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ABSTRACT

The moduli of elasticity of calcium and lead alginate gels increase with time
after preparation, and the temperature dependence of the rate of syneresis suggests
an activation energy of 8-12x 10* J mol~! for the formation of new junctions At
zero time, a negative temperature-dependence was found for the elastic force measured
at a low degree of deformation (4%) Deformation of the gels was associated with an
mmcrease in entropy and mnternal energy When the calcium 1ons 1n a preformed
calcium alginate gel were exchanged for lead 10ns, which have a higher affinity for
alginate, the modulus mncreased due to an enhanced increase in internal energy with
deformation Reversal of the sequence of introducing the two types of 10ons gave the
opposite effect The data suggest that the junctions are “weak points™ 1n the gels,
and that even small deformations can cause partial rupture

INTRODUCTICN

There has recently been discussion!™3 concerming the apphicability of the
statistical theories for ideal, rubber-like elasticity* > to biological gels having non-
permanent junctions, such as alginate gels The basic concept in the classical
theories* 5, and in later refinements® 7, 1s that the elasticity 1s entropic 1n origin
This situation 1s explained mechanistically by the less-probable configuration taken
up by the molecular chain 1n response to an applied external force

By some critena, alginate gels seem to follow predictions from these theories
For example, the dependence of the modulus of elasticity upon the degree of poly-
menzation 1s of the correct form? 3 8, the ratio between the loss and storage moduli
1s low?, and the frequency dependence of the latter 1s small' On the other hand,
there are indications that the number of statistical elements (Kuhn segments) in
an average strand between junctions! 2 8 1s very much smaller than would be required
to make the statistical theories applicable Moreover, a close correlation exists

*Some of the work was performed (by I -L A ) at the Department of Chemustry, The University of
Trondheim, NLHT-Rosenborg, N-7000 Trondheim, Norway
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between the modul: of elasticity of alginate gels and the stability of the cross-linkages
that are introduced by chelation of divalent metal 10ons between adjacent chains® ® *°
This correlation suggests? that the single-chain strands in between junctions are
very restricted 1n their movements, and that the energy applied for deforming the
gels 1s partly used to rupture junctions if this conclusion is correct, the elasticity of
alginate gels should be partly energetic in origin The object of the present paper 1s
to clanfy this question

The data needed are values of the modulus of elasticity at different temper-
atures, a positive temperature-dependence 1s charactenistic for entropic elasticity,
and a negative one for energetic elasticity* It 1s confusing that both a positive and a
negative temperature-dependence have been reported for calcium alginate gels! 8-°
Such contradictory results can be explained if 1t 1s remembered that alginate gels
are most probably non-equilibrium gels? ® '° The change 1n thermal energy with
temperature could therefore alter the gel siructure by changing the degree of cross-
hinking Since this reaction must be time dependent, the time dependence of the
modulus at different temperatures must be determned before its temperature depen-
dence can be evaluated for gels of comparable structure Hitherto, this has not been
done, and hence little significance can be attached to the earlier data We now report
on the time dependence of the modulus of elasticity at different temperatures, and
use values extrapolated to zero time for evaluation of the thermodynamic quantities
Any other time would represent an armitrary position with respect to the cross-
linking reaction

THEORY

Systems like those treated here undergo a slow change with time®, most
probably because a cross-linking reaction continues after the gels have set Simulta-
neously, a loss of water (syneresis) occurs The systems are therefore not in true
equilibrium Since the first postulate i irreversible thermodynamics®! can be used
whenever a system 1s not too far from equilibrium, we assume that it 1s permssible
to use the Gibbs equation From the general equation for the Gibbs energy of a
closed system without chemical reaction, and the Gibbs equation for a closed system
with pressure/volume and elastic work, Flory* arrived at

F = (@U[oD)1y+T(@F[0T)y,, 0y

where F 1s the equilibrium value of the elastic force (obtained at zero rate of com-
pression), U is the internal energy of the system, and &/ the change 1n length of the
system during deformation

The following cross-relation is also vahd

(6F|8T)y, = —(8S[0Dr v @

This means that data for the elastic force at constant length and volume, measured at
different temperatures, permit calculation of the change in entropy and internal
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energy of the system caused by compression at a given temperature and volume
These measurements are difficult because of thermal expansion The following
approximation 1s vahd for rubber®

—(3S[dD) 1 v = (6F[0T)p o, &)

where a = [/l, = the ratio between the length of the piece of rubber at an applied
elastic force, F, and at zero elastic force

