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Protein mobility at solid–liquid interfaces can affect the perfor-
mance of applications such as bioseparations and biosensors by
facilitating reorganization of adsorbed protein, accelerating mo-
lecular recognition, and informing the fundamentals of adsorp-
tion. In the case of ion-exchange chromatographic beads with
small, tortuous pores, where the existence of surface diffusion is
often not recognized, slow mass transfer can result in lower resin
capacity utilization. We demonstrate that accounting for and
exploiting protein surface diffusion can alleviate the mass-transfer
limitations on multiple significant length scales. Although the sur-
face diffusivity has previously been shown to correlate with ionic
strength (IS) and binding affinity, we show that the dependence is
solely on the binding affinity, irrespective of pH, IS, and resin ligand
density. Different surface diffusivities give rise to different protein
distributions within the resin, as characterized using confocal mi-
croscopy and small-angle neutron scattering (length scales of micro-
meter and nanometer, respectively). The binding dependence of
surface diffusion inspired a protein-loading approach in which the
binding affinity, and hence the surface diffusivity, is modulated by
varying IS. Such gradient loading increased the protein uptake effi-
ciency by up to 43%, corroborating the importance of protein sur-
face diffusion in protein transport in ion-exchange chromatography.

surface diffusion | protein–surface interaction | protein transport | dynamic
binding capacity | small-angle neutron scattering

Protein diffusion on surfaces is prevalent in biological events
such as the diffusion of reparatory protein complexes on

dsDNA for break repair (1) and of surface-mobile amyloid-β
peptides in enhancing fibril formation, associated with neuro-
generative diseases (2, 3). Protein surface diffusion can also
impact the performance of microcapillary immunosensors (4, 5)
and of label-free technologies such as surface plasmon resonance
sensors (6) and chromatography (7). The phenomenon has also
been invoked in analysis of preparative ion-exchange chromato-
graphy (IEX) of proteins, an enabling technology for high-
selectivity adsorptive purification of proteins based on differ-
ences in their charge properties. The chromatographic beads
used for IEX feature narrow, tortuous pores to maximize the
surface-to-volume ratio, making intraparticle diffusion the rate-
limiting factor in protein adsorption. Inside the particle, diffu-
sion can occur in the liquid pore space (pore diffusion) and
potentially on the resin surface (surface diffusion), as shown in
the simplified schematic in SI Appendix, Fig. S1 and refs. 8 and 9.
On the particle length scale, such surface diffusion can enhance
the protein uptake rate and consequently also the process effi-
ciency. Surface diffusion can also increase the local capacity for
protein adsorption beyond what is anticipated for random se-
quential adsorption by allowing rearrangement of adsorbed
molecules to improve the packing efficiency. In both these cases,
modulation of the protein diffusivity on the surface (Ds) can
provide an additional means to improve performance. However,
protein surface diffusion is not sufficiently well accepted to be
used by design to enhance performance.

Surface diffusion of small molecules (10–12) and polymers
(13–16), unlike that of proteins, has been widely reported in
liquid–solid systems. In reverse-phase liquid chromatography,
hydrocarbons have been reported to diffuse at the interfacial
region near the end of the alkyl chains of the stationary phase
(17–21). Surface diffusion of proteins is more difficult to study
due to their size and anisotropic structures, as well as their
stronger adsorption. For conditions relevant to IEX, where
protein-surface attraction is governed mainly by electrostatic in-
teractions, the surface diffusivity of bovine serum albumin (8, 22,
23) and ferritin (24) on flat charged surfaces has been measured.
However, for structurally intact IEX particles, direct observation
of the surface is difficult and surface diffusion has been inferred
with the aid of mechanistic chromatographic modeling (9, 25).
Differences in protein uptake patterns among resins of different
structures, observed by confocal microscopy, could be explained by
the presence of surface diffusion but with a variable Ds (26, 27).
For mechanistic models accounting for surface diffusion, the de-
pendence of Ds on protein concentration (12, 28, 29), ionic
strength (8, 25), and binding strength (9) has been reported,
warranting a consistent and more comprehensive investigation
into protein surface diffusion in IEX. An extensive understanding of
protein surface diffusion in IEX can inspire engineering measures
that can reduce losses associated with what the Food and Drug
Administration describes as inefficient and wasteful manufacturing
(30) of increasingly prevalent (31) and costly therapeutic proteins.

