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P rotein adsorption on novel acrylamido-based polymeric
ion-exchangers

IV. Effects of protein size on adsorption capacity and rate
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Abstract

The effects of protein size on the adsorption capacity and rate is determined for an acrylamido-based polymeric
anion-exchanger. The proteins lactalbumin, myoglobin, ovalbumin, BSA, conalbumin, IgG, and ferritin with molecular
masses ranging from 15 000 to 450 000 were investigated. At high salt concentration (50 mM Tris–HCl containing 500 mM
NaCl), only the smaller proteins lactalbumin and myoglobin gained access to a significant portion of the particle volume.
The larger proteins were nearly completely excluded, in agreement with the results obtained for neutral macromolecules. By
contrast, at low salt concentration (50 mM Tris–HCl), the adsorption capacity was very large (280–400 mg/ml of particle
volume) for all the proteins studied except for ferritin, for which the capacity was much lower. This suggests that, provided
the solute is not too large, the favorable electrostatic interaction overcomes the size exclusion effect. Adsorption rate
measurements showed that mass transfer rates are also quite fast at low salt concentration. Effective diffusivities were
determined by matching model and experimental results and were found to decrease substantially as the protein size
increased. As previously observed, the homogeneous diffusion model was found to predict the experimentally observed
trends with respect to protein concentration and boundary layer mass transfer effects.
 2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction influenced by protein size is needed. Mass transfer
within the adsorbent particle is especially important

Ion exchange media are used extensively for the since it is typically the principal cause of band
process-scale separation of proteins, especially in broadening [2].
capture applications [1]. Both the equilibrium uptake Many previous studies have investigated protein
capacity and the rate of mass transfer affect the mass transfer in ion-exchangers. However, most of
performance of ion-exchangers in these applications. these studies have considered a single protein on one
Thus, an understanding of how these properties are stationary phase [3–5] or one protein on different

stationary phases [6–11]. A number of authors have
investigated the mass transport properties of different*Corresponding author. Tel.:11-434-924-6281; fax:11-434-
proteins on the same stationary phase under linear or982-2658.
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[12–16]. However, it has been shown that transport diffusivities were larger than the corresponding
rates in ion-exchangers often vary with ionic strength solution diffusivities.
[8,10,17,18] so that kinetic parameters obtained for Recently, we have described the adsorptive prop-
these conditions may not be representative of the erties of a new acrylamido-based anion-exchanger
rates obtained for overloaded conditions at low salt known as BRX-Q (BioRad) [18,24,25]. This material
concentrations. showed a very high equilibrium adsorption capacity

