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SUMMARY 

New ion-exchange materials have been developed from the synthetic glycol . 
methacrylate gel Spheron : carboxymethyl-Spheron (weakly acidic); .phosphonyl- 
qpheron (medium acidic); sulphony&Spheron (strongly acidic): diethylaminoethyl- 
Spheron (Type I, weakly basic; Type 2, medium to strongly basic). Information is 
presented on the chromatographic characteristics of these new, macroporous, hy- 
drophilic and rigid ion-exchangers as determined by experiments on the separation 
of mixtures of proteins, peptides, amino acids, nucleic acids, oligonucleotides and 
nucleotides. The possibility is discussed of the use of ion-exchangers of this type in 
hi&-performance liquid chromatography of biopolymers. 

INTRODUCTION 

High-resolution liquid cbromato_mphy using high fiow-rates and high 
pressures has developed rapidy in recent years. This has been made possible by the 
introduction of etkient supports composed of rigid particles of very smail diameter 
and ch&cte_iized .by a .short diffusion time I. Short elution times and low heights 
equivalent to a theoreticai plate (HETP) have thus heen achieved. Although 2 few 
papers dealing with these problems have been published concerning the separation of 
natural products of high molecular weight (cf- ref. 2), the use of high-resolution liquid 
c&omatc&raphy for the analysis of biopolymers has been hampered by unfavourable 
prop&-ties of the sgpports. Ion-exchange resins based on a polystyrene matrix and a 
slriscientiy rigid macromolecular matrix often show hydrophobic sorption leading to 

l Presented at. the 7th Annual M&ing of the Czeckoslovak Biochemical Society, Olomouc. 
+ptember 1975, Abstract No. 10-13. .-’ 
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the inactivation of the bioproducts as a result of their den&ration_ On the- other 
band, hydrophilic. derivatives of fibrous &h&e introduced by Pet&on and. Sobe?*’ 
(c$ ref.. 5) or hydrophilic pofydextran derivatives, introduced by Pora’t and LindneP, 
which are capable of efficient separation of biopolymers and have been frequently 
used for this purpose (CA ref. 7), are severely limited in high-resolution_ liquid chro- 
matography where higher flow-rates and higher pressures are required. 

Ion-exchangers based on a polyacrylate or a polymethacrylate matrix show 
less of the undesired adsorption effects in the chromatography of proteins than- ion 
exchangers of the polystyrene type. The high density of cross-linking of the primary 
matrix provides a better mechanical stability which is necessary for the higher flow- 
rates; at the same time, however, the penetration -of macromolecules into the inner 
structure of the matrix is impossible and thus only functional-groups located 01% the 
pore~surface can participate in the separation process. A decr&e of the degree of 
cross-linking results in an increase in the number of functional groups which are ac- 
cessible, but at the cost of 2 considerable decrease of rigidity; simultaneously, the 
ao-w characteristics of the resin become rather unfavourable. 

This paper describes ion-exchange materials consisting of synthetic macro- 
reticular and hydrophilic gels derived from hydroxyalkyl me*&acrylates (SpheronTM). 
The mechanical rigidity and macroporosity of these materials is ensured by a special 
method of copolymerization in suspension (see next paragraph), and the hydro- 
philic character of the outer and inner surfaces of the polymer beads is ensured 
by a high number of hydroxyl groups. This paper is intended to provide an intro- 
duction to .a series of more detailed communications on the individual ion-exchanger 
types which are in the course of development_ 

