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Abstract

A method for fast in situ measurement of adsorption kinetics based on a finite bath was developed. We modified the conventional finite bath
by replacing the external loop by a dip probe which enables in situ measurement of the concentration change in the contactor. Deposition of
adsorbent particles on the reflection surface of the dip probe compromised measurements. Different membranes, a polyamide, a polypropylene
and a nylon membrane were tested to protect the internal reflection surface of the dip probe from fouling with adsorbent particles. The nylon
membrane provided efficient protection and high mass transfer evaluated by response time experiments. Unspecific adsorption of the model
protein on the membrane could also be excluded. To corroborate the measurements of the dip probe the results were compared to a conventione
finite bath and to a shallow-bed. The uptake curves for human polyclonal IgG at different concentrationes (0.1-3 g/l) on rProtein A Sepharose
FF and MabSelect were used as model system. The effective diffusion coefficients were determined using a pore diffusion model. These
values were in good agreement for all methods.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tion is determined from the breakthrough cufvg. In the
perturbation method the column is initially equilibrated with
Adsorption kinetics and equilibria are key parameters solutes at a given concentration. Then a negative or positive
characterising a chromatography systgh A large panel perturbation of this background is introduced by injection
of experimental methods have been reported to determineof a small rectangular pulse of pure solvent or sol(4e8].
these parametef2-5]. A key question is how fast this pa- Though these method show good results for the determina-
rameters can be estimated. Another criteria of applicability tion of isotherms, they are not suited for the determination
of such a method is the material consumption. In a lot of of adsorption kinetics. The most common methods for de-
development steps the amount of material available for suchtermination of adsorption kinetics are the batch experiments
studies is limited6]. This is often the case during the devel- where the compound and the adsorbent are presented in a
opment of a biotechnological product. Therefore, methods stirred vessel and the concentration is monitored by contin-
have to be developed which do not consume a lot of solute. uously recirculating a small stream through a spectrometer.
The simplest method for determination of adsorption ki- This experimental set-up is also known as batch contactor or
netics and equilibiria is mixing adsorbent and adsorbate in afinite bath. The disadvantage of this method is the response
small vessel. After certain time intervals samples are drawn time due to the external fluid circui®,8]. Another experi-
and analysed for solute concentration. From the concentra-mental set-up is the shallow-bed which has been described
tion change with time the kinetics and equilibria can be es- by Boyd et al[9] and successfully used to determine adsorp-
timated. The most common method is the frontal analysis tion kinetics of ion-exchangefd0,11] The shallow-bed is
where the amount of protein bound at a specified concentra-also known as zero length column. A small amount of adsor-
bent is placed in a column and the compounds are percolated
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be constant. Therefore, the shallow-bed is characterised as awith c as the concentration in the mobile phase of the parti-
infinite bath. Other methods such as confocal laser scanningcle andg as the concentration in the stationary phase of the
microscopy[3] monitor the in situ uptake of mixtures into  particle. The particle porosity is given gsand the effective
chromatography particles. The extraction of reliable kinetic pore diffusion coefficient aBe.
constants is still a problem and the method is often used ina Due to the fast adsorption of IgG to protein A mefiig&]
qualitative way. There is a lack of in situ methods to probe the equilibrium between the mobile and stationary phase con-
the uptake of solutes by adsorbents. centration can be described using a favourable isotherm, e.g.
In this work, we tried to develop a fast and simple in situ a Langmuir isotherm:
method for determination of adsorption equilibrium and ki-
netics. We improved the method of finite bath by replacing ¢ =
the external loop by a dip probe which enables in situ mea-
surement of the concentration in the vessel. Therefore, we The Langmuir isotherm is described using the maximum
expected reduced response time. A further advantage is thabinding capacitygyn and the Langmuir isotherm equilibrium
several solutions can be measured in parallel reducing theparametekKa.
time for measurement. In order to check if the modified sys- The model described by Eqél)—(7) presents two un-
tem produces reliable estimates for adsorption kinetics the known variables of the system, the external film mass trans-
experimental data were compared to shallow-bed and con-fer coefficient and the effective pore diffusion coefficient.
ventional finite bath. For this purpose we used rProtein A Weaver and Cartf8] showed that the estimation of the ex-
Sepharose FF and MabSelect as adsorbent and human polyternal film mass transfer coefficient for a suspension in a
clonal IgG as solute. finite bath using a correlation of Armenante and Kirvja]
is in good agreement with the value estimated from experi-
ments with low protein concentration. This correlation (Eq.
2. Theory (8)) uses the power input of the stirreér the diameter of the
chromatography particled,, the kinematic viscosity and
As shown in prior work12] biospecific adsorption in a  the Schmidt numbe8c
finite bath is governed by film mass transfer, pore diffusion 4/3\ 0.52
. ; . pL3443
and the dynamics of the adsorption reaction. However, for ¢, _ » + 0.52( p ) scL/3 8)
Vv