Only a few authors have reported systematic rate for BSA, high mass transfer rates, and a very high
measurements for a range of differently sized pro- dynamic binding capacity. These high-performance
teins under strong binding conditions. Skidmore et characteristics were attributed to its unique structure,
al. [19] examined the adsorption of lysozyme and which was shown to comprise a low-density gel
BSA on S-Sepharose-FF. They fit experimental interspersed within a denser polymeric phase. Thus,
uptake data using a pore diffusion model and found qualitatively, BRX-Q has some of characteristics of
that the ratio of effective pore diffusivity and the free Q-HyperD, namely high capacity and rapid diffusion.
solution diffusivity was substantially smaller for However, BRX-Q is made in a single step while
BSA than for lysozyme. This was attributed to the Q-HyperD is a composite based on a gel contained in
diffusion of BSA being restricted to a greater extent a silica support matrix. The chemical nature of the
than that of lysozyme. Garke et al. [20] investigated polymer in BRX-Q is also different since it is based
batch uptake of lysozyme andg-globulin on Stream- on a mixture of acrylamido and vinylic monomers.
line SP, a macroporous agarose resin. The ratio of In this work we extend our measurements of equilib-
effective pore and free solution diffusivities were rium uptake and mass transfer rates to a broad set of
0.20 and 0.38 for lysozyme andg-globulin, respec- representative proteins with molecular masses rang-
tively. However, these ratios decreased at higher ing between 15 000 and 450 000.
protein concentrations and this effect was attributed
to increased interactions with the pore walls. John-
ston and Hearn [21] investigated the adsorption of 2 . Materials and methods
human serum albumin, carbonic anhydrase, and
ferritin on a number of macroporous weak anion- 2 .1. Materials
exchangers. Their findings suggest that the effective
pore diffusivity of the smaller proteins was close to BRX-Q samples were obtained from Bio-Rad
the free solution diffusivity, indicating negligible (Hercules, CA, USA). This material is a strong
restriction to mass transfer through the pores. How- anion-exchanger based on water-soluble, acrylamido
ever, the effective pore diffusivity of ferritin was and vinylic monomers polymerized to yield spherical
found to be only 1/40 of that in free solution, particles. The anion-exchange functionality derives
consistent with severely hindered diffusion. Lewus from the use of a monomer possessing a quaternary
and Carta [22] investigated the uptake of lysozyme ammonium ion group. Thus, no post-polymerization
and cytochrome-c on S-HyperD-M, which is com- derivatization is necessary since the ionogenic mono-
posed of a porous silica matrix filled with a function- mer is incorporated directly in the final product. A
alized polyacrylamide gel. The single component version of BRX-Q with substantially similar struc-
kinetics of these two similarly sized proteins was ture and properties has recently become available
similar and both yielded effective pore diffusivities commercially from Bio-Rad and is marketed under
higher than the corresponding free solution dif- the trade name UNOSphere Q. The physical prop-
fusivities. Fernandez and Carta [23] studied the batch erties of BRX-Q, including particle size distribution,
uptake of a-lactalbumin, ovalbumin, and BSA on apparent and skeletal densities, ion-exchange capaci-
Q-HyperD. While BSA was observed to have the ty, scanning electron microscopy of dried beads, and
lowest intraparticle diffusivity, the diffusivities of transmission electron microscopy of thin sections of
a-lactalbumin and ovalbumin were found to be very resin-embedded beads, are given in Ref. [24]. This
similar, despite the fact that ovalbumin is substantial- material was shown to possess a heterogeneous
ly larger. In all three cases, the effective pore structure. The mean particle diameter for the material
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Table 1used in this work is 89mm. The samples were
Properties of the proteins used in this workwashed in a gravity-fed column with alternating

a b cProtein M pI D Rcycles of 500 mM NaCl and dilute buffer solutions r 0 g
7 2(10 cm /s) (nm)and stored under refrigeration in buffer.

All of the proteins used in this study were Lactalbumin 15 000 5.1 10.6 1.6
Myoglobin 17 000 7.0 11.3 1.5obtained from Sigma (St. Louis, MO, USA) except
Ovalbumin 45 000 4.7 7.4 2.3IgG that was from Pharmacia & Upjohn
BSA 66 500 4.9 6.0 2.8

(Kalamazoo, MI, USA). Table 1 summarizes molec- Conalbumin 80 000 6.2 5.7 3.0
ular masses, isoelectric points, free solution dif- IgG 160 000 6.5 3.9 4.3
fusivities, and radii of the proteins used. The pI Ferritin 450 000 4.4 3.6 5.0

avalues given are typical values reported in the Typical values from Refs. [16,20,26].
bliterature, as indicated, but it should be recognized Average of experimental values in Ref. [27], except for

lactalbumin from Ref. [16], and conalbumin from the correlationthat significant variations could occur depending on
of Young et al. [28].the source of the protein. Similarly, the solution

c Radius of gyration from diffusion data obtained from Eq. (8)diffusivity values represent experimental or estimate
in Ref. [27].

averages. Finally, the radius of gyration calculated
from diffusivities merely represents the spatial re-
quirements for diffusion in solution [27] and may be bumin, BSA, and conalbumin in a 50 mM Tris–HCl
different from the actual size of the protein, especial- buffer at pH 8.5 containing 500 mM NaCl. Myoglo-
ly for the less spherical proteins such as BSA and bin (M 517 000, pI57.0) was also used in theser

