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Abstract
Adsorption behavior is compared on a traditional agarose-based ion-exchange resin and on two
dextran-modified resins, using three proteins to examine the effect of protein size. The latter resins
typically exhibit higher static capacities at low ionic strengths and electron microscopy provides
direct visual evidence supporting the view that the higher static capacities are due to the larger
available binding volume afforded by the dextran. However, isocratic retention experiments reveal
that the larger proteins can be almost completely excluded from the dextran layer at high ionic
strengths, potentially leading to significant losses in static capacity at relevant column loading
conditions. Knowledge of resin and protein properties is used to estimate physical limits on the static
capacities of the resins in order to provide a meaningful interpretation of the observed static
capacities. Results of such estimates are consistent with the expectation that available surface area
is limiting for traditional resins. In dextran-modified media, however, the volume of the dextran layer
appears to limit adsorption when the protein charge is low relative to the resin charge, but the protein-
resin electroneutrality may be limiting when the protein charge is relatively high. Such analyses may
prove useful for semiquantitative prediction of maximum static capacities and selection of operating
conditions when combined with protein transport information.

Keywords
Protein adsorption; Ion exchange; Dextran-grafted agarose

1. Introduction
Ion-exchange chromatography (IEC) is an important tool in the large-scale purification of
proteins. In efforts to improve performance, significant advantages have been realized through
the modification of traditional materials with secondary polymers to which functional groups
are attached. In particular, several-fold increases in dynamic binding capacity (DBC) have been
achieved with such polymer-modified materials, depending on the selected combinations of
pH, ionic strength, and flow rate. However, as the DBC is a complex measure reflecting both
adsorption and transport properties, further study of the mechanistic basis for such
improvements is warranted. In this paper, we focus on how modification with polymers affects
the nature and amount of protein adsorption in IEC.
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Some of the first efforts using polymer modification for IEC resins led to “tentacle-type”
materials in which linear polyacrylamide chains were end-grafted onto commercially available
support matrices [1,2]. One of the major aims of the tentacle structure was to make functional
groups more accessible to solute molecules than they would be in a traditional particle [2]. In
efforts to characterize “tentacle-type” materials [1–9], significant increases in static binding
capacity were observed and were attributed to the ability of protein to adsorb in multilayers
rather than in monolayers as in traditional resins. Multilayer adsorption was postulated to arise
from Donnan equilibrium behavior [9] as the charges on the protein balanced the opposite,
three-dimensionally distributed fixed charges on the resin. An additional advantage of the
three-dimensional distribution of functional groups was recognized to be the potential to reduce
distortion of the solute upon adsorption [2,10].

Applications of linear end-grafted polymers to other ion-exchange formats such as hollow-
fiber membranes [11–15] and monoliths [16,17] may also have influenced the design of
currently available resins. For example, a minimum degree of grafting seems to be necessary
to achieve the “tentacle-type” binding as the grafted polymers may not protrude into the pore
space until they are packed sufficiently closely [16,17], but adsorption capacity increases only
to a finite extent with increased grafting density [15].

Subsequent polymer modification efforts have explored options beyond the end-grafting of
linear polymers [18]. One example is the HyperD resins [19–23], consisting of a functionalized
polyacrylamide gel that entirely fills the pores of a solid support, prompting the “gel in a shell”
nickname. This work, on the other hand, focuses on agarose-based materials with dextran
extenders. Dextran molecules are branched, relatively bulky, and can potentially be anchored
at more than one point in these materials. Therefore, the dextran layer is expected to be less
flexible than the linear end-grafted polymers found in materials such as Fractogel, but will still
leave more open pore space than in resins such as HyperD that are completely filled by gel.

Agarose-based media with dextran extenders have been examined in a number of studies. For
example, Staby and colleagues included the Sepharose XL resins in their efforts to screen a
variety of ion exchangers [24,25]. Other studies have looked more mechanistically at factors
contributing to the DBC values of proteins on Sepharose XL, requiring some characterization
of static capacities [26–30], but were generally more focused on characterization of
intraparticle protein transport. Stone and Carta constructed some of their own XL-like particles,
examining the effect of the dextran molecular weight on chromatographic performance [31],
but were again focused more on transport behavior.

In this work, protein adsorption is characterized on the traditional SP Sepharose Fast Flow (SP
Sepharose FF or SP FF) resin and on the dextran-modified resins SP Sepharose XL (SP XL)
and Capto S. As in other studies, one aspect of this work is to examine adsorption isotherms
under a variety of solution conditions. While some studies focus only on small model proteins
or on the large antibodies that are increasingly produced as therapeutics, this study examines
the role that protein size might play in adsorption by using proteins of a range of sizes.
Additionally, a significant aspect of this work is to use knowledge of resin and protein
properties to rationalize how observed adsorption capacities might be related to the physical
limits of the resins.

2. Materials and methods
2.1. Buffers and protein samples

Monobasic sodium phosphate (NaH2PO4) was purchased from Fisher Scientific (Fair Lawn,
NJ) and used to prepare pH 7 solutions. At this pH, total ionic strength (TIS) values of 2, 6,
and 20 mM were achieved using 1, 3, and 10 mM sodium phosphate, respectively, and ionic
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strengths of 50 and 100 mM were reached using 10 mM sodium phosphate with appropriate
amounts of sodium chloride (Fisher Scientific). Acetic acid was purchased from Mallinckrodt
Chemicals (Phillipsburg, NJ) and formic acid was purchased from Acros Organics (Geel,
Belgium). Solutions at pH 5 and pH 3 were prepared using 10 mM acetic acid and 10 mM
formic acid, respectively, with sodium chloride added as necessary to adjust ionic strength. All
buffers were filtered at 0.22 μm prior to use.

