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Abstract

The simulation of the behaviour of two proteins (cytochromnd a-chymotrypsinogen) on two types of stationary phases (monolithic
and porous particle-based) was attempted for non-linear (simulation of breakthrough curves) and linear (simulation of elution peaks) cation
exchange chromatography. It was found that the combination of a stoichiometric model (steric mass action, SMA) with the lumped pore
diffusion (POR) model allows a simulation of high predictive value. Using one set of SMA and transport parameters for a given column
morphology and/or protein, breakthrough curves and peaks could be simulated that agreed well with the experimental data while no dependency
on either the protein load or the mobile phase composition (salt content) was observed. One of the SMA parameters, namely the characteristic
charge needed some slight adjustment (within the error of the experimental determination of this parameter) in order to optimise the fit.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction modelling, the process is usually divided into three discrete
steps, namely mass transfer from bulk liquid to the outer
Model-based approaches increasingly contribute to effi- surface of the stationary phase particles (film-diffusion resis-
cient bioprocess development and performance. One area thatance/external mass transfer resistance), movement by diffu-
is known to create a major part of the costs in the production sion into the pores of the adsorbent (pore diffusion, internal
of high value bioproducts such as proteins and which could mass transfer resistance), and binding to the adsorptive sur-
therefore profit significantly from predictive modelling, isthe face (surface-reaction resistance).
downstream process and here especially preparative chro- The kinetic models differ in their degree of flexibility in
matography. Numerous kinetic models are available to ac- taking these effects into account. The general rate model is
count for the band profile development in chromatography by far the most comprehensive of84,13] In this model,
[1-6]. Combined with isotherm data these should in prin- axial dispersion and the mass transfer resistances are calcu-
ciple allow the simulation and concomitantly the in silico lated individually. In many ways it is a very attractive model,
development and optimisation of the separation. as it allows the development of equations based on assump-
In non-linear chromatography peak shape and spreadingtions concerning the actual physical behaviour of the proteins
are complex functions of the equilibrium isotherms, the mass under chromatographic conditions. The GR model does how-
transfer parameters (film mass transfer coefficients and intra-ever, require knowledge of a large number of experimental
particle diffusivity), as well as certain design (particle size values that are difficult to determine and hence the model is
and column length) and operating parameters (pulse sizeawkward to use.
feed concentration and flow rat@)-12]. For the purpose of When the mass transfer resistances are small and have a
minor influence on the profiles, models like the equilibrium-
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They are easy to apply, require only a few simply determined single component isotherms in the presence of competing
experimental parameters and as a consequence enjoy mucholutes are well described by this approach.
popularity. However, the predictive value of such modelsis  The major fallacy of the stoichiometric adsorption models,
limited, since the involved lumped mass transfer and disper- is that in these models the binding of a solute to the station-
sion parameters are physically meaningless. In some caseary phase is assumed to affect only a number of ion exchange
these parameters have, e.g., shown an inexplicable depengroups on the stationary phase surface equal to the character-
dency on the sample concentratidi7]. istic charge of the adsorbed molecule. However, as suggested
The lumped pore diffusion (POR) model used in this paper by Velayudhan and HorvafR7], bound macromolecules, by
lays in complexity between the GR and the ED/TD models virtue of their size, cover significantly more sites (and bound
and is in fact a simplification of the GR modd4,17-19] counter ions) than that. In fact, this steric shielding of ion
The POR model needs the same set of parameters as the GBxchange groups/counter ions plays a major role in the be-
model, but can be solved much faster. As Kaczmarski and co-haviour of protein in ion exchange chromatography. Cramer
workers[17,20]were recently able to demonstrate, the POR and co-worker$28,29] have developed a stoichiometric ap-
model can replace the GR model without loss in predictive proach in the form of the steric mass action (SMA) model, in

power, in particular when which the possible effect of sterically hindered exchange sites
St is included. The SMA formalism is specifically designed for
Pe > 100 and vThe 5, representing multicomponent protein—salt equilibria in ion
1

exchange chromatography based on the following assump-
wherePe is the Peclet numbeul/(DLgg), Stthe Stanton tions:
number Gt=Kkex@pLee/u), Bi the Biot number Bi = Kextdp/
2Derr), u the mobile phase velocity, the average particle e The solution and adsorbed phases are thermodynamically

diameterL the column lengtha, the external surface area ideal allowing the use of concentrations instead of activi-
of the adsorbent particlese the external porositykex: the ties.

external mass transfer coefficient, abgg is the effective e The multipoint nature of protein binding can be represent
diffusion coefficient. by an experimentally determined characteristic charge.