gmKac

7
1+KaC ( )

the protein-A media it was shown by Horstmann and Chase

[13] that the surface reaction is infinitely fast. Therefore, the

model used for prediction ofthe adsorption curves considered  With an power input,P of approximately 450 cfis®

Only f||m mass transfer and pore diffusion Whereas the con- we derived an external film mass transfer coefficient of
centration of the mobile and the stationary phase are assume®-0009 cm/s for MabSelect and rProtein A Sepharose FF. Do

to be in instantaneous equilibrium. and Rice[15] showed that for negligible surface diffusion
The conservation equation and the initial condition for the the Biot numbeBi = ktRp/De is typically larger unity and
bulk fluid are given as: external mass transfer is therefore negligible. It has been dis-
cussed at several scientific conferences that surface diffusion
d_C _ —%E(C — ¢ ) ) is extremely difficult to explain for macromolecules such as
d Ry V r=Fo proteins. Therefore, we assumed that the external mass trans-

fer was of little interest for our models. Additional data from
shallow-bed experimenf&6] was evaluated for comparison.
The same model (Eq$1)—(7) can be applied as for finite
film mass transfer coeffcierR, the particle radiusyy, the bath experiments though for shallow-bed the volume of the

volume of particlesy the volume of the bulk fluid and - medigvm is i'nfinite.ly smqll compared to thg volume. of the
as the concentration of the mobile phase at the particlgs syrProtein solutior, simplifying the conservation equation for

face.Cy is the initial concentration of the bulk fluid. the bulk fluid (Eq.(1)) to:
The transportwithin a spherical particle is described using: dC

t=0, C=0Co (2)

with C as the concentration in the bulk fluikt, the external

i 9)
ac dg De d [ 50c
ey, + (1 —&p) w o 2a\" o ®3) For the calculations using the data from the shallow-bed
the following correlation was used for calculation of the Sher-
t=0, ¢=0, ¢g=0 (4) wood number:
3 Re\ Y2
r=0 %X_0 (65)  Sh= 1.15(—e> 5033 (10)
or €p
3 ) . .
r=Rp, De—c — k(C = ¢) ©6) using the Reynolds numb&se the particle porosity, and

the Schmidt numbesc
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For nonlinear isotherms the above model needs a numeri-
. . . . . Xenen lamp Spectrometer
cal solution. This was obtained using orthogonal collocation
on finite element$17,18] All simulations were carried out

using MatLab 6.5 Release 13 (MathWorks).

Light
beam

Window

Dip probe Gap f
u _m:I;sz:ement
3. Materials and method Finite bath with Cosmpuiter with 1.
(a) hanging stirrer AVASOFT 6.0 (b) J 1™ Mirror

3.1. Adsorbents and proteins _ _ - , :
Fig. 1. The experimental set-up (a) for finite bath measurements with a dip

. . probe (b).
The resins, rProtein A Sepharose FF and MabSelect, were

purchased from Amersham Biosciences (Uppsala, SweOIen)'time was comparable to the response time of the unprotected
Both have a matrix of highly cross-linked agarose with an d for the measurements

estimated intraparticle void fractiap of 0.96 for the rPro- system was used for '

tein A Sepharose FF and 0.9 for the MabSelect. The particle

size ranges from 45 to 166m with an mean particle diame-  3.4. Dip probe measurements in a finite bath

ter of 90pnm [19] for the rProtein A Sepharose FF and from

40 to 130um with an mean particle diameter of g for For the experiments 30 ml of an IgG solution of known
the MabSelect. The polyclonal IgG solution (Octagam, 5%) concentration (0.1-3g/l) was provided in a vessel stirred
was a gift from Octapharma (Vienna, Austria). The dilut- at 300-600 rpm by an hanging magnetic stirrer (FishClip,
ing and working buffer was phosphate buffered saline (PBS) Buerkle, Lorrach, Germany) to reduce the shear forces ap-
composed of 137 mM NaCl, 2.7 mM KCI, 10 mM haPQy, plied on the proteins. The dip probe (FDP7UV200-2-ME,