Hen egg white lysozyme was purchased from Sigma-Aldrich (St. Louis, MO). Bovine
lactoferrin was generously donated by DMV-International (Veghel, The Netherlands). A
monoclonal antibody (mAb) was generously donated by Biogen Idec (San Diego, CA). Both
the lysozyme and lactoferrin solutions were prepared by first dissolving the protein into buffer,
while the mAb was provided in a concentrated solution. Lactoferrin required initial
purification, which was achieved using a sodium chloride gradient in pH 7, 10 mM phosphate
buffer on a 28 cm × 1.6 cm i.d. SP Sepharose XL cation-exchange column. Final protein
solutions were prepared by using either 5 or 50 kDa Amicon Ultra4 centrifugal filters from
Millipore (Billerica, MA) to concentrate a sample, rediluting with fresh buffer, and repeating
two additional times to ensure the correct buffer composition in the protein samples prior to
use. Due to the Donnan effect, which can cause differences in pH between the retentate and
permeate because of unequal distributions of ions, some titration with higher pH buffer was
needed to reach the correct pH when preparing samples with less than 10 mM buffer. Protein
solutions were filtered at 0.22 μm and concentrations were determined using UV
spectrophotometry (UV-1700, Shimadzu, Kyoto, Japan) with extinction coefficients at 280 nm
of 2.64, 1.51, and 1.61 cm2/mg for lysozyme [32], lactoferrin [33], and the mAb [34],
respectively. Protein characteristics used in the interpretation of adsorption behavior are
included in Table 1.

2.2. Stationary phases
The traditional resin SP Sepharose Fast Flow and the dextran-modified resins SP Sepharose
XL and Capto S, all strong cation exchangers, were obtained from GE Healthcare (Piscataway,
NJ). Key resin properties are summarized in Table 2. These three resins may be referred to
simply as FF, XL, and Capto, respectively, when it is the base matrix itself, regardless of the
ion-exchange moiety, that is of interest. SP FF consists of an agarose base matrix derivatized
with a sulfonate group on a six-carbon spacer arm [35]. SP XL uses the same agarose base as
SP FF, but 40 kDa dextran (A. Axén, personal communication) is grafted onto the agarose
prior to functionalization such that both the agarose backbone and the dextran can carry
functional groups; the process can result in attachment of each dextran molecule at more than
one point [31]. The use of the same base material in SP FF and SP XL is advantageous for
making direct chromatographic comparisons. Capto S is prepared in a similar manner to SP
XL, using a similar amount of 40 kDa dextran, but a different crosslinking method is used on
the agarose, making the particles more rigid, thereby allowing operation at higher flow rates
(A. Axén, personal communication). Additionally, the manufacturer notes that the sulfonate
group is attached via a shorter spacer arm, residing on an ethyl group instead of the six-carbon
spacer arm found in SP FF and SP XL.

2.3. Capillary tube calibration
The hydrated particle volume, being the volume of the spherical particles themselves in
aqueous solution, was selected as a convenient measure of the amount of resin being used as
it provides a basis for normalization of properties such as adsorbed protein amounts,
independent of particle packing. The procedure for determining the hydrated particle volume
employs blue dextran, which is fully excluded from the pores of the particles, and is based on
comparisons of the elution volumes of injections performed on an empty column and one
packed with particles.
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Injections were performed on a Waters 2695 chromatography workstation (Waters
Corporation, Milford, MA) using a Waters 2996 photodiode array detector to observe blue
dextran absorbance at 280 nm. All injections were performed in triplicate on a 0.5 cm i.d.
column and consisted of 10 μL of 1 mg/mL blue dextran in DI water run at 0.05 mL/min. This
low flow rate was selected to limit compression of the particles. Retention volumes were
determined based on the first moment of the elution profiles. Injections were first run for the
column with the two flow adaptors directly in contact to determine the volume of tubing
between the injection point and the photodiode array, Vd. To dose particles to the column, a
slurry of particles in DI water was first allowed to gravity settle in Wiretrol II 100 and 200
μL capillary tubes (Drummond Scientific Company, Broomall, PA). The settled height of
particles was measured and the particles were added to the column where they were again
gravity settled. The top flow adaptor of the column was adjusted to touch the top of the settled
particle bed without compression and then new injections were run. The hydrated particle
volume, Vhyd, was calculated as

(1)

where Vc is the total column volume determined by multiplying the cross-sectional area by the
measured distance between the flow adaptors and VR is the retention volume of blue dextran
in a packed column. The quantity in parentheses is the interparticle void volume of the column.
A resin-specific calibration factor was determined by dividing the hydrated particle volume by
the settled capillary tube height, allowing for accurate dosing of particles with the capillary
tubes in subsequent experiments.

The calibration factors for the three resins were found to be quite similar, which is not surprising
given the similar particle sizes provided by the manufacturer. The values correspond to
interparticle void fractions of 0.42, 0.38, and 0.40 for FF, XL, and Capto, respectively, which
are similar to those expected for the random packing of spheres gravity settling from a slurry
[36].

2.4. Adsorption isotherms
To measure adsorption isotherms, particles were packed into a small column and washed with
at least twenty column volumes each of DI water, 1 M NaCl, and again DI water, and then
were equilibrated in the desired buffer solution using at least twenty column volumes. The
particles were collected and then Wiretrol II 100 and 200 μL capillary tubes were used to add
known volumes of the equilibrated particles to Eppendorf tubes containing known amounts of
protein in a buffer of the same composition. Solutions were rotated slowly for at least 24 hours
and sometimes for several days as needed to confirm that no additional uptake occurred. After
equilibration, the Eppendorf tubes were spun down and the protein concentration in the
supernatant, C, was measured. The adsorbed protein concentration, q, which includes
unadsorbed protein within the pores of the particles, was determined from a mass balance. Care
was taken to account for the small volume of liquid in the capillary tubes that was added to
protein samples in the process of adding particles, as this extra volume affects the values of
the liquid volume and the initial protein concentration. Unless stated otherwise, all adsorbed
concentrations refer to the mass of protein per hydrated particle volume.

