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An IgG-specific camelid antibody matrix (BAC, Naarden, The Netherlands), developed from an immune
phage display library, was characterized regarding engineering properties including mass transfer char-
acteristics. Uptake kinetics and equilibrium binding capacity were determined by a finite bath method.
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Adsorption kinetic parameters were also determined using a real time biosensor. Slightly different prop-
erties to conventional Staphylococcal protein A affinity media were shown; especially a 2–2.5 times lower
maximal binding capacity with a value of 26 mg/ml polyclonal IgG was obtained. Mass transfer could be
described by using a film and pore diffusion model (De = 5 × 10−8 cm2/s). Determined engineering param-
eters were used to predict breakthrough behaviour in column mode considering film and pore resistances.
The dynamic binding capacity at 10% breakthrough did not change when residence time was at least 6 min.
ntibody fragment

. Introduction

The discovery of unique type of antibodies, which are found
n camels, dromedaries and llamas (Camelidae), has enabled the
evelopment of alternative ligands for affinity chromatography
rocesses [1]. To date, no detailed information on the engineering
arameters including mass transfer characteristics of camelid affin-

ty matrices have been reported. The most important parameters
or engineering an affinity chromatography process are the max-
mum binding capacity, adsorption parameters and the effective
iffusivity. These data are obtained by approximation of adsorption

sotherm and uptake kinetic measurements. From these parameters
nd parameters characterizing the morphology of the station-
ry phase (particle diameter, intraparticle porosity) breakthrough
ehaviour can be predicted and compared to experimental data.
he plot of dynamic binding capacity at 10% breakthrough versus
esidence time has been applied as a very useful tool to design an
ffinity chromatography column [2].

In the last two decades Staphylococcal protein A (SpA) affin-
ty chromatography has been established as the standard unit
peration for purification of therapeutic antibodies. SpA suffers

rom several drawbacks. The primary misgivings are the high han-
ling cost, safety and stability aspects [3,4]. Furthermore, it lacks
pecificity for IgG3 subclass, which would also be important for
xtracorporeal immunoadsorption in treatment of some autoim-

∗ Corresponding author. Tel.: +43 1 36006 6226; fax: +43 1 3697615.
E-mail address: alois.jungbauer@boku.ac.at (A. Jungbauer).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.05.051
© 2009 Elsevier B.V. All rights reserved.

mune diseases [5–7]. Therefore, and due to the very attractive
market opportunity, extensive efforts into finding alternative cost-
effective and reliable chromatographic or non-chromatographic
processes for antibody purification were investigated.

The bioaffinity company BAC (Naarden, The Netherlands) in col-
laboration with GE Healthcare (Uppsala, Sweden) has developed an
IgG affinity matrix using a camelid heavy chain antibody as ligand
generated from an immune phage display library. Camelid antibod-
ies (also termed VHH antibodies) are formed by two heavy chains
with one single variable domain and lack the light chain. With a size
of 13 kDa, they represent the smallest antigen binding domain and
are able to recognize new targets, which are not accessible for con-
ventional antibodies [8]. In addition to the benefits of easy cloning,
high stability and solubility, this ligand has the advantage over
SpA, that it binds all IgG subclasses including IgG3. Furthermore,
no cross reactivity neither with other human plasma proteins, nor
with IgG from other species could be determined [9]. When immo-
bilizing these antibodies onto conventionally used porous matrices
with a pore diameter of approximately 50–100 nm, a limited pore
diffusion result can be expected. Several groups could describe
the adsorption of IgG on SpA by a pore diffusion limited process
[2,10].

To date, no information on the engineering parameters of Cap-
tureSelect human-Fc affinity matrix have been reported. In the

present work, the CaptureSelect human-Fc matrix was evaluated in
comparison to SpA affinity matrices. The uptake kinetics and equi-
librium binding capacity was determined by a finite bath method.
Adsorption kinetic parameters from uptake experiments were also
compared to them using a real time biosensor.

