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Abstract

The effect of pressure on the chromatographic behavior of two insulin variants in RPLC was investigated on a YMC-ODS
C column, under nonlinear conditions. The adsorption isotherm data of porcine insulin and Lispro were measured at18

average column pressures ranging from 52 to 242 bar. These data fit well to the Toth and the bi-Langmuir isotherm models.
The saturation capacity increases rapidly with increasing pressure while the affinity (or equilibrium) constant and the
parameter characterizing the surface heterogeneity decrease. It is noteworthy that the distribution coefficient of the insulin
variants increases with increasing pressure whereas their equilibrium constantb decreases for porcine insulin and increases
for Lispro. The association constantb , which characterizes the adsorption and desorption equilibrium of insulin in theds

system, increases with increasing pressure. The excellent agreement between the experimental overloaded profiles recorded
under different pressures and those calculated using the POR model suggests that the chromatographic behavior of insulin is
controlled more by equilibrium thermodynamics than by the mass transfer kinetics. The latter seems to be nearly independent
of the average column pressure. Thus, increasing the average column pressure is an efficient, albeit costly, way to increase
the loading capacity of the column, hence the production rate in preparative chromatography.
   2003 Elsevier Science B.V. All rights reserved.
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1 . Introduction
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[5]. In an intermediate range, the main effect of not respond to a change in pressure in a uniform and
homogeneous way. Different regions or substructurespressure is to shift the position of the absolute
within the protein compress to a different extentminimum of the free energy of the protein energy
[12]. Both the thermal expansion and the compres-landscape [6]. The elastic relaxation of the structural
sibility of proteins are composed of two mainresponse of the protein–solvent system to moderate
contributions, those of the cavities and the hydrationpressure variations is characterized by small changes
terms. Under moderate pressures (below 1 to 3 kbar),in interatomic distances, changes that are reversible
one may assume that the compression of the cavitieswhen the pressure is released, but that are not
and an increased size of the solvation shell are thehomogeneous throughout the protein structure. These
main effects [14]. Pressures of the order of 1000 tochanges affect essentially the distances between
4000 bar have been reported to cause the reversiblegroups that are brought close by molecular inter-
dissociation of a number of oligomeric proteinaction forces, not the actual bond lengths. In some
complexes, without causing great changes in thecases, pressure and temperature play opposite roles:
structure of the individual proteins [15]. Investiga-it has been observed in several proteins that a
tions of the pressure-induced dissociation of antigen–moderate pressure stabilizes against heat denatura-
antibody complexes have shown that complexestion [7]. Proteins are stable in their native state inside
having a strong electrostatic character are poorlyan elliptic diagram in thep–T plane [8]. To some
sensitive to pressure variations, due to electrostric-extent, an increase in temperature could stabilize
tion effects, while more hydrophobic complexesthem against pressure denaturation [9]. Pressure-
exhibit a high pressure sensitivity [16].induced unfolding is considerably slower than tem-

McGuffin and Evans [17] observed a significantperature-induced unfolding [10].
pressure dependence of the retention factors of theMonte Carlo simulations showed that the desolva-
components of a homologous series in RP-HPLC.tion barrier increases with increasing pressure, re-
The relative variation of the partial molar volume ofsulting in an increase of the roughness of the energy
a methylene group upon adsorption,DV /V ,landscape [11]. Generally, simulations of the be- CH CH2 2

havior of solvated proteins show that protein–solvent was shown to be close to 6% in a C bonded18

interactions are energetically more favorable under a silica–methanol system [18]. Pressure was found to
high pressure than at atmospheric pressure. At the affect retention factors, chiral selectivity, and column
same time, the energy of protein–protein interactions efficiency for several enantiomeric separations, in
increases with increasing pressure, due to moderate different chromatographic systems [19]. For a series
deformations of the bond angles and distances in the ofn-fatty acids and a group of polynuclear aromatic
protein molecules. The more favorable interactions hydrocarbons, increments ofDV of the order of
between protein and solvent molecules at high 214.1 ml /mol for an ethyl group and between220
pressure are accompanied by an increase in the ml /mol and120 ml /mol per aromatic ring were
number of protein–solvent hydrogen bonds that are found on a polymeric C stationary phase at 308C.18

formed [12]. A decrease of the positional fluctuations These increments are much lower on a monomeric
of the atoms with increasing pressure was also C stationary phase with a low bonding density18

observed. The mobility of the protein backbone was [20]. As for small molecules like nitrophenol, the
not affected, the effect being important mostly for volume change associated with ionization, partition-
the side chains [13]. An increasing pressure has a ing on the stationary phase, and complexation with
dampening effect on the amplitude of atomic oscilla- b-cyclodextrin on a C column is between21318

tions, effect which is analogous to the one produced ml /mol and 10 ml /mol [21].
by a decrease of the temperature. However, the effect of pressure is proportional to

