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a b s t r a c t

The adsorption isotherms of four model proteins (lysozyme, �-lactalbumin, ovalbumin, and BSA) on eight
commercial phenyl hydrophobic interaction chromatography media were measured. The isotherms were
softer than those usually seen in ion-exchange chromatography of proteins, and the static capacities of
the media were lower, ranging from 30 to 110 mg/mL, depending on the ammonium sulfate concentra-
tion and the protein and adsorbent types. The protein-accessible surface area appears to be the main
factor determining the binding capacity, and little correlation was seen with the protein affinities of the
adsorbents. Breakthrough experiments showed that the dynamic capacities of the adsorbents at 10%
breakthrough were 20–80% of the static capacities, depending on adsorbent type. Protein diffusivities in
the adsorbents were estimated from batch uptake experiments using the pore diffusion and homogeneous
olumn breakthrough
iffusivities
dsorption isotherms
dsorption capacity

diffusion models. Protein transport was affected by the adsorbent pore structures. Apparent diffusivities
were higher at lower salt concentrations and column loadings, suggesting that adsorbed proteins may
retard intraparticle protein transport. The diffusivities estimated from the batch uptake experiments
were used to predict column breakthrough behavior. Analytical solutions developed for ion-exchange
systems were able to provide accurate predictions for lysozyme breakthrough but not for ovalbumin.
Impurities in the ovalbumin solutions used for the breakthrough experiments may have affected the

d to t
ovalbumin uptake and le

. Introduction

Hydrophobic interaction chromatography (HIC) is attractive to
he biotechnology and pharmaceutical industries because it is con-
rolled by adsorption mechanisms that are different from those
n ion-exchange chromatography and reverse-phase chromatog-
aphy. Previous research in HIC has focused on understanding how
ifferent factors affect protein adsorption, while much less atten-
ion has been paid to protein transport in HIC media, which has
n impact on design and scale-up in preparative chromatogra-
hy. Protein diffusion in porous media is generally slower than

n free solution due to hydrodynamic interactions between the
rotein and the pore walls [1], the tortuosity of the pore struc-

ure of the media [2] and steric exclusion of the protein molecules
rom the vicinity of the pore walls [3]. Only limited information on
rotein transport in HIC adsorbents is available in the literature.
he pore diffusivities of �-chymotrypsinogen A in SnyChroprep
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he discrepancies between the predictions and the experimental results.
© 2010 Elsevier B.V. All rights reserved.

propyl media [4], BSA in propyl-silica gel [5], and �-amylase in Duo-
lite XAD-761 [6] have been measured via batch uptake or column
breakthrough. Recently, the pore diffusivities of several model pro-
teins in a set of HIC media were also estimated from pulse response
experiments [7,8].

Although pulse response experiments provide a simple method
to measure protein diffusivities in chromatographic media, they are
usually performed in the linear region of the adsorption isotherm
and include both adsorption and desorption steps. The coupling
of protein transport and adsorption in preparative chromatogra-
phy occurs under somewhat different conditions, since the protein
is usually loaded into the adsorbent to levels approaching the full
capacity. Therefore, protein surface coverage is high in preparative
mode, which can result in pore constriction [9] and increased inter-
actions between bound and free protein. As a result, intraparticle
protein transport behavior could be different from that found in
pulse response experiments. Batch uptake is a useful technique to
estimate protein diffusivities in chromatographic media under such

conditions, which are similar to those in frontal loading. In addi-
tion, the effects of the initial bulk concentration, hence the amount
of protein bound, can be determined.

In this study, the adsorption isotherms and breakthough pro-
files of lysozyme (LYS), �-lactalbumin (ALC), ovalbumin (OVA) and

dx.doi.org/10.1016/j.chroma.2010.11.051
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:lenhoff@udel.edu
dx.doi.org/10.1016/j.chroma.2010.11.051
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Table 1
Base matrices, mean particle diameters, dp , mean pore radii, Rp , protein-accessible surface areas, �, and protein-accessible intraparticle porosities, εp , of phenyl media used.

Stationary phase Base matrix dp (�m) Rp (nm) � (m2/mL media) εp

LYS/ALA OVA BSA LYS/ALA OVA BSA

Phenyl Sepharose FF HS Agarose 34 27 58 52 44 0.84 0.78 0.69
Phenyl Sepharose FF LS Agarose 90 27 55 49 42 0.81 0.74 0.66
Phenyl Sepharose HP Agarose 90 39 49 44 37 0.81 0.76 0.68
Toyopearl phenyl 650S Methacrylate 30 107 26 23 20 0.64 0.62 0.58
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TSK-gel phenyl-5PW Methacrylate 35 104
Fractogel EMD phenyl (S) Methacrylate 30 45
Source 15PHE PS-DVB 15 42
POROS 20 HP2 PS-DVB 20 301

ovine serum albumin (BSA) were measured in eight commercially
vailable phenyl media. The pore and homogeneous diffusivities of
he proteins were estimated from batch uptake experiments and
sed to calculate column breakthrough via three different break-
hrough models. The calculated breakthrough curves were then
ompared with the experimental results to evaluate the validity
f several analytical solutions for column breakthrough.

. Theory

.1. Adsorption isotherms

The estimation of effective protein diffusivities in chromato-
raphic adsorbents from batch uptake experiments and the
alculation of column breakthrough both involve coupled diffu-
ion and adsorption and therefore require knowledge of the protein
dsorption isotherms. In the context of coupled diffusion and
dsorption, the isotherm equation is used only in a descriptive man-
er and its mechanistic basis is of minor importance. For example,
lthough the Langmuir isotherm was developed for gas adsorption,
t is commonly used for protein adsorption due to its simplicity
nd capability to fit some experimental results. Other isotherm
odels have also been developed to describe protein adsorption,
ith most emphasis on ion-exchange systems, including the steric
ass action formalism [10] and the available area isotherm [11].

ome isotherms have been developed specifically for HIC in order
o account for such phenomena as the salt effect [12,13].

In this study, we employed an adsorption isotherm based on
olloidal energetics. It can be written as [14]

∗ = q∗

Keq
exp

[
(˛

√
q∗ + ˇ) exp

(
ω

q∗

)]
(1)

here c* and q* are the free and adsorbed protein concentrations
espectively at equilibrium, and Keq is the adsorption equilibrium
onstant. The parameters ˛, ˇ and ω control the “softness” of the
ransition from the linear region to the plateau, and are used inde-
endently of the physical basis of the isotherm to fit the functional
orm to relate c* and q* for our experimental data.

