiol and 25/75 (v/v%) water/acetonitrile
or ivermectin. For measuring the isocratic column efficiency for a
arge analyte (insulin) a mixture of water (0.1% TFA)/acetonitrile
0.1% TFA) 70/30 (v/v%) and 71/29 (v/v%) were used as mobile
hase (at 50 ◦C and 35 ◦C, respectively) for the Aeris WIDEPORE
tandard bore (150 mm × 4.6 mm)  column while the mobile phase
ompositions were 69/31 and 71/29 (v/v%) for the narrow bore
150 mm × 2.1 mm)  column (at 50 ◦C and 35 ◦C, respectively). For
he gradient separation of proteins the mobile phase “A” was
.1% TFA in water while the mobile phase “B” was  0.1% TFA in
cetonitrile.

The stock solutions of estradiol and ivermectin were prepared
n methanol (1000 �g/ml). The solutions for the chromatographic
uns were diluted from the stock solutions with the mobile phase.
he final concentration of the test solutions was 10 �g/ml. The stock
olution of insulin was made in water (10,000 �g/ml). The injected
olutions were diluted with water (100 �g/ml).

The stock solutions of model proteins were prepared in water
1000 �g/ml) except insulin which was dissolved in 80/20 (v/v%)
ater/acetonitrile (0.1% TFA) solvent. The stock solutions were son-

cated for 0.5 min  in ultrasonic bath then homogenized (for 5 s with
ortex mixer). After that, aliquots of stock solutions of each solute
ere transferred into low volume insert of sample vial and diluted

o 100 �g/ml with water.
The intact filgrastim was directly injected as received (Neu-

ogen concentrated solution 0.3 mg/ml). Reduced and oxidized
rotein samples were prepared to evaluate the performance of
he Aeris WIDEPORE column in real-life protein separations. The
ntramolecular disulphide bonds of filgrastim were reduced by
dding a small amount of dithiothreitol (DTT) to its solution and
ncubating at 30 ◦C for 60 min. The oxidation of methionine residues

ith hydrogen peroxide was relatively fast in the case of this pro-
ein. Oxidation of methionine residues results in alterations of
he protein structure that affect the apparent molecular size and
olarity, thus oxidized forms should be separated from the native
olecule. The oxidation was performed by adding 2% (v/v) hydro-

en peroxide (30%) to the protein solution, and after a 3 h long
ncubation time (at 30 ◦C) the oxidation was stopped by adding
.5 mg  methionine to the solution.

The IgG monoclonal antibody also has intramolecular disulfide
onds which were reduced with DTT. 0.05 mg  of DDT was added to
00 �L protein solution (10 mg/ml) then it was incubated at 30 ◦C
or 60 min. The protein was completely converted to the light chain
nd heavy chain components of the antibody.

Papain is a thiol protease that cleaves IgG antibodies at the heavy
hain hinge region into three fragments, one Fc and two  identical
ab fragments [13–15]. The digestion of the IgG antibody was  initi-

ted by the addition of papain (diluted to 100 �g/ml with water) to
ive a final protein:enzyme ratio of 100:1 (m/m%), the final diges-
ion volume was 200 �L (in low volume insert of sample vial) [13].
he digestion was carried out at 40 ◦C for 2.5 h. After the digestion
 A 1236 (2012) 177– 188 179

a small amount of DTT was  added to the solution and incubated at
30 ◦C for 60 min  to create reduced fragments of 10–25 kDa.

2.3.2. Evaluating the column efficiency
At first, the efficiency of standard (4.6 mm I.D.) and narrow bore

(2.1 mm I.D.) Aeris WIDEPORE 150 mm long columns were inves-
tigated by constructing their Knox plots and by estimating their
reduced plate height minimum values (hmin) [16]. The following
equations were used for the calculations:

h = A�1/3 + B

�
+ C� (1)

h = H

dp
(2)

� = udp

DM
(3)

where H is the theoretical plate height, dp the particle size of the
column packing material, u the chromatographic linear velocity of
the mobile phase, DM the analyte diffusion coefficient and A–C are
constants accounting for band broadening. The A coefficient repre-
sents the eddy dispersion, the B term the longitudinal diffusion and
the C parameter is related to mass transfer resistances. The analyte
diffusion coefficients of estradiol and ivermectin were calculated
with the Wilke–Chang equation [17], and the diffusion coefficient
of insulin was taken from literature [9].

A  small volume (1 �L) of different molecular weight compounds
such as estradiol, ivermectin and insulin was  injected during the
flow study. Estradiol was eluted with water/acetonitrile 80/20 (v/v),
ivermectin was eluted with water/acetonitrile 25/75 (v/v), and
insulin was eluted with water (0.1% TFA)/acetonitrile (0.1% TFA)
69/31, 70/30 and 71/29 (v/v). The column temperature was  set to
35 ◦C for all three analytes, except that insulin was  also tested at
50 ◦C.

Three consecutive injections were performed at each flow rate
and the average peak width was used for further calculation. The
measured plate height values were corrected for extra column band
broadening.

Real-life protein separations are carried out in gradient elution
mode at elevated temperatures. Since our purpose was  to study
the column performance under real conditions, gradient protein
separations were performed under various conditions to evaluate
the performance of the new Aeris WIDEPORE column and com-
pare its potential to that of other commercially available columns.
Preliminary scouting gradients were performed to find out the opti-
mal  gradient condition that can be applied for the comparative
study. According to the first results, a linear gradient from 30%
B to 70% B provided reasonable retention on all columns. During
the systematic comparative measurements, the volume fractions
of acetonitrile at the beginning and end of the gradient were set
constant to 30% and 70%, respectively (�� = 0.40). Each gradient
run was  followed by column re-equilibration (at the end of each
gradient run, the mobile phase composition was held at 70% B for
0.5 min, then the initial gradient condition was reset and run for
2 min  to re-equilibrate the system for the next injection).

