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a b s t r a c t

The influence of the pore size of a chromatographic reversed phase material on the adsorption equi-
libria and diffusion of two industrially relevant peptides (i.e. a small synthetic peptide and insulin) has
been studied using seven different reversed phase HPLC materials having pore sizes ranging from 90 Å to
300 Å. The stationary phase pore size distribution was obtained by inverse size exclusion measurement
(iSEC). The effect of the pore size on the mass transfer properties of the materials was evaluated from
Van Deemter experiments. It has been shown that the lumped mass transfer coefficient increases linearly
with the average pore size. The Henry coefficient and the impurity selectivity were determined in diluted
conditions. The saturation capacity of the main peptides was determined in overloaded conditions using
the inverse method (i.e. peak fitting). It was shown that the adsorption equilibria of the peptides on
eptide
urface area

the seven materials is well described by a surface-specific adsorption isotherm. Based on this a lumped
kinetic model has been developed to model the elution profile of the two peptides in overloaded condi-
tions and to simulate the purification of the peptide from its crude mixture. It has been found that the
separation of insulin from its main impurity (i.e. desamido-insulin) was not affected by the pore size.
On the other hand, in the case of the synthetic peptide, it was found that the adsorption of the most
significant impurity decreases with the pore size. This decrease is probably due to an increase in silanol

ore s
activity with decreasing p

. Introduction

Among the chromatographic techniques, reversed-phase high-
erformance liquid chromatography (RP-HPLC) is the method of
hoice for peptide purification. In reversed-phase chromatography,
very broad range of stationary phases is available. These can be
ade of different materials (e.g. silica based, polymer based, silica

ased with a polymer coating. . .) and they can have different pore
ize, particle size and functionalization. The broad range of sur-
ace chemistry available on the market is very important to allow
electing the phase providing the best selectivity for the molecule
f interest. On the other hand, the pore size and the particle size

re very important factor influencing the analyte diffusion in the
orous particle and therefore the peak broadening process.

The effect of the pore size on the resolution in diluted condi-
ions is relatively well understood. In general, the diffusion inside
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the porous particle is enhanced by increasing values of the ratio
between pore size and molecule size [1]. Sands et al. have investi-
gated the effect of the pore size on the resolution of small molecules
and peptides in diluted conditions [2]. More recently, Gritti et al.
have compared the efficiency of columns packed with partially and
totally porous particle both in diluted [3] and overloaded condi-
tions [4]. They have shown that the adsorption equilibria on these
two different materials are very similar if the adsorption is normal-
ized by the accessible surface area. Several authors have suggested
the use of surface concentration to describe the adsorption process
in chromatography [2,4–8]. The main advantage of this normaliza-
tion is that it enables to compare stationary phases with different
surface areas provided that they have the same surface chemistry.

In this work, the effect of the pore size on the adsorption equi-
libria and diffusion of two industrially relevant peptides has been
studied. The stationary phases pore size distribution was obtained
from iSEC measurements. The effect of the pore size on the mass

transfer inside the particle has been evaluated from Van Deemter
experiments. The surface-specific Henry coefficient and saturation
capacity of the main peptides were determined. The results were
then implemented in a lumped kinetic model including a surface-
specific adsorption isotherm. This model was able to account for

dx.doi.org/10.1016/j.chroma.2011.03.008
http://www.sciencedirect.com/science/journal/00219673
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ifferences in the stationary phase pore size. It was used to predict
he elution profile and the separation of the peptide from its main
mpurities and to compare the performances of stationary phases
xhibiting different pore sizes but identical chemical composition.

. Theory

.1. Model of the chromatographic column

In chromatography, the lumped kinetic model is very often used
o quantify processes under overloaded conditions. The mass bal-
nce of this model for a solute i is written as follow [9]:

∂ci

∂t
+ ˚i

∂qi

∂t
+ ulin

∂ci

∂z
= DL,i

∂2ci

∂z2
(1)

here ci and qi are the concentrations of component i in the mobile
nd in the adsorbed phase respectively; z and t are the spatial and
ime coordinate; ulin is the linear mobile phase velocity; DL is the
xial dispersion coefficient and ˚i is the phase ratio. The mass
ransport between stationary and mobile phases is described using
he solid film linear driving force model:

∂qi

∂t
= kM,i(qeq,i − qi) (2)

here kM,i is the lumped mass transfer coefficient and qeq,i is the
oncentration of component i adsorbed in equilibrium with the
mount in the mobile phase, i.e. ci.

