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Existing mathematical models developed to describe membrane affinity chromatography are unable to
match the complete breakthrough curve when a single Langmuir adsorption isotherm is used, because
important deviations from the observed behavior are systematically encountered in the simulation of
breakthrough broadening near saturation. The relevant information required to overcome that limita-
tion has been obtained by considering simultaneously both loading and washing curves, thus evaluating
the adsorption data at equilibrium and recognizing what are the appropriate adsorption mechanisms
affecting the observed behavior. The analysis indicates that a bi-Langmuir binding kinetics is essential
for a correct process description up to the saturation of the stationary phase, together with the use of the
relevant transport phenomena already identified for the experimental system investigated. The input
parameters used to generate the resulting simulations are evaluated from separate experiments, inde-
pendent from the chromatographic process. Model calibration and validation is accomplished comparing
model simulations with experimental data measured by feeding pure human immunoglobulin G (IgG)
solutions as well as a cell culture supernatant containing human monoclonal IgG; to B14-TRZ-Epoxy2
bio-mimetic affinity membranes. The simulations obtained are in good agreement with the experimental
data over the entire adsorption and washing stages, and breakthrough tailing appears to be associated
to the reversible binding sites of the bi-Langmuir mechanism. Remarkably, the model proposed is able
to predict with good accuracy the purification of IgG from a complex mixture simply on the basis of the
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results obtained from pure IgG solutions.
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1. Introduction

Therapeutic antibodies manufacture is a key issue in the
biotechnology industry, and their production at a large scale has
become increasingly important with the recent approval of several
drugs of this class for different critical illnesses [1,2]. Downstream
processing is recognized as the bottleneck in current antibody pro-
duction platforms [3,4] and its optimization is a prerequisite for
important reductions of antibodies production costs.

At present, antibody capture with Protein A resins is the most
expensive step among the unit operations involved in downstream
processing, which can contribute up to 50-80% of the total purifica-
tion costs [5]. However, a huge optimization potential is expected
[6] as a result of the increasing efforts devoted to the develop-
ment of possible alternatives to the canonical bead based Protein A
affinity chromatography.
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Mimetic affinity membrane chromatography is particularly
attractive to that aim, because it combines the advantages of
mimetic ligands, in terms of antibody specificity and lower manu-
facture costs [7-9], with membrane technology, which introduces
its superior mass transport characteristics, high throughput and
absence of pressure drop issues [10-13]. In order to pursue an
industrial application of that technique, an effective modeling tool
is needed to predict reliably the process performance also in large-
scale modules, as required for scale-up design and optimization
purposes.

The modeling and simulation of an affinity chromatographic
cycle has been considered in several works. The basic approach is
the combination of a species mass balance equation coupled with
a kinetic equation to represent the protein adsorption/desorption
mechanism on the surface active sites [14,15]. The binding kinet-
ics generally adopted to describe the protein-ligand interaction is
represented by a simple reversible Langmuir model [16,17], even
though that is unable to reproduce the complete experimental
breakthrough, especially near membrane saturation where a typi-
cal broadening is frequently observed [18-20].

Different binding kinetics have been proposed in the literature
in order to accurately describe breakthrough broadening close to
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saturation conditions: Shi et al. proposed a kinetic equation based
on Freundlich model [21], while Yang and Etzel considered the pos-
sibility of a steric hindrance resistance at high surface coverages, as
well as the conformational changes that a protein may experience
when bound to a surface [22]. The simulation results presented in
those works are fairly adequate to approximate the onset of the
experimental breakthrough curves, but the simulations still do not
match the tailing behavior close to membrane saturation. The goal
to represent well the entire breakthrough curve up to saturation
might be considered an unnecessary refinement since in actual
practice breakthrough point is well below complete column sat-
uration and usually does not exceed 10% of feed concentration.
However, the initial layers of the stationary phase, encountered
close to feed entrance, may have already reached their satura-
tion while subsequent layers still remain with little loading. Thus,
a better understanding of the membrane behavior up to satura-
tion appears indeed important also for the actual chromatography
practice.

