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The use of confocal laser scanning microscopy to study the transport
of biomacromolecules in a macroporous support
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Abstract

Large-pore materials or supports resembling polymer conduits are used as packing material in chromatographic operations. Our ongoing
research has shown that, when modified with peptides or ligands, chitosan beads that are 800�m in diameter and have 3.5% solids can
be used as matrices in bioseparations. The goal of the present study is to evaluate the transport properties of biomolecules in the modified
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hitosan beaded matrices. Batch uptake experiments with fluorescently tagged pure human IgG, human IgA and human IgM wer
o visualize the distribution of binding sites throughout the bead as well as to evaluate restrictions to diffusion, if any, within the sup
hromatographic performance of the macrobeads was first assessed by the classical height equivalent of a theoretical plate HETP
ndependence of HETP on linear flow rates studied suggests that a likely mode of solute transport within the macrobeads may be a
f convection and diffusion-convective components. By using fluorescent-tagged immunoglobulins, the penetration of the adsorb
t different times and different levels of saturation was visually observed. The profiles obtained from dynamic experiments were

o the profiles obtained from finite bath experiments. With an increase in the incubation time, the degree of penetration increas
ead interior was saturated with FITC immunoglobulins at the end point of the finite bath experiment. In the dynamic uptake exper
egree of penetration was found to be a function of the linear velocity and level of breakthrough. The penetration of the bead radiu

ower than the predicted diffusion time, suggests that the mode of transport in the chitosan beads is governed by a combination o
nd diffusive forces.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Optimal design of supports used in process-scale chro-
atography requires a balance among separation factors,

uch as binding capacity and operational flow rates with min-
mal operational times[1]. Flow-through or perfusion chro-

atography contrasts with conventional liquid chromatogra-
hy in that diffusivity in these supports is augmented by con-
ection. By utilizing a convective component of mass trans-
ort, flow-through chromatography reduces retention time of
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the sample while maintaining resolution and high throu
puts.

Mathematical models are most frequently used to
scribe the dynamics of adsorption of protein-ligand inte
tions. Kinetics models are used to predict the parameter
characterize the intraparticle mass transfer mechanisms
eral investigators have approached the prediction of tran
rates using the plate height method to account for the
bined effects of convection and diffusion[2–5]. Although
these approaches have shown to be effective in pred
the effects of transport in particular chromatographic e
ronments, these models present limitations. For exampl
model developed elsewhere[4] is restricted to the case of li
ear equilibrium, where the adsorption and desorption kin
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are rapid and the intraparticle flow field is uniform. This is
not always the case in chromatographic applications. Addi-
tionally, estimates of apparent diffusivities are based on in-
traparticle diffusion models such as pore diffusion or surface
diffusion. These models are not always accurate for vary-
ing solvent conditions. Despite the fact that these models are
useful predictive methods of chromatographic systems, di-
rect measurements of the adsorption of proteins on supports
could be an invaluable tool for the complex tasks of design,
optimization and scale-up of adsorption processes.

The fluid velocities in porous agarose beads were first
observed directly in their natural environment, a packed
chromatographic bed[5]. In a previous study, a microtome
was used to section fluorescently labeled beads to eval-
uate the effects of antibody density on a support’s effi-
ciency [6]. Several groups of researchers have used con-
focal laser scanning microscopy (CLSM) to measure the
uptake of dyes and proteins on individual particles un-
der varying binding conditions[7–11]. Using CLSM, it
is possible to obtain three-dimensional images of indi-
vidual chromatographic support particles that directly il-
lustrate the amount of protein uptake. These studies will
provide a fundamental understanding of protein transport
mechanisms in chromatography, which can serve as a
template for the optimization of chromatographic support
d
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2. Materials and methods

Lyophilized, 95% pure human IgG, lyophilized human
serum albumin, human serum, fluorescein isothiocyanate
(FITC) labeled hIgG, were purchased from Sigma Co.
(St. Louis, MO). FITC conjugated hIgA, FITC conjugated
hIgM were purchased from Jackson ImmunoResearch (West
Grove, PA). Immunoaffinity separations were performed with
a Spectra/Chrom LC column (1.77 cm2/cm), an Amersham-
Biosciences HR 5/5 column (0.5 cm i.d.), an Amersham-
Biosciences C 10/20 column (1 cm i.d.) (Piscataway, NJ),
a Cole Parmer Materflex peristaltic pump (Niles, IL), a Spec-
tronic spectrophotometer (Rochester, NY), and a BioRad UV
monitor (Hercules, CA) was used to monitor chromatography
from Fisher Scientific (Itasca, IL).

