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ABETRACT: Macroporous K-carragesnan beads wers prepared By & two-step emulbsion meshod, chemically cross-linked,
characierized, ard iben emploved for gel Nlissison, [ has recenily been recognized that convection (i, ¢ bulk Muid
fevementy through large pores (i.e. macropares) is an elfective way of enhancing the performance of chromatographic
1r|;larlli-.1n by |rn|'|-l":|'-=il'l-!'_' mass iransler. The pim of owr shudy was b determime if ihis eo el was frue lor (LT RS! AT
eaffageenan beads. The pore siruciure of the beads was analyzed by environneental scanning ebeciromic microscapy and
characterized by measarmy the iotal sarface aren and packing dersity, An increasing isluenc content in the first emulsion
was found o play sn imporan mole in creating more pores and i delermining the pore structure,  [n adduien, hesl
breatment of the beads was very effeciive for increasing the crasslinkmg density and rediscing the besd volume swelling
i saline. However, reatmenl with stcam reduced the bead surfsce area suggestimg o change in pore sruciure.  The
crosstinked hydrogel beads were stable in the pH range 1-13 2nd in KC1 solutions at 2 concentraion pver 007 M. The

strenpth. The effsciency (0. . resalution and rediscsd

pavection through pores has recently been
fecognized as an effective means for enhancing
Be performance of porous beads in catalvtic reactions
Radrigues and Ferreira, 1988; Rodrigues et, al , 1982:
pwell, 1985; Cogan et al., 1982), immobilized cell
(Prince et. al., 1991; Stephanopoulos and
iveriotis, 1989) and chromatographic separation
PUMDN, et. al., 1991, Afeyan et. al, 1991; Lloyd
B Li et al, 1995), Due to the presence of
Wection, solutes carried by a fluid are directly
asporied int or out of a macroporous system (Figure
& It improves mass transfer in porous beads and their
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bsdl mize increassd with a decrease m fonse strengih, Al bow jonic sirengeh, pwo all e prodens siudied, cytochrame O
and lysozyme, were found o adsorb 1o the carragesnan beads.
the beads for gel filirstson, The elution volume of various m

Ihe winic strength also alfested the fractionation range of

si-adsorhed prodesys was reduced wilh a decrease in sonle
plate height) of carrageenan beads in chromatographic SEpararic
was betier than that of commercial Sepharose CL-61 heads, espuctally at Wigh fow Fages

efficiency in catalyvtic reactions and chromatographic
separation. One advantage of macroporous beads is
their remarkable mass transfer efficiency at high flow
rates, The apparent effective  diffusivity was
dramatically increased when the Reynolds number was
over 10 (Knight, 1989; Janson and Hedman, 1952).
Afeyan et. al. (1990a) developed perfusion
macroporous beads, based on poly(styrene-divinyl
benzene), for high performance liguid chromatography
(HPLC). The reduced plate height of these rigid
perfusion beads showed little dependence and, in some
cases, independence from the fluid Mow in very high
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Figure 1. Comparison of mass (ransport in comvenlional beads aed
s oS heads

flow rate regions (i.e. Peclet number > 100} depending
on the type of beads (Afeyan et. al., 1990b). The
processing time of this perfusion chromatography was
reduced by a factor of 10 (from 30 minutes © 3
minutes) and the productivity increased by a factor of
5() when compared to conventional HPLC.

Convection can only occur in a porous sysiem if
the pore size is large enough. The pore size should he
greater than 4000 A before intraparticle convection can
occur (Lloyd 1991, Frey et al.. 1993, Lloyd &
Warner, 1990), For the beads with 40K A pores, the
apparent diffusivity was dependent on the flow rate
{Frey et. al., 1993). In additicn, the column pressung
drop was also 40% lower when compared 1o beads with
1000 A pores. Some newly developed macroporous
bead systems (Fulton et. al, 1991; Afeyan el al., 1991;
Afeyan 1990b) adopted a heterogeneous pore struciure
containing both large and small pores. The large pores
allow for convection, while small pores allow for
molecular diffusion. For example, the beads developed
by Afeyan et. al. (1991) had pores ranging from 6000
1o 8000 A and from 800 1o 1500 A

Two methods, emulsion (Nilson et. al., 1986, Lim
et al., 1992) and aggregation {Frey et. al. 1993), have
been used for preparation ol Macroporcus beads. For
production by emulsion methodology, a pore forming
reagent was uniformly mixed with a polymer hydrogel
Large pores were created after the reagent was
removed and the polymer gels solidified.  The pore
structure was greatly dependent on the content of the
pore-forming reagent. For the aggregation method,
sub-particles were aggregated o form larger particle,
The large channels in these beads consisted of the space
between the aggregated sub-particles.