.2. Batch uptake

Several models have been developed to characterize protein
ransport in chromatographic systems. They include pore diffusion,
omogeneous diffusion, surface diffusion and parallel diffusion.
he latter two can be considered variants or combinations of the
thers, so in this study we employed the pore diffusion and homo-
eneous diffusion models as limiting cases to compare protein
ransport behavior in adsorbents with different physical proper-

ies. The theory used to estimate the effective pore diffusivity, Dp,
nd homogeneous diffusivity, Dh, from batch uptake data has been
ummarized by Chang and Lenhoff [15]. The external mass trans-
er coefficient, kf, was treated as a constant during uptake and
as calculated based on the correlation of Armenante and Kir-
13 13 12 0.55 0.53 0.51
27 22 18 0.31 0.29 0.27
26 23 22 0.44 0.41 0.38

8 8 8 0.60 0.59 0.58

wan [16]. Since the adsorption isotherm is non-linear, the batch
uptake governing equations were solved numerically using IMSL
(International Mathematical and Statistical Libraries) routines.

2.3. Breakthrough curve

Breakthrough (frontal elution) experiments have been widely
used to evaluate ion-exchangers [17–20], affinity adsorbents
[21–24], perfusion adsorbents [25] and HIC adsorbents [5] in col-
umn mode. They are particularly valuable in that this mode of
operation is similar to that used in column loading in industrial
practice, especially for capture steps.

The mass balance for column chromatography is written as

∂cm

∂t
+ u

∂cm

∂z
− DL

∂2cm

∂z2
= − (1 − ε)

ε

∂q

∂t
(2)

where DL is the axial dispersion coefficient, cm is the mobile
phase protein concentration, q is the protein concentration in the
adsorbed phase, u is the mobile phase interstitial velocity and z is
the axial position in the column. The extraparticle porosities, ε, in
packed columns of the adsorbents used here were measured by
inverse size exclusion chromatography [26] and are presented in
Table 1. The term on the right-hand side accounts for uptake into
the stationary phase, which is assumed to be governed by an appro-
priate transport model. The most widely used such models are the
pore diffusion model, which assumes that only free protein in the
pore space is able to diffuse, and the homogeneous diffusion model,
in which all intraparticle protein (free or adsorbed) is able to diffuse.
Detailed equations for these cases are available elsewhere [27].

Since column breakthrough experiments are usually performed
in the non-linear region of the isotherm, Eq. (2) is generally solved
numerically with the appropriate boundary and initial conditions.
However, analytical solutions have been obtained in limiting cases
of practical interest with the axial dispersion term neglected. Since
our emphasis is on describing breakthrough behavior rather than
a detailed mechanistic analysis, we focus on such analytical solu-
tions. While they all incorporate some idealization, the location of
the breakthrough front is determined largely by the static capac-
ity and hence by the adsorbed concentration in equilibrium with
the feed concentration. Therefore these models should all predict
similar locations for the breakthrough front despite the different
idealizations on which they are based.

Analytical solutions for the pore diffusion model exist for sys-
tems with rectangular adsorption isotherms [28–30]. For this
limiting case, the analytical solution for the pore diffusion model
used to analyze the breakthrough curves in this work is that of
Cooper and Liberman, which relaxed the constant pattern assump-
tion used previously [29].
Analytical solutions for the homogeneous diffusion model have
also been developed for adsorbents with rectangular isotherms
[30–32]. In this study, the experimental results were compared to
the constant pattern solution of Yoshida et al., although a solution
independent of the constant pattern assumption is also available
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32]. The Yoshida et al. solutions were developed by assuming
hat the protein concentration in the fluid phase at the surface
f the adsorbent is zero until the outer surface of the adsorbent
article is completely saturated. In addition to the Yoshida et al.
olution, another constant pattern analytical solution, due to Ver-
eulen, is also available for a quadratic driving force approximation

33,34]. This analytical solution assumes that solute adsorption can
e described by the Langmuir isotherm and that there is a transi-
ion from external mass transfer control to intraparticle diffusion
ontrol during column breakthrough, and that the protein uptake
ate, can be found by a lumped approximation of the solution for
n intraparticle diffusion model. A simpler variant of the quadratic
riving force approximation, namely a linear driving force approx-

mation, yields yet another approximation [34].
The linear driving force approximation has been used to derive

he Yoshida et al. solutions [32] as well as an analytical solution for
on-exchange and dye-affinity chromatography [35]. These solu-
ions are in good agreement with experimental results [17,35,36],
ndicating that the linear driving force approximation is adequate
n these two modes of chromatography.

The most appropriate approach to making direct comparisons
etween the Vermeulen and Yoshida solutions would be to use the
ermeulen solution with the linear driving force approximation,
ut this should also be modified to consider the contribution of
xternal mass transfer, which can be the dominant mass trans-
er resistance at low liquid-phase protein concentrations [37].
eglecting the external mass transfer effect can result in incorrect
rediction of the early stages of column breakthrough and hence
f dynamic capacity, which is an important parameter for process
cale-up and design. We therefore also derived a solution for the lin-
ar driving force approximation with the consideration of external
ass transfer by following the procedures of Vermeulen [34]. With

he linear driving force assumption and the constant pattern con-
itions (i.e., X = Y), the rate of external mass transfer can be equated
o the rate of intraparticle protein diffusion by

3kf

R
(X − X∗) = Dh�2

R2
˝(Y∗ − X) (3)

here

∗ = c∗

cf
(4)

= c

cf
(5)

∗ = q∗

qs
(6)

= q

qs
(7)

In Eqs. (4)–(7), c is the solution phase concentration, cf is the
rotein feed concentration, q is the protein concentration in the
dsorbent, and qs is the adsorbent binding capacity. The asterisk
enotes the equilibrium value. By following the same procedures
s Vermeulen [34], the dimensionless protein concentration, XFP,
n the mobile phase at which the transition between external mass
ransfer and intraparticle diffusion control takes place is found to
e

FP = Dh�2˝

3Rkf + Dh�2˝
(8)

nd
= qs

cf
(9)

From X = Xo to X = XFP, the breakthrough curve is given by

= exp[�F − (�F )c] (10)
ogr. A 1218 (2011) 427–440 429

and from X = XFP to X = 1,

X = 1 − exp[−�P + (�P)c] (11)

where

�F = 3kf

R

cf

qs

(
t − L

u

)
(12)