The compressibilities of all the amino acids are the DV [18]. So, it is far more important for proteins
same within 20%. The most compressible of them such as insulin [22] or lysozyme [23] than for small
are the hydrophobic valine, leucine, and isoleucine molecules. The strong influence of the average
while the least compressible ones are the charged column pressure on the retention of insulin [22] and
amino acids glycine and aspartic acid. Proteins do lysozyme [23] is explained by the large value ofDV
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21found, of the order of2100 ml mol in both cases. saturation capacity of the column and to the parame-
It is probably related to the displacement of solvent ters that affect it. The saturation capacity of an
and/or co-solvent molecules from the binding area adsorbent or amount required to form a monolayer
more than to a change in the packing density of these on its surface controls directly the production rate in
proteins [23]. In the absence of the formation or preparative chromatography. This makes it a parame-
breaking of covalent-bonds, the largest contribution ter of critical importance in this field, both from
is expected to be due to the change in solvation that fundamental and practical perspectives.
accompanies changes in non-covalent molecular
interactions. The mechanism also implicates modi-
fications of the stationary phase through changes in 2 . Theoretical
its solvation with the components of the mobile
phase. These changes affect the equilibrium process

2 .1. Volume change of solute upon adsorption
that controls solute retention.

The pressure/ temperature dependence of the re-
Both the protein and the bonded C groups of the18tention of insulin variants on a C bonded silica was18 stationary phase are solvated by the mobile phase, an

studied under linear conditions by Szabelski et al.
aqueous solution of acetonitrile. According to the3[24]. The value ofDV for Lispro , human insulin,m stoichiometric displacement model [27], the solvent

bovine insulin, and porcine insulin at 258C and
molecules in the binding area will be displaced upon

50 8C are all close to2102 ml /mol with water–
adsorption of the protein through hydrophobic inter-

acetonitrile (70:30, v /v) as the mobile phase. The
actions. The adsorption equilibrium process of the

influence of pressure on the retention of insulin
protein follows the reaction:

under linear conditions was later studied at different
mobile phase compositions to probe the mechanism P 1 SáPS 1 zD (1)0
of this effect [25].DV was found to depend stronglym

The association equilibrium constant,b , is definedon the acetonitrile concentration of the mobile phase. ds

by the equation:In a previous paper, adsorption isotherm data were
measured for insulin on a C bonded silica column Z Z18 C [D ] [D ]s 0 0under the conventional condition of the column ]]] ]]b 5 5K ? (2)ds C [S] [S]moutlet under atmospheric pressure [26]. These data
were modeled and found to fit well to the Toth where C and C are the concentrations of thes misotherm model. The pore diffusion model (POR) protein in the stationary and the mobile phase at
was used to calculate overloaded band profiles of equilibrium, [S] is the number of the binding sites
insulin. Excellent agreement of these calculated available for the protein on the surface of the
profiles with the experimental data was observed. stationary phase, [D ] is the organic solvent con-0Later, the stoichiometric displacement model [27] centration (molarity) in the mobile phase,Z is the
was used to estimate the number of molecules number of organic solvent molecules displaced upon
displaced from the binding area and the influence of adsorption of one molecule of the protein. For a
pressure on this number under linear conditions. chromatographic separation carried out under iso-
However, a more detailed thermodynamic study of cratic conditions, the concentration of the organic
the retention mechanism requires the use of non- solvent is constant and, in this case, we rewrite Eq.
linear data. In this paper, we report on a study of the (2) as:
influence of pressure on the adsorption behavior of
insulin under nonlinear conditions. Particular atten- b Cds s

]] ]]b 5 5 5K / [S] (3)Ztion is given to the influence of pressure on the C [S][D ] m0

3 where K 5C /C is the distribution coefficient ofs mThe structure of the C-terminal of the B chain of human
the protein between the stationary and the mobileinsulin is: –Phe–Phe–Tyr–Pro–Lys–Thr–CO H. That of Lispro2

is –Phe–Phe–Tyr–Lys–Pro–Thr–CO H. phase andb is the affinity or apparent equilibrium2
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constant (a function of the mobile phase composi- temperature on the equilibrium of the solute between
tion). the two phases can be derived from the differential

According to Eq. (2), the retention factor of the of the molar Gibbs free energy:
solute can be expressed as: d(DG)5DV dP 2DS dT (8)

b F [S]ds where DV represents the change in partial molar]]]k 5KF 5 (4)Z[D ] volume of the solute associated with its passage0

between the stationary and the mobile phase. Atwhere k is the solute retention factor andF the
constant temperature,phase ratio. According to Eq. (3), the fractional
≠DGsurface coverage at equilibrium is given by:
]]S D 5DV (9)
≠P T

C bC [S] bCs m m
]]] ]]]] ]]]u 5 5 5 (5) The validity of Eq. (9) relies on the assumptions that11 bCC 1 [S] bC [S] 1 [S] ms m

there are no solute–solute interactions and that the
This is the equation of the Langmuir adsorption volume of the system is constant. The change in
isotherm. Obviously, in writing Eq. (5), we assume partial molar volume of the solute can be estimated
the surface of the stationary phase to be homoge- from a graph of the logarithm of the retention factor
neous, which, as we show later, it is actually not. versus the pressure at constant temperature, provided
However, the energetic heterogeneity of the surface that the phase ratio remains constant. The pressure
remains modest and the Langmuir model may be dependence of the other constants defined earlier is
used as a first-order approximation to derive esti- given by:
mates of the physicochemical properties of the