IgG. Dextran T-500 was obtained from Amersham experiments. BRX-Q was flow packed at 8 ml /min
Pharmacia Biotech (Piscataway, NJ, USA). Other in a 1-cm I.D. glass column (Pharmacia, Model HR
chemicals were obtained from Sigma and from 10/10) to a bed height of 10 cm and operated at
Fisher Scientific (Pittsburgh, PA, USA). All experi- 1 ml /min (76 cm/h) with a Pharmacia Model P-500
ments were conducted at room temperature syringe pump. Protein and dextran samples in buffer
(2262 8C) in a 50-mM Tris–HCl buffer. The pH (0.05 ml, 2.0–2.5 mg/ml) were injected with a
was 9.5 for experiments with conalbumin, and 8.5 Rheodyne six-port valve. A Waters (Milford, MA,
for all the other proteins. USA) Model 484 UV–Vis detector at 280 nm was

used for the proteins, while a Waters Model R401
2 .2. Methods differential refractive index detector was used for

dextran T-500 and glucose. Corrections were made
2 .2.1. Adsorption isotherms as described in Hunter and Carta [24] to account for

Adsorption isotherms were obtained by placing the extra column volume.
small samples of hydrated media (|0.025 g) in vials
with a volume (6 ml) of a solution containing a 2 .2.3. Stirred-batch experiments
known initial protein concentration,C . The vials Uptake rates were measured in an agitated contac-0

were sealed and rotated end-to-end at a few rpm and tor at initial protein concentrations of 0.2, 1, and
the supernatant analyzed for protein content with a 2 mg/ml. The experimental apparatus used is de-
UV spectrophotometer (Beckman Coulter, Fullerton, scribed in Refs. [11,23]. The volume of the protein
CA, USA; Model DU-50). The uptake of protein by solution used was 100 ml and the amount of media
the media was calculated from a material balance. was adjusted for each protein to yield a final solution
Equilibrium was established in 12 h or less as shown concentration of 0.5 mg/ml when using an initial
by the absence of any further changes in protein protein concentration of 1 mg/ml. The solution was
concentration in the supernatant. stirred magnetically at|300 rpm and the protein

concentration was obtained by circulating a stream
2 .2.2. Chromatography through a UV spectrophotometer at 280 nm. Micro-

Isocratic elution experiments were conducted scopic observation of the beads after stirring showed
using dextran T-500, glucose, lactalbumin, oval- that no visible damage occurred, which was expected
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since the vessel used is designed for cell culture and, the exception of ferritin, for which the capacity is
hence, to minimize mechanical wear to suspended very low, maximum uptake capacities are in the
particles. range 280–400 mg/ml. Within this range, although

the correlation between uptake capacity and molecu-
lar mass is not exact, the capacity is generally

3 . Results and discussion smaller for the larger proteins. For ferritin the uptake
capacity is very small presumably because its size

3 .1. Adsorption isotherms exceeds what can be accommodated by the particle
structure.

The equilibrium uptake isotherms are shown in The solid lines in Fig. 1 represent Langmuir
Fig. 1. The isotherms are all highly nonlinear. With isotherms calculated from:

q bCm
]]q 5 (1)11 bC

where q and b are fitted parameters. Their valuesm

are summarized in Table 2. As has been shown
previously, BRX-Q is composed of dense polymer
aggregates interspersed in a charged gel phase [24].
The dense aggregates provide structural strength
while the surrounding gel provides adsorption
capacity. Prior SEC experiments using neutral
macromolecules have shown that the size exclusion
limit of BRX-Q is very low, with gel pores approxi-
mately 0.6–2 nm [24]. Thus, under binding con-
ditions the favorable electrostatic interaction between
the protein and the stationary phase has to overcome
the unfavorable size exclusion interaction. For larger
proteins, the barrier imposed by size may be to great
to overcome, as is apparently the case for ferritin.