�P = Dh�2

R2

(
t − L

u

)
(13)

where L is the column length, u is the mobile phase interstitial
velocity and Xo is the protein concentration in the effluent when
t = L/u. The constants (�F)c and (�P)c in Eqs. (10) and (11) can be
computed from the transition from external mass transfer to intra-
particle protein diffusion control. Here the solution capacity factor,
defined in Eq. (12), for external mass transfer control at the transi-
tion, (�F)FP, is expressed as

(�F )FP = ˙F + XFP − 3kf R

Dh�2

cf

qs
(1 − XFP) (14)

where

˙F = 3kf

R

L

u
(15)

The solution capacity factor for intraparticle diffusion control,
(�p)FP, defined in Eq. (13), at the transition, can then be found from
Eqs. (12) and (13)

(�F )FP

(�P)FP
= 3kf R

Dh�2

cf

qs
(16)

Once (�F)FP and (�F)FP are found, (�F)c and (�P)c can be computed
from Eqs. (10) and (11) by setting X to XFP. In this analytical solution,
a constant pattern breakthrough curve is obtained when ˙ ≥ 4 and
the column capacity parameter, ˙, is defined as [34]

˙ = �2Dh

R2

qs

cf

L

u
(17)

The kf used in the breakthrough curve analysis was estimated
from the Carberry correlation [38].

3. Materials and methods

3.1. Phenyl adsorbents and proteins

Eight phenyl stationary phases were selected for this study.
The protein-accessible intraparticle porosities [18] and other phys-
ical properties of these media are summarized in Table 1. TSK-gel
Phenyl-5PW and Toyopearl Phenyl 650S were purchased from
Tosoh Biosep (Montgomeryville, PA, USA). All phenyl Sepharose
media as well as Source 15PHE were purchased from GE Health-
care (Piscataway, NJ, USA). Fractogel EMD Phenyl (S) was obtained
from EM Industries (US associate of E. Merck, Darmstadt, Germany).
POROS 20 HP2 was purchased from Applied Biosystems (Foster City,
CA, USA).

Four globular proteins were used as model proteins. BSA
monomer (BSA), calcium-depleted bovine �-lactalbumin (ALC),
hen egg white lysozyme (LYS) and hen egg white ovalbumin (OVA)
were purchased from Sigma (St. Louis, MO, USA). All proteins were
used without further purification. The physical properties of these
proteins are shown in Table 2.
3.2. Protein solution preparation

Proteins were dissolved in 10 mM sodium phosphate, pH 7,
buffer to prepare 40–50 mg/mL stock solutions. The stock solutions
were then diluted to 20–25 mg/mL in 1.5 or 2 molal ammonium
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Table 2
The molecular weights, MW, extinction coefficients, ε280, at 280 nm, viscosity radii, R� , adiabatic compressibilities, ˇ, dimensions, calculated surface coverages, 	 cal, and
diffusivities in free solutions, Dm , of proteins used.

Protein MW (kDa) ε280 (mL/mg cm) R� (nm) ˇ (×10−6 cm3/g/bar) Dimensions (nm3) 	 cal (mg/m2) Dm (10−7 cm2/s)
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LYS 14.3 2.7 1.85 3.6
ALC 14.3 2.1 2.02 4.6
OVA 46 0.70 2.83 6.4
BSA 68 0.65 3.62 6.5

ulfate (AS) concentrations using 10 mM sodium phosphate con-
aining 4 m AS and 10 mM phosphate buffers. After adjustment to
H 7 with 1 N sodium hydroxide, the protein solutions were filtered
hrough 0.22 �m filters.

For ALC, a white precipitate formed when the protein solution
as adjusted to 2 m AS. The precipitate was removed by centrifu-

ation at 3000 g, and the supernatant was then filtered through
0.22 �m filter. The precipitate was likely formed by non-protein

mpurities at high AS concentration because the removal of the pre-
ipitate did not affect the solution protein concentration. In some
xperiments, 1 M CaCl2 solution was added to the ALC solutions to
btain a final Ca2+ concentration of 10 mM prior to the filtration
tep, as a means to stabilize ALC conformationally.

.3. Batch uptake and adsorption isotherm measurement

The batch uptake experiments were performed in a 100 mL glass
eaker in which the protein concentration was monitored contin-
ously by recirculating the supernatant through a Rainin Dynamax
V detector (Rainin Instruments, Woburn, MA, USA) operated at
80 nm or 254 nm. Calibration curves were generated to correlate
he UV absorbance and protein concentration. The recirculation
oop holdup volume was 2 mL, which corresponded to a recircu-
ation time of 10 s at a flow rate of 12 mL/min. A filter with 10 �m
ores was used to prevent adsorbent particles from entering the
ecirculation pump and the UV detector. Agitation was provided
y a 3.5 cm polypropylene 3-bladed marine-type impeller driven
y an overhead electric motor at 300 rpm. The impeller was placed

ust below the 10 �m filter to prevent adsorbent accumulation on
he filter due to the high recirculation rate. In this experimental
onfiguration, no vortex was observed on the liquid surface.

For each experiment, a volume of 20–25 mg/mL protein stock
t the appropriate AS concentration (1.5 m or 2 m) was charged
nto the batch uptake vessel containing a predetermined volume
f AS (1.5 m or 2 m), 10 mM phosphate, pH 7, buffer to a total final
olume of 61 mL. Once a steady absorbance was attained, 1 mL of
rotein solution was withdrawn from the vessel and the initial pro-
ein concentration of the experiment was measured by absorbance
t 280 nm using the extinction coefficients [39] listed in Table 2. A
redetermined volume of adsorbent slurry, equilibrated with the
ppropriate buffer, was transferred into a glass HPLC column and
he interstitial liquid was removed by a syringe. The adsorbent was
hen charged into the batch uptake vessel. Under the experimental
gitation conditions, the adsorbent was dispersed almost immedi-
tely once it was in contact with the protein solution. The adsorbent
olume used for each experiment was 1 mL, excluding the intersti-
ial volume. The equivalent packed bed porosities were determined
reviously [26].

To avoid possible adsorbent breakage due to agitation, the
atch uptake experiments were terminated after 3 h, although most
xperiments reached steady state within 1 h. Before the agitation

as stopped, 2 mL of the protein solution-adsorbent slurry was
ithdrawn from the vessel. After the adsorbent particles were

emoved by centrifugation, the protein concentration in the super-
atant was measured. Another 5 mL of the slurry was also removed

rom the vessel into a 5 mL cryovial. This slurry was allowed to equi-
4.5 × 3.0 × 3.0 1.8–3.4 11.8
3.7 × 3.2 × 2.5 2.6–4.8 10.6
7.0 × 4.5 × 5.0 2.3–4.6 7.76

14.0 × 4.0 × 4.0 2.0–8.7 5.93

librate at room temperature for an additional 12–18 h, but further
changes in protein concentration in the liquid phase were usually
insignificant. The amount of protein taken up by the adsorbent was
calculated by mass balance, and these results were used to generate
the adsorption isotherms.

