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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 or
YYWLHH resins with peptide densities in the range from 6 to g2@ol/g were measured and fitted to a bi-Langmuir equation. At peptide
densities below f.mol/g and above 5@mol/g, dissociation constants were lower (202 to 7 x 10~ mol/m?), and binding capacities
were larger (43—47 mg SEB/g). In the range from 9 tquol/g dissociation constants were larger (303 to 24x 102 mol/m?®) and
capacities were lower (33-37 mg SEB/g). These observations are consistent with a transition from single point attachment of the protein tc
the ligand at low peptide densities to multipoint attachment at high peptide densities. The general rate (GR) model of chromatography wa:
used to fit experimental breakthrough curves under retained conditions to determine the intrinsic rate constants for adsorption, which varie
from 0.13 to 0.50 fimol~ s~1, and exhibited no clear trend with increasing peptide density. An analysis of the number of transfer units for
the various mass transfer steps in the column indicated that film mass transfer, pore diffusion (POR) and the kinetics of adsorption can al
play an important role in the overall rate of adsorption, with the intrinsic adsorption step apparently being the rate determining step at peptide
densities below 5Qmol/g.
© 2005 Published by Elsevier B.V.
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1. Introduction graphic supporf7]. The relatively high selectivity, stability,
and low cost of small peptides make them suitable as affin-
Short peptides have been used as affinity ligands to purify ity ligands to purify proteins in large-scale purification pro-
various protein$1—6]. It has been shown that short peptides cesse$4]. Little information is available in the literature on
are more specific than pseudo affinity ligands such as dyethe role of mass transfer and adsorption—desorption kinet-
ligands and metal ions, and more stable than bioaffinity lig- ics in peptide affinity chromatography. Such information is
ands such as antibodigs4]. Peptide ligands used in affinity  important for column design and optimization. A lumped ki-
chromatography to isolate or concentrate a target protein arenetic model has been employed to fit the breakthrough curves
generally screened from solid phase combinatorial or parallel of fibrinogen that binds to a short peptide FLLVF]. How-
peptide libraries, which are created on a suitable chromato-ever, the capacity and association constant derived from the
fitting of the experimental breakthrough data with this model
— is inconsistent with equilibrium experiments. The use of too
* Corresponding author. Tel.: +1 919 515 5118; fax: +1 919 515 5831. . .
E-mail addressruben@ncsu.edu (R.G. Carbonell). S|m_plg a mass transf_er model might lead Fo erroneous_de-
! present address: Bayer HealthCare LLC, Technology Department, 8368 SCIptions of the experimental data and to misunderstandings
US 70 West, P.O. Box 507, Clayton, NC 27520, USA. of the fundamentals of the process involy8H A more com-
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plete model that accounts for all mass transfer resistances andiation constant, maximum capacity, and rate constant for
adsorption—desorption kinetics should be used to model theadsorption provides information on the mechanism of SEB
breakthrough curves or zone profiles. adsorption to the YYWLHH support.

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 betweenthe2, Theory
peptide ligands and the target protein. A better understanding
of these effects can help to optimize the affinity adsorption 2.1. Isotherm models
of the target protein to increase the binding efficiency. If the
binding is attributed to monovalent interactions, the capacity = The Langmuir model has been used to fit adsorption
increases with increase in ligand density, while the associa-isotherm data of proteins on peptide red#ss]. It assumes
tion constant may remain constant at low ligand density and a set of equivalent, distinguishable and independent bind-
decrease at high ligand density due to steric effects. Such aring sites[13]. However, the adsorption of protein molecules
effectwas seen on the binding of s-proteinto YNFEVL. Thus, onto peptide ligands might involve multi-point binding, and
there is an optimal density at which the peptide ligands have can be affected by non-homogeneous local peptide density
high capacity and an acceptable extent of steric hindrance.distributions. As a result, a more complex isotherm equa-
Small protein molecules, such as s-protein, have monovalenttion may need to be used to provide a more accurate fit to
interactions with peptide ligands and typically show the phe- the experimental data. For example, Badtek found that
nomena mentioned aboy4]. If the binding is attributed to  a bi-Langmuir model improved the fit of isotherms for bind-
multivalent interactions, increasing the ligand density typi- ing «;-proteinase inhibitord{;P1) to peptide resins. The bi-
cally increases the capacity and association constant. ThisLangmuir model postulates two independent binding sites, a
was seen in the adsorption of a large protein molecule, von high-energy binding site and a low-energy binding site. The
Willebrand factor (vWF), to peptide ligands on aresin surface bi-Langmuir equations are written in the form,
[5]. But for highly specific ligands, increasing the ligand den- . .
sity tends to increase the steric hindrance at the surface and,,»  Zm1C m2C (1)
makes the binding less efficient, decreasing the association — Kgq1+C = Kqz2+C
constant and the ligand utilization. ) o

Staphylococcal enterotoxin B (SEB) is a primary toxin in  WhereKq andQr, are the dissociation constant and the max-
food poisoning, which can cause emesis as a gastrointestinalMum capacity, respectively.
toxin. In addition, it functions as a superantigen to interact
with the major histocompatibility complex class Il molecules 2.2. General rate model
(MHCII) and T cells bearing particularf/elements, trigger-
ing a massive release of T cell-derived cytokines followed by =~ The GR mode]8,13,15]takes into account all mass trans-
allergic and autoimmune symptori,10]. The legal dose  ferprocessesin packed bed chromatography, namely (1) axial
capable of incapacitating 50% of the exposed human pop-dispersion of the solute molecules in the bulk phase; (2) film
ulation (LDsp) is 0.02ug/kg by the inhalational routgL1]. mass transfer of the solute molecules from the bulk phase to
A short peptide ligand that selectively binds to SEB, YY- the external surface of the adsorbent particles; (3) diffusion of
WLHH, has been identified from a solid phase combinatorial the solute molecules inside the pores of these particles; and
peptide library[12]. Mass transfer parameters and intrinsic (4) rates of adsorption and desorption on the pore surface.
rate constants are required for the design of peptide affin-One of the challenging tasks of the GR model is the inde-
ity columns that can be used to either detect or remove SEBpendent determination of a relatively large number of mass
from solution. In this article, a description of the mass transfer transfer parameters. Due to the mathematical complexity of
and adsorption—desorption kinetics in peptide affinity chro- the GR model, only humerical solutions are available.
matography is presented using SEB as a model protein. The In this particular application of the GR model, we have
apparent heterogeneous nature of the binding of SEB to YY- made the following assumptions: (1) the chromatographic
WLHH resinis described by a bi-Langmuirisotherm. Acom- process is isothermal; (2) the column is packed homoge-
plete chromatography model, the general rate (GR) model, neously with porous particles that are spherical and uniform
is employed to model the breakthrough curves of SEB with in size; (3) the mobile phase velocity is constant, and there
mass transfer parameters determined from pulse experimentss no convection inside the pores; (4) the compressibility of
The rate-limiting steps are determined from an analysis of the the mobile phase is negligible; (5) the radial concentration
number of transfer units. Results of the GR model are com- gradient in the column is negligible; (6) convection and axial
pared to those of several simpler models, such as the lumpedispersion are the only mass transfer mechanisms in the axial
pore diffusion (POR) model, the transport-dispersive (TD) direction, and the dispersion coefficient is independent of the
model, and the reaction-dispersive (RD) model, to help un- concentration; (7) the surface of each particle is assumed to
derstand the role of each process involved in peptide affinity be uniform; (8) surface diffusion within the particles is ne-
chromatography. The effect of peptide density on the disso- glected. The GR model in dimensionless form consists of the
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following differential equations for solute continuity in the
fluid and particle phase,