In Eq. (1), the term ˚i(∂qi/∂t) represents the accumulation of
omponent i in the adsorbed phase in terms of mass per unit time
nd unit liquid volume. Therefore, its units are mg s−1 mL−1. In
hromatography, the amount of component i adsorbed qi is typ-
cally referred to the solid volume. Its units are mg mL−1 and the
hase ratio units are mL mL−1. The phase ratio represents therefore
he ratio between the solid and the liquid phase volume:

i = VS,i

VL,i
= 1 − εi

εi
(3)

Actually, the retention is driven by the adsorption and partition-
ng of the solute on the alkyl layer on top of the stationary phase
urface [10]. The amount adsorbed is therefore proportional to the
urface accessible for adsorption and not to the solid phase vol-
me accessible [11]. By normalizing the amount of component i
dsorbed by the surface accessible for adsorption, one obtains a
eaningful quantity that can be used to quantify and compare

dsorption equilibria on different materials. In this case, the units of
i become mg m−2 and the units of the phase ratio become m2 mL−1.
he phase ratio represents therefore the ratio between the surface
vailable for adsorption and the liquid phase volume:

i = Sacc,i

εi · Vc
(4)

In this manuscript, the former approach will be named the
olume-specific approach and the latter one will be named the
urface-specific approach. It is important to mention that all
he equations introduced in this manuscript are valid for both
pproaches. However, the units of the different parameters might
iffer between the two approaches.

.2. Retention in diluted conditions

By assuming infinitely fast mass transfer and negligible axial

ispersion, Eq. (1) can be simplified into the mass balance of the

deal model of chromatography:

1 + ˚i
∂qeq,i

∂ci

)
∂ci

∂t
+ ulin

∂ci

∂z
= 0 (5)
1218 (2011) 2912–2922 2913

The retention time for a certain concentration can be found
by solving the previous differential equation with the method of
characteristics [12]:

tR,i(ci) = t0,i

(
1 + ˚i

∂qeq,i

∂ci

∣∣∣∣
ci

)
(6)

If c ≈ 0, the initial slope of the adsorption isotherm (i.e. Henry
coefficient) can be obtained from the measured retention time:

tR,i(c) = t0,i (1 + ˚iHi) (7)

The latter is related to the retention factor, k′
i
, by the following

equation:

k′
i = ˚iHi (8)

Note that the Henry coefficient obtained from Eq. (7) will be
volume-specific if the volume-specific phase ratio is used and it
will be surface-specific if the surface-specific phase ratio is used.

2.3. Mass transfer limitation

Using the results of Lapidus and Amundson [13], Van Deemter
et al. have obtained the solution of Eq. (1) for an impulse injec-
tion assuming a Gaussian concentration profile [14]. This result was
then used to define the height equivalent to a theoretical plate:

HETPi = 2DL,i

ulin
+ 2

(
k′

i

1 + k′
i

)2
ulin

k′
i
kM,i

(9)

The axial dispersion coefficient, DL,i, is given by:

DL,i = �DM,i + �ulinεidP

εb
= �DM,i + Keddy,i · ulin (10)

where DM,i is the molecular diffusion coefficient, Keddy is the eddy
diffusion parameter, dp is the particle size, εb is the bed porosity
and � and � are empirical parameters. The first term in Eq. (10) is
related to the molecular diffusion and the second term to the eddy
diffusion. The eddy diffusion parameter Keddy,i is related to the eddy
diffusion coefficient, Deddy,i as follows:

Deddy,i = Keddy,i · ulin (11)

It is important to note that Keddy,i is not a function of the mobile
phase flow rate, whereas Deddy,i increases with the flow rate. In liq-
uid chromatography, the mobile phase flow rate is relatively high
and the molecular diffusion is in general negligible (i.e. the first
term in Eq. (10)). In fact, considering that the molecular diffusion of
a peptide in water–acetonitrile is in the order of 10−6 cm2/s, the first
term in Eq. (10) is approximately equal to 7 × 10−7 cm2/s. The sta-
tionary phases used in this work have a particle diameter of 10 �m
and the linear velocity is always larger than 0.035 cm/s. The sec-
ond term in Eq. (10) is, therefore, ranging from 3 × 10−5 cm2/s to
2 × 10−4 cm2/s and it is dominant over the first one.

By neglecting the first term in Eq. (10) and by inserting the latter
in Eq. (9), the following equation is obtained:

HETPi = 2Keddy + 2

(
k′

i

1 + k′
i

)2
ulin

k′
i
kM

(12)

2.4. Pore size distribution

The pore size distribution (PSD) of chromatographic station-

ary phases has been studied by several authors [15–19]. The most
important techniques used to characterize the pore size geome-
try are inverse size exclusion chromatography, nitrogen adsorption
and mercury porosimetry. In this paper, the PSD has been charac-
terized by inverse size exclusion chromatography (iSEC), because
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Table 1
Name and properties of the stationary phase materials used in this study.

Material Particle size [�m] pore volume [cm3/g] Surface area [m2/g] Pore size [Å] carbon content [%] C18 density [�mol/m2]

Zeo100 10.7 0.37 216 89 17.5 2.5
Zeo120 10.7 0.41 159 133 16.9 3.5
Zeo150 10.7 0.42 156 138 16 3.2
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Zeo200 10.7 0.47 120
Kova120 9.8 0.43 193
Kova200 9.4 0.63 139
Kova300 9.3 0.69 109

t is the most suitable technique to investigate the stationary phase
tructure in conditions similar to the chromatographic conditions
i.e. in a packed column).