1.8 mM KH2POy, pH 7.4. Avantes, Eerbeek, The Netherlands) was then placed in the
solution and connected to a light source (AvalLight-DHS Deu-
3.2. Finite bath experiments terium Halogen Light Source, Avantes, Eerbeek, The Nether-

lands) and a spectrometer (AvaSpec-2048, Avantes, Eerbeek,
Finite bath experiments were carried out for determination The Netherlands). The data were transferred from the spec-
of adsorption equilibrium and kinetics. For all experiments trometer to the computer where it was processed and saved
30ml of an IgG solution of known concentration (0.1-3g/l) using AVASOFT 6.0 (Avantes, Eerbeek, The Netherlands).
was transferred in a test tube and mixed by rotation. After ad- The data could then be extracted as ASCl-files and used for
dition of approximately 0.06 ml of pre-equilibrated adsorbent further evaluation. Additional to the measurements with the
samples were drawn at different time intervals, centrifuged dip probe samples were drawn from the suspension, cen-
and the protein concentration in the supernatant quantifiedtrifuged to separate the adsorbent and the concentration in the
employing UV 280 measurements. The last measurementssupernatant evaluated using UV 280 measurements. These
drawn after about 20 h, were used for determination of the measurements were used to check the mass transfer through

parameters of the Langmuir equilibrium isotherm. the protection filter of the dip probe.

3.3. Protection of the dip probe and response
experiments 4. Results and discussion

For stable measurements the dip probe had to be protected The core part of the new finite bath for determination of
excluding the adsorbent particles from the measurement gapadsorption kinetics is a dip probe which has been inserted into
This was achieved using filters made of polyamide (Amer- a stirred vessel. The schematic drawing of the experimental
sham, Uppsala, Sweden) with a pore diameter ofuhQ set-up is shownifig. 1L Alight beam coming from the xenon
polypropylene (Amersham, Uppsala, Sweden) with an pore lamp passes through the window of the dip probe asiillustrated
diameter of 23um or nylon (Millipore, Bedford, USA) with in Fig. 1b. The fluids to be measured flow constantly through
a pore diameter of 41 or 0m, respectively. The filters were  the gap. The light beam is reflected by a mirror, passes the gap
welded to tubes that covered the dip probe and were fixeda second time and the intensity of the light beam is measured
using an elastic band. In order to evaluate the increase in re-in a spectrometer. A computer is used for data storage and
sponse time of the dip probe due to the filters an IgG solution processing. As seen ifig. 1b the optical path is twice the
was provided in a vessel and stirred at different velocities gap length which can be freely positioned. A decrease of
(300-600rpm) using a hanging stirrer (FishClip, Buerkle, gap length corresponds to a dilution of the fluid measured.
Lorrach, Germany). At specified time steps the solution was Goal of our work was comparison of the estimated parameters
diluted and the time to reach equilibrium determined. The (eitherkinetic or equilibrium) with other methods which have
measurements were compared to measurements with an unbeen frequently used for the same purpose to corroborate the
protected dip probe. The lowest velocity where the responseobtained results.
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Fig. 2. Comparison of measurement with dip probe (solid grey line) to finite
bath experiments (circles linked with solid line). The standardised absorption
was determined with reference to the absorption of the suspension immedi-
ately after addition of the adsorbent.
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For initial studies the dip probe was placed in the ves-
sel and after reaching a constant baseline a known amouno
of pre-equilibrated adsorbent was added. A leap of absorp- 20
tion was observed in the dip probe measurements after ad- = Data points from finite bath
dition of adsorbent. This is explained by the light scattering 10 A Isotherm from [16]
and absorption of the particles introduced into the system
(Fig. 2). Furthermore, in the dip probe experiment equilib-
riumwas reached much earlier at a higher absorption than for
the finite bath experiments. Consequently different pore dif- (b) o [mg/ml]
fusion coefficients calculated according to E(9—(7)were
obtained. We observed that particles were deposited on thef19. 3. Adsorptionisotherms for rProtein A Sepharose FF (a) and MabSelect