≠ ln K DVsurface. ]] ]S D 5 2 (10)
≠P T RTThe distribution coefficient of the protein between

the stationary and the mobile phase at infinite DV≠ ln q qs sS]]D ]]5 2 (11)dilution can be derived from Eqs. (2) and (5) as:
≠P T RT

ZK 5 bq 5 b [S] / [D ] (6)s ds 0 DV≠ ln b b
]] ]S D 5 2 (12)
≠P T RTThe distribution coefficient depends on the associa-

tion constant, the saturation capacity or number of where DV and DV are the contributions to theb qsadsorption sites on the surface, and the number of partial molar volume change associated with the
organic solvent molecules that are displaced upon affinity or apparent equilibrium constant and with the
protein adsorption. number of adsorption sites (see Eq. (3)), respective-

In a chromatographic system, the solute retention ly.
is directly related to the equilibrium thermody-
namics. The change in Gibbs free energy of the 2 .2. Adsorption equilibrium isotherms
system is:

In a chromatographic system, the behavior of theDG 5DH 2TDS 5 2RT ln K
solute is characterized by the equilibrium isotherm or

5 2RT ln (k /f) (7)
relationship between the concentrations of this com-

whereDG, DH andDS are the differences in molar pound in the stationary and mobile phase at equilib-
Gibbs free energy, enthalpy and entropy, respective- rium. At high solute concentrations, the isotherm
ly, that are associated with the passage of one moledeviates almost always from a linear relationship.
of solute from the mobile to the stationary phase,R The surface of the stationary phase is heterogeneous
is the universal gas constant,K the distribution because the pore structure of the silica is not
constant of the solute between the stationary and thehomogeneous and neither is the ligand distribution
mobile phase,k is the solute retention factor, andf on its surface nor the structure of the protein itself.
is the phase ratio. The influence of pressure and Accordingly, an isotherm model for heterogeneous
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surfaces is expected best to model the isotherm data. The Toth exponent,n, is between 0 and 1, with 1
Because the degree of solvation of the stationary corresponding to a homogeneous surface while num-
phase is expected to change with pressure as well as bers close to 0 correspond to strongly heterogeneous
that of the protein molecule, the energy distribution surfaces.
will also change with pressure and so will the
coefficients of the isotherm model. Among the 2 .3. Lumped pore diffusion model (POR)
isotherm models used in chromatography to account
for the behavior of non-homogeneous surfaces, the This model of chromatography considers separ-
Langmuir–Freundlich and the Toth models are the ately the mobile phase stream percolating through
simplest and most popular. the packed bed of the column and the stagnant

The Langmuir model is mobile phase contained inside the pores of the
particles of the packing material. It further considersq bCs

]]q 5 (13) the rate of the mass transfer kinetics between these11 bC
two liquid phases and the equilibrium between the

whereq is the amount adsorbed at equilibrium with stagnant liquid phase and the stationary phase. The
the concentrationC in the solution,q is the satura- mass balance of a component of the mobile phase ins

tion capacity, andb is the equilibrium constant of the stream is written:
adsorption.

≠C ≠Ci iThere are several models to account for adsorption ] ]´ ? 1 u ? 5e ≠t ≠zon heterogeneous surfaces. The simplest such model
2assumes that the surface is a mixture (patchwork) of ≠ C ]i
]]´ D ? 2 (12´ )k a (C 2C ) (17)e L 2 e i p i p,itwo homogeneous surfaces, consisting, e.g., of two ≠z

different kinds of chemical groups behaving indepen-
The mass balance of this compound in the pores ofdently. The equilibrium isotherm is the addition of

the solid-phase istwo independent contributions corresponding to the
two types of adsorption sites. The bi-Langmuir ] ]≠C ≠qp,i ]iisotherm [28] was used successfully to account for ]] ]´ ? 1 (12´ ) ? 5 k a (C 2C ) (18)p p i p i p,i≠t ≠tadsorption data in gas chromatography and HPLC,

]particularly for enantiomers [29–32]. The equation ]whereC andq denote the average over the particlep,i iof this model is of the concentrations in the stagnant liquid and in the
stationary phase, respectively,k is the overall massq b C q b C is1 1 s2 2

]]] ]]]q 5 1 (14) transfer coefficient for componenti, ´ is the external11 b C 11 b C e1 2
porosity, t is the time, z is the abscissa along the

where the subscripts 1 and 2 refer to the two types of column, u is the superficial mobile phase velocity,
adsorption sites. D is the axial dispersion coefficient, anda is theL p