3 .2. Chromatography under non-binding conditions

The results of elution chromatography experiments
for different proteins, glucose, and dextran T-500
(M |500 000) in Tris–HCl buffer containing 500r

mM NaCl are shown in Fig. 2. As shown in our prior

Table 2
Equilibrium parameters in 50 mM Tris–HCl buffer at pH 8.5

Protein q (mg/ml) b (ml /mg)m

Lactalbumin 390 100
Ovalbumin 360 210

aBSA 280 500
bConalbumin 400 250

IgG 300 140
Ferritin 50 5

Fig. 1. Adsorption isotherms for BRX-Q in 50 mM Tris–HCl
abuffer: (a) lactalbumin, ovalbumin, and BSA and (b) conalbumin, From Ref. [18].
bIgG, and ferritin. pH 9.5.
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Fig. 2. Chromatography peaks for BRX-Q column for non-bind- Fig. 3. Distribution coefficients for proteins, PEGs, dextrans, and
ing conditions in 50 mM Tris–HCl buffer at pH 8.5 containing glucose as a function of solute radius. Proteins and glucose in 50
500 mM NaCl. mM Tris–HCl buffer at pH 8.5 containing 500 mM NaCl. PEGs

and dextran in 50 mM Tris–HCl buffer at pH 8.5 data are from
Ref. [24].

work [24], the normalized retention volume of
dextran T-500 (V /V |0.3) is close to the extraparti-e c

cle void fraction,́ . At this salt concentration, all of between values obtained for the neutral probes andb

the proteins, except for lactalbumin and myoglobin, those obtained with the proteins at high salt con-
elute with retention times very close to dextran centration. As shown in Ref. [18], the salt con-
T-500. This confirms that when the electrostatic centration makes little difference with regards to the
interaction is suppressed at high ionic strength, the retention behavior of the neutral probes. Thus, we
larger proteins are almost completely excluded from can conclude that the electrostatic interaction with
the intraparticle space. The behavior of the smaller the media functional groups is shielded, the proteins
lactalbumin and myoglobin is somewhat different as behave like the correspondingly sized neutral probes.
these proteins gain access to a significant portion of For these conditions, proteins with a radius in the
the intraparticle space (V /V |0.5). Distribution co- range of 3 nm or larger are thus nearly completelye c

efficients were calculated according to: excluded from the media. The largestK value isD

found for lactalbumin. However, this value is still
Ve less than one half the value determined for glucose.
]2´bV HETP values were also calculated for each solutec
]]]K 5 (2)D using the tangent method and the results are shown12´b

in Table 3 ash 5HETP/d . Although this is only anp

The elution volumeV /V was obtained from the first approximation because of the relative peak skewnesse c

moment of the elution peaks. The results are shown [29], it still provides a useful lower-bound estimate
in Fig. 3 along with values previously obtained for of the actual HETP. For the conditions of our
glucose, PEG, and dextran standards [24] plotted as a experiments, the HETP is given by:
function of the solute radius. For glucose, the PEGs,

2´ D1 k9 10and the dextrans this was calculated as shown in Ref. b 0
]]] ]] ] ]S Dh 5 a 1 1 (3)F G[24], while for the proteins it was calculated as the 30 12´ 11 k9 Sh Db e

radius of gyration from the free solution diffusivity
data (see Table 1) [27]. There is a good agreement wherek95 (12´ ) K /´ is the retention factor,b D b
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Table 3 ¯sponding protein concentrations in the particle,q, are
Parameters from isocratic elution experiments in 50 mM Tris–HCl given in Fig. 5, both as a function of time. The
buffer containing 500 mM NaCl

former was measured directly and the latter was
Solute K h D /DD e 0 obtained from a material balance. As seen in Fig. 5,
Glucose 0.70 12 0.58 the uptake rates are obviously smaller with the larger
Lactalbumin 0.28 46 0.041 proteins and, in each case, increase as the initial
Myoglobin 0.18 35 0.031 protein concentration is increased from 0.2 to 1 mg/
Ovalbumin 0.095 25 0.032

ml. However, increasing the initial protein concen-BSA 0.057 17 0.038
tration further to 2 mg/ml results in only a relativelyConalbumin 0.034 15 0.024

IgG 0.0098 13 0.0065 small increase in the uptake rate. As seen in Fig. 4,
Ferritin 0.0042 13 0.0013 the initial portion of the curves showingC /C vs.0
Dextran T-500 0 11 0 time obtained with different initial concentrations are

coincident for a substantial length of time. This
behavior suggests that the external film mass transfer