. . . . _ (b) for polyclonal IgG. (a) Data points derived from finite batch experiments
reflection surface of the dlp prObe further increasing the ab (diamonds) and dip probe measurements (circles) are fitted (dashed lines)

sorption. To avoid this effect the dip probe was protected and compared to data from literature (solid lifi#9]. (b) Data points from
by a filter, which excluded a major fraction of the adsorbent finite batch experiments (squares) are fitted (dashed line) and compared data
particles, while maintaining fast mass transfer. Three materi- from literature (solid lineJ19].
als with hydrophilic character were tested; a polypropylene, a
polyamide and a nylon filter, respectively. First response testsfaster mass transfer than the polypropylene filter with a pore
as described in the experimental section were carried out atdiameter of 23um (data not shown). We assumed that this
different stirrer velocities. After comparison of the response was due to higher hydrophobicity of polypropylene. How-
time to the response time of the system with an unprotectedever, for the polyamide filter a stirrer velocity of 600 rpm
dip probe the stirrer velocity necessary for the protected dip was necessary to have a mass transfer comparable to a sys-
probe was determined. To check unspecific binding the fil- tem with an unprotected dip probe. High shear forces induced
ters were incubated with different concentrations of human aggregation of IgG and this resulted in false pore diffusion
polyclonal IgG (0.1-3 g/l). Though unspecific binding of IgG  coefficients. We estimated the equilibrium concentrations in
has been described for nylon membraf# we could not mobile and stationary phase for different concentrations of
observe a decrease in IgG concentration. We therefore, asigG on rProtein A Sepharose FF from a set of uptake curves
sumed that unspecific binding of IgG to the membranes did and fitted those to the Langmuir isotherm (Ef)). We also
not occur or was negligible small. obtained the isotherms for IgG on rProtein A Sepharose FF
Polypropylene and polyamide filters are used in the con- and MabSelect from finite bath experimenfsgy; 3). How-
struction of chromatography columns to retain the resins ever, the isotherm for rProtein A Sepharose FF derived from
packed in the column. Due to the large pore size of the filters the dip probe measurements deviates significant from the
we assumed good mass transfer properties for these materialssotherms derived from finite bath experiments or literature
The polyamide filter with a pore diameter of jLéh showed a [19]. Small deviations of the fitted isotherm from the finite

30
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Table 1 1.2 500 —
Parameters for Langmuir isotherm fitted from the data points given from g_
. . —, 1.0 r __las0 £
finite bath and dip probe measurements ' 08 | -
rProtein A Sepharose FF MabSelect 6’ S 400 3 Blrll‘:)trlgtr:egzgg dip probe
B 0.6 o |—— F;rg;tected |dipﬂgobe
O (MG/m)) Ka (mi/mg)  dim (mg/mi) Ka (mi/mg) 04 ) 300 = Gierveloay
Finite bath 56.9%+ 1.8 8.3+ 1.8 61.9+05 20.0+1.7 0.2 - 300 =
Literature[16,19] 55.1+ 1.5 27.0+51 60.6+1.3 8.94+0.8 0.0 250 @
Dip probe 46.6+29 23+06 0 2 4 6 8 10 12 14
(a) Time [min]
. . 1.2
bath and the isotherms from literat|jt®] were probably due o
to incorrect measurement of the amount of adsorbent added +— ~
ilution step