2.1. Ligand modified chitosan beads

The preparation and modification of chitosan beads with
a carboxyethyl group containing anionic ligand is presented
in detail elsewhere[12]. Briefly, the beads were first reacted
with a bifunctional epoxide (1,4 butenediol) to install a four
carbon spacer arm and a terminal reactive epoxide (oxirane)
moiety. In a second step, the reactive epoxide groups were
titrated with an aqueous solution of carboxyethyl group con-
taining anionic ligand as detailed elsewhere[12]. The chi-
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We are interested in the fabrication of hydrogel be

ith a macroporous open architecture (Fig. 1) and eval
ation of its utility in chromatographic bioseparations
ur present study we have chosen chitosan as the
al polymer for hydrogel preparation, as it provides a
ary amino group facile substitution and modification.
ave documented the use of modified chitosan bea

he separation of immunoglobulins from biological m
ures elsewhere[14,15]. The goal of this study is to u
erstand the protein transport mechanisms thorough
easurement of intraparticle concentration profiles in
ydrogel beads prepared in our laboratories, using con
icroscopy.

ig. 1. Schematic of bead size and bead structure comparison. Ch
eads used in this study possess a nominal diameter of 600–800�m and a
olid content of 3.5%. The chitosan hydrogel beads employed in this
re 5–20 times larger than conventional small, high surface beads.
osan beads used in this study had a nominal diame
00�m and a solids content of 3.5%, which was determ
y thermogravitametric analysis. Ligochem Inc.TM provided

he carboxyethyl group containing anionic ligand modi
hitosan beads (LMCB) as a generous gift[12].

.2. Porosity determination

Pulse injections of 1 ml were made with blue dextran
oncentration of 0.5 mg/ml to estimate the packed bed o
erstitial porosity under unretained conditions (i.e. disso
n 1 M NaCl buffer). Blue Dextran was detected at 640
sing the online spectrophotometer. To determine the i
article porosity, sodium nitrate at a concentration of 0.0
as pulsed into the system. Sodium nitrate was monitor
10 nm by the online spectrophotometer. Interstitial poro
ε) was determined from the first moments obtained u
arious flow rates using blue dextran by using equation l
elow, there after the intra-particle porosity was determ

rom the first moment data obtained from pulse injectio
odium nitrate. The porosity of the column is related to
rst moment and linear velocity as:

1 = L

u
(εi + (1 − εi)εpb0),

hereb0 equals 1.0 under unretained conditions.

.3. HETP analysis and calculations

LMCB beads were packed in 8.5 cm× 1.0 cm (i.d.) cm
olumn obtained from Amersham-Biosciences. The c
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matographic system was an LC system with a spectroflow
783 detector at 280 nm and a peristaltic masterflex pump
from Cole Parmer (Apple Valley, MN). The absorbance data
from the detector was saved onto a desktop computer in Mi-
crosoft Excel format via a laboratory-built interface mod-
ule. Column plate heights with hIgG were determined by
applying a 15 mg pulse of hIgG at varying linear veloci-
ties through a Pharmacia column (1.0 cm diameter× 8.5 cm
length) under non-retaining conditions by using a loading
buffer containing 0.5 M NaCl. The raw chromatographic data
was imported into a MATLAB routine. The elution profiles
obtained were approximated with a Gaussian profile and the
first and second moments were determined. The total HETP
of the Gaussian profile was determined using the following
equation:

Htot = L

5.54

(
tw,1/2

tr

)2

,

wheretw,1/2 is the width of the Gaussian profile at half-height
andtr is the retention time.

2.4. FITC conjugated hIgG batch experiments

Twelve test tubes were prepared in the following man-
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for 24 h at 4◦C. The reaction was stopped by removing the
supernatant. The beads were resuspended in 1.25 ml of the
respective buffer (10 mM KH2PO4, pH 6.0) to properly wash
the beads of the FITC solution, and the wash was then re-
moved for protein analysis. This cycle was repeated twice.
Beads were stored at 4◦C in a binding buffer until analyzed
by confocal microscopy. Prior to confocal analysis the beads
were sliced in half at the midpoint with a small surgical razor
blade under a laboratory microscope. This was done so that
section scanning could be conducted at the midpoint of the
bead while minimizing optical effects due to adsorption and
light scattering.

