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Abstract

The adsorption of different proteins in a single biospecific and hydrophobic adsorbent particle for preparative protein
chromatography has been observed directly by confocal laser scanning microscopy as a function of time at a constant bulk
concentratiorc,,. The bulk concentration was in the non-linear part of the adsorption isotherm. At all times the concentration
of free protein at the particle surface was almost equal to the bulk content indicating that external mass transfer resistance is
not rate limiting for the adsorption under these conditions. Inside the particles a distinct maximum in adsorbed and free
protein concentration that moved inside to a distance-0f2 R (R particle radius) from the particle surface, was observed.

This is due to a decreasing solid-phase density and adsorptive capacity in the particle betviRandRandicating that the

fraction of macropores (or void space) is larger in the outer than in the inner part of the adsorbent particles. By increasing the
bulk concentration by a factor of 10 the equilibration time was reduced by about the same magnitude. This is in agreement
with the concentration dependence of the effective pore diffusion coeffidignt =D /{€ [1 + nK/(K + c)?]} derived from

the mass conservation relations describing the adsorption process. The time dependence protein adsorpt®d%pato

the equilibration valug* could be described by a bilinear free driving force model. The rapid equilibration in the outer part

of the particle with a half-life time of=100 s in the studied systems accounted for 0.3-90.4 he slower equilibration with

a up to ten times longer half-life time, was the adsorption in the inner part of the particle that outsidex€cbunts for
0.5-0.6g*. These data were compared with literature data for batch adsorption of proteins in biospecific, hydrophobic and
ion-exchange adsorbents. They could also be described by a bilinear free driving force model, with about the same
quantitative results as obtained for similar conditions in the single particle experiments. The static adsorption parameters,
maximum binding site concentration and dissociation constant for the protein binding to a bindingksiteere determined

from Scatchard plots. For the same protein—adsorbent system the plots changed from linear to non-linear with increasing
This change occurred when the average distance between adjacent binding sites become of the same order of magnitude a
the size of the binding site or adsorbed protein. This causes a shielding of free binding sites increasimgandtihe
concentration of adsorbed protein, yielding a concentration dependemceTimese results show that for a high throughput

and rapid adsorption in preparative chromatography, the adsorption step should be carried out in the non-linear part of the
adsorption isotherm with concentrations upcfowhereqg*/c,=10 to obtain high protein recoveries. To avoid tailing due to

the flow of adsorbed proteins in the inner part of the particles further into the particles at the start of the desorption, and to
speed up desorption rates, protein adsorption in the particle withilR@8&m the particle center should be avoided. This
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requires the further development of suitable pellicular particles for preparative protein chromatography that meet this

requirement.
0 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In preparative protein chromatographical processes
a high throughput is desired. Contrary to analytical
chromatography the process conditions are not lim-
ited to the linear part of the adsorption isotherm. The
throughput is determined by the rate of mass transfer
in and out of the porous particles, the maximum
binding capacity and the dissociation constants for
the interactions between the protein and the binding
sites in the adsorbent particles. In a phenomeno-
logical sense this throughput is similar to the space
time yield in enzyme technological processes using
enzymes immobilized in porous particles [1]. The
mass transfer problems in both cases are similar. To
study the factors that limit the mass transfer rate in
the porous particles used in chromatography and
enzyme technology requires the direct determination
of the concentration of free and adsorbed molecules,
substrates and products as a function of time in- and
outside single particles. For particles with immobil-
ized enzymes this has been done using microfl-
uorometry and microelectrodes [2,3]. These results
showed that large substrate concentration gradients
can be formed in the diffusion layer (film) outside
the particles. The dynamic pH gradients formed in
these particles during hydrolysis reactions have been
measured by confocal laser scanning microscopy
(CLSM) [4].

Protein diffusion in particles for size-exclusion
chromatography has been studied by microinter-
ferometry and microfluorometry [2,5]. With these
methods the concentration gradient along a diameter

concentration

different times [6—10]. Therefore not the same
particle was measured at the different adsorptions

times. These measurements allow only indirect con-
clusions on the rate of mass transfer in the particles,
as the free molecules are not measured. In these
measurements a slight maximum (hump) in the
concentration of adsorbed molecules inside the par-
ticles, approximately 0.8ROffom the particle
center, was consistently observed for both biospecific
and ion-exchange adsorbents. For the latter adsor-
bents it has been explained as an effect caused by the
electrical double layer on the surface of these
adsorbents [11]. In all the microscopic and CSLM
studies the final concentration at the border of the
particles did not show a vertical increase expected
for particles with a constant solid-phase content
along a radius. The concentration of the adsorbed
molecules was found to increase for distances 10—
30% of the radius from the outer particle surface for
both macroporous and polymeric network adsorbents
with radii in the range of 20-i@® (Fig. 1)
[5-10]. The larger % value applies for the smaller

co

0 R—IAr ,1-@ i, distance from particle center

Fig. 1. The concentration of fregr) and adsorbed(r) molecules

is n(_)t observed directly, but can be calculated from n and outside an adsorbent particle with radRiat the start of an
the interference patterns. CLSM has recently been adsorption process. The maxima @fr)=c(r)+x(r) have been
used to determine the concentration of adsorbed observed in [5-9]. The adsorbent particle has a decreasing solid-

molecules along a diameter as a function of time in phase and binding site contem(r) in the spherical shell between

ticl f d i h t h ith R— Ar andR, as has been observed in Ref. [4]. The concentration
particies for adasorption chromatograpny with a reés- ¢ gee mojecules outside the particle is determined by the film

olution in the um range. The particles had been iheory, inside the particle equilibrium between bound and free
washed after adsorption of fluorescent molecules for molecules is assumed.
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particles. The maxima (humps) observed in the x(r,t) =n(r) c(rt)/[K + c(r,t)] (D)
concentration of adsorbed molecules just inside the
particle may be also be caused by a gradient in
solid-phase content and a higher content of macro-
pores or void space in this particle region [5]. This
also follows from the ‘roughness’ of the particle
surface observed by microscopy [12]. This results in . i e
a decrease in the binding site concentration in the relation applies for a homogeneous pore diffusion
outer part of the adsorbent particle. model [17,18].