— 0.8
o
0.6

The data of the isotherms are givenTiable 1 We assumed
that the problem for the dip probe measurement was due tog
mixing by agitation. This hypothesis was proven by compar- %4
ing the curves to finite bath experiments where the suspensior ~ 92 I
was mixed by end-over-end action. fig. 4, we compared 006 & 1o 12 14
the curves from the stirred finite bath using the continuous (b) Time [min]
measurements from the dip probe and single measurements
rom centruged samples messured i & pholometer wilh theFl % e et e e 6 e R,
measurements from a rotating finite _bath' The adsorption of un[’;rote():lted system,(a and b, solid line). ?’he dilution stepps are indicated by
a 3.5mg/ml IgG solution onto rProtein A Sepharose FF was e dotted vertical lines.
measured. For the first 30 min both curves from the stirred
finite bath, the dip probe and the single measurement curvetgin concentration to about 44 mg/ml for the dip probe and
were in fairly good agreement. Only after 60 min the ab- 4 ahout 54 mg/mi for the end-over-end system. Comparing
sorbance of the dip probe system increased, probably due tqpese results to the maximum binding capacity of rProtein A
deposition of adsorbent or more likely aggregates of IgG onto Sepharose FF (55 mg/ml) we concluded mixing by agitation
the reflection surface of the dip probe. However, adsorption posed a problem for the measurement with 1gG. However,
of IgG onto the glass of the reflection surface can neither be f.o 1y, Fig. 4 we also concluded that measurements of IgG
excluded. For the end-over-end system the absorbance cuVe dsorption curves with the dip probe protected by qu0
showed a stronger and longer decrease than for the curves,olyamide filter should be stable up to 30 min. We therefore,
from the stirred finite bath. We then calculated the capacity 5355ymed that fitting the effective diffusion coefficient to the
for the rProtein A Sepharose FF from the estimated final pro- adsorption curves measured for up to 30 min should lead to
the same results as the fits for a rotating bath. In further ex-
1.00 periments, nylon membranes with pore diameters of 41 or
1 60m, respectively were checked for their response time.
As seen irFig. 5the 60,m membranes showed better mass
transfer rates than the 4n filters allowing a stirrer veloc-
0.90 4 ity of 300 rpm. However, due to the patrticle size distribution
of the adsorbents only 4dm membranes were used. Nev-
ertheless, they showed better mass transfer efficiency than
the polyamide or polypropylene filters although they also re-
quired a high stirrer velocity of approximately 450 rpm. Due
to this velocity it was assumed that the stability of IgG was
also only given for approximately 30 min. This was verified
_— . . ' ‘ ’ . by superimposing curves from the dip probe system and the
0 20 40 60 80 100 120 stirred finite bath experiments with the rotating finite bath
Time [min] experimentsKig. 6). Twenty to thirty minutes after addition
: of adsorbent a deviation can be already observed.
g{ﬁrgg’ﬁgne S DI G5} Adsorption curves presentddgs. 7 and vere derived
 —  Rotating fitite bath B from a dip probe protected by a 4 nylon filter, from
samples drawn from the agitated dip probe vessel and from
) ) ) o a finite bath system with end-over-end mixing. The samples
Fig. 4. The dip probe curve protected with the,i polyamide filter (grey -3y from the dip probe vessel were used for checking the
line), the single measurements from the single samples drawn from the dip . . .
probe vessel (circles with solid line) and the finite bath experiments using Mass transfer through the filters into the dip probe and the
end-over-end action (inverse triangles with dashed line) are compared. ~ measurement using the end-over-end mixing was used for

Unprotected dip probe

— — — Protected dip Probe
(60 um nylon filter)

—-——— Stirrer velocity

0.95 4

0.85 ¥l

C/Co1-]

0.80 4

0.75 4
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Table 2
Effective pore diffusion coefficienDfg) for IgG on rProtein A Sepharose FF
as calculated from the experimental data for different IgG concentrations

Concentration Dip probeDe Finite batt¥ Finite bath
(mg/ml) (cmé/s) De (cn/s) De (cn?/s)
3.00 3.30E-08 3.00E-08 3.00E-08
1.50 3.80E-08 3.90E-08 3.80E-08
1.00 4.10E-08 4.00E-08 4.00E-08
0.50 4.00E-08 3.90E-08 3.90E-08
0.25 6.50E-08 6.50E-08 6.50E-08
0.10 1.40E-07 1.00E-07 1.00E-07
Data from shallow-bed is not presented here.
588 a Samples drawn from dip probe vessel.
0 10 20 30 40 50
Time [min] . . . .
rProtein A Sepharose FF for different protein concentrations
Dip probe (0.1-3g/l) comparing the different methods. The methods
—e—— Stirred finite bath (Dip probe) showed good agreement though for 0.5 g/l (medium dashed
-0 — Rotating finite bath line or squares) stability of the IgG solution was only given
up to 20 min whereas for the 1 g/l solution (small dashed
Fig. 6. The curve from the dip probe protected with theu#l nylon mem- line or diamonds) a longer stability was achieved. Using the