The Langmuir–Freundlich and the Toth models ratio of the absorbent particle external surface area to
have one more parameter that accounts for the its volume. For ann-component sample, we have a
surface heterogeneity. The equation of the Lang- system of 2n partial differential equations. Its inte-
muir–Freundlich isotherm is: gration requires a set of initial and boundary con-

ditions that describe in mathematical terms thenq (bC)s experiment that is actually carried out.]]]q 5 (15)n11 (bC)

wheren is the dimensionless heterogeneity parame- 2 .3.1. Initial conditions
ter. The equation of the Toth isotherm model is: At the beginning of the experiment, the column

contains a certain concentration distribution along its
q bCs length, depending on the experiments previously]]]]q 5 (16)n 1 /n[11 (bC) ] done. Hence



210 X. Liu et al. / J. Chromatogr. A 988 (2003) 205–218

] 0 0]C 5C ; q 5 q (z) (19) was equipped with a multi-solvent delivery system,p,i p,i i i

an automatic sample injector with a 100-ml loop, a
In most cases, the column is empty of sample diode-array detector, a high pressure flow cell and a
components at the beginning of the separation and all computer data station.0the concentrationsC are equal to zero.i Two characteristics of this instrument are critical

for the success of the experiments made and reported
2 .3.2. Boundary conditions for the mass balance here. Firstly, its pumping system is extremely stable.
equations The flow-rate delivered has a long term stability that

The boundary conditions at the column inlet and proved to have a reproducibility better than 0.1%.
outlet are the conventional Dankwerts conditions that The mobile phase for the breakthrough measure-
take into account axial dispersion of the feed com- ments was obtained by mixing two solvents in
ponents at their entrance into the column. The appropriate proportions (see later). The stability of
condition for t . 0, z 50 is given as: the composition of this binary solution was also

better than 0.1% [37]. The pumping system was also≠Ci
]u C 5 uC 2´ D ? (20) used to deliver large but accurately known volumesf f, i i e L ≠z

of samples to the column when needed. Secondly,
0C 5C for 0, t , t the pressure in the cell of the UV detector can be asf,i f, i p (21)

high as 400 bar if needed. There was no adverseC 50 for t , tf,i p

effects and the response was not affected.
The condition fort . 0 andz 5L is

3 .2. Chromatographic conditions≠Ci
]50 (22)
≠z

3 .2.1. Mobile phase and chemicals
Combined with the mass balance equations and the The mobile phase was a solution of acetonitrile–
equilibrium isotherm, these equations constitute the water (30:70, v /v) with 0.1% trifluoroacetic acid.
mathematical translation of the POR model. Acetonitrile and water were HPLC grade solvents

from Fisher Scientific (Fair Lawn, NJ, USA). Por-
2 .4. Calculation of the numerical solutions cine insulin (M 5778, isoelectric point, pI56.0) andr

Lispro were gifts from Eli Lilly (Indianapolis, IN,
The system of equations of the POR model was USA). Lispro is an analog of human insulin in which

solved numerically using a program based on the the residues B28 and B29 are reversed. The insulin
method of orthogonal collocation on finite elements variants were at a purity of 99%, determined through
[31–35]. The set of discretized ordinary differential a HPLC assay. Trifluoroacetic acid (TFA) was from
equations obtained in this method was solved with Across (NJ, USA). PTFE filters (pore size 0.2mm)
the Adams–Moulton method implemented following were purchased from Nalgene (Rochester, NY,
the VODE procedures [36]. The relative and absolute USA).
tolerance parameters used to control the error in the All the samples used in the experiments reported

26calculation of the concentrations were 1310 and here were freshly prepared and filtered completely to
281310 , respectively. remove any suspended particles.

3 .2.2. Column
3 . Experimental The column used in our experiments was a YMC

ODS-A column (Waters, Milford, MA, USA), with
dimensions 15033.9 mm (column no. EJ11490).3 .1. Equipment
The particle size of the stationary phase was 5mm
with an average pore diameter of 12 nm. The columnA HP 1100 liquid chromatography system (Agi-
had a hold-up volume of 1.08 ml and a stationarylent Technologies, Palo Alto, CA, USA) was used
phase volume of 0.71 ml. The volume between thefor all experimental determinations. This instrument
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pump outlet and the detector measured with a zero- carried out to determine the adsorption isotherms of
dead volume connector, without a column, was insulin variants under different column pressures.
0.80 ml. To raise the average column pressure while The experimental adsorption data acquired were
keeping constant the mobile phase flow-rate, a fitted to the equations of the Langmuir, the bi-
section of ca 0.0625 mm (exactly, 0.0025 in.) I.D. Langmuir, the Langmuir–Freundlich, and the Toth
polyether ether ketone (PEEK) tubing of appropriate models (Eqs. (13)–(16)). The best values of these
length was connected to the outlet of the detector. parameters are listed in Tables 1 and 2. The Toth and
The pressure drop across the column remained the bi-Langmuir equations provided the best fit (see
practically unchanged (the compressibility of the Figs. 1 and 2).
mobile phase is negligible) but the whole column Our experimental results and the fact that the data
was subject to a higher pressure, up to 240 bar in this fit well to conventional isotherm models (Langmuir,
work. A length of tubing of|45 cm raises the outlet bi-Langmuir, and Toth) demonstrate that the ad-
column pressure from atmospheric to 200 bar at a sorption and desorption of insulin are reversible
flow-rate of 1 ml /min. Changes in this length in under the conditions of our study. This situation is
order to operate at different flow-rates or to achieve different from the one encountered, for example, in
different outlet pressures are proportional. the study of the adsorption of insulin on a hydro-