Sh 5 k d /D is the Sherwood number,D is the resistance controls the initial rate of adsorption.f p 0 e

effective pore diffusivity, andv95 vd /D is the The batch uptake of BSA on BRX-Q has previous-p 0

reduced velocity [30]. Since for our experimental ly been shown to be consistent with a homogeneous
conditionsSh is expected to be larger than 10 while diffusion model given by the following equations
D /D is expected to be less than unity [30], the [25]:e 0

term in brackets is dominated byD /D . Moreover,e 0 D≠q ≠ ≠qs 2the a-term in Eq. (3), which accounts for axial ] ]] ]5 Sr D (4)2≠t ≠r ≠rrdispersion, can be estimated from the results for
dextran T-500, for whichK |0. It should be noted t 5 0, q 5 0 (4a)D

that, in general, thea-term is also affected by the
≠qreduced velocity (cf. Knox equation). However, in ]r 5 0, 50 (4b)
≠rour case, this effect was likely small since the

reduced velocity was high, around 100 for glucose ≠q
]r 5 r , q 5 q , D 5 k C 2C (4c)s dp i s f iand greater than 570 for the proteins. Thus, the term ≠r

D /D can be estimated from these data. As seen ine 0 V ¯ 3k VdC dqM f MTable 3, the HETP decreases as the protein size] ]] ]]5 5 2 C 2C (5)s didt V dt r Vpincreases. This apparently inconsistent result is due
to the fact that theK values are very small. As aD ¯t 5 0, C 5C , q 5 0 (5a)0result, the term k9 / 11 k9 in Eq. (3) plays as d
significant role. This term decreases asK decreases. whereq is the adsorbed protein concentration,D isD s

The D /D ratio is very small (#0.041) for all the the effective diffusivity,r is the particle radius,k ise 0 p f

proteins studied indicating a large diffusional hin- the external film mass transfer coefficient,C and Ci

drance under these non-binding conditions. For are the protein concentration in the bulk fluid and the
glucose, on the other hand, this ratio is about 0.58 particle surface, andV and V are the solution andM

suggesting that this small molecule encounters little adsorbent particle volumes, respectively.C variesi

diffusional hindrance. In this case, band spreading is with time and is related toq t,r 5 r through thes dp
dominated by axial dispersion. adsorption isotherm, Eq. (1). This model assumes

that the intraparticle mass transfer flux is propor-
3 .3. Adsorption kinetics tional to the gradient in the adsorbed protein con-

centration in the particle.
Batch uptake curves in 50 mM Tris–HCl buffer A numerical solution is required in general. How-

showing the normalized fluid phase protein con- ever, when the isotherm is very favorable, as in our
centration,C /C , for lactalbumin, ovalbumin, conal- case, the following two asymptotic limits exist [31],0

bumin, and IgG are given in Fig. 4 and the corre- dependent on the parameter:
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Fig. 4. Batch uptake curves for (a) lactalbumin, (b) ovalbumin, (c) conalbumin, and (d) IgG in 50 mM Tris–HCl buffer showing the
normalized fluid phase concentration as a function of time for different initial concentrations. Solid lines are calculated with the
homogeneous diffusion model with parameters in Tables 2 and 4.

2 2`k r C ¯ n p D t1 q 6 1f p 0 s
]]]] ] ] ] ]]]d 5 (6) 512 O exp 2 (8)2 2 2S D5 D q q p n rs m m n51 p

It can bee seen that these two asymptotic limits areWhend ,1, the external film resistance is dominant
consistent with the experimental trends. For shortand the solution is approximated by:
times and low initial concentrations, the data con-

3k V form to Eq. (7) with the ratioC /C being in-C f M 0
] ]]5 exp 2 t (7)S D dependent ofC . Conversely, at high initial con-C r V 00 p

centrations, the uptake rate exhibits only a small
Conversely, whend 4 1, intraparticle diffusion is dependence onC , consistent with Eq. (8).0

completely dominant and the solution is approxi- The solid lines in Figs. 4 and 5 were obtained
mated by: from the numerical solution of Eqs. (1), (4) and (5).
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Fig. 5. Batch uptake curves for (a) lactalbumin, (b) ovalbumin, (c) conalbumin, and (d) IgG in 50 mM Tris–HCl buffer showing the protein
concentration in the adsorbent particles for different initial protein concentrations. Solid lines are calculated with the homogeneous diffusion
model with parameters in Tables 2 and 4.