2.5. Confocal analysis

FITC prepared samples were viewed using a BioRad
MRC-1024 confocal microscope. This microscope was at-
tached to a Nikon Diaphot inverted microscope (BioRad
Labs. Hercules, CA) equipped with a 15 mW Krypton/Argon
laser and FITC (excitation filter 470–490) filter sets. Indi-
vidual beads were analyzed by horizontal scanning (section
scanning). As a control, unlabeled beads were scanned and
the background of fluorescence was found to be negligible.
The samples were viewed using a 10×, 0.30 plan fluor ob-
jective. The image size for all images was 512× 512 pix-
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er. First, 100�l of water was pipetted into 1.5 ml micr
entrifuge tubes and the volume level was marked. The
roximately 200�l of a 50% (v/v) slurry of LMCB were

ransferred into the microcentrifuge tubes to yield appr
ately 100�l of beads. The beads were allowed to settle
t least 5 min and then adjusted to ensure the appropriat
me level of 100�l. The liquid overlay was then pipetted o
he FITC conjugated hIgG solution was diluted in a bi

ng buffer (10 mM KH2PO4, pH 6.0) to make a 3.75 mg/m
ITC conjugate hIgG solution. 300�l of this solution was
ipetted into all 12 test tubes, which were wrapped with

o provide a dark environment. The tubes were placed o
nd-to-end rotator and allowed to rotate for 24 h at 4◦C. The
eaction was stopped at various times by removing the s
atant, which was stored for analysis of fluid phase pro
oncentration. The beads were then resuspended in 1
f the buffer to properly wash the beads of the FITC solu
nd the wash removed for protein analysis. This cycle
epeated twice. Beads were stored at 4◦C in binding buffer
ntil analyzed by confocal microscopy. The procedure
onducted at 2, 10, 30, 60, 120, 240 min intervals and at
ll experiments were conducted in duplicate. Similar ex

ments were conducted for hIgG-FITC feed concentrat
f 10 and 0.5 mg/ml. Additionally, similar experiments w
onducted with FITC conjugated hIgA and hIgM. Two t
ubes were prepared as described above, yielding app
ately 50�l of beads. The liquid overlay was then pipet
ff. 95�l of a 2 mg/ml solution of FITC-hIgA or FITC-hIgM
ere added to the tubes along with 475�l of binding buffer.
ubes were wrapped with foil to provide a dark envir
ent, placed on an end-to-end rotator and allowed to r
l

ls. Digital images were collected using a Compaq Pro
ia model 300 personal computer with LaserSharp ve
.2 software. Digital images were stored on an Iom
az drive for future analysis using NIH Image vers
.62.

.6. FITC conjugated hIgG dynamic experiments

For this experiment, a Amersham-Biosciences HR 5/5
mn (3.5 cm× 0.5 cm i.d.) was filled with 0.7 ml of LMCB
eads and wrapped in foil to provide a dark environm
he column was equilibrated with a binding buffer (10 m
H2PO4, pH 6.0). A protein solution of 10 mg/ml FITC-hIg
iluted in the same buffer was continuously fed to the col
t a linear velocity of 9.0 cm/min until the absorbance of
ffluent at 280 nm reached approximately 90% of the
oncentration. A similar experiment was conducted usi
:1 FITC-hIgG to pure hIgG 10 mg/ml solution in bindi
uffer, which was fed continuously to the column until
olumn effluent reached approximately 90% of the feed
entration. The column was then washed with the bin
uffer until the absorbance of the effluent at 280 nm rea
ero. Approximate binding capacity values were determ
y making a material balance between the mass of pr

eed and the mass of protein in the fall-through base
00% protein recovery. After each column was washed
olumn matrix was emptied into a 5 ml plastic test tube
overed with foil. The test tubes were stored at 4◦C until
nalyzed by confocal microscopy as described above i
ITC batch methods.
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3. Results and discussion

There is a need to develop chromatographic supports that
can significantly reduce processing times and provide me-
chanical and chemical stability, low pressure drop character-
istics and good fluid-flow properties. To enhance the rate of
separation, efforts have been focused on creating non-porous
particles with a high surface area to volume ratio and on cre-
ating supports that encourage convective mass transfer[13].
Non-porous particles eliminate the limitations imposed by
intraparticle mass transfer, but the small size of these par-
ticles induces process constraints in terms of huge pressure
drops across chromatographic columns. For porous supports
in preparative chromatography, the support matrix should
meet the requirements of rapid transfer of solute (i.e. protein
in feed) to binding sites on bead and high available particle
surface area to enable a high total binding capacity per unit
volume of adsorbent bed.