For peak capacity measurements, the solvent strength was
varied linearly with gradient times ranging from 10 to 110 min
(tg = 10, 30, 50, 70, 90 and 110 min). The peak capacity of each
column was investigated at two  different chromatographic lin-
ear velocities (u = 0.12 and 0.19 cm/s, equivalent to F = 0.25 and
0.40 ml/min, which are commonly used flow rates with 2.1 mm I.D.
columns). The columns were thermostated at 50 ◦C. The injected

volume was  1 �L (partial loop with needle overfill mode), and UV
detection at 210 nm (20 Hz) was  applied (20 Hz data acquisition
rate was  found to be sufficient since the sharpest peaks eluted
with ∼4 s baseline peak width). Since all experimental parameters
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ave been kept constant, these conditions can be used to effec-
ively compare the peak capacity of the six 150 mm  long narrow
ore columns in gradient separation of proteins. For both linear
elocities, six different gradient times tg were applied to allow a
irect comparison of the peak capacity (nP) and peak capacity per
ime unit and pressure unit (PPT) of the six columns at different
radient analysis time. A total of 72 experiments were performed,
orresponding to two different linear velocities, six different
radient times and six different columns. In gradient elution mode,
he samples focus at the inlet of the column, therefore only the
ontribution of the connecting tube after the column and the
etector cell contribute to the peak broadening. This extra-column
eak variance in gradient elution mode was found to be negligible.

Peak capacity is a concept first described by Giddings [18] and
oon put to good use by Horvath for gradient chromatography [19].
t is a measure of the separation power that includes the entire chro-

atographic space together with the variability of the peak width
ver the chromatogram. The general expression for peak capacity
nc) in liquid chromatography, assuming unit resolution between
he successively eluted peaks can be written as [20]:

c = 1 +
∫ tF

tI

1
4�

dt (4)

here tI is the retention time of the first eluted peak, tF is the reten-
ion time of the last eluted peak, dt is a dummy  time variable, and �
s the time standard deviation of a peak. For the practical compari-
on of different columns in gradient elution mode, several different
xperimental formulas are often used [21–25].  In this study, peak
apacities were experimentally determined from the gradient time
tg) and the average measured peak width at 50% height (W50%). The
ollowing equation was used to estimate the peak capacity based on
eak width at 4�, corresponding to a resolution of Rs = 1 between
onsecutive peaks:

c = 1 + tg

1.7 · w50%
(5)

n order to avoid the imprecision associated with the measurement
f peak widths at base for proteins often containing closely related
ariants (i.e. for a heterogeneous sample) the peak width at half
eight was preferred in this study. This way, the impurities present

n the sample and partially resolved from the main component did
ot confuse the measurement.

The peak width of different sized proteins can be significantly
ifferent, therefore to present real-life examples, only the peak
idth of one protein peak was considered for the calculations. It

hows the cases of real-life separations when generally the same
r very similar molecular weight proteins are separated (e.g. native
orm, oxidized forms, deamidated forms or reduced forms). Calcu-
ations were performed for medium size and large proteins and
eak capacity versus gradient time plots were constructed (see
ection 3.2).

The column performance also depends on column permeability
Kv) and retention time, the latter being related to column dead time
nd gradient time. Therefore, peak capacity plots do not give infor-
ation about the achievable separation time, but only about the

eachable peak widths. By analogy to Knox’s separation impedance
oncept [17], similar representation of kinetic performance can be
onstructed by calculating the peak capacity per unit time and per
nit pressure values, according to the next formula [26]:

PT = nc

tg · �P
(6)
here PPT is the peak capacity per unit time and per unit pressure
alue, tg is the gradient run time and �P  is the column pressure
rop. Plots of PPT as a function of gradient steepness (in logarithmic
cale) were constructed to compare the “separation impedance”
 A 1236 (2012) 177– 188

of the different columns when the experimental conditions corre-
spond to different gradient steepness at constant flow rate.

The opposite case, when the flow rate is changed but the gradi-
ent steepness is kept constant can be easily presented in gradient
kinetic plots. Different gradient kinetic plots have been presented
by Wang et al., Zhang et al., Haddad et al. and Ruta et al. but these
types of plots were obtained by using a computerized optimiza-
tion algorithm [27–30].  For constructing the gradient kinetic plots,
the recently introduced simple method of the Desmet group was
applied [31,32]. The gradient steepness was  kept constant during
the measurements of gradient van Deemter like curves for the dif-
ferent columns. The steepness was  chosen as ˇt0 = 3 which is a
good starting point for 150 mm long narrow bore columns (  ̌ is the
time steepness of the gradient, t0 is the column dead time). This
gradient steepness corresponds for example to a 15 min  long gra-
dient at 0.3 ml/min flow rate. The linear velocity was  varied from
0.024 up to 0.265 cm/s (u0 = 0.024, 0.048, 0.072, 0.096, 0.120, 0.144,
0.169, 0.193, 0.217, 0.241 and 0.265 cm/s), while the gradient time
was set accordingly (tg = 90, 45, 30, 22.5, 18, 15, 12.9, 11.3, 10, 9
and 8.2 min, respectively), to achieve similar gradient steepness.
The columns were thermostated at 50 ◦C during these measure-
ments. The column permeability was determined by the following
equation:

Kv = u0 · � · L

�P
(7)

where Kv is column permeability, u0 is velocity of unretained
species, L is column length and � is the maximum mobile phase vis-
cosity during the gradient program (� = 0.76 cP). Permeability data
were obtained after correction for the system pressure drop. The
column dead time (t0) was  calculated as:

t0 = �Pmax

�

(
Kv

u2
0

)
(8)

where �Pmax is related to the column mechanical stability (or
instrument limitation in terms of maximum operational pressure).
Peak capacity was calculated on the basis of observed gradient
plate counts (Nobs) and retention time according to the method of
Broeckhoven et al. [31]. Then, the t0 versus peak capacity plots were
constructed to compare the achievable analysis time at constant
gradient steepness.