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:alois.jungbauer@boku.ac.at
dx.doi.org/10.1016/j.chroma.2009.05.051
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. Materials and methods

.1. Materials

CaptureSelect human-Fc affinity matrix and CaptureSelect
uman IgG ligand were purchased from BAC. All experiments were
erformed with human polyclonal IgG, which was kindly provided
y Octapharma (Vienna, Austria). Chemicals and solvents used for
uffer preparation and analysis were of analytical grade and if
ot otherwise specified purchased from Merck (Darmstadt, Ger-
any). All experiments were carried out using phosphate buffered

aline (PBS) containing 140 mM NaCl, 2.7 mM KCl, 81 mM Na2HPO4,
8 mM KH2PO4 at room temperature.

.2. Batch adsorption isotherm

0.1 ml of a 50:50 (v/v) gel suspension was equilibrated in PBS.
gG solutions with various concentrations between C0 = 0.05 and
mg/ml were prepared and added to the gel samples until an abso-

ute IgG content of 2 mg/ml was reached. The suspensions were
ently rotated by a head-over-head rotator (Stuart rotator SB3,
ibby Sterilin, Stone, UK) in appropriate reaction vessels in order
o avoid IgG precipitation. After 6 and 24 h equilibration, respec-
ively, IgG content of the mobile phase was analyzed by measuring
he UV absorbance on a spectrophotometer (Cary 50 Bio, Varian
nstruments, Darmstadt, Germany) at 280 nm. The calculated con-
entration of IgG per ml of stationary phase was plotted against the
oncentration of IgG in the mobile phase. Data were approximated
ith the Langmuir isotherm model to obtain the maximal binding

apacity qmax and the dissociation constant KD.

.3. Batch uptake kinetics

Uptake kinetics were performed under finite bath conditions at
0 = 1 mg/ml and C0 = 0.1 mg/ml IgG. PBS was used for gel equilibra-
ion and sample preparation. The amount of resin and IgG solutions
ere chosen in a manner that ensured a greater than 40% excess of

gG in the mobile phase after reaching equilibrium. The suspen-
ions were gently rotated in appropriate reaction vessels in order
o avoid IgG precipitation. Samples were drawn from the suspen-
ion after various time intervals within a time period of 24 h and
ere immediately filtrated (0.2 �m Millex GV, Millipore, Bedford,
A, USA) to remove resin particles. Samples were analyzed pho-

ometrically at 280 nm to determine the IgG concentration in the
obile phase. The concentration of IgG per ml of stationary phase
as plotted against the time of sampling. Data were fitted with the

umped kinetic model to obtain the adsorption rate constant ka.
ffective diffusivity De was estimated using the pore and film dif-
usion model for batch adsorption introduced by Teo and Ruthven
11].

.4. Breakthrough experiments

Chromatographic experiments were conducted using an
KTAexplorer 100 system (GE Healthcare, Uppsala, Sweden). Cap-

ureSelect human-Fc affinity matrix was flow packed at a velocity
f 800 cm/h in Tricorn 5 columns (GE Healthcare) to a bed height
f 10 cm. Breakthrough experiments were performed with PBS at
.4 and 1 mg/ml IgG and different flow velocities (50, 75, 100, 150,

00, 300, 400, 600 cm/h). IgG was eluted with 0.1 M Glycine–HCl pH
.0 and the column was regenerated with 0.1 M Glycine–HCl pH 2.0.
ynamic binding capacity at 10% breakthrough (DBC10%) as a func-

ion of residence time was fitted with the model for pore diffusion
rom Cooper and Liberman [12] and Carta et al. [13] to obtain the
ffective diffusivity De and an apparent maximum binding capacity.
ogr. A 1216 (2009) 5548–5556 5549

2.5. Biacore kinetic measurements

Kinetic measurements were carried out on a surface plas-
mon resonance system (Biacore 2000, Uppsala, Sweden) at
25 ◦C using PBS-T (PBS containing 0.005% Tween-20) as the
running and sampling buffer. Polyclonal IgG was immobilized
onto a CM5 chip sensor surface by N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS)
chemistry with an amount of approximately 1000 RU. Various con-
centrations of free CaptureSelect human IgG ligand were injected
across the sensor surface. The obtained sensorgrams were sub-
stracted from the sensorgrams of a blank cell and evaluated with the
Biaevaluation software (Biacore) by using the Langmuir 1:1 binding
model.