Various gels, such as dextran, polyacrylamide,
agarose, and cellulose, have been widely employed for
chromatographic separation, Advaniages of these gels
include low non-specific adsorption, good chemical
stability, easy chemical derivatization, and simple
column preparation when compared to rigid packing
materials such as silica and glass (Janson and Hedman,
19821, However. one major drawback is gel softness

which prevents their use in high performance liquid
chromatography with its associated high pressure drop
which would physically deform soft gel beads, Efforts
have been directed towards improving the rigidity of
gel beads in order to reduce the particle size and boost
their performance In chromatographic  separation
(Kmight, 1989). The mechanical strength of gel
matrices may be improved by increasing the degree of
crosslinking and by using composite materials, [For
example, highly cross-linked Superose agarose beads,
have a wet particle size of 20-40 um compared o 45
165um for Sepharose beads. On the other hamnd, the
composite beads Superdex {agarose and dextran) and
Sepharyl (allyl dextran and acrylamide) are 22-75 um
in diameter in the wet state. Other materials, such as
alginate (Kierstan et. al., 1992), chitosan (Seo and
Kinenura, 1989} and carrageenan (Chibata et al,
19&1) have also been investigated for chromatographic
applications

K-Carrageenan composed of unit structures ol [
D-galactose sulphate and 3, f-anhydro-g-D-galactoste
has been applied as a packing material fur
chromatographic separation of proteins (Chibata et. al.,
1981). This polysaccharide produced rigid gels with a
mechanical strength ranging from 1 to 2.4 kg/em® in the
presence of calions, such as K*.Rb* Cs*.Ca®", Al""",
and NH,", at low temperature (Guiseley, 1989; Chaa
et al.. 1986). One popular model 10 describe the
gelation mechanism of carrageenan is the aggregation
of the cation mediated double helixes of carrageenan o
form microcrystalling junction zones (Yalpani, 1988
Therkelsen, 1993). This gel structure is similar to the
network of agarose gels (Guiseley, 1989). However,
compared o agarose gels, A-carrageenan gels congam
extra sulphate groups, Even a small sulphate group
content in the gels resulted in high protein addsorpiion
(Porath, 19713, Sulphate groups must normally be
removed before the polymer can be used for gel
filtration.

Carrageenan beads have been prepared for gel
Filtration and affinity chromatography based on @
modified procedure employed by Chibata et, al. (1981K
This procedure was originally used for producing
agarose beads and later successfully utilized fot
preparing agar beads for gel flration i{Porath, 1971)
K-Carrageenan beads were first crosslinked with
epichlorohydrin at high pH and then desulphated in
hase solution at 120°C. In spite of this work, however
there is still a lack of detailed information on the gel
filtration properties of carragecnan beads, such o
stability, protein adsorption and fractionation range

Tn the present siudy a two-step emulsion method.
was Investigated for preparing carrageenan uudi
carrageenan-gelatin beads with toluene used as the pare
forming reagent. Since the toluene content in the finl



emulsion was responsible for creating large pores in the
beads, part of the investigation focused on the effect of
iduene on the pore structure, The pore structure of the
beads was analyzed by environmental scanning
electronic microscopy (ESEM) and characterized by
measuring the total beads surface area and the packing
denaity. In addition, heat treatment o control  volume
swelling of the beads by increasing the degree of
Carrageenan L'nmuliuiring 15 reported. Bead stabiliny at
varying pH and ionic strength was also examined, We
farther assessed the effect of cluent jonic strength on
protein adsorption and fractionation by the beads

Experimental

IATERIALS: K-Carrageenan, epichlorohydrin, Span 640,
uriactanmt Tween &0 and molecular weight marker
lanclard kit, MW-G-F- {00, were obtained from Sigma
‘Chemical Co. (5. Louis, MO, U5 A.). gelatin (bloom
300 from swine skin) from Addrich (Milwaukee, W1,
USA), glutaraldehyde from BDH Inc. (Toronto,
‘Canada), and Araldite 502, Epon 812, dodecenyl
succinic anhydride (DDSA), and
nifdimentylaminomethyphenol (DMP-30) from J. B.
| Services Inec. (Montreal, Cuanada),  Toluene,
Bhand, acetone and  buffers from pH 1 to pH 10 were
mpplicd by BDH Inc. (Toronto, Canada),  All other
‘themicals were of analytical grade.

.. EFARATION OF MACROPOROUS CARRAGEENAN BEADS
BY Emurgion: The preparation of macroporous beads
was based on a procedure developed by Nilsson et al,
{1986) (Figure 2). K-Carrageenan, 4 g, was dissolved
D 100 ml water at 80°C. The solution was then
sferred into 250 ml toluene with 4% (w/v) Span 60,
Ihe mixture was stirred at 1200 rpm with a 27 wrbine
propeller  (Cole-Parmer Instrument Co., Anjou,
Lamda) for 5 min at BO"C w give an emulsion. The
perature of the emulsion was lowered o 25°C under
5 stirring (o allow the pel beads o form.
Afier the stirring was stopped, the beads were allowed
o setthe (15-20 min.p and the bulk toleene on top was
r The recovered beads were washed with
pthancl, followed by acetone, and finally sieved in
ostone in a range 75-300 um (sieve No, 200 and No.
), Endecotts Ltd., London, England).