brane (grey solid line), the samples drawn from the dip probe vessel (squaresestimated external mass transfer coefficient the curves were
and dashed line) and the finite bath experiments (circles with solid line) are fjttad using Eqgs(1)—(7) and the effective diffusion coeffi-
compared. cient was estimated. The values derived from the dip probe
curves are given iable 2and concentration dependency
is depicted inFig. 8 Comparison to conventional methods,
such as finite bath experiments or shallow-bed data has also
been conductefd 6]. A good agreement for the experimental
values could be observed.

The adsorption curves for different IgG concentration for
MabSelect were depictedfig. 9for different methods. Also
in this case stability of the dip probe measurement was given

comparison to the system with a magnetic stirrer. A mag-
netic stirrer generates higher shear forces. As for ther0
polyamide filter also for the 41m nylon filter IgG stability
was assumed to be only given up to 30 min. Nevertheless,
it was possible to determine the effective diffusion coeffi-
cient. Better results might be achieved if the mixing tech-
nique could be improvedkig. 7shows adsorption curves for

1e-6
1.0¢
%)
o
—_ £
o 09 = .
o c
Q 3 4|
o = 1e-71 s
[ A
S A
058 p O A Al
S N
g QAc o ¢
=
[a] A
0.7 T T T T |
0 10 20 30 40 50 1e-8 | |
Time [min] 0.01 0.1 1 10

Concentration [mg/ml]

—— Dip probe

e  Stirred finite bath (Dip probe) v Stirred finite bath (Dip probe)
o  Rotating finite bath = Rotating finite bath

4 Shallow bed

o Dip probe

Fig. 7. Smoothed dip probe curves (lines), measurement points from single
samples from dip probe vessel (filled symbols) and measurement points
from the finite bath experiments (white symbols) are depicted for different Fig.8. Comparison of effective diffusion coefficients for IgG (0.1-3 g/l) onto
concentrations of IgG onto rProtein A Sepharose FF. A 0.1g/l IgG (solid rProtein A Sepharose FF derived from measurements using the dip probe
line or circle), 0.25 g/l IgG (long dashed line or inverse triangle), 0.5g/11gG  (white circles) and samples drawn from the dip probe vessel (filled inverse
(medium dashed line or squares), 1 g/l IgG (short dashed line or diamonds)triangle), shallow-bed measurements (filled triangles) and measurements
and 3 g/l (dotted line or triangles). with a finite bath with end-over-end agitation (filled squares).
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Dip probe

®  Stirred finite bath (Dip probe)
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Fig. 9. Smoothed dip probe curves (lines), measurement points from single
samples from dip probe vessel (filled symbols) and measurement points from
the finite bath experiments (white symbols) are depicted for different con-
centrations of IgG onto MabSelect. 0.1 g/l IgG (solid line or circle), 0.25 g/l
IgG (long dashed line or inverse triangle), 0.5 g/l IgG (medium dashed line
or squares), 1 g/l IgG (short dashed line or diamonds) and 3 g/l (dotted line
or triangles).

Fig. 10. Comparison of effective diffusion coefficients for 1I9G (0.1-3 g/l)
onto MabSelect derived from measurements using the dip probe (white cir-
cles) and samples drawn from the dip probe vessel (filled inverse triangle),
shallow-bed measurements (filled triangles) and measurements with a finite
bath with end-over-end agitation (filled squares).