In iSEC, a set of standard polymer probes with defined molecular
ass and size are used to investigate the intra and extra particle

olume. The retention volume of each molecule i, VR,i, is measured
nder non-adsorbing conditions and the partition coefficient, KSEC,i

s calculated:

SEC,i = Vp,acc,i

Vp,total
= VR,i − Vb

VL,tot − Vb
(13)

here Vp,acc,i is the pore volume accessible for molecule i, Vp,total is
he total pore volume, VL,tot is the total liquid volume of the col-
mn and Vb is the volume of the interparticle void volume. KSEC,i
epresents the fraction of pore volume accessible for a molecule i.

In reversed phase chromatography, injection of polystyrene
tandard in pure dichloromethane is the method of choice for the
etermination of the PSD [15–17]. In those conditions, the radius of
he polystyrene standard, Ri, can be related to its molecular weight,

Wi, as follows [20]:

i = 0.621(MWi)
0.588 (14)

The pore size distribution of chromatographic stationary phases
an be typically represented with the log-normal distribution
4,18,19]:

(r) = 1
r

exp

[
−1

2

(
log(r/rp)

sp

)2
]

(15)

here f(r)dr represents the pore volume that has a cross-sectional

imension in the range between r and r + dr. The parameters rp

nd sp provide a measure of the average value and width of the
istribution, respectively.

In order now to relate the pore size distribution (Eq. (15)) to the
ore accessibility we need to introduce some assumption about

able 2
omposition of the buffers used in this study.

Experiment Buffer Composition

Synthetic peptide
purification

A1 TFA/H2O/AcN, 0.1/97.9/2 (v/v/v)
B1 TFA/H2O/AcN, 0.1/49.9/50 (v/v/v)

Synthetic peptide
analytics

A2 Triethylamine phosphate, pH 2.25
B2 A2/ Acetonitrile, 40/60 (v/v)

Insulin purification
A3 50 mM ammoniumacetate in 3.8%

EtOH at pH 4
B3 50 mM ammoniumacetate in 50% EtOH

at pH 4

Insulin analytics
A4 50 mM ammoniumacetate in 25.3%

EtOH at pH 4
B4 50 mM ammoniumacetate in 38% EtOH

at pH 4

Tanaka test

T1 MeOH/H2O, 80:20 (v/v)
T2 MeOH/H2O, 25.3:74.7 (v/v)
T3 MeOH/20 mM phosphate buffer at pH

2.7, 30:70 (v/v)
T4 MeOH/20 mM phosphate buffer at pH

7.6, 30:70 (v/v)
199 11.9 3.4
112 18.95 2.8
231 12.6 3.4
320 9.7 3.5

the pore geometry. Typically the pores are assumed to be cylindri-
cal and the probe to be spherical. However, other shapes have also
been considered [21]. In reality, the pores are much more irregular
and the geometry assumption used in iSEC cannot really describe
the actual pore heterogeneity. As a consequence, the iSEC results
cannot be considered in absolute terms, but they can be used to
compare different materials [19]. By modeling a spherical probe in
a cylindrical pore, it is possible to correlate the partitioning coeffi-
cient of a compound of radius rm,i with the pore size distribution:

KSEC,i(rm,i) = Vp,acc,i

Vp,total
=
∫ ∞

rm,i
f (r)(1 − (rm,i/r))2 dr∫ ∞

rmin
f (r)(1 − (rmin/r))2 dr

(16)

where rmin is the molecular radius of the smallest probe and
therefore of the smallest pores considered. Similarly the accessi-
ble surface area for a molecule i, Aacc,i, can be calculated by the
following equation:

Aacc,i(rm,i) =
∫ ∞

rm,i
2/r(1 − (rm,i/r))f (r) dr∫ ∞

rmin
f (r)(1 − (rmin/r))2 dr

(17)

3. Experimental

3.1. Chemicals

HPLC grade acetonitrile, phenol, benzylamine, butylbenzene,
amylbenzene, o-terphenyl, triphenylene and the polystyrene stan-
dard set were purchased from Sigma–Aldrich (Buchs, Switzerland).
HPLC grade ethanol was purchased from Scharlab (Barcelona,
Spain). HPLC grade methanol, orthophosphoric acid 85%, ammo-
nium acetate and ammonia solution 25% were purchased from
Merck (Darmstadt, Germany). Tri-fluoroacetic acid was purchased
from ACROS (Geel, Belgium). Caffeine was purchased from Alfa
Aesar (Karlsruhe, Germany). HPLC grade dichloromethane was pur-
chased from VWR (Leuven, Belgium) All the chemicals were used
without further purification. The deionized water was purified with
a Simpak2 unit (Millipore, MA, USA) before use.

