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Using Confocal Laser Scanning Microscopy to Analyze the Mass Transfer in the
Protein A Medium of a Silica Matrix

Tomohisa Katsuda, Tomoki Yamaguchi, Yuki Kase, Kou Ota, and Hideki Yamaji

Department of Chemical Science and Engineering, Graduate School of Engineering, Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe-shi,
Hyogo 657-8501, Japan

ABSTRACT
Mass transfer in a protein A medium with a silica matrix was analyzed in this study. Using confocal
laser scanning microscopy, we monitored the positional and temporal changes in the polyclonal
human IgG during batch adsorption. A simple theoretical model based on Fick’s law of diffusion
and Langmuir adsorption was used to numerically approximate the external and intraparticle
mass-transfer properties of IgG in single particles. The diffusivities found in this study were vali-
dated by comparing with the values reported in other studies and also by using numerical calcula-
tion to reproduce the experimentally obtained breakthrough curve.
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1. Introduction

Affinity-chromatography media harnessing Staphylococcal
protein A, or its derivatives, have generally been used in the
downstream processing of monoclonal antibody drugs due
to their highly selective binding with immunoglobulin G
(IgG). Such protein A media consist mostly of matrices that
are spherical and either porous or highly cross-linked. IgG
is a protein with a relatively large molecular mass of
approximately 150 kDa and a low diffusivity in aqueous sol-
utions of approximately 4� 10�11 m2�s�1 (Jøssang et al.
1988). Thus, the nature of IgG has raised concerns about
their mass transfer in protein A media.

External and intraparticle mass transfers are known to
affect the adsorption rate of a medium and the dynamic
binding capacity (DBC) of a packed column and are trad-
itionally quantified using film mass-transfer coefficients and
effective diffusivities, respectively (Horstmann and Chase
1989). These values are conventionally determined by meas-
uring the adsorbate concentration in the continuous phase
(outside particles) during the course of adsorption
(Armenante and Kirwan 1989; Horstmann and Chase 1989;
Hahn et al. 2005; Tscheliessnig et al. 2005). Microscopic
methods based on the direct observation of uptake in a par-
ticle, on the other hand, have also been conducted
(Subramanian et al. 1994; Kim et al. 1996; Hubbuch et al.
2002; Stone and Carta 2007).

Since the mid-1990s confocal laser scanning microscopy
(CLSM) has been used to visualize the adsorption process

within a particle (Kim et al. 1996; Ljungl€of and Hjorth
1996). CLSM is an enhancement of epifluorescence micros-
copy. The microscope equipped with a confocal optical sys-
tem is able to optically section a fluorescently-stained
specimen with each focal plane. In the subsequent decades
the quantitative analysis of mass transfer using CLSM was
established (Kasche et al. 2003; Zhou et al. 2006; Schr€oder
et al. 2006; Susanto et al. 2007; Bowes and Lenhoff 2011).
These studies and determinations were focused mostly on
ion exchangers owing to their wide range of applications
and also to satisfy scientific interest by clarifying a compli-
cated adsorption mechanism that involves both diffusion
and electrostatic interaction (Yamamoto et al. 1988; LeVan
et al. 1999). In contrast to ion exchangers, we did not antici-
pate the scarcity of reports on affinity media with an
adsorption mechanism that is dependent on the selective
interaction between ligands and adsorbate molecules
(Ljungl€of and Hjorth 1996; Ljungl€of and Th€ommes 1998;
Linden et al. 1999; Linden et al. 2002; Sheth 2009; Weinberg
et al. 2017). Because of the simplicity of the adsorption
mechanism in affinity media, however, characteristics of the
matrix structure such as pore size, porosity, tortuosity, etc.,
may have a more significant role in the adsorption behavior,
particularly in protein A media. It would be useful to repre-
sent these matrix features in association with the mass-trans-
fer properties that could allow a comparison of media
and/or a scale-up of packed columns. This could benefit
both manufacturers and customers of protein A media.
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In this study, we analyzed the mass transfer of IgG in a
silica-based protein A medium with an optimized pore size
(Katoh et al. 2007; Miyahara et al. 2012). In order to deter-
mine the apparent diffusivities of IgG in the protein A
medium, the positional and temporal changes in the adsorp-
tion amount observed via CLSM in single particles were
approximated using a simple theoretical model based on
both Fick’s law of diffusion and the Langmuir adsorption
model.