In order to model experimental band profiles the kinetic e Competitive binding can be represented by the law of mass
models need to be linked with an adsorption isotherm for-  action where the electroneutrality on the stationary phase
malism. Since experimental protein isotherms on various sta-  is maintained.
tionary phase materials can usually be fitted well to the Lang- e The binding of large molecules causes a steric hindrance
muir equation or one of its various modified forf2d—23] of salt counter ions bound to the adsorptive phase, which
these Langmuir algorithms are generally used to model the become unavailable for exchange with other solutes.
breakthrough curves in protein chromatography. However, ¢ The effect of the co-ion can be neglected in the ion-
the use of the Langmuir formalism has some drawbacks. exchange process.

Unless the saturation capacities of all involved proteins are

identical, the approach is thermodynamically inconsistent. ~ Assuming that electrostatic interaction is the only mecha-
Moreover, the steric hindrance effects exerted by the adsorbedlism involved during adsorption, the stoichiometric exchange
protein molecules or surface interactions between them can-of a polyelectrolyte (protein) and the small counter ions can
not be taken properly into account. Several more suitable be represent by Eq1).

approaches to protein isotherm formulation can be found

in the literature, see below. However, the majority of these Cp + vpQs < Op + 1pCs (1)
isotherms have to date only been used in combination with
the more simple ED/TD kinetic models. whereC andQ are the mobile and stationary phase concen-

The ion-exchange process is largely governed by electro-trations,v the characteristic charge and subscriptand S
static interactions. However, the exact mechanism by which refer to the protein and salt respectively. The overbar denotes
adsorption occurs is still unknown. Boardman and Partridge salt ions available for free exchange with other solutes.
[24] have given a theoretical treatment for ion exchange of ~ The equilibrium constant is defined as
polyelectrolytes on weak cation exchangers. This approach
was based on a stoichiometric exchange between the protei (9P Cs\'® 2
and the counter ions to the fixed charges on the stationary © (C_p) x (Q_s> @
phase surface. Synergistic effects were not taken into con-
sideration. This theory has since then been used in severaElectroneutrality on the stationary phase requires that
alternative formulations such as the multivalention exchange _
formalism or the stoichiometric displacement mo@él,26] A= Qs+ (vp+op) X Op 3)
Experimentally observed characteristics of proteins adsorp-
tion such as irreversible binding, sensitive dependence of pro-whereA [mM] is the ion capacity of the column andis the
tein retention on the salt concentration, and the depression ofsteric factor of the protein.
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The following implicit isotherm can then be written for an Elix-3 system (Millipore, Bedford, MA, USA). Columns

the protein by combining Eq$2) and (3) and stationary phases were from Bio-Rad (Herkules, CA,
USA). The porous particle-based column was a BioScale
Cp= <%) ( Cs )Up 4) S2 filled with 10nm Macro-Prep S particles (nominal av-
Kp/) \ A —(vp—o0p)0p erage pore size 1009). The beads consist of a highly hy-
_ drophilic methacrylate-based support, to which strong cation
OnceQp is knownQs may be calculated from E¢B), while exchanger groups-803™~) are linked. The monolithic col-
the total concentration of salt counter ios is given by umnwas a UNO S1. The exact composition of the UNO col-
Os = Os+ (opQp). umn is proprietary, but the material is also highly hydrophilic

Physically, the characteristic charge represents the num-and—SQO;~ groups provide again the cation exchange capa-
ber of ion exchange groups on the stationary phase surfacepility.
involved in the ion exchange reaction with the protein, the
steric factor represents the number of counter-ions on the
adsorbent surface, which are unavailable for exchange with
other molecules in solution due to the shielding by the ad- . . .
sorbed protein, while the equilibrium constant is a measure The experiments were carried out using a system assem-

of the affinity of the macromolecule to the stationary phase bled from a model 4?2 HPLC pump (Bio-Tek Kontron In-
[30]. struments, Basel, Switzerland), a Valco 10-port valve (Valco,

While the SMA model takes shielding and steric hindrance Houston, TX, USA), anda HPLC UV detector (Bio-Tek Kon-
tron Instruments, Basel, Switzerland). Data collection and

effects well into account, equilibrium parameters in the SMA :

formalism are taken as constant and independent of the soProcessing was by PC.