The macroporous hydrophilic gel Spheron (Lachema, l&no, Czechoslovakia), 
‘developed in the Institute of Macromolecular Chemistry, Czechoslovak Academy 
of Sciences*~g, is prepared by precipitation copolymerization of hydroxyethyl metha- 
crylate and ethyleneglycol bis(methacrylate). The sub-microscopic particles formed 
during the polymerization inside the suspended sphere contain inert organic solvents 
in addition to the monomer, copolymer and initiator. These particles aggregate during 
their formation giving rise to the macroporous structure of the beads (Fig. 1). The 
hydroxyl groups of the hydrophilic monomer permit additional modifications of the 
gei to be made and ion-exchangers to be obtained, similar to cellulose derivatives or 
to polydextran. The gel has 2 high content of the cross-linking agent which is responsi- 
ble for minimum swelling and 2 satisfactory rigidity permitting the use of high flow- 
rates and high pressures_ The porosity of the gel can be varied over a wide range with 
exclusion limits from 4- 10’ to 10’ daltons (for polydextran, cf- Table I); some of the 
gels have a large surface and large pore volume. Gels have been employed success- 
fully as supports in gel chromatographylO, in the immobilization of enzymes and af- 
finity chromatography13-15 and in covalent chromatography16*17. The favourable 
physical and chemical characteristics of gels stimulated our interest in the gel as a 
prospective matrix for ion-exchange materials. 

EXPERIMENTAL 

hfuterials 
The Spheron starting material was prepared by the procedures described 



CESROMAT0&4PHY OF BIOPOLYMERS ON SPHERON 341 :- 

Fig 1. Representation of the structure of spheroids of heterogeneolus, hydrophilic, macroporous 
Spheron geL The size of the micropores can be controlled by ahering the ratio of hydroxyalkyl 
methacrylate to akene dimethacrylate during copolymerization; the micropores are so small that 
they do not permit larger molecules to penetrate. The high content of the cross-linking agent in the 
polymerizing mixture ensures mechanical rigidity of the particles. The macroporosity (important for 
the penetration of biopo!ymers), the inner surface area and the number of groups which can be ad- 
ditionally chemically modifkd (important for the preparation of ion-exchangers and for the binding 
of affinants) can be controlled over a wide .range by varying the ratio of the inert solvents in the sus- 
pension copolymerization. 

aboves.g or it was purchased from Lachema. Chicken egg-white proteins were pre- 
pared as described elsewhere I8 Bovine chymotrypsinogen was prepared in our labo- . 
ratory and recrystallized five times. Human serum albumin was obtained from Imuna 
(&riSske Michalany, Czechoslovakia), human plasma from the Institute for Sera 
and Vaccines (Prague, Czechoslovakia), hog pepsinogen and egg-white lysozyme from 
Worthington (Freehold, N.J., U.S.A.), technical glucose oxidase from Boehringer 
(Mannheim, G.F.R.), and adenosine mono-, di- and triphosphate were purchased 
from Lachema, P-L Biochemicals (Milwaukee, Wise., U.S.A.) and Calbiochem (San 
Diego, Calif., U.S.A.), respectively. The synthetic peptides were obtained from Dr. 
K. JoSt, and the preparation of calf%hymus nucleic acidlg was a gift from Dr. J. Sponar 
of the- Institute of Organic Chemistry and Biochemistry of the Czechoslovak 
Academy of Sciences. The specific hydrolysate of Bacillus subtilis deoxyribonucleic 

acid”’ was kindly provided by Dr. J. Satava. 

Preparation of ion-exchange materials 
Ion exchangers of the Spheron type can be prepared either by direct copoly- 
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TABLE I 

SPkERON GELS 

Hy&oxya@ methacrylate gels (Lachemz,, Bmo, Czechoslovakia); data from ref. 10. 
_- 

SpkTUfZ’ Gel type” Specr;fic nufaceurea 
(d/g) ‘K 

P-l Homm~us - 
P-40 Semi-heterogeneous 142.3 
P-100 Heterogcncous 1.3 
P-200 Hetcrogenaous 3.1 
P-3(10 Heterogeneous 77.7 
-p-500 Heterogeneous 131.5 
P-700 Heterogeneous 15.3 
P-1cKNJ Heterogeneous 22-5 
P-10,000 Heterogeneous 5.0 

* The numeri& designation of Spheron multiplied by I@ indicates the exclusion limit in daltons. 
The exclusion limit was tested cbromatograpbically by the sieving e&ct using polydextrans. 

l * The gel type corresponds to the classifkation accordiog to Hei@. 
*** The inner surface uea was determined by chrornatogrzphic desorption according to lz_ The 

P-l gel does not contain macropores and is listed for reasons of comparison only. The P-40 gel was 
prepared under the conditions of polymerization characterizd by phase separation; the P-1QO to 
P-10 000 gels were prepared under the conditions of precipitating copoiymerizztion in suspension. 
See ref. 10 for a detailed explanation. 

mektion from ionogenic monomers ‘l by analogous reactions based on the re- , 
activity of the hydroxyl gro~ps~*~, or by additional modifications of the ion-ex- 
changers and. matrixz”*25. 

