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A capillary-based model modified for characterization of monolithic cryogels is presented with key
parameters like the pore size distribution, the tortuosity and the skeleton thickness employed for describ-
ing the porous structure characteristics of a cryogel matrix. Laminar flow, liquid dispersion and mass
transfer in each capillary are considered and the model is solved numerically by the finite difference
method. As examples, two poly(hydroxyethyl methacrylate) (pHEMA) based cryogel beds have been
prepared by radical cryo-copolymerization of monomers and used to test the model. The axial dispersion
behaviors, the pressure drop vs. flow rate performance as well as the non-adsorption breakthrough curves
of different proteins, i.e., lysozyme, bovine serum albumin (BSA) and concanavalin A (Con A), at various
flow velocities in the cryogel beds are measured experimentally. The lumped parameters in the model
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Tortuosity are determined by matching the model prediction with the experimental data. The results showed that
Skeleton thickness for a given cryogel column, by using the model based on the physical properties of the cryogel (i.e., diam-
Protein eter, length, porosity, and permeability) together with the protein breakthrough curves one can obtain a

reasonable estimate and detailed characterization of the porous structure properties of cryogel matrix,
particularly regarding the number of capillaries, the capillary tortuousness, the pore size distribution and
the skeleton thickness. The model is also effective with regards to predicting the flow performance and
the non-adsorption breakthrough profiles of proteins at different flow velocities. It is thus expected to be
applicable for characterizing the properties of cryogels and predicting the chromatographic performance
under a given set of operating conditions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Monolithic cryogels have recently been proposed as a new class
of chromatographic supports for separation of biomolecules in
downstream processes [1-3]. Numerous studies have been carried
out on the preparation of cryogels [4-14], graft polymerization and
modification of the cryogel matrix [15-21], characterization of the
cryogel properties and adsorption behaviors [6,7,22-25], as well as
cryogel applications in capturing various target biomolecules, cells
and viruses from crude feedstocks or suspensions [5,26-35]. Cryo-
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gel beds could be prepared with a wide variety of different pore
size distributions, microstructures, binding capacities, permeabili-
ties and behaviors of hydrodynamic dispersion, breakthrough and
elution. The essential part of the preparation of cryogels is freez-
ing of the reaction mixture, which is a stochastic process. Hence
each cryogel sample is somewhat unique and has its own physical
properties, and thus, specific hydrodynamic and chromatographic
behavior towards a given target feedstock. Non-destructive meth-
ods for characterization of the sample porosity are of crucial
importance for a development of reproducibly performing com-
mercial product. Modeling of fluid flow and mass transfer within
cryogel beds as well as characterization of the matrix are of great
relevance and fundamental to unraveling of the properties of cryo-
gels. Such insights will promote development of new cryogels and
thus expand the applications of the monolithic format in chromato-
graphic separations. Due to the complexity of the pore network
system within cryogels, it is still a challenging task to develop a
detailed model for characterizing the porous properties of a cryogel
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matrix and describing the chromatographic adsorption and break-
through behaviors of macromolecules such as proteins.

Numerous mathematical models have been developed to
describe the fluid flow and mass transfer characteristics in fixed
beds and monoliths in the past years, for instance [36-49]. Some
well-validated models in packed beds, such as the equilibrium-
dispersive model, the lumped pore diffusion model and the classical
random-walk model of Giddings [50], were also employed to inves-
tigate the adsorption-desorption and mass transfer kinetics and
breakthrough profiles in monolith columns [51,52]. However, the
chromatographic and transport characteristics between the mono-
liths and packed beds are very different due to their different
microstructures and these models are needed to be modified.
Actually, the fluid hydrodynamics and mass transfer behaviors in
monolith beds depend strongly on the micro-structural properties
of pores and skeletons. Several approaches have been proposed by
considering the detailed structural properties of monoliths in lit-
eratures [37,38,50-70], also as reviewed recently in Refs. [71-73].
The Kozeny-Carman approach derived from packed beds has been
suggested to calculate the hydraulic permeability and the disper-
sion behaviors in monolith columns [53-58]. In this approach the
porous structure of a monolith was assumed to be made up of uni-
form spheres together with the interstitial void spaces between
these spheres. Unfortunately, incorrect results could be obtained by
direct using the Kozeny-Carman equation to characterize mono-
lith beds. For monolith beds, parameters such as the equivalent
sphere diameter, the domain size or the equivalent dispersion par-
ticle diameter, were proposed alternatively to replace the particle
diameter in Kozeny-Carman equation. Due to the complicated and
tortuous morphology of pores and skeletons existing in monoliths,
this method found its applications limited mainly in silica monolith
rods. Meyers and Liapis [37] developed an approach by employing
a pore network model to investigate the liquid flow, solute diffu-
sion and breakthrough dynamic behaviors in monoliths. In their
model the porous structure of interconnected pores was repre-
sented by a regular cubic lattice including pore bonds and nodes
[38]. As one knows that huge numbers of pores exist in an actual
monolithic column and it is in some cases difficult to construct a
network close to a real monolith. Furthermore, the pore structures
and shapes of monoliths are so complicated that it is still a chal-
lenge to accurately determine the key parameters such as pore
connectivity in network models. Miyabe and Guiochon [59] sug-
gested a model by considering the monolith as continuous porous
unit structure consisting of cylindrical skeletons surrounded by
through-macropores. The bed was assumed homogeneous and thus
the general kinetic model could be solved to analyze peak broaden-
ing, dispersion and mass transfer kinetics [60,61]. By combining the
homogeneous cylindrical unit model and the network model, Gritti
et al. [62] developed the parallel pore and pore network models
to predict exclusion curves for inverse size-exclusion chromatog-
raphy. In recent years, the morphology reconstruction approach
combining Computational Fluid Dynamics (CFD) and imaging tech-
niques have also been introduced in monolith modeling by several
groups [63-69]. The so-called tetrahedral skeleton model was pro-
posed to reconstruct more complicated geometrical structure close
to the internal structures of monoliths. This interest model has
been demonstrated to be useful and effective in the simulation of
the mobile phase transport and hydrodynamics in silica monoliths.
However, numerical calculation of concentration fields in such a
complicated model for an actual monolith is a challenging task.
Recently, Trilisky et al. [70] developed a model by constructing the
monolith based on the 2D electron images of pore geometry. The
protein breakthrough curves and binding capacities were calcu-
lated by considering the pore size distributions.