2.5. Electron microscopy imaging
Both transmission and scanning electron microscopy were employed to examine the
differences in protein adsorption and localization in the traditional and dextran-modified
media. These studies focused on FF and XL, as the comparison of these resins most directly
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probes the effect of the dextran. The Q versions of these resins were studied here, but limited
imaging of the SP versions (not included) confirmed that the results are qualitatively similar.

2.5.1. Transmission electron microscopy (TEM) imaging—To prepare the resins for
imaging, 200–800 μL settled volume of Q Sepharose Fast Flow (Q FF) or Q Sepharose XL (Q
XL) was measured using Wiretrol II 100 and 200 μL capillary tubes. The resin samples were
then added to 15 mL of 5 mg/mL α-lactalbumin (Sigma, purity 85%) in a 20 mM phosphate
buffer solution at pH 8. The samples were left rotating in conical tubes overnight (12–14 hours)
to equilibrate. The amount of protein uptake was calculated by mass balance using the
supernatant concentration determined by the absorbance at 280 nm with an extinction
coefficient of 2.01 cm2/mg [37].

All chemicals used for fixing, embedding, and staining the samples were obtained from
Electron Microscopy Sciences (Hatfield, PA). Standard protocols [38] employed in the
preparation of biological specimens for TEM imaging were followed. Resin samples were first
chemically fixed by 1% paraformaldehyde and 1% glutaraldehyde in a 50 mM phosphate buffer
solution, embedded in 3% agarose and cut into 1–2 mm thick strips, and then fixed with 2%
osmium tetroxide for 1–2 hours. Following dehydration in a graded series of glass-distilled
acetone, the samples were infiltrated with the Embed-812 resin kit mixture and cured for 72
hours in a 65°C oven. Sample blocks were faced and approximately 65 nm thick sections were
obtained with a diamond knife (DDK, Wilmington, Delaware) using a Reichert-Jung Ultracut
E microtome. These sections were placed on 200 mesh formvar-carbon supported copper grids
and post-stained with Reynolds lead citrate and methanolic 2% uranyl acetate solutions. Digital
images were acquired with a Mega View II camera (Olympus, Münster, Germany) on a Zeiss
CEM 902 TEM operated at a voltage of 80 kV.

2.5.2. Scanning electron microscopy (SEM) imaging
Samples of Q FF or Q XL with adsorbed protein were prepared and chemically fixed as
described above. After fixation, the samples were dehydrated in a graded series of ethanol,
placed in 30 μm microporous specimen capsules (Electron Microscopy Sciences) and CO2
critical point dried (Tousimis, Autosamdri-815B, Series A). Dry samples were mounted on
aluminum stubs using double-sided sticky carbon tabs. The periphery of each sample was
coated with a thin layer of silver conductive adhesive paint (type 503, Electron Microscopy
Sciences) to enhance conductivity. The samples were then palladium-gold sputter-coated using
a Denton Bench Top Turbo III coater for 2.3 minutes at a current of 30 mA and an argon
pressure of 65 mtorr. Imaging of the samples was carried out using a Hitachi S4700 FESEM
operated in the secondary electron mode with a voltage of 3.0 kV and a working distance of
3–4 mm.

2.6. Isocratic retention
Isocratic retention experiments were performed in pH 7, 10 mM phosphate buffer (lysozyme
and lactoferrin) or pH 5, 10 mM acetate buffer (mAb) with sodium chloride added to adjust
the TIS. The highest TIS values used, namely 1.02 M for lysozyme, 1.52 M for lactoferrin, and
0.7 M for the mAb, were found to be sufficiently high to prevent protein retention. A target
k value on the order of 100 was used to determine the lowest ionic strengths used.

Experiments were run on the same Waters system as used in the capillary tube calibrations,
again with detection by absorbance at 280 nm. Protein solutions were prepared at the same
ionic strengths at which they were to be isocratically injected and eluted. Protein concentrations
ranged from roughly 0.5 mg/mL for the highest ionic strengths, where protein was unretained,
to roughly 5 mg/mL for the most strongly retained samples, as higher concentrations were
needed to ensure that the absorbance signals would be strong enough given the broad peaks.
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Technically, to measure k, concentrations need to remain low enough for adsorption to be in
the linear portion of the isotherm, which may not have held for the lowest ionic strength
samples. However, no concentration effects were discernible, so it is likely that, if there was
any deviation from linearity, samples traveled a negligible distance in the column before
becoming dilute enough to return to the linear portion of the isotherm. Samples consisted of
20 μL injections onto HiTrap 1 mL columns (2.5 cm × 0.7 cm i.d.) run at 0.2 mL/min (≈31 cm/
hr). The first moments of the peaks were used to determine retention times, although the peak
maxima could probably have been used with little error since peaks were generally Gaussian
in appearance. The retention factor, k, was calculated using

(2)

where tR is the retention time of a sample run at the ionic strength of interest, tHS is the retention
time of the unretained high-salt sample, and td is the system dead time as determined by an
injection without the column in place.

3. Results and discussion
3.1. Adsorption isotherms

The focus in this section is on characterization of adsorption behavior, especially in terms of
static capacity (from estimates of isotherm plateau values) and response to changes in ionic
strength. In subsequent sections, properties of the proteins and resins are used to rationalize
the observed behavior. Adsorption isotherms were measured for each protein-resin pairing at
TIS values that were selected based on ranges of interest found in frontal loading experiments
(not shown). The isotherms are shown in Figure 1, with Langmuir isotherm fits to guide the
eye and with all plots on the same axes to aid direct comparisons.