3. Results and discussion

3.1. Comparison of the achievable plate heights obtained with
narrow bore and standard bore Aeris WIDEPORE columns

The kinetic properties of the columns of two different diame-
ters were evaluated based on Knox plots obtained with estradiol,
ivermectin and insulin as test analytes.

The Aeris WIDEPORE packing material is available in both con-
ventional (4.6 mm and 3 mm I.D.) and narrow-bore (2.1 mm I.D.)
columns. It is a general observation that the efficiency of the former
tends to be markedly higher than that of the latter. It was shown
that the landmark performance of columns packed with the Kine-
tex 2.6 �m particles (another core–shell material) is only limited
to the standard bore column (4.6 mm  I.D.). However, when packed
in a narrow bore format (2.1 mm I.D.), the reduced plate height of
1.8 and 1.9 were the minimum achieved [4,33].  This suggests that
the packing of narrow bore columns does not provide compara-
ble packed bed homogeneity to that of the standard bore columns.
Gritti and Guiochon studied the mass transfer kinetics of the Kine-

tex 1.7 �m C18 packed in a 2.1 mm I.D. column, and the minimum
reduced plate height above 2.0 was  obtained [34]. This provides fur-
ther suggestion that the problematic situation of packing narrow
bore columns is compounded when the packing materials are finer
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uch as the sub-2 �m particles. According to Gritti and Guiochon,
he difference in efficiency is accounted for by the contribution to
he column H of the long-range eddy diffusion term which is larger
ith 2.1 than in the 4.6 mm I.D. columns [35]. While the associ-

ted relative velocity biases are of comparable magnitude in both
ypes of columns, the characteristic radial diffusion lengths are of
he order of 100 and 40 �m in the wall regions of narrow-bore and
onventional columns, respectively [35].

In this study, reduced plate height minimum values of hmin = 1.8
nd 1.7 were observed with the narrow bore Aeris WIDEPORE col-
mn  by injecting small analytes (estradiol and ivermectin) (Fig. 1A
nd B). With the same test analytes, a hmin of 1.4 was achieved
ith the standard 4.6 mm I.D. Aeris WIDEPORE column. These

alues slightly differ from those previously reported for Kinetex
olumns (dp = 2.6 �m,  0.35 �m shell thickness, 100 Å) [4]. Theoret-
cally, the diameter of the solid core and the thickness of the shell or
he external diameter of the particle characterizes the chromato-
raphic properties of the packing material, therefore lower reduced
late height minimum is expected with the Aeris WIDEPORE, since
he ratio of the radii of the solid core (Ri) to that of the parti-
le (Re) is � = Ri/Re = 1.57/1.80 = 0.87 while � = 0.73 for the Kinetex
aterial (the average shell thickness of 0.23 �m for Aeris material
as taken from Phenomenex on the basis of personal discussion).
ccording to some recent modelling, a reduced plate height mini-
um  of around or under hmin = 1.0 is expected for particles having

ore–shell structure with � = 0.87 [36,37]. In practice, the expected
fficiency of Aeris WIDEPORE column in isocratic mode (for small
nalytes) was significantly lower than in theory. However, the nar-
ow bore Aeris WIDEPORE column provided lower reduced plate
eight minimum values than the Kinetex 2.6 �m or 1.7 �m mate-
ials packed into narrow bore columns. It is necessary to mention
hat this discussion ignores the fact that the two materials are dif-
erent not only in particle size and particle structure but also in
hell morphology and surface roughness.

The performance of Aeris WIDEPORE in protein separations is
f more interest since this material was dedicated for the analysis
f large molecules. Fig. 1C shows the obtained h–� plots for insulin.
oth the standard and narrow bore Aeris WIDEPORE columns
emonstrated impressive reduced plate height values. Even if it

s difficult to attain the �opt value with such a large compound, less
han hmin = 2.0 reduced plate heights were observed with both the
tandard and narrow bore Aeris WIDEPORE columns at reduced lin-
ar velocities � < 4 (u < 0.02 cm/s). It is noteworthy that at elevated
emperature both columns gave significantly better performance.
pproximately 20–30% gain in efficiency in the C-term region of

he Knox curves was observed when the columns were operated
t 50 ◦C compared to 35 ◦C, due to improved diffusion at elevated
emperature (DM proportional to the ration T/�).

.2. Protein separation, peak capacity, the effect of gradient
teepness

When it comes to separate high molecular weight compounds,
hich have low diffusivity, the column performance is mostly
etermined by the mass transfer resistance. Recent work suggests
hat the improvement in mass transfer of the current generation of
hell particles can be mostly explained by the reduction in external
lm mass transfer resistance and not by the reduction in transpar-
icle mass transfer resistance [9].  Increasing the shell porosity
ccessible to proteins accelerates the mass transfer through the sta-
ionary film surrounding the shell particles. According to a recent
tudy of Gritti and Guiochon, the external film mass transfer resis-

ance controls more than 90% of the solid–liquid mass transfer
esistance of proteins [9].  The external film transfer becomes slower
ith decreasing access to the internal volume. Therefore, theoret-

cally efficient protein separation requires fine shell type particles
 A 1236 (2012) 177– 188 181

having large porosity, large average pore size and decreased shell
thickness.

In the following section, a systematic study presents the peak
capacity of two columns packed with wide pore conventional fully
porous particles, two columns packed with sub-2 �m fully porous
particles (175 and 300 Å), one column packed with the new 3.6 �m
wide-pore shell particles and one column of 2.7 �m 160 Å shell
particles in gradient protein separations. The column dimensions
were identical (150 mm  × 2.1 mm)  and all of them were made with
C18 material. This methodical comparison allows us to study the
effect of both pore size and particle structure (fully porous or
shell type) on the performance in gradient separation mode. In
practice, proteins are separated in gradient elution mode at ele-
vated temperature. Elevated temperature is beneficial because it
decreases the secondary interactions between residual silanols and
positively charged biomolecules. Moreover, the use of high temper-
atures strongly enhances analyte diffusion [38,39]. Furthermore,
ion-pairing reagents such as TFA should be preferentially added to
the mobile phase in order to increase the efficiency of protein sep-
aration [40–42]. For the reason of emulating real-life separations,
we applied 50 ◦C as column temperature, added 0.1% TFA into the
mobile phase and used gradient spans between 10 and 110 min
which are fairly common in the current practice. The test solution
was a mixture of model proteins (insulin, cytochrome c, myoglobin
and BSA) having different molecular weights comprised between
5.7 and 66.8 kDa.