~ For the preparation of macroporous carrageenin-
elatin beads, gelatin, 5g, was dissolved in 50 ml water
:ﬂ"ﬂ. Then, 2 g carrngeenan was pdded 1w the
lution and dissolved by raising the temperature to
BIC. While continuously stirring the polymer solution
£ 2800 rpm (2" three-blade propeller, Cole-Parmer
drument Co., Anjow, Canada), a specific volume of
piuene ranging from O to 50 ml, with 5% (wiv) Tween
, was added to make the first emulsion. The
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Figaire 2. A two-step eiblsbon method for preparing madroporous
bezdls.

polymer solution was the continuous phase in the first
emulsion. The emulsion was kept at BO*C and
transferred into a beaker containing 300 ml toluenc,
This mixture was stirred at 1200 rpm (2" wrbine
propellery and formed the second emulsion.  In the
second emulsion. the exira toluene was the continuoes
ph.am: while the first emulsion containing tiny folueneg
droplets inside a polymer solution became the separated
phase. Under constant stirring, the temperature of the
secomd emulsion was dropped below 20°C with a cold
water bath, allowing the beads w form by gelation.
The beads were placed in 400 ml ethanol to remove the
inbernal toluene, and then washed thoroughly with
dcelone

CROSSLINKING AND DESULPHURIZATION — OF
CARRAGEENAN BEADS: Crosslinking and desulphurizing
of carrageenan beads was done according to the method
of Chibata et. al. (1981). This technigue was originally
designed by Porath &, al., (1971) for agar and agarose
beads. Swollen carrageenan beads, 200 ml, were
thoroughly washed with 0.3 M KCI followed by 2 M
KOH. The beads were then suspended in 500 ml of 2
M KOH with 2.5 g sodium borohydride (NaBH,) and
23 ml epichlorchydrin at &0°C for 1 b with strring.
The reacted mixture was filtered and the crosslinked
heads were washed with 0.3 M KCI and resuspended in
| L of 2 M KOH with 5 g sodium borohydride. The
mixture was avtoclaved at 120°C for 20 minutes, The
crosslinked and desulphated carrageenan beads were
then thoroughly washed with 0,1 M KCI.

The carrageenan-gelatin beads, 100 ml gel beads,
were washed thoroughly with 1% KCL solution. They
were then fully swelled in 0.1 M phosphate buffer with
1% KCIl at pH 7. Glwaraldehyde, 10 ml 40-50%
(i), was added for Th at 25°C 1w crosslink the beads,
The beads were then washed with acetone and dried in
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vacuum or by evaporation at 15 degrees centigrade
overnight. Dry beads were further treated in an oven
at 120°C for 2 b, or treated with steam at 120°C for |
h to increase the degree of crosslinking.

MEASUREMENT OF SURFACE AREA: The surface arca of
dried carrageenan-gelatin beads was measured by a
nitrogen isothermal adsorption method (BET, Flowsorb
11 2300, Micromeritics Instrument Corp., Norcross,
U.5.A.) at 30% nitrogen and 70% helium. Dried
samples, 0.5-1 g, were placed in a sample tube and then
immersed in liquid nitrogen and allowed o reach
equilibrium_ A1 this stage, the samples were saturated
with adsorbed nitrogen, The liquid nitrogen was later
removed and the sample was brought w room
temperature.  The nitrogen began to desorb from the
sample as the temperare increased. The amount of
nitrogen released during this drying is proportional 1o
the surface area of the beads

DETERMINATION OF SWELLING VOLUME: Dried beads,
2 ml, were swollen in 1% (w/v) KCI solution with
stirring. The solution was then allowed to settle Tor 4
h at 25 C. Gels are usually fully swollen in solution
within half an hour (Monke, 1990). The final volume
of the swollen beads, ¥V, was taken and compared 1o the
initial bead volume at time zero, ¥, = 2 ml, to give the
volume increase (V-V 'V,

ANALYSIS OF BEAD CROSS-SECTION: Dried beads for
sectioning were embedded in epoxy resin  (Hayat .
19700, Araldite 502, 83 ml, was mixed with 105 ml
Epon 812 and 250 ml DDSA at 80°C, stirred for 3 h
and then stored at -20°C ready for use. A small
number of beads, about 100, were placed in a 1 mil
microtube and then 0.6 ml of the embedding resin was
added with 1 droplet DMP-30 per ml resin. The
suspension was gently stirred until uniformly mixed
with the resin, The tube was baked at 63 degrees C for
36 h for polymerization. The beads were sectioned
with a razor blade under a microscope.