2. Experimental

2.1. Materials

The two media used in this study included a silica-based
protein A medium, M.S.Gel Protein A-D-50-1000AW
(Katoh et al. 2007; Miyahara et al. 2012), which was kindly
provided by AGC Si-Tech Co., Ltd. (Kitakyushu, Japan),
and a cross-linked agarose-based medium, MabSelect Xtra,
that was obtained from Cytiva (Tokyo, Japan). The disper-
sion medium for storage was replaced with phosphate-buf-
fered saline (PBS) just before use via resuspending 3 times.
We purchased "IgG from human serum” (I4506, Sigma-
Aldrich) and "IgG-FITC from human serum” (F9636, ditto)
for use as a polyclonal human IgG (hIgG) and a fluorescein-
isothiocyanate conjugate (FITC-hIgG), respectively. A
lyophilized powder of hIgG was reconstituted with PBS
according to the manufacturer’s information. The molar
ratio of fluorescent dye to protein (F/P molar ratio) of the
FITC-hIgG we used was initially 2.4. The use of FITC-hIgG
was avoided when the F/P molar ratio was found to have
decreased to less than 1.5. The F/P molar ratios were deter-
mined spectrophotometrically (UV-1900, Shimadzu, Kyoto,
Japan) based on both A280 and A494 (Thermo Fisher
Scientific Inc. 2011). The PBS that was used consisted of
137mM NaCl (8 g�L�1), 2.7mM KCl (0.2 g�L�1), 8.4mM
Na2HPO4�12H2O (3 g�L�1), and 1.5mM KH2PO4 (0.2 g�L�1);
it was adjusted to a pH of 7.4 and subsequently filtered
using a 0.2 lm polyethersulfone filter (596-3320, Nalgene).
All chemicals used in this study were of reagent grade.

2.2. Batch adsorption for isotherm

We prepared hIgG solutions ranging from 0 to 1mg�mL�1

with PBS, and 1mL of each solution was placed in a 2mL
low-protein-binding microtube (PK-20C-500, Watson). The
resuspended slurry of a protein A medium equivalent to
6 lL in a packed-bed volume was added to each microtube
and mixed overnight using a rotating mixer (RT-50, Taitec;
16 rpm) at room temperature. The supernatant was obtained
from each microtube via centrifugation at 480 �g for several
seconds, and the concentrations of free hIgG were deter-
mined spectrophotometrically based on A280. For this spec-
trophotometric measurement we predetermined that the
initial concentration would be at least 0.2mg�mL�1 in order
to ensure that an equilibrium concentration would result in
a reliable absorbance of �0.005. We considered this free-
hIgG concentration to be the equilibrium value, c�

[mg�mL�1-liquid], and the equilibrium adsorption amounts
of hIgG per packed-bed volume, q�b [mg�mL�1-packed-bed],
were determined by dividing each difference between the
initial and the determined concentrations of free hIgG by
the packed-bed volume of the protein A medium that was
added (6 lL). The maximum amount of adsorption per
packed-bed volume, qbm [mg�mL�1-packed-bed], and the
dissociation constant between protein A and hIgG, Kd

[mg�mL�1-liquid] were determined based on the Langmuir
adsorption isotherm (Langmuir 1916), which is expressed
here as Eq. (1).

q�b ¼
qbmc�

Kd þ c�
(1)

2.3. Batch adsorption for the observation of adsorption
behavior

In order to assume the free hIgG concentration in the con-
tinuous phase would remain constant during batch adsorp-
tion, an excess amount of hIgG was supplied to the protein
A medium: 13.9mg of hIgG was dissolved in 694mL of PBS
together with 3.47mg of FITC-hIgG, and then 10 lL in a
packed-bed volume of the protein A medium was added.
When total 17.4mg of IgG was used, it corresponded to 24-
fold the maximum adsorption amount by the protein A
medium in the suspension and resulted in a hIgG concen-
tration of 0.025mg�mL�1. At a FITC-hIgG concentration of
0.005mg�mL�1, the fluorescence of the solution was negli-
gible (substantially undetectable), but that of the adsorbing
particle was detectable. This mixture was placed in a
1,000mL laboratory glass bottle (a nominal outside diameter
of 101mm), and ambient light was blocked with aluminum
foil. The mixture was then agitated with a magnetic stirrer
at 300 rpm. In this bottle a 694mL hIgG solution showed a
liquid height of 102mm and an internal diameter of 93mm.
A magnetic-stirrer bar with a round-rod shape (50mm in
length and 7.5mm in diameter) was used and held 20mm
above the bottom of the bottle by hanging from the top
using a stainless-steel wire and a swivel that would prevent
the protein A medium from being ground. The adsorption
was carried out at room temperature.

A small portion of the mixture (2mL) was occasionally
sampled. The protein A medium in the mixture was sedi-
mented by centrifugation at 480 �g for several seconds,
washed once with PBS, and then concentrated by resuspen-
sion in 200lL PBS. This resuspension was immediately fro-
zen in liquid nitrogen to conserve the state of adsorption
within a particle and kept frozen until microscopic
observation.

2.4. CLSM observation of intraparticle adsorption
behavior

We used a confocal laser scanning microscope (FV1000,
Olympus), which was equipped with an Ar laser (30mW)
and an inverted microscope. The filters and the dichroic
mirrors employed were for FICT, and the excitation and
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emission wavelengths were at 488 and 519 nm, respectively.
The objective lens used for observations featured 40� mag-
nification and a numerical aperture of 0.95 (UPLSAPO
40� 2, Olympus). A confocal aperture of 100 lm was
selected. These optical settings provided optical resolutions
of 0.248 lm/pixel horizontally and 0.5 lm/slice vertically. To
maintain the sensitivity of the photomultiplier tube in the
microscope during observations, we chose a “photon-
counting” mode that would be suitable for the detection of
weak light, and the excitation laser transmission was
adjusted to 1.0%.

