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a b s t r a c t

In the large-scale manufacturing and purification of protein therapeutics, multiple chromatography adsor-
bent lots are often required due to limited absorbent batch sizes or during replacement at the end of the
useful column lifetime. Variability in the adsorbent performance from lot to lot should be minimal in
order to ensure that consistent product purity and product quality attributes are achieved when a differ-
ent lot or lot mixture is implemented in the process. Vendors of chromatographic adsorbents will often
provide release specifications, which may possess a narrow range of acceptable values. Despite relatively
narrow release specifications, the performance of the adsorbent in a given purification process could still
vary from lot to lot. In this case, an alternative use test (one that properly captures the lot to lot variabil-
ity) may be required to determine an acceptable range of variability for a specific process. In this work,
we describe the separation of therapeutic protein monomer and aggregate species using hydrophobic
interaction chromatography, which is potentially sensitive to adsorbent lot variability. An alternative use
Ligand density
Aggregate removal

test is formulated, which can be used to rapidly screen different adsorbent lots prior to implementa-
tion in a large-scale manufacturing process. In addition, the underlying mechanism responsible for the
adsorbent lot variability, which was based upon differences in protein adsorption characteristics, was
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. Introduction

Chromatography is used commonly in the biotechnology indus-
ry to purify therapeutic proteins from complex mixtures [1]. In
he large-scale purification of protein therapeutics, chromatogra-
hy steps are often operated in two types of modes—in bind/elute
ode (in which the target protein is bound and later eluted

socratically from the adsorbent) or in a flow through fashion
in which unwanted impurities bind to the adsorbent while the
arget species flows through the column) [2,3]. Chromatography
dsorbents are screened and selected based upon their ability to
ffectively remove process and product related impurities. Sev-
ral types of chromatography, including affinity, ion-exchange, and
ydrophobic interaction, are often implemented in a process to
chieve acceptable purity levels [1–3]. The different types of chro-
atography exploit differences in the binding properties between
he target product and both process and product related impurities
resent in the feed.

When operated in a bind/elute fashion, numerous impurity
pecies may co-adsorb with the target product. The impurity
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species that co-adsorb must be separated from the target species,
desorbed either with the use of a wash step (prior to prod-
uct elution) or remain bound to the adsorbent after the target
species is eluted. The binding properties of product related impu-
rity species, such as undesirable isoforms or aggregate species, are
often highly similar to the desired product [3,4], which makes the
chromatographic separation more challenging. Slight changes in
processing conditions or adsorbent binding properties could sig-
nificantly change the ability to separate two closely related species
[4]. When selecting chromatography adsorbents to perform the
described separations, it is critical that lot to lot variability be min-
imal to ensure a consistent and predictable purification process in
a large-scale manufacturing environment. In the event that adsor-
bent lot variability does exist, it is important that a test be available
to properly screen adsorbent lots prior to implementation in manu-
facturing. Such a test will ensure the specific adsorbent lot provides
acceptable performance.

Hydrophobic interaction chromatography (HIC) is commonly
used to separate monomer and aggregate species in the
purification of protein therapeutics [5–7]. Despite being an

effective step for separating monomer and aggregate species,
the performance of HIC can potentially be sensitive to small
changes in the operating conditions and adsorbent binding
properties [8–16]. Slight changes to the protein column loading or
the eluate buffer salt concentration can result in an undesirable

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:Justin.mccue@biogenidec.com
dx.doi.org/10.1016/j.chroma.2008.12.002
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hange in the aggregate removal and yield [17–20]. Additionally,
light changes to the adsorbent binding properties could also poten-
ially alter the separation performance of the HIC column [19–21].
he separation mechanism of a monomer and aggregate protein
herapeutic species has been modeled previously using Phenyl
epharose Fast Flow as the HIC adsorbent [22]. A model sensitiv-
ty analysis showed that relatively small changes to the absorptive
roperties of the adsorbent could potentially have a large impact
n the separation performance for the examined protein mixture.
hus, the described separation is potentially sensitive to variability
ith different adsorbent lots.

In this work, we evaluated the impact of different Phenyl
epharose Fast Flow lots on the separation performance of a
onomer/aggregate mixture. A model describing the separation
as developed and described in detail previously [22]. The model
redictions were used in conjunction with experimental results to
etermine the effects of different adsorbent ligand densities on the
escribed separation. The separation performance of the adsorbent
as consistent over a range of ligand densities, but varied signifi-

antly at the higher end of the evaluated range. Both product yield
nd aggregate removal were sensitive to changes in the adsorbent
ot ligand density.