The two peptides used in this work are a synthetic polypep-
tide crude mixture and a mixture of insulin and desmido-insulin
peptide. Insulin was purchased from Sigma–Aldrich (Buchs,
Switzerland). It was boiled in 0.01 M HCI at 40 ◦C for 1 day
to obtain about 5% of desamido-insulin in the mixture. The
synthetic polypeptide crude mixture is a 1.2 kDa polypep-
tide and is representative of an actual industrial product.
It was kindly donated by Genzyme pharmaceuticals (Liestal,
Switzerland).

3.2. Experimental setup and stationary phases
The experiments were carried out on an Agilent 1100 Series
HPLC, equipped with an auto-sampler, a diode array detector, an
online-degasser and a quaternary gradient pump. A Gilson FC 203B
fraction collector (Middleton, WI, USA) was connected at the outlet
of the HPLC to collect fractions during the peptide elution.
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Fig. 1. Elution volume of polystyrene standard as a function of the cubic root of
their molecular weight on the Kova120 material. Internal pore volume branch (dia-
monds), external void volume branch (triangles).
D. Gétaz et al. / J. Chromat

The stationary phases used in the study were provided by
eochem AG (Uetikon, Switzerland). They are listed in Table 1. The
aterials were produced starting with two different bare silicas

Zeo and Kova). The same derivatization was applied to all materi-
ls using a monofunctional C18-silane followed by an end-capping
ith a small silane. The packed columns have 25 cm length and

.46 cm internal diameter. The particle size was measured by laser
iffraction using a Malvern Mastersizer S long bed equipped with
ry powder feeder. The carbon content was obtained from ele-
ental analysis using a TruSpec CHN from LECO. The pore volume

nd the BET surface area were measured by nitrogen adsorption
n the functionalized material using a Micromeretics TriStar. The
ET surface area values were corrected to account for the different
rea occupied by a nitrogen molecule on a hydrophobic surface
Sreal = Smeasured · (20.6/16.2)) [6]. The pore volume was obtained
rom the desorption part of the nitrogen adsorption isotherm using
he BJH technique [22]. The pore size was calculated from the BET
urface area and the BJH pore volume assuming a cylindrical pore
eometry.

The Kromasil 100 A 5 �m C18 4.6 mm × 250 mm was obtained
rom EKA chemicals AB (Bohus, Sweden). It was used to
nalyze the purity of the peptide fractions collected dur-
ng the chromatographic experiments. The ZORBAX 300SB-C18
.6 mm × 150 mm was obtained from Agilent Technologies (Santa
lara, United States). It was used to analyze the purity of
he insulin fractions collected during the chromatographic
xperiments.

.3. Buffer and analytics

The buffers used in this work have the compositions listed in
able 2. To analyze synthetic peptide fractions collected during
verloaded experiments, a gradient from 34% B2 to 64% B2 was
arried out in 40 min on the Kromasil 100 A 5 �m C18 column at a
emperature of 55 ◦C. The UV response at 215 nm was recorded and
alibrated using samples of known peptide concentration.

To analyze insulin peptide fractions collected during overloaded
xperiments, a gradient from 33% B4 to 70% B4 was carried out
n 30 min on the ZORBAX 300SB-C18 column at a temperature of
0 ◦C. The UV response at 280 nm was recorded and calibrated using
amples of known insulin concentration.

.4. Tanaka test

The buffers used for the Tanaka test are listed in Table 2.
he amylbenzene–butylbenzene selectivity measurement gives
n estimate of the hydrophobic selectivity. The measurement is
erformed in mobile phase T1. The triphenylene-o-terphenyl selec-
ivity is a measurement of the steric selectivity. This test is also
arried out in mobile phase T1. The caffeine–phenol selectivity
easurement gives an estimate of the hydrogen bond capacity. It

s performed in mobile phase T2. The benzylamine–phenol selec-
ivity measurements at low and high pH are carried out in buffer
3 and T4, respectively. These measurements give an estimate of
he amount and acidity of the silanol groups. More details about
he Tanaka test can be found in [23,24].

. Results

.1. Pore size distribution
The retention volumes of polystyrene standard ranging from
00 to 2,000,000 g/mol were measured on all materials using
ure dichloromethane as eluent. The flow rate used for the poly-
ers having molecular weight ranging from 100 to 1,000,000 was
0.5 mL/min while for larger polymers it was 0.1 mL/min as sug-
gested by Guan-Sajonz and Guiochon [16]. A typical result is shown
in Fig. 1 for the material Kova120. It can be seen that the iSEC data
exhibit the classical two different behaviors corresponding to the
retention contribution of the internal pores (diamonds) and of the
external void volume (triangles). The bed porosity, εb, also referred
to as the external porosity, was obtained from the extrapolation
of the external void volume branch of the iSEC plot to MW1/3 = 0
[3]. The total column porosity, εtotal, was measured by pycnometry
using acetonitrile and dichloromethane. The results for the bed and
total column porosity are listed in Table 3. For all examined mate-
rials, it is seen that the bed porosity values are ranging from 0.37 to
0.4. These values are similar to the bed porosity values obtained by
Guan-Sajonz and Guiochon for commercially available silica-based
reversed phase material [16]. On the other hand, the total column
porosity tends to slightly increase with the pore size.