for maximal 30 min. For some concentrations, 0.1g/l IgG continuous solution of the pore diffusion model. A different
(solid line) and 0.5 g/l IgG (medium dashed), the dip probe approach was introducing an apparent effective diffusion co-
curves were stable over 30 min. The estimated effective diffu- efficient where the results are explained in terms of parallel
sion coefficients were given ifable 3and were comparedto  surface and pore diffusion. However, it has been suggested
conventional method$-(g. 10. As shownFigs. 8 and 1@he that surface diffusion is of little interest for macromolecules
estimated effective diffusion coefficients were for allmethods like proteins. We fitted our data nevertheless using the pore
dependent on the concentration of the protein solution. This diffusion model as introduced above accepting the concen-
is due to the model chosen for parameter estimation since thetration dependency of the pore diffusion coefficient. We did
main factor contributing to changes in diffusion is the pore furthermore not account for the viscosity difference caused
diffusion coefficient. However, it has been discusf&@1] by the protein concentration.
that for decreasing concentration the contribution ofthe exter- It could be shown that a dip probe for continuous in situ
nal mass transfer increases. Weaver and Q@&}tatroduced determination of adsorption kinetics in a finite bath must be
adimensionless group for estimation of the importance of ex- used with caution. For proteins with a high tendency of aggre-
ternal or intraparticle mass transfer resistance. According to gation such as IgG several adjustments had to be made. These
the mechanism of mass transfer control two different analyti- adjustments were necessary in all finite bath experiments of
cal solutions can be applied. Another metfiptl] introduces the same experimental set-up using a magnetic stirrer. A fur-
a factor for the thickness of the adsorption layer enabling a ther problem arises from the low mass transfer of IgG through
the protective filter of the dip probe. The transport of IgG

Table 3 through the mesh is most likely due to convection driven by
Effective pore diffusion coefficienf)e) for IgG on MabSelect as calculated ~ Shear and turbulence in the agitated vessel. Therefore, it was
from the experimental data for different IgG concentrations necessary to apply high stirrer velocities increasing the ten-
Concentration  Dip probeDe Finite batf Finite bath dency of 1gG to aggregation. Still it was possible to derive
(mg/mi) (cnls) De (c?/s) De (cn?/s) the effective diffusion coefficients whereas the equilibrium
3.10 2.50E-08 2.50E-08 2.50E-08 data had to be estimated using batch experiments.

1.40 3.50E-08 3.50E-08 4.00E-08

1.00 5.50E-08 5.00E-08 5.00E-08

0.40 6.00E-08 6.00E-08 6.00E-08 ,

0.25 7.30E-08 7.30E-08 7.30E-08 5. Conclusion

0.10 2.00E-07 2.00E-07 2.00E-07

Data from shallow-bed is not presented here. One of the biggest advantages of this method was, be-

a samples drawn from dip probe vessel. sides measuring the adsorption kinetics in situ, that in our
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set-up up to six dip probes could be applied for mea- V
suring different protein concentrations or buffer condi- Vp

tions in parallel. The use of fibre optic multiplexers, split-
ting the light emitted from the UV-lamp or the light re-

turned to the spectrometer, can increase the number ofe

dip probes significantly. This makes it an extremely time-
saving and rapid method for the determination of adsorption
kinetics.

In our experimental set-up we were limited to a minimal
volume of 30ml due to the size of the stirrer and the size
of the dip probe. Besides the possibility of using commer-
cially available smaller dip probes and a smaller stirrer the
principle of this method, continuous measuring of the pro-

A. Tscheliessnig et al. / J. Chromatogr. A 1069 (2005) 23-30

colume of solution [ml]
volume of particles [ml]

Greek letters
void fraction of packing

ep intraparticle void fraction
v kinematic viscosity [cri/s]
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tein concentration using fibre optics, can be adapted to even

smaller scale. A further target is the adaptation of this method
for multi-component adsorption measurements. This should
be achieved by labelling the proteins with fluorescent dyes
and measuring the fluorescence at different wavelength in
parallel. This enables rapid in situ determination of multi-
component adsorption isotherms.

6. Nomenclature

Bi Biot number ksRy/De)

c concentration in fluid phase of particle [mg/ml]

C concentration in solution [mg/ml]

Co initial concentration [mg/ml]

dp particle diameter [cm]

D molecular diffusion coeffcient [cAs]

De effective pore diffusion coefficient [cfrs]

ks external film mass transfer coefficient [cm/s]

Ka Langmuir isotherm equilibrium parameter [ml/mg]
P power input per unit mass of fluid [cifs?]

q concentration in solid phase of particle [mg/mi]
Om Langmuir isotherm equilibrium parameter [mg/ml]
r particle radial coordination [cm]

Re Reynolds numberdgev/v)

Ro particle radius [cm]

Sc Schmidt numbery/D)

Sh Sherwood numbeik{dp/D)

t time [s]

v interstitial velocity [cm/s]
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