The ion-exchange derivatives described in-this study are summarized in Table 
XI. The weakly acidic carboxymethyl (CM)-Spheron was prepared from Spheron 
P-300 (bead size, 25-32 pm) by the reaction with sodium chloroacetate in a solution 

TABLE II 

ION-EXCHANGE DERIVATIVES OF SPHERON 

Ion-exchnge derivative Funcriod group Capacity’ 

(mequiv./g) mg of prorein per 
IO mg of ion 
exchanger 

Spheron P-300 Non-ionogenic gel; exciusion 
limit, 3. Iti daltons - - 

Calion-exchangers 
CM-Spheron -COOH l-5 30, chymotrypsinogen 
P-Spheron -PO(OH)r 4.0 40. chymotrypsinogen 
SSpheron -SO&f 1.0 20, chymotrypsinogen 

Anioniexchangers 
DEAE-Spheron Type 1 -N(CzH& 0.9 60, pepsin; It, strum 

albd 
DEAE-Spheron Type 2 

-&H,)_K~~N(~H~)~ 20 q ~er~un albumin 

* The crrpacity determination will be discussed id detail in.subsequent pzp&&. 
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of sodi.tj@h$d&ide according to ref. 22. The medillin acidic phosphonyl(P)-Spheron 
was prepared fro& &heron P-300 (bead size, 25-32 pm) by the reaction with phos- 
phojl chloride in ethyl acetate according to ref. 26. T@ strongly adidic sulpho- 
nyl(S)-Spheron was p&paredz -from Spheron P-300 (bead size, 20-40,~m) by the 
reaetiq~ with chlorosulfonic acid in ethyl acetate- The Weakly basic diethylamino- 
ethyl@EAEj-Spheron Type 1 was obtained by &polymerization of hydroxyethyl 
metbacryIa&q &.hyIene dimethac:jlate and 2-(diethyiamino)ethyl methacrylate ac- 
cording to ref_ 21_ The medium basic DEAE-Spheron Type 2 was prepared from Sphe- 
ran P-300 (bead size, 60-1OOpm) by the reaction with (2-chloroethyI)diethylamine 
according to ref. 23. The.ion&change materials were repeatedly extracted and equi- 
librated as described below. The capacities of the ion-exchangers for small ions were 
calcufated from titration graphs and are given in Table 11. More detailed charac- 
teristics of the individual ion-exchangers will be described in subsequent papers. 

Ion-exchange chromatography 
The ion exchangers were washed with 2 M sodium chloride and distilled 

water before use. Cation exchangers were then treated five times with 2 M NaQH, 
-water; 2 M MCI and water. Anion exchangers were similarly treated with 2 M HCl, 
water,. 2 M NaOH and water. The ion exchangers were then equilibrated with the 
first buffer to be used for chromatography until the pH and conductivity were con- 
stant. 

The ion exchangers used were regenerated by washing with 2 M NaCl and 
treated as described above. The absorbance, pH and conductivity of eflluent fractions 
of the separated compounds were determined; alternatively, the separation was re- 
corded by a UV detector at 254 nm. Some of the experiments were made in a Beck- 
man-Spinco Model 120B amino acid analyzer. The chromatographic pro6les obtained 
with the individual ionexchangers are described below in the order given in Table II. 

RESULTS 

Retention of proteins by non-ionogenic carrier gei 
The elution profile of chymotrypsinogen from a column of unmodified Spheron 

P-300 gel is shown in Fig. 2. Solutions of $psinogen and human serum albumin 
were eluted from the same column. The recoveries were determined spectrophoto- 
metrically and were consistently lCIO”~. No unspecific adsorption was observed - 
with acidic pepsinogen, with basic chymotrypsinogen or with serum albumin which is 
known for its strong adsorption ability. The retention of these proteins by the column 
is caused by the molecular sieving effect of.the gel pores. The material thus tested, 
whi& was devoid df undesirable adsorption properties, was used for ionogenic sub- 
stitutions. 

