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Characterization of a peptide affinity support that binds
selectively to staphylococcal enterotoxin B
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Abstract

The influences of mass transfer and adsorption–desorption kinetics on the binding of staphylococcal enterotoxin B (SEB) to an affinity
resin with the peptide ligand, Tyr-Tyr-Trp-Leu-His-His (YYWLHH) have been studied. The bed and particle porosities, the axial dispersion
coefficient and the pore diffusivity were measured using pulse experiments under unretained conditions. Adsorption isotherms for SEB on
YYWLHH resins with peptide densities in the range from 6 to 220�mol/g were measured and fitted to a bi-Langmuir equation. At peptide
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ensities below 9�mol/g and above 50�mol/g, dissociation constants were lower (2× 10−3 to 7× 10−3 mol/m3), and binding capacitie
ere larger (43–47 mg SEB/g). In the range from 9 to 50�mol/g dissociation constants were larger (13× 10−3 to 24× 10−3 mol/m3) and
apacities were lower (33–37 mg SEB/g). These observations are consistent with a transition from single point attachment of the
he ligand at low peptide densities to multipoint attachment at high peptide densities. The general rate (GR) model of chromatog
sed to fit experimental breakthrough curves under retained conditions to determine the intrinsic rate constants for adsorption, w

rom 0.13 to 0.50 m3 mol−1 s−1, and exhibited no clear trend with increasing peptide density. An analysis of the number of transfer
he various mass transfer steps in the column indicated that film mass transfer, pore diffusion (POR) and the kinetics of adsorp
lay an important role in the overall rate of adsorption, with the intrinsic adsorption step apparently being the rate determining step
ensities below 50�mol/g.
2005 Published by Elsevier B.V.
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. Introduction

Short peptides have been used as affinity ligands to purify
arious proteins[1–6]. It has been shown that short peptides
re more specific than pseudo affinity ligands such as dye

igands and metal ions, and more stable than bioaffinity lig-
nds such as antibodies[2,4]. Peptide ligands used in affinity
hromatography to isolate or concentrate a target protein are
enerally screened from solid phase combinatorial or parallel
eptide libraries, which are created on a suitable chromato-
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graphic support[7]. The relatively high selectivity, stabilit
and low cost of small peptides make them suitable as a
ity ligands to purify proteins in large-scale purification p
cesses[4]. Little information is available in the literature
the role of mass transfer and adsorption–desorption k
ics in peptide affinity chromatography. Such informatio
important for column design and optimization. A lumped
netic model has been employed to fit the breakthrough c
of fibrinogen that binds to a short peptide FLLVPL[6]. How-
ever, the capacity and association constant derived from
fitting of the experimental breakthrough data with this mo
is inconsistent with equilibrium experiments. The use of
simple a mass transfer model might lead to erroneou
scriptions of the experimental data and to misunderstan
of the fundamentals of the process involved[8]. A more com
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plete model that accounts for all mass transfer resistances and
adsorption–desorption kinetics should be used to model the
breakthrough curves or zone profiles.

Another factor that is crucial for column design and opti-
mization is the peptide density on the adsorbent. Ligand den-
sity has significant influences on the interactions between the
peptide ligands and the target protein. A better understanding
of these effects can help to optimize the affinity adsorption
of the target protein to increase the binding efficiency. If the
binding is attributed to monovalent interactions, the capacity
increases with increase in ligand density, while the associa-
tion constant may remain constant at low ligand density and
decrease at high ligand density due to steric effects. Such an
effect was seen on the binding of s-protein to YNFEVL. Thus,
there is an optimal density at which the peptide ligands have
high capacity and an acceptable extent of steric hindrance.
Small protein molecules, such as s-protein, have monovalent
interactions with peptide ligands and typically show the phe-
nomena mentioned above[4]. If the binding is attributed to
multivalent interactions, increasing the ligand density typi-
cally increases the capacity and association constant. This
was seen in the adsorption of a large protein molecule, von
Willebrand factor (vWF), to peptide ligands on a resin surface
[5]. But for highly specific ligands, increasing the ligand den-
sity tends to increase the steric hindrance at the surface and
makes the binding less efficient, decreasing the association
c
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ciation constant, maximum capacity, and rate constant for
adsorption provides information on the mechanism of SEB
adsorption to the YYWLHH support.

2. Theory

2.1. Isotherm models

The Langmuir model has been used to fit adsorption
isotherm data of proteins on peptide resins[4–6]. It assumes
a set of equivalent, distinguishable and independent bind-
ing sites[13]. However, the adsorption of protein molecules
onto peptide ligands might involve multi-point binding, and
can be affected by non-homogeneous local peptide density
distributions. As a result, a more complex isotherm equa-
tion may need to be used to provide a more accurate fit to
the experimental data. For example, Bastek[14] found that
a bi-Langmuir model improved the fit of isotherms for bind-
ing �1-proteinase inhibitor (�1PI) to peptide resins. The bi-
Langmuir model postulates two independent binding sites, a
high-energy binding site and a low-energy binding site. The
bi-Langmuir equations are written in the form,

Q∗ = Q∗
m,1C

K + C
+ Q∗

m,2C

K + C
(1)
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Staphylococcal enterotoxin B (SEB) is a primary toxin

ood poisoning, which can cause emesis as a gastrointe
oxin. In addition, it functions as a superantigen to inte
ith the major histocompatibility complex class II molecu

MHCII) and T cells bearing particular V� elements, trigge
ng a massive release of T cell-derived cytokines followe
llergic and autoimmune symptoms[9,10]. The legal dos
apable of incapacitating 50% of the exposed human
lation (LD50) is 0.02�g/kg by the inhalational route[11].
short peptide ligand that selectively binds to SEB, Y
LHH, has been identified from a solid phase combinat

eptide library[12]. Mass transfer parameters and intrin
ate constants are required for the design of peptide
ty columns that can be used to either detect or remove
rom solution. In this article, a description of the mass tran
nd adsorption–desorption kinetics in peptide affinity c
atography is presented using SEB as a model protein
pparent heterogeneous nature of the binding of SEB to
LHH resin is described by a bi-Langmuir isotherm. A co

lete chromatography model, the general rate (GR) m
s employed to model the breakthrough curves of SEB

ass transfer parameters determined from pulse experim
he rate-limiting steps are determined from an analysis o
umber of transfer units. Results of the GR model are c
ared to those of several simpler models, such as the lu
ore diffusion (POR) model, the transport-dispersive (
odel, and the reaction-dispersive (RD) model, to help
erstand the role of each process involved in peptide af
hromatography. The effect of peptide density on the d
.

d,1 d,2

hereKd andQ∗
m are the dissociation constant and the m

mum capacity, respectively.

.2. General rate model

The GR model[8,13,15]takes into account all mass tra
er processes in packed bed chromatography, namely (1)
ispersion of the solute molecules in the bulk phase; (2)
ass transfer of the solute molecules from the bulk pha

he external surface of the adsorbent particles; (3) diffusio
he solute molecules inside the pores of these particles
4) rates of adsorption and desorption on the pore sur
ne of the challenging tasks of the GR model is the in
endent determination of a relatively large number of m

ransfer parameters. Due to the mathematical complex
he GR model, only numerical solutions are available.