The equations were solved numerically by orthogon- initial concentration while intraparticle transport
al collocation as discussed in Ref. [32] using the becomes dominant whenC $ 1 mg/ml.0

equilibrium parameters in Table 2. The film mass Thek values obtained in this study are consistentf

transfer coefficient was obtained by fitting Eq. (7) to with values typically found for proteins in agitated
the uptake data atC 50.2 mg/ml, while the dif- vessels, as well as with the values predicted from0

fusivity was obtained by matching experimental and engineering correlations for mass transfer to small
calculated curves at 1 and 2 mg/ml initial protein particles [23,33]. As expected, these values become
concentrations. The values of the fitted parameters smaller for the larger proteins, as a result of the
are shown in Table 4. The calculated values ofd smaller solution diffusivity. TheD values decreases

included in this table demonstrate that the external with protein size much more dramatically, as can
film resistance is in fact dominant at 0.2 mg/ml also be expected. However, the fittedD valuess
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Table 4
Kinetic parameters obtained from the homogeneous diffusion model at different initial protein concentrations in 50 mM Tris–HCl buffer

29 2Protein k D (10 cm /s) D C /D q d 5 k r C /5D qf s e 0 s m f p 0 s m
23(10 cm/s)

1 mg/ml 2 mg/ml 1 mg/ml 2 mg/ml 0.2 mg/ml 1 mg/ml

Lactalbumin 2.1 6.0 8.0 0.019 0.028 0.27 1.6
Ovalbumin 1.4 5.0 7.7 0.013 0.017 0.23 1.4

aBSA 1.0 2.4 2.4 0.034 0.068 0.53 2.6
Conalbumin 1.2 3.5 4.5 0.028 0.015 0.27 1.5
IgG 0.75 1.0 1.1 0.011 0.015 0.89 4.5

a From Ref. [24].

appear to increase somewhat as the initial protein respect to the free solution diffusivities are shown in
concentration is increased from 1 to 2 mg/ml. For Fig. 7. As seen in Fig. 6, the shrinking core model
other ion-exchange media, intraparticle diffusion of does not provide a good fit of the uptake curves at
proteins has been shown to be consistent with a the higher initial concentrations. At 0.2 mg/ml the fit
driving force written in terms of the chemical is better. However, it should be noted that with the

˜potential gradient [22,34]. In this case, a certain shrinking core model, only a minimum value ofDe

concentration dependence of the effective diffusivity can be determined at this initial concentration, since
D could be expected [35]. Another explanation for higher values would provide an equally good fit. Ass

these trends could be thought to be the existence of a is shown in Fig. 7, the diffusivities derived from this
parallel transport mechanism with a driving force model depend strongly on concentration and, in
expressed in terms of the fluid phase concentration. many cases, are several times greater than the free
This would correspond to protein molecules diffus- solution diffusivities, which is inconsistent with the
ing within the particle without interaction with the underlying assumption of diffusion in a macroporous
electrostatic potential field at the pore wall. How- medium. By comparison, the diffusivitiesD ob-s

ever, as shown by the chromatography results in tained from the homogeneous diffusion model are
Section 3.2, without binding these proteins access much smaller than the corresponding free solution
only a small fraction of the particle volume while the diffusivities, as could be expected for diffusion in a
ratio D /D is very small. We can estimate thee 0

relative importance of this potential contribution to
the mass transfer flux, by considering the ratioD C /e 0

D q [30]. As seen in Table 4, this ratio, represent-s m

ing the relative rates of pore and adsorbed-phase
diffusion, has rather small values indicating that at
these concentrations the contribution to the overall
mass flux of the diffusion of protein molecules
present within the particle but unadsorbed is very
small.