CM-Spheron 
The chromatography of chicken egg-white proteins (Fig. 3) was us&3 to test 

the characteristics‘ of CM-Spheron in comparison with CM-cellulose. A simple linear 
gradient of.iricreasing pH and ionic strength tin4 analogous column types were used. 
Th& differences in the relative positions of the p&,ks are due to the lower capacity of 
CM-cellulose for ions-of low moleculai weight which &ects the course of the gradient 
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Fig. 2. Chromatography of chymotrypsinogen on ti neutral Spheron carrier. Chymotrypsinogen 
(15 mg) dissoived in 0.5 ml of water was ckmmatographed on a coiumr~ (25 x 0-g cm) of Spkeron 
F-300 (bead size, 25-32 pm). The column was eluted with water at a flow-rate of 45 ml/h. The elution 
profile was continuously recorded by means of a UV absorption meter at 254 nm. 

Fig. 3. Comparative chromatography of chicken egg-white prote& on columns of CM-cellulose and 
CMSpheron. In both cases, 2cO mg of proteins dissoIved in 1 ml of buffer A were placed on to a col- 
unn (23 x 0.8 cm). The latter was eluted by buffer A up to fraction number (F-N.) 10. A linear elu- 
tion gradient was tken appfied with 250 ml of buffer A and 250 m! of buffer B. B&&-s: A, 0.03 Mam- 
mania-acetic acid (PH 3.88); B, 0.1 M ammonia-O_2 M sodium carbonate-acetic acid (pH 10.9). 
Flow-rate 30 ml/h. Fraction volume, S ml. a, Column of microgranular CM-cellulose; b. co!uti of 
CM-Spheron (bead. size, 25-32 pm}_ 

in the, column. Comparison of the t*o supports shows that aneiution. prowe similar 
to that obtained with CM-celMose can be achieved with CM-Spheron, ho’wever, the 
yields of some proteins were higher in the .iatter case because some of the mate&$ 
chromatographed is probably irreversibly adsorbed on the cel!ulose. 

P-Spheron 

A mixture of proteins was fractionated on P-Spheron in the order-of their iso- 
electric points (Fig. 4) A double iinear gradient was used. ,fndividual proteins were 
chromatographed independently with analogous results. ‘%heir c&&on wgs prac- 
t_icaIly quantitative. The chrom.atography .of a more complicau$ .&kture,~ human 

: -.: 
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Fig. 4. Fractionation of an artifkiai mixture of pro&s on PSpheron. A mixture of serum aIbumin 
(Mb., 30 mg), chymotrypsinogen (Chtg., 20 mg) and lysozyme (Lzm., 10 mg) dissolved in 0.6 ml 
of water was chromatographed on a column (19 x 0.8 cm) of P-Spheron (bead size, 20-N pm). 
Two linear elution gradients were used: f%st, 125 ml of buff= A f 125 ml of bufier B; second, 
125 ml of bufkr B + 125 ml of buffer C. Buffers: A, 0.05 M ammonia-fosmic scid (PH 3.5); B, 
0.3 M ammonia-x&c acid (pH 6.0); C, 1 M ammonia-acetic acid (pH KO), 0.5 Ai in KCI. Frac- 
tions, 4.2 ml per 5 min. 

0 
0 60 120 180 240 
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Fig. 5_ .Chro&t&phic profile of human pIasma on P-Spheron. 2 ml of plasma (centrifuged before 
use) was applied to a c&mn (24 x 0.8 cm) of Pgpheron (bead size, 20-40 pm). Buffers: A, 0.05 M 
anqonia-form& atid (pH 3.5); B, 0.2 M ammonia-acetic acid (pH 5.0); C, 0.2 M arnnionia-acetic 
acid (pH 6.0); D: 0.3 M ammonia-acetic acid (pH 8.0), 1.5 M in KCI. Frectiok, 4.3 mf per 8 min. 
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Fig. 6. Separation of a synthetic mixture of peptides on 2 colunm (24 x 0.8 cm) of P-Spher~n Wd 
size, 20-%0 ,um) in the amino acid analyzer_ Buffer, 0.1 M sodium hydroxide-citic acid @H 4.0). 
Temperature, 55’. Pressure, 4 stm. Flow-rate, 68 ml/h (ninhydrin, 34 ml/h). The sample WZG di.+ 
solved in 0.5 ml of the buffer (pH 3.5). Dizct nit&y&ii calorimetry. Fractions: A, B = cm of 
oxklized insulin; 1 = trigIycine; 2 = giycylgiycinamide; 3 = tyrosyiglycine. 