dcp 1 820b dcp
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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 equatiqh5] while the or-
thogonal collocation method was used to discretize the pore
phase partial differential equati¢h7,18] The resulting or-
dinary partial differential equations were solved using the
built-in functionode15sn Matlab. All mass transfer param-
eters were either measured independently or estimated from

All dimensionless groups are defined in the nomenclature correlations, and all isotherm parameters were determined
section. As demonstrated later, the isotherm data of SEB onexperimentally. The intrinsic rate constants for adsorption

short peptide ligands (YYWLHH) fits very well to the bi-

were then estimated by fitting the breakthrough curve using

Langmuir isotherm. Thus we assume there are two types ofthe built-in functionsqcurvefiin Matlab. The desorption rate
independent binding sites, type | and type Il, and that the constants were then evaluated using the relation between the
adsorption rate of SEB is of second order while the desorption adsorption equilibrium constant and the ratio of the adsorp-

rate is first order on each site,

q=q1+q2 (4)
dq1
5 = Dafepldm = 92) = Dajga (5)
9q2
5 = Dasepldmz — 92) = Dazaz (6)

Under conditions of local equilibrium, setting the time
derivatives in Egs(5) and (6) to zero results in the bi-
Langmuir isotherm,

aicp

q = T+ bicp (1)
=T b ®)
The initial conditions are
t=0,¢cp=0; )
cp=0; (10)
q=0; (11)
q1=0; (12)
92=0 (13)

At the entrance and exit of the column the boundary con-
ditions for the fluid phase equation are of the Danckwerts
form [16],

a

z=0, &b _ Pep(cp — 1); (14)
0z
0

=1 %0 (15)
0z

The boundary conditions for the intraparticle diffusion
equation include convective diffusion at the particle surface,

_ 8Cp _

\ 0;
or

(16)

dc,
r=1, a—rp = Bi(co — cplr=1) (17)

tion to desorption rate constants.
2.3. Estimation of mass transfer parameters

Both the interstitial porosityeg) of the column and the
particle porosity £p) 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
(&y) is related to the first momeng () of the elution profiles
[19-21]

JooCL, nedr L
= - = —¢
YT na !

uo
where the total porosity includes contributions from both the
bed and particle porosities,

(18)

&t =éep+ (1 —ep)ep (19)

A plot of 11 versud./ug should give a straight line, whose
slope is the total porosity. If a large solute that is excluded
from particle pores is used in the pulse injections, the total
porosity measured in this case is only the interstitial porosity
of the column £p). The particle porosity can be then calcu-
lated using Eq(19). As described in the experimental section,
the bed porosity was determined using pulses of blue dextran
in a column filled with particles of the same size as the affinity
resin but much smaller pore size. The intraparticle porosity
was determined from the first moment of pulses of SEB in
a column filled with resin without peptide that did not retain
the protein.

The film mass transfer coefficiert;] can be estimated
using the correlation of Wakao et §2],

Sh = 24 1.45ReY25c1/3 (20)

The axial dispersion coefficienDg) and the pore diffu-
sivity (Dp) can be determined from the height equivalent to
a theoretical plate (HETP) under unretained conditions if the
outlet pulse profile is a Gaussian peak in a pulse experiment
[19-21] In the GR model, the HETP equation for an unre-
tained solute is related to the moments of the pulse response
and the column length,
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uiL  2epDp 263(1— ep) RS persion coefficienty). The HETF values were calculated
HETP= —%5- = u 15[ep + (L — ep)ep)? from the first and second moments of SEB pulses under un-
1 ° £ £o)%p retained conditions (no ligand on the resin) according to Eqs.
8 ( 1 n i) o 1) (21)—(23) The experimental results for axial dispersion were
epDp  kiRp compared to estimates based on Gunn’s correlatior(229).

The film mass transfer coefficient was not determined experi-

The contribution of film mass transfer to the HETP is mentally, but was estimated from the correlation described in
calculated using the estimated film mass transfer coefficientEd. (20). The bi-Langmuir isotherm parameters, maximum
from Eq.(20), capacities Q7,) and dissociation constantsd), were deter-
mined from batch experiments.

Once all these mass transfer and isotherm parameters were
known, the adsorption rate constarig) femained the only
o o ] ) unknown parameters since the desorption rate constagts (

_ Thus, the contribution of axial dispersion and pore diffu- e rejated to the adsorption rate constant by the equilibrium
sion to the HETP can be found by subtracting £) from dissociation constant. The adsorption rate constants were de-
Eq.(21) termined from a nonlinear regression fit of the experimental
HETP* = HETP— HETR breakthrough curves for SEB with the affinity resin (retained

) conditions).
_ 2epDp 2ep(1— 8b)RpM0
uo 15Dp[ep + (1 — eb)ep]2

28%(1 — ep)Rpuo

HETR =
i 3ki[ep + (1 — ep)ep)?

