
Carbohydrate Research, 185 (1989) 131-138 
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands 

131 

EFFECT OF ACETYLATION ON SOME SOLUTION AND GELLIKG 

PROPERTIES OF ALGINATES 

G~J~MUND SWAK-BMK*, 

Laboratory for Marine Biochemistry, Division of Biotechnology, The Norwegian Institute of Technology, 
7034 Trondheim (Norway) 

FLAVIIJ ZANETIX. AYU SERGIO PAOLETTI 

Department of Biochemistry, Biophysics and Macromolecular Chemistry. University of Trieste, Trieste 

(Italy) 

(Received June 4th, 1988; accepted for publication, August 12th. 1988) 

ABSTRACT 

Whereas acetylation does not severely affect the molecular weight and poly- 

dispersity index of alginate, it greatly enhances the swelling ability of calcium gels 

made from these polymers. The affinity of alginate for calcium ions is diminished 

by acetylation as shown by the effect on the c.d. spectra and by the decrease in gel 

strength. Viscosity data suggest that a modest degree of acetylation (d.a. up to 

-11%) causes an expansion of the molecular chain, whereas a higher d.a. gener- 

ates more flexible polymers. 

INTRODUCTION 

A novel procedure has been reported’ for the graded acetylation of alginate 

by using calcium alginate gel beads. Initially, acetylation occurred selectively on 

the mannuronic acid residues, but eventually a small proportion of the guluronic 

acid residues was acetylated’. The results may reflect the selective binding of 

calcium ions by groups of two or more contiguous guluronic acid residues since 

non-contiguous guluronic acid residues were acetylated preferentially. Small 

proportions of acetyl groups can have a marked effect on the macromolecular 

properties of both highly viscous3,J and gelling polysaccharides5.6. 

We now report on the influence of acetylation on some macromolecular 

properties of alginate. 

EXPERIMENTAL 

Materials. - The alginate samples were those prepared’ from Laminuria 
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/zy~zrhorerr (containing 68% of guluronic acid and with N,;,, = 13). ‘I‘wice-distilled 

water was used throughout the work. 

Determination of the distribution of molecular weights. - Mol. wt. distribu- 

tion curves were determined by gel-permeation chromatography, involving a 

JASCO RIP-I pumping system with a Rhcodync Mod. 7125 injector, a Model TSK 

G 5000 PW column (LKR). and a concentration detector (Waters Kefractivc Index 

Detector Model 410) coupled to a low-angle laser light-scattering detector (LDC- 

Chromatix CMX-100 system). Values for dnidc were taken from the literature’. 

Data were processed” with an LDC computer program (PCLALLS) implemented 

by an IBM XT PC. 

Viscosity meusurements. - Aqueous solutions of sodium chloride were used 

at 25’ with Uhbetohde suspended capillary viscometcrs and an automatic dilution 

viscosity system (Schott-Gergte). 

lsothermd microcctlorimtrtr~. - Heats of dilution were measured” at 25” with 

an LKR 30700-2 batch type microcalorimeter. 

C.rl. measuremrrlt.s. - A JASCO J-5OOA dichrograph was usedY. and meas- 

urements were made at 22”. 

Preparation of gels and measurements of gel strength. - 2% (w/w) Solutions 

of sodium alginate in 0.231 sodium chloride were introduced into plastic cylinders 

(diameter, 1.4 cm; height, I .9 cm) and capped with a cellophane dialysis membrane 

at each end. The cylinders were immersed in 0. I M calcium chloride (400 mL) con- 

taining 0.2b1 sodium chloride and dialysed for 72 h. The dialysate was changed 

every 12 h. The: excess of sodium ions was present to ensure the formation of more 

homogeneous gels]!:. The weight of each acetylated sample was corrcctcd for by 

multiplying with iW,(NaAlg)lM,,(NaAlg-Ac) in order to obtain the same concen- 

tration of uronate residues in all solutions. The modulus of rigidity of each plug of 

gel was determined at room temperature (22 t2”) by compressing the gel plugs by 

2 mm at a constant rate of 0.2 mm/s in a Stevens Texture Analyser. The moduli 

were calculated as described by Smidsr@d et al.“. 