In this particular application of the GR model, we h
ade the following assumptions: (1) the chromatogra
rocess is isothermal; (2) the column is packed hom
eously with porous particles that are spherical and uni

n size; (3) the mobile phase velocity is constant, and t
s no convection inside the pores; (4) the compressibilit
he mobile phase is negligible; (5) the radial concentra
radient in the column is negligible; (6) convection and a
ispersion are the only mass transfer mechanisms in the
irection, and the dispersion coefficient is independent o
oncentration; (7) the surface of each particle is assum
e uniform; (8) surface diffusion within the particles is
lected. The GR model in dimensionless form consists o
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following differential equations for solute continuity in the
fluid and particle phase,

∂cb

∂τ
− 1

Pe

∂2cb

∂z2
+ ∂cb

∂z
+ ξ(cb − cp|r=1) = 0 (2)

(1 − εp)
∂q

∂τ
+ εp

∂cp

∂τ
− η

(
1

r2

∂

∂r

(
r2∂cp

∂r

))
= 0 (3)

All dimensionless groups are defined in the nomenclature
section. As demonstrated later, the isotherm data of SEB on
short peptide ligands (YYWLHH) fits very well to the bi-
Langmuir isotherm. Thus we assume there are two types of
independent binding sites, type I and type II, and that the
adsorption rate of SEB is of second order while the desorption
rate is first order on each site,

q = q1 + q2 (4)

∂q1

∂τ
= Daa

1cp(q∗
m,1 − q1) −Dad

1q1 (5)

∂q2

∂τ
= Daa

2cp(q∗
m,2 − q2) −Dad

2q2 (6)

Under conditions of local equilibrium, setting the time
derivatives in Eqs.(5) and (6) to zero results in the bi-
Langmuir isotherm,
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A Matlab code was written to solve the GR model equa-
tions. The finite element method was used to discretize the
bulk phase partial differential equation[15] while the or-
thogonal collocation method was used to discretize the pore
phase partial differential equation[17,18]. The resulting or-
dinary partial differential equations were solved using the
built-in functionode15sin Matlab. All mass transfer param-
eters were either measured independently or estimated from
correlations, and all isotherm parameters were determined
experimentally. The intrinsic rate constants for adsorption
were then estimated by fitting the breakthrough curve using
the built-in functionlsqcurvefitin Matlab. The desorption rate
constants were then evaluated using the relation between the
adsorption equilibrium constant and the ratio of the adsorp-
tion to desorption rate constants.

2.3. Estimation of mass transfer parameters

Both the interstitial porosity (εb) of the column and the
particle porosity (εp) need to be determined before the es-
timation of other mass transfer parameters. For a pulse of
solute that is not retained in the column and can access all
the pores in the chromatographic support, the total porosity
(εt) is related to the first moment (µ1) of the elution profiles
[19–21],

µ
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∗
1 = a1cp

1 + b1cp
(7)

∗
2 = a2cp

1 + b2cp
(8)

The initial conditions are

= 0, cb = 0; (9)

p = 0; (10)

= 0; (11)

1 = 0; (12)

2 = 0 (13)

At the entrance and exit of the column the boundary
itions for the fluid phase equation are of the Danckw

orm [16],

= 0,
∂cb

∂z
= Peb(cb − 1); (14)

= 1,
∂cb

∂z
= 0 (15)

The boundary conditions for the intraparticle diffus
quation include convective diffusion at the particle surf

= 0,
∂cp

∂r
= 0; (16)

= 1,
∂cp

∂r
= Bi(cb − cp|r=1) (17)
1 =
∞
0 C(L, t)t dt∫∞
0 C(L, t) dt

= L

u0
εt (18)

here the total porosity includes contributions from both
ed and particle porosities,

t = εb + (1 − εb)εp (19)

A plot ofµ1 versusL/u0 should give a straight line, who
lope is the total porosity. If a large solute that is exclu
rom particle pores is used in the pulse injections, the
orosity measured in this case is only the interstitial poro
f the column (εb). The particle porosity can be then cal

ated using Eq.(19). As described in the experimental secti
he bed porosity was determined using pulses of blue de
n a column filled with particles of the same size as the affi
esin but much smaller pore size. The intraparticle poro
as determined from the first moment of pulses of SE
column filled with resin without peptide that did not ret

he protein.
The film mass transfer coefficient (kf ) can be estimate

sing the correlation of Wakao et al.[22],

h = 2 + 1.45Re1/2Sc1/3 (20)

The axial dispersion coefficient (Db) and the pore diffu
ivity (Dp) can be determined from the height equivalen
theoretical plate (HETP) under unretained conditions i
utlet pulse profile is a Gaussian peak in a pulse experi

19–21]. In the GR model, the HETP equation for an un
ained solute is related to the moments of the pulse resp
nd the column length,
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HETP= µ∗
2L

µ2
1

= 2εbDb

u0
+ 2ε2

p(1 − εb)R2
p

15[εb + (1 − εb)εp]2

×
(

1

εpDp
+ 5

kfRp

)
u0 (21)

The contribution of film mass transfer to the HETP is
calculated using the estimated film mass transfer coefficient
from Eq.(20),

HETPf = 2ε2
p(1 − εb)Rpu0

3kf [εb + (1 − εb)εp]2
(22)

Thus, the contribution of axial dispersion and pore diffu-
sion to the HETP can be found by subtracting Eq.(22) from
Eq.(21),

HETP# = HETP− HETPf

= 2εbDb

u0
+ 2εp(1 − εb)R2

pu0

15Dp[εb + (1 − εb)εp]2
(23)

Axial dispersion involves molecular diffusion and eddy
diffusion. But the contribution of molecular diffusion to axial
dispersion is negligible. Thus,Db/u0 is weakly dependent on
flow velocity at low Reynolds numbers. A plot of (HETP#)
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persion coefficient (Db). The HETP# values were calculated
from the first and second moments of SEB pulses under un-
retained conditions (no ligand on the resin) according to Eqs.
(21)–(23). The experimental results for axial dispersion were
compared to estimates based on Gunn’s correlation, Eq.(24).
The film mass transfer coefficient was not determined experi-
mentally, but was estimated from the correlation described in
Eq. (20). The bi-Langmuir isotherm parameters, maximum
capacities (Q∗

m) and dissociation constants (Kd), were deter-
mined from batch experiments.

Once all these mass transfer and isotherm parameters were
known, the adsorption rate constants (ka) remained the only
unknown parameters since the desorption rate constants (kd)
are related to the adsorption rate constant by the equilibrium
dissociation constant. The adsorption rate constants were de-
termined from a nonlinear regression fit of the experimental
breakthrough curves for SEB with the affinity resin (retained
conditions).