(22)

(23)

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 expressj@d],

Axial dispersion involves molecular diffusion and eddy
diffusion. But the contribution of molecular diffusion to axial
dispersionis negligible. Thu®)y/ug is weakly dependent on
flow velocity at low Reynolds numbers. A plot of (HEfP
versuslg in this case should give a straight line. Under these s \2
conditions, the pore diffusivity can be determined from the NTU = 2L ( ki ) (25)
slope of this line, while the axial dispersion coefficient can HETP\ 1+ k?
be estimated from the intercept. One can compare measured
values of the axial dispersion coefficient to those estimated Wherek;” is the retention factor given by = (1 — ep)(ep +
from a widely used correlation given by Gufi@3]. For a  Ki)/eb; Ki is the equilibrium constant for adsorption, and in

well-packed column, the Gunn'’s correlation is given by,

the absence of adsorption, itis equal to zero. LeVan §4.
also provide an expression for the NTU for each step in the

Dy ReSc Re?Sc? adsorption process
2Rpu  4a?(1 Q=P+ g ——p-p) prion p ’
pu 7(1 — ep) 1607(1 — ep) ) 3(1— ep)kfL
) e Film masstransfer Ny = ————— (26)
x (e—4ozl(l—sb)/p(1—p)Re N 1) + b (24) Rpué‘b
wRe Se 15Dy L ep(1 — ¢p)
. . & — &p
Pore diffusion : Ny = ——P— =P 27
where p R%u £ (27)
p=017+0.33e 2R 4 =24051,=14 WL
As described in detail in the experimental section of this Axialdispersion :Ng = Doy (28)

paper, the total bed porosity] was determined from the

first moment of pulses of SEB introduced into a column filled _ _ ka1(1— &) QL

with resin without the affinity ligand (unretained conditions). Surface adsorptiononsite INy 1 = P

The interstitial porosity 4,) was determined from the first b (29)

moment of pulses of blue dextran introduced into a column

filled with a resin of similar particle size to the affinity resin, . . ka2(1— 1) Q% ,L

but with a much smaller pore size so that blue dextran was Surface adsorption on site [Ny > = :

excluded from the pores. Once the total bed porosity and the “eb (30)

interstitial porosity were known, the particle porosigp)

was calculated from Eq19). Note that the NTU for each step is proportional to the
From the slope and intercept of plots of HET®ersus corresponding transfer rate coefficient. The mass transfer re-

superficial velocity for SEB pulses introduced into a col- sistance for each step is proportional to the reciprocal of the

umn with no ligand (unretained conditions) it was possible mass transfer coefficient, and therefore proportional to the

to estimate both the pore diffusivitypp) and the axial dis-  reciprocal of the NTU. The steps with the smallest number
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of transfer units are rate-limiting steps and therefore control and hence it was used to estimate the mass transfer proper-
the adsorption process. The numerical values of the NTU ties of SEB. The TA650M resins were packed into a metal-
for each transfer rate step were determined by evaluatingfree PEEK-lined column (4.6 mm 15 cm I.D.) from Alltech

Egs. (26)—(30)using the previously estimated mass trans- (

Deerfield, IL, USA) based on manufacturer’s instructions

fer parameters and adsorption—desorption rate constants aéTosoh Biosep, Montgomeryville, PA, USA). The pulse ex-

described previously.

periments were carried out using a Waters 616 LC system
(Millipore, Milford, MA, USA) with a UV detector (Knauer,

Germany) and a 5@l sample loop (Thomson, Springfield,

3. Experimental

VA, USA). Highly purified SEB was purchased from Toxin

Technology (Sarasota, FL, USA). The concentration of SEB

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 a

was set at 1.5mg/ml in the binding buffer (PBS+0.5M

NaCl). The flow rates were 0.1, 0.2, 0.3, 0.4, 0.5ml/min,

which corresponded to superficial velocities in the column
of approximately 0.01, 0.02, 0.03, 0.04, 0.05cm/s. To ac-

count for extra-column contributions to the first moments
nd HETP, pulse injections of SEB were made under the

al. [25]. The methacrylate-based resins have an average parsame conditions with the column off-line. The first moment

ticle size of 65.m with a 10008 average pore diameter. The o

r HETP results with the column off-line were then subtracted

aminated amino resins were modified with an alanine residuefrom those obtained with the column on-line. It was impos-

prior to peptide synthesis. To control the peptide density to s

final substitution levels from 6 to 230mol peptide/g resin,
a mixture of Fmoa:=-Alanine and tert-butyloxycarbonyl
(tBoc)-L-Alanine was coupled to the aminated resins as
described by Buettner et aJ26]. The tBoc group was

released with trifluoroacetic acid (TFA) and the free amino a

ible to find a void volume marker that could be excluded

from the relatively large 1008 pore size of TAG650M resin
to allow measurement of the external void fraction. A column

packed with HW-40C Toyopearl resin (Tosoh Biosgp, Mont-
gomeryville, PA, USA) which has a pore size of AGnd
n average diameter of f8n was employed to determine

functionality was acetylated with acetic anhydride. No the first moments using blue dextran (Sigma, St. Louis, MO,

further peptide synthesis occurred at these acetylated sites

USA). The resulting interstitial porosity was used to approxi-

Subsequently, the Fmoc protecting groups were releasedmate the interstitial porosity of the column with the TAG50M

with piperidine and the free-Alanine was used to attach
Fmoc-protected amino acids until the last cycle was finished.

3.2. Adsorption isotherm measurements

Adsorption isotherms were measured in a set of batch ex-
periments at 20C. 0.5 ml centrifugal filters with 0.4pm
Durapore membranes (Millipore, Milford, MA, USA) were

used as adsorption vessels. Resins (10 mg resins in eachves-~ Y, C(L, #;)At

sel) were equilibrated for at least 1 h in 4000f binding
buffer, 0.5 M NaCl in phosphate buffer saline (PBS), pH 7.4,
purchased from Sigma Chemical (St. Louis, MO, USA). Af-
ter draining by centrifugation, 4Q0 of SEB solution with
concentrations ranging from 0.09 to 1.80 mg/ml in binding
buffer were added to the reaction vessel and incubated by
using an orbital shaker for 2 h. The unbound SEB was col-
lected by centrifugation and the amount of unbound SEB
was determined by Micro-BCA Assay (Pierce, Rockford,
IL, USA). The amount of bound SEB was calculated by

resin. All pulse experiments were conducted atQ0OEach
measurement was made in triplicate. The accuracy of the con-
centration pulse measurements taken with the HPLC is easily

with in £0.5%.