An alternative use test was evaluated, which was based upon
dsorption isotherm parameters measured rapidly in batch contact
xperiments. The studies showed adsorbent lot variability for the
escribed separation could only be determined under conditions
sed to elute the protein mixture, as the different adsorbent lots
isplayed comparable behavior when evaluated under binding con-
itions. The alternative use test could be implemented as a method
o rapidly screen out different adsorbent lots and/or lot mixtures,
nd determine which are acceptable for use in a pre-defined man-
facturing process.

. Experimental

.1. Materials

.1.1. Adsorbents
Phenyl Sepharose 6 Fast Flow (catalog No. 17-0973) from

E/Healthcare (Piscataway, NJ, USA) was used as the chromatogra-
hy adsorbent in the studies. Adsorbent lots that contain different

igand densities (degree of ligand substitution) ranging from 40 to
7 �mol phenyl/mL gel were evaluated in the studies (Table 1).

.1.2. Protein solutions
A purified, recombinant fusion protein (Mr ∼ 110 kDa) produced

n a Chinese hamster ovary cell culture broth was used as the feed.
ollowing purification using Protein A and cation exchange chro-
atography steps, the material consisted of approximately 80%
onomer and 20% aggregate species mixture. Both the monomer

nd aggregated forms of the fusion protein were further puri-

ed and isolated as the individual components. The individual
pecies were isolated using size-exclusion chromatography (HiPrep
ephacryl S-300 HR, catalog No. 17-1196-01, GE/Healthcare). For
he balance of the paper, the individual purified components will
e referred to as the “monomer” and “aggregate” species. A 1.6 M

able 1
henyl Sepharose Fast Flow adsorbent lots evaluated in the study.

ot no. Ligand density (�mol phenyl/mL drained gel)a

0012029 40
11367 42
0005436 45
03027 47

a Ligand density values provided by GE/Healthcare.
. A 1216 (2009) 902–909 903

ammonium sulfate stock solution was added to the protein solu-
tions to achieve a final concentration of 0.30–1.0 M ammonium
sulfate. All solutions used in the study were filtered using 0.22 �m
filtration prior to the experiments.

2.1.3. Solvents and chemicals
An acetate buffered solution containing 0.05 M sodium acetate

(J.T. Baker, catalog No. 3461-05, Phillipsburg, NJ, USA) + 1.0 M
ammonium sulfate (J.T. Baker, catalog No. 0792-07) (pH 6) was
used as the mobile phase equilibration solution for all of the
experiments, unless otherwise noted. For the elution solutions,
the ammonium sulfate concentration was reduced to 0.30–0.45 M
ammonium sulfate. The adsorbents were cleaned and regenerated
using subsequent steps of distilled water and 1.0 M sodium hydrox-
ide (J.T. Baker, catalog No. 3722-01), respectively, before and after
the experiments.

2.2. Procedures and equipment

2.2.1. Adsorption equilibrium data
Adsorption equilibrium data for the pure monomer and pure

aggregate forms of the protein using the Phenyl Sepharose Fast Flow
adsorbent were determined using batch contact experiments. The
batch contact experiments were performed using 96 well plates
(catalog No. 5052, Pall Life Science, East Hills, NY, USA). Multi-
ple isotherms were measured simultaneously on a single plate
using relatively small amounts of adsorbent and protein solution.
Each well of the plate was filled with 800 �l of buffer (0.05 M
sodium acetate + 0.30–1.0 M ammonium sulfate (pH 6)) contain-
ing protein concentrations ranging from 0.1 to 6.0 mg/mL. A 50 �L
adsorbent slurry sample (70% (v/v) slurry) was then added to each
well and agitated at room temperature for >12 h until equilibrium
was reached for all of the evaluated conditions. After equilibra-
tion, the absorbance of the solution was measured at 280 nm using
a Synergy 2 Multi-Detection Microplate Reader (BioTek Part No.
SLFA, Winooski, VT, USA). The amount of protein adsorbed was then
obtained from a material balance. It is important to note agitation of
the mixture did not impact the protein stability or aggregate levels
over the time required to achieve equilibrium.

2.2.2. Column chromatography
Phenyl Sepharose Fast Flow was packed into 0.66 cm I.D. glass

columns (Omnifit, Rockville Center, NY, USA) with a bed height of
20 cm. An Åkta 10 Explorer chromatography system (catalog No.
18-1300-00, GE/Healthcare) was used in all of the chromatography
experiments.