3. Theory

3.1. Batch adsorption in finite bath—lumped kinetic model

The 1:1 interaction of an immobilized ligand (A) and its adsor-
bate (B) in solution can be simply described with an equilibrium
relationship of the form:

A + B
ka�
kd

AB (1)

where ka and kd represents the “lumped” kinetic rate constants of
association and dissociation, respectively, which include all mass
transfer resistances (film diffusion, solid diffusion, pore diffusion
and surface reaction resistance). The ratio of kd/ka represents the
dissociation constant KD.

The net rate of complex formation is given by the Langmuir
kinetic model [14] with:

dq

dt
= kac(qmax − q) − kdq (2)

where q is the adsorbed protein concentration, t the time, c the
concentration of adsorbate in mobile phase and qmax the maximum
binding capacity of the adsorbent.

At equilibrium, where dq/dt = 0, Eq. (2) can be written as:

q = qmaxc

KD + c
(3)

representing the most commonly used non-linear isotherm based
on the work of Irving Langmuir, regarding gas–solid interactions on
the basis of the Gibbs isotherm [15]. The dimensionless separation
factor R for the Langmuir isotherm is described as:

R = 1
1 + KCref

(4)

where Cref represents a reference concentration. The isotherm is
linear when R = 1 and rectangular or irreversible when R = 0 [16].
The Langmuir isotherm model assumes an ideal adsorption layer,
monolayer coverage and the lack of interactions between the adsor-
bates.

For batch adsorption in a stirred tank, Skidmore et al. [17] intro-
duced an analytical solution (Eqs. (5)–(7)) based on the work of
Chase [18] (Eq. (2)) describing the adsorption of proteins to affin-
ity adsorbents by one single lumped adsorption rate constant ka,
namely the kinetic rate constant model:

c = C0 − v
V

[
(b + a)(1 − exp{−(2av/V)kat})

((b + a)/(b − a)) − exp{−(2av/V)kat}

]
(5)
a2 = b2 −
(

C0V

v

)
qmax (6)

b = 1
2

(
C0V

v
+ qmax + KDV

v

)
(7)
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ith C0 as the initial mobile phase protein concentration, v as
he volume of the adsorbate and V as the volume of the mobile
hase.

.2. Batch adsorption in finite bath—film and pore diffusion model

For batch adsorption in finite bath Teo and Ruthven [11] intro-
uced an analytical solution for film and pore diffusion. The model
an be used for rectangular isotherms when R is small:

C0

qs

)(
Det

r2
p

)
=

(
1 − 1

Bi

)
I2 − I1 (8)

here:

1 = 1
6��

ln

[(
�3 + �3

�3 + 1

)(
� + 1
� + �

)3
]

+ 1

��
√

3

[
tan−1

(
2� − �

�
√

3

)
− tan−1

(
2 − �

�
√

3

)]
(9)

2 = 1
3�

ln

(
�3 + �3

�3 + 1

)
(10)

= vqmax

VC0
(11)

=
(

1 − q̄

qmax

)1/3

(12)

=
(

1
�

− 1
)1/3

(13)

i = kfrp

De
(14)

ith C0 as the initial mobile phase protein concentration, qs as the
dsorbed-phase concentration, De as the effective diffusivity, t as
he time, rp as the particle radius, � as the fraction of adsorbed
rotein at equilibrium, v as the volume of the adsorbate, V as the vol-
me of the mobile phase, q̄ as the average concentration in particle,
max as the maximum monolayer capacity and kf as the film mass
ransfer coefficient. Bi represents the dimensionless Biot number,
hich is used to describe the relative importance of intraparti-

le and external film resistance. An usual Bi > 10 indicates that the
xternal resistance is negligible. De represents the effective pore
iffusivity which is typically smaller than the free solution protein
iffusivity D0, caused by the porosity, by the tortuosity of the pore
nd by steric hindrances, which depend on the ratio of solute size
o pore size.