Common to these monoliths or particulate adsorbents is, that
they all have pore diameters which are close to or below micron

scale, and thus, primarily diffusional transport occurs within these
small pores, although in some macropores of monoliths or inter-
stitial voids of particulate packed beds convective transport also
exists during the procedure of chromatography. Polymer-based
or silica-based monoliths even have porous structures with both
small mesopores and large through-pores, and consequently com-
plex transport behaviors within these wide-scale bimodal pores
[56,71-73]. However, the sizes of pores in cryogels are in the
range from a few to hundreds of microns [1-5,9,26], which is
much larger than that within the conventional monolithic beds.
Due to the cryo-polymerization under frozen conditions during the
formation of cryogels, the monomers were concentrated by the
formation of ice crystals. The polymerization was then achieved
at high local-concentration conditions and very dense and thin
skeleton was produced. In this skeleton of high polymer concen-
tration very few mesopores exists or very few of them are available
for chromatography at low column pressures (much lower than
those in conventional monoliths like silica monoliths). Therefore,
the microstructures of pores and skeleton within cryogels are much
different as those in conventional monoliths having multi-scale
pores. In cryogel beds, supermacropores are predominate and the
contributions of small skeleton mesopores to the liquid flow and
transport of macromolecules like proteins are very limited and
thus could be neglected. Within those supermacropores, convective
laminar flow is expected to be the dominating means of transport.

Capillary model is a simplification approach of porous media
with macropores like the packed beds of perfusive adsorbents and
the macroporous silica monoliths, in which the bed was assumed
to consist of a bundle of capillaries [41,42,44,45,50,74]. Zabka et al.
[41,42] developed a capillary model for silica-based monoliths by
assuming the bed as equal parallel capillaries with silica skele-
tons. In their model, both the diffusion mass transfer within the
skeleton and the laminar flow, the parabolic velocity profile, as
well as the axial and radial diffusion in capillaries were consid-
ered. Actually, the morphology of supermacropores in cryogels is
close to the distorted cannular shape and the skeletons are very
thin, thereby making the capillary model a simple and easy but
interest and effective representation approach for actual cryogels.
Persson et al. have proposed a capillary-based model for the char-
acterization of properties and the description of mass transfer and
chromatographic adsorption within cryogel beds [22]. In the model,
the cryogel was assumed to be made up of several groups of capil-
laries. These capillaries had equal length as that of the cryogel itself
and the skeleton thickness was neglected. The model was demon-
strated to be effective in describing protein adsorption performance
in a 10 mm diameter cryogel column. Based on this work, we have
recently developed a model for the description of protein adsorp-
tion and mass transfer behaviors by considering the overall axial
dispersion [75].

In this work, we present an improved model by considering
the actual detailed properties of the cryogel microstructure, e.g.,
the tortuosities of pores and the skeleton thickness and conse-
quently a numerical method for solving the differential equations
in the model is proposed. Experimental data of proteins from two
PHEMA cryogel beds under non-adsorption conditions are matched
and compared to the model prediction. The corresponding lumped
parameters in the model are determined and the overall results and
applicability of the model are discussed.

2. Model

A cryogel is made up of dense polymer skeletons with varying
thickness and many pores of different sizes. The skeletons provide
the mechanical support and the sites of functional groups for the
adsorption of target biomolecules, while the pores permit the flow
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Fig. 1. The schematic diagram of a cryogel made up of tortuous capillaries.

of liquids through the gel. These pores are interconnected and form
a complicated network system for the liquid fluid flow and mass
transfer of target molecules.

In the present model, the cryogel is assumed to be made up
of capillaries with a given size distribution, similar to those in
references [22,41,42,44,50,74]. Here, however, we assumed these
capillaries are not straight but tortuous. The interconnectivity
among capillaries was ignored because the skeleton is thin and the
pore sizes are large. The inlets of capillaries are all located at the
cryogel inlet surface and their outlets are located at the cryogel out-
let surface. They have different lengths and tortuosities. In order to
simplify the model, the polymer skeleton outside each capillary
is assumed to have a constant thickness, i.e., half of the skeleton
thickness ds.

2.1. Cryogel microstructure and porosity

Fig. 1 displays schematically a cryogel structure made up of
capillaries with different length and tortuosities.
For a given capillary i, the tortuosity 7; is defined as

T= (1)
where L; is the capillary length and L the length of the cryogel,
respectively.

The porosity of the cryogel bed ¢ is determined by the total
volume of capillaries and the bed volume:

Ng
T
Y= A E nidizfi (2)
i=1

fld) =

5489

The total volume of capillaries and skeleton walls is equal to the
bed volume, thus

Ng

T
A _nildi+dsyr =1 (3)
i=1

2.2. Fluid flow within a capillary and permeability of the cryogel

In most practical cases, liquid flow in these capillaries is laminar
due to the low Reynolds number. The flow rate in a capillary i can
then be calculated by the Hagen-Poiseuille equation, as described
in [22,74]:

wd} Ap;

i = 128/J,]_Li (4a)

where pp is the liquid viscosity, Q; the flow rate and Ap; the
pressure drop between the inlet and outlet of the capillary i, respec-
tively.