Following equilibration, columns were loaded with 20 mg/mL
of the protein solution at a superficial velocity of 250 cm/h. The
feed used in the studies consisted of 80% monomer and 20% aggre-
gate. Following loading, the columns were washed with 3 column
volumes (CVs) of equilibration buffer (1.0 M ammonium sulfate).
Protein species were eluted isocratically by decreasing the ammo-
nium sulfate concentration to 0.30–0.45 M. The eluate was collected
and analyzed for monomer and aggregate content using analytical
size-exclusion chromatography (TSKgel G3000 SWXL, catalog No.
08541, Tosoh BioScience, Tokyo, Japan). Product yields in the elu-
ate pool were obtained by a material balance. Following elution,
columns were cleaned using 3 CVs of distilled water and 3 CVs of
1.0 M sodium hydroxide.

3. Theoretical
The modeling approaches used to describe protein adsorption
and the chromatographic separation predictions using the HIC
adsorbent were explained in detail by McCue et al. [22]. The model
is described briefly below to provide the basic model assumptions
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Fig. 2. Adsorption equilibrium data for pure monomer (a) and aggregate (b) species
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nd concepts. Further details on the modeling formulation can be
ound in the prior work [22].

.1. Modeling of the equilibrium adsorption isotherm

In this model, the two species (monomer and aggregate) are
ssumed to bind competitively to the HIC adsorbent. A schematic
f the competitive, binary adsorption process used to model the
eparation is shown in Fig. 1. For the examined separation using
henyl sepharose, monomer species bind completely reversibly to
he adsorbent and follow the classical Langmuir adsorption [23],
hile a fraction of the aggregate species bind irreversibly [24].

ince a fraction of the aggregate species bound irreversibly to the
dsorbent, an additional term (q2,irr) was added to the aggregate
dsorption isotherm. For the case of the pure components, Eqs. (1)
nd (2) were used to model the equilibrium adsorption process for
he pure monomer and the pure aggregate species, respectively:

1 = q1

K1(qm1 − q1)
(1)

2 = q2 + K2,irrq2(qm2 − q2 − q2,irr)
K2(qm2 − q2 − q2,irr)

(2)

here c1 and c2 represent the liquid phase concentration of
onomer and aggregate species, respectively. The static binding

apacity and binding strength constants are represented by qmi and
i, respectively.

Determination of the adsorption isotherm parameters used in
he modeling studies is described as follows. Under binding con-
itions (1.0 M ammonium sulfate), values for the binding strength
Ki) and static capacity (qmi) constants for the pure monomer and
ure aggregate species were obtained by fitting Eqs. (1) and (2),
espectively, to data from batch contact experiments (described in
ection 2.2.1). A two parameter fit was used to model the adsorp-
ion isotherms under binding conditions. Differences in adsorption
haracteristics for the examined adsorbent lots were within exper-
mental error for both the pure monomer (Fig. 2a) and pure
ggregate species (Fig. 2b), so single values for the adsorption
sotherm parameters were fitted for all of the lots. Values used for
he irreversible binding parameters (K2,irr and q2,irr) in Eq. (2) were
he same as reported previously [22] for all of the adsorbent lots,
ince differences in adsorption characteristics were within experi-
ental error under strongly binding conditions (1.0 M ammonium

ulfate).
Under low salt (elution) conditions (0.30–0.45 M ammonium
ulfate), an alternative fitting approach was implemented (Fig. 3). A
ingle value for the monomer static binding capacity constant (qm1)
as used for the different adsorbent lots at each of the examined
uffer conditions. This approach was selected because use of a two
arameter fitting approach for each of the individual adsorbent lots

ig. 1. Schematic of the competitive, binary adsorption process used to model the separa
ermission).
using Phenyl Sepharose Fast Flow adsorbents with different ligand densities. The
liquid phase contained 1.0 M ammonium sulfate. Adsorption isotherm model fits for
the monomer (Eq. (1)) and the aggregate (Eq. (2)) species are shown (solid lines).
The errors bars reflect the experimental uncertainty in the measurements.