The partitioning coefficient for the different polystyrene stan-
dards was calculated using Eq. (13) and then fitted with Eqs. (15)
and (16). The fitting was done in Matlab® using the fmincon func-
tion [25]. The obtained values of the fitting parameters, i.e. rp and
sp, are reported in Table 3, while the comparison between exper-
imental and calculated values is shown in Fig. 2 for all materials
considered.

The porosity accessible for the two peptides considered in this
work can be calculated using Eq. (16) together with the size eval-
uation for the two peptides provided by the correlation of Young
et al. [26] and the stoke-Einstein equation as suggested by Gritti and
Guiochon [4] (i.e. Rpeptide = 9.5 Å and Rinsulin = 15.8Å). The obtained
values are compared in Table 3 with the corresponding experimen-
tal values measured in non-adsorbing conditions for all considered
materials [27]. It can be seen that the experimental porosity is
always lower than the calculated one. This underestimation of the
porosity measured under non-adsorbing conditions is due to the
electrostatic exclusion of the peptide from the pore and to the
strong accumulation of modifier in the pore, which is preventing
the peptide to access the entire porosity accessed by the neutral
polystyrene standard in the absence of modifier (i.e. the pore size
distribution was calibrated in pure dichloromethane) [27]. How-
ever, since these effects are also less prominent for the peptide
under adsorbing conditions (i.e. lower modifier concentration),
the calculated porosity obtained from iSEC measurements is more
representative of the porosity accessible to the peptide in these

conditions and therefore it has been used in the rest of this work.



2916 D. Gétaz et al. / J. Chromatogr. A 1218 (2011) 2912–2922

Table 3
column properties, Eq. (18) fitting parameters and porosities accessible to the synthetic peptide and insulin for all materials in Table 1.

Zeo100 Zeo120 Zeo150 Zeo200 Kova120 Kova200 Kova300

Material properties
εtotal [–] 0.61 0.62 0.62 0.64 0.61 0.69 0.71
εb [–] 0.40 0.38 0.37 0.37 0.37 0.37 0.38

Eq. (18) fitting parameters
rp [Å] 90.3 153.9 154.9 216.2 104.1 240.8 358.5
sp [–] 0.31 0.37 0.49 0.46 0.43 0.37 0.42

Porosity accessible to the
peptide

εpeptide,exp [–] 0.47 0.53 0.51 0.55 0.44 0.59 0.64
εpeptide,calc [–] 0.57 0.60 0.59 0.62 0.57 0.67 0.69

Porosity accessible to
insulin

εinsulin,exp [–] 0.48 0.51 0.52 0.56 0.48 0.59 0.63
εinsulin,calc [–] 0.55 0.58 0.57 0.61 0.54 0.65 0.68

erime
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Fig. 2. Partition coefficient of polystyrene standard measured exp

.2. Van Deemter measurement

The HETP of the synthetic peptide and insulin were cal-
ulated from their retention time, tR, and peak width at half
eight, w1/2, in weakly adsorbing conditions (k′ ≈ 3.2) as fol-

ows:

TP = 5.55 · t2
R

w2
(18)

ETP = Lc

NTP
(19)

here NTP is the number of theoretical plate and Lc is the

olumn length. The experimental HETP values were fitted with
q. (12) and the obtained values of the eddy diffusion param-
ter, Keddy, and mass transfer coefficient, km, are shown in
igs. 3 and 4, respectively. It can be seen that the eddy dif-
usion parameter of the peptides depend neither on the pore

ig. 3. Eddy diffusion parameter of the synthetic peptide and insulin as a function
f the average pore size of the various materials in Table 1.
ntally and fitted with Eq. (16) for the various materials in Table 1.

size nor on the peptide size. The differences observed between
the columns are most likely due to packing inhomogeneities.
On the other hand, the lumped mass transfer coefficient clearly
increases with increasing pore size and decreasing peptide size.
This is due to the fact that the pore diffusion is strongly depen-
dent on the ratio between the molecule and the pore size
[1].

4.3. Adsorption in diluted conditions

The retention factor of the synthetic peptide and insulin has
been measured on all columns and is shown in Fig. 5 as a function
of the modifier concentration, i.e. acetonitrile and ethanol respec-
tively. It can be seen that the retention factor of both peptides
increases with decreasing pore size. This increase can be explained
by an increase of the surface accessible for decreasing pore size. In
order to quantify this explanation, the experimental retention fac-
tors have been plotted in Fig. 6 as a function of the surface specific
phase ratio, ˚i. It is found that a linear behavior is obtained in all
cases and according to Eq. (8) the Henry coefficient is given for each
modifier concentration by the slope of the corresponding straight
line. The variation of the so obtained values of the surface-specific
Henry coefficient with the modifier concentration is nicely fitted in
Fig. 7 with the linear solvent strength theory:

log(Hi) = log(Hw,i) + miϕmod (20)

where Hi is the Henry coefficient of component i, ϕmod is the volume
fraction of the modifier and Hw,i and mi are fitting parameters.