We have found that the assumptions made during the derivation of equation 3
are also vahlid for our system Thus, no change in volume was recorded 1n the range of
compression used here (4%), and the thermal expansion coefficient was found to
be negative and small ( = —06x 1073 cm?*/K) We conclude, therefore, that 1t 1s
necessary to measure the elastic force at constant x and P, at a series of different
temperatures, i order to obtain values for the entropy changes (equation 3) and
changes 1n internal energy (equation 1)

EXPERIMENTAL

Materials — Alginate was prepared m the usual way'? from L /1yperborea,
old stipe, harvested at Hustad 4/5-62 The ratio between p-mannuronmc acid and
L-guluromic acid residues was previously determined'# to be €38, and the block
structure to be 25% of “MG blocks” and 75% of “GG blocks” The intrinsic
viscosity 1n 0 Im NaCl was 094 m3/kg (94dljg) A 2% (w/w) solution of sodium
alginate was prepared, and gels were made by dialysis in small cylinders as previously
described!? Four types of gel were made by dialysis to exhaustion for 2 days at
room temperature against the following 0 34M aqueous salt solutions (1) CaCl,
(Ca-gels), (2) Pb(NO;), (Pb-gels), (3) CaCl, then Pb(NO;), (Ca/Pb-gels), and
(4) Pb(NOQO,), then CaCl, (Pb/Ca-gels)

Methods — Moduli of elasticity were determined by compression at a rate of
2 mm/mn 1n an Instron TTK Umversal Testing Machine, as previously described!?
The method!? had a standard deviation of 7% The temperature was regulated to 10
20, 30, 40, and 50 £0 5° 1n a thermostatic bath filled with the d.alysis medium A set
of thernustors was used to estimate the time taken for the gels to reach the desired
temperature after immersion in the bath Stress-strain diagrams were recorded after
this mimmimu.n time (600 sec), and at time ntervals For each measurement at a given
temperature or time, 3-6 pellets of gels were compressed, and average values of the
modulus of elasticity were calculated with knowledge of the measured, geometrical
size of the gels'? The elastic force at a degree of compression of 4% was used for
calculating thermodynamic data In some of the experiments, the elastic force was
determined at a series of different rates of compression between 0 5 and 10 mm/mun,
providing a comparison'? of the elastic force obtained at the standard rate of com-
pression (2 mm/mn) with that obtained at zero rate of compression (an extrapolated
condition) The thermal expansion coefficient for calcium alginate gels was determined
from the measured volume immedately after temperature-equilibration of the gels
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The degree of 10n exchange that had occurred 1n the Ca/Pb-gels and 1n the
Pb/Ca-gels was determined 1n the following way The gels were dialysed four times,
for at least S h, against large volumes of distilled water to remove the excess of divalent
metal 1ons, and then three times for 24 h against 30 cm® of 0 2M HNO, to hberate
the bound metal 1ons from the alginate A Perkin-Elmer atomic absorption spectro-
photometer Model 290 B was used to analyse for the content of calcium and lead
1ons 1n the dialysates

RESULTS

Time dependence of the modulus of elasticity

Representative results are given for Ca-gels, Pb-gels, and Ca/Pb-gels at 50°
in Table I and Fig 1 The data show a marked increase i1n modulus, and a decrease
m volume, especially i the mitial phase of the agemg process Similar results at
other wemperatures (not shown) indicated that the rate of ageing was markedly
temperature-dependent For example, the ageing was hardly observable at 10°
within the time scale used (20 h) Further, the rate of ageing increased by a factor of
between 2 and 3 with an increase in temperature from 40 to 50° If we assume, as
before® ® *°, that the modulus 1s proportional to the concentration of junctions mn the
gel, and that the ageing 1s due to formation of more junctions, the observed tem-
perature-dependence of the reaction corresponds to 8—12 x 10* J/mol (20-30 kcal/mol)

This high activation energy suggests that considerable alteration of the gel
structure occurs dunng ageing, making extrapolationr: to zero time mandatory for
elucidation of temperature effects on gels of comparable structure

The extrapolation to zero time was simphfied by the fact!? that the modulus
of elasticity of alginate gels 1s proportional to the square >f the alginate concentration
Plots of Ex(V[V{)? versus time, where E 1s the measured modulus of elasticity,

TABLE I
MODULI OF ELASTICITY, £, AND VOLUME OF GELS, V, AS FUNCTIONS OF TIME AT 50°

Time Ca-gels® Pb-gels® CalPb-geh”

()] (Ve =181 em3) Vi=152cm3) (V§ = 1.36 cm3)
E v E v E A%
(Nfcm?) (cm3) (Nfcm?) {cm3) (Nfcm?) (em?)