resulted in similar values for qm1, which were within experimental
uncertainty. After selecting a single value for qm1, a best fit for Eq.
(1) was then obtained for each absorbent lot by varying the binding
strength constant (K1). Thus, the effect of adsorbent ligand density
changes on monomer adsorption was quantified and captured by

differences in the fitted binding strength constant (Fig. 4). Under
elution conditions (0.30–0.45 M ammonium sulfate), the binding
strength constant determined for the monomer species was also
used for the pure aggregate species (K1 = K2) at each salt concen-
tration for the different lots. As described by McCue et al. [22], the

tion of a monomer and aggregate protein therapeutic mixture (from Ref. [22] with
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Fig. 3. Adsorption equilibrium data for pure monomer (a) and aggregate (b) species
using Phenyl Sepharose Fast Flow adsorbents with different ligand densities. The
liquid phase contained 0.35 M ammonium sulfate as the liquid phase. Adsorption
isotherm model fits for the monomer (Eq. (1)) and the aggregate (Eq. (2)) species
are shown (solid lines). The errors bars reflect the experimental uncertainty in the
measurements.

Fig. 4. Adsorption isotherm binding constants for monomer (Eq. (1)) and aggregate
(Eq. (2)) species determined for Phenyl Sepharose Fast Flow adsorbents over a range
of liquid phase ammonium sulfate concentrations (0.30–0.45 M). The fitted binding
constants were used for both monomer (K1) and aggregate (K2) species.

Table 2
Fraction of irreversible bound aggregate species using different ammonium sulfate
concentrations and Phenyl Sepharose Fast Flow adsorbents with different ligand
densities (Column Loading: 15 mg/mL).

Ammonium sulfate
concentration (M)

Ligand density (�mol
phenyl/mL drained gel)

Irreversible bound fractiona

of aggregate species

0.35 42 0.18
0.45 42 0.20
0.35 47 0.22b
a Irreversible bound fraction was defined as q2,irr/(q2 + q2,irr).
b Experiment repeated one time (n = 2) for this condition. Reported value repre-

sents the average.

two species (monomer and aggregate) possessed similar binding
properties during the elution process, and the separation could be
accurately predicted only if a similar binding constant was used
for both species. A best fit adsorption isotherm model for the pure
aggregate species (Eq. (2)) was then obtained by varying the aggre-
gate static binding capacity constant (qm2) for each of the lots at the
different buffer conditions. The fraction of irreversible bound aggre-
gate species did not significantly change over the range of elution
buffer salt concentrations and adsorbent ligand densities evaluated
in the studies (Table 2). Values measured for the irreversible bound
aggregate fraction were within 10% over a range of operating condi-
tions and adsorbent ligand densities. Consequently, the values used
for the irreversible binding parameters (K2,irr and q2,irr) in Eq. (2) for
all of the absorbent lots were the same as reported previously [22].

During the chromatographic separation, a binary mixture of
monomer and aggregate is present in the liquid phase, and Eqs.
(3) and (4) were used to relate the solid and liquid phases of the
monomer and aggregate components [22]:

c1 = qm2q1

K1(qm1qm2 − qm2q1 − qm1[q2 + q2,irr])
(3)

c2 = qm1q2 + K2,irrqm1q2(qm1qm2 − qm2q1 − qm1[q2 + q2,irr])
K2(qm1qm2 − qm2q1 − qm1[q2 + q2,irr])

(4)

3.2. Model calculations used to predict monomer and aggregate
separation using packed columns

Intraparticle mass transfer was assumed to follow homogeneous
diffusion for the two species (Eq. (5)) [22]:

∂qi

∂t
= Deff,i

(
∂2qi

∂r2
+ 2

r

∂qi

∂r

)
(5)

As described previously [22], homogeneous diffusion was used to
describe intraparticle mass transfer instead of pore diffusion as a
result of batch uptake experiments performed in separate stud-
ies with the adsorbent and the protein. In these studies, the batch
uptake rate was independent of the fluid phase protein concentra-
tion over a range of initial values (0.5–2.0 mg/mL). This behavior
was consistent with the homogeneous diffusion model [22], so it
was selected to describe mass transfer in the modeling simulations.

The concentration (ci) in the column for component i, as function
of space (z) and time (t) can be written as

�
∂ci

∂t
+ L

∂ci

∂z
+ 3

1 − ε

ε

kf�

R
(ci − cs

i ) = L2

Pe

∂2ci

∂z2
(6)

Eqs. (5) and (6) formed a set of coupled differential equations that
were solved simultaneously, under both binding and elution con-
ditions. Eqs. (5) and (6) both required two boundary conditions

to solve [22,25] which are shown in Table 3. Two initial condi-
tions were required: (i) before column loading (t = 0) and (ii) before
protein elution (t = telution). Prior to column loading (t = 0), the adsor-
bent and liquid phase did not contain any protein (ci = qi = 0). The
concentration profile obtained in the solid and liquid phase after
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Table 3
Boundary conditions for Eqs. (5) and (6) used in the modeling simulations.