The influence of the gradient steepness and linear velocity on
column performance was investigated under several gradient elu-
tion conditions. These experimental variables are directly related
to the mobile phase flow-rate and the gradient time duration which
are often used to adjust a proper separation in practical every day
work. The former has a direct influence on the peak width while
gradient duration plays an important role on the resolution under
gradient conditions as it affects the retention factor of the solute
in the mobile phase composition upon elution. The peak capac-
ity of 150 mm long narrow bore Aeris WIDEPORE C18, Ascentis
Express Peptide ES C18, Waters BEH300 C18 Hypersil Gold C18,
Zorbax 300SB C18 and Jupiter C18 columns were calculated and
plotted against the gradient time (tg = 10–110 min, in 20 min  incre-
ments) according to Eq. (5) at two  different flow rates (F = 0.25
and 0.40 ml/min) (Fig. 2). These results illustrate how significantly
the experimental conditions affect the peak capacity of core–shell
and fully porous materials as well as demonstrate significant dif-
ferences in column performance when proteins are separated. It
should be stressed that these conditions are not meant to max-
imize the peak capacity for any particular column or compound
as sometimes higher peak capacity can be achieved by choosing
longer gradient times. Instead, we  merely wanted to identify a set of
conditions that allows a fair comparison within a practically accept-
able time frame, for the 150 mm  long narrow bore columns used
in this study. Peak capacity and separation impedance values were
calculated and compared based on the peak widths of proteins of
different molecular size.

3.2.1. Performance with a small protein (insulin, 5.7 kDa)
The six columns gave very similar peak capacity values for the

smallest protein (data not shown). This means that all of the six
columns are suitable for the separation of small proteins with suf-
ficient efficiency. Particles with both 160 and 175 Å nominal pore
sizes are adequate for the separation of proteins smaller than 6 kDa
(approx. 30–35 Å  in size, depending on the protein structure). The

peak capacity reached nc = 600 with a 110 min  long gradient time
on the Acquity BEH300 and Aeris WIDEPORE columns and about
nc ∼ 550 with the Peptide ES and Jupiter columns. The Hypersil Gold
column gave nc ∼ 500 while the Zorbax 300SB column performed
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Fig. 1. Reduced plate height versus reduced linear velocity plots of 3.6 �m core–shell type (Aeris WIDEPORE) column. Experiments were conducted on 150 mm long narrow
bore  (2.1 mm)  and standard bore (4.6 mm)  columns. Test analytes: estradiol (A), ivermectin (B) and insulin (C). Estradiol was eluted with acetonitrile/water 20/80 (v/v),
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vermectin was  eluted with acetonitrile/water 75/25 (v/v), and insulin was  eluted w
n  the case of estradiol and ivermectin and both 35 ◦C and 50 ◦C for insulin. Injected

c ∼ 460. The maximum of the peak capacity was not reached even
ith a 110 min  long gradient time.

.2.2. Performance with a moderate size protein (myoglobin,
7.7 kDa)

Fig. 2A shows the obtained peak capacity as a function of gradi-
nt time with myoglobin as test protein at a relatively low flow rate
0.25 ml/min). The fully porous 175 Å sub-2 �m packing (Hyper-
il Gold) seems to be inappropriate for the separation of such a
arge protein (17.7 kDa). A maximum peak capacity of nc ∼ 200

as reached with the 110 min  long gradient. The column packed
ith particles having similar pore size but shell structure (Peptide

S) provided significantly better peak capacity for this protein. In
pite of the fact that the manufacturer of this column states that
his material is suitable only for small proteins (molecular weights
elow 15 kDa), this column performs approximately 1.8 times bet-
er in term of peak capacity compared to the column packed with
imilar pore sized fully porous very fine particles. Obviously, the
hell structure is a benefit in protein separations although some
ecent results suggest that the intraparticle mass transfer is not as

 significant contributor to the total mass transfer process, as pre-
iously thought [9].  According to this study, the external film mass

ransfer is supposed to be the dominant contributor to the total

ass transfer. This contribution is dependent on the particle diam-
ter. According to the theory, approximately the same efficiency
ould be expected with these 2.7 �m shell type and 1.9 �m fully
etonitrile (0.1% TFA)/water (0.1% TFA) 30/70 (v/v). The temperature was set to 35 ◦C
e: 0.5 �L.

porous material, if the access of the molecules to the pore is unre-
stricted. Probably the explanation of this different behaviour lies in
different pore structure (such as pore size distribution) of the two
materials. Further work is in progress to characterize and compare
the six packing materials investigated in this study with respect
to their pore size distribution, particle size distribution and total
porosity in order to better interpret these observations.

The 3.6 �m wide-pore shell type column and the 300 Å fully
porous 1.7 �m column provide very similar peak capacities in the
case of the 17.7 kDa protein. This observation is in agreement
with theoretical expectations. By applying a 90 min long gradient
nc = 438 and nc = 458 were achieved with the Aeris WIDEPORE and
Acquity BEH300 columns, respectively, which was very impressive
for such a large protein. It is interesting that the peak capacity did
not reach its maximum with the Acquity wide pore column even
with a 110 min  long gradient while the Aeris WIDEPORE column
reached its maximum performance at 70–75 min gradient time
(nc,max = 445, it corresponds to a gradient steepness of  ̌ = 0.53%
B/min). If we  consider that the column permeability of the Aeris
WIDEPORE (3.6 �m)  is significantly higher than that of a column
packed with sub-2 �m material, and since this column generates
very similar peak capacity, it is easy to conclude that considerably

faster separations can be achieved with the Aeris WIDEPORE than
with the Acquity BEH300 column.