An alternative approach to illustrate this effect is
to fit the experimental uptake rate data with the
so-called shrinking core model [30] using an appar-

˜ent pore diffusivityD as a fitting parameter and thee

previously determined values ofk . This modelf

assumes a rectangular isotherm, which is a good
approximation for our experimental system. Typical
results are shown in Fig. 6 for ovalbumin. The Fig. 6. Batch uptake curves for ovalbumin fitted with the shrink-
resulting apparent pore diffusivities normalized with ing core model.
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occurs through a small-pore gel network, the ad-
sorbed proteins diffuse while interacting strongly
with the charged functional groups attached to the
polymeric backbone. For these conditions, a depen-
dence of diffusivity on this complex set of factors
can be expected. On the other hand, the simple
homogeneous diffusion model appears to capture the
most important trends and permits a prediction of the
column behavior of this adsorbent as previously
demonstrated [18,25].

Lastly, the adsorption kinetics of ferritin was not
investigated due to the very low capacity of the
adsorbent for this protein. It is likely that the uptake
of ferritin would be dominated by binding near the
surface of the particle.

4 . ConclusionsFig. 7. Ratio of apparent pore diffusivities and free solution
diffusivity determined from the shrinking core model fit of the
experimental uptake rate data. We have studied the equilibrium uptake, SEC

behavior, and adsorption kinetics of several different
gel-medium [36]. Nevertheless, the high uptake rates model proteins with molecular masses in the range
observed experimentally for this material are still 15 000 to 450 000 on BRX-Q, an acrylamido-based
predicted by this model since the rate of diffusion is anion-exchanger. This material is composed of dense
dependent on the product ofD and the adsorption polymer aggregates interspersed in a gel-like phases

capacity, which is very high. Although not physically yielding a material that can withstand high flow-rates
meaningful, the apparent pore diffusivity values in packed columns but which also has a very high
shown in Fig. 7 still provide a measure of the protein adsorption capacity. At a high salt con-
enhancement of mass transfer rates resulting from centration, when the electrostatic interaction respon-
favorable partitioning of these proteins in the par- sible for binding is shielded, BRX-Q nearly com-
ticles [11,23]. These values can be compared directly pletely excludes neutral macromolecules and large
to effective pore diffusivities determined for macro- proteins, such as BSA. Smaller proteins, however,
porous media where intraparticle transport is actually such as lactalbumin, are able to gain access to a
limited by diffusion in large, liquid-filled pores. small but significant fraction of the intraparticle

When comparing theD values obtained for the volume. At a low salt concentration, the situation iss

different proteins in BRX-Q, it is interesting to note completely different. In this case, the adsorption
that although the diffusivity generally decreases with capacity for proteins as large as IgG is very high as a
molecular mass, the trend is not completely con- result of the favorable interaction with the charged
sistent with that of the free solution diffusivities. In functional groups in the media. Adsorption rates are
particular, there is a much more pronounced effect of also very rapid for these conditions. In fact, when the
protein size. Moreover, conalbumin appears to have driving force for intraparticle diffusion is expressed
a somewhat larger diffusivity than BSA in spite of its as the concentration gradient in the fluid phase,
larger size. The reasons for this behavior are not diffusion coefficients several times greater than the
known. However, it is likely that diffusional trans- free solution diffusivity are required to fit the data. A
port in BRX-Q is affected by a complex set of homogeneous diffusion model was found to be more
factors including not just molecular size but also the consistent with the experimental uptake rate data
net charge, the charge distribution, and the shape of predicting the experimentally observed trends with
the diffusing molecules. Since in BRX-Q transport respect to protein concentration. Although the corre-
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sponding diffusivity values are small and decline d parameter defined by Eq. (5)
rapidly as the protein size is increased, high mass ´ extraparticle void fractionb

transfer rates are predicted because of the very
favorable partitioning of these proteins on BRX-Q.
From a practical viewpoint, the high adsorption A cknowledgements
capacity and rapid rates can be predicted to translate
in high dynamic binding capacities that are generally This research was supported by Bio-Rad Lab-
desirable for capture applications. oratories Inc., and NSF Grant No. CTS-0079334.
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