The pressure drop of each capillary is equal to that of the whole
cryogel Ap. Then, Eq. (4a) is re-written as

ad*Ap
= (4b)
1287l
The total flow rate in the cryogel bed Q is given by
N,
Q — LAP : nid? (5)
- 128/,LLL - T

i=1
At a given pressure drop, the flow rate in the cryogel bed can
also be calculated by Darcy’s equation
kAAp
2508

where k is the fluid permeability of the cryogel bed.
Combining Egs. (5) and (6) one can obtain

Q= (6)

Ng 4

T nidi

lZSkAZ T =1 )
i=1

A size distribution of capillary diameters with a probability
density function f;(d;) is assumed. Since the capillary diameters
are in the range from the minimum pore diameter d, to the
maximum pore diameter dmax within cryogels, the actual proba-
bility density function for the capillary diameter distribution f{d;)
can be expressed as (similarly as that in expanded beds by Yun
etal. [76])

_ fi(di)
1= [T fi(d)od; - [ fi(d)od;

For a normal distribution, the probability density function for
capillary diameters is given by

(1/+v270) exp|—(d; — dm)*/20?]

f(dy) (8a)

(8b)

where A (= wd2/4, d. is the cryogel diameter) is the cross-area
of the cryogel bed, Ng the total number of capillary groups with
the same diameter, d; the capillary diameter and n; the number
of capillaries in group i, respectively. It is assumed that capillaries
in a given group have the same diameter, length, tortuosity and
skeleton thickness.

1 ["min(1/v270) expl~((d; — dm)?/202)18d; - [, (1/5/270) expl~((d; — dm)? /207)]6d;

where o is the standard deviation and d, the mean diameter of
capillaries in the cryogel column.

2.3. Mass transfer and dispersion in the mobile fluid phase

For a cryogel without ligands, biomolecules would pass through
the pores freely and no adsorption would occur. Therefore, under
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this non-adsorption condition the differential mass balance equa-
tion of biomolecules in the mobile fluid phase of the tortuose
capillary i can be written as following by modifying the axial dis-
persed mass balance equation for plug flow [22,49,74]

dCpi(xp, tpi) 1 3*Cpi(xp, tpi)  ICpi(¥p, tpi)
= — - (9a)
tp; Pe; ax3 0xp
The initial and the boundary conditions are expressed as

Coilxp. t01)], 00 = (9b)
Cpi(xp, tDi)’XDzo =1 (9¢)
aCDi(XD’ tDi) -0 (gd)

8xD xp=1

where Cpj;(xp, tp;) (= Gi(x, t)/Co, Gi(x, t) is the bulk-phase concentra-
tion and Cy the inlet concentration) is the dimensionless bulk-phase
concentration of biomolecules in the capillary i, xp (=x/7;L, x is the
distance) the dimensionless distance from the inlet along the cap-
illary length, tp; (=tU;/t;L, where the velocity U; = ULdiz/32kri, t
is the time and Uy =Q/A is the liquid flow velocity in the cryogel
bed) the dimensionless time, Pe; (=7;LU;/D,xi, D.xi is the axial liquid
dispersion coefficient) the axial Peclet number, respectively.

For laminar flow in a straight tube, the axial dispersion coeffi-
cient can be estimated by Taylor-Aris correlation [77-81], which
was based on the work originally by Taylor in 1950s [82]:

Uzd?
11

192Dpp (10)

Daxi =Dpp +

where Dpg is the molecular diffusion coefficient of biomolecules.
In the present case, however, the capillary is tortuous. In compari-
son with the straight tube the axial dispersion in a tortuous tube is
more complicated because the tortuosity could induce the local sec-
ondary flow and variation of residence time across the flow, as those
observed in coiled tubes or helical channels [83,84]. Basically, the
axial dispersion coefficient in a curved tube is influenced by several
factors, such as the flow velocity profile, the fluid properties, the
tube diameter and tortuosity, and even the alternating curvatures.
All these factors could contribute to the longitudinal molecular dif-
fusion and the radial mass transfer and thus, the changing of the
axial dispersion coefficient in comparison with that for straight
tubes. For laminar flow in the present tortuous capillary, there is
a lack of precise correlations for the axial dispersion coefficient.
Recently, Gutsche and Bunke [45] obtained a modified correlation
of the axial dispersion coefficient in fixed beds. In their correlation,
the contributions of the bed tortuosity and the bed skeleton (i.e.,
adsorbents) to the axial dispersion were included and the devia-
tions from the ideal flow and mixing behavior were described by
using a dimensionless parameter, which was determined according
to the experimental measurements. Based on the correlation sug-
gested by Gutsche and Bunke [45], we use the following correlation
to estimate D,y; in the present tortuous capillary

Do — Dpp 1 urd?
axi T 1)// 192Dpg

(10b)

The parameter ¥ = ¢Pe%/”> in a fixed bed and the constant ¢
depends on the adsorbents used ({=0.011 and 0.018 for regular
and irregular adsorbents, respectively [45]). For a tortuous capil-
lary in a cryogel bed, ¢ should depend on the shape and thickness
of the skeletons and thus can also be assumed to be a constant.
The molecule Peclet number in capillary i can be expressed as
Pepgi=d;U;/Dag and then = ¢Pe%/7>. In this model, the corre-
lation by Gutsche and Bunke [45] is used for each capillary, i.e.,

— 0.775
W = 0.018Pel,775.