The top row of Figure 1 shows the isotherms for lysozyme on the three resins. The data for
lysozyme adsorption on SP FF have been adapted from those of Dziennik et al. [39,40] by
correcting for the SP FF calibration factor determined in this work. All curves reflect typical
behavior of decreasing static capacity and rectangularity with increasing ionic strength.
However, there are differences in the magnitudes of the responses of the resins to increases in
ionic strength. For example, for the dextran-modified resins, there is only a small decrease in
static capacity between 2 and 20 mM ionic strength, while the same increase in salt for SP FF
results in roughly a 30% drop in static capacity. In examining the magnitudes of the static
capacities, it is clear from the 2 mM data, for example, that the two dextran-modified resins
have higher static capacities than SP FF. SP XL does exhibit a small capacity advantage over
Capto S.

The lactoferrin adsorption data are shown in the middle row of Figure 1. Uptake was found to
be quite slow for this protein, especially for the lowest ionic strength on SP FF. As such, the
lowest protein concentration points may not have been fully equilibrated, making the low-salt
isotherms appear less rectangular than they truly are. This limitation is probably why the 100
mM isotherm on SP FF appears more rectangular than the 50 and 20 mM curves, for example.
Therefore, some care must be made in examining the lactoferrin isotherms, but this concern is
important only for solution concentrations of a few tenths of a mg/mL or less, meaning there
would be limited value in repeating the experiments.

At higher lactoferrin concentrations, interestingly, all three resins have about the same static
capacity at the lowest tested ionic strength of 20 mM. The fact that SP XL and Capto S have
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similar capacities at this low salt concentration is not surprising given the similar lysozyme
behavior. Capto now has the higher capacity of the dextran-modified resins, but the XL capacity
may reach that of Capto at an even lower ionic strength given the greater increase in XL capacity
between 50 mM and 20 mM.

While the subtle reversal in which dextran-modified resin has the higher capacity is of note,
there are two more significant changes in behavior in comparing lysozyme and lactoferrin
adsorption. First, in contrast to the behavior for lysozyme, the static capacity for lactoferrin
drops more significantly for increases in ionic strength on the dextran-modified materials than
for SP FF. This is especially noticeable at 200 mM TIS, where the SP FF capacity is roughly
double those of SP XL and Capto S. The other significant difference from lysozyme behavior
is, as was previously noted, the fact that the SP FF capacity at low ionic strength is now high
enough to be comparable to those of SP XL and Capto S. To understand this behavior, it is
helpful to consider the charge distribution of lactoferrin, which is shown in Figure 2. Unlike
lysozyme, which is globular with a relatively uniform charge distribution [41], lactoferrin is
roughly dumbbell shaped, with one very positively charged patch on the side of one of the
lobes. The high charge likely gives a dominant binding orientation with this patch in contact
with the resin surface, perhaps causing the protein to bind with its longest dimension nearly
perpendicular to the resin surface. Since the rest of the protein is relatively neutral, the
molecules may also be able to pack closely together. This combination of tight packing and a
relatively small footprint on the resin surface could give rise to an anamolously high static
capacity on SP FF.

Isotherms for the mAb (bottom row of Figure 1) are more similar to the lysozyme isotherms
than the lactoferrin ones in that the dextran-modified media again have a clear static capacity
advantage over SP FF at the lowest ionic strength, with the SP FF capacity being only about
half those of the other two resins. The low capacity suggests that the accessible surface area
of SP FF is insufficient to allow adsorption on par with that in the dextran-modified media. In
comparing the ionic strength effects, there are fairly significant differences in the behavior of
the two dextran-modified media. While SP XL and Capto S have roughly the same static
capacity at 6 mM TIS, the capacity of SP XL clearly drops more rapidly with increasing ionic
strength than for Capto S, to the point that the 100 mM curve for SP XL is a bit lower even
than that for SP FF.

3.2. Electron microscopy
TEM images were taken for both low (Figure 3) and high (Figure 4) adsorbed protein
concentrations. The darker areas correspond to the stained protein and the lighter areas
correspond to the void space.

For low protein loading in FF (Figure 3a), the protein seems to bind only on the surface of the
agarose fibers, which is expected based on the resin properties. For XL (Figure 3b), some
binding along the agarose surface seems to be present too, but there are also large dark patches,
suggesting that a significant amount of protein partitions into the dextran layer as well.

At high protein loading, the binding on FF (Figure 4a) is qualitatively similar to that at low
protein loading. Again, this behavior is consistent with the localization of the FF functional
groups on the agarose surface, so the higher amount of adsorbed protein appears to correspond
simply to a higher surface coverage. For XL (Figure 4b), almost all resemblance to FF is lost
at the high protein loading. The primary features are the large patches of protein, which may
be interpreted as the dextran layer being swollen with protein. Therefore, it seems that a
significant reason for the increased static binding capacities of the dextran-modified media at
low salt, as compared to those of FF, is that the dextran layer allows protein to occupy a larger
volume fraction of the particle.
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To provide a three-dimensional view of the differences in protein adsorption on the two resins,
they were also viewed at high protein loading conditions using SEM (Figure 5). As was the
case for TEM, the images for FF (Figure 5a) seem to reflect binding of protein only along the
agarose fiber surfaces, while the images for XL (Figure 5b) suggest that a significant amount
of protein has partitioned into the dextran layer. Comparison of these SEM images for high
protein loading in FF and XL also makes it clearer than in TEM that a significantly larger
volume fraction is occupied by protein in XL than in FF. Although some of the filled volume
in the SEM images may be due to the palladium-gold coating, examining the SEM images in
concert with the TEM images, where this coating was not employed, shows that it is the
difference in bound protein that is primarily responsible for the observed differences between
FF and XL.

3.3. Isocratic retention
Results of the isocratic retention experiments are shown in Figure 6, with earlier data for
lysozyme on SP FF [42] included for comparison. The data, showing k as a function of total
ionic strength in log-log form, are roughly linear, qualitatively consistent with the
stoichiometric displacement model [43], although plotting log k as a function of  [44]
also gives a roughly linear trend. In addition to the k values in Figure 6, retention times are
shown for protein-resin pairings for which k values could not be appropriately defined. These
cases are addressed in the section following this one.

