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SUMMARY 

When agarose is mixed with colloidal silica, beads containing a large propor- 
tion of agarose and a minor amount of silica are formed. The beads are stabilized and 
remain spherical by the addition of polyethylene glycoi and polyvinylpyrrolidone. 
They can be used for gel chromatography of proteins and polysaccharides. 

ENFRODUCTION 

Agarose gels have been used widely for gel chromatography of proteins and 
other high molecular weight materials as wea as matrices for afEnity chromatography. 
The preparation of spherical gei beads usually includes dispersion of the agarose so- 
lution in an organic solvent L-3. We have found that spherical beads can be formed 
in aqueous solution by mixing the agarose with colloidai silica or aluminium oxide. 
StabiIktion of the beads is efkted by the addition of polyethylene_ glycol (PEG) 
and polyvinylpyrrolidot (PVP). 

The silica-agarose beads can be used for gel chromatography. High flow-rates 
are attainable owing to their mi=chanid stability also at high hydrostatic pressures. 

Agarose (ash content 3.9%) was kindly supplied by Pharmacia (Uppsala, 
Sweden). The siIiczz so2 (Lzdox) was obtained from DuPont (Wihington, Del., 
U.S.A.). The samples used were Ludox SM 136% (w/v), specific surface area 3_75- 
420 m2/g SiO,, average particle size 7-8 mu, pH 991; Ludox HS [52 % (w/v), 2L$L 
230 m’/g, 13-14 m, pH 9.71; and Ludox TM [70x (w/v), 225-140 m’/g, 22-25&n, 
pH S.9]_ Aluminium oxide (AlzO,) was obtained from Merck (Darmstadt, G.F.R.). 
PogyethyIene glycol (PEG) of MW 4NO, 6oof) and 20,000 daltons was obtained from 
Union Carbide (New York, N-Y., U.S.A.) and of MW lOO,OKl daltons (polyethylene 
oxide) from BDH (Poole, Great Britain). PoEyvinylpyrrofidone (PVP) of MW 40,000 
daltons was obtained from A. If. Thomas (PhiIadelphia, Pa., U.S.A.). c , 



Proteins of LMW lol-lOs dakons were ob’&ed from Kabi (Stockhoim, 
Sweden), Miles-Seravac (Lausarme, Switzerland) and Sigma (St. Louis, MO., U.S.A.); 
the last-named also supplied DNP-&nine. Dextran and Blue dextran, both of %%W 
S x 106 dahons were obtained from Pharmacia. Well characterized glycusamino- 
glycan fractions were kindly supplied by Drs. A. Wa&aon and P.-H. Iverius of this 
Institute. 

Preparazitin of silica-agarose bea& 
A colloidal solution of silica in water (30 ml) was added to 100 ml of boiling 

water containing 3 g of agarose. The temperature of the mixture fell to about 50” and it 
was then heated to 85” over a period of 7-8 min, during which time beads were formed; 
5 ml of 50 7; (w/v) PEG (MW 4004) daltons) were added, and the mixture was allowed 
to cool to room temperature before adding 10 ml of 20% (w/v) PVP. A magnetic 
stirrer was used throughout the entire procedure. The mixture was allowed to stand 
without stirring for 30 mm so as to allow phase separation between the silica-agarose 
beads and the remaining silica solution. The beads in the upper phase were washed 
several times with water in order to remove extraneous silica. Extreme sixes of the 
beads (about 10%) were removed according to the method of Vassilou and Kunin4. 

Preparation of aluminium oxide-agarose beads 
Agarose (1.5 g) was dissolved in 100 ml of boiling water and 0.5 g of alumimum 

oxide powder and 10 ml of 30% (w/v) of PEG (MW 20,OOQ) were then added. The 
mixture was heated, with constant stir&g, at 80-90” so as to form the beads. Twenty 
milliiitres of 20% (w/v) PVP were then added to the mixture at room temperature. 
After cooling to room temperature the beads were washed twice with 1-I portions of 
water. 