Based on the analysis of both adsorption and washing stages, in
the present work the origin of breakthrough broadening is ascribed
to the co-existence of two different and independent binding sites,
with two different binding kinetics, which leads to a bi-Langmuir
adsorption mechanism. This heterogeneous binding kinetics is sim-
ilar to the one used by Wang and Carbonell for staphylococcal
enterotoxin B adsorption onto a bio-mimetic affinity resin [23] and
by Boi et al. for IgG adsorption on mimetic A2P affinity membranes
[24]. The above binding kinetics is used in the general simulation
model for membrane chromatography which has been described
in detail in a recent work [25], obtaining simulations suitable to
describe the entire chromatographic cycle, including the behavior
observed in breakthrough curves close to saturation. Interestingly,
the resulting complete model presented in this work is character-
ized by two main advantages in comparison to the previous version
based on a single (reversible or irreversible) Langmuir model: (i) it
is not limited to describe breakthrough curves up to 80% saturation
(which still is an appreciable result), and consequently does not
require to estimate the proper reduction of the maximum binding
capacity of the membrane, as discussed in Ref. [25] for the previous
model; (ii) in addition, use of the bi-Langmuir kinetics allows to
overcome conceptual inconsistency of the previous models where
a reversible Langmuir kinetics was used during adsorption stage,
while no reaction was considered during washing, even if no buffer
changes were introduced in the washing stage.

The experimental reference system considered for model
validation is the purification of human IgG through mimetic B14-
TRZ-Epoxy2 membranes, which have been produced and studied
in view of the actual interest on mimetic ligands [26]. This material
consists of a highly interconnected porous matrix, where mimetic
ligand B14 is immobilized onto the pore surface through a tria-
zole ring (TRZ) spacer. These new affinity membranes combine the
highly accessible internal structure of Epoxy2 membranes with the
benefits of B14 ligand, represented by high specificity towards IgG
and pluronic F68 tolerance. In addition, an industrial application
of this chromatographic medium results particularly promising as
significant improvements in its binding capacity are expected [26].

Main contributions of the present work are represented by
the use of a proper adsorption kinetic expression, obtained from
simultaneous analysis of experimental observations during load-
ing and washing stages. That leads (a) to a rather satisfactory
model simulations of the chromatographic cycles up to complete
membrane saturation, and (b) to a rather satisfactory description
of the washing stage, with no need to artificially change bind-
ing/unbinding kinetics in this stage, in absence of changes in the
buffer used. In fact, the washing stage is often disregarded because
of its minor importance in process practice, but its accurate analysis
was found very useful as many important information on binding

kinetics and thermodynamics can be extracted from the washing
profile.

2. Experimental

The equipment and materials used in the experiments per-
formed are the same as those reported in Refs. [25] and [26]; for
clarity sake the experimental set up and procedures adopted to
evaluate numerical values of model parameters are briefly recalled
in the following.

The experimental system considers the purification of human
IgG; from a cell culture supernatant by using B14-TRZ-Epoxy2
affinity membranes. A layered stack of 5 membranes with total
thickness of 0.1 cm and a diameter of 2.5 cm, was allocated into an
appropriate cartridge and connected to an FPLC Akta Purifier 100
(GE Healthcare, Milan, Italy). The IgG; concentration in cell culture
supernatant is 0.11 mg/ml, while the investigated flow rates range
from 1 to 5ml/min, corresponding to linear velocities of 29 and
145 cm/h, respectively.

Prior to feeding the complex medium, membranes were prelimi-
narily tested with pure polyclonal IgG solutions under a broad range
of different operating conditions. In experiments with pure IgG,
0.1 M phosphate buffered saline (PBS) pH 7.4 was used as loading
and washing buffer. Experiments were carried out at four different
flow rates, i.e. 1, 2, 5 and 10 ml/min, corresponding to linear veloci-
ties of 29, 58, 145 and 290 cm/h, respectively; ten different IgG feed
concentrations ranging from 0.14 to 2.15 mg/ml were tested in the
chromatographic cycles.

Physical properties of the membranes were obtained with pulse
experiments as described in a previous work [25]. The membrane
void fraction, ¢, is equal to 0.545, while the measured dispersiv-
ity coefficient, «, is 0.104 cm. From experiments performed in non
adsorbing conditions, the volumes of CSTR and PFR required to
describe system dispersion (see Section 4) have been determined
as 0.69 and 1.75 ml, respectively [25].

3. Relevant binding mechanisms

Several important information on binding mechanism can be
obtained from an accurate study of equilibrium adsorption data
derived from experimental breakthrough and washing curves mea-
sured under adsorbing and non adsorbing conditions.