One striking feature in Figure 6 is that the curves for lysozyme on the three resins at pH 7 are
very similar, suggesting that the retention mechanism of lysozyme is quite similar in these
resins. The similarity might result from the use of the same functional group in these resins,
despite the difference in distribution of these groups in the traditional and dextran-modified
materials and despite the shorter spacer arm used in Capto. The similarity is also interesting
given that retention was found to increase with decreasing spacer arm length for SP FF variants,
but that increase may have been due to increased nonelectrostatic interactions with the base
matrix for shorter spacer arms [45], which would not be expected to happen here.

The slope of the linear portion of an adsorption isotherm is indicative of adsorption strength
and is proportional to k. Thus, the k data for the mAb on SP FF show that significant changes
in adsorption strength occur over a fairly low and narrow ionic strength range at the chosen
pH of 5. Since steeper initial isotherm slopes not only indicate stronger adsorption, but also
typically correspond to higher static capacities [46], the rapid changes in k over this low ionic
strength range are consistent with the larger drop in the SP FF static capacity for the mAb than
for lysozyme in going from 6 mM to 100 mM TIS (Figure 1). The curve for lactoferrin on SP
FF reflects significant retention, even at high ionic strengths. This behavior may be due to the
presence of the previously noted (Figure 2) highly charged patch on one lobe of the protein
such that relatively high salt concentrations would be needed to screen the electrostatic
attraction between that patch and the oppositely charged resin effectively. The retention
behavior of lactoferrin on SP FF is consistent with the relatively high static capacity of SP FF
even up to 200 mM TIS.

3.4. Exclusion of larger proteins from dextran layer
Retention factors for lactoferrin and the mAb on the two dextran-modified resins are not shown
in the previous section because these larger two proteins are almost completely excluded from
the dextran layer at high ionic strengths, as evidenced by their early elution. Rather, to give
some sense of the behavior, retention times are shown in Figure 6, where available. Steric
hindrance is expected to be at play in this exclusion, as has been suggested for the exclusion
of macromolecules from polyacrylamide gels [47] such as those found in HyperD [19].
However, there may also be an electrostatic contribution. For example, neutral dextran probes
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of roughly the same size as the mAb can access a much smaller fraction of the pore volume
for Capto than for XL [48] (B. To, personal communication), but at high salt, the mAb itself
can access similar fractions of the pore volumes in the two resins. Regardless of the cause, the
exclusion at high salt confounds the definition of k for these protein-resin pairings since
changes in ionic strength result in changes not only in adsorption strength, but also in accessible
volume.

Comparing the retention times for the mAb on XL and Capto with the k values for the mAb
on FF shows that all the data follow roughly the same trend. This result is consistent with the
similarity of the data for lysozyme on all three resins and is indicative of the fact that the
exclusion behavior does not significantly affect retention at the low ionic strength range of
interest for the mAb at this pH. For lactoferrin on XL, on the other hand, the slope of the
retention time data deviates noticeably from that of the k values for lactoferrin on FF. The
deviation probably arises because the data are at high ionic strengths where exclusion of
lactoferrin from the dextran layer of XL is expected to be significant.

More significant than the difficulty in defining k values is that the exclusion is likely the cause
of the suppressed static capacities for lactoferrin on XL and Capto at 200 mM TIS or for the
mAb on XL at 100 mM TIS. It should be stressed that the high-salt exclusion behavior
encountered here is entirely different from the low-salt electrostatic exclusion mechanism
proposed by Dziennik et al. [49] and Harinarayan et al. [50]. The latter exclusion behavior is
a kinetic effect thought to occur when protein molecules adsorbed on the pore surface repel
other protein molecules that are entering the pore, thereby slowing uptake under conditions
where the static capacity will be high. The exclusion at higher salt here, on the other hand,
seems to be a thermodynamic effect.

Intriguingly, in polymer-modified media with linearly-grafted polymers such as Fractogel, the
polymers seem to collapse at high salt when the charges on the polymers are well screened,
opening the pore space [51] and reducing the binding volume. The dextran in XL and Capto
is branched and is of higher molecular weight than the polymer used in Fractogel, so, combined
with its potential for attachment at more than one point, the dextran would not be expected to
collapse as easily as the polymer in Fractogel. Experimentally, the inability of larger, less
flexible polymer extenders to collapse at high salt has been observed for Super Q-650C [52],
for example. Therefore, the exclusion behavior in XL and Capto causes a loss in capacity, in
spite of a relatively constant binding volume. Thus, media modified with short, collapsible
polymers or with large, comparatively immobile polymers can both suffer significant losses
in static capacity with increasing salt, even though the mechanism of loss is different.

3.5. Relation of resin and protein properties to adsorption properties
Trends such as those observed in the adsorption isotherms in this work can play a significant
role in the optimization of separations, so it is desirable to determine how they are controlled
by the properties of the selected resins and proteins. An effort to do this is undertaken here,
with the emphasis on estimating physical limitations on adsorption capacity in order to put
observed adsorption amounts in context. As such, both available space and available charge
of the resins are considered, as these are two of the most obvious determinants of adsorption.

Using phase ratio and charge density data for traditional media, such as FF, it can be estimated
that proteins bind in proximity to multiple resin surface charges, as is considered in the steric
mass action (SMA) formalism [53]. Thus, under most conditions, the resin charges are too
tightly packed for adsorption to be controlled by available resin charges, suggesting that
available surface area for binding will be limiting. If protein molecules are approximated as
spheres, the jamming fraction of roughly 0.547 in random sequential adsorption (RSA) [54–
57] and the hexagonal packing fraction of  set reasonable lower and upper
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bounds, respectively, for the fraction of the surface area that can be occupied by protein. Such
estimated ranges for lysozyme and bovine serum albumin come reasonably close to capturing
experimental adsorption capacities on traditional media [52]. Estimated ranges for lactoferrin
and the mAb on SP FF, likewise, give reasonable agreement with the experimental values found
in this work. Discrepancies may be due to a number of factors, including sensitivity to the
estimates of the available surface area and the protein radius or neglect of the effects of protein-
protein repulsion and protein orientation.