Boundary Equation

Column inlet
{

∂ci
∂z

}
(0+,t)

= −Pe[ci(0−, t) − ci(0+, t)], ci(0−, t) = cfeed

Column outlet
{

∂ci
∂z

}
(z=L,t)

= 0
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Table 4
Adsorption isotherm model parameters for pure monomer (component 1) and pure
aggregate (component 2) species in 1.0 M ammonium sulfate using the Phenyl
Sepharose Fast Flow adsorbent lots with ligand densities ranging from 40 to
47 �mol/mL gel. Eqs. (1) and (2) were used to determine the parameters for the
monomer and the aggregate species, respectively. The residual sum of squares (RSS)
was defined as the average of the square of the difference between the liquid phase
concentration (measured experimentally) and the liquid phase concentration pre-
dicted by the model calculations.

Parameter Value

qm1 (mg/mL) 47
qm2 (mg/mL) 62
K1 (mL/mg) 9.8

which possessed greater binding constants (Table 5). The binding
constant increased more than threefold (from 1.5 to 5.0 mL/mg)
when the ligand density increased from 40 to 47 �mol phenyl/mL
gel (Fig. 4).

Table 5
Adsorption isotherm model parameters for pure monomer (component 1) and
pure aggregate (component 2) species in 0.30–0.45 M ammonium sulfate using
Phenyl Sepharose Fast Flow adsorbent lots with ligand densities ranging from 40
to 47 �mol/mL gel. Eqs. (1) and (2) were used to determine the parameters for
the monomer and the aggregate species, respectively. The residual sum of squares
(RSS) was defined as the average of the square of the difference between the liquid
phase concentration (measured experimentally) and the liquid phase concentration
predicted by the model calculations.

Ammonium sulfate
concentration (M)

Ligand density (�mol/mL)

40 42 45 47

0.30
qm1 (mg/mL) 10.0 10.0 10.0 10.0
qm2 (mg/mL) 21.0 21.0 21.5 23.0
K1 (mL/mg)

0.5 0.5 0.7 1.7K2 (mL/mg)
RSS monomer 0.015 0.021 0.015 0.044
RSS aggregate 0.04 0.025 0.02 0.012

0.35
qm1 (mg/mL) 10.5 10.5 10.5 10.5
qm2 (mg/mL) 22.0 22.0 23.0 25.0
K1 (mL/mg)

0.9 1.0 1.2 3.0K2 (mL/mg)
RSS monomer 0.07 0.01 0.25 0.45
RSS aggregate 0.017 0.021 0.01 0.055

0.40
qm1 (mg/mL) 11.0 11.0 11.0 11.0
qm2 (mg/mL) 23.5 23.5 24.0 28.0
K1 (mL/mg)

1.2 1.3 2.0 4.0K2 (mL/mg)
RSS monomer 0.06 0.08 0.1 0.02
RSS aggregate 0.115 0.067 0.083 0.184

0.45
q (mg/mL) 11.5 11.5 11.5 11.5
article surface
{

∂qi
∂r

}
(r=R,t)

= kf
Deff

(ci − cs
i
)

article center
{

∂qi
∂r

}
(r=0,t)

= 0

he column loading and wash steps were then used as the initial
onditions for the elution step (t = telution).

A Comsol Multiphysics software application (Comsol Multi-
hysics, Version 3.3) was used to solve the coupled set of differential
quations using a finite element method. The system of differential
quations was first approximated with a linearized model using a
ewton–Raphson algorithm [26]. The discretized form of the lin-
arized model was then solved directly using the parallel sparse
irect linear solver (PARDISOL) method [27–29] in the Comsol Mul-
iphysics software application.

After the column loading and wash steps (t = telution), parameters
escribing mass transfer and adsorption in both the solid and liquid
hases were transitioned from binding to elution conditions using
sign function over a 100-s interval [30]. Following the parameter

ransition, elution profiles of the monomer and aggregate species
ere predicted by solving Eqs. (5) and (6) simultaneously. It is

mportant to note that a decrease in the parameter transition time
id not change the results of the simulations, but a finite time (>10 s)
as required in order for the Comsol solver to successfully converge

nd complete a simulation.