The film mass transfer coefficient kf can be estimated from Sher-
ood number correlations described, e.g. by Wilson and co-workers

16,19] where:

h = kfdp

D0
= 1.09

ε

(
udp

D0

)0.33

(15)

.3. Frontal analysis—constant pattern solution for film and pore

iffusion

Measurements in column mode gave the most relevant param-
ters for design and scale up of an industrial process. Breakthrough
urves can be predicted by the pore diffusion solution given by
eber and Chakravorti [20]. The model can be used for rectangular

sotherms which ensure constant pattern behaviour and considers
ore diffusion and film resistances in series:
ogr. A 1216 (2009) 5548–5556

Npore(�1 − 1) = 15√
3

tan−1

[
2(1 − X)1/3 + 1√

3

]

− 15
2

ln
[

1 + (1 − X)1/3 + (1 − X)2/3
]

+
(

Npore

Nfilm

)
[ln(X) + 1] − 5�

2
√

3
+ 5

2
(16)

where:

X = Cout

CF
(17)

�1 =
(

ut

L
− ε

)(
CF

(1 − ε)qmax

)
(18)

Npore =
(

60(1 − ε)De

d2
p

)(
L

u

)
(19)

Nfilm =
(

6(1 − ε)kf

dp

)(
L

u

)
(20)

C represents the sample outlet concentration and Cf is the sample
feed concentration. �1 represents the dimensionless time, with u as
superficial velocity, t as time, L as column length, ε as external void
fraction and qmax as maximum binding capacity. Npore and Nfilm are
representative values for pore diffusion and film diffusion. De is the
effective diffusivity, dp is the particle diameter and kf represents
the film mass transfer coefficient. Several analytical constant pat-
tern solutions where published for R < 1 considering film diffusion,
pore diffusion, solid diffusion, linear driving force, axial dispersion
and reaction kinetics [16]. The constant pattern condition for a rect-
angular isotherm is achieved if N�1 > 2.5. N describes the number
of transfer units, N = L/HTU, where HTU is the height of a transfer
unit. When the solution concentration is small in comparison to the
adsorption capacity, the dimensionless time �1 can be simplified as
described by the following equation:

DBC
(1 − ε)qF

= �1 (21)

where (1 − ε)qF describes the equilibrium binding capacity (EBC).
DBC represents the dynamic binding capacity. For C/CF = 0.1
(dynamic binding capacity at 10% breakthrough; DBC10%) at con-
stant pattern condition the pore diffusion model of Cooper and
Liberman [12] (simplified form of Eq. (16); without film diffusion)
yields:

�1 = 1 − 1.03
N

(22)

By plotting the ratio of DBC10% and EBC versus residence time,
data can be approximated using Eqs. (19) and (22) and the effective
diffusivity De can be calculated.

A general solution for non constant pattern condition (short res-
idence time) published by Carta et al. [13] is given by:

�1∼0.364N − 0.0612N2 + 0.00423N3 (23)

4. Results and discussion

4.1. Adsorption isotherm

Adsorption isotherm was measured using polyclonal IgG with a
typical batch uptake method in PBS at room temperature. Previous
experiences with SpA media have shown that they attain full sat-

uration very slowly, particularly at low IgG concentrations. Several
explanations were described for this phenomenon; changing of the
transport mechanism due to pore radius reduction during adsorp-
tion [21], IgG aggregates which are competing with monomer IgG
molecules [22], or stretching of the IgG molecule [23]. Therefore,
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ig. 1. Adsorption isotherm of polyclonal IgG adsorbed per ml CaptureSelect huma
ith the Langmuir isotherm model. (A) Adsorption isotherm after 6 h equilibration.

dsorption isotherm was performed using two different incubation
imes, 6 and 24 h, respectively. Due to the tendency of polyclonal
gG to aggregate with time, reaction tubes and mixing velocity
ere chosen in a manner that limited shear stress (low rpm and
low ratio of air to solute in the tube). As shown in Fig. 1 the

sotherm of the CaptureSelect human-Fc affinity matrix represents
very favourable and almost rectangular isotherm. Data fit well to

he Langmuir isotherm model (Eq. (3)) resulting in similar char-
cteristic parameter values for both measurements (summarized
n Table 1). Equilibrium data from batch uptake kinetic measure-