lute and counter ion concentration. Non-ideal effects such as

aggregation or changes in the tertiary structure of the protein,2.3. Chromatography

but also other potential deviation from the ideal stoichiomet-

ric case such as van der Waals and electrostatic interactions All isotherm measurements by frontal chromatography

between adsorbed proteins and the salt ions, or secondary37,38] were carried out at ambient temperature in the

(e.g. hydrophobic) interactions between the proteins and theindicated mobile phase. The solvents used to prepare the

adsorbate escape consideration. In most cases these can meobile phase were filtered before use on SFCA filter

ignored. If not, the combination of the SMA approach with membrane 0.2 (m pore size (Suwannee, GA, USA). For an

the non-ideal surface solution model (NISS) proposed by Li isotherm measurement the column was equilibrated with

and Pintg31] may be used. the mobile phase. Then the flow was switched to a solution
The results reported in this paper are part of a general ef-containing the protein of interest at a given concentration in

fort towards modelling highly non-linear chromatographic the mobile phase and the breakthrough curve was recorded.

separations such as protein displacement chromatographyMass conservation of the solute between the time when the

[32—-35] We have recently shown that the Langmuir formal- new solution enters the column and a final time for which the

ism is not suited for this purpose in our c§386]. In this paper plateau concentration is reached, allows the calculation of

we intend to show that a stoichiometric adsorption equilib- the adsorbed amount of the solute in the stationary phase at

rium model, namely the SMA algorithm, may be more useful. equilibrium with a given concentration in the mobile phase.

lon exchange chromatography was chosen as example, sinc&he adsorbed amouii; is given by:

it is a popular method in preparative protein chromatogra-

phy allowing efficient protein separation while maintaining 5 _ Cp(Veq — Vo) (5)

the native structure and hence the biological activity of the P Va

product to the highest degree.

2.2. Instrumentation

whereVeq and Vo are the elution volume of the equivalent
area and the hold-up volume, ak{ is the volume of the
stationary phase.

For column regeneration between each frontal analysis
measurement the column was flushed with 2 M NaCl. Break
through curves and elution peaks were recorded at a flow rate

. . of 0.5 mL/min.
a-Chymotrypsinogen A from bovine pancreas and cy- !

tochromc from bovine heart as well as sodium phosphate

and sodium chloride for buffer and eluent preparation were 2.4. Computational methods

from Sigma (St Louis, MO, USA). The purity of the proteins

was determined by matrix assisted laser-induced desorption  The programs used to perform the numerical calculations
ionisation time-of-flight mass spectrometry (MALDI-TOF discussed in this work were written using the method of or-
MS, Atheris, Geneva, Switzerland). Water was purified using thogonal collocation on finite elemerjt§15,39,40]

2. Materials and methods

2.1. Materials
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2.5. Kinetic models

In the POR model the mass balances ofitheomponent
in the mobile and solid phase are the following:

aCp,; aCp,;
Ee
ot 0z
82Cp . _
= eeDL azz’l — (1 — eedkiap(Cp,i — Cp,i) (62)
ICp,i I0p.i —~
&, -+ (1—ep) o - = kiap(Cp; — Cp,;) (6b)

wherea: and éi denote average concentrations in the stag-
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where the correlation proposed by Young and Carid&d
was used for estimating the value of the molecular diffusion
coefficient,Dpy;.

T

- —8
Dm;i=834x10"° x —T) 103

13)
Tis the temperaturey the viscosity of the solvent, arM the
molecular weight of the compound in question.

The tortuosity factory was calculated according to
y=(2- ap)zlsp, wheresp is the particle porosity, which was
calculated according to E¢4),
et =¢ce+ (1 —ge)ep (14)

wheres; is the total column porosity measured using acetone

nant fluid phase contained in the pore of the stationary phaseas inert tracer anek is the external column porosity obtained

and k is the overall mass transfer coefficient of comporent
In solving these partial differential equations, the follow-
ing initial conditions were used:

Cpi(0,2) = C?  Cpi(0,2) =0,
0pi(0,7)=0 for0<z<L.

and
(1)

In addition, two sets of boundary conditions apply, one at the
columninlet, the other at the column outlet. Eo10 andz=0
(inlet) the condition is:

dCp,;
qu;g’fJ- — M(O)C(O) = —SeDLa—Z,l f:’,f,i = Cg.f,i; for
O<t<tp Cps; =0 for r=1p (8)
The condition fort >0 and z =L (outlet) is:
Cp,
P,i -0 (9)
0z