4.4. Adsorption in overloaded conditions
Under overloaded conditions the adsorption isotherm of insulin
and the synthetic peptide becomes non linear. Both gradient and
isocratic overloaded chromatographic runs of the two peptides
were performed and the measured elution profiles were fitted using
the lumped kinetic model Eqs. (1) and (2) and a surface-specific
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Fig. 4. Mass transfer coefficient of the synthetic peptide and insulin as a function of the average pore size of the various materials in Table 1.

Fig. 5. Retention factor of the synthetic peptide and insulin as a function of the modifier concentration for all columns.

Fig. 6. Retention factor of the synthetic peptide and insulin as a function of the surface-specific phase ratio, ˚′i, given by Eq. (4) for all columns. Straight lines represent the
fitting with Eq. (8).

Fig. 7. Surface-specific Henry coefficient as a function of the modifier concentration. Straight lines represent fitting with Eq. (20). log(Hw,synthetic peptide) = 3.526 and
mi,synthetic peptide = −0.177; log(Hw,insulin) = 6.291 and mi,insulin = −0.2264.
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Fig. 8. Fitting of the experimental insulin overloaded

i-Langmuir isotherm:

eq.i = H1,ici

1 + (H1,i/qsat1,i)ci
+ H2,ici

1 + (H2,i/qsat2,i)ci
(21)

A bi-Langmuir isotherm was used to fit the elution profile in
rder to better reproduce the non-linearity of the elution pro-
les which could not be obtained using the Langmuir isotherm.

n this model two specific adsorption sites are considered. Their
orresponding Henry constants, H1,i and H2,i when added give the
verall Henry constant value Hi estimated through Eq. (8), i.e.
1,i + H2,i = Hi. Moreover it was assumed that H2,i follows the linear
olvent strength theory:
og(H2,i) = log(Hw2,i) + m2,iϕmod (22)

The saturation capacity of the two sites, qsat1,i and qsat2,i, was
llowed to vary with the Henry coefficient using the following sat-

able 4
xperimental conditions used in the overloaded experiments.

Zeo100

Synthetic peptide isocratic
experiment

Loading [g/L column] 2
Acetonitrile concentration [%B3] 46

Insulin isocratic
experiment

Loading [g/L column] 6
Ethanol concentration [%B3] 60

Synthetic peptide gradient
experiment

Loading [g/L column] 4.34
Starting gradient concentration [%B1] 20
Gradient slope [%B1·min−1] 0.5

Insulin gradient
experiment

Loading [g/L column] 7.6
Starting gradient concentration [%B3] 44.5
Gradient slope [%B3·min−1] 0.59
30 40 50
time [min]

n profiles with the surface specific adsorption model.

uration function:

qsat1,i = �1,iH1i

1 + (�1,i/q0
sat1,i

)H1i

(23)

where �1,i is a parameter describing the rate of variation of the
saturation capacity qsat1,i with the Henry coefficient of the first site,
H1,i and q0

sat1,i
is the maximum saturation capacity experienced

when the modifier concentration is very low and therefore the
Henry coefficient becomes very large. This is an empirical model
that we have to introduce to describe gradient experiments since
no theoretical model exists to describe the effect of the modifier
concentration on the saturation capacity. The fitting of Eq. (21)
to the overloaded elution profile was done in Matlab using the
Lester Ingber’s Adaptive Simulated Annealing gateway function

[28]. The experimental conditions of the overloaded experiments
used for the fitting are summarized in Table 4. The corresponding
experimental elution profiles are shown in Figs. 8 and 9 while the
estimated values of the fitting parameters, Hw2,i, m2,i, q0

sat1,i
, q0

sat2,i
,

�1,i and �2,i are listed in Table 5. It can be seen that the model is in

Zeo120 Zeo150 Zeo200 Kova120 Kova200 Kova300

2 2 2 2 2 2
44 44 43 43 43 42

- - - 6 6 6
- - - 58 56 55
4.34 4.34 4.34 4.34 4.34 4.34

18.2 18.5 17.1 20.2 16.9 15.1
0.5 0.5 0.5 0.5 0.5 0.5
7.6 7.6 7.6 7.6 7.6 7.6

43.2 43.4 42.3 44.6 42.2 40.7
0.59 0.59 0.59 0.59 0.59 0.59
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Fig. 9. Fitting of the experimental synthetic peptide overlo

ery good agreement with the experimental elution profiles, except
or the insulin elution on the Kova120. The reason for the slight mis-

atch observed in this case is not known. It is worth to mention
t this point that it is also possible to use a volume-specific bi-
angmuir adsorption isotherm to model the elution profile of the
wo peptides. However, the volume-specific adsorption isotherm
equires a complete set of isotherm parameters for each stationary
hase. In this section, the elution profiles of both peptides were suc-
essfully modeled on all columns with only one set of adsorption
arameters, by using a surface-specific adsorption isotherm (i.e. a
otal of 6 isotherm parameters were used per peptide). With this

odel, it is possible to predict the elution profile of the peptides
n any stationary phase knowing its surface-specific phase ratio,
s long as their chemical composition does not change.