Significance

Direct measurement of protein diffusion at a solid–liquid in-
terface, unlike that in a bulk liquid phase, is challenging, par-
ticularly in complex adsorbent geometries. As a result there is
disagreement as to whether surface diffusion contributes sig-
nificantly to protein transport into porous ion-exchange chro-
matography (IEX) beads. We provide complementary evidence
supporting the role of surface diffusion in protein transport
into IEX media and show that the diffusivity depends explicitly
on adsorption affinity. Exploiting this relationship, we further
present an innovative procedure for loading protein onto a
column that increases the column productivity by 43% for
purification of a monoclonal antibody. We therefore provide a
multipronged approach for investigating protein surface dif-
fusion and validate its significance in protein transport.
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Bridging a gap between idealized investigations and practical
applications, we have investigated the role of surface diffusion
in the uptake of an industrially relevant protein, a monoclonal
antibody (mAb), onto commercial resins. We probed the vari-
ability of protein Ds and its dependence on parameters per-
taining to protein adsorption, such as buffer pH, ionic strength
(IS), and the adsorbent ligand density. Using our findings, we
developed a gradient method of protein loading that signifi-
cantly increases resin utility. As was done in the prior studies
noted above, we estimated Ds using a mechanistic column
model. However, the impact of surface diffusion on protein
uptake was also investigated via microscale observations by
confocal microscopy and nanoscale structure characterization
by small-angle neutron scattering (SANS) to corroborate and
expand the model insights. This multipronged approach in-
formed the exploitation of the surface diffusivity to increase
protein uptake, transcending the customary perception that it
limits protein uptake.

Results and Discussion
Surface Diffusivity of a Protein Depends Inversely on Its Binding
Strength. Although qualitative confirmation of the importance
of surface diffusion in protein chromatography is provided by
confocal microscopy observations, quantitative estimates of Ds
are usually obtained by fitting column data to mechanistic
models. Models that account only for pore diffusion provide
acceptable uptake predictions for small proteins such as lyso-
zyme (32) and cytochrome c (SI Appendix, Fig. S2) but not for
mAbs (ref. 33 and SI Appendix, Fig. S2). Incorporation of surface
diffusion leads to a more accurate prediction of protein uptake
(SI Appendix, Fig. S2), including of mAbs, and allows Ds to be
estimated. Fitted surface diffusivities for an mAb on Fractogel
SO3

− at various pH values are plotted in Fig. 1A and show a
systematic increase with increasing IS, consistent with prior re-
ports (8, 25, 34). The same data plotted against the adsorption
equilibrium constant, Keq, estimated from the same model fits
(Fig. 1C), collapse onto a single curve, indicating that Ds is
primarily a function of protein binding affinity. Similar results
are obtained for Fractogel variants with different ligand densities
(Fig. 1 B and D), although the effect of ligand density is smaller
than that of pH. The correlation of Ds with Keq is also consis-
tent across resins with differing architectures, specifically ones
lacking the polymer functionalization of Fractogel (SI Appendix,
Fig. S3).
The dependence of the surface diffusivity on parameters such

as IS, pH, and resin ligand density is therefore predominantly
through their effect on Keq. That the tendency for a protein to
diffuse on the adsorbent surface is a function of how strongly it is
bound to the surface has been surmised and modeled (9) pre-
viously, but the direct relationship of Ds to Keq that emerges
from our data provides quantitative confirmation. Operationally,
the results in Fig. 1 A and B show that Ds can be modulated by
changing the IS or by using a resin with a different ligand density.
The very low values of Ds below 50–70 mM IS reflect the strong
adsorption in the absence of significant screening of Coulombic
attraction. This effect has been modeled on IEX resins (9, 34)
and observed across enzyme-immobilized substrates (8).
In IEX operation, the lower Ds at a lower IS results in slower

uptake into particles in the column, as a result of which more
protein leaves the column prior to saturation of the resin beads
(35, 36); this is seen in the shallowness of the protein uptake
curves presented in Fig. 1E. To avoid unnecessary product loss in
preparative operations, the protein feed is usually stopped be-
fore this breakthrough occurs and the amount of protein bound
at this point is termed the dynamic binding capacity (DBC). The
steeper the breakthrough is, the smaller the difference between
the equilibrium and DBCs. However, the benefit of the sharper
breakthrough that results from higher Ds at higher IS is significantly

offset by the associated lower equilibrium capacity, shown in the
table next to Fig. 1E.