A frozen sample of the protein A medium was thawed
just before observation and a drop of the suspension was
placed on a hemocytometer with a depth of 0.1mm
(Thoma, Sunlead Glass). We used a hemocytometer to pre-
vent distortions such as flattening of the particles, and we
used a cover glass with a thickness of 0.11–0.23mm, which
was suitable for the objective lens. The microscope was
focused to sharpen the outline of adsorbent particles and
then cross-sectional images were taken by scanning a
127� 127lm area horizontally and ± 5 lm vertically. The
scanning speed was 12.5 ls/pixel. The cross-sectional image
with the largest particle diameter was considered to be that
of the plane passing through the center of the particle. In
reference to this image we obtained the distribution of fluor-
escence intensities along a line passing through the particle
center and assumed it represented the local adsorption
amounts of hIgG in the particle. Such a distribution was
obtained for at least 3 particles in each sample and analyzed
in the manner described in the following section.

2.5. Fixed-bed adsorption

To obtain an example of breakthrough curves we performed
a fixed-bed adsorption of hIgG by the silica-based protein A
medium packed in a Tricorn 5/50 column (Cytiva) at a bed
height of 30mm. Using €AKTAprime plus (Cytiva), we main-
tained the flow rate in the column at 0.6mL�min�1 and con-
tinuously monitored A280 of a flow-through. After
equilibration with 10 column volumes of PBS, 0.4mg�mL�1

of hIgG solution was loaded until the absorbance ceased to
increase.

3. Analyses

3.1. Conversion of the fluorescence intensities of local
adsorption amounts of hIgG

The distribution of fluorescence intensities was smoothed
using a simple moving-average method of gathering five
consecutive examples of raw data from each side of every
data point (Figure 1). Considering the fluorescence inten-
sities within a particle increase along the adsorption, the
coordinates of the outer particle surfaces were determined
from both edges of this high-intensity region. The middle of
these coordinates was considered to be the center of the par-
ticle, and the distance from the center, r [m], was normal-
ized to the particle radius, R [m]. Then the fluorescence

intensities at predetermined normalized distances (r/R) were
determined via linear interpolation between the nearest two
data points followed by determining the average among the
particles of each sample. The sample of 28-h adsorption was
considered to be in equilibrium, and a conversion factor
that related fluorescence intensity to an adsorption amount
was determined by dividing the equilibrium adsorption
amount by the fluorescence intensity integrated over the
entire particle, as per Eq. (2).

a ¼ q�bP riþ1
3�ri3

R3 I�ri
(2)

Here, a is the conversion factor [mg�mL�1-packed-bed]
and I�r is the fluorescence intensity in equilibrium (arbitrary
unit) at distance r. The subscript i is the index of the data-
points numbered from the center to the outer surface. Using
this conversion factor, we determined the local adsorption
amounts of each sample from the fluorescence intensities in
CLSM.

3.2. Numerical approximation of the local adsorption
amounts

The local adsorption amounts were approximated with the
numerical solution of a simple theoretical model represent-
ing both external and intraparticle mass transfers and
adsorption. For consistency, we applied Fick’s law of diffu-
sion to both of the mass transfers, but allowed discontinuity
in the apparent diffusivities between the interior and the
surface of the particle. Also, the matrix structure could differ
according to position within a particle. Consequently, we
assumed the apparent diffusivities would vary according to
the distance from the center in addition to differences
between the particle interior and the surface. On the other
hand, the rates of adsorption and desorption shown in the

0

200

400

600

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

I[
–]

r / R [–]

0

Figure 1. Distributions of the fluorescence intensities measured in single par-
ticles of the silica-based protein A medium. The dotted lines show raw data
obtained from a representative particle for each adsorption time and the solid
ones are the curves smoothed with a simple moving-average method. Keys:
closed triangles, adsorption time of 1 h; closed squares, 2 h; open circles, 4 h;
open squares, 8 h; and, open diamonds, 28 h.
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kinetic derivation of the Langmuir adsorption model
(Langmuir 1916; Chase 1984) were applied to express the
adsorption behavior.

Particles are assumed to have concentric spherical shells
with a thickness designated as Dr [m]. By considering the
mass balance in the intraparticle liquid phase of a shell
according to the distance from the center, r, within a short
time from t to tþDt, the concentration of free hIgG, c
[mol�m�3], and the amount of adsorbed hIgG per pore vol-
ume (the volume of the intraparticle liquid phase), q
[mol�m�3], can then be expressed in finite-difference form,
as shown by Eqs. (3) and (4).

ctþDt
r ¼ ctr þ

D
0
e, rDt

Dr2
ctrþDr � ctr
� �

� D
0
e, r�DrDt

Dr2
r � Dr

r

� �2

ctr � ctr�Dr

� �
� kaDt ctr qm, r � qtr

� �� Kdq
t
r

� �
(3)

qtþDt
r ¼ qtr þ kaDt ctr qm, r � qtr

� �� Kdq
t
r

� �
(4)

In Eqs. (3) and (4), D
0
e is the apparent diffusivity

[m2�s�1], qm is the maximum amount of adsorbed hIgG per
pore volume [mol�m�3], ka is the association rate constant
[m3�mol�1�s�1], and Kd is the dissociation constant
[mol�m�3]. The above concentrations and adsorption
amounts in the concentric spherical shells are illustrated in
Figure 2.