.5. Performance in purification processes
As mentioned above, two purification problems were used to
nvestigate the effect of the pore size on the separation perfor-

ance in overloaded conditions: the purification of a synthetic
eptide from its crude mixture and the separation of insulin from
esamido-insulin. In order to make a fair comparison between the

able 5
arameters of the bi-Langmuir adsorption isotherm obtained by peak fitting.

Parameter Synthetic peptide Insulin

log(Hw,2) [–] 2.889 3.534
m2 [–] −0.176 −0.136
�1 [mg/mL] 31.86 211.7
q0

sat1,i
[mg/m2] 0.113 1.496

�2 [mg/mL] 91.98 136.5
q0

sat2,i
[mg/m2] 0.6135 0.4325
80
[min]

20 30 40
time [min]

elution profile with the surface-specific adsorption model.

different materials, the organic modifier gradients used for the pep-
tide purifications were adjusted in order to have the same retention
on each column. This was achieved by keeping the same gradi-
ent slope and by adjusting the modifier initial concentration. The
detailed experimental conditions are summarized in the last two
rows of Table 4.

During the elution, fractions were collected and analyzed with
the analytical methods discussed in Section 3.3. The yield of the
purification process has been computed for each column for various
fixed purity values. The results obtained are presented in Fig. 10. It
can be seen that the yield of the insulin purification process is not
affected by the stationary phase pore size. However, an increase of
the synthetic peptide purification yield with the stationary phase
pore size is found. The yield reaches a maximum at a pore size of
about 200 Å and decrease slightly for larger pore sizes.

In order to better understand the differences in separation
efficiency observed, the selectivity between insulin and desamido-
insulin and the selectivity of the closely eluting impurities of the
synthetic peptide were measured in diluted conditions. The results
are shown in Figs. 11 and 12, respectively. In Fig. 11, it can be seen
that the selectivity between insulin and desamido-insulin changes
as a function of the modifier concentration (here represented in
terms of surface-specific Henry coefficient of the main peptide) in
the same way for all considered materials. That is the selectivity
in diluted conditions is independent of the pore size. These results
are consistent with the constant yield observed for the overloaded
purification of insulin as a function of the pore size shown in Fig. 10.

In the case of the synthetic peptide, it can be seen in Fig. 12 that,

for the material Kova300, the early eluting impurity selectivity (i.e.
impurities L1 and L2) is not affected by the adsorption strength
(i.e. the surface-specific Henry coefficient). The average L1 and L2
selectivity was found to be 0.93 and 0.76 respectively. However,
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Fig. 10. Maximum yield obtained during the peptide purification process for various fixed purity values as a function of the stationary phase pore size.

F

t
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ig. 11. Selectivity between insulin and desamido-insulin in diluted conditions.

he late eluting impurities selectivity (i.e. impurities S1 and S2) is
slight function of the surface-specific Henry coefficient. Similar

esults were obtained for all materials (not shown). The only sig-
ificant difference refers to the selectivity of the impurity S1 which
as found to significantly increase with the pore size as shown in
ig. 13. It is important to mention that the impurity S1 could not
e seen on Zeo100, Zeo120 and Kova120 because it was almost co-
luting with the main peptide. Its selectivity on these materials was
herefore extrapolated from the results obtained in Fig. 13.

ig. 12. Selectivity of the closest early (L1 and L2) and late (S1 and S2) eluting
mpurities of the synthetic peptide measured on Kova300.
Fig. 13. Variation of the S1 impurity selectivity with the pore size measured at 21.9%
acetonitrile (v/v).
This finding allows us to conclude that the change in the impu-
rity S1 selectivity is the factor responsible for the change in the
yield of the synthetic peptide purification process on the different
materials. In fact, by comparing the overloaded elution profiles of

Fig. 14. Overloaded elution profiles of the synthetic peptide on the Zeo100, Zeo150
and Kova300. Note: impurity L1, L2 and S2 have been omitted to improve the clarity
of the figure.
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f the crude synthetic peptide (markers) with the model simulation (lines).
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Fig. 16. Silanol activity of the various stationary phases as a function of the pore size.
(square) caffeine–phenol selectivity. (triangles) benzylamine-phenol selectivity at
high pH. (circles) benzylamine-phenol selectivity at low pH.
Fig. 15. Comparison of the experimental overloaded elution profile o

he crude synthetic peptide shown in Fig. 14, it can be seen that
he decrease in impurity S1 selectivity exhibited by materials with
ecreasing pore size induces a displacement of the impurity below
he main peak, which strongly affects the yield of the purification
rocess.