phobic methylated silica surface in 4-(2-hydroxy-
3 .3. Procedures for the determination of the ethyl)-1-piperazine ethanesulfonic acid (HEPES)
isotherm buffer, at pH 7.0, a phenomenon that was shown not

to be reversible [38]. In the presence of acetonitrile,
The equilibrium isotherms were measured by the hydrophobicity of insulin and that of the C18

frontal analysis. A staircase series of breakthrough stationary phase are reduced.
curves was generated as described elsewhere [26], at The data demonstrate that the saturation capacities

21a constant flow-rate of 1 ml min . The two pumps of the insulin variants increase markedly with in-
of the chromatographic system were used to deliver a creasing pressure. The Langmuir saturation capacity
mixture of the pure mobile phase and of the sample of the column increases by 50% (Table 1). The
solution in the mobile phase having the desired saturation capacity derived from the Toth model
composition. A series of streams of increasing increases more but this result may be less accurate
concentration was generated by using the step-gra- and is more difficult to interpret. An increase in the
dient function of the solvent delivery system. Each column saturation capacity means that, at constant
data point of an isotherm was measured twice. The mobile phase concentration, the fractional surface
average value is reported. coverage decreases with increasing pressure. Better

After each series of measurements, the column to understand this important result and to ascertain
was regenerated to remove any adsorbed material. that it reflects the true potential of the column for
This was done by gradient elution, using a solution protein separations, and not just some spurious result
of 0.1% TFA in acetonitrile–water (30:70, v /v) as of the calculation procedure of fitting the data, we
solution A and a solution of 0.1% TFA in acetoni- need to analyze the absolute surface coverage of the
trile–water (50:50, v /v) as solution B, with a solute and the monolayer adsorption capacity of the

21gradient time of 20 min at a flow-rate of 1 ml min . stationary phase.
The column was then re-equilibrated at the initial Let us define a monolayer relative density,d, as
conditions for another measurement. the ratio of the surface occupied by the molecules

forming a monolayer coverage of the surface to the
surface area of the adsorbent (usually measured by

4 . Results and discussion nitrogen adsorption or by mercury porosimetry).
This relative density is given by:

4 .1. Adsorption equilibrium isotherms
A 1000N q Am A s c
] ]]]]d 5 5 (23)A M SdA series of frontal analysis experiments was s r
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Table 1
Best adsorption isotherm parameters for Lispro

Average Parameters of isotherm models
pressure (bar)

Langmuir Bi-Langmuir Toth

56.5 q 515.7160.52 (g/ l) q 5 3.1560.35 (g/ l) q 5 31.0162.07 (g/ l)s s1 s

b 50.54460.034 (l /g) b 5 2.34060.176 (l /g) b 5 0.41160.02 (l /g)1

q 5 20.0861.18 (g/ l) n 5 0.55760.018s2

b 5 0.18760.027 (l /g)2

118.5 q 516.6660.43 (g/ l) q 5 1.2460.33 (g/ l) q 5 32.2361.86 (g/ l)s s1 s

b 50.57660.029 (l /g) b 5 4.93461.05 (l /g) b 5 0.43960.018 (l /g)1

q 5 17.6260.44 (g/ l) n 5 0.56360.016s2

b 5 0.39160.039 (l /g)2

178.5 q 518.5160.66 (g/ l) q 5 2.8462.04 (g/ l) q 5 46.27615.26 (g/ l)s s1 s

b 50.62060.045 (l /g) b 5 3.58762.15 (l /g)1

q 5 21.5763.64 (g/ l) b 5 0.44260.090 (l /g)s2

b 5 0.27360.15 (l /g) n 5 0.47560.0742

237.5 q 521.7860.95 (g/ l) q 5 4.0160.62 (g/ l) q 5 62.5167.5 (g/ l)s s1 s

b 50.64060.056 (l /g) b 5 3.7460.47 (l /g) b 5 0.46160.035 (l /g)1

q 5 28.6962.92 (g/ l) n 5 0.43160.022s2

b 5 0.20960.047 (l /g)2

where A is the total surface area occupied by the cross-section area of the solute molecule,d is them

adsorbed solute in the monolayer,A is the surface packing density of the stationary phase, andS is thes

area of the stationary phase,q is the saturation specific surface area of the stationary phase.s

capacity of the adsorbent in the column,M is the The difference between the values derived forr

molecular mass of the solute adsorbed on the col- small molecules and for insulin on the same or a
umn, N is Avogadro’s number,A is the maximum similar packing material is striking. For example, forA c

Table 2
Best adsorption isotherm parameters for porcine insulin

Average Parameters of isotherm models and Fisher ratio
pressure (bar)