2.4. Tortuosity of capillaries

In the above model, it is necessary to determine the unknown
parameter t;. As can be seen from Eq. (4b), at a given pressure drop
the time for fluid flow through a capillary with larger diameter and
smaller tortuosity could be much shorter than that for a small one
with larger tortuosity. In such case, the broad residence time dis-
tribution (RTDs) for fluid through could occur in a cryogel bed with
the wide size distribution of capillaries, which implies that strong
dispersion could always be observed. However, the axial disper-
sion in many real cryogels with pore diameters in the range from
10 to 200 pm is not strong but weak (the axial dispersion coeffi-
cient 1076 to 10-8 m2/s) and the RTD curves are not broad either
[9-11,20,21,32]. This reveals that the larger capillaries might be
longer or more tortuous than that of the smaller ones, which could
result in the narrow RTDs and weak axial dispersion. Therefore, in
this work we assume the following linear function for describing
the variation of t; vs. the capillary diameter:
T = Tgmin + @ (d; — dmin) (11a)
where Tymin (=1) is the tortuosity of the capillary with diameter
dmin and the parameter @ is the line slope of the tortuosity vs.
capillary diameter.

Actually, the tortuosity t4my,x Of the capillary with diameter dmax
can be determined from the RTDs or breakthrough curves using a
non-adsorbent tracer. The time for the tracer passing through the
largest capillary within the cryogel bed is expressed as

T L L
dmax™ _ ‘dmax 32ktdmax

= (11b)
Ud max ULd%nax

fdmax =

where Ugnax is the liquid velocity within the capillary with the
diameter dmax. Then, @ is determined and Eq. (11a) can be rewrit-
ten as

o . (di = dmin) ta max UL .
Ti = Td min + (dmax — dmin) 32KkL dmax — Td min (]]C)

In most practical cases, however, it is difficult to determine 7 i,
directly from the RTDs or breakthrough curves due to the extended
tails of these curves. The parameter can then be determined by
fitting the permeability and porosity as well as the protein break-
through data of the cryogel bed.

3. Numerical methods

For a given cryogel bed, the unknown parameters 74uin, ds, 0,
Ng
dm and the total number of capillaries M (= Zni) in the model
i=1
were estimated by fitting Egs. (2), (3), (7) and (9a) together with
the experimental data and restricting ds and M in certain limits.
For a typical class of cryogels prepared under similar condi-
tions, the skeleton thickness varies in a relatively narrow range
as observed in experiments [2-11,22], e.g., 4-24um for the
polyacrylamide-based cryogels prepared by Persson et al. [22] and
Yao et al. [20]. Therefore, in this model the value of ds is restrained
in a given range. The range of M was estimated by considering dif-
ferent situations. In the case that all the capillaries have the same
diameter of d;,, the maximum number of capillaries Mmax can be
obtained by regarding the total volume of these capillaries as equal
to the cryogel bed and from Eq. (4a)

Mmax7T(dmin + ds )zfd minl _ ngL

7 2 (12a)
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In the case that all the capillaries have the same diameter of
dmax, the minimum value M,;, can also be achieved in a similar
way and we get

Mmax7(dmin + ds)zfd maxL _ ]ngL

) 2 (12b)
Then,
2
Mppar = ——— %6 (120)
(dmin + ds)"Td min
d2
Mmin,l = : (12d)

2
(dmax + ds) T max

On the other hand, Mpmax or My, are obtained by regarding the
cross-section areas of these capillaries equal to the cross-area of the
cryogel bed due to the fact that all the inlets of capillaries (along
each of the capillary axis) should be distributed on the surface of
the cryogel bed inlet.

d2
Mmax 2 = —c (12e)
(drnin +ds )2
d2
Mmin,Z = £ (]Zf)

(dmax + ds )2

Therefore, for an actual cryogel the possible value of M should
be in the following range

MaX(Mmin,l ) Mmin,z) = M = Min(Mmax,l 5 Mmax,Z) (133)
ie,
Mnin,2 <M < Mmax,1 (13b)

Eq. (13b) was employed as one constrained condition and the
possible value of M was then determined by matching the model
calculation with the experimental data.

The finite difference method was then employed to solve the
mass balance equation in the model, as that reported in [22]. The
discrete procedure is also similar as that reported by Ozdural et al.
[40] and Yun et al. [76]. The mass balance equation was discretized
by the central difference approximation for 9Cp;/dxp and 32 CDi/8x2D
and the implicit scheme of finite difference with the backward dif-
ference approximation for dCp;/dtp;. The concentration at the out
let of the cryogel bed was obtained by averaging the concentrations
in capillaries based on their flow rates and written as

Ng
Zci”iQi
C=_+
Q
The deviations of the model predictions from the experimen-
tal data of the porosity, permeability, the bed volume as well as the
protein breakthrough were estimated by calculating the differences
between the predicted (subscript symbol is “cal”) and experimen-

tal data (subscript symbol is “exp”). The relative difference of the
porosity is given by

(14)

|</’cal - </’exD’

$
¢ Pexp

(15a)

The relative difference of the permeability is expressed as

keal — k
L= [eat = kero| (15b)
kexp
The relative difference of the bed volume is defined as
Vea — Ve
Sy = ’“a'veﬁ (15¢)

where V., and Vexp are the predicted and experimental volumes of
the cryogel, respectively.

The mean dimensionless difference of the breakthrough data is
expressed as

Nj
E Ceal,j = Cexp,jl
j=1

8¢ = T (15d)

where N; is the total data number of the experimental break-
through.