The first moment was calculated numerically using ex-
ported raw data from HPLC software,

B > C(L, t)ti At (31)

The HETP of the pulse response can be estimated from the
moment theory using Eq21). If pulses are not Gaussian and
exhibit large amounts of tailing, it can be difficult to use this
method to determine accurate second moments. However, if
the chromatography peak is a Gaussian peak, the HETP can
also be evaluated using the width of the peak at half-height,
o)

u2 554

Iw,0.5
Iy

HETP =

(32)

mass balance. Each isotherm measurement was made in tripwhere the first absolute momenty is identical to the re-

licate. The amount of bound protein in the isotherm data
measured in batch experiments was accuratetong/g of
resin.

3.3. Pulse experiments

The base resin, deprotected Fmoc-ala (acetyl) TA650M
resin without peptides, cannot retain SEB (data not shown),

tention time §;) of the Gaussian peak, and the second central
moment {:5) is proportional to square of the peak width at
half-height of the Gaussian peak by a factor 1/954. All

the pulse responses under unretained conditions were Gaus-
sian, so that it was possible to determine the HETP using
the width at half-height formula already built into the HPLC
software package. Checks were made using the direct second
moment calculations by transporting the data from the HPLC
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unit to a computer. The two approaches gave results for pore
diffusivities within 2% of each other. Ir

==+ Lxperimental
=— (Gaussian fit

3.4. Measurement of breakthrough curves 08F
Synthesized resins were packed into a metal-free PEEK- ¢ 0s6f
lined column (2.1 mnmx 30mm I.D.) from Alltech (Deer- 15
field, IL, USA) in order to minimize the amount of SEB used. 04f
The experiments to construct the breakthrough curves were
carried out at 20C using the same HPLC system described 02f

above. The column was pre-equilibrated with the binding
buffer (0.5 M NaCl + PBS). 0.25 mg/ml of SEB in the bind- 0
ing buffer was loaded into a 10 ml loop (Thomson, Spring- 0
field, VA, USA) and delivered to the column at a flow rate

of 0.1 ml/min. The breakthrough curve was recorded on-line Fig.1. Gaussianfitto experimental peak profile under unretained conditions,
by UV measurement. Samples were also collected at the exitdashed line: experimental data on acetyl TA650M, solid line: Gaussian fit.
of the column and the concentration of SEB was determined Flow rate: 0.3 mi/min.

by Micro-BCA assay (Pierce, Rockford, IL, USA), as de- _ ) _
scribed previously in the section on isotherm measurements fions Fig. 2a). The particle porosity was then calculated to

The volume of each sample taken wag50Both UV traces be 0.70 by Eq(19). The interstitial porosity (0.2_9).is slight_ly

and Micro-BCA assays gave identical results for the break- lower than with other polymer beads with similar particle
through curves, with a difference of no more than 1% be- SiZ&, such as agorose and sepharose beads, which lead to
tween concentrations generated with the two methods (datanterstitial porosity in the range of 0.3-0.4 in well-packed
not shown). The bound SEB was eluted by 2% acetic acid andc0lumns(20,21,28] _ N

then the column was regenerated witB0 column volumes Having the porosities and f|lm mass .transfer _cc_)eff|C|ents
of binding buffer. The maximal capacity of the column de- calculqted frgm Eq(20), the aX|a_I dispersion cogfﬂment and
creased slightly after10 runs, but remained at least 95% of Pore diffusivity can be determined from the intercept and

the original value that was obtained from the batch isotherm Slope of the HETP line r_espectivelyl;‘rilg. gb The estimated
experiments. pore diffusivity of SEB is 4.83% 10~+*m</s. Compared to

the molecular diffusivity Dm) of SEB (7.70x 10~ 11 m?/s)

[29], the diffusion of SEB inside the pores of TA650M resins
4. Results and discussion is not restricted as much as other proteins with similar size

to SEB in an agarose matiif8]. This is mainly because the

6 8 10 12 14
Time (min)

(&)
=}

4.1. Moment and HETP analysis
1400

The analysis of the first moments gives an accurate esti- 12009 | 0: TAGSOM
mation of the total porosity of the column even if the elu- 1000 ] ar HW=0C
tion profile is not a Gaussian peak, while the application of
the HETP equation requires a Gaussian pg#k-21] As 400
seen inFig. 1, a typical chromatogram of SEB under unre- 200
tained conditions on acetyl TA650M exhibits only a small T T R
amount of tailing in comparison with the Gaussian fit. As (@) Liug (s)
a result, there is no question that the HETP method can be
used for the determination of mass transfer parameters. The |,
total porosity of the column was determined to be 0.787 from
the slope of the first moment plot shownFiyg. 2a. Because 0.12-
the pore size of Toyopearl resins (10®Dis big enough to
hold molecules up to 5MDa in size, the widely used void
volume marker, blue dextran (Mw 2 MDa), cannot be used
to determine the interstitial porosity of such a column. Alter- 0.04-
natively, a size-exclusion Toyopearl resin, HW-40C, which
has the same backbone polymer and a similar particle size 0
but much smaller pore size (30 than the TA650M resin,
was packed into a same column. The void fraction (intersti-
tial porosity) of the column was determined to be 0.29 from Fig. 2. (a) First moments of chromatography peaks under unretained con-
the first moment analysis using blue dextran in pulse injec- ditions on acetyl TA650M. (b) HETP plots under unretained conditions.