Loading by a Decreasing Salt and Protein Gradient Promotes Faster
and More Homogeneous mAb Uptake. In order to leverage the re-
lation between Ds and Keq, the binding strength during sample
loading was modulated by changing the buffer IS to obtain faster
protein surface diffusion initially, but with the final IS low
enough so as not to compromise the DBC. Specifically, the IS
and the protein concentration in the feed were decreased line-
arly during sample loading onto the column, with model simu-
lations used to optimize the protein and salt concentration
ranges. Using the optimal IS range of 155–70 mM, the experi-
mental protein concentration exiting the column is shown for the
mAb at pH 5.0 in Fig. 1E in red, while the simulated amounts
bound to the column are shown vs. column position and time in
Fig. 2 A and B for isocratic (constant IS) and gradient loading,
respectively. The gradient method significantly delayed protein
breakthrough (Fig. 1E) and resulted in a 43% higher DBC than
at 70 mM IS, as evident from the larger area under the blue
surface at a given time in Fig. 2B than in Fig. 2A. Overall, faster
and more sustained protein uptake (Fig. 2B) is achieved com-
pared to that using isocratic loading (Fig. 2A) at a lower IS (35,
37, 38). This is consistent with a higher Ds value during the early
stages of protein loading as a result of the higher IS.
Characterization of the gradient-loaded resin by confocal mi-

croscopy and SANS provides microscopic and nanoscopic in-
formation on the intraparticle protein distribution that confirms
the role of surface diffusion. Confocal micrographs of resin beads

Fig. 1. MAb surface diffusivities estimated by fitting column breakthrough
curves at various pH values (A and C) and resin ligand densities (B and D),
plotted against buffer IS and the estimated protein binding equilibrium
constant. (E) MAb breakthrough and elution curves at 70-, 135-, and 155 mM
IS as well as for a 155–70-mM gradient, all at pH 5. The binding capacities for
the samples in E are shown in the table. Symbols: (A and C) standard resin:
black circles, pH 6.0; green triangles, pH 5.5; red squares, pH 5.0. (B and D)
pH 5.5: blue circles, low; magenta squares, standard; green triangles,
high ligand-density resin.
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imaged after loading of fluorescently labeled mAb to the DBC
under different conditions are shown in Fig. 2E. Isocratic loading
at low IS (70 mM, pH 5.0) gives rise to a core–shell protein dis-
tribution, with very little protein near the center of the particle
(18–20). In contrast, loading at high IS (155 mM, pH 5.0) leads to
a more uniform protein distribution, but at the cost of a lower
total capacity. A similar contrast is seen upon a pH
increase from 5.0 to 5.5 at 70 mM IS (Fig. 2E) because this
decreases the mAb’s net charge and hence weakens its affinity to
the resin, thereby increasing its Ds (Fig. 1A). Unlike for isocratic
loading, gradient-loaded resin beads show the highest amount of
bound protein with a quite uniform protein distribution (Fig.
2E). The radial intensity profiles after protein loading shown
in Fig. 2F are in very good agreement with the corresponding
simulated radial protein distributions shown in Fig. 2 C and D,
specifically the higher protein concentration or intensity at the
shell of the particle when the protein is loaded isocratically at
70 mM IS, with the core remaining undersaturated.
The impact of surface diffusion on the protein distribution was

further probed on the nanoscale––structural features 1–100s of

nanometers––using SANS. Details of the acquisition, interpre-
tation, and modeling of scattering spectra are included in SI
Appendix. Briefly, the resin structure was studied with and
without adsorbed protein using the coherent scattering contri-
bution arising from the contrast between the D2O-buffer-filled
pores and the hydrogen-containing protein and resin. The
scattering spectra of resin beads with and without protein are
shown in Fig. 3 A and B before and after subtraction of in-
coherent background scattering and scaling, respectively. The
large incoherent scattering cross-section of the hydrogen atom
dominates the incoherent scattering manifested in the baselines
of the spectra. This correlates to the protein content (Fig. 3 A,
Inset) in equivalently D2O-exchanged samples in which the
protein is the variable source of hydrogen.
SANS measurements on the neat resin (SI Appendix, Fig. S5A)

showed no detectable changes in resin structure as a function of
IS in the range of the chromatographic salt gradient over the
length-scale range 13–1,500 Å. This is consistent with the small
(5%) increase in Fractogel porosity (39) and virtually over-
lapping small-angle X-ray scattering spectra (40) reported for