4. Experimental

4.1. Materials

Hydroxyethyl methacrylate (HEMA, 96%), was pur-
chased from Acros Organics. Allyl glycidyl ether (AGE,
99%), poly(ethyleneglycol) diacrylate (PEGDA, 99%,

Mp ~258¢g/mol), iminodiacetic acid (IDA, 98%), N,N,N,N'-
tetramethylethylenediamine (TEMED, 99%), ammonium persulfate
(APS) and, lysozyme from chicken egg white and Con A were all
purchased from Sigma-Aldrich. BSA (98%) was from Amresco
(Ohio, USA). PBS buffer tablets were purchased from Medicago
AB. Other chemicals used were analytical grade. All reagents were
used as received.

4.2. Preparation of pHEMA cryogels

Two pHEMA cryogels were produced by free radical cryo-
copolymerization of monomers initiated by TEMED and APS in
glass columns with the inner diameters of 5mm and 10 mm,
respectively. For the preparation of cryogel in the column of 5 mm
diameter (Cryogel-1), monomers (1.53 g of HEMA, 0.46 g of PEGDA
and 0.27 g AGE) were dissolved in 11 ml of deionized water and the
mixture was degassed with nitrogen gas for 10 min. The mixture
was then cooled to 0°C and 0.02 g of TEMED (dissolved in 1 ml of
deionized water) and 0.02 g of APS (dissolved in 1 ml of deionized
water) were added to the mixture to give a total volume of 15 ml
and a monomer concentration of 15% (w/v). The gelation mixture
was then briefly stirred and 0.8 ml was quickly added to a glass col-
umn and frozen at —12 °C for 24 h. The resulting cryogel was thawed
at room temperature and washed by pumping 100 ml of deionized
water through it to remove unreacted monomers. 100 ml of 0.5 M
Na,CO3 was then pumped through the cryogel followed by 100 ml
of 0.5 M IDA in 1.0 M Na,CO3 which was applied in a recycling mode
for 18 h at room temperature. Thereafter, the cryogel was washed
with 100 ml of 0.5M Na,CO3; and then with water until neutral
pH. The height of the obtained water swollen cryogel column was
4.8 cm. For the preparation of cryogel in the column of 10 mm diam-
eter (Cryogel-2), the solution containing monomers with the same
concentrations as those used in the preparation of Cryogel-1 was
added into the glass column, which was then sealed and immersed
into ethanol contained in a freezing system and frozen at —15 °C for
24 h. The obtained cryogel was thawed at room temperature and
washed by deionized water for further measurements. The height
of Cryogel-2 was 6.5 cm.

4.3. Measurement of breakthrough curves of proteins and
characterization of cryogels

The column of Cryogel-1 was connected to an AKTA Explorer
Chromatographic System and the extra-volume of this system was
determined by measuring the time for an input tracer pulse (1%, v/v,
acetone solution, UV,gq) flowing through the system, bypassing the
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column at a known flow-rate. For the breakthrough experiments, a
lysozyme solution of 0.5 mg/mlin PBS buffer (pH 7.4) was employed
and passed through the column under non-binding conditions, i.e.,
the protein molecules were non-retained or not bound in the cryo-
gel. A sample of 3 ml was loaded for each run at a different flow
velocity and the process was monitored at UV 280 nm. The column
was washed by buffer between each run.

For the column of Cryogel-2, residence time distributions (RTDs)
and breakthrough of proteins were measured at various flow
velocities in a chromatographic system with a peristaltic pump,
a switching valve and an on-line flow-through UV spectrometer, as
used previously [9-11,20,21,23,32-34]. RTDs were investigated by
the tracer pulse method and 150 p.L of 0.5 mg/ml BSA and 0.5 mg/ml
lysozyme solution were applied as the tracers in each run, respec-
tively. The obtained response signals were then used to evaluate the
axial dispersion performance within the column. The axial disper-
sion coefficients at different liquid flow velocities were determined
by the variance and the mean residence time of the corresponding
RTD curve under close-vessel boundary [10]. In the breakthrough
curve measurements, the protein solution of 0.5 mg/ml of lysozyme
in 20mM PBS buffer (pH 7.4) was passed through the column at
various flow velocities. The loaded sample was 15 ml for each run
and the process was also monitored at UV 280 nm. The column
was washed using 2 M NaCl in 20 mM PBS buffer (pH 7.4) between
each run. The breakthrough curves of BSA and Con A at the same
conditions were also measured.

The relationships between the pressure vs. flow rate through
the cryogels were measured by passing deionized water through
the columns at different hydrostatic pressure drops (i.e., using dif-
ferent heights of water-columns) and the cryogel permeabilities
were determined by fitting the experimental data with Eq. (6).
Porosities of Cryogel-1 and Cryogel-2 were determined by mea-
suring the content of free water and the cryogel volume of a given
sample as previously described in [5,6,10], and the microstructure
of the cryogel was visualized and determined by scanning elec-
tron microscope (SEM), according to the procedure described by
[6,7,13].

5. Results and discussion

Experimental values of the cryogel diameter, length, porosity
and permeability, as well as the liquid properties, were used as the
known inputs for the model. In the model calculation, viscosities
and densities of the present aqueous dilute solution of lysozyme,
BSA or Con A at the test concentration and temperatures were esti-
mated using the equations reported by Monkos [85,86], as similar
as in Ref. [76]. The diffusion coefficients of BSA and Con A in PBS
buffer were estimated using the correlation suggested by Young
et al. [87] and the diffusion coefficient of lysozyme was calculated
by the equation proposed by Tyn and Gusek [88], respectively.
These correlations were found to fit well with experimental data
as demonstrated by He and Niemeyer [89]. Basic parameter values
used in the model are summarized in Table 1.