. Results and discussion

.1. Effect of adsorbent ligand density on the equilibrium
dsorption

Adsorption isotherms of the pure monomer and pure aggregate
pecies were evaluated using the different adsorbent lots (Table 1).
he isotherms of the individual species were determined under
oth high salt (binding conditions) (1.0 M ammonium sulfate) and

ow salt (elution conditions) (0.30–0.45 M ammonium sulfate) con-
itions.

.1.1. Equilibrium adsorption in high salt concentrations
At high liquid phase salt concentrations (1.0 M ammonium

ulfate), the monomer and aggregate species bound strongly to
henyl Sepharose Fast Flow adsorbents, as indicated by the highly
avorable isotherm. The adsorption isotherms of the different adsor-
ent lots were similar under binding conditions for both the
onomer (Fig. 2a) and aggregate species (Fig. 2b). Differences in

he adsorption among the lots containing various ligand densities
40–47 �mol phenyl/mL gel) were within experimental uncer-
ainty. Thus, the adsorption properties of lots containing different
igand densities were indistinguishable under strongly binding
1.0 M ammonium sulfate) conditions for both the monomer and
ggregate species. Since the binding properties of the examined
ots were comparable, single values for the adsorption isotherm
arameters (Table 4) were selected for all of the adsorbent lots, and
ere used in the modeling calculations (as explained in Section
.1). It is important to emphasize that changes to the ligand den-

ity could not be detected by comparing the adsorption isotherm
nder strongly binding conditions, as the results show the dif-

erent lots adsorbed similar amounts of both the monomer and
ggregate species over the entire range of liquid phase concentra-
ions.
K2 (mL/mg) 13.0
RSS monomer 0.33
RSS aggregate 0.15

4.1.2. Equilibrium adsorption in low salt concentrations
At lower liquid phase salt concentrations (0.30–0.45 M ammo-

nium sulfate), the binding properties of the different lots varied
significantly with the ligand density for both the monomer (Fig. 3a)
and aggregate species (Fig. 3b), as illustrated by the adsorption
isotherm using 0.35 M ammonium sulfate in the liquid phase. Dif-
ferences in the adsorption isotherms were most pronounced for
lots containing higher ligand densities (45–47 �mol phenyl/mL gel)
m1
qm2 (mg/mL) 25.0 25.0 26.0 30.0
K1 (mL/mg)

1.5 1.5 2.5 5.0K2 (mL/mg)
RSS monomer 0.018 0.046 0.034 2.3
RSS aggregate 0.055 0.04 0.023 0.012
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For the aggregate species, a slight increase in the static capac-
ty constant was also noted for higher ligand densities (Table 5),
ut the changes were much less pronounced compared with those
or the binding constants. The adsorption isotherm studies also
llustrated that changes to the adsorbent ligand density could be
eadily measured under conditions known to elute the protein mix-
ure (0.30–0.45 M ammonium sulfate), but not under conditions
n which the protein is strongly bound (1.0 M ammonium sulfate).
onsequently, the separation of a mixture of monomer and aggre-
ate species, which is dependent upon the adsorption isotherm,
ould potentially vary for the adsorbent lots evaluated in the study.

.2. Effect of ligand density on monomer/aggregate separation

Separation studies using packed columns of the Phenyl
epharose Fast Flow adsorbent lots were performed using eluate
uffer salt concentrations ranging from 0.30 to 0.45 M ammonium
ulfate. Ligand density had an effect on the monomer/aggregate
eparation using all of the evaluated conditions (Table 5), most
otably at higher ligand densities. As expected, an increase in
he eluate buffer salt concentration decreased both aggregate lev-
ls and yield in the eluate pool for all of the adsorbents due to
stronger hydrophobic interaction. However, at each salt con-

entration, adsorbent lots containing higher ligand density levels
45–47 �mol phenyl/mL gel) had lower yield and aggregate lev-
ls (Table 6). The changes in yield and aggregate levels were most
evere at a ligand density of 47 �mol phenyl/mL gel. Using 0.45 M
mmonium sulfate in the elution buffer, adsorbent lots containing
igand densities of 40 and 47 �mol phenyl/mL gel had yields of 80%
nd 58%, respectively. Similarly, aggregate levels decreased from
.7% to 1.5% in the eluate pool with the corresponding increase in

igand density (40–47 �mol phenyl/mL gel).
Changes in the adsorption isotherm parameters, most notably

he binding constant (Ki) (Table 5) were responsible for differences
n the separation performance of the various lots. As discussed
arlier (Section 4.1.2), a threefold increase in the binding constant
as measured over the range of evaluated ligand densities (Fig. 4),
hich resulted in significantly lower aggregate levels and yields as
he ligand density was increased. The experimental results were
onsistent with modeling simulation sensitivity studies performed
reviously [22], which predicted that yield and aggregate levels

n the eluate were highly sensitive to changes in the adsorption
sotherm parameters, such as the aggregate binding constant (K2).