Langmuir Bi-Langmuir Toth

56.5 q 5 14.8060.43 (g/ l) q 5 4.4361.07 (g/ l) q 5 23.7461.80 (g/ l)s s1 s

b 5 0.70960.043 (l /g) b 52.24460.36 (l /g) b 5 0.63960.033 (l /g)1

q 5 17.3862.76 (g/ l) n 5 0.61060.028s2

b 50.19860.086 (l /g)2

118.5 q 5 17.1560.71 (g/ l) q 5 3.9961.41 (g/ l) q 5 33.8464.3 (g/ l)s s1 s

b 5 0.67460.058 (l /g) b 52.82860.72 (l /g) b 5 0.56360.047 (l /g)1

q 5 20.9964.26 (g/ l) n 5 0.53060.035s2

b 50.21460.11 (l /g)2

178.5 q 5 19.6760.77 (g/ l) q 5 4.6360.63 (g/ l) q 5 44.2364.2 (g/ l)s s1 s

b 5 0.69460.057 (l /g) b 53.15360.33 (l /g) b 5 0.57160.035 (l /g)1

q 5 26.1762.97 (g/ l) n 5 0.48360.022s2

b 50.19160.047 (l /g)2

237.5 q 5 22.3761.1 (g/ l) q 5 5.1660.64 (g/ l) q 5 72.76615 (g/ l)s s1 s

b 5 0.68360.070 (l /g) b 53.67860.39 (l /g) b 5 0.51460.061 (l /g)1

q 5 36.9867.30 (g/ l) n 5 0.39360.032s2

b 50.13960.047 (l /g)2
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Fig. 1. Experimental adsorption data (symbols) and best fit isotherms of Lispro.s, 56.5 bar;�, 118.5 bar;n, 178.5 bar;h, 237.5 bar. Best
fit isotherms: -- -- -- Langmuir;222 bi-Langmuir; —— Toth.

Fig. 2. Experimental adsorption data (symbols) and best fit isotherms of porcine insulin.s, 56.5 bar;�, 118.5 bar;n, 178.5 bar;h, 237.5
bar. Best fit isotherms: -- -- -- Langmuir;222 Bi-Langmuir; —— Toth.
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˚3-phenyl-1-propanol, the values ofd are 0.49 and 1.1 imate dimensions, 20320325 A) relative to that of
˚on a column packed with Symmetry C (Waters) the ligands (length of the C alkyl chain: 17 A)18 18

and on a Chromolith Performance monolithic C which are bonded to the silica substrate, insulin tends18

column (Merck, Darmstadt, Germany), respectively to interact mostly with the end of the bonded alkyl
[39]. For alprenolol, propranolol, and metoprolol on chains opposed to their bond with silica. The
immobilized CBH I, these values are 0.46, 0.69, and weakening of the ionic and hydrophobic interactions
0.32, respectively [40,41]. For 1-phenyl-1-propanol binding insulin to the surface that is indicated by the
on cellulose tribenzoate coated on silica, the value of pressure dependence of the affinity constant may be
d is 0.91 [42]. By contrast, using an average value of caused by a change in the solvation of the stationary
the saturation capacity for insulin of 20 g/ l (see phase and/or of the local conformation of the insulin
Table 2), we find for insulin on a conventional C binding sites.18

silica, a value ofd equal to 0.014. This shows that Protein stability, association, binding to ligands,
the monolayer is not compact. Changes in the and catalytic activity all depend on the structure of
experimental conditions should be expected to affect the protein that is greatly influenced by the properties
strongly the saturation capacity. Previous results by of the solvent [45]. Solvent and/or water molecules
Sabharwal and Chase [43] have shown that the interact with the groups at the surface of the protein
saturation capacity of bovine insulin on the silica- and provide a solvation shell. Some such molecules
based BioPrep C4 (Whatman, Clifton, NJ, USA) may occupy cavities inside the protein structure,
decreases from 21.9 to 3.4 mg/g when the acetoni- stabilizing it. Others, bound to the surface contribute
trile concentration in the mobile phase increases to the stability of the structure. Chains and clusters
from 30 to 36%. of solvent molecules are a distinct feature of the

Because the compressibility of the insulin mole- protein surface and modulate the dynamic properties
cule is small, the relative decrease of its diameter of protein segments. X-ray crystallography of the
upon an increase of the average column pressure of insulin crystals obtained in the presence of 20%
several hundred bars is small. The relative compres- acetic acid shows that the group of residues in
sion of insulin is 0.35% under 14.7 kbar and B25–B30, at the C-terminal of the B-chain, is highly
probably linear in between [44]. It is thus of the flexible when not involved in a dimer formation [46].
order of 0.005% under our experimental conditions. The data for residues B21–B25 indicate multiple
This value is very small. Accordingly, the surface conformations of this part of the molecule. The
area of the micropores, an area which is not access- isolated B-chain adopts the same characteristic struc-
ible for insulin under normal conditions, is still not ture that it has in intact insulin without the need for
accessible for insulin under the highest pressure used extensive cooperative interactions with the A-chain
in this work. This implies that the increase of the and its C-terminal appears significantly more mobile.
saturation capacity with increasing pressure does not In a 20% acetic acid solution, evidence for an
arise from an increase of the surface area of the equilibrium among conformational substates is pro-
stationary phase that is available for the insulin vided by the observation of large variations in the
molecules. It rather arises from changes in the amide line-widths observed in two-dimensional
surface topography, in the chemistry of the stationary NMR, which suggests intermediate exchanges
phase surface, and/or in the binding area of the among these substates [47,48]. The residues B24–28
insulin molecules. adopt an extended configuration in the monomer and