For protein concentrations other than those used in the batch
uptake experiments, different amounts of adsorbent slurry were
dosed into predetermined volumes of protein solution. After equi-
libration at room temperature for 18–24 h with agitation by
end-over-end rotation, the adsorbent was removed by centrifu-
gation and the protein concentration in the supernatant was
determined from the absorbance at 280 nm. For some protein con-
centrations, the experiments were performed in triplicate and the
results were found to be highly reproducible.

3.4. Column breakthrough

AP minicolumns of 0.5 cm ID were purchased from Waters
Corporation (Milford, MA, USA). Columns were flow packed to
a bed height of 2.5 cm with 2 m AS in 10 mM phosphate, pH
7, buffer. In each breakthrough experiment, the freshly packed
column was equilibrated with the appropriate buffer before the
protein solution was loaded. Column packing and breakthrough
experiments were performed at different flow rates of 2 m AS in
10 mM phosphate buffer, pH 7, using an Äkta Explorer HPLC (GE
Healthcare, Piscataway, NJ, USA). Protein concentrations were in
the range 0.9–1.0 mg/mL. The column back-pressure was main-
tained at 0.2–0.3 MPa with a flow restrictor to prevent channeling.

4. Results and discussion

4.1. Adsorption isotherms and dynamic capacity

The adsorption isotherms of proteins on different phenyl media
are depicted in Fig. 1. Well-defined plateaus are not present in any
of the cases, as is typical for HIC media and is consistent with the
results of Chen and Sun [12] and Xia et al. [13]. Comparison of the
adsorption isotherms of the same protein on different media shows
Sepharose FF HS and POROS 20 HP2 to have the highest and low-
est capacities, respectively. Sepharose FF LS and Sepharose HP have
similar capacities, which is consistent with their similar ligand den-
sities and protein-accessible surface areas per unit media volume
(Table 1), although their pore size distributions (PSDs) are differ-
ent [26]. Sepharose FF HS and Sepharose FF LS have identical PSDs
[26] but the ligand density of the former adsorbent is twice that of
the latter. At 2 m AS, the capacities of Sepharose FF LS for LYS and
OVA are approximately 90% those of Sepharose FF HS. These results
suggest that the capacities of the Sepharose adsorbents are largely
controlled by the phase ratios, but not the PSDs or ligand densities
of the media.
Comparing the adsorption isotherms of different proteins on the
same adsorbent shows the capacities for LYS to be higher than those
of OVA in the agarose and polymethacrylate media (Fig. 1A, B, D and
E). However, the capacities of these two proteins on the polystyrene
divinybenzene (PS-DVB) media are essentially the same (Fig. 1F).
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Fig. 1. Adsorption isotherms of proteins on phenyl media. (A) LYS on agarose phenyl media: FFHS, 2 m AS (♦); FFLS, 2 m AS (©); HP, 2 m AS (�); FFHS, 1.5 m AS (�); FFLS,
1 (♦); Fr
S 5 m AS
o ly. (F)
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t

.5 m AS (�). (B) LYS on polymethacrylate phenyl media: Toyopearl 650S, 2 m AS
epharose FF HS media. BSA, 2 m AS (♦); BSA, 1.5 m AS (�); ALC, 2 m AS (©); ALC, 1.
n agarose and polymethacrylate phenyl media. Symbols as in A and B, respective
ource (�); LYS and POROS (©); OVA and POROS (�).

Table 3 summarizes the fitting parameters and initial slope, S,
f the adsorption isotherms, as well as the capacities and surface
rotein concentrations at c* = 4 mg/mL. The initial slopes of the

sotherms can be used to reflect protein affinities for the adsor-
ents. In fact, the retention factor, k′, of an isocratic elution can be
alculated from S based on [40]

′ = FS

1 + FεP
(18)

= 1 − ε

ε
(19)
For example, k′ of LYS on Sepharose FF LS at 1.5 m ammonium
ulfate calculated from Eq. (18) is 15, which agrees reasonably well
ith the result obtained from isocratic elution (k′ = 21).

From Eq. (1), Keq should reduce to S at low protein concen-
ration, c*, and indeed S and Keq are similar in numerous cases.
actogel EMD S, 2 m AS (©); TSK-gel 5PW, 2 m AS (�). (C) ALC and BSA on phenyl
(�); ALC, 2 m AS + 10 mM Ca2+ (�); ALC, 1.5 m AS + 10 mM Ca2+ (�). (D and E) OVA

LYS and OVA on polystyrene-divinylbenzene media. LYS and Source (♦); OVA and

However, in other cases, the two quantities differ significantly. The
most likely reason for this is that Keq is estimated by a global fit
of Eq. (1) to experimental isotherm data, with all four parameters
retained in order to obtain the best description of the curve rather
than any particular mechanistic insights. Therefore deviations
between S and Keq could be due to correlations among parameters
coupled with scatter in the data.

Table 3 shows that S decreases with decreasing AS con-
centration, and that the S values of proteins on the same
adsorbent follow the order BSA > OVA > ALC > ALC + Ca2+ > LYS, con-
sistent with the results obtained from isocratic elution [26]. The

results in Table 3 also suggest that there is no clear correla-
tion between protein affinity and adsorbent capacity. However,
there is a clear trend that adsorbents with higher accessible
surface areas (shown in Table 1) also have higher capaci-
ties.
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Table 3
Fitting parameters and initial slope, S, of adsorption isotherms, binding capacities, q, and surface protein concentrations, 	 , of HIC media at C* = 4 mg/mL.