2.4. Number of transfer units (NTU)

One way to determine the rate-limiting steps in a chro-
matography process is to calculate the number of transfer
units of each mass transfer and surface-binding steps. The
NTU is related to the HETP by the expression[24],
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ersusu0 in this case should give a straight line. Under th
onditions, the pore diffusivity can be determined from
lope of this line, while the axial dispersion coefficient
e estimated from the intercept. One can compare mea
alues of the axial dispersion coefficient to those estim
rom a widely used correlation given by Gunn[23]. For a
ell-packed column, the Gunn’s correlation is given by,

Db

2Rpu
= ReSc

4α2
1(1 − εb)

(1 − p)2 + Re2Sc2

16α4
1(1 − εb)2

p(1 − p)3

× (e−4α2
1(1−εb)/p(1−p)Re Sc − 1) + εb

τbRe Sc
(24)

here

= 0.17+ 0.33 e−24/Re, α1 = 2.405, τb = 1.4

As described in detail in the experimental section of
aper, the total bed porosity (εt) was determined from th
rst moment of pulses of SEB introduced into a column fi
ith resin without the affinity ligand (unretained condition
he interstitial porosity (εb) was determined from the fir
oment of pulses of blue dextran introduced into a col

lled with a resin of similar particle size to the affinity res
ut with a much smaller pore size so that blue dextran
xcluded from the pores. Once the total bed porosity an

nterstitial porosity were known, the particle porosity (εp)
as calculated from Eq.(19).
From the slope and intercept of plots of HETP# versus

uperficial velocity for SEB pulses introduced into a c
mn with no ligand (unretained conditions) it was poss

o estimate both the pore diffusivity (Dp) and the axial dis
TU = 2L

HETP

(
k#

i

1 + k#
i

)2

(25)

herek#
i is the retention factor given byk#

i = (1 − εb)(εp +
i )/εb; Ki is the equilibrium constant for adsorption, and

he absence of adsorption, it is equal to zero. LeVan et al[24]
lso provide an expression for the NTU for each step in
dsorption process,

ilm mass transfer :Nf = 3(1− εb)kfL

Rpuεb
(26)

ore diffusion :Np = 15DpL

R2
pu

εp(1 − εb)

εb
(27)

xial dispersion :Nd = uL

Db
(28)

urface adsorption on site I :Nk,1 = ka,1(1 − εt)Q∗
m,1L

uεb
(29)

urface adsorption on site II :Nk,2 = ka,2(1 − εt)Q∗
m,2L

uεb
(30)

Note that the NTU for each step is proportional to
orresponding transfer rate coefficient. The mass transf
istance for each step is proportional to the reciprocal o
ass transfer coefficient, and therefore proportional to

eciprocal of the NTU. The steps with the smallest num
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of transfer units are rate-limiting steps and therefore control
the adsorption process. The numerical values of the NTU
for each transfer rate step were determined by evaluating
Eqs. (26)–(30)using the previously estimated mass trans-
fer parameters and adsorption–desorption rate constants as
described previously.

3. Experimental

3.1. Synthesis of peptide resins

Peptides YYWLHH were synthesized directly onto Toy-
opearl AF Amino 650M (TA650M) resins (Tosoh Bioscience,
Montgomeryville, PA, USA) using standard fluorenylmethy-
loxycarbonyl (Fmoc) chemistry as described by Buettner et
al. [25]. The methacrylate-based resins have an average par-
ticle size of 65�m with a 1000Å average pore diameter. The
aminated amino resins were modified with an alanine residue
prior to peptide synthesis. To control the peptide density to
final substitution levels from 6 to 220�mol peptide/g resin,
a mixture of Fmoc-l-Alanine and tert-butyloxycarbonyl
(tBoc)-l-Alanine was coupled to the aminated resins as
described by Buettner et al.[26]. The tBoc group was
released with trifluoroacetic acid (TFA) and the free amino
functionality was acetylated with acetic anhydride. No
f sites
S ased
w ch
F hed.

3

h ex-
p
D re
u h ves
s
b 7.4,
p Af-
t
c ing
b d by
u col-
l SEB
w rd,
I by
m in trip
l data
m
r

3

50M
r wn),

and hence it was used to estimate the mass transfer proper-
ties of SEB. The TA650M resins were packed into a metal-
free PEEK-lined column (4.6 mm× 15 cm I.D.) from Alltech
(Deerfield, IL, USA) based on manufacturer’s instructions
(Tosoh Biosep, Montgomeryville, PA, USA). The pulse ex-
periments were carried out using a Waters 616 LC system
(Millipore, Milford, MA, USA) with a UV detector (Knauer,
Germany) and a 50�l sample loop (Thomson, Springfield,
VA, USA). Highly purified SEB was purchased from Toxin
Technology (Sarasota, FL, USA). The concentration of SEB
was set at 1.5 mg/ml in the binding buffer (PBS + 0.5 M
NaCl). The flow rates were 0.1, 0.2, 0.3, 0.4, 0.5 ml/min,
which corresponded to superficial velocities in the column
of approximately 0.01, 0.02, 0.03, 0.04, 0.05 cm/s. To ac-
count for extra-column contributions to the first moments
and HETP, pulse injections of SEB were made under the
same conditions with the column off-line. The first moment
or HETP results with the column off-line were then subtracted
from those obtained with the column on-line. It was impos-
sible to find a void volume marker that could be excluded
from the relatively large 1000̊A pore size of TA650M resin
to allow measurement of the external void fraction. A column
packed with HW-40C Toyopearl resin (Tosoh Biosep, Mont-
gomeryville, PA, USA) which has a pore size of 50Å and
an average diameter of 75�m was employed to determine
the first moments using blue dextran (Sigma, St. Louis, MO,
U oxi-
m 0M
r
m con-
c asily
w

ex-
p

µ

m the
m nd
e this
m ver, if
t P can
a ight,

H

w -
t ntral
m at
h
t Gaus-
s sing
t LC
s econd
m PLC
urther peptide synthesis occurred at these acetylated
ubsequently, the Fmoc protecting groups were rele
ith piperidine and the freel-Alanine was used to atta
moc-protected amino acids until the last cycle was finis

.2. Adsorption isotherm measurements

Adsorption isotherms were measured in a set of batc
eriments at 20◦C. 0.5 ml centrifugal filters with 0.45�m
urapore membranes (Millipore, Milford, MA, USA) we
sed as adsorption vessels. Resins (10 mg resins in eac
el) were equilibrated for at least 1 h in 400�l of binding
uffer, 0.5 M NaCl in phosphate buffer saline (PBS), pH
urchased from Sigma Chemical (St. Louis, MO, USA).

er draining by centrifugation, 400�l of SEB solution with
oncentrations ranging from 0.09 to 1.80 mg/ml in bind
uffer were added to the reaction vessel and incubate
sing an orbital shaker for 2 h. The unbound SEB was

ected by centrifugation and the amount of unbound
as determined by Micro-BCA Assay (Pierce, Rockfo

L, USA). The amount of bound SEB was calculated
ass balance. Each isotherm measurement was made

icate. The amount of bound protein in the isotherm
easured in batch experiments was accurate to±1 mg/g of

esin.

.3. Pulse experiments

The base resin, deprotected Fmoc-ala (acetyl) TA6
esin without peptides, cannot retain SEB (data not sho
.