Ana~y.s~ of sikca-agarose beads 
The beads were analysed for dry weight at 100’ (over phosphorus pentoxide 

I’n vacua to constant weight) and ash. Galactose was determined by the anthrone re- 
actions. The size and shape of the wet beads were examined by phase-contrast micro- 
scopy using a L&z Qrtho Lux microscope (E_ L&z, We&&r, G.F.R.) supplied with 
a Nikon ocular micrometer (Nippon Kogaku K.K., Tokyo, Japan). For scsrnning 
electron microscopy the beads were dehydrated in 95% ethanol and studied at low 
magn&ation in a Jeol JSM-U3 instrument (Japan Electron Optics Lab.; Tokyo, 
Japan). 

The density of the beads in the native wet state was determined by using an 
7sopycnic centrifugation technique as described earliefi. The beads were centrifuged 
in linear pre-formed density gradients (1.00-1.10 g/ml) of dialyzed Ludox HS-PVP at 
97,OQOg for 30 mm in a Beckman L4 ultracentrifuge (rotor SW 36; 30,OOQ r-pm). The 
fractions collected were examined for density in organic density columns, and for 
number and size of beads by microscopy. 

Renzoval of silica from the beads 
The beads prepared as described above were treated with a 1% solution of 

hydrogen fluoride (Merck) in water for 20 h to remove a!$ of the silica present. They 
were then neutral&d by washing several times with water. 
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Chromatography was performed ia glass columns of various diameters (La- 
bassco @3, Gothenburg, Sweden), which were packed with silica-agarose beads 
prepared with Ludox SM under a hydrostatic pressure equal to OF higher than that 
used in the subsequent efution- The columns were elated with 0.5-l M sodium chlo- 
ride, either alone or 0.02 A# in Tris-HCl buffeer (PH 8). Columns packed with beads 

that had not been treated wi’th hydrogen fiuoride were washed with 1% polyethyiene 
oxide to prevent adsorption e&&s due to hydrogen bonding to silica’. The void 
voIume (V,) of the column was determined with dextran, and the total volume (V,) 
by measuring the volume of water required to fill the glass column to the original 
level of the gel bed. The KEY value of a test substarice was calculated from its elution 
volume (V,) according to the equation Kay = (V, - V,)/( V, - V,)B. 

Usually OS-2 mg of each sample component was applied to the column in a 

volume of 0.5 ml. EfEuents were analysed for proteins, blue dextran, DNP-alanine 
and PEG by ultraviolet absorption at 280 nm, for dextran (glucose) by the anthrone 
reactions and for glycosaminoglycans (uranic acids) by the carbazole reaction9. 

RESULI’S AND DiSCUSStON 

The beads were presumably formed in the reaction mixture by adsorption of 
agarosq e.g., through hydrogen bonding, on the siiica or ahuninium oxide surface, 
the compIex acting as a nucleation centre for agarose bead-formation. Another ex- 
planation could be phase separation when agarose and colloidal silica were mixedlo, 
as it was observed that high concentrations of silica were required for bead formation. 

TABLE L 

ANALYSES OF SILICA-AGARGSE BEADS 

Silica’ Bead” Beafi l * Chemical composition of bead (%) 4 

sohion 
used 

diameter density 

(w4 (glm4 
Water silica Agarose PEG+PVFSo 
- 
lV/lV v/v iv/w v/v lV/lV v/v W/W v/v 

Ludox SM 
(400 m*/& 100-200 1.038 91.0 94.5 3.2 1.5 5.0 3.2 0.8 0-g 
Ludox KS 
(220 m’/g) 2% so 1.022 94.0 96.1 0.5 0.2 5.0 3.1 0.5 0.5 
Ludox TM 
(130 m’lg) let- 20 1.01 

l Manufacturer’s designation of colloidal siticn and average specific surface area per g SiOz. 
For preparation of beads see text. 

l * Mezxred by microscopy. 
l ** Measured by isopycnic centrif’ugation. 