The physical parameters of the capillaries and skeletons in
the model were determined by fitting the model calculation in
a manual manner with the experimental results of the cryogel
size, porosity, permeability together with the protein breakthrough
curves ata given flow velocity. For a typical fitting, the value of t .«
at a certain liquid velocity was obtained from the breakthrough
curve for Cryogel-1 or the RTD curve for Cryogel-2 and the range of
ds was set as from 1 to 12 wm in this work because the skeletons of
the present cryogels were very thin. Firstly, the initial values of dy,,
0, ds and T4y, were given and the range of M was calculated by Eq.
(13b). For each M, the number of capillary groups was estimated
by setting the diameter step as 1 um and the number of capillary

in each group was determined by integrating Eq. (8b) between the
group intervals. Then, the porosity, the permeability and the total
bed volume were calculated by Eqgs. (2), (3) and (7). The obtained
values were compared with the corresponding experimental values
and their relative errors were calculated. The allowable maximum
relative error between the calculated and experimental values was
set below 2% for porosity and permeability, and 1% (Cryogel-1)
or 1.8% (Cryogel-2) for the total bed volume, respectively. If the
obtained relative errors were larger than the allowable values, new
values of these unknown parameters were generated and the cal-
culation of the porosity, the permeability and the total bed volume
was repeated again. The iterative step of 74, was set as 0.005,
which was sufficient to give a good accuracy to achieve the fitting.
In order to improve the fitting efficiency and decrease the calcula-
tion time, the manual procedure for generating new values of dp,,
o and ds was employed here, which was achieved by using itera-
tive steps of 1, 0.1 and 0.5 .m at each new calculation, respectively.
This procedure was repeated until the obtained relative errors were
within the allowable values. Generally, there could be different sets
of parameters in the model which can match well with the exper-
imental values. But only those fitting well with the experimental
breakthrough curve at a given flow velocity were considered as
the reasonable parameters and used in the calculation. The model
was solved numerically and the dispersion coefficients and break-
through profiles of proteins under non-adsorption conditions at
different flow velocities were predicted. The relative differences of
the porosity, the permeability and the bed volume as well as the
mean difference of the breakthrough data between the model pre-
dictions and the experimental values were calculated and listed in
Table 2. These values are low, indicating satisfied predictions by the
present model.

5.1. The total number and tortuosities of capillaries in the model

The total number of capillaries and the tortuosities are two
crucial parameters needed to be determined by the model. From
SEM images of the pHEMA cryogels shown in Fig. 2(a) and (b),
the pore diameters are in the range from about 10 to 100 pm
for Cryogel-1 and 10 to 110 wm for Cryogel-2. We roughly set
dmin =10 wm for both cryogels and dmax =100 um for Cryogel-1
and dmax =110 pm for Cryogel-2 in the calculation. For Cryogel-1,
timax Of 25.4s was observed from the experimental breakthrough
of lysozyme under non-adsorption conditions at the liquid flow
velocity of 8.49 x 104 m/s, and this value was employed to deter-
mine tgmax. For Cryogel-2, tynax of 245s was obtained from the
RTD curve at the liquid flow velocity of 1.65 x 10~% m/s. The tor-
tuosities of different capillaries were determined using Eq. (11b)
together by considering Eq. (13b), and the total number of cap-
illaries is likely to be within the range of 2289 <M < 50,491 for
Cryogel-1or 7763 <M < 261,284 for Cryogel-2. A satisfactory num-
ber of 2306 capillaries for Cryogel-1 or 7791 for Cryogel-2 was
obtained by fitting the model prediction with the experimental
data, and this value was then employed in the following calcula-
tion. The obtained tortuosities of capillaries increased from 2.36 to
4.08 with the increase of capillary diameter from 10 to 100 pm for
Cryogel-1, while from 2.10 to 6.49 with the increase of capillary
diameter from 10 to 110 wm for Cryogel-2, as shown in Fig. 3.

5.2. Diameter distribution and skeleton thickness of capillaries in
the model

Pore sizes and wall thickness distribution in cryogels can be
assessed by imaging processing method using software like NIH
Image], as demonstrated recently by Dainiak et al. [90]. However,
the uncertain results of image analysis may be influenced by both
the image quality and the method of image processing, especially
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Table 1
Basic parameters used in the model.
Column Protein dc (m) L(m) (=) k (m?) . (Pas) p1 (kg/m3) Dpg (m?/s)
Cryogel-1 Lysozyme 5% 1073 4.8 x 1072 0.847 8.45 x 1012 1.0x 103 1002 1.18 x 1010
Cryogel-2 Lysozyme 10x 103 6.5 x 102 0.886 5.58 x 10-12 8.0x 104 1000 1.43 x 10-10
Cryogel-2 BSA 10x 103 6.5 x 102 0.886 5.58 x 10-12 7.8x 104 1000 7.98 x 10~
Cryogel-2 Con A 10x 103 6.5 x 102 0.886 5.58 x 10-12 8.4x 1074 1000 6.38 x 1011

- 3 -
i b )
Det 1 50um

kv 30 400x  SE :
b ~ !

