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ABSTRACT

A new adjustment calculus is presented to determine theritraparticle distribution of bound protein within
chromatographic beads from confocal fluorescence slioessérhe calculus does not require knowledge about
optical properties of different chromatographic materiide refractive index and turbidity, but it depends on
a parameter which can be adjusted interactively. The dlgaris of complexityZ'(n) wheren is the pixel
number. From the reconstructed data we compute the panenwtéhe protein uptaking process using a
model-based approach. It is demonstrated that the propeaking rates of the beads strongly dependent on
the conditions of the fluid phase influencing the strengthrofgin surface interaction.

Keywords: bead characterisation, chromatography, cahfaser scanning microscopy, image reconstruction,
light attenuation.

INTRODUCTION values in optically deeper slices of the CLSM images.
Furthermore, the degree of light attenuation depends

Confocal laser scanning microscopy (CLSM)on the excitation and emission wavelength as well as
using fluorophore-labelled proteins is a powerful toolon type and structure of the absorbent matrix. Several
for in situ investigation of mass transfer mechanismefforts were taken to develop correction methods, see
within chromatographic materials. CLSM provides thee.g, Heinemannet al. (2002; 2004), and Bankston
visualisation of an intraparticle protein distribution (2008), where these artefacts are eliminated from
(i.,e, an inhomogeneous protein density) withoutexperimental data before further processing. Bankston
mechanical destruction of the resin particle and2008) suggested the use of refractive index-based
explanation of absorption and diffusion mechanism®ptical microscopy in order to observe mass transfer in
inside many chromatographic absorbents. There ispherical absorbent particles, but this technique seems
a reach literature on CLSM-based chromatographyjot to be applicable for a quantitative description of
see,e.g, Ljunglof and Hjorth (1996); Ljunglf and diffusion processes in the particles.
Thommes (1998); Lindeat al. (1999); Dzienniket al.
(2003); Hubbuctet al. (2003); Kascheet al. (2003);
Harinarayanet al. (2006); Kavoosiet al. (2007);

The reconstruction of 3D-data from images
obtained by CLSM by compensation of the light
o . ) attenuation is an image formation procedure which is
Ié?glgggjoe;)al.(zom), Ljungbf et al.(2007); Susanto in some sense similar to the inve_rse Radon transform

' ' applied in tomography. In our setting “reconstruction”

The quantitative evaluation of confocal data,has the following meaning: The true density of the
however, has always been elaborate due to typicdluorophores in a xy-plane perpendicular to the optical
artefacts of CLSM imaging. One major difficulty in axis and of distance from the microscopic lense
the evaluation of confocal data is the eliminationis estimated using the data of the set of CLSM-
of light attenuation effects. During the experiment,slices which are closer to the lense. For a sound
the excitation light and the emitted fluorescencedescription of a robust incremental compensation of
signal are attenuated dependent on the light pattine light attenuation in 3D fluorescence microscopy
through the absorbent matrix. Intensity values, whiclapplied to cellular structures is given by Kervragiral.
are detected on the cross-section of a spheric§2004). In Susantet al. (2006a) the light attenuation
absorbent particle, are disturbed by uneven degreedfects in CLSM data of spherical beads are corrected
of attenuation resulting in apparently lower intensityin two steps. First, one assumes plane wave fronts
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perpendicular to the optical axis, and starting from thdoy Langfordet al. (2007). This step can be considered
Lambert-Beer law, an updating formula for varyingas a boundary between two phases, one of high protein
protein density is used basing on numerical integratiogoncentration and the other one of an extremely low
over the just computed values of this density. Thisconcentration. In this case the protein uptaking can
means that a correction factor is computed whictbe described as a motion of the phase boundary. We
depends on the absorption of the light along its patlpresent a mathematical model describing the motion of
through the particle. In a second step the effect ofhis boundary. Again, the model parameter (in this case
the conical shape of the extinction path between théhe initial speed of motion) is determined by adapting
objectice lens and the focal point is corrected usinghe model to experimental data.

knowledge about the particle shape and the rotatory

symmetry of the protein density. Susanto follows the

ideas of Visseret al. (1991) and Margadanet al. MATERIALS AND IMAGING

(1996), but he uses a simplified model allowing a fast

correction basing on integration of the density along |n this study, the FractogBIEMD SG; (M)
lines orthogonal to the optical axis (correction alongstrong cation exchanger (Merck Darmstadt, Germany)
the x-axis, first suggested in Heinemaetral, 2002).  was used as chromatographic material. As protein