The curves shown in Fig. 1 qualitatively represent loading and
washing stages, reporting protein concentration in the effluent
solution versus the sample volume fed to the column. The differ-
ent areas identified in this plot have all a precise physical meaning
in terms of protein amounts. In particular, the area below the sat-
uration horizontal line and above the breakthrough curve in non
adsorbing conditions (AgoLp up) represents the amount of protein
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Fig. 1. Qualitative example of the adsorption and washing curves measured under
adsorbing (solid line) and non adsorbing (dashed line) conditions. The figure high-
lights the physical meaning of the different areas in the plot.
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Fig. 2. Equilibrium binding data for total adsorption (x), irreversible contribu-
tion (@) and reversible contribution (O). Lines represent the isotherms obtained
using the Langmuir model for irreversible (dashed line) and reversible (dotted line)
adsorption data and the bi-Langmuir model for total adsorption data (solid line).

which is necessary to fill the hold up volume of the experimen-
tal system in the adsorption step; that amount is subsequently
removed during washing. The area below the breakthrough curve
in adsorbing conditions (A pst) represents the amount of protein,
which is not retained by the column and therefore is lost with
effluent solution. Consequently, the area between the two break-
through curves in adsorbing and non adsorbing conditions (Aaps)
is the amount of protein bound onto the affinity column during the
adsorption step. Thus, if loading is carried out until column satu-
ration, it is possible to evaluate the overall protein concentration
in the solid phase, geq, in equilibrium with the protein concentra-
tion in the mobile phase, cy. Finally, the area between the washing
curves measured under adsorbing and non adsorbing conditions
(Awasn) represents the amount of protein that is removed from
the affinity column during washing stage. If the washing step is
ended when protein concentration in effluent solution reaches the
zero baseline, then the amount of protein which is irreversibly
adsorbed onto the solid phase can be easily calculated as the dif-
ference between the total adsorbed protein in the loading step and
the protein desorbed during washing.

By applying the analysis described above, the amounts of pro-
tein globally adsorbed in equilibrium with the mobile phase have
been calculated, as well as contributions due to reversible and irre-
versible adsorption. The corresponding results are reported in Fig. 2
in terms of adsorption isotherms.

Isotherm models usually employed to represent protein-ligand
adsorption under equilibrium conditions derive from reversible
binding kinetics. Indeed, other adsorption mechanisms fre-
quently considered in the literature beyond the commonly used
Langmuir model [27] are strictly reversible (e.g. Freundlich,
Redlich-Peterson, Toth) [28]. Therefore, consistently with a
reversible kinetics, all protein bound in the loading stage should
desorb completely from the support during washing, before the
protein concentration profile approaches the zero baseline. In con-
trast, for the experimental system under investigation, as well as in
common affinity membrane chromatography, the washing curve
reaches the baseline when only a fraction of adsorbed protein is
released or desorbed from the stationary phase, indicating that
the remaining amount of target protein is bound to the station-
ary phase in a non reversible manner and cannot be removed from
the active sites by using the washing buffer, independently of the
duration of the washing step. Indeed, rather long washing steps
applied over a one day period have confirmed that conclusion. In
addition, equilibrium data for the residual protein amount, which
remains adsorbed after washing, do not depend on protein con-
centration in the mobile phase; thus the corresponding isotherm

is practically rectangular as shown in Fig. 2. Coherently with that
observation, one has to consider a heterogeneous binding, in which
different IgG adsorption sites are present on the membrane surface,
each one following a different binding mechanism. For simplicity, in
agreement with the results shown in Fig. 2, in this work we consider
only two types of independent binding sites, one characterized by
areversible kinetics and the other by an irreversible kinetics.

During washing, protein molecules that interact with the
reversible binding sites are completely released in the mobile
phase, then the reversible contribution to overall adsorption is
characterized also by a weak interaction. Equilibrium adsorption
data for both reversible and irreversible binding can be described
through a Langmuir isotherm:

qrev = Codrm"

oK (1)
qirr _ Coqlr{{

o + KT

Since the isotherm associated to irreversible binding is rectan-
gular to all practical purposes (apart at very low ¢ values, where
experimental data are not reliable), its dissociation constant is set
to zero, so that one has:
qeq = dm (2)

The parameters of the two isotherms, determined through best
fitting Eqgs. (1) and (2) to equilibrium binding data, are reported in
Table 1.