In order to further prove this conclusion, the overloaded elution
rofiles of the synthetic peptide and the corresponding impurities
ere modeled using the lumped kinetic model (Eq. (1)) with a bi-

angmuir competitive adsorption isotherm:

eq.i = H1,ici

1 +
∑n

j=1(H1,j/qsat1,j)cj

+ H2,ici

1 +
∑n

j=1(H2,j/qsat2,j)cj

(24)

The values of the Henry coefficient and saturation capacity of the
ynthetic peptide were taken from Sections 4.3 and 4.4 respectively.
or the impurities, the Henry coefficients were taken from their
electivity values while the saturation capacities were assumed to
e equal to the main peptide saturation capacity [28]. The compar-

son between the experimental profile and the model, which have
o be regarded as predictive since no parameter fitting has been

ade, is shown in Fig. 15. It can be seen that the experimental pro-
le and the model predictions are in good agreement. Furthermore,
he displacement of impurity S1 toward higher retention values
ith increasing pore size is confirmed by the model.

It can then be concluded that the change of the S1 impurity
electivity with the pore size is related to a variation of the affinity
f the impurity toward the stationary phase surface (i.e. the Henry
oefficient) and not to the change of mass transfer rate observed in
ection 4.2. Such a change of selectivity must be due to a variation
f the surface chemical characteristics.

.6. Stationary phase surface properties

The Tanaka test was used to characterize the surface chem-
stry of the seven materials considered in this study [23]. The
etailed experimental conditions can be found in Section 3.4. It
as found that the amylbenzene–butylbenzene selectivity and the

riphenylene-o-terphenyl selectivity do not change with the pore
ize, thus indicating a similar hydrophobic and steric selectivity for
ll materials. On the other hand, a decrease of the caffeine–phenol
nd benzylamine–phenol selectivity at both low and high pH was
bserved as shown in Fig. 16. Such a decrease indicates that the
ilanol activity decreases with increasing pore size. This obser-
ation is in agreement with the ligand density measurement. In
act, it can be seen in Fig. 17, that the ligand density tends to be
ower in column having small pore sizes, thus leading to higher

mount of unreacted silanol groups. The lower ligand density could
e explained by a less efficient functionalization due to steric hin-
rance effect. The small variations of ligand density among the
olumns were however not sufficient to significantly affect the
ydrophobicity of the column as the Tanaka test suggests.
Fig. 17. Effect of the pore size on the ligand density.

It can therefore be concluded that the decrease in yield with
increasing pore size observed for the synthetic peptide purifica-
tion in the previous section is due to a decrease of the impurity
S1 selectivity caused by an increase in silanol activity. A similar
decrease of the impurity selectivity due to the silanol activity was
already observed by Getaz et al. [24]. This change is not observed in
the case of the insulin/desamido-insulin separation. This is not sur-

prising since the effect of the silanol groups on selectivity is analyte
specific [24].
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. Conclusions

The effect of the pore size of the stationary phase on the reversed
hase chromatographic purification of two peptides (i.e. a syn-
hetic peptide and insulin) has been investigated. As expected, it
as found that the lumped mass transfer coefficient was linearly

ncreasing with the pore size, leading to a decrease of the HETP with
he pore size. However, it has been shown that this has no signifi-
ant impact on the efficiency of the purification process of the two
eptides.

The peptide retention in diluted conditions and the peptide elu-
ion profile in overloaded conditions were measured on various
tationary phases with different pore sizes. The results were fit-
ed with a surface-specific bi-Langmuir isotherm. This model takes
nto account the surface accessible for adsorption and allows using
nly one isotherm for all the materials with different pore sizes.
he model was in good agreement with the experimental data.

The efficiency of the overloaded separation of insulin from
esamido-insulin was evaluated for each material. It was found that
he separation efficiency is not affected by the pore size. The results
ere in agreement with selectivity measurements performed in
iluted conditions. On the other hand, in the case of the synthetic
eptide, it was observed that the separation efficiency was in fact
ecreasing with decreasing pore size. This was explained by a
ecrease in selectivity of a closely eluting impurity with decreasing
ore size. The selectivity decrease was attributed to a small increase
f the silanol activity which has been confirmed experimentally
sing the Tanaka test. The change in separation efficiency with
he pore size was confirmed through simulations with a lumped
inetic model including a surface-specific competitive adsorption
sotherm.

From the results obtained in this work, it can be concluded that
tationary phases with larger pore size are not enhancing the sep-
ration efficiency in preparative conditions for the two peptides
nvestigated. This is because, in these conditions, the separation

fficiency is not limited by mass transfer. On the other hand, the
mportant factor to be considered for the preparative purifica-
ion of peptides are the selectivity in diluted conditions and the
ompetitive adsorption of the main peptide and the impurities
n overloaded conditions, which we found to be strongly affected

[
[
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by the residual silanol activity at least for one of the two peptide
considered.
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