In the present article we follow the approachmaterial a monoclonal antibody was labeled using

of Kervrann et al. (2004) and apply a gradient- ALEXA® Fluor 546, (Molecular Probes, Eugene

based image correction. We start from the differentia?régon, USA) in a low dye to protein molar ratio

equation for the unknown light intensity describing the® 0.7.
absorption along the path of the incoming and reflected A microfluidic T-switch can be used in
light. In the simplest case of light attenuation parallelorder to pipe a switchable loading stream onto
to the optical axis, the intensity is subject to a 1st ordechromatographic beads. The 10 to 15 beads were
ordinary differential equation which can easily beretained in a Teflon tube (Tefzel tube OD 1/1”, ID
solved by Euler’s method. This reconstruction dependg.040” of Upchurch Scientifi , which was connected
on an unknown parameter which must be adjusteeb an outlet tube of narrow inner diameter (Tefzel
carefully. Because of the low computation time for thetube OD 1/16”, ID 0.020” by one-piece Fingertight
reconstruction of the complete data set, it is possibl€ittings, F120, and low pressure union, P 702, all by
to adjust the parameter interactively where the resultpchurch Scientifi® ). At the inlet side the tube was
of reconstruction is evaluated subjectively. It turnsconnected via a T-shaped connector (Thru-Hole, P-
out that (unter the specific optical conditions and for652, Tefzel tube OD 1/16”, ID 0.040”, connected by
the specific application) it is sufficient to correct theone-piece Fingertight Fittings, F120 all by Upchurch
light absorption parallel to the optical axis, where theScientific®) with two computer controlled syringe
conical shape of the extinction path, scattering effectgoumps (Cavr® XLP 6000 Modular Syringe pump
and refraction can be ignored. equipped by Cavi8 Basic Integration Kit). These two
From the experimental data obtained onsyringe pumps were activated qlternatively to pump
reconstruction using the CLSM images we comput oad_streams_ through the tube with a rate qxl/t‘mn.
(i.e,, statistically estimate) parameters describin n th's. expgrlmental setup t_he chroma;ographlc beads
ere in intimate contact with alternating streams of

protein uptaking processes where we distinguis . ! :
between two phenomena. Following Kavosi al. agueous buffer solution or of buffered protein sol_utlon
(10mg monoclonal antibody/ml). In such a micro-

(2007), the first one is related teversible binding luidi tup. the mixing bet the load st .
of the proteins at the inner surface of the poroug uidic Setup, the mixing between the load streams 1S

beads. Then the concentration profiles of the protein@eg"g'ble'
are subject to the diffusion equation fulfilling certain  During the investigation, it was found that the more
initial and boundary conditions. The correspondingsimpler method gives identical experimental results.

problem can be solved analytically using Fourier’s . ,
method. Finally, the unknown diffusion coefficient The chromatographic samples were incubated

: , . _within 25 mM phosphate buffers at pH 6.0 or in
can be determined by adapting the theoretlcf‘;\£'5m|vI phosphgte/ ZpSmM acetate bufl?ers at-p13.0
concentration profile to the experimental data. v

About 5pl of chromatographic material was incubated
Irreversible bindingmeans that the proteins are in 1 ml buffer containing 5mg labeled protein. The
fixed in their positions after first contact with the innersamples were kept at room temperature on roller-
surface of the beads, see Susaetal. (2006b). As mixer for times of 1, 2, 4, 8, 16, 32, 64 and 128
a consequence of this phenomenom one observesn@nutes. The absorption reactions were stopped by
sharp step in the concentration profiles, also observezkntrifugation. The sedimented particles were washed
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and were applied to microscope slide for immediatenicroscope. That is, the emission path of the light is

CLSM measurement. the reverse of the excitation path. Let(x,y,z) and
Several particles were pipetted out and scannef (x,'y, 2) denote the radiant Intensity and the mass
ensity of the fluorophores, respectively, depending on

under Leica CLSM TCS SL using oil immersion h al o dz. For fixed d
objective (40« magnification). Fluorophore-labelledt € spatial coordinates y andz For fixedx andy we

protein was excited by HeNe Laser at 543 nm an’%ze the settingz) = .7 (x,y.2) andk (z) = /' (x.y.2).