L (s)

T T T
1000 1200 1400 1600

0.084

HETP® (cm)

T T T T T
0 0.01 0,02 0.03 0.04 0.05 0.06
u, (cm/s)
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large pore size of TA650M resins reduces the pore diffusion
resistance. The pore diffusivity is related to the molecular Ir
diffusivity by the hindrance parametefy) and the particle
tortuosity factor ¢p), 0.8 1

_ KpDn
Tp
The hindrance parameteky) is related torm, the ratio O.4r 1
of the diameter of the diffusing moleculdy, to the pore
diameter,dpore. Kp can be estimated using the expression 0.2r 1

derived by Anderson and Quir{80] when A, is less than
0.4 for a spherical molecule in a cylindrical pore, b 3 7y 3 8 T S T

2 3 5 (a) Time (min)
Kp= (1—Am)°(1 —2.108.n + 2.08R7, — 0.948\,)
(34)

The SEB molecule has dimensions ofs& 45A x 34A
[31], which give an equivalent diameter of 42 A5f the 0.8}
ellipsoidal molecule is treated as being spherical. The mean
pore diameter of the Toyopearl amino resin is 180@This 06k
gives avalue of, equal to 0.043, and a hindrance parameter
(Kp) equal to 0.835 according to E(R4). There are several o4l
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
TAB50M resin,

Dp (33) 0.6 b

C/ Cm:nx

= Simulation
==+ Lxperimental

CICy

0 . . L L L
0 2 4 6 8 10 12

p = i (35) (b) Time (min)
ép
. . . . Fig. 3. Comparison of simulation (general rate model using mass transfer

Using the measured value gf=0.70 for this resin, this  parameters determined from HETP equation) and experimental results un-
gives a tortuosity of 1.43. Knowing the hindrance parameter der unretained conditions on acetyl TA650M. (a) A pulse injection. (b) A
and the particle tortuosity from these empirical expressions, breakthrough curve. Flow rate: 0.3 ml/min.
the pore diffusivity can be estimated to be 4:5600 11 m?/s
based on Eq(33), a value which is within 7% of the mea- constants are critical to the accuracy of model calculations.
sured value (4.8% 10~ m?/s) usingthe HETP method. The  Both the Langmuir equation and the bi-Langmuir equation fit
value of the axial dispersion coefficient estimated from the the isotherm data well although the bi-Langmuir fit is better
HETP method at a flow rate of 0.3 ml/min (1.4210~ 7 m?/s) than the Langmuir fitFig. 4shows the bi-Langmuir fit to the
was also very close to that obtained from Gunn’s correlation experimental data. The dissociation constakitg and max-
(1.42x 10" m?/s).

The GR model using the estimated mass transfer parame- 40
ters was used to fit SEB pulse peaks and breakthrough curves
at the end of the column under unretained conditions, with no
affinity ligand on the resin. Because there is no proteinbound 30
to the stationary phase in this case, the spreading of the pulses .|
or breakthrough curves are only due to mass transfer effects %g -
(convective mass transfer, dispersion and intraparticle diffu- £ [
sion). As seen iffig. 3 the difference in spreading between & s}
the GR model predictions and the measurements under unre-
tained conditions is inconsequential, a clear sign that all mass
transfer resistances have been adequately estimated. 5

10

T . . . O L L L
4.2. Equilibrium and dynamic studies of SEB adsorption 0 0.1 02 “g( , ‘;-}4 0.5 06 07
~ (mg/m

The eqU|I|br|um and dynamlc behavior of SEB blndlng Fig. 4. The bi-Langmuir isotherm for SEB binding to YYWLHH on

to the peptide (YYWLHH) support were thoroughly stud- 1agsom at a density of 10pmolig resin. The symbol represents exper-
ied at a peptide density of 1Q0nol/g. Accurate isotherm  imental data, and the solid line represents the bi-Langmuir fit.
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Table 1
Parameters used in the general rate model for SEB adsorption on YYWLHH at the densityuonal@ in Fig. 5a
Parameter Definition Value
L Column length 0.03m
Re Column radius 1.0% 10-3m
Ro Particle radius 32510 %m
Co Inlet concentration 9.0% 103 mol/m®
Mw SEB molecular weight 28,366
P Mobile phase density 1000 kgfm
Uo Superficial velocity 4.8k 10 *m/s
(b Interparticle void fraction 0.29
(p Particle Porosity 0.70
m Mobile phase viscosity 0.001 Pa
Dp Axial dispersion coefficient 2.4R 10" mé/s
Dm Molecular diffusion coefficient 7.79 101 m/s
Dp Diffusion coefficient inside the pores 4.8310 1 m%/s
kg Film mass transfer coefficient 9.5110 8 m/s
el Capacity constant of type | sites 0.43 mol/(8.50 mg/g)
Om 2 Capacity constant of type Il sites 1.74 mot/(84.42 mg/g)
Ka,1 Dissociation constant of type | sites 6.%3.0~° mol/m? (1.91x 10~3 mg/ml)
Kg.2 Dissociation constant of type Il sites 3.60L.0~3 mol/m? (0.10 mg/ml)
ka1 Adsorption rate constant on type | sites 5.95mol-1s1
Ka,2 Adsorption rate constant on type |l sites 0.49mol~1s1
k.1 Desorption rate constant on type | sites 4010457t
Kd,2 Desorption rate constant on type Il sites 14503571
Ny NTU of axial dispersion 207.49
N¢ NTU of film mass transfer 38.85
Np NTU of pore diffusion 21.23
Nik,1 NTU of adsorption on type | sites 33.96
Ni,2 NTU of adsorption on type Il sites 9.35

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

imum capacities@;;,) in the bi-Langmuir equation are listed mass transfer and isotherm parameters employed in the GR
in Table 1 There are two apparent binding sites for SEB onthe model at a flow rate of 0.1 ml/min. As shown kig. 5a, the
resins, a high affinity binding site (type I) and a lower affinity GR model fits the experimental results well using only the
binding site (type Il). The type | sites have a dissociation con- adsorption rate constantis (i, ks, o) as the fitting parameters.
stant of approximately 6.7% 10~° mol/m® and the type Il The values of the adsorption rate constants were estimated
sites have a dissociation constant that is about 50 times largerusing a nonlinear least-squares regression to the experimental
The total maximum SEB binding capacity of the resin is ap- breakthrough curve. The adsorption rate constant on the type
proximately 42.92 mg/g@y, ; + QOp, ,)- Note thatthe higher I sites (Ky,) is at least 10 times smaller than the adsorption
affinity sites | correspond to only 20% of the total capacity rate constant on the type | sitdg ). The desorption rate
and the type Il sites correspond to 80% of the total capacity. A constantskq 1, kg 2) were calculated using the equation,
monolayer of protein adsorbs at a density of approximately
2mg/nt [6]. The internal surface area of the pores of the kg = Kgka (36)
Toyopearl particles is approximately 3Gfy[6], so the max-
imum SEB binding capacity is indicative of coverage of one Recall that the type Il sites have the largest capacity when
monolayer or less. We can formulate two rate equations usingcompared to those of type | sites as showitaible 1
bi-Langmuir kinetics, one is for the adsorption—desorption  The analysis of number of transfer units described in the
process on the high-energy binding site (type | site,(BY, theory section gives the relative contributions of mass transfer
the other is for the adsorption—desorption process on the low-steps and intrinsic adsorption rates for this particular peptide
energy binding site (type Il site, E()). These are used to  density. As shown iTable 1 the NTU for axial dispersion
model the breakthrough curves under adsorptive conditions.is significantly larger than the others (>200). Thus, axial dis-
The GR model was used to study the dynamic adsorp- persion has little influence on the adsorption rate. If axial dis-
tion of SEB on YYWLHH at a density of 10@mol/g in a persion is neglected, that is, setting the Peclet nunigr (
chromatographic column. In order to reduce the amount of to be infinite in the GR model, the simulation is almost un-
toxin, a small column with dimensions of 2.1 ma80 mm changed as shown Fig. 5a. The NTU values for convective
I.D. was used. The interstitial porosity and particle porosity film mass transfer, intraparticle diffusion and adsorption rate
of this small column were checked to make sure they were shown inTable lare all in a relatively narrow range from
the same as in the column for the estimation of mass trans-9 to 39, indicating that these steps all play a significant role
fer parameterstable 1lists the geometrical, fluid flow, and in controlling the rate of adsorption of protein to the resin
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Fig. 5. Experimental (symbols) vs. simulated (lines) breakthrough curves
using the GR model for SEB binding to YYWLHH on TA650M at a density
of 100pumol/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, (x) 0.055 ml/min. Feed concen-
tration: 0.25mg/ml. (c) At different feed concentrations. (+) 0.52 mg/ml,