Media [AS] (m) S Keq ˛ ˇ ω q (mg/mL) 	 (mg/m2)

LYS
FFHS 2 308 205 7.8 0.0 −37.7 106 1.8
FFLS 2 132 105 0.6 0.0 −13.0 92 1.7
HP 2 158 103 1.5 0.8 −22.7 94 1.9
Toyopearl 2 194 127 1.5 0.0 −17.3 79 3.1
TSK 2 103 151 1.8 0.0 −9.4 42 3.1
Fractogel 2 289 9200 0.0 9.5 −3.4 65 2.4
Source 2 202 239 7.0 0.0 −26.7 72 2.8
POROS 2 59 118 0.0 10.8 −7.7 30 3.7
FFHS 1.5 80 198 0.4 0.0 −0.7 52 0.9
FFLS 1.5 22 71 0.0 2.6 −1.4 37 0.7
OVA
FFHS 2 4140 13,389 0.2 19.8 −11.8 91 1.8
FFLS 2 728 1104 0.7 0.1 −3.8 80 1.6
HP 2 1545 3494 0.0 15.3 −9.7 81 1.9
Toyopearl 2 425 338 1.7 0.2 −12.5 66 2.8
TSK 2 436 523 1.2 0.0 −5.8 52 4.1
Fractogel 2 660 5214 0.0 11.4 −5.0 52 2.4
Source 2 1302 19,818 0.0 20.2 −9.1 73 3.1
POROS 2 82 2444 0.0 9.3 −2.7 30 3.9
FFHS 1.5 400 716 0.9 0.1 −4.5 56 1.1
FFLS 1.5 46 38 0.9 0.4 −8.2 33 0.7
ALC
FFHS 2 540 19,365 0.0 25.6 −11.6 74 1.4
FFHS 1.5 233 327,906 0.0 16.1 −2.9 41 0.8
FFHS 2 + Ca2+ 388 63,798 0.0 21.8 −7.9 65 1.2
FFHS 1.5 + Ca2+ 117 9845 0.0 10.1 −2.6 42 0.8
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intended to increase the conformational stability of ALC, decreases
the capacity of Sepharose HS for ALC (Fig. 2C). This is unexpected
because a more stable tertiary structure should give rise to less
conformational change and spreading and therefore, if anything,
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The surface protein concentrations, 	 , were calculated by divid-
ng the capacities by the phase ratios and are shown in Table 3. The

values on the agarose media are consistently lower than those
n the polymethacrylate and PS-DVB adsorbents despite the fact
hat the agarose media have the highest capacities. This may be
ecause the accessible surface areas of the adsorbents were calcu-

ated by assuming that the media comprise cylindrical pores, which
s certainly a simplification of the actual pore structures of the
dsorbents. This is especially true for the gel-like structure of the
garose media, and would affect the values of 	 . For close-packed
rrangements, the monolayer surface coverages of proteins can
e estimated from their dimensions [41–43] and are summarized

n Table 2, where the ranges presented account for the possible
rientations of the adsorbed proteins (side-on or end-on). These
alculated values, 	 cal, show that the experimental values of 	 in
able 3 are consistent with monolayer coverage or less. The cover-
ges at 1.5 m are appreciably below monolayer values, presumably
eflecting the relatively low protein-surface affinity. The capacities
t 2 m AS are, as expected, closer to monolayer coverage, with those
or LYS and OVA within or just below the calculated range for all
he adsorbents studied. The results for ALC and BSA include fewer
dsorbents. The coverage of ALC here is distinctly below the mono-
ayer ranges even at 2 m AS. Because BSA is generally assumed to
e a highly elongated ellipsoid, its 	 cal range is wide. The exper-

mental results shown in Table 3 may reflect side-on adsorption,
onsistent with the orientation of adsorbed BSA on PS-DVB inferred
rom atomic force microscopy observations [42]. However, the
ssumption of ellipsoidal BSA may not be accurate because the
elated molecule, human serum albumin (HSA), is heart-shaped
nd can be approximated as a solid equilateral triangle with sides
f approximately 8 nm [44]. With this shape, the close-packed

2
onolayer surface coverage of BSA is estimated to be 4.1 mg/m ,
hich is significantly higher than the experimental results shown

n Table 3.
Protein conformational changes could also affect the capac-

ty. More flexible proteins have a higher degree of conformational
4.5 −6.3 85 1.9
19.2 −4.4 60 1.4

change when adsorbed on HIC surfaces [45,46], and if this leads
to more extensive spreading it would result in a lower capacity.
However, such considerations are not always straightforward, with
the results for ALC instructive in this regard. The capacity of ALC
on Sepharose FF HS is lower than that of LYS although the two
proteins have similar MW. This could be due in part to different
adsorption orientations, but the ALC is also much more suscepti-
ble to conformational change in HIC. The presence of 10 mM Ca2+,
Time (s)

Fig. 2. Comparisons of calculated (lines) and experimental (symbols) BSA uptake
on phenyl Sepharose FF HS in 2 m AS, pH 7 buffer. Solid line: pore diffusion model;
dotted line: homogeneous diffusion model. Initial bulk protein concentrations (from
top): 3.03, 2.51, 1.97, 1.48, 1.06, 0.46 mg/mL.
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ig. 3. Effective protein diffusivities in Sepharose FF HS estimated by the pore diff
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ncreased capacity. However, ALC has a weaker affinity for agarose

IC adsorbents in the presence of Ca2+ [26], and this should offset

he increased capacity expected from a reduction of spreading. In
ddition, ALC unfolding can occur in HIC even in the presence of
a2+ [47].
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4.2. Batch uptake
Batch uptake experiments were performed with four proteins
and eight phenyl adsorbents on different base matrices. The intra-
particle protein diffusivities were estimated from all data sets
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Fig. 5. The effect of protein loading, q, on the effective diffusivities of LYS and OVA in
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or both the pore diffusion and homogeneous diffusion models.
ig. 2 depicts the uptake of BSA in Sepharose FF HS in 2 m AS.
he experiments were continued until the changes in the super-
atant protein concentration became insignificant. The uptake was

ast, and largely complete within 30 min, although additional slow
ptake persisted over a long period of time but with relatively lit-
le additional protein accumulating. Other uptake systems showed
imilar trends but with even faster uptake rates.

The data fits emphasized the range over which most of the
ptake (70–80%) took place, since this is the region of greatest inter-
st in column experiments. The adsorbents were treated as being
onodisperse, with mean diameters as listed in Table 1. Chang

nd Lenhoff [15] and Carta and Ubiera [48] incorporated the parti-
le size distribution into diffusivity estimation, but the differences
ere marginal and at the expense of longer computation times.

ig. 2 also shows the calculated fits for BSA uptake in Sepharose
F HS. Both models fit the experimental data equally well. Similar
esults were observed in other uptake systems. Therefore, the gov-
rning protein transport mechanism cannot be determined simply
y fitting experimental data to the diffusion models. The only sys-
ems for which good fits could not be obtained were LYS in Source
nd POROS media. The uptake of LYS in these two media was com-
lete in less than 30 s, and under such conditions, experimental
rrors due to the adsorbent dispersion time and the time delay in
ata recording due to the recirculation loop holdup volume could
ecome significant. Therefore, LYS diffusivities in these two media
re not presented.