the emitted fluorescence intensity was detected usi ti(2) d_z o_Ie_not<_e the Io_cal radiant intensity in a thin
LP650 filter. The Fractog8l EMD SO; particles were @Yer of infinitesimal thicknessiz It is well known
that the change of the intensity is proportional to the

scanned in xy-slices using a 1024024 pixel camera, . L

and the distance between neighboring slices waStensity itseif,

200 nm. Thus, the pixel size was approximately © d

0.1x 0.2pum?3, and series of z-scans of a typical particle d?l (2)=-Ak(2)I(2), (1)

with a diameter of 8Qum consists of about 400 scans.

When coding the pixel values with 1 Byte, the contensee, e.g, Section 6.4.4 in @hne (2005). Herel is

of the corresponding 3D-data can reach 0.5 GByte. the homogeneous absorption coefficient; 0. More
precisely, the produck - | (z) is the local contribution
of a mass unit of the fluorophores to the absorption.

RECONSTRUCTION OF THE

The relationship (Eqg. 1) is an ordinary differential

SPATIAL DENSITY equation having the solution
Confocal laser scanning microscopy has been A k()
proven very useful for imaging inhomogeneous I(z)=1(0)e o , z>0, (2)

densities of fluorophores, see Susaataal. (2006a) ] o )

and references therein. However, imaging of Spatié{vherel (0) isthe known initial intensity. In_the case of

density distributions involves absorption effects, sincé homogeneous density(z) = «, the solution (Eg. 2)

radiation traveling in matter is more or less absorbedsimplifies to I(z) = 1(0)e*¥% z > 0. This means

i.e, converted into different energy forms, especiallythat one observes an exponential decay of the radiant

heat. This leads to a distortion of the true densityintensity. This exponential decay of the intensity in

distribution of the fluorophores inside the beads. Thusan homogeneous medium is known as Hzmbert-

estimating the radial density distribution supposes &eer's law or Bourgers's law. In the case of an

reconstruction of the true density from the image datanhomogeneous medium, however, one can not expect
Fig. 2. Reconstruction of the fluorophore density of a
CLSM image of a bead. Both images show xz-slices

Fig. 1. Demonstration of the reconstruction of the

spatial density distribution in a ball. These images

inhomogeneous distribution, left: original data,

middle: simulated absorption, right: reconstructed

an exponential decay.

of the 3D data through the centre of the bead. left:
show xz-slices of simulated 3D data through th%r
data.

The analytical solution (Eq. 2) is not very useful
estimating the true density(z) from image data.
st we note that the data are given on grid points,
i.e, the input signal is not continuous. Moreover,
the problem does not consist in the estimation of an
unknown intensity from a given density profile but
For simplicity we consider the absorption alongwe are interested in the reconstruction of the density
a straight line parallel to the optical axis of the profile from the CLSM signal.

... original CLSM image, right: reconstructed density.
ball’s centre. top: homogeneous distribution, bottom:Fir
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-- K is rotatory symmetric about the bead centre.
Nevertheless, exploiting symmetry properties has the

Fig. 3. Reconstructions of the fluorophore density ofcéar disadvantage that result becomes instable with
a CLSM image of a bead for increasing ratigg =  réspect to deviations of the image data from the
50, 75, 100, 150, 200 (in lexicographic order). TheSymmetry assumptions. Therefore, the ratigf is
bead radius is 34.5im and the incubation time was USed as a parameter of the algorithm to be adjusted
3min. All images show xz-slices of the correspondin§mPpirically.

3D data through the centre of the bead. Eq. 5 suggests that appears as a further
parameter of the algorithm to be adjusted. However,
In our approach, the signaf assigned to a When computing a normalised density, the knowledge

column of a cannel of the CLSM image is modeled®f A is not necessary.