able 6
xperimental results and model predictions for separation of a monomer/aggregate mixtur
mmonium sulfate concentration in the Phenyl Sepharose Fast Flow elution buffer range
f 80% monomer and 20% aggregate. The bed height and operating velocity were 20 cm an

mmonium sulfate concentration (M) Ligand density (�mol/mL) Exp

Agg

0.30

40 –
42 4.7
45 4.0
47 1.5

0.35

40 2.9
42 2.8
45 2.4
47 1.1

0.40

40 –
42 2.1
45 1.8
47 0.7

0.45

40 –
42 1.3
45 1.2
47 0.5
between yield and aggregate levels for various Phenyl Sepharose Fast Flow adsorbent
lots. The figure was generated using the results and operating conditions shown in
Table 6.

4.2.1. Model predictions
Table 6 and Fig. 5 show the aggregate levels predicted by the

model calculations were in good agreement with the experimen-
tal results for the adsorbent lots over a range of elution buffer
salt concentrations. Differences between the model predictions
and experimental results were ≤0.4% aggregate in all cases. Model
simulations slightly under predicted the yields for several of the
conditions, but the trends were consistent with those measured
experimentally (Fig. 5). The model predicted the largest decrease
in yield and aggregate levels using an adsorbent lot containing
the highest ligand density (47 �mol phenyl/mL gel), which was
consistent with the experimental results (Table 6). The results of
the modeling simulations showed that an increase in the binding
strength, which occurred at higher ligand densities (Table 5) was
a major factor for the change in separation performance for the

described process. At salt concentrations used to elute the protein
species (0.30–0.45 M ammonium sulfate), adsorbent lots contain-
ing higher ligand density levels (45–47 �mol phenyl/mL gel) more
strongly adsorbed both monomer and aggregate species, which
resulted in both lower yields and improved aggregate clearance.

e using Phenyl Sepharose Fast Flow adsorbents containing different ligand densities.
d from 0.30 to 0.45 M. The column was loaded to 20 mg/mL using a feed consisting
d 250 cm/h, respectively. The elution volume was 6 CV.

erimental results Model predictions

regate (%) Yield (%) Aggregate (%) Yield (%)

– 5.1 75
80 5.1 75
68 3.9 69
58 1.8 52

68 3.2 63
69 3.0 61
65 2.3 57
51 1.0 38

– 2.3 55
63 2.2 53
58 1.6 44
42 0.6 30

– 1.6 47
58 1.6 47
52 1.4 37
34 0.4 22
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Fig. 6. Model simulations showing the relationship between yield and aggregate lev-
els using different ammonium sulfate elution buffer conditions and various Phenyl
Sepharose Fast Flow adsorbent lots in a 6 CV eluate pool. For a given adsorbent lot,
aggregate levels and yields were increased by increasing the ammonium sulfate elu-
tion buffer concentration from 0.30 to 0.45 M. The column was loaded to 20 mg/mL
using a feed consisting of 80% monomer and 20% aggregate in the simulations. The
b
l
p

b
b
c
t
F
s
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p
F
i
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c

F
a
i
8
a

ed height and operating velocity were 20 cm and 250 cm/h, respectively. The solid
ine in the figure represents a correlation between the yield and aggregate levels
redicted by the model simulations for the various adsorbent lots.