For polymer-modified resins such as XL and Capto, it is not immediately apparent whether
available resin charge or available binding space will limit adsorption. Also, it is clear that
available surface area is not an appropriate measure of binding space for these resins as use of
this area can lead to severe underestimates of static capacity [52]. Instead, the available volume
for adsorption has been suggested as a more reasonable description of the binding space [18],
consistent with what is suggested by the TEM images (Figure 4) in this work. For media, such
as HyperD, that have pores entirely filled with gel, the binding volume should be simple to
estimate, but the task is less simple for media like XL that have incompletely-filled pores. Thus,
the analysis starts with an estimate of the binding volume in XL.

3.5.1. Dextran volume—While the TEM images (Figure 4) could perhaps be used to
estimate the dextran volume fractions, there is always some danger in using localized properties
to infer global ones or in using two-dimensional projections to study three-dimensional
features. Instead, a more indirect approach is taken to estimate the average thickness of the
dextran layer using inverse size-exclusion chromatography (ISEC) to estimate the pore size
distributions of resins. Differences in the ISEC distribution coefficient, Kd, for FF and XL
should reflect the pore volume that is occupied by the grafted dextran in XL. ISEC results are
available for Q FF and Q XL with glucose used as the smallest probe and dextran of various
molecular weights as the larger probes [52]; these results are reproduced in Figure 7.
Information available from the manufacturer suggests that the identity of the functional group
is the only significant difference between the Q and SP versions of these resins, so it is expected
that results would be similar for the SP versions.

The fraction of the particle accessible to the smallest probe, glucose, which defines the
intraparticle porosity, εp, was found to be 0.79 for both Q FF and Q XL and was also used to
define a Kd value of unity [52]. Given that the intraparticle porosities of FF and XL are about
the same, if there exists a probe that is completely excluded from the dextran layer, one can
associate differences in Kd values for this probe on the two particles with the fraction of the
pore volume that is occupied by the grafted dextran layer. It is apparent that the smallest probes
can penetrate into the dextran layer in XL since the glucose-determined porosity is the same
as for FF and since the Kd values for the smallest dextran probes are quite similar to those for
FF. However, it is also apparent that the larger probes are increasingly excluded from the
dextran layer as the Kd values for XL become significantly smaller than for FF. While larger
probes are more clearly excluded from the dextran layer, they are also increasingly excluded
from FF, so obtaining a definitive measure of the dextran volume is problematic. With this
concern in mind, the dextran probe with a 3.89 nm viscosity radius was assumed to be
completely excluded from the dextran layer because this probe had a small, positive Kd,XL
value and gave the largest experimental value of Kd,FF − Kd,XL, namely 0.59.

To describe the pores of XL, a model accounting for the thickness of the dextran layer can be
employed. From the electron microscopy results in this work, it seems clear that the dextran
layer is heterogeneous. However, since it is really the volume of the dextran layer that is sought,
an estimate of the average thickness of the dextran layer will suffice.
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In a simple approximation, resin pores can be modeled as being cylinders of a single radius,
such that Kd is the fraction of the pore cross-sectional area accessible to the center of a spherical
probe of radius rprobe:

(3)

where Rpore is the entire pore radius and Rlumen is the radius of the open pore space. For a FF-
type pore, shown in Figure 8a, Rlumen = Rpore. A nonlinear fit of theoretical FF Kd values to
the experimental ones yields an estimate of Rpore=24.9 nm. For an XL-type pore (Figure 8b),
an impenetrable dextran layer of uniform thickness, rdex, coating the pore wall is considered,
such that Rlumen = Rpore − rdex. By matching the experimental and theoretical values of
Kd,FF − Kd,XL, a value of rdex=12.2 nm was estimated based on the Kd values of the dextran
probe with a 3.89 nm viscosity radius. Therefore, based on evaluation of Kd,FF − Kd,XL for a
probe of zero radius, the fraction of the pore volume occupied by the dextran layer was
estimated to be 0.74. Application of this analysis to limited data available for the SP versions
of FF [51] and XL [48] (B. To, personal communication) yields an estimated dextran-occupied
fraction of 0.78. This value is similar to that for Q XL, in spite of potential uncertainties due
to the SP data originating in separate studies. The similar results give some confidence that, as
expected from knowledge of the resin properties, the identity of functional group is not an
important factor and that the results for the Q versions of the resins are applicable to the SP
versions.

As a more physically realistic model of agarose materials, we can instead consider the
theoretical value of Kd based on the calculations of Ogston for the space accessible to a spherical
particle in a suspension of randomly oriented rods [58]. The Kd value for the Ogston model is
given by [59]

(4)

where L is the concentration of rods in terms of length per volume and rrod is the radius of the
rod. A nonlinear fit of the Kd data for FF gives values of L = 1.23 · 1015 m/m3 and rrod= 8.15
nm. For XL, the rod thickness in Equation 4 effectively increases by rdex. Fits for this model
yield rdex = 12.0 nm and a dextran-occupied fraction of 0.72, which are quite similar to the
values found from the cylindrical pore model, giving some confidence that the estimates are
reasonable. Comparison of these values with estimates obtained from polymer physics theory
of terminally-anchored polymers (for example, [60]) suggest that a 12 nm thickness is
reasonable, but such estimates are rather imprecise due to inconsistent estimates of
characteristic length scales of dextran in the literature (see for example, [61] for discussion)
and the approximate nature of the theory. Depending on protein size, the estimated 12 nm
thickness of the dextran layer in XL would be sufficient for two to four layers of protein to
reside within the dextran, offering ample space for more adsorption than would be possible for
the anticipated monolayer coverage of protein on the agarose surface of FF.