as the productf(z) = B-1(z) - k(z), whereB is an In the following we demonstrate how the
unknown coefficient, see Visschet al. (1994) for  reconstruction method described above works. In order
the factorisation. The value 8 is proportional t0 o prove the correctness of the reconstruction we
the absorption coefficiemd and it depends on the consider simulated data (see Fig. 1). It turns out
technical data of the microscope, especially on thénat the reconstruction are — up to multiplicative
properties of the used video camera describing thgpnstants — the same as the originals. Fig. 2 shows the
transition of the intensity of the reflected light into reconstruction for real CLSM data. Notice that neither
pixel values. Howevef3 is assumed to be independentin xy-slices nor in xz-slices of the original data it can
of the intensityl. This assumption is important for the pe seen that the distribution of the fluorophores inside
reconstruction method presented in the fOIIOWing. the bead is homogeneous_ However, the homogeneity
A discretisation of the left-hand side of Eq. 1 gives©f the distribution can be seen after reconstruction.
Figs. 4 and 5 show the reconstruction for CLSM data

The algorithm is of complexity'(n), i.e, the
computation time is linear in the pixel number
n. A difficulty of the above algorithm is that
the coefficientsA and B and thus the ratioA /8

are unknown. In principle, the ratia /B can be
determined from the image data exploiting knowledge
about symmetry propertie®.g, using the fact that
the beads are of spherical shape and the density

l(z+4)—1(2) Ak@)1(2 of beads with inhomogeneous.
A Notice that the algorithm presented above is
with the pixel sizeA in z-direction. This yields independent of the particle shape and the rotatory
symmetry of the protein density. It can also be
A applied in cases of irregularly shaped particles.
1(z+8) =1(2) "B f(z)a (3)  Nevertheless, the joice of the ratlo/ depends on

the image content. An effective joice needs specific
as the basis of the following algorithm for computing properties of the imagee(g, rotatory symmetry of
the unknown density (z) at the discrete positions an imaged particle or macroscopic homogeneity of a
z=kA k=0,...,n—1: microstructure).

1. Compute the intensityfrom the recursive formula

A RESULTS OF RECONSTRUCTION
|<Z|(+1):|(Zk)—5f(2k)A, k:Ow'wn_l
(4) In order to describe the main phenomena of protein
using the initial setting(0) = 1. uptaking we consider two extremal situations:
2. Compute the unknown density(z) from Reversible binding. In the first case we assume

temporary binding of the proteins at the internal

f(z surface of the bead. This means that after touching

K(%) = 1(z)’ k=0.....n=1 () the internal surface, the protein position is fixed for
short time, only. Then the process of protein uptaking

for I (z) > 0. is dominated by Brownian motion of the proteins
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inside the pore space of the beads and the process REVERSIBLE BINDING
can be modeled by diffusion where the time-depending First we
protein concentration is subject to a diffusion equation
See Fig. 4 for an example.

formulate the diffusion problem

for spherical beads and solve the corresponding

partial differential equation. The evolution of the
Irreversible binding. Irreversible binding means concentration of a fluorophore in a bead is described

that after touching the surface, the protein positiorby a partial differential equation for the concentration

is fixed permanently. As a consequence, the surfaceas a function of three spatial coordinates and time,

will completely be occupied by proteins which reducest = ¢(X, Y,z t). The concentration fulfils the parabolic

the effective pore space available for further uptakinggguation

One can observe a sharp step in the concentration Ac— 1dc

profile forming a phase boundary. The region of high D ot’

concentration can be described by a growing sphericglhere A is the Laplace operator an® denotes

shell,i.e., the volume between two concentric sphereshe diffusion coefficient. Introducing spherical polar

of radii Randr, whereR s the bead radius ands the  coordinates and assuming rotational symmetry about

radius of a spherical surface inside the bead (forminghe origin, the diffusion equation reduces to

the phase boundary). Growing of the spherical shell

means that the radiusof the internal sphere decreases c?ic n 2dc _1ldc ©6)
with increasing processing time see Fig. 5. The op2 pdp Dot’

concentration inside the inner ball is much smaller than o _

in the shell. where the concentration is seen as a function of the

radial coordinatep and the timet, c = c(p,t). We
consider the boundary and initial conditions

c(—Rt)=c(Rt)=1, t>0, (7)
c(p,0)=0, —-R<p <R, (8)

respectively. The boundary condition (Eq. 7) is valid,
if the concentration decrease outside the particle is
negligible. The solution of the partial differential

equation (Eg. 6) satisfying the boundary conditions

-. (Eqg. 7) as well as the initial condition (Eqg. 8) can be
obtained by Fourier's method. One gets
2R 2 (-1 (km)?Dt\ . kmp
c(p,t)_1+npkzlkexp< 2 sin—5

for —-R< p < Randt > 0, seeg.g, Jost (2002).