Since it was being applied particularly to the concentra-
tion gradient within pores, the apparent diffusivity in this
study, D

0
e, was distinguished from the general effective diffu-

sivity, De, as shown by Eq. (5).

De ¼ ep
s
Dm

� �
¼ epD

0
e (5)

In Eq. (5), ep is the porosity of adsorbent particles, s is
the tortuosity factor [–], and Dm is the molecular diffusivity
[m2�s�1]. In this context, the film mass-transfer coefficient,
kf, is usually defined in reference to a homogeneous (non-
porous) boundary, and is therefore expressed by the apparent
diffusivity of the particle surface, D0

e,R, as shown by Eq. (6).

kf ¼ Dm

d

� �
¼ D

0
e,R

Dr
(6)

In Eq. (6), d is the film thickness [m]. On the other
hand, the adsorption amount per pore volume, q, in these
equations was obtained from the adsorption amount per
packed-bed volume, qb, by using Eq. (7).

q ¼ qb
1� eð Þep (7)

In Eq. (7), e is the void fraction of the packed bed.
By using the dimensionless concentration, C (¼ c/c0),

and the adsorption ratio, Q (¼ q/qm), Eqs. (3) and (4) were
transformed as shown by Eqs. (8) and (9).

CtþDt
r ¼ Ct

r þ
D

0
e, rDt

Dr2
Ct
rþDr � Ct

r

� �

� D
0
e, r�DrDt

Dr2
r � Dr

r

� �2

Ct
r � Ct

r�Dr

� �
� kaqm, rDt Ct

r 1� Qt
r

� �� Kd

c0
Qt

r

� 	
(8)

QtþDt
r ¼ Qt

r þ kac0Dt Ct
r 1� Qt

r

� �� Kd

c0
Qt

r

� 	
(9)

In Eqs. (8) and (9), c0 is the concentration of hIgG in the
continuous phase [mol�m�3]. The initial and boundary con-
ditions were applied to Eqs. (8) and (9), as shown by Eqs.
(10)–(13).

C0
r ¼ 0, 0 � r � R (10)

Q0
r ¼ 0, 0 � r � R (11)

Ct
RþDr ¼ 1, t � 0 (12)

Ct
0 ¼ Ct

Dr, t � 0 (13)

In Eqs. (10)–(13), r¼R and RþDr correspond to the
outermost shell and the continuous phase, respectively. Eqs.
(8)–(13) were solved with an explicit numerical method
using the software Microsoft Visual Basic for Applications
in Excel. Through a trial-and-error approach we determined
the apparent diffusivities that would best approximate the
adsorption ratios obtained from CLSM with the above
numerical calculations.

3.3. Numerical calculation of breakthrough curves

The concentration of IgG in a fixed-bed column was
expressed by a finite-difference equation that accounted
for advection, axial dispersion, and adsorption, and this
was solved explicitly to obtain the breakthrough curves.
By assuming thin cross-sections with the thickness, Dl
[m], in the direction of the axial length, L [m], of a col-
umn, we obtained the mass balance in the mobile phase
of the cross-sections at a distance from the column inlet,
l [m], within a short time from t to tþDt as shown by
Eq. (14).

Figure 2. Schematic diagram of the concentric spherical shells we assumed in
an adsorbent particle. This cross-section is represented by an arbitrary angle,
and both liquid and solid phases were imaginarily drawn to each end.
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CtþDt
l ¼ Ct

l þ
DLDt
Dl2

Ct
lþDl � 2Ct

l þ Ct
l�Dl

� �
� uDt

Dl
Ct
l � Ct

l�Dl

� � � 3
R

1� eð Þ
e

epD
0
e,RDt

Dr
Ct
l � Ct

l,R

� �
(14)

In Eq. (14), DL is the axial dispersion coefficient [m2�s�1]
and u is the average liquid velocity in the mobile phase
[m�s�1]. The dimensionless concentrations Cl and Cl,R [–]
were the value in the mobile phase of the thin cross-section
at distance l and that in the intraparticle liquid phase of the
outermost thin-shell of the particles included in the same
cross-section, respectively. The initial and boundary condi-
tions applied to Eq. (14) are given by Eqs. (15)–(17).

C0
l ¼ 0, 0 � l � L (15)

Ct
0 ¼ 1, t � 0 (16)

Ct
LþDL ¼ Ct

L, t � 0 (17)

To determine the Cl,R in each cross-section, Eqs. (8) and
(9) must be solved simultaneously with Eq. (14) under the
initial and boundary conditions of Eqs. (10), (11) and (13)
by substituting Cr ¼ Cl,r and Qr ¼ Ql,r. Here, we applied
another boundary condition regarding the concentration of
the continuous phase (external particle), as shown by Eq.
(18).