017 172 157 157 142 412 133

0S5 187 153 186 136 429 129

1 191 150 216 132 451 126

15 186 147

2 221 146

45 231 145 265 117 48 8 123

18 232 145 274 114 529 123

aSee Experimental, for explanation of the abbrevations 2F 1s the volume measured at room tem-
perature immediately before the experiments



ALGINATE GELS 275

40

(73]
<
=

E(Nem ?)

N
P

10t

Time ~

Fig 1 Modulus of elasucity, E, and Ex(V/ V)2 (see text) as a function of time at 50° E,
%, Ca-gels, &, Pb-gels, O, Ca/Pb-gels E < (V/V5)? —~ —, @, Ca-gels, A, Pb-gels, @, Ca/Pb-gels

V 1s the volume of the gels at the time of measurement, and ¥ is the volume of the
gels immediately before immersion into the thermostatic bath, yielded straight lines
having a slope close to zero, as seen 1n Fig 1 Such plots were used to carry out the
extrapolation to sero t:me

Modulus of elasticity, elastic force, and changes in entropy and
mternal energy during compression of gels

Moduli of elasticity of four different types of alginate gels (Ca-gels, Pb-gels,
Ca/Pb-gels, and Pb/Ca-gels) extrapolated to zero time at different temperatures
are given m Table Il It should be pointed out that the exchange of calcium 10ns for
lead 10ns 1n the gels prepared by first dialysing against calc um salt and subsequently
agamnst lead salt was complete, whereas the reverse sequence of dialysis gave only
50% exchange The volumes of the gels, measured at room temperature, are included
1 Table II

The volume of the sodium alginate solution prior to dialysis (V) was, 1n all
cases, 2 3cm3 Table II shows that a diffetent amount of shrinkage has occurred
during the dialysis procedures, consequently, the alginate concentration is also
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different 1n the gels In order to compare the gels at the same alginate concentration,
all the moduli have been corrected'? by multiplying them with (V}/V7)? before

calculation of the elastic force, ¥ The results are shown 1n Fig 2

From Fig 2, the changes in entropy and internal energy were calculated, and
the results are given m Table II1

TABLE II

MODULI OF ELASTICITY OF ALGINATE fsELS EXTRAPOLATED TO ZERO TIME AT

DIFFERENT TEMPERATURES

Temp Ca-gels Pb-gels Cal Pb-gels Pb/Ca-gels
(degrees) (Vo =161 cm3) (Vg=152cm3 (Vo =1.36 cm3) Vo=132cm?3)
E (N/em?) E (N/cm?) E (N/cm?) E (N/er®

10 26 +1 31 *+1 65 +6 25 +1
20 24 £3 25 +£2 49 +4 20 £5
30 21 £2 25 +3 47 £3 22 +2
40 18 £2 19 %3 43 %1 13 £2
50 17 +1 14 +2 40 +2 15 *+1
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o
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Fig 2 Elastic force, F, at a degree of compression of 4% as a function of temperature for 2%
algnate geis X, Ca-gels, A, Pb-gels, O, Ca/Pb-gels, ], Pb/Ca-gels
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TABLE III
CHANGES IN ENTROPY AND INTERNAL ENERGY DURING COMPRESSION OF 2% ALGINATE GELS

Type of Temp , Fe=096 (9S/9D)x v T(@S/oht v (OE/dDr v

gel T ) (N ) ) 6]
(X) — X 1000

K

Ca 283 059
293 052 70 21 26
303 046 52 16 21
313 040 40 13 17
323 038

Pb 283 056 85 24 30
293 046 85 25 30
303 044 85 26 30
313 033 85 27 30
323 025 85 27 30

Ca/Pb 283 096
293 073 92 27 34
303 070 55 17 24
313 064 39 12 19
323 060

Pb/Ca 283 032 37 11 14
293 026 37 11 i3
303 028 37 11 14
313 017 37 12 13
323 019 37 12 14

DISCUSSION

The huigh rate of ageing at 50°, seen 1n Table I and Fig 1, and the high activa-
tion energy for the age.ng reaction strengthen the earlier conclusion?:8:12 that alginate
gels are non-equiibnum gels, and that a cross-linking reaction 1s continwng after
the first setting of the gels