The effect of the initial bulk concentration on protein diffusivi-
ies in Sepharose FF HS is depicted in Fig. 3. The error bars shown
n Fig. 3A and B represent the standard errors of the estimated pore
iffusivities, Dp, with 95% confidence level [49]. The small confi-
ence intervals indicate that the calculated uptake profiles are in
ood agreement with the experimental results. There is a consis-
ent trend that the Dp values decrease with increasing initial bulk
rotein concentration, and this trend is statistically significant. The
p values of LYS and ALC are similar, as is expected because these
roteins have similar molecular sizes, viscosity radii and dimen-
ions. The addition of Ca2+ does not have a significant effect on the
p of ALC although it stabilizes ALC’s tertiary structure and reduces

he affinity of ALC for HIC media. OVA and BSA are larger proteins
han LYS and ALC and have concomitantly smaller Dp values.

Fig. 3C and D show that the homogeneous diffusivities, Dh, of
roteins in Sepharose FF HS increase roughly linearly with increas-

ng initial bulk concentration. This trend is opposite to what is
bserved for Dp. In addition, the Dh of LYS and ALC are different
lthough they have similar molecular masses.

Fig. 3 also shows that both Dp and Dh increase with decreasing
alt concentration, a trend opposite to that found in ion-exchange
dsorbents [15]. Since the dependence of adsorption on salt
oncentration is opposite in these two systems, the results may
ndicate that the coupling of protein adsorption and transport is not
ompletely accounted for by the model equations. An alternative
xplanation is that adsorption actually changes the effective trans-
ort rate, perhaps by reducing the effective pore size for diffusion.

t has been shown that adsorbed polymers can reduce the effective
ore volume of silica gel [9]. Both theoretical calculations [50]
nd experimental results [51] show that electrostatic repulsion
etween charged proteins and the pore walls reduces protein
artitioning into porous media. Therefore, protein-adsorbent pore
all repulsion and potentially protein–protein repulsion could also

etard protein diffusion in the pore space. This could be significant

specially in ion-exchange, where low ionic strengths are usually
mployed, but is less likely at the high salt concentrations used in
IC.

The diffusivities of LYS and OVA in different phenyl media are
ummarized in Fig. 4. There is a consistent trend that the pore diffu-
Sepharose FF media estimated by the pore diffusion model (A) and the homogeneous
diffusion model (B). (A) LYS HS (�); LYS LS (�); OVA HS (�); OVA LS (�). B: LYS HS
(♦); LYS LS (�); OVA HS (�); OVA LS (©); 1.5 m AS (open symbols); 2 m AS (solid
symbols).

sivities of these two proteins decrease with increasing initial bulk
protein concentration in all of the adsorbents used for this study.
This is consistent with the results shown in Fig. 3 as well as with the
results of Chang and Lenhoff [15]. Statistical analysis shows that
the differences in pore diffusivities among these adsorbents are
significant based on 95% confidence intervals. The homogeneous
diffusivities increase with increasing initial bulk concentration,
consistent with those shown in Fig. 3C and D. The relation between
pore and homogeneous diffusivities is discussed later.

The results shown in Fig. 4 do not allow direct comparison of
the effect of protein loading on protein transport. The adsorbed
protein could affect the diffusivity via pore constriction or steric
repulsion between adsorbed and free protein. Fig. 5 provides an
alternative way to analyze the effect of adsorbent properties on
intraparticle protein transport. The pore diffusivities of LYS and
OVA in Sepharose FF HS and Sepharose FF LS are plotted against q,
the amount of protein adsorbed at equilibrium, to allow the effect
of adsorbed protein on the diffusivities to be compared directly.
The wide ranges of q shown were obtained by using different bulk
protein concentrations at 1.5 m or 2 m AS.
Fig. 5A shows that the pore diffusivities in Sepharose FF HS are
consistently higher than those in Sepharose FF LS at similar load-
ings, especially when the amount of protein adsorbed is below
40 mg/mL media. At higher protein loadings, the pore diffusivi-
ties in these two media are similar. The pore structure does not
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ontribute to the differences observed because these two agarose
edia have essentially identical pore structures [26]. Therefore, the

iffusivity trends must be related to the only difference between
he two media, namely that the ligand density of Sepharose FF HS
s double that of Sepharose FF LS. Results from isocratic elution
xperiments show that proteins have higher affinities for HS than
or LS [26], and the isotherms show higher capacities for HS than
or LS, with the fractional difference highest at low concentrations
Fig. 1). Therefore equal values of q correspond to lower initial bulk
oncentrations on HS than on LS, especially at low concentrations,
nd since the pore diffusivities are based on a driving force given
y the bulk concentration, the effective pore diffusivities observed

n HS are higher than those in LS. When the initial bulk concen-
ration is high, the relative amounts of protein in the liquid phases
dsorbed by both HS and LS could become comparable, as reflected
y the adsorption isotherms shown in Fig. 1. Therefore, the pore
iffusivities become independent of both q and ligand density.

Fig. 5B shows the effect of protein loading on the homogeneous
iffusivities of LYS and OVA. The Dh values increase gradually with

ncreasing protein loading. At 2 m AS, the Dh values of both pro-
eins in Sepharose FF HS and Sepharose FF LS are similar, indicating
hat the effect of ligand density on Dh is not significant. At 1.5 m
S, the Dh values of both proteins are consistently higher than

hose at 2 m AS. With the same ligand density, the Dh values of
YS are higher than those of OVA. For the same protein, the Dh val-
es in Sepharose FF LS are higher than those in Sepharose FF HS.
hese results suggest that at the same protein loading, lower pro-
ein affinity for the adsorbent leads to higher Dh. This is consistent
ith the hypothesis that a strong protein-adsorbent interaction can

etard protein transport if homogeneous diffusion is the protein
ransport mechanism. A mechanistic basis for this can be found in
parallel diffusion model [52], for which the quantitative depen-
ence on protein binding affinity has been incorporated explicitly
or ion-exchange systems [53].