The aim of this study was to investigate whether  q(r,t) ac(rt)  ax(rt)
this solid-phase gradient causes the maxima, to & 5 p'[ ot ot ]
determine the rate-limiting step in the equilibration ax\  ac(r.t)
of the adsorption, and whether the kinetics of this = p(l %) ot~ DPs
process can be described by a linear driving force 5
model [13]. For this purpose the concentration of [a c(r.t) E 6C(r’t)] (2)
free and adsorbed molecules in and outside a chro- ar? r ar
matographic adsorbent particle was determined as awherer is the pore diffusion coefficient, ane the
function of time with CLSM. To analyze these data particle porosity. As the association reaction to the
the maximum static adsorption capacityand the  pinding sites occurs in the pore volume of the
dissociation constanK for the interaction of the particles, the concentration of the adsorbed mole-
adsorbate and the binding sites in the adsorbentcyles in this volume is used in Eq. (2). Strictly it can
particle must be known. They can be determined onjy occur in a part of this volume, i.e. in a volume
from Scatchard plots derived from the equilibrium glement of the pores outside the surface of the
adsorption data [14]. solid-phase. As this part is unknown, the concen-

It has been observed that for a biospecific ad- tration of adsorbed molecules is considered to be
sorbent fora-chymotrypsin the Scatchard plots were  homogeneously distributed in the pore volume. In
linear atn<10 " M, but become increasingly non-  gther derivations this concentration applies for the
linear with largern [15]. This indicates that binding  5olid volume element (* €,) where no association

sites are shielded by adjacent ligands or already yeaction can take place [17,18]. Eg. (2) can be
adsorbed molecules when increases [16]. This  (ewritten as

leads to a non-ideality condition causing a con- 5
centration dependence in the binding constanAs agcrt) . [ ae(r,t) 2 acrb) ] 3)
high n-values are desirable in preparative chromatog- 9t preff ar? rooor

raphy, andn andK are important parameters in the \\here the effective diffusion coefficiei
design of chromatographic separations, the conse-

wheren(r) andK are the maximum binding capacity
and the equilibrium constant, respectively. Due to the
gradient in solid-phase contemiy) is not constant in
the outer part of the particle as shown in Fig. 1.
Within the patrticle the following mass conservation

p,eff

quences of such shielding of binding sites were also Dp.ert = Dy/[€(1 + dx/dc)]
— 2
analyzed. =D, /[e,f1+ n(r)K/[K + (]3] (4)
is concentration dependent, i.e. increases witm
2. Mass transfer in- and outside the non-linear part of the adsorption isotherm. In the
chromatographic adsor bents linear part of the adsorption isotherm
Dy et = Dp/{€, [1 + n(r)/K]} (5)

The mass transfer relations within and outside an
adsorbent particle are derived from concentration is independent on the concentration. A similar ex-
profiles as shown in Fig. 1. Generally it is assumed pression has been derived in Ref. [18]. Whre(n)
that within the particle freec(r,t), and adsorbed increases in the outer part of the particle as shown in
moleculesx(r,t), are in equilibrium. For a Langmuir  Fig. 1,D, . will decrease in the spherical shell from
adsorption isotherm they are related by the equation Rto R — Ar.
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3. Material and methods
3.1. Materials

a-Chymotrypsin (CT, EC 3.4.21.1) and penicillin
amidase (PA, EC 3.5.1.11,) were obtained from
Sigma (Deisenhofen, Germany), purified by affinity
chromatography [19,20], and labeled with fluorescein
isothiocyanate (FITC, Molecular Probes, Eugene,
OR, USA) as described in Ref. [21]. Soybean trypsin
inhibitor (STI, Sigma) and monoclonal antibodies
(mAbs) against PA were immobilized in CNBr-acti-
vated Sepharose (Amerham-Pharmacia, Freiburg,
Germany) as described in Refs. [19,20]. CNBr-acti-
vated Sepharose and Eupergit C'(Rohm, Darmstadt,
Germany) were deactivated by incubation in a
phosphate buffer of pH 8.0 (ionic strendtl0.2 M)
with 1 M ethanolamine at room temperature for 2 h.
Eupergit C, PcA-Eupergit C (PA immobilized in
Eupergit C), and phenyl-butylamine immobilized in
Eupergit C (PBA-Eupergit [22]) were kindly pro-
vided by Mr. Boller (Rohm, Darmstadt, Germany).
A clarified and concentrated homogenate from a
wild-type E. coli strain producing PA (ATCC 11105)
with 30 000 U/I, was used to study the adsorption of
PA from a homogenate to PBA-Eupergit C [20,22].
Fluorescein was obtained from Sigma. All other
chemicals were of analytical grade.

3.2. Equilibrium batch adsorption

Known amounts of the molecules to be adsorbed
were incubated for 24 h with 5Ql adsorbent (settled
volume) in a total volume of 1 ml at pH 8.0 and
25°C. The concentration of free moleculeswas
then determined by enzyme activity measurements in
the supernatant after filtration [19,20]. The concen-
tration of adsorbed moleculeswas then determined
from the mass balanc& and n were determined
from a Scatchard plot, where the concentratians
andx were considered to be homogeneously distrib-
uted over the pore volume of the particle.