Fig. 2. Simulated column-bound protein concentrations during sample loading at pH 5 with a buffer IS of 70 mM (A) or a 155–70-mM gradient (B), and
subsequent elution, all as functions of time and column axial position. The corresponding simulated bound protein concentrations within individual resin
beads at the column entrance are shown in C and D. Time points in C correspond to 0.7 (red circles), 1.5 (red squares), 3.7 (red triangles), 7.3 (red diamonds),
14.6 (maroon triangles), 25.6 (maroon circles), 36.6 (black dashes), and 44.1 min (black crosses), respectively, and in D to 0.7 (red circles), 1.5 (red squares), 3.7
(red triangles), 7.3 (red diamonds), 14.6 (maroon triangles), 36.6 (maroon circles), 58.6 (black dashes), and 146.5 min (black crosses), respectively. Resin particles
were removed from the column and visualized (E) after loading of fluorescently labeled protein in an equivalent manner to the simulation. In both simu-
lations and experiments, the mAb was loaded onto the Fractogel SO3

− (M) column until the DBC was reached. The fluorescence intensity profiles for two
particles from each image in E are plotted as a function of normalized radial position in F. Symbols in F: red circles and maroon triangles, 70 mM, pH 5.0; green
triangles and chartreuse squares, 155 mM, pH 5.0; black circles and gray squares, 70 mM, pH 5.6; navy blue circles and royal blue triangles, 155–70 mM, pH 5.0.
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buffer IS increases of 500 and 80 mM, respectively. Therefore,
changes in the SANS spectra in the protein-loaded samples can
be attributed to protein effects, not to the neat resin. A simple
yet quantitative interpretation of both the neat resin and protein-
loaded samples was obtained by fitting the respective spectra to a
physical model based on the sum of polydisperse hard spheres
(41) and the Lorentz model (42, 43), representing the buffer-
filled intraparticle pores and the hydrated polymer network,
respectively (SI Appendix, Fig. S4). For the neat resin (SI Ap-
pendix, Fig. S5B), this model, termed the “sum model,” fits the
spectra with physically meaningful parameter values (SI Appen-
dix, Table S4).
The model also fits the spectra for the protein-adsorbed

samples in the low-q region (<0.03 Å−1; length scales >200 Å
and therefore comparable to pore sizes) (Fig. 3B); the key fitting
parameter represents the fraction of the “hard-sphere” (pore)
volume that is now occupied primarily by protein rather than
D2O. Protein-filled pores attain a similar scattering length den-
sity (SLD) to that of the polymer network, hence neutrons detect
an effective reduction in the pore volume fraction upon protein
adsorption, as illustrated schematically at the bottom of Fig. 3B.
This is reasonable as an SLD within 15% of the fitted value for
the resin matrix was reported for a D2O-exchanged mAb (44).
The sum model takes a binary view of a pore as either “empty”
or “filled” for ease of analysis. Although realistically there is a
gradient between empty and filled states, this approach allows
the sum model to enable quantitative analysis of SANS data to
obtain insights into the protein distribution on the pore scale.
Comparing the fitted fraction of protein-filled pores for the

isocratic loading experiments at three different IS values shows
that the fraction varies inversely with DBC. Therefore, pore
occupancy reflects not the total protein loading but rather the
distribution of protein within the beads, which is less uniform at
lower IS values, i.e., when surface diffusion is slower. This distribution