As already reported in previous works, the mimetic ligand B14 is
highly specific towards IgG [26,29]. Therefore IgG molecules tend to
adsorb strongly onto the available and accessible B14 binding sites
of the membrane. On the other hand, modeling analysis conducted
previously [25] demonstrated that the main contribution to protein
adsorption, represented by specific binding of IgG to the mimetic
ligand B14, attains equilibrium conditions almost instantaneously.
Consequently, it is rather reasonable to associate specific binding
sites to irreversible mechanism and to a very fast kinetics.

On the other hand, weak binding mechanism, related to the
reversible reaction, is associated to non specific binding sites and
may arise because of different reasons: (i) weak interactions of IgG
with the porous matrix, (ii) non directional attachment of B14 lig-
and on the surface, (iii) ligand moieties immobilized in surface areas
that do not allow for a proper formation of B14-IgG complex, (iv)
multi-point attachment of protein molecules onto the mimetic lig-
and and (v) non-homogeneous local peptide density distributions
[23,30].

In summary, the strong and irreversible adsorption of IgG
molecules onto B14 specific binding sites attains equilibrium con-
ditions instantaneously, while weak reversible IgG adsorption that
occurs onto non specific adsorption sites is characterized by a slow
binding kinetics.

4. Theoretical model

General features of the mathematical model used in the present
work have been presented in a previous paper, where simulation of
an affinity membrane chromatography process has been discussed
in detail [25]. The mathematical description takes into account the
main mass transport phenomena and binding kinetics present in

Table 1
Langmuir parameters of the two adsorption binding sites.

Variable Irreversible binding Reversible binding
K4 (mg/ml) 0 1.15
gm (mg/ml) 475 7.00
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the membrane column, as well as flow non idealities occurring in
all external circuit elements included in the experimental set up,
also known as system dispersion.

The overall effects of the external system dispersion are due to a
combination of time delay and mixing in the external volumes and
they are experimentally characterized by measuring the dynamic
response of the system in absence of the membrane module. Such
effects can be globally described by using a single PFR and a single
CSTRin series, as shown in Refs. [24] and [31]. The same dispersion
effects are present also when the membrane module is in place:
in such a case, plain conformity to the system configuration would
require to consider separately the system elements before and after
the membrane module, which cannot be experimentally inspected
individually without adding extra volumes. Following well known
procedures for non interacting systems in series [32], it is possi-
ble to show that it is irrelevant where to locate the membrane
module in the series of apparatuses forming the system, as long
as the membrane module behaves linearly, since the same trans-
fer function is obtained for all setups. Linearity of column module
is followed closely at lower protein saturations, when the solubil-
ity isotherm is still linear, while in fact it is no longer valid close
to membrane saturation. In order to obtain a good approximation
acceptable also for the non linear case, mixing and delay volumes
schematized as a sequence of a CSTR and a PFR were considered
before the membrane module, since most of the external volumes
and flow non-idealities due to pumps and on-line filter are just
located prior to the column. Therefore, the analytical solution of
the system dispersion model for the adsorption and washing steps
considered are:

0 when 6% <t <30 4+t
F
o |1—exp | —o—(t—(ta + £3%)) when tg + 3% <t < twas
o = Vestr (3)
SD Co when (' <t <ty +1tq
F
Coexp | —o——(t —(ta + £5*)) when tq+ 65 <t
Vestr

where cgp is the protein concentration resulting from the external
system dispersion and entering the affinity membrane column, ¢y
is the protein concentration in the feed tank, F is the feed flow rate,
Vestr and Vppr are the CSTR and PFR volumes, respectively; tq is
the delay time associated to PFR: t4 = Vpgr/F; tgds and t'** are the
starting times for adsorption and washing stages, respectively [26].

The membrane stack is considered to be a homogenous porous
medium of length L, with uniform void fraction € and uniform max-
imum binding capacity gm,. The mobile phase flows through the
column with constant and uniform interstitial velocity v, since it
has been demonstrated that flow distribution at the inlet and flow
collection at the outlet are very effective in the membrane module
used for experiments [29,33].