5 The beads were centrifuged for 30 mm at 1OOOg to obtain a pellet, which was analysed for 
water content, ash [i.e., silica (SiO,)] and agarose as described in the te.xt. From the weight fractions 
(w/w) obtained, the volume fractions (v/v) were calculated assuming the fohowing densities: silica, 
2.2; aparox, 1.65; PEG and PVP 1.00 g/ml. The specific weights calculated from chemical analyses 
were in fair agreement with the observed densities. Owing to their small size and low density, the beads 
prepared from Ludox TM were dihicult to analyse. 

rr PEG + PVP is the remaining dry weight when siiitz and agarose have been subtracted. 
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Fig. 1. Phase-contrast microscopic picture (a) and scanning electron micrograph (b) of sil 
beads prepared from colloidal silica (Ludox SM), agarose, PEG and PVP. 

ica-aga irose 
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Analysis with anthrone showed that SO-95 % of aET asarose bekomes included in the 
beads while only a small k&on of the original silica is involved in bead formation. 
PEG and PVP, which are know-n to adsorb on the surface of colloidal silicas~“, were 
added to stop the reaction between silica and agarose. This effect w.zs verified when 

PEG added to silica before the agrose prevented bead formation_ If silica and agarose 
were mixed without PEG, the beads formed were unstable and dissolved to form a 

continous gel. When the reaction was stopped by the-addition of PEG alone, stable 
bezds were formed, but they tended to be oval shaped. Spherical beads were formed 
by the addition of both PEG and PVP. PVP without PEG resulted in very small but 
stable beads with diameters of 1%20,om. Compared with earlier methods for pre- 
paring spherical gel beads1-3, this method is different in principle as the whole re- 
action sequence is carried out in aqueous solution. 

Analytical data on silica-agarose beads are presented in Table I. The agarose 

content is 5% (w/w). Beads prepared from small colloidal particles of silica (Ludox 
SM) appear lrirger, contain more silica, and thus have a higher density than beads 
prepared from Iqger silica particles (Ludox HS and TM). The particles were spherical 
and fairly homogeneous (Fig. 1 j. Beads prepared from aluminium oxide and agarose 
bad 2 diameter of 5%lSOpm, but no systematic analyses were made. Treatment of 
the beads with hydrogen fluoride completely removed the silica without destroying 
the beads. 

The beads obtained with Ludox SM were tested for use as chromatographic 
material. Table II demonstrates the flow-rate and the volume changes of the gel bed 
at difierent pressures. Obviously the gel has flow properties similar to those of con- 
ventional agarose gels. The chromatography of some compounds on silica-agarose 
is shown in Fig. 2. The separation obtained is comparable with that given by Sephadex 
G-2003. The recovery of the components was 85% or more. 

A number of proteins and polysaccharides of different molecular weights were 

Efiluent volume fml) 

Fig. 2. Cbromatograms (superimp&) obtained with a 2.0 x 26.2 cm silica-agarcse COIUUIR. Oper- 
sting ~ESSLIX 1lOcm water, fiaw-nte 1 m!/min (19 ml/cm2-h) and elution medium 1.0 1M NaC1 
tkat was 0.02 M in Tri.s-HCI (pH 8). 0 = Blue dextran (I mg); 0 = human serum dbumin (12.5 
mg); A, hmse myoglobin (2.5 mg); @, DNP-alas&e (OS mg)). Fractions (2.5 ml) were &kcted and 
the absmrption at 280 nm wzs measured. 
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Fig. 3. Gel chromatography of various compounds on silica-aguose gels. A, represents samples run 
on a 2.0 x 26.2 cm column at a fiow-rate of 19 ml/cm’-h as described in the legend to Fig. 2. 9, 
repnx-ents samples run on a 1.5 x 35.0 cm column at a flow-rate of 2.7 ml/cm’- h. Log MW of the 
test substances plotted versrds their K,, values. HS = Heparan sulphate; CS = chondroitin sulphate; 
DS = dermatan sulphate. These polysaccharide fractions have been described by Iverius? and Was- 
teson=. 

chromatographed on a silica-agarose column at different flow-rates and the results 
are presented in Fig. 3. The I& values was independent of flow-rate within the range 
studied. There is a good correlation between the Kzy value and molecular size (Stokes’ 
radius8s13) for both types of compounds, thus showing that the silica-agarose beads 
have gel chromatographic properties. 
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