With the conventional 5 �m material (Zorbax), a maximum
peak capacity of nc ∼ 260 was reached with the 110 min  long
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Fig. 2. Peak capacity plots of Myoglobin at 0.25 ml/min (A) and at 0.40 ml/min (B) flow rate, and of BSA at 0.25 ml/min (C) and at 0.40 ml/min (D) flow rate. Columns: Aeris
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IDEPORE C18 (150 mm × 2.1 mm),  Acquity BEH300 C18 (150 mm × 2.1 mm),  Asce
orbax 300SB C18 (150 mm × 2.1 mm)  and Jupiter C18 (150 mm × 2.0 mm).  Tempera
obile  phase B: 0.1% TFA in acetonitrile. Gradient: from 30% to 70% B with varying 

radient while the 3 �m wide pore conventional column (i.e.
upiter) provided significantly higher peak capacity (nc ∼ 370). In
his comparison the Jupiter 3 �m fully porous and the shell type
eptide ES columns have shown very similar performance.

Fig. 3A shows the peak capacity per pressure and time unit
PPT) values as a function of the gradient steepness. In this type
f presentation, the higher the PPT value, the lower the “separa-
ion impedance” is. These plots illustrate that the fastest separation
an be achieved with the Aeris WIDEPORE column. However, the
eris WIDEPORE reached its limitation in terms of peak capacity

Fig. 2A), therefore whenever a separation requires very high peak
apacity values (nc > 445) the Acquity BEH300 column should be

 better option. The “separation impedance” of Zorbax and Jupiter
olumns is practically identical and noteworthy in this type of com-
arison, because of their high permeability. The Ascentis Express
eptide ES and Acquity BEH300 columns provides similar sepa-
ation impedance, while the Hypersil Gold column presents the
ighest “separation impedance” in this comparison because of its

ow permeability and poor peak capacity with large biomolecules.
When the flow rate was elevated to 0.4 ml/min, the Acquity

EH300 column significantly outperforms the other columns based
n peak capacity only (Fig. 2B). There was a remarkable loss in peak
apacity at 0.4 ml/min compared to 0.25 ml/min in the case of Aeris

IDEPORE column of about 25%, while this decrease was only 5%
ith the Hypersil Gold column and it was nearly negligible with

he Acquity BEH300, Ascentis Express Peptide ES, Zorbax 300SB
nd Jupiter columns. The significant efficiency loss of Aeris WIDE-

ORE column can be probably explained with its relatively large
article size (dp = 3.6 �m),  since the optimum in linear velocity and
he contribution of the mass transfer resistance to the total H is a
unction of particle diameter. Possibly 0.4 ml/min was far above the
xpress Peptide ES C18 (150 mm × 2.1 mm),  Hypersil Gold C18 (150 mm × 2.1 mm),
 50 ◦C, injected volume: 1 �L, detection: 210 nm.  Mobile phase A: 0.1% TFA in water,
nt times.

optimum mobile phase velocity with this particle size. At
0.4 ml/min the Acquity BEH300 column gives 20% higher peak
capacity than the Aeris WIDEPORE column for the moderate size
protein myoglobin. If the column permeability is considered too,
the Aeris WIDEPORE column still offers the chance of the fastest
separation (Fig. 3B) if the required peak capacity was nc < 380
(Fig. 2B).

3.2.3. Performance with a large protein (BSA, 66.8 kDa)
The efficient separation of large proteins is always a great chal-

lenge. Large proteins are typically not homogeneous, may adopt
numerous different conformations (possibly related to micro-
heterogeneity which manifest itself as various isoforms), and
undergo posttranslational modifications. This extensive sample
complexity can manifest itself in chromatography in the form of
broadened peaks. Moreover, the unrestricted access of such large
proteins to pores is always an additional issue.

Fig. 2C shows the peak capacity plots of BSA obtained at
0.25 ml/min flow rate. In this case, the new Aeris WIDEPORE
column outperforms all the other columns. The latter provides
10–15% and 7–20% higher peak capacity than the Acquity BEH300
and Jupiter, respectively. The kinetic performance of Ascentis
Express Peptide ES, Hypersil Gold and Zorbax columns was very
similar in this comparison. These three columns gave approxi-
mately half the peak capacity of the Aeris WIDEPORE column. In
case of the Peptide ES and Hypersil Gold columns, exclusion of this
large molecule from pores is highly probable since the average pore

size is only 160 Å and 175 Å, respectively. All of the tested columns
reached their maximum performance within the investigated
gradient span range. The PPT plots of BSA demonstrate that in case
of large proteins such as BSA, the Aeris WIDEPORE column should
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Fig. 3. Gradient separation impedance (peak capacity per time unit and per pressure unit versus gradient steepness) plots of Myoglobin at 0.25 ml/min (A) and at 0.40 ml/min
( menta
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B)  flow rate, and of BSA at 0.25 ml/min (C) and at 0.40 ml/min (D) flow rate. Experi

rovide the fastest separation (Fig. 3C). The advantage of the Aeris

IDEPORE column was more significant for large protein sepa-

ations. Fig. 4 shows the chromatograms of BSA obtained on the
eris WIDEPORE, Acquity BEH300 and Ascentis Express Peptide ES

ig. 4. Zoomed chromatograms of BSA. Columns: (1) Aeris WIDEPORE C18
150 mm × 2.1 mm),  (2) Acquity BEH300 C18 (150 mm × 2.1 mm),  and (3) Ascentis
xpress Peptide ES C18 (150 mm × 2.1 mm). Temperature: 50 ◦C, injected volume:

 �L, detection: 210 nm.  Mobile phase A: 0.1% TFA in water, mobile phase B: 0.1%
FA  in acetonitrile. Gradient steepness:  ̌ = 4%�B/min.
l conditions as specified in Fig. 2.

columns at the flow rate of 0.25 ml/min. Obviously the Aeris WIDE-
PORE column produces the most symmetrical and the sharpest
peak.