3.3. Confocal measurements

Particles were fixed between a microscope slide

and a coverslide, mounted as a wedge, by soaking a

phosphate buffer of pH 8.0 £0.2 M) with particles
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Fig. 2. ‘Immobilization’ of porous particles for confocal micro-
scopy measurements. (A) Wedge with a distance between the
cover glass and the microscope slide of 10—300 was formed

by glueing tape strips on both sides of the slide. No liquid flow
was observed through the tape strips (that can be additionally
sealed from the outside by nail laquer). (B) A dilute solution with
particles was added and soaked through the wedge until the
particles were ‘fixed’. Then sample with adsorbate was added to a
particle fixed under the cover glass by soaking with a filter paper.
The fluorescence intensity was measured along the particle
diameter through its center parallel to the direction of the sample
flow and the surface of the microscope slide.

into the volume element between the slides (Fig. 2).
That they were fixed was checked microscopically
by soaking buffer through this volume element. The
particle to be observed was selected so that the
distance to the nearest neighbour was at least 10
particle diameters. The solution with the molecules
to be adsorbed was soaked through the volume
element. Then the fluorescence intensity along the
diameter parallel to the flow and the microscope
slide was measured as function of time (Fig. 2). The
dead time between the addition of the fluorochrome
solution and the first measurement, taken as time
zero, was=5 s. Fresh solution was soaked through
the volume element every 10th s during the first 2
min of incubation, then this was done every 100th s
to avoid depletion of molecules around the particles
due to adsorption. The samples were exposed to
excitation light only during the measurements for 3 s
to minimize photo-bleaching.
The measurements of the profiles were performed
with a confocal DM IRBE microscope with aquisi-
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tion and evaluation software TCS NT from Leica 4. Results and discussion

(Heidelberg, Germany). The magnification was
achieved by a 18 0.3 NA dry PL Fluotar lens. An
argon/krypton laser with a filter was used to excite
the fluorescent molecules at 488 nm. The fluores-
cence emission was measured using a filter with a
maximum at 525 nm. In this work the particles were
observed by a horizontal scanning in the optical xy
mode within a field of 10081000 um?®, respective-

ly, 512X 512 pixels. To reduce noise three scans per
image were accumulated. Concentration profiles
were determined with the integrated Leica software
and modified with Microsoft Excel.
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4.1. Equilibrium batch adsorption

For all the systems studied here, Langmuir-type
adsorption isotherms were observed. When the ex-
perimentally determined concentration of free and
bound molecules were plotted as Scatchard plots,

non-linear plots were observed for the binding of the

proteins to the supports with the highest binding
capacity (Fig. 3). For STI-Sepharose the maximum
binding site capacityas as observed previously

[15], equal to the amount of immobilized STI within
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Fig. 3. Scatchard plots for the binding of proteins to biospecific (A, B), hydrophobic and ion-exchange (C, D) adsorbents with different
binding capacity and specific surface area. (8)) (Binding of FITC-PA to mAb-Sepharose (specific surface arekD n /ml) at pH 8.0

(1=0.2 M) (this study), @) binding of CT to STI-Sepharose at pH 71050.2 M) [15]; (B) binding of FITC-CT to STI-Sepharose atO

pH 8.0 (=0.2 M) (this study), @) pH 7.0 (=0.25M) [15]; (C) binding of PA to PBA-Eupergit C (specific surface ared0 m’ /ml) in

buffer of pH 7.5 (=0.05M) with 1 M NacCl from (@) a homogenate with 30 000 U/l ofX) pure PA; (D) (X) binding of bovine serum
albumin to 40pum PEI anion-exchanger (specific surface area 270 m /g) at pH 7.5 (3 g salt/l) @3]biading of lysozyme to
S-HyperD-M (specific surface area40 n¥ /ml) and O) Poros 50 HS (specific surface area 25 m /ml) at pH 6.5 with 100 and 200 m
NaCl, respectively [17]. All binding experiments were performed at room temperature “@. 25
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the experimental error. The observed dissociation
constant was always larger than for the interaction of
the free molecules, indicating thét in this case is
perturbed by the immobilization. For the binding of
FITC-PA to mAb-Sepharose a linear Scatchard plot
was observed (Fig. 3A). In this case the chang&in
due to the immobilization of mAb has not yet been

1000

o P
40,0001 a7
+O,0001

100 4

average distance between
adjacent adsorbent sites [nm]
N =

studied. The wavelength for the maximum fluores- 0,1
cence emission of mAb was changed from 336 to -1
352 nm upon immobilization [20]. This is due to 0.1
1 10 100 1000

structural changes that may pertufbfor the inter-
action with free PA.

Non-linear Scatchard plots for the binding of Fig. 4. The average distance of adjacent binding sites on the
different proteins have been observed previously for surface qf_the pores of chromatograph_ic adsorbgnts, as func_tion of
biospecific, ion-exchange and hydrophobic adsor- the ‘spe_cmg surface area. They are given for dlﬁgrent_maX|mum

- static binding capacities. The horizontal dotted line gives the
bents based on Sepharose, Poros, and porous silicggyer Iimit for the diameter of proteins<2.5 nm).
particles when the maximum static capacitywas
larger than 0.1 Ml [15,23-26]. In the case where
only adsorption isotherms were given, Scatchard sites or adsorbed molecules at saturation is about the
plots were calculated from these data. Some of them molecular diameter of proteins wham=0.1 mM.
are given in Fig. 3. In Fig. 3C the adsorption of pure For low molecular mass molecules this occurs first at
PA and PA in a homogenate to PBA-Eupergit C is much higher values ofi. These results indicate that
compared. The adsorption was carried out in the the analytical description of the adsorption to high
presence of IM NaCl to reduce the binding of capacity adsorbents that are suitable for preparative
nucleic acids to this bifunctional adsorbent [22]. It chromatography must consider this non-ideality that
follows that the maximum binding capacity aKdis results in non-linear Scatchard plots. The change in

reduced by more than an order of magnitude when the dissociation constant can be due to Changes in
PA is adsorbed from a homogenate. For particles both the association or dissociation rate constant. For