ents (described in the next section) were also included for the
angmuir approximation. The resulting KD value of ∼0.005 mg/ml
r ∼3.3 × 10−8 M (M.W. of IgG: 150,000 Da), respectively is nearly
ne order of magnitude lower than published KD values from SpA
ffinity sorbents [2], such as MabSelect type (GE Healthcare) and
roSep-vA type (Millipore). This is attributed to an underestimation
f KD of SpA affinity media. Published isotherms were measured
sing an equilibration time of just 3 h. Therefore, particularly at

ow concentrations, equilibrium conditions were not reached. The
ctual isotherm would be steeper and the KD value lower. Neverthe-
ess, the maximum equilibrium binding capacity of approximately
6 mg/ml IgG is 2–2.5 times lower than for SpA matrices [2]. The
xplanation could be that camelid VHH antibodies are monomeric
olecules, whereas SpA has a theoretical valency of five, in fact a
alency of 2–3 was determined in practice. Thus, they are not able
o bind multiple IgGs. This may result in a capacity limitation [24].
wo more factors can give rise to the low capacity: (1) ligand cou-
ling density is a main factor influencing adsorption capacity. This
dsorbent may have low ligand density. (2) The matrix has large

able 1
ummary: engineering parameters CaptureSelect human-Fc affinity matrix.

sotherm

max at 6 h (mg/ml) KD at 6 h (mg/ml) qmax at 24 h (mg/ml) KD at 24 h (mg/ml)

5.3 ± 0.4 0.006 ± 0.001 26.2 ± 0.3 0.005 ± 0.0008

atch uptake kinetic

a (mL/mg s) De at C0 = 0.1 mg/ml IgG
(cm2/s)

De at C0 = 1 mg/ml IgG
(cm2/s)

.0036 ± 0.0004 5.0 × 10−8 4.7 × 10−8

rontal analysis

e at C0 = 0.4 mg/ml IgG (cm2/s) De at C0 = 1 mg/ml IgG (cm2/s)

.1 × 10−8 5.0 × 10−8
ffinity matrix. Data from batch adsorption and uptake kinetics were approximated
sorption isotherm after 24 h equilibration.

pore size that leads to low specific surface area, which may also be
the reason for low ligand coupling density.

4.2. Batch uptake kinetics

Batch uptake kinetics were performed as finite bath experiments
at C0 = 1 mg/ml and C0 = 0.1 mg/ml polyclonal IgG. The IgG uptake at
different times in terms of IgG capacity per ml of settled gel par-
ticles and in terms of dimensionless solution concentration (C/C0)
is shown in Fig. 2. In order to determine the mass transfer mecha-
nism, experimental data were approximated with both the kinetic
rate constant model published by Skidmore et al. [17] (Fig. 2) and
the film and pore diffusion model for batch adsorption published
by Teo and Ruthven [11] (Fig. 3). The former was used for the esti-
mation of the association rate constant ka. The isotherm parameters
qmax and KD, which were determined in the batch isotherm exper-
iments described above, were taken for the approximation. A ka

of 0.0036 ± 0.0004 mL/g s or 540 ± 60 M−1 s−1, respectively, could
be obtained for both concentrations (Table 1). The effective dif-
fusivity De was estimated by fitting the batch uptake data to the
film and pore diffusion model (Fig. 3). The approximation was not
feasible over the entire time, because the model only describes a
certain parameter range. Thus, qmax was matched according to the
time, which resulted in best fits as shown in Fig. 3. An effective dif-
fusivity De of approximately 5 × 10−8 cm2/s could be obtained at
both C0 = 0.1 mg/ml and C0 = 1 mg/ml polyclonal IgG (summarized
in Table 1). The free solution diffusivity D0 of IgG was estimated by
the correlation from Tyn and Gusek [25] with 5 × 10−7 cm2/s. De is
typically smaller than D0, due to the porosity of the matrix, the tor-
tuosity of the pore and steric hindrances, which depend on the ratio
of solute size to pore size. The calculated ratio De/D0 gives a value of
0.1, which corresponds to the theory. Hahn et al. [2], Horstmann and
Chase [26] and McCue et al. [10] determined De values which are
inversely proportional to the feed concentration for SpA sorbents,
in a range of, e.g. 5–35 × 10−8 cm2/s in the case of MabSelectXtra. It
was assumed that this behaviour is caused by not reaching equilib-
rium in isotherm and uptake kinetic experiments, as mentioned in
the previous section. This phenomenon could not be observed for
the CaptureSelect human-Fc affinity matrix, where isotherm and
uptake kinetic measurements were performed within a time period
of 24 h.
The adsorption time to reach equilibrium can be calculated with
the following equation:

t� = − ln(1 − �)
ka × C + kd

(24)
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Fig. 2. Batch adsorption kinetics of polyclonal IgG on CaptureSelect human-Fc affinity matrix at C0 = 0.1 mg/ml and C0 = 1 mg/ml. (A) Amount of protein adsorbed (capacity
q) versus time. Data were approximated with the kinetic rate constant model resulting in an association rate constant value of 0.0036 ± 0.0004 mL/g s. (B) Dimensionless
solution concentration C/C0 versus time.

F
d

ig. 3. Batch uptake kinetics at C0 = 0.1 mg/ml (A) and at 1 mg/ml polyclonal IgG (B). Exp
escribed by Teo and Ruthven [11].

Fig. 4. Breakthrough curves of polyclonal IgG on CaptureSelect human-Fc affinit
erimental data where approximated with the batch film and pore diffusion model

y matrix at 0.4 mg/ml (A) and 1 mg/ml (B) and at different flow velocities.
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ig. 5. Dynamic binding capacity at 10% breakthrough (DBC10%) in relation to linea

here � = q/qmax. The ratio of kd/ka represents the dissociation con-
tant KD. With the values estimated in batch isotherm and uptake
inetics, a kd value of ∼2.2 × 10−5 s−1 can be calculated. Thus, at
concentration of 1 mg/ml IgG, 90% of equilibrium is reached

n 10.6 min. At a concentration of 0.1 mg/ml, 90% of equilibrium
s reached in 1.7 h. Consequently the incubation time used for
sotherm measurements was sufficiently long.

.3. Frontal analysis

Measurements in column mode provide the most relevant
arameters for design and scale up of process chromatography.
reakthrough curves were performed at different velocities and
olyclonal IgG concentrations in Tricorn 5 columns with a bed
eight of approximately 10 cm. Breakthrough profiles at 0.4 and
mg/ml IgG are depicted in Fig. 4. The dependence of dynamic
inding capacity at 10% breakthrough (DBC10%) upon velocity
nd residence time of the sample is shown in Fig. 5, indicating
ass transfer limitations. The DBC10% decreases nearly linear with
ncreasing flow velocity. At residence times greater than 6 min the
BC10% approaches the equilibrium binding capacity. This is con-

idered as the optimal operation point of the column. With a greater
esidence time only a marginal gain in capacity is achieved, but with
evere loss of productivity.

ig. 6. Ratio of DBC to EBC (dimensionless time) at 0.4 mg/ml (A) and at 1 mg/ml polyclon
odel [12] and general solution model [13].
velocity (A) and in relation to residence time (B) at 0.4 and 1 mg/ml polyclonal IgG.

The column void fraction determined with an inert large
molecule (plasmid DNA; 4.9 kbp) was 0.38. In order to estimate
effective diffusivity, dimensionless time �1 (DBC10% versus EBC)
was plotted against residence time and approximated with the
constant pattern solution and the general solution as described in
Section 3 (Eqs. (19), (22) and (23); Fig. 6). The approximated EBC
was lower than the maximum binding capacity obtained from the
batch isotherm experiments. The explanation is that the model does
not describe the saturation phase well. Particularly with regard to
IgG, which reaches equilibrium relatively slowly, the calculation of
EBC is affected. However, in both cases, at 0.4 and 1 mg/ml IgG,
an effective diffusivity of approximately 5 × 10−8 cm2/s could be
determined (Table 1). This corresponds to the data obtained from
approximation of the pore and film diffusion model to the batch
uptake data, as described above. Hahn et al. [2] calculated com-
parable De values for SpA media using the same model, indicating
similar mass transfer behaviour. Table 1 summarizes engineering
parameters obtained from batch and column experiments.