The mathematical simulation model includes a species mass bal-
ance over the membrane column, coupled with a suitable kinetic
equation for the description of interactions between the target
molecule and immobilized ligand. In particular, the species mass
balance equation accounts for all relevant transport phenomena
that are actually present in membrane chromatographic sys-
tems, namely convection, axial dispersion and binding/unbinding
reactions over the surface. It has been demonstrated that other
transport mechanisms such as boundary layer mass transfer,
molecular diffusion and surface diffusion are negligible for the sta-
tionary media considered. Due to that, they can be completely
disregarded in the mathematical description [25,34]. Based on
these relevant assumptions, the species mass balance over a mem-
brane column can be expressed as follows:

8% + ev% = &
ot 0z
where t and z are time and axial coordinate, respectively, v is the
interstitial velocity, Dy = ov the longitudinal dispersion coefficient,

_a _s)% (4)

c and q are the protein concentrations in the mobile phase and
stationary phase, respectively.

Adsorption and washing buffers have very similar characteris-
tics in terms of ionic strength, pH and salt content, principally to
avoid undesired shocks in affinity column due to buffer change. The
main difference between adsorption and washing mixtures is due
to the concentration of target protein, which is ¢y during adsorption
and is zero during washing. In the present work, the same buffer
is used in both adsorption and washing, thus the kinetic equation
considered for binding/unbinding is valid for both steps.

More specifically, the kinetic equation used to describe interac-
tions between the target protein and the membrane surface is given
by a bi-Langmuir expression, which considers two different bind-
ing sites endowed with different binding energies and kinetics. The
use of such kinetics is suggested by the experimental evidence dis-
cussed in Section 3. The overall protein concentration in the solid
phase, g, is obtained by adding contributions of the two different
adsorption sites, indicated as ¢''" and g™ for the irreversible and
the reversible binding sites, respectively:

q= qirr + qrev (5)

Similarly, the overall binding rate results from adsorp-
tion/desorption rates of the two different sites:
aq 8qirr aqrev
A _ 6
ot = ot T ar (6)
where each kinetic term is represented by a second order equation
according to the Langmuir model as follows:
aqt

. . . gl
s kic [(q{m -q) - K}jcﬂ i=irr, rev (7)

where ki and Kfj are the adsorption kinetic rate constant and the
Langmuir dissociation constant for the i-th binding sites, respec-
tively.

At the beginning of a chromatographic cycle, protein is not
present in the mobile phase nor in the stationary phase. Thus, initial
conditions for Eq. (4) can be simply expressed as:

t=0 (8)
qT=q" =0 for 0<z<IL, t=0 9)

c=0 for 0<z<I,

Danckwerts boundary conditions for frontal analysis are used to
account for axial dispersion at the front surface of the membrane
and mixing at the outlet of the membrane module [35]:

vc—Dngvcsg for z=0, t>0 (10)
%—0 for z=L, t>0 (11)
0z~ v

The outlet concentration for the system dispersion model rep-
resents the actual inlet concentration for the membrane column
model [25]. Thus, the right hand side of Eq. (10) is not equal to the
protein concentration fed to the system, cg, but is the value csp, due
to the response of dispersion in the external system.

5. Model results and validation

The numerical value of almost all parameters entering the
model, namely the system dispersion parameters, Vpgg and Vcstr,
as well as membrane properties, € and «, and thermodynamic
constants, Ké and ¢i,,, are determined through separate and inde-
pendent experiments. Therefore they are fixed input to the model
itself. Only the binding kinetic parameters entering the mathemat-
ical description, namely k'™ and kY, are intrinsically associated
to the adsorption process and their value cannot be determined
through experiments independent of the chromatographic cycles.
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Table 2

Characteristic time scales for the main mass transport steps and reactions involved
in the separation process for the experimental system under investigation, at the
operating conditions considered.

o (s)

~10->

7, (5)

53-810

T (s)

1.2-11.9

Tc (s)

1.2-12.4

However, since specific binding interaction between IgG and B14
attains equilibrium conditions instantaneously [25], the kinetic rate
constant for specific adsorption is assumed infinitely high and is
no longer an adjustable parameter of the model. Vice versa, the
reaction rate for the reversible binding reaction, ki, is a priori
unknown and remains the only adjustable parameter of the pre-
sented model. Consistently with its physical meaning, ki must be
independent of feed concentration as well as of fluid velocity in the
porous medium. Therefore, parameter estimation was obtained by
best fitting the model results to the whole experimental data set
at all feed flow rates and concentrations. Moreover, since reaction
kinetics does not depend on the chromatographic stage considered,
the best fitting procedure has been carried out over both adsorption
and washing steps, simultaneously. Hence, all simulations use the
same numerical value of the fitting parameter kI¢V, for all operat-
ing conditions considered and over the entire loading and washing
steps.