with larger specific surface areas, non-linear Scat- lysozyme immobilized on surfaces it has been shown
chard plots were observed first for larger valuesiof ~ that the association rate for the binding of five
In the adsorption of low molecular mass molecules different monoclonal anti-lysozyme antibodies de-
as Cephalosporin C to adsorbents with specific Creases by a factor of 5, compared with the value in
surface area of the order of 700?m /g, non-linear free solution [29]. In this case the space angle from
Scatchard plots have been observedrfer0.5 M, at which a free protein can collide with the immobil-

lower concentrations a linear plot was observed 1Z€d protein is reduced by at least a factor of two
[27,28]. The change from linear to non-linear Scat- compared to the interaction in free solution. This

chard plots for CT bound to STI-Sepharose indicates Leads to a reduced cpllision frequgncg and a.ssc'Jcia-
that already adsorbed molecules or neighbouring tion rate constant. This and the shielding of binding

ligands can shield unoccupied binding sites at high sites by adjacent binding sites.or already adsorbed
n-values, leading to increasing apparent association molecules !eagis to a concentration dependence of the
constants with increasing and density of adsorbed appgrent binding constait, compared W!th the free
molecules [15]. To illustrate this, the average dis- solution value. The;e and the adsorptllon isotherms
tance between bound molecules at the maximum Must then be described by a concentration dependent
binding capacityn has been calculated as a function apparent dissociation constalit For the non-.lmear

of the specific surface area for different valuesnof Scatchard plots the appard(nvglues were estimated
(Fig. 4). From these data follows that for Sepharose O Small Ky, ) and saturatingK,,,) x values
with a specific surface area @10 m’ /ml support, using the relation

the distance between the surfaces of adjacent bindingK,,,, = (n — x;)/(x/c),. (6)

surface area [mzlcm3]

appi
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Table 1

Maximum concentration of binding sites, the dissociation constait, for linear Scatchard plots, and the apparent dissociation constants
(Kapp.» @nd K, ) for non-linear Scatchard plots for the adsorption of different molecules in porous particles for chromatography and
enzyme technology; the free and adsorbed concentration were determinetCaa@8 pH 8.0 (phosphate buffer with=0.2 M)

System n K Kapp.1 K app.2
(wM) (kM) (nM) (nM)
Adsorption of fluorescein to inactivated Eupergit C 2000 1000
Adsorption of FITC-CT to PBA-Eupergit C 1400 10 20
Adsorption of FITC-PA to PBA-Eupergit C 300 3
Adsorption of FITC-CT to STI-Sepharose 600 3.5 12
Adsorption of FITC-CT to STI-Sepharose 70 0.5 14
Adsorption of CT to STI-Sepharose [15] 75 0.5 15
Adsorption of CT to STI-Sepharose [15] 8 0.2
Adsorption of FITC-PA to mAb-Sepharose 18 0.3
The values oh andK determined for the different the film was constant. It equals the concentration of
systems are given in Table 1. The concentratias the used fluorochrome solution. The intensity profiles
an apparent value as it is the average value over the were then converted to concentration curves. The
whole pore volume of the particle. The binding sites concentration inside the particles is then an apparent
are, however, only located in a part of this volume valyg, (see below). Such curves for different
that is difficult to estimate. The results show that for adsorption times are shown in Figs. 5 and 6 for the
the non-linear plots the determinéd,, -values in- adsorbents: inactivated Eupergit C, PcA-Eupergit C,
creases withn in the range predicted by Fig. 4. They PBA-Eupergit C, STI-Sepharose, mAb-Sepharose
also confirm previous observations that the procedure and inactivated Sepharose. They show the same
used to label CT with the fluorochrome influences its shape, with a maximum in the intensity of adsorbed
adsorption behaviour marginally [21]. and free molecules, whose distance from the outer
Non-linear Scatchard plots are also expected for particle surface increases with time. Finally distances
bi-Langmuir adsorption isotherms. They are ob- Ao 6—8 pm for the particles witlR>50 pm and
served when there are two classes of binding sites Urte= 20 um for an Eupergit particle with
with different dissociation constants. The above R=50 pm are reached. This is of the same mag-
results indicate that this does not occur wheris nitude as observed previously for washed particles
small. Whenn andx increases adjacent binding sites [6-10]. This supports the assumption that the ob-
or already bound molecules cause the observed served maxima are due to a decrease in solid-phase
increase inK for the remaining free binding sites. content amdetween R— Ar) and R. Thenx(r,t)
will first increase inside the particles, agr) in-
4.2. Concentration profiles of free and adsorbed creases. Further inside the particles whereis
molecules in and outside the particles as function constant or decreases(r,t) will decrease. This
of time results in the observed maxima (Fig. 6).
Inside the particles the following three effects
By measuring the intensity of fluorescein solutions must be considered to calculate the total concen-
the fluorescence intensity was found to be linear in tration of protein in the pore vajfirtie= x(r,t) +
the concentration range 1-5@0. Thus outside the  c(r,t) from the apparent concentrations in Figs. 5 and
particles the concentration can be directly propor- 6:
tional to the observed intensities in this concentration
range.
In the observed intensity profiles after different (@ The pore fraction of the observation window of

times of adsorption the bulk concentration outside the confocal microscope;



122

V. Kasche et al. / J. Chromatogr. B 790 (2003) 115-129

300
n —4250
g 250 /" — 3650
=9
= 200 —650 ||
c
5] —350
T 150 \\\ / _s0 H
< [N I
[=
g 100 —-10 4
5 WA /] ko
g =]
0 . - = .
0 50 100 150 200 250
distance [um]
100
F —4250
S 8 — 3650
E" —65
€ 60 ’t\\\\ 0
S =50
o %\\ // -10
€ 40 _0
Q
o
5 o \\ / &%&
. w
0 e ; . .
0 50 100 150 200 250
distance [um]
20
F — 600
=" /w&' &Q Tlo
= -10
5 A s
z WM /)@_0
€ 8
g \\\1 NJ,/
c
S 4
0 . . : :
0 50 100 150 200 250
distance [um]
250
E —600
— —50 ||
5200
e \ —20
5150 -5 H
: W /L ke
S
C
e N
0 . - .
0 100 200 300 400
distance [um]