Ct
l,RþDr ¼ Ct

l , t � 0 (18)

According to the correlation for the P�eclet number, Pe,
by Rastegar and Gu (Rastegar and Gu 2017), we obtained
DL ¼ 1.18� 10�7 m�s�1 (e�Pe¼ 0.181) by referring to our
experimental conditions, and used this value in the calcula-
tion. The equations above were solved using the software
Microsoft Visual Basic for Applications in Excel.

4. Results and discussion

4.1. Adsorption isotherm of a silica-based protein A
medium

The adsorption isotherm of a silica-based protein A
medium, M.S.Gel Protein A-D-50-1000AW, is shown in
Figure 3. Experimental datapoints were approximated using
the least square method in reference to Eq. (1) by using the
solver in Microsoft Excel. The values for qbm and Kd were
73.2mg�mL�1-packed-bed and 8.99� 10�3mg�mL�1-liquid,
respectively. For reference, we also obtained the qbm of
65.9mg�mL�1-packed-bed and Kd of 2.61� 10�2mg�mL�1-
liquid for another commercial protein A medium, MabSelect
Xtra. The values for this medium were comparable to those
obtained by Hahn et al. (2005) and thus we concluded that
the values for the silica-based protein A medium had been
adequately measured.

As reported previously, the amount of coupled protein A
in M.S.Gel Protein A-D-50-1000AW was more than
10.5mg�mL�1-packed-bed (Miyahara 2012). Based on this
value and the above qbm, the utmost capacity of protein A

molecules in this medium was estimated to be 2.0 hIgG
molecules per one protein A molecule. There are five IgG-
binding domains in a Staphylococcal protein A molecule
(Moks et al. 1986; Deis et al. 2015), but only two molecules
of IgG are known to bind in solution (Langone et al. 1978;
Yang et al. 2003). Given this fact, the coupled protein A
molecules in this medium had likely bound with hIgG as
free molecules would. However, the above Kd of
8.99� 10�3mg�mL�1-liquid corresponds to 61.6 nM, which
is relatively higher than the reported values for free protein
A molecules that range from 10 to 30 nM (Deis et al. 2015;
Lindmark et al. 1983). We speculated that coupling to the
matrix must have affected the spatial accessibility of hIgG,
and when such an effect was combined with the molecular
conformation of protein A, this must have altered both the
association and the dissociation rates between hIgG and pro-
tein A.

4.2. Observation of the positional and temporal
changes of adsorption ratio and determination of
the apparent diffusivities in a silica-based protein A
medium via CLSM

Figure 4 shows the adsorption ratios obtained from both
CLSM and the numerical approximation (a)—included are
the apparent diffusivities used in this approximation (b). In
Figure 4(a), the datapoints are the experimental values
determined from the fluorescence intensities in CLSM. The
curves show the calculated values according to the numerical
approximation. In this approximation, we assigned apparent
diffusivities to the particle surface and also to the 6 interior
subsections with an equal volume, and varied these using a
trial-and-error approach. The fitted curves and apparent dif-
fusivities were obtained after 35 trials. The constants and

Figure 3. The adsorption isotherm of polyclonal hIgG for a silica-based protein
A medium, M.S.Gel Protein A-D-50-1000AW. The data points were acquired
from two independent experiments.

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN 5



arbitrary values used in the numerical approximation are
listed in Table 1.

The adsorption ratios that were obtained experimentally
showed a rapid increase near the surface (i.e., r/R> 0.8) at
the beginning of adsorption, but before reaching equilibrium
the ratios of the inner portion (i.e., r/R< 0.8) started to
increase. This type of adsorption behavior differs from the
so-called “shrinking core” type, in which a clear border
appears between the adsorbed and the unadsorbed sections
and appears to shrink as time passes. Weinberg et al. com-
pared the adsorption behaviors of monoclonal and polyclonal
hIgGs in a cross-linked agarose-based protein A medium,
CaptivA PriMAB (Weinberg et al. 2017). They reported two
distinct shapes of the distribution of fluorescence intensity in
CLSM wherein monoclonal IgG demonstrated curves with a
fixed steep slope, but polyclonal IgG featured a sloping ver-
sion that inclined over time. They attributed the difference
to the presence of weaker and stronger binding species that
compete for binding sites. Our results resembled the latter,
which was understandable because we had used polyclonal
hIgG in this research. Such an effect could have increased
the experimental adsorption ratios near r/R¼ 0, which would
have resulted in a somewhat higher apparent diffusivity in
the numerical approximation.