on the pore level is consistent with the inference from the con-
focal microscopy data, e.g., the core–shell adsorption pattern
seen at 70 mM (Fig. 2E) is manifested as low pore occupancy in
the SANS data. Therefore, the confocal micrographs, SANS
spectra, and column simulations all demonstrate that the higher
the surface diffusivity during loading, the more uniform the
protein distribution that is seen at the column (centimeters),
bead (tens of micrometers), and pore (tens of nanometers)
length scales. The gradient loading combines this surface diffu-
sion effect with the increased equilibrium capacity at lower IS,
resulting in 2.3× higher pore occupancy than for the 70-mM
sample, with a 43% higher DBC.
The higher-q regions of the SANS spectra indicate additional

features of the protein distribution. The discrepancies in the fits
in Fig. 3B between 0.03 and 0.3 Å−1 (209–20.9 Å) reflect the
scattering from the individual protein molecules and their ar-
rangement with respect to one another, which is not accounted
for in the sum model. The sum model accounts for the presence
of protein only via the contribution of the protein-filled pores.
The individual molecules [∼137 × 83 Å (45)] collectively con-
tribute to the scattering intensity through their shape via the
form factor, shown in light blue in Fig. 3B. These contribu-
tions may be modulated by interprotein correlations, termed the
structure factor, which may be significant given the mAb loadings
of 44–90 mg/mL, with actual local concentrations effectively
much higher. Indeed, the scattering spectrum of the sample with
the highest local protein density and potentially largest inter-
protein correlations, from loading at 70 mM IS, seemingly de-
viates the least from the model fit between 0.03 and 0.2 Å−1 (Fig.
3B), probably due to the masked form factor. A subtle peak at
0.186 Å−1 on the 155-mM sample (arrow in Fig. 3B) suggests a
prominent nearest-neighbor distance of 34 Å between the mAb
molecules, similar to the 37 Å reported for mAb-sorbed chro-
matographic resins (46) and the 31 Å reported for a frozen

Fig. 3. SANS spectra for the mAb-loaded Fractogel SO−
3 (M) resins. The mAb was loaded onto the resin isocratically at 70-, 112.5-, and 155-mM IS, as well as

using an IS gradient of 155–70 mM, until the DBC was reached. The spectra are shown in A with the lower and upper insets showing the background in-
coherent scattering and its correlation to the DBC, respectively. The length scales corresponding to the q space are provided in blue below the abscissa. The
same spectra after background reduction and scaling are shown in B along with the volume-fraction-adjusted sum model (black line) for each curve. The
background-reduced spectrum (dotted blue curve) of 7.4 mg/mL pure mAb in 100-mM sodium acetate buffer in D2O (right ordinate) is included to capture
the mAb form factor. The dashed line is the scattering spectrum of an IgG1 molecule predicted by CRYSON using the Protein Data Bank ID code 1IGY (62). Apart
from the mAb solution, successive curves are shifted by a factor of 6 for clarity. The arrows at 0.187 Å−1 point to a peak of which the position is interpreted to
indicate the nearest-neighbor distance. The lower part of the figure shows the DBC and the percentage of “protein-occupied pores,” along with its pictorial
depiction, for each loading condition.
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171 mg/mL mAb solution (47). Given that the radius of gyration
of a typical mAb is 48 Å (48, 49), an interprotein distance of 34 Å
suggests interdigitation of subunits (49). The equivalent peak for
the gradient loading sample is broader, which may suggest a
broader distribution of nearest-neighbor distances, per our hy-
pothesis that the gradient method promotes mAb surface diffu-
sion in the resin bead. A broad distribution of protein spacing in
a chromatographic resin with a large surface area may mitigate
surface-mediated (50, 51) and self-associated (52–56) protein
conformational changes.

The Leverage Provided by Manipulating Surface Diffusion Increases
with Increasing Protein Size and Affinity. The utility of the gradient-
loading method was evaluated for two different proteins and for
a set of resins differing in ligand density (SI Appendix, Table S2),
which has been shown to affect the adsorption affinity (40). Our
hypothesis was that situations in which baseline transport rates
were lower––larger proteins with lower free-solution diffusivities
and systems with higher adsorption affinity––would benefit more
from the gradient-loading method.
The behavior of the mAb studied above was investigated

on ligand-density variants of the same Fractogel resin used
previously (40, 57). Fig. 4 A and B show SANS spectra for the