The most important feature of the results 1s the negative temperature-dependence
of the modulus of elasticity and the elastic force obtained at zero time, as seen 1n
Fig 2 and Table III This result means that the entropy of the system increases
during compression This 1s 1n contrast to the well-known situation for rubber®®
Simultaneously, the internal energy of the system increases This behaviour 1s also 1n
contrast to rubber elasticity, where (0U/dl)r » & 0 Because of the favourable change
1 entropy with compression, the elasticity must be energetic 1n onigin  Thas situation
may be due to distortion of chemical bonds in the stiff, alginate chain, but 1s most
easily explamed by assuming that some rupture of junctions occurs during compres-
sion, as suggested earhier!-?:® 10 Classicai (entropic) rubber-elasticity theory should
therefore not be applied to alginate gels This conclusion confirms that no apphcable
theory has yet been presented for these types of gels3:'9, and that development of
such theories stands out as an important, unsolved problem.
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Before discussing the numenical values of the data in Tables Il and III, 1t
should be pomnted out that the scattering of the pomnts in Fig 2 suggests relatively
iarge errors, so that only main tendencies should be regarded as significant More-
over, a imit of zero rate of compression should have been used to eliminate kinetic
effects and to obtain the equilibrium value of the elastic force* As discussed earlier'?,
1t 1s not possible, for the present types of gels, to use a rate of compression lower than
2 mm/mun, probably because of a pressing out of water at lower rates of compression
In the present work, we performed experiments with a series of different rates of com-
pression, and found that the F-values at 0 2 mm/min were 8~20% higher than those
obtained at zero rate of compression (an extrapolated condition) Fortunately,
however, the differences were found to be the same at 20 and 50° These contro!
experiments therefore indicate that the F-values in Table III are systematically too
high by 8-20% We have also checked that this type of error will not violate any
conclusion to be given below For example, the F-values for the Ca-gels are too high
by ~20%, whereas those for the Ca/Pb-gels are too high by ~8% This situation
makes tte difference between the two sets of elastic forces even greater than that
indicaied 1 Toole IIT Finally, 1t should be stressed that the F-values in Table 11
have been scaled!? to the same concentration of alginate, so that the effect of the 1ons
in causing different amounts of shrinkage duning dialysis has been eliminated

The data 1in Table II show that a twofold increase in modulus 1s observed
when calctum 10ns are exchanged for lead 1ons Alginate 1s known to chelate lead
:ons more strongly than calcium 1ons'® *® The increase in modulus accompanying
the 1on-exchange reaction 1s therefore 1n agreement with the close correlation observed
earhier? 8 10 petween the affin.ty of alginate for an 1on and its ability to form rigid
gels Table IIT also suggests marked hysteresis with respect to gel structure, as (a) the
Ca/Pb-gels gave higher moduli than the Ph-gels, and (b) even the very incomplete
exchange of lead 10ns for calcium 1ons gave lower moduh 1 the Pb/Ca gels compared
to the Ca-gels

A comparnson of the values given 1 Table Ifl indicates that the gels may be
divided 1nto two “groups™ The Pb-gels and the Pb/Ca-gels represent the one “group”,
where the change 1n entropy and mnternal energy during compression 1s the same over
the whole range tested The different elastic forces observed at different temperatures
are due only to T mn front of the entropic term (equations / and 2) This may be
interpreted in terms of a stable structure, 1t 1s unlikely that S and E of the gel change
m the temperature nterval tested The Ca-gels and the Ca/Pb-gels represent the
other group, where the changes in entropy and internal energy during compression
of the gels decrease with increasing temperature This behaviour 1s probably due to
some instantzneous reorganmization or rupture of yunctions upon heating As discussed
above, tne structure of the network imposed by the lead and the calcium 1ons 1s most
probably different It is therefore not unreasonable that the high affimity of alginate
for lead ions located 1n the junction zones may lead to a more-stable structure with
respect te temperature than do calcium 1ons

When comparing the numernical values within the two “groups” of data, it 1s
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seen that the exchange of calcium for lead ions leads to hugher values of F and of
both (0S/0l)1,y and (E/0l)y,» The exchange of lead 10ns for calcium 1ons leads to a
lowering of these parameters Because of the probable maintenance of the structure
mside the two groups, these changes may most easily be explained by again assuming
some rupture of junctions during the compression By this assumption, 1t 1s under-
standable that the energetic term 1s largest for 1ons that are more strongly chelated
between adjacent chains in the junction-zones
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