-

-

SA). The resulting interstitial porosity was used to appr
ate the interstitial porosity of the column with the TA65

esin. All pulse experiments were conducted at 20◦C. Each
easurement was made in triplicate. The accuracy of the

entration pulse measurements taken with the HPLC is e
ith in ±0.5%.
The first moment was calculated numerically using

orted raw data from HPLC software,

1 =
∑

i C(L, ti)ti#t∑
i C(L, ti)#t

(31)

The HETP of the pulse response can be estimated fro
oment theory using Eq.(21). If pulses are not Gaussian a

xhibit large amounts of tailing, it can be difficult to use
ethod to determine accurate second moments. Howe

he chromatography peak is a Gaussian peak, the HET
lso be evaluated using the width of the peak at half-he

ETP= µ∗
2L

µ2
1

= L

5.54

(
tw,0.5

tr

)2

(32)

here the first absolute moment (µ1) is identical to the re
ention time (tr) of the Gaussian peak, and the second ce
oment (µ∗

2) is proportional to square of the peak width
alf-height of the Gaussian peak by a factor 1/5.54[27]. All

he pulse responses under unretained conditions were
ian, so that it was possible to determine the HETP u
he width at half-height formula already built into the HP
oftware package. Checks were made using the direct s
oment calculations by transporting the data from the H
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unit to a computer. The two approaches gave results for pore
diffusivities within 2% of each other.

3.4. Measurement of breakthrough curves

Synthesized resins were packed into a metal-free PEEK-
lined column (2.1 mm× 30 mm I.D.) from Alltech (Deer-
field, IL, USA) in order to minimize the amount of SEB used.
The experiments to construct the breakthrough curves were
carried out at 20◦C using the same HPLC system described
above. The column was pre-equilibrated with the binding
buffer (0.5 M NaCl + PBS). 0.25 mg/ml of SEB in the bind-
ing buffer was loaded into a 10 ml loop (Thomson, Spring-
field, VA, USA) and delivered to the column at a flow rate
of 0.1 ml/min. The breakthrough curve was recorded on-line
by UV measurement. Samples were also collected at the exit
of the column and the concentration of SEB was determined
by Micro-BCA assay (Pierce, Rockford, IL, USA), as de-
scribed previously in the section on isotherm measurements.
The volume of each sample taken was 50�l. Both UV traces
and Micro-BCA assays gave identical results for the break-
through curves, with a difference of no more than 1% be-
tween concentrations generated with the two methods (data
not shown). The bound SEB was eluted by 2% acetic acid and
then the column was regenerated with∼50 column volumes
of binding buffer. The maximal capacity of the column de-
c of
t erm
e

4

4

esti-
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t
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Fig. 1. Gaussian fit to experimental peak profile under unretained conditions,
dashed line: experimental data on acetyl TA650M, solid line: Gaussian fit.
Flow rate: 0.3 ml/min.

tions (Fig. 2a). The particle porosity was then calculated to
be 0.70 by Eq.(19). The interstitial porosity (0.29) is slightly
lower than with other polymer beads with similar particle
size, such as agorose and sepharose beads, which lead to
interstitial porosity in the range of 0.3–0.4 in well-packed
columns[20,21,28].

Having the porosities and film mass transfer coefficients
calculated from Eq.(20), the axial dispersion coefficient and
pore diffusivity can be determined from the intercept and
slope of the HETP line respectively inFig. 2b. The estimated
pore diffusivity of SEB is 4.83× 10−11 m2/s. Compared to
the molecular diffusivity (Dm) of SEB (7.70× 10−11 m2/s)
[29], the diffusion of SEB inside the pores of TA650M resins
is not restricted as much as other proteins with similar size
to SEB in an agarose matrix[28]. This is mainly because the

F d con-
d s.
reased slightly after∼10 runs, but remained at least 95%
he original value that was obtained from the batch isoth
xperiments.

. Results and discussion

.1. Moment and HETP analysis

The analysis of the first moments gives an accurate
ation of the total porosity of the column even if the e

ion profile is not a Gaussian peak, while the applicatio
he HETP equation requires a Gaussian peak[19–21]. As
een inFig. 1, a typical chromatogram of SEB under un
ained conditions on acetyl TA650M exhibits only a sm
mount of tailing in comparison with the Gaussian fit.
result, there is no question that the HETP method ca

sed for the determination of mass transfer parameters
otal porosity of the column was determined to be 0.787 f
he slope of the first moment plot shown inFig. 2a. Becaus
he pore size of Toyopearl resins (1000Å) is big enough to
old molecules up to 5 MDa in size, the widely used v
olume marker, blue dextran (Mw 2 MDa), cannot be u
o determine the interstitial porosity of such a column. Al
atively, a size-exclusion Toyopearl resin, HW-40C, wh
as the same backbone polymer and a similar particle
ut much smaller pore size (50Å) than the TA650M resin
as packed into a same column. The void fraction (inte

ial porosity) of the column was determined to be 0.29 f
he first moment analysis using blue dextran in pulse in
ig. 2. (a) First moments of chromatography peaks under unretaine
itions on acetyl TA650M. (b) HETP plots under unretained condition
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large pore size of TA650M resins reduces the pore diffusion
resistance. The pore diffusivity is related to the molecular
diffusivity by the hindrance parameter (Kp) and the particle
tortuosity factor (τp),

Dp = KpDm

τp
(33)

The hindrance parameter (Kp) is related toλm, the ratio
of the diameter of the diffusing molecule,dm, to the pore
diameter,dpore. Kp can be estimated using the expression
derived by Anderson and Quinn[30] whenλm is less than
0.4 for a spherical molecule in a cylindrical pore,

Kp = (1 − λm)2(1 − 2.104λm + 2.089λ3
m − 0.948λ5

m)

(34)

The SEB molecule has dimensions of 50Å × 45Å × 34Å
[31], which give an equivalent diameter of 42.45Å if the
ellipsoidal molecule is treated as being spherical. The mean
pore diameter of the Toyopearl amino resin is 1000Å. This
gives a value ofλm equal to 0.043, and a hindrance parameter
(Kp) equal to 0.835 according to Eq.(34). There are several
empirical equations for the particle tortuosity in the literature
[13,32,33]. The expression developed by Wakao and Smith
[32] can be used to estimate the particle tortuosity in the
TA650M resin,
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Fig. 3. Comparison of simulation (general rate model using mass transfer
parameters determined from HETP equation) and experimental results un-
der unretained conditions on acetyl TA650M. (a) A pulse injection. (b) A
breakthrough curve. Flow rate: 0.3 ml/min.

constants are critical to the accuracy of model calculations.
Both the Langmuir equation and the bi-Langmuir equation fit
the isotherm data well although the bi-Langmuir fit is better
than the Langmuir fit.Fig. 4shows the bi-Langmuir fit to the
experimental data. The dissociation constants (Kd) and max-

Fig. 4. The bi-Langmuir isotherm for SEB binding to YYWLHH on
TA650M at a density of 100�mol/g resin. The symbol represents exper-
imental data, and the solid line represents the bi-Langmuir fit.
p = 1