We are interested in the design and development of sup-
ports and surfaces based on natural polymers like chitosan,
modified starch and alginate for use in biomaterial and
biomedical applications. In particular, we are interested in
the development of novel surfaces and surface chemistries
based on chitosan as the background polymer. As part of our
ongoing research, we have evaluated the chromatographic
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ces. The matrices used in this study are beads with large
diameter; low solid content, low density chitosan constructs
which permit homogeneous ligand utilization throughout the
bead interior. This is in contrast to the small diameter, high
density, high surface area beads with intricate pore-based ar-
chitecture.

First, the chromatographic performance of LMCB was
evaluated by classical HETP analysis. Plate heights were
measured from chromatograms of IgG (Mr = 150 kDa). Ap-
plication of IgG pulses produced asymmetric peaks at lower
flow rates.Fig. 2B compares the experimental plate heights
obtained for the IgG pulses with calculated plate heights by
the modified van Deemter equation for packings showing
forced convective solute transport (Fig. 2A) [16]. At linear
velocities greater than 3 cm/min, the plate height is indepen-
dent of linear velocity, as can be seen inFig. 2B. This behavior
can be attributed to features of diffusion-convective supports.
As a comparison, HETP analysis of classical support, zirco-
nia beads with a particle diameter of 25�m and a pore size of
22 nm, is shown inFig. 2C. The elution profiles obtained with
injections of sodium nitrate were approximated with a Gaus-
sian profile using a MATLAB subroutine and the first and
second moments were determined. The intraparticle porosity
was estimated to be 0.9 and this was found to be in agree-
ment with values reported in literature[13,19]. This is not
s .25%
s

died
s e a
c po-
n mode
o ss of
t ules
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p plate MCB u
n ere de es th
a descri modified
z d from[20].
erformance of LMCB and the results are presented
here[14,15]. Briefly, LMCB was shown to specifically in

eract with immunoglobulins over other serum proteins
lbumin and fibrinogen. In this study we chose FITC tag

mmunoglobulins as the biomolecules of interest. The fo
f this research paper is to understand the transport m
ism of solute biomolecules like Ig’s through macropor
upports. In this study we have used chitosan-based hyd
eads (3.5% solids content and 800�m in diameter) which re
emble a scaffold of polymeric networks (Fig. 1). The matrix
rchitecture of chitosan beads used in this study is diffe

rom all other liquid chromatography bio-separation ma

ig. 2. (A) Effect of intraparticle convection on the HETP of a column
late heights for a conventional support whereas the solid line shows
on-retaining conditions. Column plate heights with protein solutes w
Pharmacia column (1.0 cm× 8.5 cm). Plate heights were predicted as

irconia beads, 25�m in diameter and pore size of 22 nm. Data adapte
l

urprising as the hydrogel beads used in this study are 4
olids.

The independence of HETP on linear flow rates stu
uggests that solute transport within LMCB may involv
ombination of convection and diffusion-convective com
ents. We seek to better understand and elucidate the
f transport within these beads by visualizing the acce

he bead interior with fluorescently tagged hIgG molec
n a dynamic-mode. We hypothesize that if the mechanis
olute transport in LMCB is aided by convective fluxes, t
t bead contacting times [(tb, wheretb = (db/u)] that are fa

ess than the time for diffusion [(tD, wheretD = R2
pεp/5D] of

ed by a modified van Deemter equation (adapted from[16]). Dotted line show
height values for large-pore supports. (B) Plate heights for hIgG on Lnder
termined by applying a 15 mg pulse of hIgG at varying linear velocitirough
bed in the methods section. (C) Plate heights for lysozyme on EDTPA
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the solute within the bead, one should visualize fluorescent
stain within the bead radius. As the beads under investigation
are 3.5% solids, we can assume that they provide an aqueous
environment for solute transport. The extent to which stain is
visible within the bead interior can be taken as a qualitative
measure of the strength of convective forces over diffusive or
diffusive-convective forces.