The axial dispersion coefficierd, , was calculated from the
Gunn equatiof41]:

2
Dy ReSc 5 ReSc 3
tem— =——(1-p)°+|-—5—-| pPL-p)
Sdou  4a2(1—¢) (4a§(1 — ee)>
— 42 _
8 4a711(1— e¢) e (10)
p(1— p)ReSc | yReSc

wherep is equal to 0.17 +0.33 18*Re and Scand Re are

from the sodium nitrate elution peak.

The value of the external mass transfer coefficient was
calculated from the Sherwood numb8h according to the
Wilson—Greankoplis correlatiod3]

gy = Kextido 109 43, 173
Dm Ee

In case of the monolithic column an apparent average particle
diameter was estimated by measuring the pressure drop over
the column as a function of the flow rate and applying the
Carman—Kozeny equatiga4].

(15)

2.6. SMA model parameters

The ion capacity of the stationary phase, was deter-
mined as follows; the column was first equilibrated with a
120 mM sodium phosphate buffer pH 7.2 for approximately
10 column volumes followed by a front of a solution con-
taining 1 M ammonium sulphate in water. The bed capacity
was then determined by measuring the amount of sodium
ions displaced by the ammonium ions using atomic absorp-
tion spectrometry. Fractions were diluted 100 times in UHP
water prior to measurements. Nian standards in the range
of 10-200 mg/L were used for the calibration.

The characteristic charge, the steric factorg, and the
adsorption equilibrium constar, for the proteins were ob-
tained according to the protocol described by Brooks and
Cramer[28]. In particular, linear elution experiments were

the Schmidt and the Reynolds numbers, respectively, with carried out at various mobile phase salt concentrations in or-

Sc=n/(oDm), andRe= (pudy)/.
The overall mass transfer coefficidqatof component is
given by the following relationship:

2]

wherekextj andkinti are the external and the internal mass

1
kexti

1

kint,i

11

transfer coefficients, respectively. The internal mass transfer

coefficient can be calculated as follows:
Spo,l’

With  Defr.; = (12)

der to determinate andK according to the following equa-
tion:

log k' = log(BKpA'P) — vp log Cs (16)

wherek is the capacity factof is the column phase ratio and
Cs is the initial salt concentration in the carrier. The phase
ration, 8 was calculated according to

1—8'[

(17)
&t

where ¢,=0.84 ande;=0.7 are the total porosity of the
BioScale and UNO columns, respectively.
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The steric factor for the proteins was obtained from frontal Al experiments for the determination of the SMA parameters
chromatographic experiments according to expression 18: \ere repeated at least three times.

LA, [ ( 1 )/ (18)
op = - — —v i i
p S p .
Cpill BK, 3. Results and discussion
3.1. Isotherm measurements
where
v Two simple proteins were chosen as example in this
= (_P _ ) investigation of the adsorption behaviour of proteins to a
Vo strong cation exchanger column, namely cytochmfrom
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Fig. 1. MALDI (matrix assisted laser desorption ionisation) mass spectra of top: cytoctanthbottomx-chymotrypsinogen.
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Table 1 £
Characteristic parameters of the BioScale S2 and UNO S1 columns g 351 )
Parameter BioScale S2 UNO S1 g 2‘5’
Column dimensiorfs 5.2cmx 0.7cm 3.5 0.7cm § fg
Column volumé 2mL 1.3mL £ 10
Column dead volume 1.7mL 0.9mL ;; 5
Stationary phase volume 0.3mL 0.4mL s 0 i i T '
Total porosity,et 0.85 0.70 3 0 0.1 ) 02 ) 03 0.4
Extema| porosity$e 037 055 Mobile phase concentration [mg/ml]
Particle porositygp 0.76 0.33 5 8
Interactive group —S03~ —S03~ g 210
Particle/pore size 10+ 3pum monolith 8 6
lon capacity (N&) 1833 mM 445 mM Sg i
@ B

Protein capacity (cytochrom) 30 mg/mL 7mg/mL [75 mM] £E 3

1.4 mg/mL [120 mM] § i

o
Protein capacity 4.5mg/mL 0.6 mg/mL g 0 - : " " ‘
(a-chymotrypsinogen) 0 0.1 0.2 03 04