εp
(35)

Using the measured value ofεp = 0.70 for this resin, thi
ives a tortuosity of 1.43. Knowing the hindrance param
nd the particle tortuosity from these empirical express

he pore diffusivity can be estimated to be 4.50× 10−11 m2/s
ased on Eq.(33), a value which is within 7% of the me
ured value (4.83× 10−11 m2/s) using the HETP method. T
alue of the axial dispersion coefficient estimated from
ETP method at a flow rate of 0.3 ml/min (1.42× 10−7 m2/s)
as also very close to that obtained from Gunn’s correla

1.42× 10−7 m2/s).
The GR model using the estimated mass transfer par

ers was used to fit SEB pulse peaks and breakthrough c
t the end of the column under unretained conditions, wi
ffinity ligand on the resin. Because there is no protein bo

o the stationary phase in this case, the spreading of the p
r breakthrough curves are only due to mass transfer e
convective mass transfer, dispersion and intraparticle d
ion). As seen inFig. 3, the difference in spreading betwe
he GR model predictions and the measurements under
ained conditions is inconsequential, a clear sign that all
ransfer resistances have been adequately estimated.

.2. Equilibrium and dynamic studies of SEB adsorptio

The equilibrium and dynamic behavior of SEB bind
o the peptide (YYWLHH) support were thoroughly st
ed at a peptide density of 100�mol/g. Accurate isotherm
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Table 1
Parameters used in the general rate model for SEB adsorption on YYWLHH at the density of 100�mol/g inFig. 5a

Parameter Definition Value

L Column length 0.03 m
Rc Column radius 1.05× 10−3 m
Rp Particle radius 32.5× 10−6 m
C0 Inlet concentration 9.05× 10−3 mol/m3

Mw SEB molecular weight 28,366
ρ Mobile phase density 1000 kg/m3

u0 Superficial velocity 4.81× 10−4 m/s
(b Interparticle void fraction 0.29
(p Particle Porosity 0.70
µ Mobile phase viscosity 0.001 Pa·s
Db Axial dispersion coefficient 2.40× 10−7 m2/s
Dm Molecular diffusion coefficient 7.70× 10−11 m2/s
Dp Diffusion coefficient inside the pores 4.83× 10−11 m2/s
kf Film mass transfer coefficient 9.51× 10−6 m/s
Q∗

m,1 Capacity constant of type I sites 0.43 mol/m3 (8.50 mg/g)
Q∗

m,2 Capacity constant of type II sites 1.74 mol/m3 (34.42 mg/g)
Kd,1 Dissociation constant of type I sites 6.75× 10−5 mol/m3 (1.91× 10−3 mg/ml)
Kd,2 Dissociation constant of type II sites 3.60× 10−3 mol/m3 (0.10 mg/ml)
ka,1 Adsorption rate constant on type I sites 5.95 m3 mol−1 s−1

ka,2 Adsorption rate constant on type II sites 0.40 m3 mol−1 s−1

kd,1 Desorption rate constant on type I sites 4.01× 10−4 s−1

kd,2 Desorption rate constant on type II sites 1.45× 10−3 s−1

Nd NTU of axial dispersion 207.49
Nf NTU of film mass transfer 38.85
Np NTU of pore diffusion 21.23
Nk,1 NTU of adsorption on type I sites 33.96
Nk,2 NTU of adsorption on type II sites 9.35

Note:NTU, number of transfer units; flow rate: 0.1 ml/min.

imum capacities (Q∗
m) in the bi-Langmuir equation are listed

in Table 1. There are two apparent binding sites for SEB on the
resins, a high affinity binding site (type I) and a lower affinity
binding site (type II). The type I sites have a dissociation con-
stant of approximately 6.75× 10−5 mol/m3 and the type II
sites have a dissociation constant that is about 50 times larger.
The total maximum SEB binding capacity of the resin is ap-
proximately 42.92 mg/g (Q∗

m,1 +Q∗
m,2). Note that the higher

affinity sites I correspond to only 20% of the total capacity
and the type II sites correspond to 80% of the total capacity. A
monolayer of protein adsorbs at a density of approximately
2 mg/m2 [6]. The internal surface area of the pores of the
Toyopearl particles is approximately 30 m2/g [6], so the max-
imum SEB binding capacity is indicative of coverage of one
monolayer or less. We can formulate two rate equations using
bi-Langmuir kinetics, one is for the adsorption–desorption
process on the high-energy binding site (type I site, Eq.(5)),
the other is for the adsorption–desorption process on the low-
energy binding site (type II site, Eq.(6)). These are used to
model the breakthrough curves under adsorptive conditions.

The GR model was used to study the dynamic adsorp-
tion of SEB on YYWLHH at a density of 100�mol/g in a
chromatographic column. In order to reduce the amount of
toxin, a small column with dimensions of 2.1 mm× 30 mm
I.D. was used. The interstitial porosity and particle porosity
of this small column were checked to make sure they were
t rans-
f d

mass transfer and isotherm parameters employed in the GR
model at a flow rate of 0.1 ml/min. As shown inFig. 5a, the
GR model fits the experimental results well using only the
adsorption rate constants (ka,1, ka,2) as the fitting parameters.
The values of the adsorption rate constants were estimated
using a nonlinear least-squares regression to the experimental
breakthrough curve. The adsorption rate constant on the type
II sites (ka,2) is at least 10 times smaller than the adsorption
rate constant on the type I sites (ka,1). The desorption rate
constants (kd,1, kd,2) were calculated using the equation,

kd = Kdka (36)

Recall that the type II sites have the largest capacity when
compared to those of type I sites as shown inTable 1.

The analysis of number of transfer units described in the
theory section gives the relative contributions of mass transfer
steps and intrinsic adsorption rates for this particular peptide
density. As shown inTable 1, the NTU for axial dispersion
is significantly larger than the others (>200). Thus, axial dis-
persion has little influence on the adsorption rate. If axial dis-
persion is neglected, that is, setting the Peclet number (Pe)
to be infinite in the GR model, the simulation is almost un-
changed as shown inFig. 5a. The NTU values for convective
film mass transfer, intraparticle diffusion and adsorption rate
shown inTable 1are all in a relatively narrow range from
9 role
i sin
he same as in the column for the estimation of mass t
er parameters.Table 1lists the geometrical, fluid flow, an
to 39, indicating that these steps all play a significant
n controlling the rate of adsorption of protein to the re



106 G. Wang, R.G. Carbonell / J. Chromatogr. A 1078 (2005) 98–112

Fig. 5. Experimental (symbols) vs. simulated (lines) breakthrough curves
using the GR model for SEB binding to YYWLHH on TA650M at a density
of 100�mol/g resin. (a) At base case. (—) GR model, (- - -) GR model only
considering the rate-limiting steps, (–· –) GR model with the local equilib-
rium. Feed concentration: 0.25 mg/ml, flow rate: 0.1 ml/min. (b) At different
flow rates. (+) 0.2 ml/min, (©) 0.1 ml/min, (×) 0.055 ml/min. Feed concen-
tration: 0.25 mg/ml. (c) At different feed concentrations. (+) 0.52 mg/ml,
(©) 0.25 mg/ml, (×) 0.10 mg/ml. Flow rate: 0.1 ml/min.

at this particular peptide density of 100�mol/g. As seen in
Fig. 5a, if we assume local equilibrium holds, that is, setting
the Damkolher number for adsorption (Daa) to be infinite
in the GR model, the simulation cannot match the experi-
mental data. Thus, our results confirm previous findings that

the adsorption–desorption rates can be a relatively slow pro-
cess in affinity chromatography for proteins[34,35]. As will
be explained subsequently, the peptide density can play a
significant role in the rate of adsorption so that the relative
contributions of film mass transfer, intraparticle diffusion and
adsorption to the overall rate of protein binding can change
when resins have different peptide densities.