The model was used in turn to predict the effects of the eluate
uffer salt concentration on the separation using different adsor-
ent ligand densities (Figs. 6 and 7). At a constant yield, adsorbents
ontaining different ligand densities had similar aggregate levels if
he salt concentration was adjusted to the appropriate level (Fig. 7).
igs. 6 and 7 also show that selection of a particular ligand den-
ity did not improve the separation, but rather changed the eluate
uffer salt concentration required to maintain consistent levels of
roduct yield and aggregate clearance for the Phenyl Sepharose Fast

low column. It is important to note that changes to other operat-
ng conditions, including the protein column loading and operating
elocity, also impacted the separation (product yield and aggregate
learance), as explained previously [22].

ig. 7. Model simulations showing the effects of adsorbent ligand density and
mmonium sulfate eluate buffer concentration on the yield and aggregate levels
n a 6 CV eluate pool. The column was loaded to 20 mg/mL using a feed consisting of
0% monomer and 20% aggregate. The bed height and operating velocity were 20 cm
nd 250 cm/h, respectively.
. A 1216 (2009) 902–909

The modeling simulations also illustrate how the eluate buffer
salt concentration would need to be adjusted to reach a tar-
get aggregate level if different adsorbent lots were implemented
(Fig. 7). For a lower ligand density (40–42 �mol phenyl/mL gel),
the elution buffer salt concentration would have to be increased to
≥0.42 M ammonium sulfate to achieve aggregate levels of ≤2.0% in
the eluate pools using the examined conditions. If the ligand density
was increased to 47 �mol phenyl/mL gel, a significantly lower salt
concentration could be used (≥0.30 M ammonium sulfate) while
maintaining aggregate levels ≤2.0%. Fig. 7 shows changes made to
the adsorbent ligand density would require that the elution buffer
conditions be significantly adjusted in order to maintain a consis-
tent process.

In a manufacturing process which uses isocratic elution, the
buffer specifications are typically set to a narrow range in order
to ensure consistent product purity and recovery are achieved. In
the particular separation study presented in this work, the salt
concentration in the elution buffer composition would need to be
significantly modified if a new adsorbent lot containing a relatively
high ligand density (>45 �mol/mL gel) was implemented in the pro-
cess. On the other hand, if the adsorbent ligand density was set to
a fairly narrow range (such as 40–45 �mol/mL gel), a consistent
purity and yield would be attained using the Phenyl Sepharose Fast
Flow column without having to alter the elution buffer conditions.

5. Conclusions

Model predictions and experimental results showed changes
in the separation performance (product yield and aggregate
removal) of Phenyl Sepharose Fast Flow adsorbent lots contain-
ing different ligand densities were due to differences in the
protein adsorption properties, as illustrated using both experi-
mental results and modeling simulations. Differences in protein
adsorption could be detected only at lower salt concentrations
(0.30–0.45 M), which corresponded to the conditions used to elute
the monomer/aggregate mixture. When evaluated under strongly
binding (high salt) conditions (1.0 M), changes in the protein
adsorption were not measurable among the different lots.

When screening lots possessing variability in the adsorbent
properties, such as the ligand density, measurement of the pro-
tein adsorption isotherm for the separation of interest provides a
rapid tool to predict the performance in a given chromatographic
separation. However, the binding properties should be evaluated
under the appropriate conditions, such as those used to elute the
protein mixture, in order to detect lot to lot changes in the separa-
tion performance. The work presented here illustrates a potential
alternative method of adsorbent screening, which could be used
prior to selecting new adsorbent lots or lot mixtures for implemen-
tation in a manufacturing process. In a manufacturing setting, it is
necessary to understand potential changes in the adsorbent prop-
erties prior to implementation in order to ensure a consistent and
robust purification process is achievable.

Nomenclature

c1 monomer concentration in solution (mg/mL)
c2 aggregate concentration in solution (mg/mL)
CV column volume
Deff effective diffusivity (cm2/s) (Eq. (5))

kf external film mass transfer coefficient (cm/s) (Eq. (6))
K1 monomer binding constant (mL/mg) (Eq. (1))
K2 aggregate binding constant (mL/mg) (Eq. (2))
K2,irr aggregate irreversible binding constant (mL/mg) (Eq. (2))
L bed length (cm)
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e Peclet number (Eq. (6))
1 monomer concentration in particle (bound in native state)

(mg/mL) (Eq. (1))
2 aggregate concentration in particle (bound in native state)

(mg/mL) (Eq. (2))
2,irr aggregate concentration in particle (irreversible bound)

(mg/mL) (Eq. (2))
m,irr irreversible aggregate static capacity (mg/mL) (Eq. (2))
m1 monomer static capacity (mg/mL) (Eq. (1))
m2 aggregate static capacity (mg/mL) (Eq. (2))

radial coordinate (cm)
particle radius (cm)
time (s)
bed length coordinate (cm)

reek symbols
extraparticle void fraction (Eq. (6))
fluid residence time (min) (Eq. (6))
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