In comparing protein diffusivities in materials with differences
n their base matrices, the pore structures are an important factor
n understanding the differences in diffusivities. The effects of pore
tructure on hindered diffusion can be expressed as [54]

p = εp


�
Dm (20)

here � is the tortuosity of the adsorbent. The diffusion hindrance
actor, 
, arises due to the hydrodynamic interaction between dif-

using protein molecules and the pore walls, and can be estimated
rom the ratio of protein and pore radii, �, by [55]

∼1 − 9
8

� ln �−1 − 1.539� (21)
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ig. 6. Comparisons of Dh estimated from batch uptake and calculated from Dp val-
es.�: ALC; 1.5 m AS + 10 mM Ca2+; Phenyl Sepharose FF HS.�: ALC; 1.5 m AS; Phenyl
epharose FF HS.�: LYS; 1.5 m AS; Phenyl Sepharose FF LS. ©: All other experiments.
Fig. 7. The effect of feed flow rate on LYS breakthrough in phenyl Sepharose FF LS at
2 m AS, pH 7 buffer. 0.3 mL/min (dotted line); 0.6 mL/min (dashed line); 1.3 mL/min
(solid line).

Among the agarose media, the pore diffusivities follow the order
Sepharose HP > Sepharose FF HS ∼ Sepharose FF LS (Fig. 4A and B).
Sepharose FF HS and Sepharose FF LS have identical pore struc-
tures [26] but different ligand densities. It should be noted that the
uptake experiments for the agarose media shown in Fig. 3 were
performed with protein loadings of 40 mg/mL media or more. At
high protein loadings, the higher amount of adsorbed protein in
Sepharose FF HS does not have a significant effect on Dp. Sepharose
HP has a similar porosity to those of the other two agarose media
(Table 1), but its mean pore radius is almost 50% larger. The larger
pore size reduces the diffusion hindrance, 
, hence increases the
protein diffusion rate.

For the methacrylate media, the diffusivities in Toyopearl 650S
are higher than those in TSK-gel 5PW (Fig. 4). Toyopearl 650S
and TSK-gel 5PW have similar mean pore radii, but the much
higher porosity of Toyopearl 650S may improve intraparticle pro-
tein transport, consistent with Eq. (21). The diffusivities in Fractogel
EMD are similar to those in TSK-gel 5PW although the former
has a smaller mean pore diameter and lower porosity. Therefore,
factors other than pore size and porosity may play a role in pro-
tein transport in Fractogel EMD. Differences in pore tortuosity and

connectivity may be among the reasons, as may the presence of
“tentacles” in defining the “pore” structure of Fractogel EMD and in
determining the nature of adsorption. Pore connectivity and tortu-
osity may also explain the faster protein diffusion in Source than in

0.0

0.2

0.4

0.6

0.8

1.0

1.51.20.90.60.30

Flow rate (mL/min)

C
b

t
/q

s

Fig. 8. The effect of feed flow rate on column capacities for LYS at 10% break-
through. POROS (�, qs = 18 mg/mL); Source (©, 55 mg/mL); Fractogel (�, 39 mg/mL);
Toyopearl (�, 49 mg/mL); TSK (�, 28 mg/mL); Sepharose FF LS (�, 49 mg/mL).
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OROS although the former has a smaller mean pore diameter and
ower porosity.

The normalized pore diffusivities, Dp/Dm, of proteins in the
henyl media are generally in the range 0.1–0.5, in good agreement
ith those estimated by plate height analysis [8]. From Eqs. (20) and

21), the tortuosities are estimated to be between 1 and 7, in agree-
ent with the usual range for porous media [2]. The Biot numbers

alculated from the Dp values are in the range 10–90, indicating that
he overall transport process is controlled by intraparticle diffusion.

Figs. 3 and 4 show the Dp values to be consistently 1–2 orders of
agnitude higher than the homogeneous diffusivities, Dh. Dp can

e related approximately to Dh by [15]

( )

h = εp

εp + (∂q/∂c)
Dp (22)

here ∂q/∂c is the slope of the adsorption isotherm and is a function
f uptake time. A similar result was also obtained by Weaver and

ig. 9. Comparisons of calculated and experimental breakthrough curves of LYS in diffe
iffusion model of Vermeulen (solid line); homogeneous diffusion model for rectangul

sotherm (dotted line).
ogr. A 1218 (2011) 427–440

Carta [17]. A reasonable approximation for ∂q/∂c in Eq. (22) is qs/co,
where qs is the adsorption capacity in equilibrium with the initial
bulk concentration, co. The reasoning behind this approximation is
discussed elsewhere [15]. Due to the shape of the isotherms, ∂q/∂c
decreases with increasing co, so Dh increases with increasing co,
consistent with the trends shown in Figs. 3 and 4.

To validate Equation 22, Dh values estimated from the pore
diffusion model were plotted against corresponding values cal-
culated from Dp (Fig. 6). The data points generally fall on or
very close to the diagonal line, showing the equivalence of
the two models in HIC systems. However, for higher Dh val-
ues the quantities calculated from Dp are lower than those
estimated directly from the batch uptake results. These points

correspond to systems with lower protein loadings (Fig. 5), and
the discrepancy may simply reflect the approximations inher-
ent in evaluating Eq. (22) in the steeper region of the isotherm
rather than any significant loss of applicability of the equation
itself.

rent phenyl media in 2 m AS, pH 7 buffer. Experimental data (©); homogeneous
ar isotherm of Yoshida et al. (dashed line); pore diffusion model for rectangular
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.3. Column breakthrough

.3.1. Effect of feed flow rate on shape of breakthrough curves in
IC

To evaluate the performance of the adsorbents in column mode,
reakthrough experiments were performed with LYS and OVA at
ifferent mobile phase flow rates of 2 m AS in 10 mM phosphate
uffer, pH 7, for protein concentrations of 0.9–1.0 mg/mL. Fig. 7
hows the breakthrough curves of LYS on Sepharose FF LS. The
ffect of the mobile phase flow rate on the breakthrough behav-
or is typical, with shallower slopes and earlier breakthrough at
igher flow rates. The same trend was observed in all other sys-

ems, although the flow rate effect was less pronounced. A large
et of breakthrough curves for BSA in HIC adsorbents has been
eported elsewhere [7], but a detailed analysis of the breakthrough
ehavior was not presented. Most of our analysis is devoted to the
esults for LYS since these data represent the most consistent data
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set; concerns regarding the OVA data set are discussed in Section
4.3.3.