Unfortunately, the procedure used here to estimate the dextran volume of XL cannot be applied
to Capto. This is because there is no commercially available media with the same base matrix
as Capto, but without dextran modification, which would serve the comparative role that FF
did for XL. Therefore, Capto is not explicitly treated here, but as a first approximation we could
assume that Capto and XL afford similar binding volumes.
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3.5.2. Spatial limitations on adsorption—Estimates of intraparticle porosities are 0.79
[52] and 0.84 [51] for the Q and SP versions of FF, respectively, so the estimate that the dextran
layer occupies 72–74% of the FF pore volume suggests that roughly 60% of the XL particle
volume is available for binding. If the proteins are approximated as spheres, the most dense
packings of face-centered cubic (fcc) or hexagonal close-packed (hcp) give occupied volume
fractions of . Combining this packing fraction with a partial specific volume
of about 0.7 cm3/g typical of most proteins (see Table 1) leads to an estimate that XL affords
the volume for roughly 630 mg of protein per mL of hydrated particle volume. However, this
estimate is much higher than experimental values and uses no protein-specific information. As
a refinement, the hydrodynamic radius can be used instead of the radius of a sphere of
equivalent volume, as the former should more realistically account for protein solvation and
shape. Using hydrodynamic radii of 2.01 nm [62], 3.33 nm [63], and 4.5 nm [64] for lysozyme,
lactoferrin, and monoclonal antibodies, respectively, the respective estimates are reduced to
320, 390, and 290 mg/mL. Some uncertainty in the estimates arises from not considering the
volume occupied by the dextran itself or the actual packing of the aspherical protein molecules,
but values should still prove useful in interpreting the observed binding.

At low salt, experimental XL capacities for lysozyme and the mAb are roughly 340 and 330
mg/mL, respectively, and, as is discussed in the following section, lactoferrin adsorption on
SP XL at pH 5 reaches roughly 400 mg/mL. Thus, despite the approximate nature of the
analysis, the spatial-limit estimates obtained using the hydrodynamic protein radii are within
15% of the maximum experimental static capacities, giving some confidence that this approach
could be used to predict maximum static capacities for other proteins and that available volume
is a reasonable determinant of static capacity in XL. It is not surprising that the estimates are
better for XL than for FF as protein orientation should have less of an effect on protein packing
densities for a fixed volume than for a fixed surface area.

3.5.3. Charge limitations on adsorption—Another factor that can limit static capacity
is that of electroneutrality in the protein-resin systems, that is, to assume that the static capacity
is determined by how much protein would balance the charge on the resin. Since we do not
have any sequence or titration information for the mAb, the analysis here is limited to lysozyme
and lactoferrin, for which net charge as a function of pH is available from experiment or
calculation. For lysozyme, such information is taken from experimental data at 0.1 M ionic
strength [65]. For lactoferrin, net charge information was estimated using the PDB2PQR
program [66], which employs PropKa [67] to estimate the pKa values of the residues. The net
charge versus pH data are summarized in Table 3. In considering the charge on the resins, the
ranges of charge densities provided by the manufacturer were used (Table 2). Resulting static
capacity estimates are included in Table 3. As was alluded to previously, such calculations are
expected to overestimate capacity for FF, but the estimates could be more reasonable for XL
and Capto, in which charges are distributed in three dimensions.

To aid in the interpretation of the charge-based static capacity estimates, additional isotherm
data probing the effect of pH were collected, all at 20 mM TIS, and are included in Figure 9.
The shapes of these isotherms are not all suitable for Langmuir isotherm fits, so no visual fits
are provided. These isotherms are all on the same axes for comparison, but the scales are
different from those used for the isotherms showing the ionic strength effect.

The pH effect isotherms obtained for lysozyme are shown in the top row of Figure 9. For SP
XL and Capto S, the static capacity falls with increasing net charge (decreasing pH). For SP
FF, though, the static capacity is nearly constant over the pH range studied, possibly due to a
balance between increased protein-surface attraction and increased protein-protein repulsion
with increasing net protein charge. Comparison of the lysozyme-FF capacities, which have
values of roughly 180–210 mg/mL, with the charge-limited capacity estimates in Table 3 shows

Bowes et al. Page 12

J Chromatogr A. Author manuscript; available in PMC 2010 November 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that the experimental capacities are significantly lower than the estimated ones, again
consistent with available surface area being the limiting factor.

For XL and Capto, the distribution of charge between the agarose backbone and the dextran
extenders is unknown, so, while the total resin charge is known, the spacing of charges is not.
For XL, the charge-limit estimates are much higher than the experimental values while the
spatial-limit estimates are quite close. This finding suggests that protein reaches it spatial-limit
before enough protein can be adsorbed to neutralize the resin charges. For Capto, on the other
hand, the experimental capacities are on par with those estimated based on the lower end of
the charge density range and it may be that experimental capacities at lower ionic strengths
would better match the charge-limited estimates. It seems that lysozyme alone can roughly
neutralize all of the resin charges and that resin charge rather than available volume will limit
adsorption. Essentially, this suggests that the sparser spacing of charges in Capto may allow
it to take greater advantage of its functional groups than is possible in FF and XL. Interestingly,
Dismer et al. found evidence for a preferred multi-point interaction between lysozyme and SP
XL [68], but is unclear what effect the different spacing of charges in Capto might have on
such interactions.