The breakthrough curves also can be predicted properly
by the GR model at different flow rates (Fig. 5b) and in-
let concentrations of SEB (Fig. 5c). The film mass trans-
fer coefficient and axial dispersion coefficient depend on the
flow velocity, and these were adjusted based on Eqs.(20)
and(24), respectively in doing calculations at different flow
velocities. The pore diffusivity and rate constants remained
the same in these simulations. It has been demonstrated that
surface diffusion plays an important role in reverse phase
liquid chromatography[36]. If surface diffusion played an
equally important role in peptide affinity chromatography,
one would expect an experimental breakthrough curve that is
much steeper than the model predictions at low inlet concen-
trations, e.g. 0.1 mg/ml. As shown inFig. 5c, the agreement
between the experimental and simulated breakthrough curves
confirms the assumption of neglecting surface diffusion when
the GR model was formulated in our analysis.

Several simple models including the lumped pore dif-
fusion model, transport-dispersive model and reaction-
d l. The
f OR
m odel
b pore
d re-
d
F per
a hose
o ntal
b ists,
w verse
p e be-
c ental
d to
m to ac-
c h is
o f
t ss
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u
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i
a ula-
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t sion
a rates.
T sses
i only
r pa-
r f the
ispersive model have been compared to the GR mode
ormulation of these models is in the Appendix. The P
odel considers all mass transfer effects like the GR m

ut greatly reduces the mathematical complexity. If the
iffusivity is not too small, the POR model could give a p
iction that is as good as the GR model[8]. As seen in
ig. 6a, the results of the POR model considering pro
dsorption–desorption kinetics are almost identical to t
f the GR model and provide a good fit to the experime
reakthrough curve. If we assume local equilibrium ex
hich is a general assumption in ion-exchange and re
hase chromatography, the simulated breakthrough curv
omes steeper leading to mismatch with the experim
ata. The TD model with “solid film” driving force fails
odel the breakthrough curve because it cannot take in

ount properly the adsorption–desorption kinetics, whic
ne of the major rate-limiting steps (Fig. 6b). The failure o

he RD model shown inFig. 6c is because it neglects film ma
ransfer and pore diffusion. The RD model might be impro
sing the lumped rate constants (Eq.(C.4)) that include film
ass transfer coefficient and pore diffusivity in addition to

ntrinsic rate constants[20]. As seen inFig. 6c, the lumped
dsorption rate constants are too small so that the sim

ion deviates from the experimental data. This indicates
he influences of the film mass transfer and pore diffu
re comparable to those of the adsorption–desorption
he RD model is best to model chromatographic proce

n which the intrinsic adsorption–desorption step is the
ate-limiting step, so the RD model with the lumped rate
ameters does not do well in this case. The success o
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Fig. 6. (a) Comparison between the POR model and the GR model. (©)
Experimental data, (—) GR model, (- - -) POR model, (–· –) POR model with
local equilibrium. (b) Comparison between the TD model and the GR model.
(©) Experimental data, (—) GR model, (- - -) TD model. (c) Comparison
between the RD model and the GR model. (©) Experimental data, (—)
GR model, (- - -) RD model with the intrinsic rate parameters (RD model
I), (– · –) RD model with the lumped rate parameters (RD model II). Flow
rate: 0.1 ml/min, feed concentration: 0.25 mg/ml, YYWLHH on TA650M at
a density of 100�mol/g resin.

GR and POR models and the failure of the TD and RD mod-
els further confirm the conclusion from the NTU analysis,
that is, both film and intraparticle mass transfer and surface
adsorption–desorption rates are rate-limiting.

Fig. 7. Isotherms for SEB binding to YYWLHH on TA650M at different
peptide densities. The symbol represents experimental data, and the solid
line represents the bi-Langmuir fit.

4.3. Effect of peptide density on SEB adsorption

The measured SEB adsorption isotherms on Toyopearl
650M resin with different peptide densities are shown in
Fig. 7. Each isotherm was fitted to both the bi-Langmuir
and the Langmuir equation by nonlinear least-squares re-
gressions. It was found that the bi-Langmuir equation fit the
equilibrium data (R2 ≥ 0.99) better than the Langmuir equa-
tion (R2 ≈ 0.96) especially at high concentrations of SEB.
Only the bi-Langmuir fits are shown inFig. 7. The results of
dissociation constants (Kd), maximum capacities (Q∗

m) and
correlation coefficients (R2) for the bi-Langmuir fitting are
listed inTable 2for the different peptide densities.

The effects of peptide density on the dissociation constant
and maximum capacity of the various resins with different
peptide densities are shown inFig. 8.Fig. 8a indicates that the
dissociation constants at low peptide density are low, increase
with increasing peptide density to a maximum value, and
then decrease to reach a nearly constant value with increasing
peptide density. This indicates that the binding affinity of SEB
to this peptide resin is high at very low peptide density, and
then decreases with increasing density, followed by another
increase at high peptide density. There is a sudden decrease
in the binding capacity when the peptide density increases
from 6 to 9�mol/g, followed by an increase in the maximum
capacity as the peptide density increases (Fig. 8b). As shown
i less
t a of
t
a mg
o ide
d sin is
l

of
5 ly
1 ace
a f
n Fig. 8b, the total maximum capacity of each resin is
han 50 mg/g. Given that the internal area surface are
he Toyopearl Amino 650M resin is approximately 30 m2/g
nd that a monolayer of protein contains approximately 2
f protein/m2, this indicates that for this range of pept
ensities the coverage of SEB on the surface of the re

ess than or equal to a monolayer.
SEB is shaped like an ellipsoid with dimensions

0Å × 45Å × 34Å [31]. It covers an area of approximate
415Å2. Using this information, and estimating the surf
rea for binding to the resin to be 30 m2/g, the number o
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Table 2
Isotherm parameters at different peptide densities

Units Peptide (�mol/g)

6 9 20 36 52 100 220
8.68a 13.02a 28.93a 52.08a 75.23a 142.86a 318.26a

Q∗
m,1

(mg/g) 11.47 9.31 8.07 13.74 10.49 8.50 13.94
(mol/m3)b 0.56 0.48 0.41 0.70 0.54 0.43 0.71

Q∗
m,2

(mg/g) 32.86 24.35 27.30 23.65 25.78 34.42 33.26
(mol/m3)b 1.68 1.24 1.39 1.21 1.32 1.74 1.70

Kd,1
(mg/ml)× 103 5.80 19.12 22.95 29.60 15.06 1.91 1.56
(mol/m3) × 104 2.04 6.74 8.09 10.43 5.31 0.68 0.55

Kd,2
(mg/ml) 0.19 0.36 0.68 0.60 0.38 0.10 0.047
(mol/m3) × 103 6.84 12.80 23.92 21.19 13.26 3.60 1.67

R2 Correlation coefficient 0.998 0.998 0.998 0.999 0.998 0.997 0.998

Note: the bulk density of resins is 320± 4 mg/ml.
a Density (mol/m3).
b Based on unit volume of particle skeleton.