(0O) 0.25mg/ml, (&) 0.10 mg/ml. Flow rate: 0.1 ml/min.

at this particular peptide density of 1(@nol/g. As seen in
Fig. 5a, if we assume local equilibrium holds, that is, setting
the Damkolher number for adsorptioBd®) to be infinite

140

the adsorption—desorption rates can be a relatively slow pro-
cess in affinity chromatography for proteifsgt,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 rate&ig. ) and in-
let concentrations of SEBF{g. 5c). The film mass trans-
fer coefficient and axial dispersion coefficient depend on the
flow velocity, and these were adjusted based on E23)
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 chromatography36]. 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 kfig. 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-
dispersive model have been compared to the GR model. The
formulation of these models is in the Appendix. The POR
model considers all mass transfer effects like the GR model
but greatly reduces the mathematical complexity. If the pore
diffusivity is not too small, the POR model could give a pre-
diction that is as good as the GR mod8]. As seen in
Fig. 6a, the results of the POR model considering proper
adsorption—desorption kinetics are almost identical to those
of the GR model and provide a good fit to the experimental
breakthrough curve. If we assume local equilibrium exists,
which is a general assumption in ion-exchange and reverse
phase chromatography, the simulated breakthrough curve be-
comes steeper leading to mismatch with the experimental
data. The TD model with “solid film” driving force fails to
model the breakthrough curve because it cannot take into ac-
count properly the adsorption—desorption kinetics, which is
one of the major rate-limiting stepbif). 6b). The failure of
the RD model shown iRig. 6c is because it neglects film mass
transfer and pore diffusion. The RD model might be improved
using the lumped rate constants (£Q.4)) that include film
mass transfer coefficient and pore diffusivity in addition to the
intrinsic rate constant0]. As seen irFig. ¢, the lumped
adsorption rate constants are too small so that the simula-
tion deviates from the experimental data. This indicates that
the influences of the film mass transfer and pore diffusion
are comparable to those of the adsorption—desorption rates.
The RD model is best to model chromatographic processes
in which the intrinsic adsorption—desorption step is the only

in the GR model, the simulation cannot match the experi- rate-limiting step, so the RD model with the lumped rate pa-
mental data. Thus, our results confirm previous findings that rameters does not do well in this case. The success of the
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Fig. 6. (a) Comparison between the POR model and the GR maogl. (
Experimental data, (—) GR model, (- - -) POR modek-POR model with
local equilibrium. (b) Comparison between the TD model and the GR model.
(O) 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
1), (=-—) 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 10@umol/g resin.

GR and POR models and the failure of the TD and RD mod-
els further confirm the conclusion from the NTU analysis,

107

+ 6 mol/fg;0 9 mol/g
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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 R? > 0.99) better than the Langmuir equa-
tion (R®~0.96) especially at high concentrations of SEB.
Only the bi-Langmuir fits are shown Fig. 7. The results of
dissociation constants§), maximum capacitiesd},) and
correlation coefficientsR?) 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 showrhiy. 8 Fig. 8aindicates 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 9umol/g, followed by an increase in the maximum
capacity as the peptide density increaseg.(8). As shown
in Fig. 8, the total maximum capacity of each resin is less
than 50 mg/g. Given that the internal area surface area of
the Toyopearl Amino 650M resin is approximately 3&m
and that a monolayer of protein contains approximately 2 mg
of protein/nt, this indicates that for this range of peptide
densities the coverage of SEB on the surface of the resin is
less than or equal to a monolayer.

SEB is shaped like an ellipsoid with dimensions of
50A x 45A x 34A [31]. It covers an area of approximately

that is, both film and intraparticle mass transfer and surface 1415A2, Using this information, and estimating the surface

adsorption—desorption rates are rate-limiting.

area for binding to the resin to be 3@#y, the number of
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Table 2
Isotherm parameters at different peptide densities
Units Peptide tmol/g)
6 9 20 36 52 100 220
8.68 13.02 28.93 52.08 75.23 142.88 318.28
. (mg/g) 1147 931 807 1374 1049 850 1394
m1 (mol/m3)° 0.56 048 041 Q70 054 043 0.71
; (mg/g) 3286 2435 2730 2365 2578 3442 3326
m.2 (mol/m?)P 1.68 124 139 121 132 174 1.70
K (mg/ml)x 10° 5.80 1912 2295 2960 1506 191 156
d.1 (mol/md) x 10* 2.04 674 809 1043 531 068 0.55
K (mg/ml) 019 036 068 060 038 010 0047
d2 (mol/md) x 10° 6.84 1280 2392 2119 1326 360 1.67
R2 Correlation coefficient ©98 Q998 0998 0999 0998 Q997 0998

Note: the bulk density of resins is 32064 mg/ml.
a Density (mol/n3).
b Based on unit volume of particle skeleton.
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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 calculateddble 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
36pmol/g as shown irFig. 8 When the peptide density is