Phase ratiqB 0.1 0.4 Mobile phase concentration [mg/mi]

Plate number (per colunh) 1000+ 15% 1200+ 15%

@ Information supplied by the manufacturer, Bio-Rad.
b Determined with acetone (2%, v/v) as inert tracer at a flow rate of
0.5 mL/min.

bovine heart (mass 11572, isoelectric point 9.5) and
chymotrypsinogen A from bovine pancreas (mass 25600, . 005 o1 ons oz 0z 0s 035
isoelectric point 8.5). The MALDI mass spectra of the two Mobile phase concentration [mg/mi]
proteins/Fig. 1, showed that the cytochroowas very pure,

Stationary phase concentration
[mg/ml]

while the a-chymotrypsinogen contained some impurities. £ Z; @

Two column morphologies were investigated, a conventional § 0’5 |

porous particle based one (BioScale S2) and a ‘monolithic’ & _ 0:4 ]

one, namely the UNO S1. The characteristic parameters of §§ 03 |

the two columns are compiled Fable 1 With 1.3 mL com- == 02 1

paredto 2.0 mL, the total volume of the UNO column is about E 01

30% less than that of the BioScale one. With 0.4mL forthe & o ! - - - -,

UNO and 0.3 mL for the BioScale column, the difference Mobile phase concentration [mg/mi] ’

in the stationary phase volume is less pronounced and even

slightly in favour of the monolith. Fig. 2. Single component adsorption isotherms measured for (a) bioscale

Isotherms were recorded for the two proteins on the two CO":}”‘”Y ‘;Ytoc,h’o”“:' (bLUSSSOIU|mn' Cytﬁ"h“’tm' © biosca'ce Cf(’j'_Lt‘_m”'.
column typesFig. 2 The buffer concentrations used inthese. =< "TSPIESEn, (0 N0 colmmnonpenogen condions
experiments, i.e. a concentration of 120mM in case of the phate pH 7.2 (UNO column); flow rate, 0.5 mL/min.

BioScale column and of 75mM in the case of the UNO

column had been optimised during previous experiments

[36]. Most of the recorded experimental isotherms show involved proteins. As expected, isotherms were suppressed
points of inflections and in some cases several steps/plateauin the presence of salt, i.e. when a certain amount of NaCl
can be distinguished. This is the case not only fordhe  was added to the mobile phase, &g 3for an example.
chymotrypsinogen, where some impurities were present, but

also for the pure cytochrom The protein capacity of the  3.2. Determination of the SMA parameters

porous particle-based BioScale column is nearly four times

higher than that of the monolithic UNO column, in spite of Subsequently the SMA parameters of the two proteins
the slightly lower stationary phase volume measured for the were determined for the two column morphologies according
BioScale column. The same is incidentally true for th&€ Na  tothe standard procedures outlined in the materials and meth-
ion capacity,Table 1 More importantly, pronounced differ-  ods sectionTable 2 The values measured for both columns
ences can be observed for a given column between the satuare comparable to those found in the pertinent literature for
ration capacities of the two proteins. For both column mor- these or similar proteir{85,45,46] The characteristic charge
phologies, the cytochrom capacity is roughly ten times as  of both proteins is higher when measured for the in porous
high as that determined fer-chymotrypsinogen. Such dif-  particle-based column than in case of the monolithic one.
ferences in the saturation capacities will render the Langmuir It was verified that these differences are not due to the dif-
approach unsuitable in the simulation of separations of the ference in the mobile phase composition, namely 120 mM
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phosphate in case of the BioScale column versus only 75 mM
phosphate in the case of the UNO column. In fact, for both
proteins the characteristic charge remained almost the same
when the monolithic column was used with a mobile phase
containing 120 instead of 75 mM phosphate buffer (e.g. 0.7
instead of 0.75 in the case of cytochrajn

No clear trend can, on the other hand, be observed
for the steric factor and the equilibrium constant. feor
chymotrypsinogen the values for these parameters are higher
in the BioScale column, while the opposite is the case for
cytochromc, where both values are considerable higher in
the UNO column.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Stationary phase concentration [mg/ml]

Mobile phase concentration [mg/mL]

Fig. 3. Single component adsorption isotherms of cytochcomeasured
for the BioScale S2 column in the presence of increasing amounts of salt
(NaCl) in the mobile phase (120mM phosphate, pH 7.8),@% NaCl, 3.3. Simulation of breakthrough curves
(m)1% NaCl, @) 3% NaCl, @)5% Nacl, flow rate: 0.5 mL/min.