Fig. 8. (a) Variation of dissociation constant for SEB adsorption to YY-
WLHH on TA650M with different peptide densities. (b) Variation of maxi-
mum capacity for SEB adsorption to YYWLHH on TA650M with different
peptide densities.

peptides covered by one SEB molecule at different peptide
densities was calculated (Table 3). At low peptide density,
the interactions between SEB molecules and peptides are
approximately monovalent and are probably bio-specific.
Increases in ligand density from low values apparently
introduce steric hindrances for further protein binding
so that the affinity of the ligands tends to decrease and
hence the dissociation constant increases. After the peptide
density reaches a certain level, the adsorption mechanism
may switch to multivalent interactions from monovalent
interactions. The multivalent interaction is a combination of
specific and nonspecific interactions between the protein and
several peptides. In this case, the interactions between SEB
molecules and peptides are strengthened and hence the dis-
sociation constant decreases with increasing ligand density.
The transition of the binding mechanism can also explain the
variation in the maximum capacity with peptide density. For
single point and bio-specific binding, the increase in peptide
density introduces more steric hindrances for SEB binding,
and therefore causes the maximum capacity to decrease.
If the binding mechanism switches to multipoint binding,
the maximum capacity typically increases with increases
in peptide density. The transition zone of peptide density in
which the SEB adsorption process changes from monovalent
binding to multivalent binding is in the range from 9 to
36�mol/g as shown inFig. 8. When the peptide density is

T
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able 3
urface area estimates

eptide density
�mol/g)

Number of peptides covere
by one SEB molecule

6 1.7
9 2.6

20 5.7
36 10.2
52 14.8
00 28.4
20 62.5
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Table 4
Adsorption rate constants at different peptide densities

Peptide density (�mol/g)

6 9 20 36 52 100 220

ka,1 (m3 mol−1 s−1) 1.24 1.14 0.60 0.45 1.02 5.95 9.11
kd,1 (s−1) × 104 2.52 7.67 4.85 4.70 5.43 4.01 5.02
ka,2 (m3 mol−1 s−1) 0.36 0.14 0.32 0.19 0.13 0.40 0.50
kd,2 (s−1) × 104 24.6 18.03 75.65 40.64 17.74 14.54 8.33

no less than 52�mol/g, the total maximum capacity remains
constant with a value of∼44 mg/g, and increases in peptide
density show little effect on the total maximum capacity as
shown inTable 2. This is probably because the surface of the
affinity support has already been completely occupied by a
monolayer of SEB. Under these conditions, the ratio of the
number of peptides to SEB molecules bound keeps increas-
ing (Table 3) and the dissociation constant keeps decreasing
(Table 2). This indicates that, under conditions of multi-point
interaction between peptide ligands and SEB, increases
in peptide density lead to increased interactions with the
surface.

The dynamic behavior of SEB binding to YYWLHH on
resins with different peptide densities was studied experimen-
tally using frontal chromatography. The breakthrough curves
are shown inFig. 9. The GR model was used to fit the ad-
sorption rate constant for all these curves using bi-Langmuir
kinetics. As shown previously, the adsorption rate constants
were obtained using a nonlinear least-squares regression to
fit the breakthrough curve, and the desorption rate constants
were calculated by Eq.(36). All the resulting rate constants
at different peptide densities are listed inTable 4. In com-
parison withTable 2, it can be seen that smaller dissociation
constants, which indicate higher affinity, are associated with
larger adsorption rate constants. The bi-Langmuir kinetics
results show an increase in the adsorption rate constants with
i d no
c nsity

F urves
u /min,
f
0

Table 5
Number of mass transfer units at different peptide densities

Peptide density (�mol/g)

6 9 20 36 52 100 220

Nd 207.49 207.49 207.49 207.49 207.49 207.49 207.49
Nf 38.85 38.85 38.85 38.85 38.85 38.85 38.85
Np 21.23 21.23 21.23 21.23 21.23 21.23 21.23
Nk,1 9.59 7.17 3.27 4.19 7.27 33.96 86.00
Nk,2 8.01 2.31 5.84 3.07 2.34 9.35 11.23

on type II sites. These results indicate that there may be dif-
ferent binding mechanisms on these two kinds of sites but it
is not clear what might be causing this effect.

The relative contributions of mass transfer and intrinsic
adsorption rates were also investigated at different peptide
densities. The number of transfer units for each mass trans-
fer step and intrinsic adsorption rates were calculated using
Eqs.(26)–(30). As shown inTable 5, the intrinsic adsorp-
tion step always has the smallest number of transfer units.
Therefore, SEB adsorption on YYWLHH with various pep-
tide densities from 6 to 220�mol/g is adsorption-rate limited.
However, film mass transfer and pore diffusion also offer sig-
nificant limitations to protein binding and need to be properly
considered in modeling the breakthrough curves. This is par-
ticularly well illustrated in the results with a peptide density
of 100�mol/g where the NTUs for film mass transfer, intra-
particle diffusion and adsorption are all about the same order
of magnitude.

5. Conclusions

The mass transfer rates and intrinsic adsorption–
desorption kinetics of SEB adsorption on YYWLHH attached
to TA650M resins with ligand densities from 6 to 220�mol/g
h f SEB
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ig. 9. Experimental (symbols) vs. simulated (lines) breakthrough c
sing the GR model at different peptide densities. Flow rate: 0.1 ml

eed concentration: 0.22 mg/ml for resins with a density of 6�mol/g,
.25± 0.1 mg/ml for others.
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it was possible to estimate a pore diffusivity value that was
within 7% of the measured value.

The GR model for chromatography using the estimated
mass transfer parameters was used to fit the dynamic break-
through curves to obtain adsorption rate constants using a
nonlinear least-squares regression. An analysis of the number
of transfer units for the various mass transfer and adsorption
kinetics steps revealed that film mass transfer, pore diffusion
and intrinsic adsorption can all contribute significantly to the
overall rate of adsorption of protein to the resin. A compar-
ison of results of the GR model with simpler models such
as the POR model, the TD model and the RD model, further
confirmed this conclusion.