By using the determined De from the pore diffusion model break-

through curves were predicted with the film and pore diffusion
model under constant pattern conditions by Weber and Chakra-
vorti [20] (Fig. 7). The breakthrough prediction fits well at 1 mg/ml
IgG concentration, indicating a pore diffusion limited process. At
0.4 mg/ml IgG breakthrough prediction would be more precisely

al IgG (B). Calculation of effective diffusivity De by pore diffusion constant pattern
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Fig. 7. Prediction of breakthrough with the film and pore diffusion model under constant pattern condition published by Weber and Chakravorti [20] at 0.4 mg/ml IgG (A)
and 1 mg/ml IgG (B). Solid lines represent experimental data, dashed lines represent predicted data.
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ig. 8. Surface plasmon resonance kinetic measurements. 1000 RU IgG were immob
as measured.

sing a greater De value of 2 × 10−8 cm2/s. Several groups could also
escribe the adsorption of IgG on SpA by a pore diffusion limited
rocess [2,10].

.4. Surface plasmon resonance

Kinetic parameters of the free CaptureSelect human IgG ligand
ere determined using the surface plasmon resonance (SPR) sys-

em Biacore 2000. IgG was immobilized onto a CM5 chip sensor

urface by EDC/NHS chemistry with an amount of approximately
000 RU. Various concentrations of CaptureSelect human-Fc-ligand
ere chosen in a manner that ensured an equilibrium binding

ignal ≤100 RU. The obtained sensorgrams were subtracted from
he sensorgrams of a blank cell and evaluated with the Langmuir

able 2
ummary of kinetic parameters, measured by using surface plasmon resonance from free

inding system (method of measurement)

ree camelid Fc-ligand binding to immobilized IgG (surface plasmon resonance)
mmobilized camelid Fc-ligand on gel matrix (batch isotherm, batch uptake kinetics)
ree protein A domain Z binding to immobilized IgGa (surface plasmon resonance)
ree IgG binding to immobilized protein Ab (acoustic waveguide device)

a Data from Gülich et al. [27].
b Data from Saha et al. [28].
on CM5 chip. Binding of CaptureSelect human-Fc-ligand in different concentrations

1:1 binding model using Biocore software. Results are shown in
Fig. 8. Table 2 provides a summary of kinetic parameters, mea-
sured from free camelid Fc-ligand in surface plasmon resonance
and from immobilized camelid Fc-ligand on gel matrix by batch
isotherm and batch uptake kinetic. Real biosensor data were also
compared with those of the SpA domain Z published by Gülich et
al. [27]. Saha et al. [28] measured adsorption kinetics of SpA by
using an acoustic waveguide device (see also Table 2). As expected,
higher kinetic rates than those from batch uptake kinetics were

observed in SPR, due to the lack of pore diffusion on a chip surface.
Detailed SPR affinity data of the camelid Fc-ligand for the several
IgG subclasses were published from Klooster et al. [9]. The values
are comparable with our data, obtained with polyclonal antibody.
The KA value of camelid Fc-ligand was determined one order of

ligand, and in batch adsorption experiments.

KA (M−1) KD (M) ka (M−1 s−1) kd (s−1)

2.38 × 108 4.18 × 10−9 6.42 × 105 2.78 × 10−3

2.5 × 107 3.3 × 10−8 5.4 × 102 2.2 × 10−5

1.1 × 107 8.8 × 10−8 7.8 × 104 6.9 × 10−3

2.90 × 107 3.40 × 10−8 8.02 × 103 2.77 × 10−4
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agnitude greater than this of SpA, indicating a greater affinity.
dsorption rate constants from SpA and SpA domain Z are one or

wo orders of magnitude lower than these of the camelid Fc-ligand
ndicating a slower association.