Mea.surements of Mvter hiding. - Spherical calcium alginate beads. pre- 

pared’ from native and acetylated alginatcs, were washed with water, aqueous 50% 

ethanol to remove excess of salt, and aqueous 96% ethanol, and then air-dried in 

a rotary shaker. The dry beads were suspended in distilled water and their increase 

in diameter was monitored by light microscopy. 

KESI’I.TS AND DISCIJSSION 

Molecular weights ofalginate of various degrees of acet.ylatiorz. - The weight- 

average molecular weight (%? ), the number-average molecular weight (M,), and -” 
the polydispersity index (M,IM,) of the al&ate samples with various degrees of 

acetylation (d.n.), reported in Table I, indicate that no severe degradation of the 

polymer chains had occurred on acetylation. The changes in %, may he ascribed 

to losses during purification. 
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TABLE I 

MACROMOLECULAR PAKAMFXERS OF ACETYLATED ALGINATES 

D.a. 0 0.053 0.103 0.476 1.17 
Fw(X IO ‘) 211.7 172.0 162.2 308.8 247.1 

_un (2 10-3) 80.2 53.7 101.9 168.4 92.0 

lvt JM, 2.6 3.2 1.6 1.8 2.7 

Conformation of acetylated alginute. - The results of the viscosity measure- 

ments at 25” as a function of polymer concentration were analysed in terms of the 

usual Huggins and Kraemer equations, and the parameters obtained are given in 

Table II. All data were obtained for solutions in 0.1~ sodium chloride except for 

the sample with d.a. 1.17, for which the values reported were obtained by extrapo- 

lation from those determined in 0.05, 0.06, 0.07, 0.08, and 0.09~ sodium chloride 

(the same values were used for a series of determinations also for the sample with 

d.a. 0.105). This extrapolation was necessary because solutions of the extensively 

acetylated polymer in 0.1~ NaCl were slightly opalescent, indicating the onset of 

salting out. No turbidity or any anomaly in viscosity was detectable for solutions in 

0.09M sodium chloride. 

The values of the intrinsic viscosity increased rapidly as the d.a. increased 

from 0 to 0.105, and then remained practically constant. The values of the Huggins 

constant (k’) were largely independent of d.a., suggesting that this parameter is 

governed more by the electrostatic interactions than by the structure of the chains. 

In order to assess the effect of acetylation on the rigidity of alginate 

molecules, the intrinsic viscosities were also determined at ionic strengths in the 

range 0.05-0.09~, for the samples having d.a. 0.105 and 1.17. The [q] data used to 

calculate the flexibility parameter B, as defined by Smidsrod and Haugl*, gave val- 

ues of 0.051 +0.009 and 0.105 f0.027, respectively. The value” of B for un- 

substituted alginate of the same uranic acid composition is 0.03. By comparison of 

the values of z,,,, [q], and B, it may be inferred that an increase in chain extension 

at an ionic strength of 0.1~ occurs on acetylation, accompanied by an increase in 

chain flexibility in the unperturbed state as deduced from the increase in the values 

of B. Some tentative conclusions may be drawn. 

TABLE II 

VISCOSITY PARAMETERS OF ACETYLATED ALGINATES, SODIUM SALTS 
- -~-- -- --- - --_ 

D.2. 0 0.053 0.105 0.476 1.17 

[?I 5.82 6.26 7.21 7.04 7.430 
Iluggins constant (k’) 0.49 0.42 0.41 0.48 0.46” 
Kramer constant (k”) 0.10 0.12 0.12 0.09 0.090 

k’ +k” 0.59 0.54 0.53 0.57 0.55a 

‘Obtained by extrapolation to 0.1~ NaCl 
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On increasing d.a. from 0 to 0.10, M, decreases by -20% (Table I). indicat- 

ing that the parallel increase of [q] (Table II) must stem from a chain expansion 

caused by even a small proportion of acetyl groups. Such a change in polymer 

dimensions is not parallelled by an increase in stiffness, probably because it is 

almost impossible to increase the rigidity of a backbone which is already very rigid. 