As the flow rate was increased to 0.4 ml/min, the Aeris WIDE-
PORE, Ascentis Express Peptide ES and Hypersil Gold column lose
approximately 20% peak capacity compared to 0.25 ml/min. The
loss in peak capacity was around 10–15% with the conventional
columns (Zorbax and Jupiter) while the observed efficiency loss
with the Acquity BEH300 column was only around 2–3% (Fig. 2D).
Both the Acquity and Jupiter columns outperform the Aeris WIDE-
PORE when long, flat gradients were used (ˇ < 0.5, or gradient time
was longer than 65 min  in this case). But, when the separation speed
was also important, the use of Aeris WIDEPORE column was  still
more beneficial. It can be seen in Fig. 3D that the Aeris WIDEPORE
column gives higher PPT values than all the other columns.

It is noteworthy that the maximum peak capacity values
dropped drastically for all columns (60–85% loss) in case of the BSA
compared to myoglobin. With the applied conditions, when gradi-
ent steepness was varied between  ̌ = 0.36 and 4.00, the observed
maximum peak capacity of BSA was only around nc ∼ 90–100 (for
the Aeris WIDEPORE, Acquity BEH300 and Jupiter 150 mm  long
columns).

As a conclusion, we  can state that the Aeris WIDEPORE column
is very advantageous for the separation of large proteins. Faster
separations can be achieved with the Aeris compared to the other
columns. However, it is necessary to note that the Aeris WIDE-
PORE column losses its efficiency – as the mobile phase velocity
is increased – more drastically than columns packed with conven-

tional fully porous, sub-3 or sub-2 �m particles such as the Zorbax,
Jupiter, Acquity BEH300 or Peptide ES column. For this reason, it
would be interesting to have an Aeris WIDEPORE material with a
lower particle size than 3.6 �m.
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.3. Protein separations, gradient kinetic plots and the effect of
ow rate

The effect of mobile phase flow rate on the peak capacity was
tudied in more detail by means of gradient kinetic plots [27–32].

ith the help of gradient kinetic plots it is easy to map  the peak
idth against mobile phase flow rate at constant gradient steep-
ess. In our study, a general gradient steepness was  chosen at
t0 = 3. The kinetic performance of columns was mapped by mea-
uring the observed plate counts at 11 different flow rates (and the
orresponding gradient times). These experiments allow to com-
are the achievable maximum separation speed on the different
olumns taking into account both their permeability and mechani-
al stability (maximum allowable operational pressure). However,
his strategy can be applied only for one value of the gradient steep-
ess at a time, which is the limitation of this approach.

In this work, a mixture of model proteins including insulin,
ytochrome c and BSA was injected. Three different gradient kinetic
lots were constructed on the basis of the observed peak width of
he three different proteins. In this way it is possible to evaluate the
olumn efficiency for different cases, when small (insulin), medium
ize (cytochrome c) or large proteins (BSA) have to be separated.

Fig. 5 shows the obtained gradient kinetic plots of t0 versus peak
apacity. The permeability of the compared columns was assessed
rom the experimental column pressure (�P).

The plots in Fig. 5A show that the peak capacity produced by
he six tested columns was reasonably similar in the case of a
mall protein such as insulin (as the curves lie very close to each
ther). However, in the range of low peak capacity values (nc < 250)
he separation was faster with the Aeris WIDEPORE column, while
or separations requiring high peak capacity (nc > 250) the Ascen-
is Express Peptide ES column offers the fastest separation. As
n example, if we want to have a peak capacity of nc = 200 and
f we assume a gradient retention of ke = 5, the separation will
ake 29 min  with the Aeris WIDEPORE, 33 min  with the Ascentis
xpress Peptide ES, 40 min  with the Acquity BEH300, 50 min with
he Hypersil Gold and approximately 65 min  with the Jupiter and
orbax columns.

It is necessary to mention that the mechanical stability of the
olumn has an important consequence on the minimum achievable
eparation time. Nominally, the Aeris WIDEPORE column is stable
p to 600 bar while the Acquity BEH300 is stable up to 1000 bar.
he BEH300 column generates approximately 4-times higher back
ressure than the Aeris WIDEPORE column, it has only 1.7 times
igher mechanical stability than the Aeris WIDEPORE one. There-

ore, when equivalent peak widths were generated by the two
olumns, the Aeris WIDEPORE could achieve a 2.4-times faster sep-
ration, if the maximum performance was utilized.

In the case of medium size proteins such as cytochrome c, the
mportance of pore size becomes more critical. In this case, the
00 Å Acquity and Aeris WIDEPORE materials clearly outperform
he medium pore (175 Å and 160 Å) and conventional wide pore
olumns (Fig. 5B). In the peak capacity range of nc = 60–150, the
cquity BEH300 and Aeris WIDEPORE columns provide equivalent
fficiency, but when the separation demands high peak capacity,
he use of Aeris WIDEPORE column is more practical since it offers
ignificantly shorter analysis time at its maximal operating pres-
ure.

In the case of large proteins such as BSA (Fig. 5C), the difference
n column performance was more evident. All of the investi-
ated columns generated relatively low kinetic performance. By
pplying this particular gradient steepness, only nc = 40–100 can

e achieved. The Aeris WIDEPORE column provides the highest
eak capacity and the shortest analysis whenever the separation
equires peak capacities of nc > 30. However, whenever fast separa-
ion is desired (in the range of high flow rates), the Acquity BEH300
 A 1236 (2012) 177– 188 185

column outperforms the Aeris WIDEPORE column. This proba-
bly can be explained by the relatively large particle size of Aeris
WIDEPORE (dp = 3.6 �m).  Most likely the optimum linear velocity
is considerably higher in the case of the 1.7 �m Acquity BEH300
material than it is with the 3.6 �m Aeris WIDEPORE. Another obser-
vation is that the 175 Å fully porous sub-2 �m porous material
is evidently not suitable for the separation of large proteins. The
columns packed with 2.7 �m shell particles having similar nom-
inal pore size (160 Å), can provide 5–8 times faster separations
than the fully porous 1.9 �m material. Therefore, the shell structure
plays an important role in the mass transfer of large proteins and
seems to be exceptionally advantageous. Surprisingly, the conven-
tional wide pore 3 �m Jupiter column offers similar analysis time
as the Acquity column. The performance of 5 �m wide pore packing
(Zorbax 300SB) was  also very close to the performance of Ascentis
Express Peptide ES column in this comparison.