35
30 E

aN —6050] |
5 \ 7 —5450
e \ N / — 2450
$ 20 N\ —650 |
g 15 ( \\\ // —50 -
AN e
g 10 0o H
° 5 \A / /I\
N AN
0 T T T T
0 50 100 150 200 250
distance [um]
20
O] —40
" |
I -0
€
Q
2
S 4
0 . T T r
0 50 100 150 200 250
distance [um]
1200
1000 H —4850_
2: A ﬂ — 3650
o 800 l\\\// X — 1850 H
2 — 650
% 600 o H
£ AN
8 400 A
c
S 200 //\\ //\\
/]
0 ; T T T 7
0 50 100 150 200 250 300
distance [um]
120
100 -
g W Wl
2 80
5 AN /]
S 60
£ \ \\ﬂ / [ T—e00
g 40 /_1_100
: \ / |-
20 —0
0 v r - -+
0 50 100 150 200 250
distance [um]

Fig. 5. The concentration of free outside and free and adsorbed molecules inside a single porous particle for adsorption chromatography as
function of incubation time (given in seconds in the upper right corner). All experiments were carried out in phosphate buffer of pH 8.0
(1=0.2M) and 25°C. The concentration inside the particles is an apparent concentration (see text). (A) AdsorptiondfFAZC-CT to
STI-Sepharosen=600 wM); (B) adsorption of 2.2.M FITC-CT to STI-Sepharosen €600 M); (C) adsorption of 22.M FITC-CT to
STI-SepharosenE=70 uM); (D) adsorption of 12uM FITC-CT to Sepharose without binding sites; (E) adsorption ofubl FITC-PA to
STI-Sepharosen(=600 u.M); (F) adsorption of 22.M FITC-CT to PBA-Eupergit Ci{=1400uM); (G) adsorption of 10uM Fluorescein

to inactivated Eupergit C; (H) adsorption of 1@ Fluorescein to PcA-Eupergit C.
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Fig. 6. The concentration profiles along a particle radius and outside the particles at the start of adsorption experiments as shown in Fig. 6.
The times after the start of the adsorption are given in seconds in the upper right corner. In (A), (B), (D) and (F) the inside concentrations
are the apparent concentratiang, (Eg. (7)). (A) Adsorption of 22.M FITC-CT to STI-Sepharose & 600 uM); (B) adsorption of 1M

FITC-CT to STI-Sepharosen 600 uM); (C) calculated values for the free FITC-CT in (A); (D) adsorption of g2 FITC-CT to

STI-Sepharosen(=600 wM); (E) calculated values of adsorbed FITC-GJ it (A); (F) adsorption of 11uM FITC-PA to PBA-Eupergit C
(n=1400 uM).

(b) Internal reflections within the support that re- tion volumeO(5 pm) is larger than the pore
duces the fluorescence intensity of the observed size of the studied particles. Then the fluores-
fluorochromes and cence intensity within the particles is the sum of

(¢) Changes in the fluorescence intensity when a the intensities of the average)fiaed (ad-
fluorochrome is adsorbed to a binding site. sorbel roolecules multiplied by the pore

volume fractione, of the particles.
(i) When FITC-CT was added to Sepharose the
(i) The linear dimensions of the confocal observa- final intensity inside the particles was found to
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be constant over the particle and almost equal to an adsorbed to a free fluorochrome-labeled protein.

the intensity outside the particle (Fig. 5D). The Whdnt) > c(r,t)

slight increase observed might be due to a weak

adsorption of positively charged FITC-CT to G, 1) = Gaplr )/ (e a) (8)
negatively charged groups on Sepharose. In this For other case<(r,t) can be calculated from the

case intensity changes due to internal reflections following relation derived from Eq. (7)
within the particle can be neglected. This was

not observed for PcA-Eupergit that does not CIrt)+ (an(r) + K —d.,(rt)/e) c(r.t)

adsorb fluorescein (Fig. 5H). The intensity de- _— Gapp (1) K/€,= 0 (9)
creased to a minimum in the middle of the ) )
particle due to internal reflections in this macro- From the final values ofj,,(r), where adsorption

porous support. equilibrium has been reacheunlr) can be calculated
(i) The labeling procedure of the proteins used here from Eq. (6). This gives
gives mainly mono-labeled proteins where the N(r) = {0upelr) /€, — C HK + C )]/ ac, (10)

fluorescein is covalently bound to different
lysines on the protein surface [21,30]. For FITC- In case that the Scatchard plot is non-lineky,,,
CT and FITC-PA the dissociation constants for values must be estimated for tkevalues involved in
the interaction with immobilized STI or mAb  the experiment. To calculaiTr,t) and x(r,t) for the
were found to be practically the same as for the initial adsorption in STI-Sepharose (Fig. 6A) in the
unlabeled proteins. In the complex with STI the spherical shell betweeR and R—2 Ar) Egs. (7)-
fluorescence intensity of mono-labeled FITC-CT (10) were used. Eq. (8) applies for this case, and
is 30% lower than for free FITC-CT [19]. For K, ,,andK ,(Table 1) were used in Egs. (9) and
FITC-PA no change in fluorescence intensity (10), respectively. The other constants used here are
was observed when it was bound to the mAb « = 0.7 ande, = 0.95. The calculated values cf t)
[30]. When FITC-PA or FITC-CT are adsorbed and x(r,t) are given in Fig. 6C and E. The results
to PBA-Eupergit it was assumed that the change show that at the start of the adsorption there is a
in fluorescence intensity was negligible. This steep concentration change in the free molecules just
was based on the observation that the fluores- inside the outer particle surface, and a maximum in
cense intensity of the labeled proteins changed x(r,t) in agreement with the observed experimental
by less than 5% in the presence of 5Mm  data. The values of in Fig. 6E are larger than the
phenylacetic acid, a known competitive inhibitor q,,-values in Fig. 6A, as the latter are uncorrected
of these enzymes witK;~0.01 M [31]. concentration values (Eqg. (8)).