plasma, elected by a combination of simple elution with three gradients, is illustrated 
in Fig. 5. 

The macroporous ion-exchange derivatives of Spheron having an exclusion 
limit of 3 - 105 &tons can easily fmctionate low-molecular-weight protein fragments 
and zimino acids. The separation of a peptide mixture in the amino acid. anaIyzer, 
evaluated by direct ninhydrii cofo&etry without alkaline hydrolysis, & shown -in 
Fig. 6. The same ion-exchange material was used in the aqalyzer to separate &sic 
amino acids. Fig. 7 shows the interesting position of *&e am&o& peak which con- 
siderably digers from that observed on sulphonic a&d cation-exchangers. 

S-Spherm 

As h P-Fpher6n also-the strongly acidic S-Spheron is a suitable sorbent for the 
separation of mixtures of proteins which can be Golved tithe ord&ofthei+ektric 
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Fig. 7. Separation of basic amino acids on a column (58 x 0.9 cm) of P-Spheron @cad size, 2040 
m) in the auino acid analyzer. Elutioa by buffer, 1.35 N sodium citrate (pH 5.28)_ Pressure 5 atm 
Temperature 55”. Flow-rate, 68 ml/k. 

points. fn this respect, *the ion-exchange derivatives of Spheron resemble the well 
known hydrophilic ion-exchangers, i.e. cellulose and polydextran derivatives. The 
separation of components of a technical enzyme preparation containing glucose 
oxidase,.catalase and amyla& is shown in Fig. 8. 

Two v&ants of DEAE-Spheron were prepared. Type 1 was prepared by 
ternary copolymerization of 2-(diethylaminofethyl methacrylate, Zhydroxyethyl 
methacrylate and ethylenedimethacrylate_ This material has only weakly basic tertiary 
amino groups and there are no quarternary basic groups (see Table IT). Acidic 
proteins, such as $zpsia, pepsinogen and serum albumin, were adsorbed well on Type 
1. In general, Type 2, containing quarter-nary basic groups in addition to the DEAE 
groups (Tabie II), was more suitable for the analysis of biopolymers. The elution 
profiles obtained for plasma.(Fig. 9) are simihu to those reported by Sober and Peter- 
so@ &DEAE%&ilose. Although the nominal eMusion limit for Spheron P-3ClQ is . 
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Fig. 8. Chromatography of a commercial glucose orddase preparation on a column (25 x 0.8 cm) 
of S-Spheron (bead size, 2540.~11). Loadkg, 10 mg in 1 ml of starting buffer. Linear gradient, 100 
mIofA + 100 ml of B. Flow-rate, 240 ml/b. Fractions, 6 ml per 1.5 min. Buffers : A, 0.05 Mammonia- 
~orxnic acid (pH 3.35); B, 0.3 M ammortia-acetic acid (pH 6.0). 

3 - IO5 daitonsj DEAE-Spheron showed very favourable characteristics as regards the 
chromatography of a highly viscous 19 preparation of calf-thy&us deoxyribonucleic 
acid (Fig. lo), whose molecular weight exceeded lo6 daltons. It is possible that only 
the functional groups located at the surface of the gel particles participate jn this 
process, or that the.exclusion limit obtained by jesting with Folydextran derivatives 
does not hold for nucleic acids. 