BEAD STABILITY: The stability of carrageenan beads in
solution was investigated at varying pH amd ionic
strengths.  Carrageenan beads, 10 ml each, were
suspended in 50 ml buffer at a pH ranging from 1 1o 10
with 0.1 M KCI for one week. In addition, 10 ml of
beads were put into 50 ml of 2 M KOH solution at pH
13. The head imegrity (i.e. breakage) was then
observed visually under a microscope.  Effects ol lonic
strength on bead stability were assessed in a similar
manner. The beads were first thoroughly washed with
distilled water 10 remove all ions. The beads, 2-4 ml,
were added o 10 ml KCl or NaCl solution at
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concemtrations ranging from 0.00 M to 2 M for one
day. The solution was refreshed every 4-5 h. The
change in particle size was determined with an image
analysis system as described below

PARTICLE SI7E DETERMINATION: Several thousand
carrageenan beads were placed under an optical
microscope, The particle image from the microscope
was taken by a video camera (Sony AVC-DS, Sony
Co., Japan) and transferred to an on-ling monitor and
a computer. The image recorded in the computer wa
further analyzed by a software package (JAVA, Jandel
Scientific, Corte Madera, U.5. A}, The mean particle
size was determined from a population of 250-350

PROTEIN ADSORPTION BY CARRAGEENAN BEaDS: The
adsorptive ability of carrageenan beads was determined
from the adsorption isotherm of cytochrome C at rocs
ternperature, Dried carrageenan beads, 4-3 g, were
swollen in 150 ml of 0.1 M phosphate buffer with
varying KCl concentrations ranging from (.1 Mwidi
M at pH 7. A cytochrome C solution (10 mg/ml ins
0,01 M phosphate buffer) comaining the desired KCI
concentration was added to the suspension, 1 or 2m
each time. The suspension was stirred for 1 h and then’
allowed to settle for 10 min. A sample was taken [rom
the supernatant to determine its protein concentrais
The same procedure of adding protein solution as
measuring its concentration was repeated about W
times. After measurement, the beads were filtered and
thoroughly washed with the 0.1 M phosphate bullés
until no more protein was found in solution,
washed beads were then ready for more continud
studies.  Protein  concentration in  solution
determined by measuring the absorbance al 280 o
with a UV/vis spectrophotometer (Philips PUSTO0RE
Unicam Lid., Cambridge, England).

GEL FILTRATION CoOLUMN SET-UP: A slurry
carrageenan gel beads (head diameter 75-180m) in 0
M phosphate buffer with 2% KCl and 0.02% sodi
aride at pH 7 was loaded onto a 1.6 cm (1.1».) plas
column (LBK Instraments Inc., Maryland, U.5.A]
The beads were then compacted at a flow rate of 50
100 mi/h for 1 h. A phosphate buffer (0.01 M w0 W
M) with KCI ranging from 0.1 M 10 2 M and 0.2
sodium azide at pH 7 was washed through the
for | d at a flow rate 10 ml'h. Prowein sa
dissolved in the phosphate buffer, 0.4-2 ml,
loaded onto the column from the top.  The eluent
collected with a fraction collector (LKB 2070 UliroRa
Il, Pharmacia Biotech Inc., Baie D'Urie, Canada) 8
0.5-2 ml/sample and analyzed at 280 nm