The pH effect isotherms for lactoferrin are in bottom row Figure 9. One of the most striking
features of these plots is that, at the lowest pH of 3, the isotherm for each resin seems to increase
roughly linearly with protein concentration, but with an apparent non-zero vertical intercept.
While stability was not assessed in this work, previous studies suggest that lactoferrin is stable
at this pH [69], so it is not expected that a non-native state is the cause of this behavior. The
observed isotherm shape likely means that there is strong protein-surface attraction, giving a
steep isotherm slope for solution concentrations up to roughly 0.1 mg/mL, where protein-
protein repulsion should be minimal. Above this concentration, though, strong protein-protein
repulsion may significantly limit adsorption, accounting for the modest increases in adsorption
with increased protein concentration. Perhaps with the exception of the SP FF curve, the pH 3
adsorption capacities do not even appear to plateau over the studied range of protein
concentrations. The experimental capacities for XL and Capto do approach the lower charge-
limited estimates at this pH, but the lack of isotherm plateaus makes it hard to compare the
experimental and estimated capacities meaningfully.

At higher pH values, the charge-limited estimates are well above both the spatial-limit estimates
and the experimental capacities. At pH 5, as was previously mentioned, the XL capacity does
seem to be in agreement with the spatial-limit estimate based on the hydrodynamic radius of
lactoferrin. Since the dextran volume for Capto could not be estimated in the way it was for
XL, it is not known whether lactoferrin is already binding near its spatial limit at pH 7, which
would account for why the capacity does not increase for pH 5 the way it does for XL. In any
case, as would be expected to be true especially at pH 3, protein-protein repulsion could prevent
protein adsorption from reaching charge- or spatially-limited static capacity estimates,
complicating this simple analysis.

4. Conclusions
This work showed that the higher capacities observed in the isotherms for dextranmodified
media at low salt may be achievable simply because the dextran affords a larger protein binding
volume. However, isocratic retention experiments showed that larger proteins can be almost
completely excluded from the dextran layers of these resins at high salt. This exclusion behavior
could have important consequences in resin selection for purification processes in which low-
salt conditions are undesirable or unaffordable.
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Studies often present adsorption isotherms for a variety of solution conditions, but usually only
relative static capacity comparisons can be made as there is no consideration of the physical
limits of the resins. This work showed the value of using basic information about the structure
and charge of the proteins and resins to rationalize observed binding behavior. For traditional
resins, such as FF, available surface area seems to be the factor limiting how much protein can
adsorb. For polymer-modified media, such as XL and Capto, on the other hand, it is an available
binding volume that is generally the strongest determinant of static capacity. Additionally,
though, if the resin charge density is low, as it is for Capto, or the protein charge density is
high, it seems that the condition of electroneutrality can play a part in determining the maximum
adsorption. The semiquantitative analyses in this study should aid in understanding the limiting
factors in adsorption, helping to rationally choose solution conditions to maximize adsorption.
Of course, achieving a high static capacity is not always the end goal in screening solution
conditions, as transport effects are typically very important in column operation, so the
adsorption knowledge gained here must be used in tandem with relevant uptake information.
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Figure 1.
Adsorption isotherms for the indicated protein-resin pairings. The pH is specified for each
protein and total ionic strengths are shown in the top left panel.
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Figure 2.
Surface potential map of pH 7 lactoferrin. The scale bar is in units of kT/e = 0.025 V at 22°C.
The patch visible on the left lobe of the protein can be seen to be very positively charged with
the rest of the molecule being relatively neutral by comparison. The image was generated in
PyMOL and required use of the PDB2PQR [66], PropKa [67], and APBS [76] software.
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Figure 3.
TEM images for low adsorbed protein concentrations, (a) Q Sepharose FF. (b) Q Sepharose
XL.
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Figure 4.
TEM images for high adsorbed protein concentrations, (a) Q Sepharose FF. (b) Q Sepharose
XL.
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Figure 5.
SEM images for high adsorbed protein concentrations. (a) Q Sepharose FF. (b) Q Sepharose
XL.

Bowes et al. Page 23

J Chromatogr A. Author manuscript; available in PMC 2010 November 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Isocratic retention data for the studied protein-resin pairings. Experiments are at pH 7 for
lysozyme and lactoferrin and at pH 5 for the mAb. Open symbols indicate k values: mAb on
SP FF (▽); lysozyme on SP FF (□), Capto S (△), and SP XL (○); lactoferrin on SP FF (◇).
Closed symbols indicate retention times: mAb on SP XL (█) and Capto S (▼;), lactoferrin on
SP XL (▲). Note that the retention times are single data points while the points for k were run
in triplicate.
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Figure 7.
Inverse SEC distribution coefficients as a function of probe size [52].
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Figure 8.
Pore cross sections for idealized cylindrical pores, (a) FF-type pore with relevant radii (i)
Rpore, (ii)rporbee, (iii) (Rpare − rprobe). (b) XL-type pore with relevant radii (i) Rpore, (ii)
rporbee, (iii) rdex, (iv) (Rpare − rprobe − rdex). Note that, for simplicity, the multi-point attachment
of the dextran has not been depicted.
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Figure 9.
Adsorption isotherms for the indicated protein-resin pairings at 20 mM TIS. The pH values
are specified in the top left panel.
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Table 1

Relevant protein properties.

Property Lysozyme Lactoferrin MAb

PI 11.4 [70] 8.8 [71] ≈8
Mw (kDa) 14.3 [72] 78 [73] 144 [74]
Partial specific volume (mL/g) 0.703 [32] 0.725 [33] 0.7 [75,74]
Radius (nm)a 1.6 2.8 3.4

a
Radius of sphere of equivalent volume.
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Table 2

Physical properties of the stationary phases as determined by the manufacturer.

Resin Base matrix Functional group Particle size range, mean (μm) Ion capacity (μmol/mL)

SPFF agarose sulfonate on 6-carbon spacer 45–165, 90 180–250
SPXL agarose with dextran

extenders
sulfonate on 6-carbon spacer 45–165, 90 180–250

Capto S high flow agarose with
dextran extenders

sulfonate on 2-carbon spacer NA, 90 110–140
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