The model equations proposed to describe the behavior of the
membrane stack, Egs. (4), (6) and (7), constitute a set of PDE, with
initial conditions given by Eqgs. (8) and (9), and boundary condi-
tions given by Eqs. (10) and (11). The relevant equations, coupled
with the algebraic equations, representing the external system
dispersion Eq. (3), have been implemented in Aspen Custom Mod-
eler. The numerical value of the kinetic rate constant for very fast
irreversible binding, ki, was numerically set to 10® ml/(mg min),
a value corresponding to infinity to all practical purposes. This
assumption is supported by the negligibly low order of magnitude
of the corresponding characteristic time for irreversible adsorption
(see Table 2), and is also confirmed by the observation that differ-

2513
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ent simulations performed under a range of ki values from 102 to
108 ml/(mg min) are all superimposed (data not shown). The eval-
uation of the only fitting parameter considered in this work, k¢,
has been carried out by using the estimation tool provided with
the software and applying the least squares minimization method
to the relative concentration error.

5.1. Pure IgG solutions

A preliminary model calibration for estimation of the adjustable
parameter kX¢V was carried out by using the experiments conducted
with pure IgG solutions. Subsequently, the results obtained were
applied to describe the chromatographic cycles using complex mix-
tures, for which no further adjustable parameters are needed.

Some typical comparisons between experiments measured with
pure IgG solutions and simulation results are presented in Fig. 3 for
four different operating conditions.

For all operating conditions, the heterogeneous binding model
describes well the entire adsorption step, including the broadening
behavior close to membrane saturation. In particular, it is apparent
that the bi-Langmuir kinetics is able to represent the experimen-
tal behavior quite closely, predicting a sharp rise associated to
irreversible binding between IgG and the specific B14 adsorption
sites, followed by a long tail corresponding to the subsequent sat-
uration of the reversible binding sites. The best fitted value of
the kinetic rate constant for reversible adsorption, kI¢V, is equal
to 0.53 £0.36 ml/(mg min), which corresponds to a characteristic
time scale for adsorption, ti¢V = 1/(kicp), that is always much
longer than the characteristic time scale for convection, tc = L/v,
and longitudinal dispersion, T, =L2/D;, as summarized in Table 2.
Therefore, from the analysis of the relevant characteristic times one
realizes that non specific adsorption contribution is kinetically con-
trolled by binding reaction, while specific adsorption is completely
controlled by dispersion and convection.

The complete washing step is also accurately described by the
model at all operating conditions investigated by using the same

1.69
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Fig. 3. Comparison between the experimental (O) and simulated (—) breakthrough curves at different operating conditions. (a) v=290 cm/h, ¢o =2.15 mg/ml; (b) v= 145 cm/h,

co=1.47 mg/ml; (c) v=58 cm/h, ¢p =1.05 mg/ml; (d) v=29 cm/h, ¢y = 0.48 mg/ml.
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Fig. 4. Comparison between the experimental (®) and simulated (continuous line) loading and washing curves for the IgG species in the runs performed with the complex

feedstock at a linear velocity of 145 cm/h (a) and 29 cm/h (b).

value for the adsorption kinetic constant associated to reversible
binding sites. The above considerations on the characteristic time
scales in the adsorption step are extended to the washing stage:
release of non specifically adsorbed IgG molecules from the station-
ary phase is highly controlled by its binding/unbinding kinetics.

5.2. Cell culture supernatant

In case of experiments performed with cell culture supernatant,
the theoretical description of the chromatographic behavior of the
membrane support needs also to take into account impurities con-
tained in the feed solution, in addition to IgG. In view of ligand
specificity towards IgG, all contaminants present in the supernatant
do not interact specifically with the stationary phase investigated
and their influence to IgG adsorption can be neglected. As already
shown in a previous work [25], their behavior is carefully rep-
resented by system dispersion alone and thus the curves for the
impurities contained in the feed are not explicitly shown in the
present work.

The model parameter obtained for pure IgG feeds is also applied
to the case of chromatographic cycles using cell culture super-
natant, for which no specific adjustable parameters are needed and
the model applies in a completely predictive way to calculate IgG
breakthrough curves measured with the complex feed. A compar-
ison between experiments and model prediction is presented in
Fig. 4.