V  Spot Magn

Fig. 2. Scanning electron microscope photographs of the poly(hydroxyethyl
methacrylate) cryogels. (a) Cryogel-1 and (b) Cryogel-2.

the choice of threshold magnitude for the segmentation of pores
and skeletons and even the pore structure heterogeneity. In the
present work, we determine the unknown physical parameters of
the capillaries ds, dn and o by simultaneously fitting the model
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Fig. 3. Tortuosities of capillaries in the poly(hydroxyethyl methacrylate) cryogel
beds in the model. (-) Cryogel-1 and (- - -) Cryogel-2.

calculation with the experimental data of permeability, porosity,
bed volume as well as the protein breakthrough curve at a given
velocity. For Cryogel-1 a good agreement between the calculated
and experimental data was observed for dm =51 um, 0 =13.0 wm
and ds=4.5pm, while for Cryogel-2 the obtained values were
dm =46 pm, 0=19.7 pm and ds=3.5 pm. It should be noted that
the skeleton thickness is comparable to those for pDMAA (N,N-
dimethylacrylamide) cryogels reported by Persson et al. [22] and
gelatin-fibrinogen cryogels by Dainiak et al. [90]. It is also seen that
Cryogel-2 has a wider pore size distribution that that for Cryogel-
1. The reason is that the small column diameter (5 mm diameter)
gave more uniform microstructures or pores than the larger column
(10 mm diameter) for the monomer solution with the same con-
centration under the similar freezing conditions. Based on these
parameters, the calculated porosities by the model were 0.849
for Cryogel-1 and 0.882 for Cryogel-2, while the permeabilities by
the model were 8.43 x 10~12 m? and 5.48 x 10~12 m?, respectively.
These values are very close to the experimental values listed in
Table 1.

Fig. 4 shows the capillary diameter distributions in the cryo-
gel beds given by the model. As can be seen, for Cryogel-1 the
effective capillary diameters are in the range from 11 to 92 um
(correspondingly the actual tortuoses of these capillaries increased
linearly from 2.37 to 3.92) and for Cryogel-2 the effective capil-
lary diameters are in the range from 10 to 110 pm. For Cryogel-1
the contribution of capillaries with d; <11 pwm and d; > 92 pm was
neglected. Therefore, it is expected that the actual pores could be in
the range of diameters from 11 to 92 pm with the mean diameter
of 51 wm in Cryogel-1 and 10 to 110 wm with the mean diameter
of 46 wm in Cryogel-2, both with the normal size distribution.

In this model, we assumed a constant skeleton thickness for each
cryogel. In reality, it is difficult to determine the accurate value of
this parameter even from the SEM images, because the skeleton
observed by SEM is not uniform (varied from about 1 to 12 um,
as shown in Fig. 2) and may be either deformed by the sample
preparation process or enlarged by a change in observational posi-
tion or direction. The present value of ds =4.5 um for Cryogel-1 or
ds =3.5 pm for Cryogel-2 can thus be considered as an approximate
but satisfactory description of the actual skeleton thickness due to

40000
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= 20000

S(d) )

10000

0 1 " 1 " - "
0.0 3.0x10°  6.0x10°  9.0x10°

d (m)

1.2x10™

Fig. 4. Diameter distribution of capillaries in the model. (-) Cryogel-1 and (- - -)
Cryogel-2.
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Table 2

Deviations of the model predictions from the experimental data at various flow velocities.

§c at different flow velocities

s k

Protein

Column

2.55

1.70

8.49

8.41

5.10

3.48

2.55

2.48

1.70

1.65

49

8.

8.25

x 1073 m/s

0.028

x 1073 m/s
0.020

x 1074 m/s

x107°m/s x10%m/s x10“m/s x10%m/s x10%m/s x10%m/s x10%m/s x10"*m/s
0.043 0.028 0.028 0.019

x 107> m/s

0.002 0.002 0.007 -

Lysozyme
Lysozyme

BSA

Cryogel-1

0.042
0.014

0.020
0.020
0.013

0.011 0.019

0.015

0.018 0.008 0.024
0.018 0.008 0.016

0.005

Cryogel-2

0.008 0.006

0.015

0.005

Cryogel-2

0.013 0.014 0.016

0.016

Con A 0.005 0.018 0.008 0.017

Cryogel-2
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Fig. 5. Comparison of the experimental values of flow rate vs. pressure drop with
the data calculated by the model in the poly(hydroxyethyl methacrylate) cryogel
beds. (O) experimental in Cryogel-1, (®) experimental in Cryogel-2, (-) predicted
in Cryogel-1, and (- - -) predicted in Cryogel-2.

the good agreement between the calculated and experimental data
of porosity, permeability and bed volume. These parameters rep-
resent suitable values and the presented model itself could thus
be regarded as successful in giving a good description of the actual
pHEMA cryogel bed.

5.3. Flow rate vs. pressure and axial dispersion

The permeabilities of the cryogels obtained by fitting the experi-
mental data of flow rate vs. pressure drop with Darcy’s equation are
8.45 x 10712 m? for Cryogel-1 (the correlation coefficient R=0.984)
and 5.58 x 1012 m? for Cryogel-2 (R=0.986), respectively. Fig. 5
displays the comparisons between the experimental values and the
calculated data of flow rate vs. pressure drop by the model in the
cryogel beds. As can be seen, the agreement between the calculated
data by the model and the experimental values is good within the
range of flow rates considered.

The axial dispersion coefficients of lysozyme within different
capillaries in Cryogel-1 were calculated by Egs. (10a) and (10b)
in the model and shown in Fig. 6. As can be seen, the values of
D,y increase both with the increase of capillary diameter and flow
velocity. These values are for most capillaries much higher than the
molecular diffusion coefficient of lysozyme. Similar results were
observed in Cryogel-2 (data not shown here).
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d, (m)
Fig. 6. Variation of axial dispersion coefficients with capillary diameter in Cryogel-

1 at liquid flow velocities of 8.49 x 10-° (@), 1.70 x 10~ (O), 2.55x 10~ (M),
8.49 x 1074 (1), 1.70 x 103 (a) and 2.55 x 10~3 (A) m/s, respectively.
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In reality, it is very difficult to obtain the experimental data
of axial dispersion coefficients in each supermacropore within an
actual cryogel bed and thus, we cannot compare the calculated
dispersion directly with experimental data in each capillary. Alter-
natively, the mean axial dispersion coefficientin all these capillaries
according to their flow rates was considered as the calculated dis-
persion coefficient by the model, which can be determined by the
equation expressed as