Results and Discussion

MICROBEAD Porp STRUCTURE:; The pore struciure of
the beads was greaily affecred by the wluene content in
the first emulsion as shown by environmental scanning
electronic microscopy (ESEM) (Figure 3).  Solid
Cartageenan-gelatin beads without wluene added 1o the
emulsion showed no internal pore structure: although
Ihe bead surface was quite rough (Figure 3A and 31),
AL 20% (v/v) wluene content, many discrete isolated
sompartments (< 10um) were formed in the beads
(Figure 3C and 3D). When the toluene content was
over W% (v/v), large numbers of pores with varying
8izes were produced in the heads. Al this toluene
onent, the pore structure of the beads became sponge-
like. This could casily be seen on the surface and the
Eross-section (Figure 3E and 3H), More importantly,
B was very interesting 1o find that the embedding
polymer. an epoxy resin emploved for the ESEM
analysis, acwally ended up inside the MACFOPOrous
feads (Figure 3H and 4 arrow) The detailed fine pore
Mructure seen on the bead surface (Figure 3G) could
B0t be seen in the cross-section (Figure 3H), The ligguil
paxy could have easily entered the beads when the
Beads were being embedded.  This suggests that as g
higher toluene content mcreasingly produces a large
uanticy of pores in the beads, the walls between these
jores become thinner and weaker, The weakened walls
soukl easily be ruptured during the ethanol washing
« and broken and enlarged during the further
Mg process, Many pores (n the beads were well
inecied in  this manner w0 form channels
enily, connected channels or paths allowed for
epoxy fluid to pass through, Continuous connected
Ehannels were also reported in drug solid-polymer
mixed systems at solid loadings over 20-25 vol % (Bawa
al.. 1985). While the dissolved drug diffused our
these channels, water entering the polymer
&l the same route but in the opposite direction
The effect of twluene on the pore struclure was
880 revealed by measuring the total surface ares of the
WeToporous beads (Figure 5A). As the toluene
it was increased from 0% o 50% (v/v] the
€ drea soared from 0.22 1o 72 m*/g, an increase
B factor of 300, for the original beads with no Beat
ment. It reached a maximum when the toluene
was about 45-30% v/v. The maximum may
been due 1o partial bead collapse beyond 50% wiv
Bliene. The high surface area indicuted highly porous
 Which is consistent with the ESEM observations.
measurement of the bed packing  density
DeC the increasing porosity ar the high toluene
. The packing density of the beads decreased
10 0.6 g/cm’ 10 0.2 gicm with an increase in the
) Content from O% o S0% (viv/y Figure 5B).
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The surface area of the beads could be
significantly changed by using different heat treatments.
After the beads were treated in hot air at 120*C for two
hours, to enhance glutaraldehyde crosslinking of the
polysaccharide. there was almost no apparent change in
the surface area compared with the original beads
without treamment (Figure 5A). This result suggesls that
hot aie treatment will not cause a major change in the
pore structure. In conirast, there was a reduction in the
surface area of beads treated with steam al 120°C for
one hour (Figure SA), The pores in the beads probably
collapsed during the steam treatment, which resulted in
a decrease in the surface area,
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The swelling of the beads in solution was
significantly reduced by the heat treatment { Figure SC)
Dried carrageenan-gelatin beads without heat treatmént
cwelled from 6 to 6.5 times their original dried vo
when they were incubated in the saline. With a heal
treatment of either hot air or steam, bead swelling wis
reduced 1o about 2 10 3 MES 188 initial volume. Steam
treaiment was more  effective in depressing
swelling than hot air treatment. The reduction n
volume swelling indicated tightly cross-linked gel
matrices.  Obviously, the heat treatment  greatly
increased the cross-linkage of gel matrices and reduced
the bead swelling.

All of the experiments on pore SITUCELTE had besn
done with carrageenan-gelatin beads. Gelatin had been
added to the carrageenan solution 1o produce heads witk
increased sirength. Unfortunately, gelatin containg
proteins as well s unspecified substances, making
carragecnan-gelatin beads unsuitable lat
chromatographic separation. This route for microbead
preparation was the refore abandoned.  All subscquent
snudies were performed with pure carrageenin bads.

BEAD STABILITY: Carrageenan beads in pHl buffer wih
0.1 M KCl at a pH range from | o 100 kept their
integriry with no ohserved change in shape over the oné
week ohservation period. Similarly, the beads wee
also stable in 2 M KOH at pH 13, However, at low
ionic strength (0.07 M KCL, the beads swelled (Figun
§). There was a 70% increase in head size in distilied
water. In the presence of a gelling jon, K', the bead
size quickly decreased with an inc rease in KCl
concentration. The bead size appeared to be constam
at KC1 concentrations over .07 M. In contrast, e
head size decreased very slowly with an increase B
NaCl concentration, At 2 M NaCl, the size of the
beads was still larger than that of the beads in 0.07 M
KCl solution.

The high sensinvity of bead size to potassium o
indicates that carrageenan beads were ol only
chemically crosslinked by epichlorohydrin bt also
ionically crosslinked by the gelling jon potassium. [
water without potassium ions, the hydrogel structure it
the beads disappears. Many molecular chains are
released from ordered arrangement and become free.
These free chains repulse each other due 10 the same
electrical charge. The bead size increased dramatically
{i.g. the KCI curve in Figure 6). In distilled water, the
carrageenan beads were kept stable by epichlorohydrin
crosslinking. The hydrogel structure in the beads
recovered in the presence ol potassium jons in solution
and the bead size decrcased rapidly.  When the
concentration of KCl was over 0.07 M, most molecular
chains in the beads returned 1o an ordered struchure 5
the hydrogel confi guration and therefore the bead sl




abilized. For non-gelling Na* ions, on the other
.IH an increase in jon concentration reduced the
fepulsive force between molecular chains, and the bead
‘#ize decreased.  The shrinkage of the carrageenan beads
in the presence of increasing concentration of Na* was
“much slower than that in the case of K* lons becawse no
hydrogel formed.  The optical examination of the
s under different conditions, though, can only
be a preliminary measure of the long-term stability and
‘mechanical strength of the beads.