Inthe numerical calculation of breakthrough curves based
on the POR model, the axial dispersi@n,, as well as the ex-
ternal and internal mass transfer coefficiekig;; andkin,

Table 2
SMA parameters used in the simulations

Cytochrome a-Chymotrypsinogen  4ra required. These were determined as described in the ma-
Characteristic charge 2.14/0.75 0.46/0.39 terials and methods section and the corresponding values are
Stéﬁf;ﬁﬁ“m) 45/4.0x 16 6.5 1/ 5 1P listed in Table 3together with the molecular and effective
(BioScale/UNO) diffusion coefficients used to calculate the mass transfer co-
Equilibrium constant 0.12/25.5 7.58/3.17 efficients. The values for the column porosities are found in
(BioScale/lUNO) Table 1 Efficiencies (plate numbers) were determined using

The experimental error in the determination of the characteristic charge is acetone (2%, v/v) as inert tracer at the flow rate used in the

+1. chromatographic experiments, namely 0.5 mL/min. With val-
el [2.623E+0001, 7.977E-0003) - vel (1anEE ANt T 6 2770 AnAm
E 6.778 = B.778
g P
= E
=
= E =
= 5.056 S 5056
< =3
£ £
g =
< 4 w
g M simulation g 33
= simulation
© S
1612 7 1612
1.100 2.200 3300 4400  ted 1.100 2.200 3300 4400  wed
(a) Time [min] (b) Time [min]
we3 SEME-0003)
—_— el (2.308E-0001. 8.469E-0003)
= 1338 _ 1
£ E 6.778
= R E
5 0.576 simulation T soss -
= 1 5 simulation
£ o] g
g o814 [
O 0252 7 g 1612
Q
0.700 1.400 2100 2.800 te-1 0.700 1.400 2100 2.800 L |
(©) Time [min] (d) Time [min]

Fig. 4. Comparison between the experimental breakthrough curves and chromatograms of cyt@ctttime corresponding numerical solutions (solid line) as
afunction of the protein concentration and the mobile phase composition. Column: BioScale S2, flow rate 0.5 mL/min (a) concentration of tHgQ&staiv 0.

(0.1 mg/mL), mobile phase 120 mM phosphate buffer pH 7.2 + 1% NacCl (characteristic charge: 2.35), (b) concentration of the protein 0.0085 mM {0.1 mg/mL
mobile phase 120 mM phosphate buffer pH 7.2 + 10% NaCl (characteristic charge: 2.00), (c) concentration of the protein 0.0017 mM (0.02 mg/mL), mobile
phase 120 mM phosphate buffer pH 7.2 (characteristic charge: 2.14), (d) concentration of the protein 0.017 mM (0.2 mg/mL), mobile phase 120 iteM phospha
buffer pH 7.2 (characteristic charge: 2.14).
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Table 3 respectively an internal mass transfer coefficient (#4))
Kinetic parameters of the proteins used in the simulations that correctly describes the diffusion of the proteins inside the

Cytochrome a-Chymotrypsinogen ‘pores’ of either column type. In order to demonstrate this, a

BioScale/lUNO BioScale/UNO value for the protein diffusivity inside the stationary phase,
Dm (cn?/min) ~ 3.05x 10°° 7.12x10°° dubbedDn, p, Was calculated for each protein/column pair
D p (cmP/min)  1.0x 176/51-0X 10° . Lox 10_8{34.5>< 1(r99 by fitting the corresponding simulated breakthrough curve to
giﬁ(é%:]‘?:;) i:i;i i;g%ii%ﬁ; ;g;i igr&g:gi igg the experimental one, sable 3for the values. The physical
Kext (CM/miin) 3.14x 10°Y7.0x 10-F  2.3x 10-3/8.1x 10-3 basis for the thus derived diffusivities remains at present un-
Kint (cm/min) 4.1x 1073/4.4x 1071 4.4%1075/2.0x 103 clear. If one compares the ‘fitte@y, p-values with the ones

for the molecular respective effective diffusion coefficients
calculated according to Egd.2) and (13)theDy, p-value is

ues of 1000415%) plates per column, see alEable 1 the about one order of magnitude smaller. Taking into considera-
column efficiencies should be high enough for an accurate tion that a highly attractive chromatographic phase was used
analysis of the breakthrough curves. to interact with the proteins in these experiments, itis possible