Nucleic acid fragments could also & fractionated with relatively good results 
on DEAE-Spheron, as illustrated by the chromatogrtim of pyrimidine oligoribonu- 
cleotides (Fig. 11). The &s&t is comparable with chromato,Tphy of the same hy- 
drolyzate on DEAE-cell~loseZ~. Spheron derivatives can b;e used to separate; similarly 
to proteins, peptides and amino acids, not only tiucleic acids and their fragments of 
medium mole&&r weight but also their low-molecular-weight- structural pnit.$ nu- 
cleotides. The fractionation of a mixture of comme’rcial adenosine phosphates is shown 
;n Fig. 12. 

DI%3JSSION 
: : 

Modem and tipid ion-exchange chro&ato@aphy of hi&-ti&zctilar-w&ht 
biopol@eti at medium or- hi.& presstires re&ires co1umn~~~upport-G &ving t&e -foI- 
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Fig 9. Chromatography of human plasma on a column (19 x 0.8 cm) of DEAE-Spheron Type 2 
(bead size? 25-32 pm). Loading 2 ml of plasma, centrifuged before application. A compound gradient 
(thin full line) was e%cted by autoxmtic proportional pumps and buffers. Buffers: A, 0.025 M phos- 
phoric acid-Tris (pH 8.50); B, 0.5 M phosphoric acid-Tris (pH 3.50); C, buffer B l.OM in KCI. 
Flow-rate, 22.5 ml/h. Fractions c&xted at 1S-min intecvak. 
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lowing properties: (I) a hydrophilic surface which does not lead to denaturation of 
the products separated; (2) large pores with a sufficiently high exclusion limit; (3) 
a~ appropriate microenvironment of the functional soups; (4) a large inner surface 
area; (5) sufficient epacity; (6) chemical stability; (7) resistance to microbes and. en- 
zyme activity; (8) mechanical rigidity; (9) a minimal swelling tendency; (10) minimal 
volume change% with $A and ionic strength; (11) good flow characteristics at high 
flow-rates and (12) a resistance to high pressure. 

The classical materials available, such as the derivatives of cellulose or poly- 
dextran, fulBl the requirements L-5. They have a high capacity in columns or when 
used in batches, and their functional groups have an appropriate microenvironment. 
The@ limitations become apparent when high flow-rates or high pressures are used, 
at e&rem&&I vahxs (especially at increased temperatures) and variable ionic strength 
(in both senses). : 

.Row characteristics of a Spheron derivative in a column are given in Fig. 13. 
Unlike -the hydrophilic derivatives of celiu1os.e and polydextran, Spheron. shows a 
linear dependence of the over-pressure on the flow-rate up to a value of 500 ml/cm2 ah. 
The c~lcmn height reniains constant over- the entire range. The flow characteristics 



Fig. 10. Chromatography of a preparation of calf-thymes deoxyribonucleic acid on DEAE-Spheron 
Type 2. .I ml of a solution continiog 1.8 mg of the preparation was 2ppli& td a column (24 x 0.8 cm) 
of DEAE-Spheron Type 2 (bead size, 60-1OOym). Fractions, 2.2 m! per 4 min. B&ers: A, 0.005 M 
phosphoric acid-Tris (PI3 8.57); B, 0.1 Mphosphoric acid-Tris (pH 5.52); C, buffer e 1 Min NaCl;. 
D, buffer B 2 M in NaCL Elution: 50 ml of buffer A foIlowed by linear g&clients of 50 ml~of A + 
50mlofB,lSOmlofB + lSOmlofCand150mlofC + 150mlofD.No~peakappevedonelution 
With the hst grzdient Thick line, absorhxe at 254nm; dotted Line, absorb2nce at 28Onm. 

of the Spheion derivatives are practically independeM of the ionic strength of the 
sofl3ion. 