neat and mAb-laden low- and high-density variants, with the
mAb-laden samples prepared using both isocratic and gradient
loading, albeit over different IS ranges; the optimal IS range is
narrower for the low-density resin because less screening is
needed to modulate the weaker adsorption. For the high-density
resin (Fig. 4B) at 35 mM IS, the neat and mAb-laden spectra
nearly overlap. The lower surface diffusivity in the high-density
case produces a core–shell adsorption structure with adsorption
mainly around the bead periphery, so the central core of the
bead retains the character of the neat resin. This rationale is
consistent with the lower surface diffusivity reported for strongly
adsorbed amyloid β-peptide on highly hydrophilic surfaces (3). In
contrast, with gradient loading, the spectrum of the mAb-laden
sample deviates significantly from that of the neat resin and 3.5×
more mAb is taken up than at 35-mM IS, showing the appre-
ciable benefit due to the enhanced surface diffusion.
For the low ligand-density resin, in contrast, all modes of

protein loading (Fig. 4A) result in overlapping spectra in the low-
q region, indicating less promotion of protein surface diffusion
during gradient loading in this situation of lower binding affinity.
In the high-q regions (<200 Å), where the presence of protein
molecules and interactions among them contribute to the scat-
tered intensity (46, 47, 58), the nearest-neighbor peak between
126 and 29 Å grows with increasing protein content in the dif-
ferent samples, suggesting similar protein spatial distributions.
However, the corresponding peak ordering does not depend on
protein content for the high-density case as protein distributions
differ among samples due to differences in surface diffusion
during sample loading.
The benefit gained by manipulating protein surface diffusion

depends on its contribution to mass transport relative to that of
protein diffusion in the fluid-filled pore space. While the surface
diffusivity depends on the binding affinity, the pore diffusivity
follows the free-solution diffusivity in varying inversely with the
protein hydrodynamic radius, except if pore constriction is se-
vere. SANS spectra of cytochrome c-laden samples on the high
ligand-density resin acquired after loading to the DBC using the
isocratic and gradient methods (Fig. 4C) are all similar, in con-
trast to the mAb-laden samples (Fig. 4B). Cytochrome c is
smaller than a mAb by about a factor of 10 in molecular mass
and about a factor of 3 in hydrodynamic radius, giving it much
higher free-solution and pore diffusivities. As a result, pore dif-
fusion appears adequate to lead to a fairly uniform intraparticle
distribution even in the absence of enhanced surface diffusion.
The effect of protein size on intraparticle distribution was also
seen for thyroglobulin (660 kDa), which adsorbed predominantly
at the particle surface (59) due to limited mobility at a low IS but
adsorbed more homogeneously at a higher IS.
The deviations in Fig. 4C between the spectra for the protein-

laden and neat samples are evaluated systematically in Fig. 4D,
for the sample loaded at 20 mM IS. The protein form factor
corresponding to the amount of bound cytochrome c (blue) is
added to the spectrum for the neat resin (yellow) and plotted
along with the experimental spectrum (red). The experimental
spectrum is lower in the low-q region because the adsorbed
cytochrome c augments the resin’s fractal features in the 200–
1,500-Å length-scale range; this effect is opposite to that
reported for lysozyme adsorbed in S HyperCel (46, 58), a resin
with a significantly different architecture. In the high-q region,
a clear peak at a nearest-neighbor spacing of ∼33 Å is present
for all three protein-laden samples in Fig. 4C. The similar in-
termolecular spacing at different sample loading conditions
supports our rationale that the higher pore diffusivity of cyto-
chrome c reduces the dependence of transport properties on
the binding affinity because of the reduced importance of surface
diffusion.

Fig. 4. SANS spectra after background subtraction and scaling are shown
for the mAb-loaded resins of low (A) and high (B) ligand densities, and cy-
tochrome c-loaded resins (C and D) of high ligand density. The length scales
corresponding to the q values are provided in blue below the abscissa. (A)
MAb masses of 22.4, 29.4, and 45.4 mg were loaded per milliliter of low
ligand-density resin using buffer IS of 35 mM, 45 mM, and a gradient of
55–35 mM at pH 5.5, respectively, until the DBC was reached. Similar data
at pH 5.5 are shown in B for the high ligand-density resin with mAb loaded at
35 mM (13.6 mg/mL), 65 mM (31.4 mg/mL), and 100–35 mM (46.8 mg/mL) IS,
and in Cwith cytochrome c loaded at 20mM (65.4 mg/mL), 85 mM (75.6 mg/mL)
and 150–20 mM (73.5 mg/mL) IS. (D) The scattering spectrum for cytochrome
c-loaded resin at 20 mM IS (65.4 mg/mL of resin) is shown in red, while the
separate spectra for the neat resin and the cytochrome c solution (65.4 mg/mL)
are shown in yellow and blue, respectively. The mathematical sum of the
spectra for the neat resin and the cytochrome c solution is shown in green. The
arrow points to a pronounced peak, the position of which is interpreted to
indicate the nearest-neighbor distance.