These experimental values were used together with thethat the observed slow intraparticle diffusion, respectively the
SMA isotherm for a first simulation of breakthrough curves smallinternal mass transfer coefficiént was due to the fact
for both proteins on both column morphologies (mobile phase that mass transfer inside the pores is dominated by surface
120 mM phosphate pH 7.2 for the BioScale and 75 mM phos- rather than conventional pore diffusion.
phate pH 7.2 for the UNO column). In all cases the initial Finally it is interesting to note that in case of the porous
agreement between experimental and simulated results wagarticle-based column for both proteins the values for the in-
far from satisfactory. A systematic investigation of possi- ternal mass transfer coefficient are two orders of magnitude
ble reasons revealed that the bulk molecular diffusion co- smaller than the ones for the external one. Apparently the
efficients,Dyj, calculated according to E¢L3) cannot be internal mass transfer shows a major resistance in the case of
used to calculate an effective internal diffusion coefficient the BioScale column, which is after all not surprising in the
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Fig. 5. Comparison between the experimental breakthrough curves and chromatograms of cytcehddime corresponding numerical solutions. Column:
UNO S1, flow rate 0.5 mL/min, protein concentration: 0.025 mM (0.3 mg/mL). (a) Mobile phase: 120 mM phosphate buffer pH 7.2 (characteristic &harge: 0.6

(b) mobile phase: 120 mM phosphate buffer pH 7.2 + 1% NacCl (characteristic charge: 0.49), (c) mobile phase: 120 mM phosphate buffer pH 7.2 + 3% NaCl

(characteristic charge: 0.06), (d) mobile phase: 120 mM phosphate buffer pH 7.2 + 5% NaCl (characteristic charge: 0.01).
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case of a porous particle-based stationary phase. In the caseombination of the POR model and the SMA isotherm for-
of the monolithic column, both mass transfer coefficients are malism. In each case the same diffusion coefficient could
in the same order of magnitude. It must be admitted how- be used to model the behaviour independent of the protein
ever, that the physical meaning and the location of the in- concentration or the mobile phase composition in the investi-
ternal mass transfer is somewhat unclear in the case of thegated range (0.02—-0.2 mg/mL protein, 0—10% Naki, 4.
monolithic column. This monolith does not have micropores The calculated breakthrough curves and peaks were found
filled with stagnant fluid, such structures can therefore not be to correspond reasonably well to the experimental profiles.
held responsible for the observed behaviour. Unfortunately Moreover, other than in the case of the Langmuir isotherm
at present, the kinetic models of chromatography cannot take[36], in principle one set of isotherm and kinetic parameters
into account the specific morphology of a monolithic col- could be used in all simulations; no fitting was necessary
umn. This became e.g. evident, when an (apparent) particleto accommodate for the protein concentration or the mobile
diameter had to be calculated in order to apply @¢) for phase composition (salt content).
the calculation of the internal mass transfer coefficient. The In these experiments the determination of the character-
equivalence of the two mass transfer coefficients could henceistic charges was beset with a rather large experimental er-
also mean that the differentiation between external and inter-ror (1 U). It is quite possible that this was due to the fact
nal mass transfer was arbitrary in the case ofthe UNO column, that the experiments were carried out at ambient tempera-
as only one mass transfer process by diffusion—that of the ture (224-2°C). At the same time is the retention time of
bulk mobile phase to the surface of the monolith—occurred. the breakthrough curve very sensitive to small changes in the
The fitted coefficient for internal diffusiorDi, p-value) values of the characteristic charge. Some fitting of this param-
was subsequently used together with the corresponding SMAeter was hence necessary to fine-tune the agreement between
parameters to simulate breakthrough curves and elution peaksimulation and experiment, the exact values used in the ex-
of cytochromc on the BioScale S2 column for different pro- periments are given in the corresponding figure legends. It
tein concentrations and mobile phase compositions, using ashould be noted that the changes in the characteristic charge
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Fig. 6. Comparison between the experimental breakthrough curves and chromatogramoisyforotrypsinogen as a function of the mobile phase composition
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charge: 0.16).
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as a result of the fine-tuning are well below the experimental the SMA isotherm is used successfully in combination with
error. the POR model for the simulation of protein breakthrough
The relevant SMA Table 9 and transport parameters curves in ion exchange chromatography.
(Table 3 were then used to model the cytochranbreak- The use of an adsorption model based on assumptions
through curves on the monolithic column for different mo- concerning the physical behaviour of the protein under chro-
bile phase compositions and proteins lodeig,. 5 Again, matographic conditions improves the applicability and the
the correspondence between the experimental and calculategredictive value of the derived simulation. In particular the
breakthrough curves was good, however the value of the char-protein load and the salt content of the mobile phase do not
acteristic charge needed to be adjusted within the range of thehave to be taken into consideration beforehand, which is al-
experimental error as a function of the mobile phase composi-ready an improvement compared to the use of the Langmuir
tion, see legends for the exact value used in each experimentformalism for this purpose. At present the fact that one of
We observed no principal difference in the behaviour of the the SMA parameters, namely the characteristic charge, ap-
two column types during the simulation. pears to depend on the mobile phase compositions remains
In a similar fashion were the breakthrough curvesxef a nuisance. Further research is needed to determine whether
chymotrypsinogen simulated on both column types and goodthis dependency is routed in fact or whether this is an arte-
agreement was found, sdédg. 6 for examples from the  fact produced by the model that can be removed by including
particle-based column. Again some adjustment of the char-other until now neglected aspects of protein chromatography