Ng
ZDaxiniQi

Dayx = — 16
0 (16)

The axial dispersion coefficients in Cryogel-2 at the flow
velocities of 8.25x 107>, 1.65x 1074, 2.48 x 1074, 3.48 x 1074,
5.10 x 1074, and 8.41 x 10~4 m/s were determined by RTDs using
BSA and lysozyme as tracers, respectively. The obtained results are
shown in Fig. 7. It is seen that the dispersion coefficients increased
from 6.59 x 108 to 5.00 x 10~7 m?2/s for lysozyme and 4.66 x 10~8
to 5.12 x 10~7 m2/s for BSA with the increase of flow velocity from
8.25 x 107> to 8.41 x 10~*m/s. The mean axial dispersion coeffi-
cients were also calculated by the model at the same flow velocities
and the obtained values were compared with the experimental, as
also shown in Fig. 7. It can be seen that the agreement between the
calculated and experimental data is good, indicating that Eq. (10b)
is valid in the estimation of axial dispersion coefficients and could
be employed in describing the axial dispersion within capillaries in
these cryogel beds.
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Fig. 7. Comparison of the predicted and experimental mean axial dispersion coef-
ficients at various liquid velocities in Cryogel-2. (M) lysozyme, experimental, (A)
bovine serum albumin, experimental, (-) lysozyme, predicted and (- - -) bovine
serum albumin, predicted.

5.4. Breakthrough curves of proteins under non-adsorption
condition

In this work, three different proteins, i.e., lysozyme, BSA and
Con A, were employed as the model proteins to test the model
under non-adsorption conditions. Molecular weights of these
proteins are 14.3, 67 and 102kDa, respectively. For Cryogel-
1, breakthrough curves of lysozyme at the liquid velocities of
8.49x 1072, 1.70 x 1074, 2.55 x 1074, 8.49 x 1074, 1.70 x 103 and
2.55 x 103 m/s were obtained. It was observed that in these runs
the binding capacity of protein molecules due to the possible
IDA functional groups was very low (below 0.006 mg/ml cryogel)
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600 800 1000 1200

t(s)

400

Fig. 8. Comparison of the predicted and experimental breakthrough curves of proteins under non-adsorption condition at various liquid velocities. (a) Lysozyme in Cryogel-1,
(b) lysozyme in Cryogel-2, (c) bovine serum albumin in Cryogel-2 and (d) concanavalin A in Cryogel-2. The liquid velocities in Cryogel-1 are 8.49 x 10~> (@), 1.70 x 10~ (O),
2.55x 1074 (M), 8.49 x 10~4 (1), 1.70 x 10~3 (a) and 2.55 x 10~3 (A) m/s, respectively. The liquid velocities in Cryogel-2 are 8.25 x 10~° (@), 1.65 x 1074 (), 2.48 x 10~ (m),
3.48 x 1074 (), 5.10 x 10~ (o) and 8.41 x 10~4 (A) m/s, respectively. The solid lines represent the calculation results by the model.
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and thus was neglected. For Cryogel-2, breakthrough curves of
lysozyme, BSA and Con A are measured at the liquid velocities of
8.25x1072,1.65x 1074,2.48 x 1074,3.48 x 10-4,5.10 x 10~4, and
8.41 x 10~*m/s, respectively. No binding of proteins was observed.
Therefore, in both cryogels the non-binding assumption was valid
and protein molecules passed through the pores of the cryogels
freely without being bound. Under non-adsorption conditions, the
mass balance equation was solved by the finite difference method
and the breakthrough profiles were calculated by the model at the
corresponding flow velocities as the experiments. In the solving
process, each capillary was divided into 50 cells and time steps of
0.1s were used in the calculation. There was no obvious improve-
ment of accuracy connected with further decreasing the time step
or distance interval step.

Fig. 8 shows the comparisons of the calculated results of break-
through of the considered proteins with the experimental data
(expressed as the symbols) at various velocities in Cryogel-1 and
Cryogel-2. Asitis seen the model predictions are in good agreement
with the experimental data, though when varying the values of the
different parameters, other likely fittings with the experimental
data could be obtained. Therefore, further optimizations based on
the precise experimental determination of the parameters are wor-
thy of being investigated in future as it seems that the accuracy of
these parameters is very important for the model prediction.

6. Conclusions

The presented model has been shown to be effective in char-
acterizing the microstructure of a cryogel bed and in describing
the liquid flow and mass transfer behaviors within supermacrop-
ores. The pore tortuosity and the skeleton thickness are considered
in this model, and this gives a more detailed model description
of an actual cryogel. The parameters of capillaries in the model
can be determined by fitting experimental data of permeability,
porosity, cryogel bed volume and breakthrough curve under the
non-adsorption condition. Once these parameters are determined,
the model can then be used to predict the behaviors of protein
breakthrough profiles at different flow velocities. Based on the
model predictions we have found that the effective pore sizes of the
considered pHEMA cryogels are likely be in the range of 10-90 um
for Cryogel-1 and 10-110 pm for Cryogel-2. The mean pore diam-
eters for these two cryogels are likely to be around 51 and 46 pm,
and both these calculated predictions show to be close to the actual
values of the pores observed from the SEM image. The next step in
the development of a comprehensive model of chromatographic
performance of cryogels would be the study of breakthrough pro-
files under the binding conditions. This was the motivation behind
the synthesis and study both the plain and IDA-containing pHEMA
cryogels, which are the basic matrix for further preparation of ion
exchange, hydrophobic and immobilized metal ion affinity cryo-
gels, albeit the IDA-functionality has not been exploited further in
the present work.
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