'FII B et [

PROTEIN ADSORFTION: Adsorption of cviochrome C on
geenan heads was demonstrated by isotherms at
arious iomic strengths at 20°C (Figure 7). At low
strength, there was strong adsorption of
eyiochrome C 10 the beads. For example, at 0.1 M
KCl, 0.45 mg of eytochrome C was absorbed 1o | ml
swollen beads at 0.2 mg/ml bulk protein concentration.
A3 the ionic stirength increased from 0.1 M o 0.5 M,
protein adsorption was dramatically reduced, When the
KCI concentration was over 0.5 M, only a very small
amount of cytochrome C, 0.033 mg, absorbed o the
3 at the 0.2 mg'ml bulk protein concentration. In
rast, commercial beads, Sepharose CL-6B, showed
8 o protein adsorption even at low jonic strength,
Gel filiration of cytochrome C and lysozyme also
nfirmed the resulis of the adsorption study. The
tion volume of both proteins (ie. Ve = 97 ml for
Cand Ye = 187 ml for lysoeyme at 0.3 M
L1 eluent concentration) was much greater than the
bl volume of the column (e, 78 ml) at low ionic
th (Figure %), With an increase in jonic strength,

H.uhm volume dramatically decreased to about 80
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Figure 8. The elution vidume of cysochaome C and lysoryme from

a carrageenan codumn (A8 EX 1.6 om 1.ID) as a function of ionic
srenpih,

ml. The elution volume became constant at KCI
concentrations over 1.0 M. The decrease in the elution
volume suggests less interaction between prodeins and
gel beads. The elution volume of eytochrome C at 2 M
KCl strength was 75.5 ml, which fell reasonably within
the normal gel filtration range (i.e., between the
excluding volume of 27,1 ml and the tedal column
volume of 78 ml}. The interaction of the protein with
the beads was gremly minimized at high jonic strength.
This result was quite consistent with that observed in
the adsorption experiments,

The strong ionic effect on prowein adsorption on
carrageenan beads indicated that the adsorption was an
ionic interaction between proteins and gel beads. IF
both the geometry and the electrical distribution of
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proteins, such as cytochrome C and lysceyme, matched
those of gel beads, a strong adsorption was inevitable.
Sulphate groups, -050),, existing in the carrageenan The mpan nﬂrﬁiwﬂﬂimﬂmﬂ-}ﬂm-ﬁ MJ'H:‘?I-

2 : : ” b widh B4 M K ! X afem AR
gels were helieved to be responsible for the high proein fﬂ:'ﬁr a mmf.‘.‘i.'n'..i’ﬁf .!F.l'l.' can F'.H.I m.:i':: :.fu:

adsorption.  Porath et. al. {(1971) showed that the ol

TABLE 1

adsorption capacity of cytochrome C was pro yrtional 7
to the content of ::L::I.lphate residuals on agutp;fndp{agnnm: Prosem diirore el adital
gel beads, Our resulis suggest that the desulphate Carrageenan Beads  Sepharose CL&D
r&acu':_:nn al IZIIJ"C for 20 minutes used in our ikl P R
fnvestigation might not completely remove all the W 0, 0
sulphate groups from the carragecnan beads. Further : ]
ctudies on effectively removing these sulphate groups B phe e ook ey
from carrageenan gels are needed.

Although two proteins, cytochrome C and e 0 000 e 4 9.2 £
lysozyme, showed strong adsorption [0 Carrageenan
beads at low lonic strength; five other proteins 3% 00k i dae b
investigated, thyroglobulin, apoferritin, amylase,
albumin, and carbonic anhydrase, did not exhibit any ;;{;m; Vo 4 DA 9.1 £ 0.5
apparent adsorption 1o the gels, The elution volume of MW 29,000)

all these proteins from a carrageciin column fell
herween the excluding volume and the total column
volume. This is the normal separation range for gel
filtration. ln particular, almost all these proteins could
be fully recovered from the carragecndn column when
gach protein was run through the column on its own 1000 —
{Table 1). The recovery rale for each of five proteins 5
ranged from 99.2% to 100%. 1t is therefore reasonable
to conclude that these protein standards passed through
the carrageenan column without adsorbing o the beads,

w yird

CALIBRATION CURVES FOR CARRAGEENAN COLUMMNS:
Culibration curves for a carrageenan column were
ohtained with a molecular weight marker standard kit,
MW-GF-1000, which included blue dextran (MW
2 (00,0003, thyroglobulin (MW 669,000, apoferritin
(MW 443 000), amylase (MW 200, 000), albusmin (bW i
66 000), and carbonic anhydrase (MW 29 000). 000 =" jérﬁ.ﬂﬁﬂifu:[:ﬁ- R =
Carrageenan gels exhibited a wide separation range for - I
proteins with molecular weight from 30 K 1w over TO0
K. which indicated a broad pore size distribution n the
gel matrices (Figure gy, The dimensionless glution
volume was 1.49 for thyroglobulin and 2.61 for
carbonic anhydrase at 0.1 M KCl with 001 M
phosphate buffer.  These calibration curves Wwere
significantly affected by the ionic strength of eluent.
Proteins at low ionic strength were eluted much faster
than at high ionic strength (i.e. smaller elution volume) =

As the KC1 concentration decreased from 0.3 M o 0.1 e R
M, the dimensionless elution volume was reduced from 1 26 15 ' 0
2.2 1o 1.49 for thyro lobulin, from 2.89 to 2,20 for : =
albumin, and O 10 2,62 for carbonic anhydrase. Dimensicrlens Kuion Valume (VYo