The breakthrough curves are highly asymmetrical, with an
apparent broadening close to saturation conditions, similarly to
what observed in experiments with pure IgG feeds. The model
predicts the observed fast concentration growth at the onset of
breakthrough and also approximates reasonably well the subse-
quent tailing behavior; in addition, model description over washing
stage is very satisfactory.

The considered bi-Langmuir kinetics is able to describe the
entire adsorption and washing profiles simultaneously, thus indi-
cating that the simplified heterogeneous model is fairly accurate
for the description of the actual binding mechanism. These obser-
vations confirm the reliability of the assumptions made in the
mathematical model with particular regard to bi-Langmuir kinet-
ics. Indeed, a simple Langmuir kinetics is unable to represent the
tailing behavior present in the experimental breakthrough curves,
which can be ascribed to the heterogeneous IgG adsorption on B14-
TRZ-Epoxy2 membranes [26].

6. Conclusions

A mathematical model that accurately describes breakthrough
broadening close to membrane saturation has been proposed for
the simulation of the entire loading and washing steps in mem-
brane affinity chromatography. Detailed equilibrium experiments
are required to find appropriate binding kinetics, which is neces-

sary for a proper understanding of protein adsorption on affinity
membranes. For the system studied, the residual amount of IgG
bound to affinity support after washing is constant, regardless of
the experimental feed concentration. That observationis consistent
with the existence of a strong irreversible interaction between IgG
and the specific B14 moieties. On the other hand, the fraction of IgG,
which is released during washing, is due to the presence of weak
and reversible binding sites on the membrane surface. Therefore,
a heterogeneous binding mechanism has been introduced, and the
bi-Langmuir kinetics has been implemented in the mathematical
model.

All parameters used in the equations have been properly eval-
uated through independent measurements, except for the two
kinetic rate constants of adsorption, which are intrinsically asso-
ciated to the adsorption process. The simulation model requires
one adjustable parameter, i.e. the kinetic constant for weak and
reversible adsorption, since the irreversible binding is infinitely
fast.

Model calibration has been carried out by best-fitting exper-
imental adsorption and washing data measured with pure IgG
solutions. A good description of the experimental data set has been
obtained with the dynamic model proposed, using only one fitting
parameter that remains the same over the broad range of operating
conditions tested.

In particular, the typical profile of a breakthrough curve appears
consistent with the existence of reversible and irreversible binding
sites, where the initial concentration growth corresponds to the
saturation of the fast and irreversible binding sites and the tailing
behavior is due to slow saturation of the reversible adsorption sites.

Model validation has been performed by applying the param-
eter obtained for pure IgG solutions also for the simulation of the
adsorption and washing stages obtained for a cell culture super-
natant containing IgG;. Model simulations are in good agreement
with the experimental IgG profile without the need of any further
fitting parameter.

This model represents a useful tool for process design and pro-
cess scale up of membrane affinity chromatography devices and
it is likely suitable to predict membrane performance in similar
systems. In addition, the interesting separation performances fore-
seeable for the affinity membranes investigated [26] coupled to
the validated model presented in this work represent a convincing
input for commercialization of mimetic affinity membranes in the
biotechnology market.

Nomenclature
Latin letters

c protein concentration in the fluid phase, mg/ml
Co feed protein concentration in the fluid phase, mg/ml
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Csp protein concentration in the fluid phase after system dis-
persion, mg/ml

Gm maximum binding capacity in the solid phase, mg/ml

q concentration of protein-ligand complex in the solid
phase, mg/ml

(eq binding capacity in the solid phase at equilibrium with
the concentration in the fluid phase, mg/ml

Dy axial dispersion coefficient, cm?/s

F flow rate, ml/min

Ky dissociation equilibrium constant, mg/ml

ka adsorption kinetic rate constant, ml/(mgmin)

L total membrane thickness, cm

t time, s

to starting time for the chromatographic stages, s

tq delay time, s

v interstitial flow velocity, cm/h

VpER PFR volume in the system dispersion model, ml

Vestr CSTR volume in the system dispersion model, ml

z axial distance along membrane, cm

Greek letters

o dispersivity coefficient, cm

€ membrane void fraction

L longitudinal dispersion time scale, s

Tc convection time scale, s

Ta adsorption time scale, s

Superscripts

ads variable relative to the adsorption step
was variable relative to the washing step

rev variable relative to the reversible reaction
irr variable relative to the irreversible reaction
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