Table 3
Surface area estimates
Peptide density Number of peptides covered
(p.mol/g) by one SEB molecule
6 17
9 2.6
20 57
36 102
52 148
100 284
220 625
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Table 4
Adsorption rate constants at different peptide densities

Peptide density,mol/g)

6 9 20 36 52 100 220
ka1 (M mol~ts1) 124 114 060 045 102 595 911
kg (s71) x 10° 2.52 767 485 470 543 401 502
ka2 (M® mol~ts71) 0.36 014 032 019 013 040 050
Kd,2 (sHx10t 24.6 1803 7565 4064 1774 1454 833

no less than 52mol/g, the total maximum capacity remains Taple 5

constant with a value 044 mg/g, and increases in peptide Number of mass transfer units at different peptide densities

density show little effect on the total maximum capacity as Peptide densityimol/g)

shpv_vn inTable 2 This is probably because the surfacg of the 5 9 20 P 0 100 220

affinity support has already been completely occupied by a

monolayer of SEB. Under these conditions, the ratio of the Ng 20749 20749 20749 20749 20749 20749 20749
ber of id lecules bound k : Nt 3885 3885 3885 3885 3885 3885 3885

number of peptides to SEB_ molecules bound keeps increasy 5123 2123 2123 2123 2123 2123 2123

ing (Table 3 and the dissociation constant keeps decreasingn, , 9.59 717 327 419 727 3396 8G00

(Table 9. This indicates that, under conditions of multi-point Nk 8.01 231 584 307 234 935 1123

interaction between peptide ligands and SEB, increases

in peptide density lead to increased interactions with the , . .
surface. on type Il sites. These results indicate that there may be dif-

The dynamic behavior of SEB binding to YYWLHH on ferent binding mechanisms on these two kinds of sites but it

resins with different peptide densities was studied experimen- S Not cléar what might be causing this effect.

tally using frontal chromatography. The breakthrough curves The relative contributions of mass transfer and intrinsic

are shown irFig. 9. The GR model was used to fit the ad- adsorption rates were also investigated at different peptide
sorption rate constant for all these curves using bi-Langmuir densities. The number of transfer units for each mass trans-

kinetics. As shown previously, the adsorption rate constantsfer step and intrinsic adsorption rates were calculated using

were obtained using a nonlinear least-squares regression td=9s- (26)~(30) As shown inTable 5 the intrinsic adsorp-

fit the breakthrough curve, and the desorption rate constantdiOn Step always has the smallest number of transfer units.
were calculated by Eq36). All the resulting rate constants | nerefore, SEB adsorption on YYWLHH with various pep-

at different peptide densities are listedTable 4 In com- tide densitigsfrom 6to 220mol/gis adsqrpti(_)n-ratelimited..
parison withTable 2 it can be seen that smaller dissociation HoWever, film mass transfer and pore diffusion also offer sig-
constants, which indicate higher affinity, are associated with nlflcqnt I|m|t§t|onst0'prote|n binding and need to be p.ro'perly
larger adsorption rate constants. The bi-Langmuir kinetics Considered in modeling the breakthrough curves. This is par-
results show an increase in the adsorption rate constants wittficularly wellillustrated in the results with a peptide density
increasing peptide density on the type | binding sites, and noof 100wmol/g where the NTUs for film mass transfer, intra-

clear trend of adsorption rate constants with peptide density p?rticle (_jtiff(l;sion and adsorption are all about the same order
of magnitude.

5. Conclusions
0.8F

The mass transfer rates and intrinsic adsorption—
desorption kinetics of SEB adsorption on YYWLHH attached

= 0.6
8 + 6 umol/g to TA650M resins with ligand densities from 6 to 22mMol/g
04 S ‘)Z(P)‘E:]'(’Em | have been evaluated. The first and second moments of SEB
% 36 umol/g pulses under unretained conditions were used for the estima-
oab O 52pmol/g || tion of the bed porosity, the interparticle porosity, the pore
) ;ggﬁ:::;:f porosity, the axial dispersion coefficient and the pore diffu-
el - o . . L sivity. Equilibrium adsorption isotherms for SEB binding to
0 10 20 30 4 50 60 70 80 these resins were also measured to determine the variation in

Time (min) binding capacity and dissociation constant with peptide den-

. . . . sity. It was found that the pore diffusivity of SEB in TA650M
Fig. 9. Experimental (symbols) vs. simulated (lines) breakthrough curves . . . L7
using the GR model at different peptide densities. Flow rate: 0.1 ml/min, is fairly close to the mo_lecular d'ﬁUS'_V'ty d_ue to the_ large
feed concentration: 0.22mg/ml for resins with a density qinol/g, (1000A) average pore size of the resin. Using classical ex-
0.25: 0.1 mg/ml for others. pressions for hindered diffusion and tortuosity in the pores,
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it was possible to estimate a pore diffusivity value that was cp
within 7% of the measured value.

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

The binding capacity of the various resins was higher Ky
at low and high peptide density and exhibited a slight de- Kp
crease in the range of 20—pMnol/g. The dissociation con- kg
stant at low and high peptide densities was smaller than atkg
intermediate peptide densities. This suggests that at low pepKgy
tide density, where the ratio of bound protein to peptide is k;
close to 1/2, there is a nearly one-to-one interaction betweenkf
the ligands and the protein, while in the high peptide den- k;
sity region, where the protein to ligand ratio is roughly 1/60, kny
there is also a strong multipoint interaction that is likely to k;
be less specific. The slight decrease in capacity at interme-L
diate peptide densities is likely due to a small steric hin- Mw
drance effect caused by crowding of the peptide ligands on theNy
surface. Nt

The breakthrough curves at different peptide densities and Nk
flow velocities were well predicted by the GR model. It was Np
found that, especially at the lower peptide densities, the in- p
trinsic adsorption step has the smallest number of transferPe
units, indicating that intrinsic adsorption is the slowest pro-
cess, with film and intraparticle diffusion also providing a P&’
significant contribution to rate limitations.