Fig. 4. Reconstructed density profiles from CLSM
images, xz-slices, a series of beads uptaken with
increasing processing time= 1min, t=2min, t=
4min, and t= 8min (in lexicographic order). The !
radii of the beads are 30,8m, 34.6um, 33.3um, and
38.9um, respectively, reversible binding.

30 : : :
Fig. 5. Reconstructed density profiles from CLSM R 0 plum] R
images of spherical beads (xz-slices) with irreversible
binding for increasing incubation time=t 4 min, t=  Fig. 6. Experimental data of the concentration profile
32min, and &= 128 min, respectively. of the spherical bead shown in Fig. 3 far/f =
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200. The adapted model corresponds to a diffusiomn the structure of the pore space of the bead. We
coefficient of D= 0.939- 10~ 2 m?/min. assume thap is close to one. Notice that when the
variable inner radius drops 0, the protein uptakung
process only follows the diffusion law (Eq. 6) with the
boundary conditio(R t) = 1.

Fig. 6 shows the adaption of the diffusion model
to the radial density obtained from the CLSM image,
of Fig. 6 for the optimal correction ratia /3 = 200.
Obviously, in this case the protein uptaking is driven  In particular because of the unknown fractipn
by diffusion, only. As a further example we considerthe above problem is hard to solve. Thus we consider
a series of beads under different processing time® simplified uptaking model where the growing of
see Figs. 4 and 7. It turns out that the diffusionthe spherical shell is proportional to the ratio of the
coefficientD does not depend anwhich means that internal surface areartt? and the external surface area
D is independent of the concentration 4mR2. It follows that the inner radiusof the shell as a
function of the timea satisfies the ordinary differential
equation

dr r?

= —\Vg—
dt R
with the initial conditionr (0) = R. The solution is

R
‘O=r 120 ©)
Herevp is a model parameter controlling the growing
of the shell. It can be interpreted as a speed
characterising the velocity of the proteins inside the
shell. Smallvg corresponds to a slow growing (a low
decrease of) and, vice-verse, large yields a fast
growing. From Eq. 9 it follows that the spegaf the
Fig. 7. Experimental data of the concentration profile shell's growing is

of the spherical beads shown in Figure 4 foet1, VoR2
2,4, 8 min, t= 2min, t= 4min, and t= 8 min. The v(t) = 072 , t>0.
adapted model corresponds to a diffusion coefficient (Vot +R)

of D= 0.263- 10" n?/min. It decreases extremely fast with increasing incubation
timet. Finally, we remark that the parameteris the

IRREVERSIBLE BINDING initial speedyo = v(0).

Clearly, inside the spherical shell the protein
uptaking is driven by diffusion, too. Because of the o[
reduced pore space the diffusion is much smaller
than in the case of reversible binding. Thus, from the 1007
mathematical point of view, irreversible binding can |
be modelled by the diffusion equation (Eq. 6) but with P
time varying boundary conditions. Lgt denote the
fraction of proteins in the spherical shell bounded at
the inner surface of the bead,<Op < 1. Then the J
boundary and initial conditions (Eqgs. 7 and 8) are A
replaced withc(R,t) = 1 andc(r,t) = pfort > 0 and .
c(p,0) = pfor0<r < p <R, respectively, where the 1
time dependent radius=r(t) with r (0) = Ris subject 0 w ‘ w
to the ordinary differential equation B

-R E) ‘ plum] R

A

-D gl _ —pg Fig. 8. Sketch of the radial concentration profile of a

op|, dt’ spherical bead with irreversible binding.

i.e, the total flow through the inner surface is As an example we consider a series of spherical
proportional to the change of the volume of thebeads for increasing incubation time. Fig. 5 shows
spherical shell. See Fig. 8 for a hypotheticala part of this series for incubation timés= 4 min,
concentration profile. The unknown fractipmlepends t = 32min, andt = 128 min, respectively. Fig. 9
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shows inner radius of the shell as a function of the Insight into the porous nanostructure of beads can
incubation timet. The mathematical model given by be given by scanning electron microscopy (SEM),
Eq. 9 is adapted to the measurement values obtainage Kavooset al. (2007); Langfordet al. (2007) for
from the complete series, where the paramegeis  microscopic images. In principle, the nanostructure
determined by least squares method. It turns out thatan be seen as a rigid open cell foam consisting of a
the model fits the experimental data well, if the truenetwork of nodes, edges and voids in between. The
bead radius is reduced by the mean roughness depthgfotein molecules diffuse in the pore space, where
the bead surface. Here, we assume a reduced raditi® geometric constrains provoked within the open
of R = 225pum which is due to a correspondingly cell foam serves as a geometry factor reducing the
roughness depth of the bead surface. rate of diffusion compared to protein mobility in free