From Figs. 2-12 and from studies of the use of Spheron in the field.of affinity~-15 
and covalent chromatogranhy”, it is evident th+ the surface area of these materials 
is sutkientiy hydrophilic (although probably not as hydrophilic as the surfaces of 
ceklose or polydextran) and does not. denature biopolymer& by hydrophobic ad- 
sor@ions. The elution profiles given in Figs. 3-1.2 suggest that there are no essential 
difkerkes between cellulose Tpolydextran) derivatives and hydroxyaikyl methacry!ate 
gels as regards their functional-groups. The examples given in thef&ums idude high- 
molecukr-weight proteins (Figs. 3-5, 8 and 9) -aand nucleic acids ,(Fig. IO}, :and their 
fragments of mediu&mole&kr weight (Figs. 6-+nd 11) &d of low mokeuhu weight 
(Zigs_ 7 anti -12); In the&eases the derivatives of Spheren puss&s -a- resolving power 
simiIar to that of hydrophihc ion exchangers based -on a ca$uIose or ,polydextr$n i‘ matrix. Tbe.Spberon detivatives cas be zipplied& the most niportant $eids-bfron-. 
exehauge chromategrachy in biochemistry. T&e separation. is base& &tielly -on 
idnic interactjo& The use~ofmacro_porous ion ex@arigerS with-a highez&sion limit 
is not .rqtricted- to high-molecular-weight substances, When .such mater&Is kre t@ed 

-for the chromatography-.of low-mo~~~~-wei~t~.~~~un~~ -they~ of$r; compared 
to the classical ion exchangers? the advantage of hi~her~dif&sion +e$ _@hin the-beads 
and also the accessibility of all of the ionic &OX& &the inner-surface of the tiore~. 

: ;-~ 
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ATP 

0 20 00 60 

Fig. 12. Separation of a synthetic mixture of commercial adenosine phosphates on a column (18 x 
0.6 cm) of DEAE-Spheron Type 2, (bead size, 25-32 pm). 2 mg of a mixture of adenosine monophos- 
phatc (AMP), diphosphate (ADP) and triphosphate (ATP) dissolved in 2004 of water were applied 
to the column and eluted by a linear gradient developed with 150 ml ofO.1 &f HCI-Tris buffer (pH 
5) t 150 ml of 0.1 &f HCl-Tris butfer (pH 8) (0.15 M in NaCl). Temperature, 25”. Flow-rate, 240 
ml/h. Pressure, 8 atm. Fractions were collected at I-min intervals. 
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Fig. 13. Relations between the flow-rate and the counter pressure on chromatographic columns 
packed with hydrophilic ion-exchangers. 1 = CoIumn (24 x 0.8 cm) of P-Spheron (bead size, 20-40 
pm; nominal ex&sion limit, 3- loj ciakons); 2 = coh~~~~n of phospho~y~~~d~. The e2qxrinients 
were made with 0.1 M sodium acetate (pH 5). 
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Fig. X4. kMicrophoto_gaph of Spheron P-300. 

Spheron derivatives also show a high chemical stability. Ahhough they are 
based on an ester bond, they arc resistant to hydrolysis and resemble the very stable 
esters of trimethylacetic acid. These ion exchangers can therefore be treated with 2 M 
solutions of acids and alkali. The gel can be sterilized in autoclaves. It is also resistant 
to mild oxidizing agents and to the action of organic solvents. The synthetic matrix 
does not undergo enzymatic cleavage and is not attacked by microorganisms. 

The fact that the macroscopic beads of Spheron are composed of aggregates 
with a very high density of cross-linking (Fig. 1) means that the macroscopic particIes 
do not swell much and hardly change their volume with ionic strength; for instance, 
there is no volume change when 2 M NaCl is replaced by water during the washing of 
a column. 

Spheron is manufactured in the form of regular, rigid, spherical particles 
(Fig. 14). The flow characteristics of the Spheron derivatives in the column are good 
and can he defined by a column-flow resistance factoP, q, of CU. 850. 

CONCLUSIONS 

The derivatives of Spheron beads with controllable macropores permit the 

penetration of biopolymers into the beads, are sufficiently hydrophilic, almost do not 
swell and arc practically undeformable in the chromatographic process; their volume 
is independent of pH and ionic strength, they can be prepared with the desired capa- 
city and they show excellent flow characteristics. They are very resistant, both chem- 
ically and mechanically. They have been found to be of advantage in preliminary 
experiments on the chromatography of proteins, nuclek acids and their fragments. 
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We believe that tbeit ftiture development djrected -to %mz+iler particleGviU pave the 
way to .stxdieS on Ihe use of high-perform&n~ liquid chromtitography in the s&a& 
tioxi of bidpolymers. 
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