The calibration curve for carrageenan gels at D.OL M

phosphate bulfer with 0.1 M KCl was quite ¢lose 10 that Figure . Tonk strergih effects an olecular calibration curves lo
of Sepharose CL-6B gels (Figure 9). However, the A: carrageenan eolumn (51.3X1.6 cm L.D.) and B: Sepharose Cl

' THg T . A | 2,000, D0} Wi
slope of the carrageenan calibration curve in his cage B oolumn (S4X1.6 cnn LD.). Biwe Dgspran (MW S8,

" i ne Sepharose ¢ i wsed ns refierence g abtain the excluding volume, v, = 39.9 mi fa
b BE METH &5 of curve (1. the Sepharese column, FH sannads Finr phosphate bafler

absolute value of slope 1.2 versus 2.1 respectively).

100 ¢ o e = Bk P

Moecular Weight

el o M ECH v 001 P
0 oM KCIS 0 IMPE
& @M KET+ 0N T

10

hicdeculas Weight X107

S
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- This suggests that the pore size distribution of
carrageenan beads at low jonic strength was narrower
than that of Sepharose beads. The elution volume of
dbe standard proeins in the carrageenan column
increased with an increase in jonic strength, At high
Wnic strength, the elution volume of the smaller

proicins, molecular weight below 100 & hecame

similar.  The differences between the dimensionless
elation volurme of albumin and carbonic anhydrase, for

example, was 0,42 at 0.1 M KCl and only 0. 18 at 0.3
KCl.  This indicates that the pore size of the

rageenan gels increased at high jonic strength, The

Opposite shrinkage behavior has been found with

polyvinyl alcohol hydrogel networks (Bachtsi amd

Riparissides, 1995). The separation of smaller profeins

I8 the carrageenan column was more difficull af high

strength. In contrast, the elution volume of the

ateins in the Sepharose column changed only slightly

#varying ionic strengths.

- The increase in the elution time could result either

dram a decrease in protein size and/or an increase in

pore size of the gels. A high concentration of ions in
olution could diminish the repulsive force among

S side groups on @ macromolecule and therefore

e iis size.  Figure 9 shows that eluent inic

h did ot have an effect on protein size as shown

¥ the almost constant elution volumes of proteins in

Sepharose column at different KO Cconcenirations

& conditions, however, may not be optimal for the

parese (i.e., to demonstrate the possible effect of

strength).  On the other hand, in the case of
rageenan beads, eluem wmic strength had a VEry

Ige effect on protein elution volume, This could

erefore be attributed 10 a change in gel pore size

Variation in pore size constiutes a major

Ibution affecting the clution volume. Carrageenan

s were formed by multiple ionic reactions between

elling cations and anionic polymer chains, We can

pe that at high ionic concentration, the polymer
1§ were more tightly bundled together. This left

e space berween the palymer bundles for the protein

Eramolecules o pass througl iFigure 10y, In

rast, 4 loose polvmer structure probably resulted at

B lower jonic concentration, This reduced the pore

2 of the gels significantly, making it more difficult

I the diffusing proteins to enter, and in wrn reducing

& elution volume in gel infiltration,

Bl FILTRATION: The separation of three proteins,
praglobulin (MW 690,000, albumin (MW 66,0000
M carbonic anhydrase (MW 29,000), using a
flageenan column (31.7X1.6 cm 1.D.) at varying
Bent flow rates was assessed {Figure 11). This was
miparcd with results from a Sepharose CL-61 column
K1.6cm 1.D.). The three proteins were separated

73

TABLE 2
T T fis, lby il i
bl e T T et s ant e

column o
uﬁ.lﬂ..l‘.ﬂlw“!

cidlum a
Mow rates. Thr eluent war 0.0) M rhocphiae

Sparation Rew|wian B

Flirm
4 Catrapoeran Col Sepbaruge Col
-I:. airy dumn i il Cerlumin
- 150, 7X0 Sem L0 3 i84al i em | 0 )
Thyreglobalin- Al Thyroidivbuliz- AT
A lbaEin Carbsmig AlSane AT
Adbyidiise Anbie ihdes
e $2 in il 1%
1 L 2% LA I®
13 12 3 LT 10

W= NV W W, e Wo andl Vo wre ehation volumes o didfersa cluigs,
ad W, srel W, mie the poak wodiks respectivchy

Law K Concentration

High K* Concenration

Flgure 10 Suggesied change 1 gel structiare with K * comcenerafion
and its effect on protein diffusion

more  efficiently (i.e. bewter resolution) in  the
carragecnan column than in the Sepharose column,
especially at high Now rates. At a fow rate of 35 mlh,
the resolution, R, between each pair of proteins was
greater than 158, indicating very good separation. In
contrast. for the Sepharose column, R = | .04 for the
separation between albumin and carbonic anhydrase.
The elution volume of the proteing appeared o be
farther apart from each other in the carrageenan
column, compared 10 Sepharose, suggesting a
comparatively  narrow  distribyted pore  size  in
carrageenan beads. For Sepharose beads, the pore size
distribution was probably much wider than that of the
carrageenan beads, which resulted in elution volumes
being closer between different proteins, especially for
albumin and carbonic anhydrase, For example, the
difference between the dimensionless elution volumes
of albumin and carbonic anhydrase was 047 in the
carrageenan column, compared with only (.23 in the
Sepharose column. At high flow rate { = 30 mil/hp, both
proteins could not be well separated from the Sepharose