The hypothesis that an order-disorder conformational transition takes place 

with some degree of co-operativity was used to explain the striking effect of 8% of 

acetyl groups on the enthalpy of dilution of a bacterial alginatc?. The enthalpy of 

dilution curves (Fig. 1) for samples at d.a. 0.105 and 1.17 were always exothermic 

as expected for linear polyelectrolytes devoid of co-operative conformational 

phenomena. However, non-abrupt changes in conformation may be reflected by 

the curvature observed for the sample with d.a. 1.17. Even a small proportion of 

acetyl groups on the mannuronic acid (ManA) residues may play a very critical role 

in determining the conformation of the polymer. At low d.a. values, practically ail 

of the acetyl groups are localised on the ManA residues and, to a lesser extent, on 

the guluronic acid (GulA) residues embedded in an alternating sequence’. It is 

possible that the introduction of acetyl groups shifts the position of the minimum 

of the conformational energy without increasing the accessible surface of the 

molecules. Further acetylation eventually produces a rather flexible polymer with 

a corresponding increase in the number of conformations. The induced flexibility 

may be associated with a loss of stability of the states of the GUI&GulA dimers 

which have a minimum energy at low d.a. values. 

Interaction with calcium ions and the formation of gels. - The addition of 

calcium ions to a solution of sodium algirlate perturbs the c.d. spectrum of the 

COO _ group in the far U.V. Such an effect has been correlated with a co-operative 

disorder-order conformational transition of the GulA sequences. which are the 

molecular basis of the so-called “egg-box” junctions in the gel structurei3. The c.d. 

spectra of the alginate derivatives were also perturbed upon addition of aqueous 

calcium perchlorate (see insert to Fig. 2), but the effect decreased with increasing 

Fig. I. Plot of the log of the polymer concentration (C) against the enthalpy change of dilution of 
acetylated alginates (as sodium salts) in water at 25”: l ,O d.a. = 1.17; n ,U d.a. : 0. IO; l .B C, (initial). 
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Fig. 2. Dependence on R of the relative excess molar ellipticity (at 213 nm) of solutions of various 
alginate derivatives with respect to the calcium-free solution. R is the molar ratio of added calcium to 
polymer repeating-unit; polymer concentration, 1OmM; pH 7; 0 . d.a. = 0; 0. d.a. = 1.17. Polymers 
with intermediate d.a. values showed intermediate curves (data not shown). Inset: cd. spectra (arbitrary 
units) of IhIM solutions of acetylated alginate (d.a. = 1.17) at R = 0 (-) and R = 0.25 (-----). 

acetyl content (Fig. 2). Hence, the ability of calcium ions to induce a conforma- 

tional ordering of the alginate chain is severely diminished as the proportion of 

acetyl groups increases. In parallel with this effect was a marked decrease in the 

strength of calcium gels of acetylated alginates. as reported by Schweiger’+‘. 

Fig. 3 shows that the modulus of rigidity (G) of the gels decreased rapidly 

with increasing d.a. even at low values and indicates that the mechanism of gel 

formation in alginates is complex. Indeed, in order to form a gel with good mechan- 

0 0.25 0.50 0.75 1.00 

D. a. 

Fig. 3. Dependence of the modulus of rigidity (G) of calcium gels of alginate derivatives on the degree 
of acetylation (d.a.). 
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ical prcjperties, the GulA residues must be present not only in substantial propor- 

tions and in long homopolymeric sequences I5 Ih, but also be unsubstituted. Even 

more surprising is that the ManA monomers also need to be free of acetyl groups 

for maximal gel strength. Thus, it may be inferred that an elongation of sequences 

of acetytated ManA residues is not compatible with the severe topological con- 

straints of the 3EI arrangements of the gel “cross-links”. 