7008 | www.pnas.org/cgi/doi/10.1073/pnas.1921499117 Khanal et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
25

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921499117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1921499117


www.manaraa.com

Conclusions
The absence of a consensus regarding the role of surface diffusion
in IEX of proteins is likely due in part to the variability of the
surface diffusivity with solution conditions. We have shown that
the surface diffusivity is a function of the adsorption equilibrium
constant Keq, independent of the buffer IS and pH and the resin
ligand density. We have furthermore exploited this finding by in-
troducing a method of column loading in which transient manip-
ulation of the buffer IS can allow an appreciable increase in the
protein surface diffusivity and hence in the protein saturation ef-
ficiency and resin utilization. The resulting increase in DBC of as
much as >40% allows loading up to near the equilibrium binding
capacity. Confocal microscopy and SANS measurements provide
complementary evidence that the DBC increase is accompanied
by improved and more homogeneous adsorbent utilization. A
more widespread spatial distribution of adsorbed mAb, particu-
larly in a resin such as Fractogel in which additional adsorption
capacity has been introduced by polymer functionalization,
may result in a reduction in surface-mediated (50, 51) and self-
associated (52–56) conformational changes. The results pre-
sented here provide an indication of where the approach can
have the most impact, namely for larger proteins under high-
affinity binding conditions that are amenable to attenuation by
manipulation of the solution conditions. Our observations and
broadly applicable approaches can help evaluate systems where
protein-adsorbent interaction is mass-transfer limited, such as
other adsorptive systems, biointerfaces, and biosensors. Beyond
capturing the structural features at the end of uptake as has been
done here, of particular value would be distinguishing pore and
surface diffusion mechanisms in situ in the pore space in
real time.

Materials and Methods
Chromatography Experiments. Protein (3–6 mg/mL) was loaded onto a 0.35
mL (0.3-cm inner diameter) column packed with Fractogel SO3

− M-type resin
(SI Appendix, Table S1) across a gradient of 100% buffer A (155- or 100-mM

sodium acetate, pH 5–5.5) to 100% buffer B (0 mg/mL of protein in 70 or
35-mM sodium acetate, pH 5–5.5) at a flow rate of 0.17 mL/min; the two
gradients used were 155–70-mM sodium acetate and 100–35-mM sodium
acetate. The column effluent was monitored by UV absorbance at 280 nm.

Mechanistic Modeling. The general rate model was coupled with a colloidal
isothermmodel to describe the partitioning of solute between the liquid and
solid phases. This model accounts for convection, axial dispersion, external
mass transfer to the particle and pore and surface diffusion inside the particle.
All simulations were performed using the Chromatography Analysis and
Design Toolkit (CADET) (60).

Confocal Microscopy. A solution of Cy3.5-labeled mAb (3–6 mg/mL) with a 3%
molar labeling ratio was loaded onto the chromatography column. The resin
slurry was removed and stored at 4 °C for 12–24 h before visualization
on an inverted Zeiss 710 confocal microscope using a 20× Plan‐Apochromat
(0.8 numerical aperture) M27 objective.

SANS. Protein was loaded onto a packed column as described above, but in a
buffer prepared from 99% D2O. The resin slurry was stored for 24–48 h at
4 °C before spectral acquisition which was performed in quartz window cells
with a path length of 1 mm using the 30-m NG7 SANS instrument at the
National Center for Neutron Research. Raw data were reduced using IGOR
Pro following the standard procedure (61).

Further details of materials, equipment, andmethods used are provided in
SI Appendix.

Data Availability. SI Appendix includes files and tables providing experi-
mental data and parameter estimates.
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