acteristic charge was necessary as a function of the mobileon ion exchangers.

phase salt content to optimise the fit. In particular a value of
0.16 instead of 0.46 had to be used when the mobile phase

(120 mM phosphate buffer, pH 7.2) contained an additional 5. Nomenclature

1% of NaCl. Apart from that, no other dependency was found.

It remains to be seen whether this ‘change’ in the character-
istic charge as a function of the mobile phase composition is ap
a physical reality or whether this is merely an artefact intro- Bi
duced by the model. As pointed out before, the determination C
of the characteristic charge is at present beset with an experd,
imental error that prevents a detailed investigation of this Dp,

question. Dm,p

Most breakthrough curves and elution peakgigs. 4—6

show an early breakthrough step or a ‘shoulder’. This is in Def
fact the major discrepancy between the simulated and the ex-D
perimental data. This step is observed not only in the case ofK
a-chymotrypsinogen, where some impurities were present, k
but also for the extremely pure cytochranit is hence most Kext
likely not due to an impurity, but rather to a presently ne- k;
glected facet of the protein adsorption under experimental kint
conditions. We are currently investigating this phenomenon L
for an additional number of proteins and synthetic peptides asM
well as other ion exchange materials. It seems likely that this Pe
step can be taken into account by using a modified isothermQ

algorithm. r
Re

_ Rp

4. Conclusions Sc
Sh

The adsorption of proteins on charged surfaces is a com-St
plex process, as steric effects, changes in the protein structurd
and next neighbour effects on the surface cannot be excludedt
Although often a given experimental isotherm can be fitted tp
to the Langmuir equation, the predictive value of the then de-
rived model parameters for the simulation of related but dif- u
ferentexperimental conditions is low. We propose thatinstead Veq
an algorithm should be chosen for the adsorption equilibrium Vg
that is based on an assumption concerning the physical beVy
haviour of the involved compounds (proteins). In this paper z

external surface area of the adsorbent particles
KextOp/2Deff = Biot number

concentration in the mobile phase

average particle diameter

molecular diffusion coefficient

fitted molecular diffusion coefficient for the protein
inside the stationary phase (stag nant fluid)
effective diffusion coefficient

axial dispersion coefficient

equilibrium constant

capacity factor

external mass transfer coefficient

overall mass transfer coefficient

internal mass transfer coefficient

column length

molecular weight

ul/(DLee) = Peclet number

stationary phase concentration

radial coordinate

(oudp)/n = Reynolds number

equivalent particle radius

n/(oDm) = Schmidt number

(Kextdp)/Dm = Sherwood number
kexiaplLee/u= Stanton number

absolute temperature

time

time during which a feed of constant concentration
is introduced into the column

mobile phase velocity

elution volume

column hold up volume

stationary phase volume

axial coordinate
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Greek letters

B phase ratio

e external porosity

&p particle porosity

&t total column porosity
y tortuosity factor

n viscosity

A ion capacity of the column
v characteristic charge
0 density

o steric factor
Subscripts

i component index

P protein

S salt

Superscripts
O inlet value
* equilibrium value
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