Swelling of heads and binding of wuter. - Spherical gel beads of Ca alginate 

gel, acetylated to various extents, were formed by calcium cross-linking’. When the 

beads were dried and re-swollen in water, light microscopy showed that they rc- 

tained their original spherical form. The relative increase in volume (V/V,,) as a 

function of time is shown in Fig. 4. Re-swelling occurred during several hours, 

there was an induction period, and the duration of swelling was proportional to the 

d.a. There were striking differences in the equilibrium volumes of the various 

samples. Equilibrium was reached after -24 h. The degree of swelling increased 

500-fold on passing from d.a. 0.0 to 0.65 (see Fig. 5). 

Fig. 4. Time dependence of the log of the ratio of the volume (V) of swelling beads to the volume (V,,) 
of the dry bead for acetylated alginates at room temperature. Symbols: 0. d.n. r 0: 0. d.a. = (1.30; a. 

d.a. = 0.56; 2. d.a. = 0.65. 

600 1 I I I 

0 0.25 0.50 0.75 

D.a. 
Fig. 5. Dependence on the d.a. of the ratio of the equilibrium swelling volume (V) to the volume (V,,) 
of the dry bead for acetylated alginates at room temperature. 
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Generally, the volume of an ionic gel will be governed mainly by a positive 

osmotic pressure, in this case due mainly to the positive entropy of mixing of the 

counterions with water, which is counterbalanced at equilibrium by a negative 

pressure due to elasticity of the network: 7. For calcium alginate gels (which are 

enthalpic rather than entropic’s), the elasticity depends upon the number and the 

strength of the cross-links. 

Since the introduction of acetyl groups impairs the co-operative binding of 

calcium ions, the number of dissociated counterions per polymer chain will increase 

with increasing d.a. and hence enhance the positive osmotic pressure. Simultane- 

ously, it will weaken the forces holding the network together. Reduction in the 

co-operative binding of calcium ions will probably reduce both the strength and the 

number of cross-links in the network and thus contribute positively to the swelling. 

A decreased polymer-water interaction due to the increased hydrophobicity 

of the acetylated chains should lead to increased polymer-polymer interaction and 

decreased swelling. This effect is much smaller at equilibrium than those considered 

above. However, it may be more important for understanding the kinetics of the 

swelling reaction. The increased length of the induction period in the swelling with 

increased d.a. (Fig. 4) occurs in spite of the increased surface area of the dry beads” 

(the average diameter of the dry beads increases from 0.72 mm at d.a. 0.0, to 0.85 

mm at d.a. 0.105, and to 0.90 mm at d.a. 0.40). This effect may be due to hydro- 

phobic polymer-polymer interactions, which will diminish the wettability and form 

a kinetic barrier to swelling in the early phase of the process. 

Further work is necessary in order to elucidate the mechanism of swelling. 

Concluding remarks. - By an appropriate choice of the acetylation proce- 

dure, one can obtain gel-forming, and therefore bead,-forming, alginate derivatives 

with reduced calcium affinity, but with exceptional swelling properties. The poten- 

tial biomedical and biotechnological applications of these tailor-made derivatives 

are of interest, especially in view of their increased compatibility with non-aqueous 

solvents. In spite of the fact that acetyl substitution of the synthetic derivatives is 

not confined to the ManA residues, they resemble very closely bacterial alginates 

of the Azotobacter vinelandii strains 20,21 both in composition and in the amount of 

acetylation. Some of the observations made for the present compounds may there- 

fore help to explain some of the biological functions of the acetyl groups in native 

alginates, for instance in the modulation of their rheology and in the re-swelling of 

the microcyst22. 