4.3.2. Dynamic capacities of HIC adsorbents
For preparative chromatography, the breakthrough capacity is

an important parameter in process design and adsorbent selec-
tion. Fig. 8 shows the effect of feed flow rate on the 10% LYS
breakthrough (dynamic binding capacity, DBC) on different phenyl
adsorbents. The breakthrough capacities, Cbt, are normalized by the
static capacities, qs, calculated from the adsorption isotherms, to
provide an indication of transport limitations; the static capaci-
ties are given in the figure captions to allow back-calculation of

the actual DBCs. The column utilizations prior to 10% breakthrough
range from 20% to 80% of the static capacities, depending on adsor-
bent type and feed flow rate. POROS 20 HP2 and Source 15PHE have
the highest normalized DBC while Sepharose FF LS has the low-
est; these extremes are consistent with the respective particle sizes
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Table 1). At the same feed flow rates, TSK-5PW has a higher nor-
alized DBC than Toyopearl 650S despite its larger particle size and

he lower diffusivity than for Toyopearl 650S. A possible reason for
his discrepancy is a difference in the column packing, which could
esult in different static capacities per unit column volume to those
xpected based on particle volume. Unfortunately void volumes
ere not measured for the columns used for these experiments.
ther factors could include compression of the adsorbents and/or

ransport limitations due to contacts between adsorbent particles
n packed columns [56,57].

.3.3. Prediction of column breakthrough in HIC
A more detailed analysis of the breakthrough behavior requires

se of the analytical equations summarized in Section 2. Analyti-
al solutions are available for the pore diffusion model in systems
ith rectangular isotherms, a limiting situation that is a rather
oor approximation to the experimental isotherms (Fig. 1). For
ore diffusion with non-linear isotherms, Eq. (2) is usually solved
umerically. For the homogeneous diffusion model, however, ana-

ytical solutions were calculated for stationary phases using the
oshida et al. [32] and Vermeulen [34] solutions under constant
attern conditions. In these calculations, the diffusivities used were
hose estimated from the batch uptake experiments, the adsorbent
apacities were determined from the adsorption isotherms and
he external mass transfer coefficients were calculated from Car-
erry [38]. Therefore, no adjustable parameters were involved in

he breakthrough curve calculations. Based on Eq. (17), conditions
f low Dh, qs, and/or large particle radius require a longer column
o achieve constant pattern conditions. As a result, for some adsor-
ents used in this study, longer columns were required to reach
≥ 4.
3020

g/column volume)

inued)

Fig. 9 compares the experimental breakthrough curves of LYS
with those calculated from the analytical solutions for Sepharose
FF LS, Toyopearl 650S, TSK-5PW and Fractogel EMD. All three ana-
lytical solutions give similar breakthrough predictions, suggesting
that the dominant transport mechanisms in HIC adsorbents cannot
be distinguished by the column breakthrough method. With the
exception of Toyopearl 650S, the analytical solutions are in good
agreement with the experimental results. There is also a trend that
the Vermeulen solution provides a better prediction for the early
part of the breakthrough while the Yoshida et al. solution provides
a better prediction towards the end of the breakthrough. For Toy-
opearl 650S, the 10% breakthrough predicted by the Vermeulen
solution is 25% higher than the experimental result. The factors
underlying the poorer prediction are not readily apparent.

Fig. 10 summarizes the breakthrough curves of OVA on the var-
ious adsorbents. Although the calculated breakthrough fronts are
similar in form to the experimental curves, all three analytical solu-
tions overestimate the breakthrough capacities of the adsorbents.
A noteworthy observation is that, in general, C/Co did not reach
unity within the time frames of the experiments. Similar behav-
ior was also observed with BSA in other HIC adsorbents [7] and
ion-exchangers [58]. This phenomenon could be due to the pres-
ence of impurities in the protein samples [59]. To investigate this
further (see Supplemental Information for details), the feed solu-
tion, fractions from the breakthrough curve, and the effluent pool
were collected and analyzed. SDS-PAGE and gradient elution [60]
showed that the feed contained multiple protein species in addition

to OVA; based on the optical densities of the bands on the SDS-PAGE
gels, the OVA content in the feed for the breakthrough experiments
was estimated to be 57 ± 8%, suggesting a sufficiently high level of
impurities to explain the discrepancies between the calculated and
measured breakthrough curves.
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The behavior was more complex on the POROS 20 HP2 adsor-
ent than on the other adsorbents, with an overshoot preceding the
egion of apparently asymptotic approach to C/Co = 0.9. The over-
hoot was found to be sensitive to the AS concentration, developing
rom a shoulder into the overshoot peak with increasing AS concen-
ration (Fig. 11), indicating that it occurs at high protein-adsorbent
ffinity. These results suggest that the overshoot phenomenon
bserved could be due to competitive adsorption. Similar conclu-
ions were drawn from ion exchange [61] and other hydrophobic
nteraction [62] systems. The reason that it was observed here only
n the POROS media was not explored in detail, but it may be related
o the lower reversibility of adsorption of proteins in general and
valbumin in particular on polystyrene-divinylbenzene base matri-
es [26].

. Conclusions

Protein adsorption isotherms on HIC resins are much softer than
hose on ion exchangers, indicating that the protein binding affini-
ies are weak. The binding affinities can be increased by increasing
he AS concentration and ligand density, although this may pro-

ote conformational change and irreversible adsorption. Increased
inding affinity can increase the static capacity for a given pro-
ein concentration, but the maximum static capacities of phenyl
esins are largely determined by the protein-accessible surface
rea, as is also the case for ion exchangers. Designing a novel resin
ith increased surface area requires reducing the pore size, which

nvolves a delicate balancing of such issues as protein accessibility
nd transport rates.

Batch uptake can be used to evaluate the effects of column load-
ng and protein binding affinity on intraparticle protein transport in
IC resins. However, this method does not allow the actual protein

ransport mechanism to be determined because different diffusion
odels can fit the experimental uptake results equally well even
ith the diffusivity as the only adjustable parameter. In addition,

his method is not recommended for systems in which the uptake
s very fast as errors contributed by the particle size distribution

nd signal detection lag time become significant.

The analytical solutions can accurately predict column break-
hrough behavior in HIC systems for most cases by using
he isotherms and diffusivities determined from batch uptake
xperiments. However, they consistently overestimated protein

[
[
[
[
[
[
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breakthrough in Toyopearl 650S in this study. The reason for this
is not understood, but it suggests that protein uptake in suspended
resin can be significantly different from that observed in a packed
column for some cases. Therefore, it is important to confirm the
breakthrough predicted by analytical solutions with experimental
results.

The presence of impurities in the feed solution can also affect
the accuracy of single-component analytical solutions due to com-
petitive binding or displacement effects. Therefore, it is important
to confirm that the load solution is a single-component system
when the analytical solutions used in this study are employed. The
effect of impurities on column breakthrough behavior seems to
be dependent on the resin base matrix, suggesting that the base
matrix could play an important role in the breakthrough behavior
of multi-component systems.
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