3.4. Real-life examples

3.4.1. Separation of closely related proteins
Characterization of a biological product, conducted by appro-

priate analytical techniques, provides information on efficiency of
expression and efficacy of purification procedures [43]. Accord-
ing to European Pharmacopoeia (Ph.Eur.) monograph for filgrastim
concentrated solution, product related impurities are divided into
following groups: (a) impurities with molecular masses higher than
that of filgrastim; (b) impurities with molecular masses differing
from that of filgrastim; (c) impurities with charges differing from
that of filgrastim; and (d) other filgrastim related proteins [44]. Fil-
grastim is used to treat neutropenia (low neutrophils blood count),
by stimulating the bone marrow to increase production of neu-
trophils. Causes of neutropenia include chemotherapy and bone
marrow transplantation. The pharmacopoeia suggests a 60 min
long reversed-phase separation for quantifying the oxidized forms
of the filgrastim. Several other reversed-phase methods can be
found in the literature on the separation of these oxidized forms
[45,46].

In this section, the kinetic performance of the six columns
was compared in terms of their peak capacity when a fast gradi-
ent separation was used to separate filgrastim related proteins.
The chromatographic conditions were optimized by a systematic
variation of the gradient span and steepness, and of the column
temperature and flow rate. It was found that a fast 6.5 min  long
gradient was  appropriate to separate the filgrastim related oxi-
dized and reduced proteins on all six 150 mm long narrow bore
columns. Actually, the Hypersil Gold and Zorbax SB300 columns
failed to separate the four oxidized forms. In these conditions,
the Aeris WIDEPORE column provided the highest peak capacity
(nc = 114). The peak capacity obtained with Acquity BEH300 was
comparable (nc = 103) while the Peptide ES, Jupiter, Zorbax 300SB
and Hypersil Gold columns provided significantly lower efficiency
(nc = 87, 76, 72 and 50, respectively). Fig. 6 shows the represen-
tative chromatograms of filgrastim related proteins obtained with
the Aeris WIDEPORE and Acquity BEH300 columns. Since filgrastim
is a popular recombinant biosimilar product (also commercialized
under the brand names Neupogen, Graffel, Religrast, Nugraf, Shyl-
grast, Neukine, Emgrast, Amoytop filgrastim), this method can be
applied in the bio-pharmaceutical industry in the long-term sta-
bility testing for the analysis of product related protein impurities
or degradants. The advantage of this method was the short analy-
sis time and its very high separation power compared to the other
RP-HPLC methods reported in the literature.
3.4.2. Separation of monoclonal antibody fragments
The use of RP-HPLC as an analytical tool for monitoring

intact monoclonal antibodies (mAbs) has been limited because
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Fig. 5. Gradient kinetic plots of insulin (A), cytochrome C (B) and BSA (C). Columns: Aeris WIDEPORE C18 (150 mm × 2.1 mm,  max  pressure drop: 600 bar), Acquity BEH300 C18
(150  mm × 2.1 mm,  max pressure drop: 1000 bar), Ascentis Express Peptide ES C18 (150 mm × 2.1 mm,  max  pressure drop: 600 bar), Hypersil Gold C18 (150 mm × 2.1 mm,  max
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ressure drop: 1000 bar), Zorbax 300SB C18 (150 mm × 2.1 mm,  max  pressure drop
0 ◦C, injected volume: 1 �L, detection: 210 nm.  Mobile phase A: 0.1% TFA in water,
radient: from 30% to 70% B, gradient steepness ˇt0 = 3.

f the complex and hydrophobic nature of these very large
acromolecules [47]. However, efforts in developing reversed-

hase method for antibody characterization recently demonstrated
cceptable recovery, peak shape and minimal column interac-
ions for several IgG1 antibodies [48]. In addition, antibodies
isplay intrinsic heterogeneity with respect to glycosylation, frag-

entation, oxidation, deamidation, pyroglutamate, truncation,

nd disulfide shuffling [49–52].  Therefore, there is a need to
mprove the chromatographic analysis of these antibodies and
o resolve the variants and degradants associated with antibody

ig. 6. Comparative chromatograms of filgrastim related proteins obtained with Aeris WI
lgrastim, chromatogram 2: oxidized forms, chromatogram 3: reduced form. Conditions
ate:  300 �L/min, gradient: 45–65% B in 6.5 min, temp: 80 ◦C, injected volume: 2 �L, dete
ar) and Jupiter C18 (150 mm × 2.0 mm,  max pressure drop: 400 bar). Temperature:
le phase B: 0.1% TFA in acetonitrile. Maximum viscosity of mobile phase � = 0.76 cP.

heterogeneity and stability. In this section, the performance of the
new Aeris WIDEPORE column is presented in monoclonal antibody
separation.