ACKNOWLEDGMENTS 

We thank Professors 0. Smidsrod and T. J. Painter for valuable discussions, 

Fidia S.p.A. (Abano Terme, Italy) for a fellowship (to F.Z.), and the Royal 

Norwegian Council for Scientific and Industrial Research (NTNF), Protan A/S, 

Drammen (Norway), the Italian Minister0 della Pubblica Istruzione, and the 

University of Trieste for financial support. This collaborative research was carried 



138 G. SKJkK-HR&X. F. %ANE:I-Il. S. PAOLtTl‘I 

out under the auspices of the COST-48 “Marine Primary Biomass” Programme of 

the Commission of the European Economic Community. 

REFERENCES 

1 G. SKJAK-BR~K. S. PAON:-ITI, AND T. GIANFL~KRARA. Carbohydr. Res., 185 (1989) 119-129. 
2 F. DUREN, A. CesA~o, S. Prwx.wx Arm V. CRESCIJIVZI, Curhohydr. Ru, 100 (1982) c&c50. 
3 M. DENTIN, V. CRESCENZI. AND D. BLASI, Ini. J. Bioi. Macrontol., 6 (1984) 93-9X. 
4 T. COVIELI.~, K. KAJIWARA, W. BuKcrjaKo, M. DFYTINI. ANII V. CK~XENLI, Mucromoiecules. 19 

( 1986) 2826-283 1. 

6 E. I). 7‘. ATKINS, P. T. A-rrwoo~., M. J. MILES, V. J. MORRIS. M. A. O’NELL. AND I. W. SUTHEK- 
LAND, fnt. J. Biol. Macromol., 9 (1987) 115-l 17. 

7 K. A. S.I.KAND, A. B4?r-, P. S. DAALBCRG, T. SIKKEL.~NII, AND 0. S?.UIXR~II. Macromoiec-u/es, 15 
(1982) 570-579. 

8 0. SWDSR@D. A. MARTINSEN, G. SKJAK-BR/EK, S. PAOLETTI. AND F. ZANETI’I. unpublished data. 
9 A. CESARO. A. CIANA, F. DELHEN. G. MANZINI.AND S. PAOIXI-U. Biopul~mers. 21 (1982) 4.31449. 

10 G. SI(JAK-BKASK. H. GRASDAI.I:N. AND 0. SHIDSKG~D. C‘urboltydr. Polyrn., (1988) in press. 
11 0. SMIDSR~D. A. HAL!~. AND B. LIAN, Acza Chem. Stand., 36 (1972) 71-78. 
12 0. S%XXR@II Am A. HAUG. Biopolymers, 10 (1971) 1213-1227. 
13 E. R. MORKIS, D. A. REES, D. THOM. AND J. Boun, Curbohydr. Rex, 66 (1978) 135-154. 
14 R. G. S~HWEIGI-.R, J. Org. Chem., 27 (1962) 17X%1791. 
15 0. SMIDSRQU AND A. HAI:G, Acta Chem. Sand., 22 (1968) 1989-1997. 
16 G. SKI,&-BREK, B. LARSEN. AND 0. %IDSK(~D. Inr. J. Biol. Macromol., 8 (1986) 331%336. 
17 T. TANAKA, in C. NICOLINI (Ed.), Structure arId Dynrrmics of Biopolym~rs, NATO ASI Series. 

Boston. 1987, pp. 237-257. 
18 I.-l_. ANDRESEN AND 0. SMIDSR~D. Lhrbohydr. Res.. 58 (1977) 271-279. 
19 T. TANAKA AND D. J. FILLMORE, J. Chena. Phys., 70 (1979) 1214-1218. 
20 G. SKJ~K-BREK. H. GRASI>ALEN. AND B. LARSEN, Curbohydr. Res.. 154 (1986) 239-250. 
21 G. SKJ~K-BREK. B. I,AKS~Y. .4x1) H. GRASDALFV. C’rrrbolq~dr. Res.. I45 (1985) 169-173. 
22 H. L. SADOFF, l3acteriol Rev., 39 (1986) 51&539. 