The disadvantage of the simplified uptaking modefolution. Fig. 10 shows a mathematical model of the
is that the parameterp is not comparable with Microstructure. The core of the model is a Laguerre

the diffusion coefficientD. In so far, reversible tessellation with respect to a dense packing of balls

and irreversible and irreversible binding can not beVith independent and lognormal distributed diameters
compared quantitatively. (cv=0.2). For details see Ohser and Schladitz (2009),

Chapter 7.

r[um]

20+

104

1 10 100t [min]

Fig. 9. The inner radius r depending on the time t,
where the time is in a logarithmic scale. The circles
represent the experimental data, the two curves sho
the function (t) for the model parameterpv= 8.167

- 10 9ml/s; dotted line: the curve for the true bead

radius R = 24.9um, solid line: the curve for the Fig 10. A mathematical model of the microstructure
reduced radius R= 22.5um. of the beads. The solid phase is obtained by a dilation

of the system of edges in a realisation of a Laguerre
tessellation (kindly provided by C. Redenbach).

DISCUSSION

Industrial protein purification chromatography ~ 1he primary open cell foam is coated by
requires beads having high dynamic capacity. Therafted fle?qble polymers that carry charged reS|dges.
dynamic depends on the nanostructure of thé" the investigated chromatographic —material,
beads providing a fast diffusion of macromolecules-ractogeP’ EMD SOy, these are negatively charged
combined with a high concentration of effective Sulphonate residues—8G;). In an acidic buffer
protein binding sites. The concentration profilessystem the positively charged protein molecules are
determined by the method presented in this articl®ound to the sulphonate residues of the polymeric coat
show that the same protein can penetrate in completelly electrostatic interaction. At a pH-value of 6.0 the
different ways depending only on a slight change of thdinding is constant between protein and the anionic
pH-value within the aqueous puffer. This conspicuougolymeric coat is moderate and a major fraction of
behaviour has to be explained by constrains of inneprotein present within the cell can diffuse freely. The
structure and electrostatic interaction that affect theliffusion of protein molecules into a bead under the
mobility of protein molecules within beads. condition of weak electrostatic interaction with the
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polymeric coating the follows an exponential gradien
of concentration appropriate to Fick’s first law. In
contrast, at a pH-value of 5.0 a discontinuous radi
profile of bound protein molecules and a much slowe
mass transfer into the beads has been observed. Ap
from the pH-value all experimental conditions hav
been kept constant. Reducing the pH-value by on
unit results into a tenfold higher positive net charg
of the protein. Strong cooperative binding to grafte
polymers maintains the protein quasi irreversibly a
any potential binding site. The exposed pore edg
are easily approached by mobile proteins. The por
will be tightened before alternative sites at the cel
walls are covered by protein molecules. Additional
protein, which enters the cell, protein will be attache
to the inner surface of the pore space. Only in thos
case when the predominant part of the inner surface
completely covered by proteins, advancing molecule

can pass the open cell faces in order to cover thE' . . . . S
. : . . . Fig. 11.Density profile of irreversible protein bindin
inner surface of neighboring cells. The density profllenga sequencey(?f labelled protein (anin) unIabeII%d

n F|g. 11 gives ewden_ce th_at |rre_ver3|b_ly bound.edprotein (16 min) and labelled protein (8 min). This
protein molecules are fixed in their positions while igure shows the xz-slice through the bead center
additional molecules diffuse into the pore space untiLhowing the density profile reconstructed from a
they find free binding sites on the inner surface of th%LSM—image.

bead. On the nanoscale, in this way the inner surface

is occupied cell by cell. Macroscopically, this results REFERENCES

in discrete zones which are either protein saturated

or protein free. The just tightened cells allows only aBan.kston TE (2008)._ Theor_y and applications of refractiv_e
index-based optical microscopy to measure protein
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mass transfer in spherical adsorbent particles. J
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