Prior to a complete analysis of the mechanism of solute
transport, it is useful to determine the layout of binding sites
within the support. The distribution of binding sites was vi-
sualized by immobilizing fluorescent antibodies (IgG, IgA
and IgM) to sites under batch binding conditions. To better
understand the distribution of binding sites within the macro-
porous LMCB, confocal microscopy analysis using horizon-
tal section scanning of individual beads was performed. FITC
labeled hIgG was bound to LMCB beads in an equilibrium
batch experiment. Samples of the beads at defined times were
taken and the hIgG distribution visualized by measuring the
fluorescence profile along the diameter of the bead in a 25�m
deep section below the midpoint. By taking samples at var-

ious time points for three independent feed concentrations
(Co), the progression of protein uptake could be visualized.
Fig. 3shows a series of scanning images for the adsorption of
hIgG to LMCB beads for feed concentrations [Co] of 0.5, 3.75
and 10 mg/ml and with hIgG binding capacities of 1.5, 9.75
and 32 mg of hIgG/ml of beads, respectively. The amount of
hIgG adsorption increases with increasing concentration, as
expressed by the penetration of FITC labeled hIgG in the in-
ternal portions of the bead. Additionally, the amount of hIgG
penetration into the bead also varies with respect to time.
Figs. 4–6show the respective translation into a series of nor-
malized fluorescence profiles. The increased area below the
curves shows an increase in hIgG penetration with increas-
ing concentration. Additionally,Fig. 7 shows the intensity
profiles from hIgA and hIgM for a batch equilibrium bind-
ing experiment. The profiles indicate that, with sufficient feed
concentration, both hIgA and hIgM have diffused throughout
the entire bead cross-section.

Image analysis of individual beads by confocal mi-
croscopy, shown graphically by the intensity profiles, indi-

F
c
m
d
i
p
2

ig. 3. Confocal images of sample chitosan beads (LMCB) from batch upta
ompletion of the binding step the beads were washed copiously with a low
icroscope. Panel A depicts the confocal images obtained when the beads
epicts the confocal images obtained when the beads were incubated with h

mages obtained when the beads were incubated with hIgG-FITC at a feed c
anels A, B and C are 1.5, 9.75 and 32 mg hIgG/ml of beads, respectively. S
5�m deep z-section scan at the midpoint of the bead.
ke of hIgG. LMCB were incubated with hIgG-FITC in a static mode and upon
salt wash buffer. The beads were then sectioned and viewed under a confocal

were incubated with hIgG-FITC at a feed concentration (Co) of 0.5 mg/ml. Panel B
IgG-FITC at a feed concentration (Co) of 3.75 mg/ml. Panel C depicts the confocal
oncentration (Co) of 10.0 mg/ml. The corresponding to binding capacities [Qx] in
amples were taken at defined times as shown. Images were obtained by taking a
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Fig. 4. Normalized fluorescence intensity profile (I/I0) vs. bead radius.
LMCB were incubated with labeled hIgG at feed concentration of 0.5 mg/ml
FITC-hIgG in a batch mode. The coupling step was stopped at various in-
cubation times, beads were washed and beads were scanned by confocal
microscopy. Binding capacity was calculated to be 1.5 mg FITC-hIgG/ml
bead. Normalized intensity plots correspond with images on panel A in
Fig. 3.

cates that fluorescently tagged Ig molecules were distributed
throughout the entire support cross-section. Thus, it appears
that for molecules as large as IgM (Mr = 900 kDa) there are no
apparent steric hindrances to encumber diffusional transport
to the interior of the bead, and binding sites are distributed
throughout the bead.

3.1. Dynamic FITC labeling

To determine the mode of mass transport within LMCB,
uptake experiments were conducted in column-mode using a
10 mg/ml protein feed solution at linear velocities of 1.1 and
9.0 cm/min. These experiments were conducted in a chro-
matographic column packed with LMCB beads, which pro-
vides for the analysis of hIgG uptake in a natural purification
setting.Fig. 8 shows a series of horizontal scanning images
for the adsorption of hIgG to LMCB beads for the two linear
velocities. The first set of images represents hIgG uptake for
a feed concentration of 10 mg/ml where the column was fed
continuously until the outlet concentration reached approx-
imately 90% of the feed concentration at a linear velocity
of 9.0 cm/min. The loading step of the column operation re-