The best values obtained for the affinity constantb the residues B29 and B30 are largely disordered. The
and the heterogeneity coefficientn of the Toth flexibility in the C-terminal region of the B-chain
isotherm models for Lispro and porcine insulin plays a functional role. It undergoes a considerable
decrease with increasing column pressure (see Tables conformation change upon binding to the receptor.
1 and 2). This result indicates that the heterogeneity NMR and electron spin resonance spectrometry
of the surface increases with increasing pressure. It is (ESR) measurements [49,50] have shown that the
confirmed by the pressure variation of the affinity solvation environment of the bonded phase depends
distribution (not shown). Because of its size (approx- much on the microstructure of the solution. The
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polarity of the solvation layer of alkyl bonded phases
depends also on the composition of the mobile phase
[51]. Motional behavior is heterogeneous along the
alkyl chain [52]. The effect of organic modifiers on
the ligand mobility is stronger for the methylene
groups located near the end of the chain than for
those close to the silica surface [53,54]. The freedom
of translational and conformational dynamics are
larger at the chain free end for both monomeric and
polymeric bonded phases [52,55].

X-ray diffraction and infrared spectroscopy studies
of acetonitrile–water mixtures suggest that hydrogen
bonds are formed between acetonitrile and water ZFig. 3. Relative increase ofb [S] / [D ] under linear conditionsds 0
molecules in mixtures with an acetonitrile mole and of bq derived from the Toth and the bi-Langmuir isothermss

fraction, X #0.8 [56]. At high water contents of insulin. Toth isotherm:h, Lispro; n, porcine insulin. Bi-AN
Langmuir isotherm:j, Lispro; m, porcine insulin.(X #0.2), the acetonitrile clusters are broken andAN

water clusters become predominant. For the mobile
phase used in our work, the range of acetonitrile rium models depend on the model used. According-
concentration is between 28% and 36%, corre- ly, because the column saturation capacity controls
sponding to acetonitrile mole fractions between the production rate of purified compound that can be
0.117 and 0.161. Thus, the mobile phase that we achieved in preparative liquid chromatography, we
used contains water clusters but no acetonitrile ones. felt it necessary to find out which model represents

In conclusion, the influence of pressure on the best the actual properties of the column. A series of
characteristics of the adsorption equilibrium of in- experiments was carried out under the same loading
sulin under the experimental conditions used in this factor, 1.8% for the Toth model and 2% for the
work is mediated by the influence of pressure on the bi-Langmuir model. The actual sample size was
solvation layer of the stationary phase and on the increased with increasing pressure in order to keep
solvation shells of the insulin molecule [25]. Pres- the loading factor constant. Figs. 4 and 5 show the
sure enhances the degree of solvation, hence the
configurational reorientation of the alkyl chain seg-
ments of the stationary phase and the configurational
substates of the C-terminal part of the B-chain.
Although the distribution constant of insulin between
the two phases of the chromatographic system
increases with increasing pressure, the affinity con-
stant decreases for porcine insulin and increases for
Lispro (Tables 1 and 2). The increase of the term
[D] outweighs the decrease of the affinity constant
[25]. The increase of the column saturation capacity
correlates with the increase of the number of ad-
sorption sites (Fig. 3).

4 .2. Validation of the column saturation capacity Fig. 4. Overloaded band profiles of porcine insulin under different
column pressures. Injection volume, 1 ml. Loading factor, 2%under different pressure
(derived from a column saturation capacity estimated from the
best coefficients of the bi-Langmuir isotherm model). Average

The values of the column saturation capacity column pressure and concentration of insulin: 1, 56.5 bar, 0.96
calculated by fitting the adsorption data obtained g/ l; 2, 118.5 bar, 1.1 g/ l; 3, 178.5 bar, 1.36 g/ l; 4, 237.5 bar, 1.85
under different column pressures to several equilib- g/ l.
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Table 3
Volume change of insulin estimated from the retention factor and
the adsorption isotherm

Parameter Lispro Porcine insulin
(ml /mol) (ml /mol)

Langmuir b 223.7 5
q 244.6 256.5s

bq 268.2 253s

Toth b – 1

q – 2148.2s

bq – 281.06s

Fig. 5. Overloaded band profiles of porcine insulin under different
column pressures. Injection volume, 1 ml. Loading factor, 1.8%

than that obtained from the Langmuir isotherm. For(derived from a column saturation capacity estimated from the
Lispro, it was not even possible to derive precisebest coefficients of the Toth isotherm model). Average column
estimates of these quantities with the Toth isotherm.pressure and the concentration of insulin: 1, 56.5 bar, 0.96 g/ l; 2,