Within the Sepharose particlegr) was not found

From (a)—(c) it follows that the concentration of 0 D€ constant within R—Ar) for the particles
free and adsorbed molecules inside the particles canStudied here (Fig. SA—F). When the averagealue
be calculated from the apparent concentration for determined from the adsorption isotherms increased

STI- and mAb-Sepharose in Figs. 5 and 6 as follows. oM 70 to 600uM, the minimum value observed in
Equilibrium between adsorbed and free molecules the middle of the particle increased from 60 to 80%
and a concentration independett(linear Scatchard ~ ©f theé maximum value. The immobilization con-
plot) were assumed. Then the apparent concentrationditions used were selected to immobilize more than

at any point and at time within the particle is 90% of the free protein, i.e. then the support is not
saturated with immobilized protein. With excess
qapp(r,t):[ep{a x(r,t) + c(r,)}] protein and reduced immobilization yield, will

become constant withirR(— Ar), as was observed in

Ref. [10]. The difference observed here does only
(7) influence the adsorption capacity of the particle

marginally, as only 10% of the capacity is due to
where « is the ratio of the fluorescence intensity of adsorption witRir2 from the particle center.

=€, [an(r) c(r,t)/{K + c(r 1)} + €,c(r,1)]
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4.3. Rate limiting step in the adsorption

This can be analyzed from the experimental data
shown in Figs. 5 and 6. For most of the systems
studied here more than 90% of the bulk concen-
tration is reached just outside the adsorbent particles
within 5 s. For these this concentration was practical-
ly constant during the adsorption process. In some
cases, especially for PBA-Eupergit with a high
binding site concentration, a larger concentration
gradient in the film is observed, where the con-
centration just outside the particles is about 70% of
the bulk content 20 s after the start of the adsorption
(Fig. 6F). The thickness of the unstirred diffusion
layer determined from the slope of this gradient is
approximately equal to the particle radius. This is
expected for an unstirred system where the Sher-
wood number is 2 [3]. This shows that the occasional
addition of stock solution to maintain a constant bulk
content did hardly change the Sherwood number
from 2. After 50 s the concentration change in the
film was less than 10% of the bulk concentration.

These results show that intraparticle mass transfer is

the rate limiting step of adsorption in the different
systems studied here, covering a large ranga/&f
or x/c values, low and high molecular mass sub-
stances and bulk concentrations fromK,,  to
>10K or K,

The adsorption profiles in single particles (Fig. 5)

can also be used to estimate the minimum residence

time of a sample in a chromatographic column with
the same particles required to utilize90% of the
static column capacity. This is frequently determined
from breakthrough curves. When the same conditions
as above apply for the column these times are of the
order of 1000 s for the particle sizes and conditions
used in Fig. 5A and C. These times are about the

same as have been determined from breakthrough

curves under similar conditions [32]. When the
column lengthL is given, these times can be used to
calculate the linear flow-rates required to obtain
the required residence time.

4.4. Rate of adsorption and its driving force;
evidence for a two-step linear driving force model

The results in Fig. 5 show that the times to reach
the adsorption maximum are much smaller in the
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outer than in the inner part of the particles. This was
observed also for the adsorbents not shown in this

figure. All experiments were carried out in the non-
linear part of the adsorption isotherm. The times
required to reach the adsorption maximum were
found to decrease when the bulk concentration was
increased. This is in agreement with Eq. (4), where it
was shownDhgt increases with the concen-
tration in the non-linear part of the adsorption
isotherm. These results show that the adsorption
process can be described as a sum of a rapid and a
slow process. Such two-step adsorption kinetics has
been observed for both low-molecular mass com-
pounds [27,28,33], proteins [17,18,23,25,34-36] in
batch adsorption experiments using different adsor-
bent particles.

From the concentration profiles in Fig. 5 the
average value of the concentration of free and
adsorbed molecé¥ in the particle can be
calculated as a function of time using Egs. (7)—(10).
This was done for the equilibration of CT and
STI-Sepharose, where the fluorescence intensity is
linear in concentration, and the decrease in the
fluorescence due to internal reflections (observed in

the Eupergit particles) can be neglected (Fig. 5D).

When the final value did not change in the last 1000
s, it was considered that equilibrium adsorption has
been obtained. The final average concentratiayt.is
When equilibrium had not been obtained this value
was determined from the equilibrium adsorption
isotherm. The plot of log (((t))/g*] in Fig. 7
shows that the equilibration to more than 90% of the
final value can be described by a two-step linear
driving force model. Then the following relation

applies

[ {(a, () + (a,(t)}
og| 1-
q: £ 7kads,§
T >

(a7 +93)
— |Og<q—* . eikads,lt
where g* =(g*, +g*,), and the subscripts 1 and 2
denote the binding sites that equilibrate rapidly and
slowly, respectively. The rate constarkg,,, and
K.qs.» Were determined from the slopes of the linear
parts of the graphs in Fig. 7. They and some values
calculated from published batch equilibration curves
are given in Table 2. In the latter casg,, ; andk g ,

(11)
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Fig. 7. Log(1—(q(t))/g*) as a function of time for the adsorption
of proteins in single particles at constant buti)(concentrations
(A) or from batch adsorption experiments, where the bulk
concentration decreases with time (B). (A) Adsorption of
2.2 M FITC-CT to STI-Sepharose & 600.M); @ adsorption of
22 uM FITC-CT to STI-Sepharosen&600 wM); A adsorption of
22 uM FITC-CT to STI-Sepharosen& 70 M) (conditions as in
Fig. 5). (B) Adsorption of lysozyme at different initial bulk
concentrations ©@ 35 puM, @ 70 pM, A140 pM) to the same
amount of POROS 50 H$¢& 12000 uM) in 10 mM phosphate
buffer of pH 6.5 at room temperature [15].

were only determined when the change in the bulk

concentration was small during the batch adsorption.