Figure 4(b) shows the apparent diffusivities, D
0
e, were

1.5–2.3� 10�11 m2�s�1 for the interior subsections and
4.0� 10�12 m2�s�1 for the surface of a particle. In the
numerical approximation that determined these values, we
had put emphasis on the range of r/R� 0.5, since 7/8 of the
particle volume is in this range. We assumed that the appar-
ent diffusivities, D

0
e, of the interior of the particle might be

variable depending on the distance from the center. When a
fixed value of D

0
e was applied—even if it was the volumetric

mean of the values shown in Figure 4(b), it resulted in
larger deviations in calculation curves comparing to those
shown in Figure 4(a). This is shown in the supplementary
information (Figure 1S), together with the case of too high
or low values of D

0
e:

For a comparison with other results, the values for the
interior subsections were converted using Eq. (5) that
showed an effective diffusivity, De, of 0.80–1.2� 10�11

m2�s�1. Horstmann and Chase reported the effective diffu-
sivities in Sepharose and Superose protein A media were
within a range of from 0.12 to 1.1� 10�11 m2�s�1

(Horstmann and Chase 1989). Similar values have been
reported by other researchers: 4� 10�12 m2�s�1 for
MabSelect Xtra (Hahn et al. 2005), 5.3� 10�12 m2�s�1 for
CaptivA PriMAB (Weinberg et al. 2017), and 3.3� 10�12

Figure 4. Temporal and positional changes in the adsorption ratios in single particles of silica-based protein A medium (a), and the apparent diffusivities used for
the approximation curves (b). In (a), the points show the values determined from the fluorescence intensity observed in CLSM, and the approximation curves are
our best result. Keys: closed circles, adsorption time of 0.5 h; closed triangles, 1 h; closed squares, 2 h; closed diamonds, 3 h; open circles, 4 h; open triangles, 6 h;
open squares, 8 h; and, open diamonds, 28 h. The data points were determined from the fluorescence intensities of at least 3 particles for each adsorption time in a
single set of batch adsorption experiment. The error bars indicate standard error of the mean.

Table 1. Constants and arbitrary values used in the numerical approximation.

hIgG concentration in continuous phase, c0 1.7� 10�4 mol�m�3 (0.025mg�mL�1-liquid)
Maximum adsorption amount per packed bed, qbm 5.0� 10�1mol�m�3 (73mg�mL�1-packed bed)
Dissociation constant, Kd 6.2� 10�5mol�m�3 (9.0� 10�3mg�mL�1-liquid)
Adsorption rate constant, ka 1.2� 102 m3�mol�1�s�1a

Particle porosity, ep 0.53
Void fraction in packed bed, e 0.4
Particle radius, R 4.2� 10�5 m
Thickness of spherical shells, Dr 8.4� 10�7 m
Length of short time, Dt 5� 10�3 s
aReported value (Hage et al. 1986.)
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and 1.7� 10�12 m2�s�1 for MabSelect SuRe and
TOYOPEARL AF-rProtein A HC, respectively (da Silva
et al. 2019). When comparing media consisting of cross-
linked matrices, we found relatively high levels of effective
diffusivity for the interior subsections of the silica-based
medium. McCue et al. measured the effective diffusivities in
both porous-glass- and agarose-based media and reported
values of 1.0–2.0� 10�11 and 0.1–1.0� 10�11 m2�s�1,
respectively (McCue et al. 2003). Our results for the interior
subsections showed a similar range of effective diffusivity in
porous-glass-based media, which verified these results as
reasonable values for intraparticle mass-transfer properties.

We found the apparent diffusivity for the particle surface,
D0

e,R, to be variable in proportion to the thickness, Dr, that
separated the bulk of the continuous phase from the particle
surface. Hence, the value of 4.0� 10�12 m2�s�1 that was
obtained when Dr¼ 0.84lm was not comparable with values
for the interior subsections, since the latter are independent
of Dr. By using Eq. (6) we obtained a film mass-transfer
coefficient, kf, of 4.8� 10�6 m�s�1. The mass-transfer corre-
lations for small particles in stirred vessels established by
Calderbank and Moo-Young (Calderbank and Moo-Young
1961),

Sh ¼ 0:13 Re3=4 Sc1=3 (19)

and by Armenante and Kirwan (Armenante and Kirwan
1989),

Sh ¼ 2þ 0:52 Re0:52 Sc1=3 (20)

resulted in values for kf of 2.0� 10�6 and 1.1� 10�5 m�s�1,
respectively. In these equations, Sh, Re, and Sc are dimen-
sionless numbers [–], which Sherwood, Reynolds, and
Schmidt, defined with Eqs. (21)–(23).

Sh ¼ kf 2Rð Þ
Dm

(21)

Re ¼ E1=3 2Rð Þ4=3
�

(22)

Sc ¼ �

Dm
(23)

In these equations, � is the kinetic viscosity [m2�s�1], and
E is the energy dissipation rate per unit of mass fluid
[m2�s�3]. We applied E¼ 2.8� 10�2 m2�s�3, which was
obtained with the power number of 0.504 derived from an
empirical equation by Nagata et al. (1957). The film mass-
transfer coefficient derived from the apparent diffusivity at
the particle surface, D’e,R, was in the middle of the range of
those from both correlations, for which the dissipation of
turbulent kinetic energy was considered. In particular, the
latter correlation has been adopted for protein adsorption,
but it tends to give a relatively higher value since it was
developed for highly agitated processes using a baffled vessel
with a Rushton disk turbine (Armenante and Kirwan 1989;
Weaver and Carta 1996). We emphasized the mass transfer
due to free convection, instead of the turbulence in the sur-
rounding fluid, when applying another correlation by

Calderbank and Moo-Young (Calderbank and Moo-Young
1961), as shown in Eq. (24).