118.5 bar, 1.37 g/ l; 3, 178.5 bar, 1.79 g/ l; 4, 237.5 bar, 2.94 g/ l. Fig. 6 shows the influence of pressure on the ratio
of the initial slope of the isotherm,Fbq , and thes

column retention factor determined under linear
conditions. This ratio should be equal to 1, as it is,

overloaded profiles of porcine insulin recorded under within experimental errors, with the bi-Langmuir
different pressures. The experimental results indicate isotherm model. With the other two models consid-
that the value of the column saturation capacity ered, the Langmuir and Toth models, it decreases
derived from the best bi-Langmuir model is the more with increasing pressure for both insulin variants.
likely to reflect the actual behavior of the overloaded
column when the pressure is increased. The satura-4 .4. Modeling of band profiles recorded under
tion capacity is doubled for a 180 bar increase of the different pressures
average column pressure. It seems that the Toth
isotherm model tends to overestimate the actual Providing the highest value of the Fisher coeffi-
value of the saturation capacity.

4 .3. Partial molar volume change and the
adsorption isotherm

The partial molar volume change,DV, was previ-
ously measured under linear conditions [25]. The
contributions to this partial molar volume change
related to the affinity constant and the number of
binding sites, i.e. the saturation capacity, were
derived from the adsorption isotherm data measured
under different pressure, using Eqs. (10)–(12). Table
3 listed the values of volume change contributions
estimated from the Langmuir and Toth isotherms.
For the two insulin variants, the values estimated

Fig. 6. Influence of pressure on the ratio ofFbq derived from thesfrom the Langmuir isotherm are in reasonably good different adsorption isotherms and the retention factor under linear
agreement. However, the value derived from the conditions.h, Lispro; n, porcine insulin. (1) The Toth isotherm.
Toth isotherm for porcine insulin is much higher (2) The bi-Langmuir isotherm. (3) The Langmuir isotherm.
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Table 4 5 . Conclusion
Parameters used in the POR model

Parameter Value The main result of this work is the demonstration
2 25 of a rapid increase of the column saturation capacityMolecular diffusion coefficient,D (cm /min) 6.72310m
2 26Effective diffusion coefficient,D (cm /min) 5.5310 with increasing average column pressure. This effecteff

2 23Dispersion coefficient,D (cm /min) 7.44310L is primarily related to the large value of the change,
External mass transfer coefficient,k (cm/min) 1.55ext DV, in the partial molar volume of the protein
Internal mass transfer coefficient,k (cm/min) 0.11int associated with its adsorption. Since proteins have aTotal porosity,´ 0.603t

large molar volume, it is not surprising thatDV,External porosity,́ 0.37e

Internal porosity,́ 0.37 although rather modest in relative value, is importantp

enough to cause pressure to affect all the parameters
of the isotherm. For insulin, the molar volume is of
the order of 4500 ml andDV is 2100 ml /mol, a 2%

cient, the Toth model is the model to which the change. Yet, it is enough to explain a twofold
experimental data fit best. It was used to calculate increase of the retention factor and a similar change
the breakthrough curves of frontal analysis and the in the saturation capacity when the average column
profiles of overloaded bands. Table 4 lists the pressure is increased by 180 bar. Pressure has also a
parameters used in the calculations. Fig. 7 shows a strong influence on the solvation layer of the alkyl-
comparison of calculated and experimental band bonded stationary phase, the solvation shell of the
profiles of porcine insulin at different pressures. The hydrophobic regions of the protein, and the hydration
agreement between the two sets of profiles indicates shell of the hydrophilic parts of the protein.
that the chromatographic behavior of insulin is Accordingly, we may anticipate a similar influence
mainly controlled by the equilibrium thermody- of pressure on the retention of most proteins, at least
namics. The mass transfer kinetics seem to be in RPLC. It is noteworthy that the distribution
relatively fast and almost independent of the average coefficients of insulin variants increase with increas-
column pressure. ing pressure whereas the affinity constantsb de-

crease. The association constantb , which char-ds

acterizes the adsorption/desorption equilibrium of
insulin in the chromatographic system increases with
increasing pressure and the parameter characterizing
the surface heterogeneity decreases. This suggests
that the surface of the stationary phase becomes
more heterogeneous. It seems that the pressure-in-
duced increase of the number of adsorption sites is
the major cause of the observed increase of the
saturation capacity.

Finally, the excellent agreement between calcu-
lated and experimental band profiles recorded under
different pressures suggests that the mass transfer
kinetics is relatively fast and nearly independent of
the average column pressure.

Fig. 7. Comparison of the experimental overloaded band profiles
of a large sample of porcine insulin under different average
column pressures and the profiles calculated using the POR model.
Injection volume, 1 ml; concentration, 1 g/ l. The solid lines A cknowledgements
labeled 1, 2, 3 and 4 correspond to the profiles calculated with the
POR model under different pressures. Dashed line, experimental

This work was supported in part by grant CHE-00-data; solid lines, calculated profiles. A, 56.5 bar; B, 118.5 bar; C,
178.5 bar; D, 237.5 bar. 70548 of the National Science Foundation, and by
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