When this was not the case onk,, , was de-
termined.

As expected from Eq. (4§,,, , decreases witim,
and increases witlt,. The adsorption was always
carried out in the non-linear part of the adsorption
isotherm, andD,, . is expected to increase by a
factor of >10 for n>50 uM, when c, increases
from K,,, to 10 K,,, The results show that ., ,
applies for 30 to 50% of the maximum adsorption
capacity. This is as shown in Fig. 5 mainly located in
the outer part of the particle betwean=R and
r=(R—2 Ar). The slower adsorption occurs between

V. Kasche et al. / J. Chromatogr. B 790 (2003) 115-129

(R—2 Ar) andr=0.4 R and accounts for 40 to 60%
of amount adsorbed. The linear driving force rate
constants can be related to the half life time for
diffusion that is proportional toRlepyeﬁ). Based on
this the following expression fok,, for a one-step
adsorption process that can be described by a linear
driving force has been derived [37,38].
kads: 15(D p,ef/Rz) (12)
where the constant 15 was derived from the assump-
tion that the concentration profile in the particle can
be expressed by a quadratic expressiow.ifThis is

as follows from Fig. 5 not justified. The results
obtained here show that the mean diffusion distance
to the part of the particle that has reached adsorption
equilibrium should be used in Eq. (12) instead of the
particle radius. They are=0.1 R and 0.3R for the
rapid a slow process, respectively. More than 90% of
the binding sites are located outside the radiusrF).4
From R to (R—Ar), D, . decreases fronD, to
D,/(e, [1+nK/A{K +c(r)}’]) that is the value that
applies for the inner region of the particle (Eqg. (4)).
This decrease i, . and the increasing diffusion
distance causes the slower rate of equilibration in the
inner part of the particles. (Table 2).

In some of the batch experiments the rapid initial
phase and subsequent slow adsorption rate were
explained to be due to transport through the external
film and pore diffusion [17,18] or rapid diffusion in
macro- and micropores [32], respectively. Whether
this applies can be analyzed by the ratio of the
maximal adsorption rate in the particle, to the
maximal mass transfer rate to the particle. This is a
dimensionless number (similar to the Thiele modulus
or DamKohler number in heterogeneous catalysis or
enzyme technology [1]) first introduced for chroma-
tography in Ref. [39]. For the rapid adsorption
process described by Eq. (11) it can be written as

maximum rate of adsorption in outer part of the particle
maximum rate of transport through film

4
_ §"T(1_ aS)Rskads,lq*l
N D.Sh

2R ©b
_g' (1_a3)R2kads,l'£
-3 DS Cy

4nR*

(13)



Table 2

The rate constants,, ,

andk

ads,2
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the fraction of adsorbent siteg{q* and g 4g* with these rates for adsorption that can be described by

the bilinear kinetic Eq. (12); they are determined for protein adsorption to single particles at constant bulk cgntenin batch
experiments with a large number of particles, with average ragjushere the bulk content decreases during the experinkgps.andn

were determined from Scatchard plots and Eq. (6); BAospecific adsorbent; HAhydrophobic adsorbent; IEAion-exchange
adsorbent), for comparison the data are also given for the adsorption of a low molecular mass compound (Cephalospimidic@p$ a
large experimental error)

Adsorbent/type R Adsorbate [ Kads 1 Kagsz O AQ* q n K app Source
(pm) M, M = ! M M
STI-Sepharose/BA 60 a-Chymotrypsin 22 0.02 0.0014 0.5 0.4-0.5 600 12 This work
(25 000) 22 0.0017 0.3 0.6-0.07 600 35
STI-Sepharose/BA 60 a-Chymotrypsin 22 ~0.1 0.007 0. 70 14 This work
22 0.02 0.0035 04 0.6-0.6 70 05
Batch adsorption
STI-Sepharose/BA 40 a-Chymotrypsin 20 0.015 04 300 5 [33]
STI-Eupergit 250 L/BA 80 a-Chymotrypsin 20 0.02 ~0.3 260 10 [34]
Protein A-Eupergit 250 L/BA 80 mAb (150 000) 3 0.005 ~0.3 120 5 [35]
STI-LiChrospher/BA 10 a-Chymotrypsin 20 0.02 - >0.8 3300 1 [32]
Procion Blue 6 Lactate not =0.1 60 0.2 [25]
MX-R-silica/BA dehydrogenase given
(140 000)
Polyethyleneamine- 75 Bovine serum 20 ~0.04 0.002 0.4 0.5-0.6 3000 4 [18]
silica/[EA albumin (67 000)
TosoHaas SP650C/IEA 55 Lysozyme (14 000) 16 ~0.01 0.3 3000 ~10 [23]
POROS 50 HS/IEA 20 Lysozyme 140 0.02 0.007 0.3 0.6-0.7 12000 =20 [17]
S-HyperD-M/IEA 40 Lysozyme 140 0.014 0.003 0.5 0.4-0.5 16 000 20 [17]
XAD-16/HA 280 Cephalosporin C 5000 0.004 0.001 =05 ~0.4-05 150 000 5000 [28]

(400)

where D, is the diffusion constant in free solution,

Sh the Sherwood number (two in the experiments
shown in Fig. 5 and=10 in column chromatography
[36]), and a the fraction of the radius outside which
the rapid adsorption process occurs. This ratio-ib
and <1 for a process where the rate limiting step is

external or intraparticle mass transfer, respectively.