Fig. 5. Normalized fluorescence intensity profile (I/I0) vs. bead radius.
LMCB were incubated with labeled hIgG at feed concentration of
3.75 mg/ml FITC-hIgG in a batch mode. The coupling step was stopped
at various incubation times, beads were washed and beads were scanned by
confocal microscopy. Binding capacity was calculated to be 9.6 mg FITC-
hIgG/ml bead. Normalized intensity plots correspond with images on panel
B in Fig. 3.

quired a total of 2.78 min and the wash step was conducted
at the same velocity. In most experiments conducted under
these conditions, the signal returned to baseline in less than
a minute. The second set of images represents hIgG uptake
for a feed concentration of 10 mg/ml, where the column was
fed continuously until the outlet concentration reached ap-
proximately 90% of the feed concentration at a linear ve-
locity of 1.1 cm/min.Figs. 9 and 10show the corresponding
intensity profiles of LMCB beads across the particle diam-
eter.Fig. 10shows the intensity profile for a linear velocity
of 9.0 cm/min. At the midpoint of the bead (the measured
radius of the bead equal to 1.0 of the entire bead radius,
r = 1.0R), over 50–65% of the sites available were saturated as
determined by the normalized intensity ratioI/I0. At r = 0.5R,
70% (i.e.I/I0 = 0.7) of the sites available were saturated and
at r = 0.25R approximately 80% (i.e.I/I0 = 0.8) of available
sites were saturated.Fig. 9 shows the intensity profile for a
linear velocity of 1.1 cm/min. The profile indicates that hIgG
penetrated throughout the entire bead cross-section at a near
100% saturation.

Table 1provides calculated times of diffusion of hIgG
within an 800�m bead and also provides the bead contacting
times at the linear velocities used in this study. We assume that
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Fig. 6. Normalized fluorescence intensity profile (I/I0) vs. bead radius.
LMCB were incubated with labeled hIgG at feed concentration of
10.0 mg/ml FITC-hIgG in a batch mode. The coupling step was stopped
at various incubation times, beads were washed and beads were scanned by
confocal microscopy. Binding capacity was calculated to be 32.0 mg FITC-
hIgG/ml bead. Normalized intensity plots correspond with images on panel
C in Fig. 3.

under low-salt or binding conditions the coupling between the
IgG molecule and site on the chitosan bead is essentially irre-
versible and that this coupling phenomenon can be disrupted
by the high salt concentration in the elution buffer. Bead con-
tacting time, in an analytical sense, denotes the time one hIgG
molecule is in contact with a bead in a chromatographic col-
umn; therefore, it is the time a solute molecule has to interact
with the bead either in a diffusive or convective mode. For

Fig. 7. Fluorescence intensity profile for uptake of hIgA-FITC and hIgM-
FITC on LMCB in batch mode. LMCB were incubated with hIgA-FITC
for 24 h and upon completion of the binding step the supernatant was re-
moved and the beads were washed. The beads were viewed under a confocal
microscope. Four independent beads were scanned and two representative
scans are shown. A similar but independent experiment was conducted with
hIgM-FITC.

example, at a linear velocity of 9.0 cm/min,tb is calculated
as 0.009 min,tR is 0.55 min and, working with aεp of 0.9
[13,19], td is 7.7 min. Therefore, in 0.009 and 0.55 min a hIgG
molecule can penetrate a bead radius of 13.55 and 107.15�m,
respectively, by diffusive transport. However, the fluorescent

Table 1
Calculated bead contacting and column residence times for the dynamic uptake of hIgG-FITC by LMCB at linear velocities of 1.1 and 9.0 cm/min, respectively

Superficial velocity (cm/min) Bead contacting time (min) Column residence time (min) Predicted bead penetration
(�m) when

tb = tD tr = tD

1.1 0.0727 4.545 38.77 306.50
9.0 0.009 0.556 13.55 107.15

Column dimensions and parameters
Radius of column (cm) 0.5
Cross-sectional area of column (cm2) 0.196
Volume of beads (ml) 0.98
Length of packed column (cm) 5.0
Average bead radius* (Rp) (�m) 400
Diffusion coefficient of hIgG** (D) (cm2/s) 6.2× 10−7

Calculated diffusion timea (min) 7.7

Additionally, bead penetration distances, the distance a hIgG molecule can penetrate LMCB beads under purely diffusive conditions are also listed.The value
of the diffusion coefficient for hIgG was taken from[17].