Q
6. Nomenclature a
Om
a parameters in the dimensionless Langmuir
isotherm,Q},/Kd arn
b parameters in the dimensionless Langmuir isotherm
(ColKq) 0
Bi Biot number ksRy/(spDp)) q
Co feed concentration
Co concentration in the bulk phase R
Ch dimensionless concentration in the bulk phase r
(Co/Co) Rp
Cmax maximum concentration at the column outletfora R:
pulse injection R?
Co concentration in the stagnant fluid phase inside the rg

particle pores Re
Cp dimensionless concentration in the stagnant fluid Sc
phase inside the particle poreSy,(Co) Sh
average concentration in the stagnant fluid phase St
inside the particle pores st

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

dimensionless average concentration in the stagnant
fluid phase inside the particle por€g/Co

axial dispersion coefficient

molecular diffusion coefficient

molecule diameter

pore diffusivity (KpDm/zp)

pore diameter

Damkolher number for adsorptiohK;Co/u)
Damkolher number for desorptiohKgy/u)

phase ratio] — &t)/et

height equivalent to a theoretical plate

slope of isotherm chord

equilibrium constant

dissociation constant

hindrance parameter

adsorption rate constant

lumped adsorption rate constant

desorption rate constant

internal mass transfer coefficient

retention factor

film mass transfer coefficient

overall mass transfer coefficient in the TD model
lumped mass transfer coefficient in the POR model
column length

molecular weight of SEB

number of transfer units for the axial dispersion
number of transfer units for the film mass transfer
number of transfer units for the adsorption kinetics
number of transfer units for the pore diffusion
parameter in Gunn correlation

Peclet number in the GR model and the POR model
(uL/Dp)

Peclet number in the TD model and the RD model
(UutL/Dp)

concentration in the solid phase (based on unit vol-
ume of particle skeleton)

dimensionless concentration in the solid phase
(QICo)

adsorption saturation capacity (based on unit vol-
ume of particle skeleton)

dimensionless adsorption saturation capacity,
Omn/Co

average concentration in the solid phase
dimensionless average concentration in the solid
phaseQ/Co

radial coordinate

dimensionless radial coordinat@/R;)

particle radius

column radius

correlation coefficient

separation factor

Reynolds number2R, pusy/ 1)

Schmidt numbery/(oDm))

Sherwood numbek{(2R,)/Dm)

Stanton number in the GR modek(B/(Ryu))

Stanton number in the POR modek{3/(Rpu))
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St Stanton number in the TD moded{L/u;)
t time

tr retention time

twos  width at half-height of a peak

u interstitial velocity (lo/ep)

Up superficial velocity

Ut chromatographic velocityug/et)

z axial coordinate

z dimensionless axial coordinaté/()

Greek letters

o first root of the zero-order Bessel function

&b interstitial porosity

&p particle porosity

&t total porosity

n dimensionless constar{(3Bi))

Am ratio of molecule diameter to pore diameter
(dm/dpore)

" mobile phase viscosity

w1 first absolute moment of peak

W second central moment of peak

0 mobile phase density

T dimensionless timet/L)

Th column tortuosity

Tp particle tortuosity
dimensionless constant {dep)Step,

g dimensionless constant {1ep)St'/ep

Subscripts

1,2 type | binding sites, type Il binding sites

m maximum capacity

Superscripts
* equilibrium value
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Appendix A. Lumped pore diffusion (POR) model

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

Jcp 1 8zcb ocp

+—+E(Cp—cp=0

b _ 2% Al
9t Pe 972 9z A1)

g oc _
(1—ep)5 "+ spa—r" — St*(ep —cp) =0 (A.2)

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

9=q1+q2 (A.3)
9q1 — —
o Dafcp(gm1 — q1) — Dagéh (A.4)
9g2 — _
o = Dadeplamz = 42) = Dazaz (A5)

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

al(?p

— achp
_ _ A7

The initial and boundary conditions are similar to those
used in the GR model.

The lumped mass transfer coefficiek) (s given by the
relationship37],

1 1 1

4 A.8
kt ki kigp (A8)

wherek; is the internal mass transfer coefficient proposed by
[41],

5Dy

ki = Ro (A.9)

Appendix B. Transport-dispersive (TD) model

The formulation of the TD model appears elsewhere
[8,13,21] A solid film driving force model is employed to
describe the adsorption on each type of binding site when
bi-Langmuir kinetics is employed,

The POR model is a simplification of the GR model and dcb | ,.8g 1 %o  dcp _ 0 (B.1)
can be derived from the GR model by integrating ER). ot dt  Pe? 972 oz '
over the particle volumég37,38]. The adsorbate concentra- q=q1+qo (B.2)
tion in the mobile phase in the pores is taken as the average
solute concentration in the particle. The influences of the ex- @ _ St##( £ ) (B.3)
ternal mass transfekg) and pore diffusion@p) are lumped ot CERL )
together and characterized by a lumped mass transfer co-
efficient (¢). The POR model has been extensively used to 2 = s##(g5 — g2) (B.4)

describe the zone profiles and breakthrough curves in prepar-

ative liquid chromatographiB,39,40] The formulation of

The initial and boundary conditions are similar to those

the POR model in this paper is almost the same as in the lit- used in the GR model.
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The overall mass transfer coefficiekt,] in the solid film [7] K. Pflegerl, A. Podgornik, E. Berger, A. Jungbauer, Biotechnol. Bio-
linear driving force model is given by the following equation eng. 79 (2002) 733.
[13’42], [8] K. Kaczmarski, D. Antos, H. Sajonz, P. Sajonz, G. Guiochon, J.
Chromatogr. A 925 (2001) 1.

1 K (R R2 [9] N. Balaban, A. Rasooly, Int. J. Food Microbiol. 61 (2000) 1.
Bl (e T (B.5) [10] H. Li, A. Llera, E.L. Malchiodi, R.A. Mariuzza, Annu. Rev. Im-
km  F \ 3kt 15pDp munol. 17 (1999) 435.

[11] R.G. Ulrich, S. Sidell, T.J. Taylor, C.L. Wilhelmsen, D.R. Franz,

whereK (the slope of the isotherm chord) is given by, in: F.R. Sidell, E.T. Takafuji, D.R. Franz (Eds.), Medical Aspects

AO* of Chemical and Biological Warfare, Office of the Surgeon General

K=F Y (B.6) at TMM Publications, Borden Institute, Walter Reed Army Medical
AC Center, Washington, DC, 1997, p. 621.
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tide Res. 64 (2004) 51.
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dcp F dq 1 9%y dcp 0 (C.1) [16] P.V. Danckwerts, Chem. Eng. Sci. 2 (1953) 1.
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