The binding capacity of the various resins was higher
at low and high peptide density and exhibited a slight de-
crease in the range of 20–50�mol/g. The dissociation con-
stant at low and high peptide densities was smaller than at
intermediate peptide densities. This suggests that at low pep-
tide density, where the ratio of bound protein to peptide is
close to 1/2, there is a nearly one-to-one interaction between
the ligands and the protein, while in the high peptide den-
sity region, where the protein to ligand ratio is roughly 1/60,
there is also a strong multipoint interaction that is likely to
be less specific. The slight decrease in capacity at interme-
diate peptide densities is likely due to a small steric hin-
drance effect caused by crowding of the peptide ligands on the
s
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nits, indicating that intrinsic adsorption is the slowest
ess, with film and intraparticle diffusion also providin
ignificant contribution to rate limitations.

. Nomenclature

parameters in the dimensionless Langmuir
isotherm,Q∗

m/Kd
parameters in the dimensionless Langmuir isoth
(C0/Kd)

i Biot number (kfRp/(εpDp))
0 feed concentration
b concentration in the bulk phase

b dimensionless concentration in the bulk phase
(Cb/C0)

max maximum concentration at the column outlet fo
pulse injection

p concentration in the stagnant fluid phase inside
particle pores

p dimensionless concentration in the stagnant
phase inside the particle pores (Cp/C0)

¯p average concentration in the stagnant fluid p
inside the particle pores
d

f number of transfer units for the film mass trans
k number of transfer units for the adsorption kine
p number of transfer units for the pore diffusion

parameter in Gunn correlation
e Peclet number in the GR model and the POR m

(uL/Db)
e# Peclet number in the TD model and the RD mo

(utL/Db)
concentration in the solid phase (based on unit
ume of particle skeleton)
dimensionless concentration in the solid ph
(Q/C0)

∗
m adsorption saturation capacity (based on unit

ume of particle skeleton)
∗
m dimensionless adsorption saturation capa

Q∗
m/C0

average concentration in the solid phase
¯ dimensionless average concentration in the s

phase,Q/C0
radial coordinate
dimensionless radial coordinate (R/Rp)

p particle radius
c column radius
2 correlation coefficient

s separation factor
e Reynolds number (2Rpρuεb/µ)
c Schmidt number (µ/(ρDm))
h Sherwood number (kf (2Rp)/Dm)
t Stanton number in the GR model (3kfL/(Rpu))
t# Stanton number in the POR model (3ktL/(Rpu))
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St## Stanton number in the TD model (kmL/ut)
t time
tr retention time
tw,0.5 width at half-height of a peak
u interstitial velocity (u0/εb)
u0 superficial velocity
ut chromatographic velocity (u0/εt)
Z axial coordinate
z dimensionless axial coordinate (Z/L)

Greek letters
α1 first root of the zero-order Bessel function
εb interstitial porosity
εp particle porosity
εt total porosity
η dimensionless constant (St/(3Bi))
λm ratio of molecule diameter to pore diameter

(dm/dpore)
µ mobile phase viscosity
µ1 first absolute moment of peak
µ∗

2 second central moment of peak
ρ mobile phase density
τ dimensionless time (tu/L)
τb column tortuosity
τp particle tortuosity
ξ

ξ

S
1
m

S
*

A

for
t y on
p

A

and
c
o ra-
t rage
s ex-
t
t r co-
e d to
d epar-
a f
t e lit-

erature except for the consideration of the kinetics of surface
reaction,

∂cb

∂τ
− 1

Pe

∂2cb

∂z2
+ ∂cb

∂z
+ ξ#(cb − c̄p) = 0 (A.1)

(1 − εp)
∂q̄

∂τ
+ εp

∂c̄p

∂τ
− St#(cb − c̄p) = 0 (A.2)

As in the GR model, bi-Langmuir kinetics is used,

q̄ = q̄1 + q̄2 (A.3)

∂q̄1

∂τ
= Daa

1cp(q∗
m,1 − q̄1) −Dad

1q̄1 (A.4)

∂q̄2

∂τ
= Daa

2cp(q∗
m,2 − q̄2) −Dad

2q̄2 (A.5)

If local equilibrium exists, then Eqs.(A.4) and(A.5) re-
duce to the form,

q̄∗
1 = a1c̄p

1 + b1c̄p
(A.6)

q̄∗
2 = a2c̄p

1 + b2c̄p
(A.7)

The initial and boundary conditions are similar to those
u

r

w d by
[

k

A

ere
[ to
d hen
b

q

ose
u

dimensionless constant (1− εb)St/εb
# dimensionless constant (1− εb)St#/εb

ubscripts
, 2 type I binding sites, type II binding sites

maximum capacity

uperscripts
equilibrium value
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ppendix A. Lumped pore diffusion (POR) model

The POR model is a simplification of the GR model
an be derived from the GR model by integrating Eq.(3)
ver the particle volume[37,38]. The adsorbate concent
ion in the mobile phase in the pores is taken as the ave
olute concentration in the particle. The influences of the
ernal mass transfer (kf ) and pore diffusion (Dp) are lumped
ogether and characterized by a lumped mass transfe
fficient (kt). The POR model has been extensively use
escribe the zone profiles and breakthrough curves in pr
tive liquid chromatography[8,39,40]. The formulation o

he POR model in this paper is almost the same as in th
sed in the GR model.
The lumped mass transfer coefficient (kt) is given by the

elationship[37],

1

kt
= 1

kf
+ 1

kiεp
(A.8)

hereki is the internal mass transfer coefficient propose
41],

i = 5Dp

Rp
(A.9)

ppendix B. Transport-dispersive (TD) model

The formulation of the TD model appears elsewh
8,13,21]. A solid film driving force model is employed
escribe the adsorption on each type of binding site w
i-Langmuir kinetics is employed,

∂cb

∂τ
+ F

∂q

∂τ
− 1

Pe#

∂2cb

∂z2
+ ∂cb

∂z
= 0 (B.1)

= q1 + q2 (B.2)

∂q1

∂τ
= St##(q∗

1 − q1) (B.3)

∂q2

∂τ
= St##(q∗

2 − q2) (B.4)

The initial and boundary conditions are similar to th
sed in the GR model.



112 G. Wang, R.G. Carbonell / J. Chromatogr. A 1078 (2005) 98–112

The overall mass transfer coefficient (km) in the solid film
linear driving force model is given by the following equation
[13,42],

1

km
= K

F

(
Rp

3kf
+ R2

p

15εpDp

)
(B.5)

whereK (the slope of the isotherm chord) is given by,

K = F
#Q∗

#C
(B.6)

Appendix C. Reaction-dispersive (RD) model

The RD model assumes that the adsorption–desorption
kinetics is the rate-limiting step[21],

∂cb

∂τ
+ F

∂q

∂τ
− 1

Pe#

∂2cb

∂z2
+ ∂cb

∂z
= 0 (C.1)

∂q1

∂τ
= Daa

1cp(q∗
m,1 − q1) −Dad

1q1 (C.2)

∂q2

∂τ
= Daa

2cp(q∗
m,2 − q2) −Dad

2q2 (C.3)

If the mass transfer effects have a minor influence but
cannot be neglected, a lumped adsorption coefficient (kal)
c
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