a tD = R2
pεp/5D, with εp = 0.9.
∗ Estimated by environmental SEM analysis and light microscopy.
∗∗ Taken from[17].
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Fig. 8. Confocal images of sample beads obtained from dynamic uptake
of hIgG to LMCB. Images were obtained for a protein solution feed of
10 mg/ml FITC-hIgG in binding buffer (10 mM KH2PO4, pH 6.0), which
was continuously feed through an HR 5/5 column (3.5 cm× 0.5 cm) until the
effluent concentration reached 90% of the feed concentration. Columns were
run at linear velocities of 1.1 and 9.0 cm/min for each feed concentration.
Images were obtained by taking a 25�m deep z-section scan at the midpoint
of the bead.

profiles for dynamic hIgG-FITC uptake to 90% saturation
for a feed concentration of 10 mg/ml at a linear velocity of
9.0 cm/min, reveal that at the bead center, a bead radius of
400�m, approximately 55–65% of the sites were occupied.
Additionally, at a bead radius of 100�m from the exterior, ap-
proximately 90% of the sites available were occupied. Thus,
fluorescently tagged IgG molecules occupy sites that are not
accessible through purely diffusive transport. The acceler-
ated transport observed in this study can be best explained
by a component of convective solute transport; however, the
relative magnitude cannot be established at this point.

The analysis of mass transfer in these studies illustrates
the argument that the mode of solute transport within the
LMCB support is diffusion-convection in nature. This view
is further demonstrated by a comparison of the batch and

Fig. 9. Fluorescence intensity profile of the dynamic experiment at a feed
concentration of 10 mg/ml FITC hIgG at a linear velocity of 1.1 cm/min.
Column was fed continuously until the effluent concentration was 90% of
the feed concentration, and then washed till the baseline dropped to zero. The
beads were then sectioned and viewed under a confocal microscope. Three
different beads were scanned and the three independent scans are shown in
theFig. 10. Normalized intensity profiles correspond to panel II inFig. 8.

dynamic hIgG-FITC uptake experiments. Inspection of the
intensity profiles for the 24 h batch experiment at a feed con-
centration of 10 mg/ml FITC-hIgG (Fig. 6) and the dynamic
uptake profiles for a linear velocity of 9.0 cm/min (Fig. 10),
show curves that look similar. This suggests that solute trans-
port was partly governed by convective forces due to the fact
that transport was not limited and the hIgG molecules had an
opportunity to access all available binding sites.

In our continuing and future research efforts, we are un-
dertaking the modeling of the profiles obtained in an attempt
to estimate the effective diffusivity of proteins. Diffusivities
will then be calculated from confocal images by first estimat-
ing the fractional uptake (η, whereη equalsI(r)/(I(max@r =R)),
based on the radial position of the adsorption front and then
curve fitting the time-dependent fractional uptake data using
the finite volume solution of the model[18]:

εpDpCot

R2Qmax
= 1

2
− 1

3
(1 − η3) − 1

2
η2,
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Fig. 10. Fluorescence intensity profile of the dynamic experiment at a feed
concentration of 10 mg/ml FITC hIgG at a linear velocity of 9.0 cm/min.
Column was fed continuously until the effluent concentration was 90% of
the feed concentration, and then washed till the baseline dropped to zero. The
beads were then sectioned and viewed under a confocal microscope. Four
different beads were scanned and the four independent scans are shown in
theFig. 10. Normalized intensity profiles correspond to panel I inFig. 8.

whereη is the fractional uptake,εp is the intraparticle poros-
ity, Co is the hIgG feed concentration,R is the particle radius,
andQmaxis the maximum static binding capacity. Finally, the
parameters (number of transfer units (NTU)) that govern the
solute transport and that are pertinent to scale-up will be eval-
uated by pulse-injection analysis and expressed as a function
of linear velocity (u).

4. Conclusion

We have shown that the transport of biomolecules in ma-
trices with open architecture is a combination of convective
and diffusive fluxes. Thus, in theory, it is possible to design
matrices with architecture that will promote convection in
addition to diffusion of solute molecules. We believe that
quantum leaps in the chromatographic performance of matri-
ces employed in preparative bioseparations will result when
advances in matrix preparation technology are coupled with
novel designs to allow efficient utilization of mass transfer
fluxes under a wide range of operating conditions.
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