From Eg. (13) follows that external mass transfer
limitation can be expected for larg® and g*,/c,

values. The condition for intraparticle mass transfer
as a rate-limiting step for the rapid adsorption step is

formed in the non-linear part of the adsorption

isotherm. From these results follows that for typical-
ly protein adsorbents witR<<100 wm, external mass

transfer limitation can always be avoided when the
adsorption is carried at bulk concentrationK
Then the rate of adsorption also increases wijth

app

As expected the equilibration of a low-molecular

mass adsorbate is much faster than for proteins as

their diffusion coefficients differ by almost an order

of magnitude (Fig. 5F). The results shown here and
in Table 2 indicate that the assumption of rapid

thus equilibration between mobile and solid-phase of low-
molecular mass molecules in chromatography is not

K. <15 DS ¢, (14) generally justified [40,41].
ads,1 (1-a3R? OF The desorption was not studied here, but the

following qualitative conclusions can be derived
This condition is fulfilled for all the adsorptions into  from the results for adsorption presented here. Gen-
single particles shown in Fig. 5, where the adsorbate erally the adsorption step in preparative chromatog-
concentration was=c, at the particle surface. Ex- raphy will not be carried out to equilibrate the whole
cept for the most unfavorable batch adsorption case adsorbent with the bulk protein content. This would
(Cephalosporin adsorption to XAD 16 with lardge require long residence times. At the end of the
or g*,/c,) in Table 2 the initial adsorption step adsorption only the outer part of the particle will be
fulfills the condition Eq. (14). They are all per- equilibrated with bulk content as shown in Fig. 5. At
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the start of the desorption there will be two protein sorption rate increasesyty. (4) and Table 2).
concentration gradients, one in the outer part and one The upper limit is given by the conditinfcjkat

in the interior of the particle. Then there will be a 10 to obtain a protein recovery @%. A higher

flow of adsorbed proteins out of the particles and protein recovery can be obtained by choosing a
further into the particles. During an isocratic desorp- loggrbut this will reduce the adsorption rate and

tion process after an adsorption in the non-linear part the throughpiy gswill decrease (Eq. (4)). Then

of the adsorption isothermD, ., will always be also more adsorbent is required to adsorb the protein
smaller than during the adsorption. Thus the rate of in in a given sample.

such a desorption process will, under isocratic con- The rate of adsorption has been shown here to be
ditions, be smaller than for the adsorption. Due to the controlled by the intraparticle mass transfec, when
higher concentration of free protein and the larger lies in the non-linear part of the adsorption isotherm.
D, o in the outer part of the particles, the protein This rate could as shown here, and for many
there will desorb faster than in the inner part of the published systems, be described by a bilinear free
particles behind the adsorption maximum (Fig. 5). driving force model, whose rate is proportional to

Due to the flow into the particle interior there will be Dp‘eff/RZ. Then the rate constants for the adsorption

a considerable tailing in the desorbed protein. The k.4, andk ., ,in Eq. (11) can be determined from
concentration of desorbed protein at the particle batch adsorption experiments. From these the resi-
surface as a function of time will therefore have a dence time required for a desired degree of adsorbent
steep front and a long tall, i.e. the same shape as a equilibration can be calculated. For the adsorbents
protein peak at the end of a chromatographic column studied here, the time required for the second half of
[13,42]. By reducing the diffusion distance to the 90% equilibration, is an order of magnitude larger
particle surface, the contribution to this tailing due to than for the first half. This shows that there is an
protein diffusion from the inner part of the particles, optimal residence time for adsorption to obtain a
could be reduced. This has been realized for perfus- high throughput. For preparative affinity chromatog-
ible supports of the same size as the adsorbents raphy of proteins the optimal residence time (flow-
studied here [12]. The plate height at superficial rate, or column length), where also the desorption
velocities that allow convectional flow through the must be considered, can be determined as shown in
particles, was much smaller than for non-perfusible Refs. [32,43].

supports of the same size. For the latter the diffusion The above applies not only for adsorption to
distance and the tailing can be reduced as follows adsorbents that specifically adsorb one protein from a
with marginal loss in capacity. Within=0.5R from clarified medium or homogenate. When the adsorp-

the particle center=10% of the adsorption capacity tion isotherm for a protein to be isolated is known, it

is located. The rate of desorption would be increased applies also for adsorbents where other proteins,
and the tailing reduced when no adsorption is nucleic acids and other molecules compete for the
possible in this part of the adsorbent particle. Nar- binding sites in the adsorbent. In this case the
rower particle size distributions should also be used adsorption isotherm for the desired protein is

for this aim. nc

X = : (15)
K(l +2 %) +c
5. Conclusions and consequences for preparative =1
protein chromatography wherei denotes thdth competing protein, nucleic
acid or other molecules. When the adsorbents in a

In preparative chromatography the adsorbentrand column have equilibratede and ¢, are the con-
andK,,, are usually given. The adsorption is gener- centrations in the medium or homogenate. In these
ally carried out under isocratic conditions. The the ratiosc,/c = «; are constants and Eq. (15) can be
problem is to select, for a high throughput and rewritten as
protein recovery. The results presented here show nc
that ¢, should be selected in the non-linear part of X= o (16)

K+c [ 1+ K< ?> ]
i=1 "%

the adsorption isotherm, i.e>K,,, where the ad-
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From this follows that the maximum static capacity
in this case is noh, observed for the pure protein,
n

but
EXCEIN

that is smaller tham. This has also been observed in
Fig. 3C where the Scatchard plot has been de-
termined for the adsorption of pure PA and PA in a

(17)
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(PBA-Eupergit C). This adsorbent adsorbs practical-
ly all proteins in anE. coli homogenate [22]. The
capacity for PA from this is about 3% of the capacity
for pure PA, and is approximately equal to the
fraction of PA of all proteins in the homogenate. For
this case the effective pore diffusion coefficient (Eq.
(4)) will be

Dp
Dp,eff = nK
& l1+——=3
(K + ca)

or larger than for the pure protein of the same
concentratiorc asa>1 (Eq. (17)), i.e. the rates of
adsorption of a protein are expected to be larger with
homogenates than with pure protein.
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