Sh ¼ 2þ 0:31
2Rð Þ3Dq
lDm

( )1=3

(24)

In Eq. (24), Dq is the difference in density between a par-
ticle and the continuous phase [kg�m�3], and l is the viscos-
ity [kg�m�1�s�1]. This correlation resulted in a similar value
of kf ¼ 4.9� 10�6 m�s�1. Thus, the apparent diffusivity of
the particle surface appropriately reflected the properties of
external mass transfer.

4.3. Application of the apparent diffusivities to
numerical calculation of breakthrough curves

As described above, the apparent diffusivities derived from
CLSM correspond to the mass-transfer properties of effect-
ive diffusivity and to an appropriate film mass-transfer coef-
ficient, as determined in a conventional manner. By
applying the apparent diffusivities shown in Figure 4(b),
breakthrough curves were calculated and compared with an
experimental curve (Figure 5). For this calculation, we
applied the values of u¼ 7.8� 10�4 m�s�1 and e¼ 0.65 for
the average liquid velocity in the mobile phase and its void
fraction, respectively. These were identical to the experimen-
tal fix-bed adsorption. The thickness of the thin cross sec-
tions of the column, Dl¼ 5� 10�4 m, was also applied.

The breakthrough curve of the dotted line, which was
calculated with no adjustment to the apparent diffusivities,
differed noticeably from the experimental results, particu-
larly near the break point of C¼ 0.1. Generally, external
mass transfer depends on the flow conditions around

Figure 5. The breakthrough curve of hIgG experimentally obtained in a fixed-
bed column of the silica-based protein A medium (solid line) and those calcu-
lated with the apparent diffusivities shown in Figure 4(b). The dashed line was
calculated with the apparent diffusivity estimated from the correlation by Foo
and Rice (Foo and Rice 1975), together with the values shown in Figure 4(b) for
only the particle interior. The dotted line was done with all the values obtained
in the batch adsorption. The experimentally-obtained breakthrough curve was
of a single fixed-bed adsorption experiment.
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adsorbent particles. We applied the value deduced from the
correlation by Foo and Rice (Foo and Rice 1975) in order to
establish the apparent diffusivity at the particle surface for
the film mass-transfer coefficient in a packed bed.

Sh ¼ 2þ 1:45 Re1=2p Sc1=3 (25)

In Eq. (25), Rep is the particle Reynolds number, which is
defined by Eq. (26).

Rep ¼ 2Rð Þeu
�

(26)

The above correlation resulted in a relatively higher D0
e,R

of 6.6� 10�12 m2�s�1 by comparison with our batch-experi-
ment value of 4.0� 10�12 m2�s�1. The calculated break-
through curve continued to show a slight difference with the
experimental results, although it might be acceptable as a
rough approximation. The dynamic binding capacities at the
10% break point were 31.8mg�mL�1 (calculation with the
correlation by Foo and Rice) and 32.2mg�mL�1 (experi-
ment). Thus, the apparent diffusivities, except for the par-
ticle surface as determined above, were applicable to predict
the breakthrough curves and dynamic binding capacities.
When a too high or low values of D

0
e was applied, it resulted

in a larger deviation in calculation curves (Figure 2S).
Though we loaded unlabeled human IgG, the experimen-

tally obtained breakthrough curve was acceptably predicted
using the apparent diffusivities that were determined based
on the adsorption of FITC-labeled human IgG. This suggests
a negligible effect of fluorescein labeling on the adsorption
of IgG to a protein A medium. The F/P ratio of the FITC-
hIgG we used was 2.4 and this seems sufficiently small for
hIgG to interfere the adsorption in a protein A medium.
However, conjugating a fluorescent label with an adsorbate
can sometimes be problematic when attempting to observe
the intraparticle adsorption behaviors via CLSM. Teske et al.
compared unlabeled lysozymes and lysozymes conjugated
with different fluorescent labels and showed the latter

version had a shorter retention in a cation exchange column
of SP Sepharose Fast Flow, and this result was consistent
with the difference in net charge (Teske et al. 2005). On the
other hand, Corbett et al. mentioned that fluorescent labels
did not substantially affect the interaction between the anion
exchange medium Fractogel TMAE HiCap (M) and bovine
serum albumin or thyroglobulin (Corbett et al. 2013). As
shown in these cases of ion exchangers, the large molecular
mass of an adsorbate likely moderates labeling effects.

4.4. Light attenuation via the particle matrix of a silica-
based protein A medium

From the results shown above, the use of CLSM for the
quantitative analysis of mass transfer appears practical also
for protein A media. However, Susanto et al. showed that
the matrix of an adsorbent particle was likely to cause an
attenuation of light depending on the path length, which led
to an uneven measurement of the fluorescence intensity
(Susanto et al. 2007). Since the thickness of a spherical
matrix increases from the perimeter to the center when a
particle is scanned horizontally, the light path length varies
in the radial direction. In order to clarify the effects of this
variation on the fluorescence intensity, the silica-based
medium was examined via CLSM after soaking overnight in
a 1mg�mL�1 fluorescein solution, which fluoresced itself
when excited. Figure 6(a) shows the fluorescence image of a
particle in the silica-based medium in the fluorescein solu-
tion, and the fluorescence intensities along the line of a
region of interest (ROI) are plotted in Figure 6(b). A solu-
tion of 1mg�mL�1 of fluorescein provided a negative image
of the particle, and its fluorescence intensities were inde-
pendent of the distance from the center. This suggests that
the effect of matrix thickness on fluorescence intensity was
either absent or negligible in the silica-based medium, which
suggests that the adsorption amounts converted from the
fluorescence intensities obtained by CLSM are valid.