LI, HSU, GRANDMAISON AND GOOSEN

column (ie., resolution was 1.04), while the
carrageenan column still gave a good resolution (i.e.,
the resolution was 1,58, Table 2).

The reduced plate height for a Sepharose CL-6B
column (46.3X1.6 cm [.D.) and a carrageenan column
(51.7X16 em LD.) was determined by separately
running albumin and thyroglobulin through the columns
at varying flow rates (Figure 12). Both coordinates in
Figure 12 emploved reduced parameters, the reduced
plate height, f# = H/d,, and the reduced velocity . v =
d/l3, where H is the plate height (determined from the
column height, L. divided by the plate number, N} d,
the bead diameter, u the linear wvelocity of eluent
(determined from [ divided by the void elution time,
r,), and [ the protein diffusivity in solution. The
results showed that the reduced plate height for
carrageenan beads (75-180 um) was slightly better (i.e.
smaller plate height) than that of Sepharose CL-61 (40-
140 gem). The reduced plate height for the carrageenan
beads was about 5-15% lower than that of the
Sepharose beads for albumin, and 15-30% lower for

AlEpnm

A CARRAGEENAN
Tareegiduka

Uwhima Spbodrve

3 Fln'- Faie=15 ml® i

": 11 mbh
S
g e i3GEN \__//
.;i B serHAROSE e
&
Flow Fate=15 mlh

il il 10

Flution Yolume (mil)

1]

l'i,l,il'l 11. Blugicny of thyroglshulm, sibumin snd carbonss
anhydrase in 0.1 M phosphate buffer with 0.1 M KClar pH 7 from
A carragecinan codumn (81, TX1 .6 cm LI ) and B: Sepharose C1.
6B columa (54X1.6 am 1,D.).

T4

thyroglobulin,  In general, the almost equivalent
efficiency of carrageenan and agarose beads in protein
separation was to be expected since the two
polysaccharides are similar in chemical structure and
gel properties,

Conclusions

The porosity and the pore structure of the
carageenan beads was dictated by the toluene content in
the first emulsion. The high toluene content created
more pores in the beads and greatly increased the bead
surface area. When the toluene content was over 30%
{v/v), channels were produced by rupture of variows
discrete compartments or isolated pores in the beads.
These channels could possibly form  continuous
macropores (o allow for convection passing through the
beads. The swelling of the beads in solution was il
found w be controlled by the heat treatment. Heat
treatment results in more tightly cross-linked gel
matrices, which cannot swell as much in agueous

T ol
wo - A THYROGLOBULIN J
|
E.
Buor
5
T
=)

Ji : i 1 i - il 1

¢ B oavsusN

i
-
B
g
o]
£ 10}
3
()

| 1
1] i i
Reducad Yelocity +

Figure 1X. Column efficiency versus reduced velociy for &

carrageenan column and 2 Sephaross column by running a nor
relamed proden. A: thyroglobulin and B albamin in 0.0 M
phosphate buller with 0.1 3 KCl 21 PH 7 were run through each
T




‘Solution.  The hot air treatmemt showed no change in
the bead surface arca, whereas, the steam treatment
sed the surface area suggesting the presence of
pures,

Crosslinked carrageenan beads showed good
ity in solutions of varying pH, At low ionic
sirength, however, the size of the crosslinked hydrogel
beads increased . The bead size decreased with an
dncrease in ionic strength,  Gelling ions, such as
patassium, were more effective in decreasing the head
- ize than sodium jons due w the formation of gels. The
strength also affected the pore structure of the
‘beads. The elution volume of non-adsorbed proteins in
A carrageenan column decreased with a decrease in
eleent ionic strength.  This increased the difference
Between elution volumes of low molecular weight
proteins, which resulted in a better separation of the
mall proteins than that which could be achieved with
& Sepharose CL-6B column. Owerall, the separation
Hficiency of carrageenan beads was slightly betier than
of Sepharose beads. However, in all fairness, the
filration experiments with sepharose may not have
.. gen run under  "hest  case  conditions”.  One
Badvantage of the present carrageenan beads was high
protein adsorption at low jonic strength with certain
proteins,  This adsorption could be caused by residues
of sulphate groups in the carrageenan beads. Further
eatment with lithium aluminum hydride in dioxane
ey effectively reduce the adsorption capacity of
tarrapeenan beads and make them more suitable for gel
jon chromatography.

i
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