The apparent or overall adsorption rate for non-linear isotherms
an be described as a product of the adsorption kinetics, film diffu-
ion and pore diffusion with the following equation [29,30]:

1
ka

≈ 1

kint
a

+ dpqmax

6kf

(
2 + KAc0

1 + KAc0

)
+ d2

pqmax

60De
(25)

otal ≈ adsorption kinetics + film + pore.
where ka represents the apparent adsorption rate (obtained

rom batch isotherm measurements), kint
a the intrinsic adsorption

ate constant (obtained from real time biosensor measurements),
A the association constant (obtained from batch adsorption exper-

ments) and c0 the inlet concentration in the liquid. Parameters
hich are not explained are described in Section 3. The film mass

ransfer coefficient kf was taken from literature as 0.0021 cm/s [2].
he reciprocal adsorption rate constant 1/ka with approximately
× 10−3 M s is much greater than the reciprocal intrinsic adsorp-

ion rate 1/kint
a constant with 1.5 × 10−6 M s. When estimating the

ontribution of pore diffusion, a value of 4.6 × 10−3 M s is obtained.
his is in the same order of magnitude of 1/ka. The contribution
f the overall adsorption rate limitation due to the film diffu-
ion and adsorption on the surface is less than 3% and therefore
egligible.

. Conclusion remarks

We have completed the picture of camelid antibodies directed to
he Fc-region of IgG by measuring the engineering parameters for
ptimal design of such an adsorption process. The camelid antibody
olumn has slightly different engineering properties than conven-
ional SpA affinity chromatography media; in particular a lower
apacity of polyclonal IgG with 26 mg/ml compared to approxi-
ately 70 mg/ml of, e.g. MabSelectXtra SpA media was obtained.

amelid antibodies are monovalent molecules, whereas SpA has
theoretical valency of five, in fact a valency of 2–3 was deter-
ined in practice. Another explanation for lower capacity can be

ower ligand density or lower surface area. Mass transfer could be
escribed by using a film and pore diffusion model. With a value of
e = 5 × 10−8 cm2/s CaptureSelect human-Fc affinity matrix exhib-

ted similar mass transfer behaviour as SpA media. Low et al. [24]
valuated the CaptureSelect human-Fc affinity matrix as the only
lternative to SpA sorbents which offers similar selectivity. This is
ttributed to greater complexity in comparison to most commonly
ther IgG binding alternatives. Klooster et al. [9] have shown the
uccessful application of this camelid antibody affinity matrix for
mmunoadsorption for treatment of immunological disorders. In
ome autoimmune diseases the IgG3 fraction is increased. SpA lacks
inding to IgG3 and can therefore not be used for depletion. The
pplication of CaptureSelect human-Fc affinity matrix maybe an
lternative.

omenclature

protein concentration in mobile phase (mg/mL)
sample outlet concentration (mg/mL)

f protein concentration in feed (mg/mL)

ref reference concentration (mg/mL)
0 initial mobile phase protein concentration, feed concen-

tration (mg/mL)
p particle diameter (cm)
BC dynamic binding capacity (mg/mL)

[
[
[
[

ogr. A 1216 (2009) 5548–5556 5555

DBC10% dynamic binding capacity at 10% breakthrough (mg/mL)
De effective diffusivity (cm2/s)
D0 free solution protein diffusivity (cm2/s)
EBC equilibrium binding capacity (mg/mL)
ka association rate constant (mL/mg s); (M−1 s−1)
kd dissociation rate constant (s−1)
kf film mass transfer coefficient (cm/s)
K linear isotherm equilibrium constant (=q/c)
KA association constant (mL/mg); (M−1)
KD dissociation constant (mg/mL); (M)
L column length (cm)
q adsorbed protein concentration in the stationary phase

(mg/mL)
q̄ average concentration in particle (mg/mL)
qmax maximum protein adsorption capacity (mg/mL)
qs saturated adsorbed-phase concentration (mg/mL)
rp particle radius (cm)
R dimensionless separation factor
t time (s)
u superficial mobile phase velocity (cm/s)
v volume of the stationary phase (mL)
V volume of the mobile phase (mL)

Greek letters
ε extraparticle void fraction
� fraction of adsorbed protein at equilibrium; partition ratio
�1 dimensionless time

Dimensionless transport parameters
Bi dimensionless Biot number (=rpkf/De)
Nfilm number of transfer units for film mass transfer

(=6(1 − ε)kfL/udp)
Npore number of transfer units for pore diffusion (= 60(1 −

ε)DeL/ud2
p)

Sh Sherwood number (=kfdp/D0)
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