Figure 6. The fluorescence image of a representative particle of the silica-based protein A medium soaked overnight in a 1mg�mL�1 fluorescein solution (a) and
the distribution of fluorescence intensities of this particle along the line of ROI shown in (a) passing through the particle center (b).
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4.5. Effects of Kd and ka

In this study, we did not assume an instantaneous equilibra-
tion at the adsorption sites, and accordingly the adsorption
kinetics were incorporated in the partial differential Eqs. (3)
and (4) as well as Eqs. (8) and (9), which apply to the free
or adsorbed hIgGs, respectively. The dissociation constant,
Kd, was experimentally determined, but for the association
rate constant, ka, we relied on a reported value of
120mol�1�m3�s�1 (Hage et al. 1986). Hence, we noted the
effects that these values exerted on the calculated curves.

As shown in Figure 7(a,b), the value of Kd drastically
changed the shape of the curve even if the variation was
smaller or larger than only 2-fold, but that of ka did not sig-
nificantly affect the shape even when the variation was as
much as 20-fold. This implies that the difference in rates of
association and dissociation at adsorption sites rapidly
become small, and thus the partitioning between the liquid
and the solid phases was effective for the curve shape.
Therefore, if there was diversity in the value of Kd, like that
of polyclonal hIgG as mentioned in the previous section, the
fluorescence-intensity distribution would show a composite
shape.

5. Conclusions

In this study, we analyzed the mass transfer of polyclonal
hIgG in a silica-based protein A medium. The positional
and temporal changes in the batch adsorption amount were
monitored via CLSM, and the adsorption behavior was
numerically approximated using a simple theoretical model
to obtain mass-transfer properties in single particles. In this
approximation, we adopted a trial-and-error approach and
determined the apparent diffusivities for both external and
intraparticle mass transfer. Though the uncertainty in this
approach must be eliminated or further reduced, the result-
ant values showed good agreement with the reported ones

and also were applicable to predicting a breakthrough curve.
The most important advantage in this microscopic analysis
is that we are now able to concurrently determine both the
external and intraparticle mass-transfer properties based on
the direct observation of adsorption behavior. In a subse-
quent study, we will apply this method to another type of
protein A media and use it to clarify the mass-transfer
properties.
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Nomenclature

Roman symbols

c Concentration of free IgG [mol�m�3]
c� Equilibrium free-IgG concentration [mg�mL�1-liquid]
c0 Concentration of IgG in the continuous phase [mol�m�3]
C Dimensionless concentration (¼ c/c0)
De Effective diffusivity [m2�s�1]
D

0
e Apparent diffusivity [m2�s�1]

D
0
e,R Apparent diffusivity of the particle surface [m2�s�1]

DL Axial dispersion coefficient [m2�s�1]
Dm Molecular diffusivity [m2�s�1]
E Energy dissipation rate per unit of mass fluid [m2�s�3]
I�r Fluorescence intensity in equilibrium at distance r (arbitrary

unit)
ka Association rate constant [m3�mol�1�s�1]
Kd Dissociation constant between protein A and IgG

[mg�mL�1-liquid or mol�m�3]
kf Film mass-transfer coefficient [m�s�1]
l Distance from the column inlet [m]
L Axial length of a column [m]
Pe P�eclet number [–]
q Amount of adsorbed IgG per pore volume [mol�m�3]
qb, Amount of adsorbed IgG per packed-bed volume

[mg�mL�1-packed-bed]
qbm Maximum amount of adsorbed IgG per packed-bed volume

[mg�mL�1-packed-bed]
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q�b Equilibrium adsorbed amount of IgG per packed-bed vol-
ume [mg�mL�1-packed-bed]

qm Maximum amount of adsorbed IgG per pore volume
[mol�m�3]

Q Adsorption ratio (¼ q/qm)
r Distance from the particle center [m]
R Particle radius [m]
Re Reynolds number [–]
Rep Particle Reynolds number
Sh Sherwood number [–]
Sc Schmidt number [–]
u Average liquid velocity in the mobile phase [m�s�1]

Greek symbols

a Conversion factor [mg�mL�1-packed-bed]
d Film thickness [m]

Dl Thickness of thin cross-sections of a column [m]
Dr Thickness of concentric spherical shells assumed in a par-

ticle [m]
Dt, Short time [s]
Dq Difference in density between a particle and the continuous

phase [kg�m�3]
e Void fraction of the packed bed
ep Porosity of adsorbent particles [–]
l Viscosity [kg�m�1�s�1]
s Tortuosity factor [–]
� Kinetic viscosity [m2�s�1]

Subscripts

i Index of the datapoints numbered from the center to the
outer surface
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