In many cases, antibody heterogeneity is related to conforma-
tional isoforms of equivalent molecular weight. The reduction of
the disulfide bonds and then, the subsequent RP-HPLC separation

of the resulted fragments is a commonly used test to determine
whether the conformational variants are disulfide-related or not
[47]. The IgG antibody was reduced with DTT and chromatographic
conditions were optimized to resolve as many variants as possible

DEPORE and Acquity BEH300 150 mm × 2.1 mm columns. Chromatogram 1: native
: Mobile phase A: 0.1% TFA in water, mobile phase B: 0.1% TFA in acetonitrile, flow
ction at 210 nm.
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Fig. 7. Representative chromatogram of reduced IgG monoclonal antibody (50 and
25  kDa fragments). Conditions: Mobile phase A: 0.1% TFA in water, mobile phase
B
t
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:  0.1% TFA in acetonitrile, flow rate: 250 �L/min, gradient: 30–37% B in 8 min,
emp: 75 ◦C, injected volume: 0.5 �L, detection at 280 nm,  column: AERIS WIDEPORE
50 mm × 2.1 mm,  3.6 �m.

ithin reasonable analysis time. A relatively steep (0.88% B/min),
ast gradient (8 min) at elevated temperature (75 ◦C) provided an
fficient separation of the antibody fragments. The obtained chro-
atogram of the resulted light chain (LC) and heavy chain (HC)

ragments is presented in Fig. 7. The separation power of the Aeris
IDEPORE column allows us to observe several variants of both

he LC and HC.
Another typical method in antibody analysis is papain diges-

ion. Papain cleaves IgG antibodies into three fragments (two Fab
ragments and one Fc fragment). Generally, ion exchange chro-

atographic methods are used to resolve the Fab and Fc variants.
n this example, the Fab and Fc fragments were reduced to generate
maller (10–25 kDa) fragments. Reversed-phase conditions were
ptimized, and we conclude that this type of RP-HPLC fragment

apping can be a useful tool in the pharmaceutical industry and

an be applied for comparability studies in the field of biosimilar
roduct development. Fig. 8 shows a representative chromatogram
f RP-HPLC antibody fragment mapping by using the new Aeris

ig. 8. Representative chromatogram of IgG monoclonal antibody fragment map
10 and 25 kDa fragments). Conditions: Mobile phase A: 0.1% TFA in water, mobile
hase B: 0.1% TFA in acetonitrile, flow rate: 250 �L/min, gradient: 28–36% B in 8 min,
emp: 75 ◦C, injected volume: 0.5 �L, detection at 280 nm,  column: AERIS WIDEPORE
50 mm × 2.1 mm,  3.6 �m.
 A 1236 (2012) 177– 188 187

WIDEPORE column. An 8 min  long steep gradient (1% B/min) at
elevated temperature (75 ◦C) can separate several variants of the
antibody fragments.

4. Conclusion

In this study, the new wide-pore core–shell material recently
released by Phenomenex under the trademark Aeris WIDEPORE
was evaluated. This material possesses an average particle size of
3.6 �m,  a porous layer of ∼0.2 �m (the porous layer represents only
34% of the total particle volume) and pores large enough to be suit-
able for protein analysis. This new chromatographic support was
evaluated using some usual chromatographic figures of merit in
the isocratic (hmin) and gradient elution modes (peak capacity and
peak capacity per time and pressure units). Its performance was
compared with those of the Waters Acquity BEH300 C18 1.7 �m
porous particles, Hypersil GOLD C18 175 Å 1.9 �m porous parti-
cles, Ascentis Express Peptide ES C18 160 Å 2.7 �m shell particles
and conventional wide pore Zorbax SB300 5 �m as well as Jupiter
3 �m fully porous particles.

First of all, some small model drugs (MW  < 1000 Da) were
selected and the hmin values of 2.1 and 4.6 mm I.D. Aeris WIDE-
PORE columns were determined. The values were equal to 1.4 and
1.7–1.8 for the 4.6 and 2.1 mm I.D. columns, respectively. These
values are close to those often reported in the literature for shell
particles. The 4.6 mm  I.D. columns are always presenting a better
packing quality. The achievable lowest h values were also deter-
mined for insulin (5.7 kDa) at 35 and 50 ◦C. More surprisingly, the
observed values were below 2 whatever the column I.D. and tem-
perature. This demonstrates the potential of the Aeris WIDEPORE
material for protein separations.

Since real-life separations of proteins are always performed in
the gradient elution mode, the performance of the six different
150 mm narrow bore columns was  evaluated under such conditions
using the model proteins, insulin, cytochrome c, myoglobin and
BSA, with molecular weights comprised between 5.7 and 66.8 kDa.
In a first instance, the peak capacities were calculated at two dif-
ferent flow rates, 0.25 and 0.4 ml/min for various gradient times
between 10 and 110 min. It appears that the Aeris WIDEPORE and
Acquity materials showed higher separation power than the other
columns for large proteins but provided similar efficiency for small
proteins such as insulin. It has to be noted that the Peptide ES and
Hypersil Gold columns were not designed for medium/large pro-
tein analysis. At elevated flow rates or with long gradient times,
the Acquity material often outperformed the other columns. How-
ever, due to the very low backpressure generated by the 3.6 �m
core–shell particles, the Aeris WIDEPORE material surpasses the
other columns based on peak capacity per time and pressure unit,
whatever the mobile phase flow rate and gradient steepness. Addi-
tionally, the effect of mobile phase flow rate on peak capacity
was studied in more detail by means of the gradient kinetic plot
methodology. The behaviour of the six columns was found to be
very similar for the small protein insulin (5.7 kDa) while the dif-
ference between columns becomes more and more evident when
increasing the size of the model proteins. Finally, for the two largest
proteins, namely cytochrome c (12.4 kDa) and BSA (66.8 kDa); the
Acquity BEH300, Aeris WIDEPORE and Jupiter materials proved to
be significantly better than the other stationary phases.

The different columns were also evaluated for the separation
of real-life samples of filgrastim (18.8 kDa) and its oxidized and
reduced forms. As expected, the performance of the six columns

could be ranked in the following order: Aeris WIDEPORE > Acquity
BEH300 > Peptide ES > Jupiter > Zorbax 300SB > Hypersil Gold, for
this separation. This confirms the theoretical investigations ini-
tially performed. The Aeris WIDEPORE material was  also tested for
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he analysis of reduced as well as digested mAb. Some impressive
eparations in less than 7 and 10 min  were, respectively, attained.

Finally, this column packed with 3.6 �m particles can be com-
atible with a conventional HPLC instrumentation in terms of
ressure providing that extra-column and system dwell volumes
re minimized or if a last generation of HPLC instrument is
onsidered. In addition, because of the reasonable backpressure
enerated, a preparative column would be interesting to purify
omplex protein samples with high throughput.
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