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To  elucidate  the mechanism  of  dimensional  changes  in alginate  impression in solutions,  the re-

lationship  between the ion concentrations  in three types of  solutions  (nonelectrolyte and

monovalent  and  divalent metallic  salts)  and  change  in gel volume  was  examined.  The  gel in

the monovalent  metallic  salt  solution  expanded  and  a  decrease in monovalent  eation  and  an  in-

crease  in Ca2' were  observed.  This suggests  that the crosslinking  density of  the gel reduced  duc
to disseeiation of  Ca2' frem  the calcium  alginate  gel. In divalent metallic  salt  solutions,  the

shrinkage  oceurred  according  to  crosslinking  of  unreacted  residue,  In the nonelectro]ytic  solu-

tion, gel, neither  ethylene  glycol nor  acetonitrile  showed  any  volume  changes,  while  that  in

glutaraldehyde  contracted,  It is speculated  that the former two  solutions  were  affeeted  by the

fact that the gel has  no  semiperrneability,  and  that the latter result  was  due to chemical  inter-
action  between the gel and  solution.

                                             '
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                            INTRODUCTION
                                              '

There are  dimensional changes  in alginate  impressions in various  solutionsi-3),  and

the effects  of  solutions  on  surface  roughness  of  stone  casts4-6)  have been investigated

to develop a disinfectant-fixing solutien  for alginate  impressions. It was  found that

the dimensional changes  in impressions and  stone  cast  roughness  varied  depending on

not  only  the solution,  but also  the type  of  impression materials.  As  the dimensional
changes  and  the stone  cast  roughness  are  the result  of  physicochemical  interactions

between the alginate  gel and  the solution,  they  may  be influenced by both the gel and

solution  components.

   In the previous  paper7), the volume  change  in a  calcium  alginate  gel with  no  other

constituents  was  measured  in various  types of  solutions.  Gels in monovalent  metallic

salt  (potassium sulfate,  sodium  sulfate  and  sodium  hypochlorite) solutions  showed

expansiDn,  while  they showed  contraction  in nonelectrolyte  (glutaraldehyde) or  diva-

lent metallic  salt  (ca!cium chloride)  solutions.

   When  gel expands  or  contracts  in solutions,  a  transfer of  substances  between gel

and  solution  may  occur.  Such a  phenomenon  makes  it possible to clarify  how  the gel
swelling/deswelling  mechanism  differs depending on  the solution  type. In this study,

we  focused on  the ion concentration  ehange  of  solutions  containing  gel, and  examined
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the relationship  between these  concentrations  and  volume  changes  of  the gels.

                       MATERIALS  AND  METHODS

Materials

The materials  used  in this experiment  are  shown  in Table 1. Sodium  alginate  (300-
400 cP)  and  calcium  chloride  were  used  to prepare  the calcium  alginate  (Ca-Alg) gel.
As  immersion  solutions  for gels, CaC12, K2S04 and  glutaraldehyde  (GA) solutions,

which  were  the fixing solution,  plaster accelerator  and  disinfectant solutions,  respec-

tively, were  used.  In addition,  KCI  with  the common  cation  to the plaster accelera-

tor, a highly polar nonelectrolyte  acetonitrile  (AN), and  a  lower polar nonelectrolyte

ethylene  glycol (EG), were  used  for comparisons.  The concentrations  of  the solu-

tions were  prepared  to O.03, O.3 and  e.6 M  (O.O15, O.15 and  O.3 M  for K2S04) and

other  concentrations  were  used  as  needed.

Prqparation of  caleium  aiginate  gel
A  viscous  sol  of  1%  sodium  alginate  was  mounted  in c.a.  2 mm  thickness on  an  alu-

minum  plate, 40 mm  width  and  60 mm  length. It was  soaked  in 20%  CaC12 solution

for abeut  2 min  for gelation. The resulting  gel was  separated  from  the plate and

left in the CaC12 selution  for 6 hr so  that gelation would  proceed  suffieiently.  After
cutting  them  into pieces of  43× 30× 1 mm,  the gels were  immersed in 1000 ml  of

deionized water  for 7 days to eliminate  soluble  salts  included in the gels. The
deionised water  was  exchanged  three  times  during this period. The  weight  of  the
swollen  and  dried gels were  approximately  O.8 and  O.02 g, respectively.

Measurement  of ion concentration  .

Desalted swollen  gels, plaeed on  a  net-like  bed of  stainless  steel  wires  so  that the gel

           Table 1 Materials used  in this study

                    Material Code  or  formula  Lot  No.

Preparation of gel
 Sodium  alginate

 Calcium  chloride2

Pneparation of aqueous  solution

(300-400cP)i

(Nonelectrolytic)
Ethylene  Glyco12
Acetonitrile2
Glutaraldehyde (25%)i
(Monovalent)
Potassium  ehloride2

Potassium sulfate2

(Divalent)
Calcium ehloride2

Na-AlgCaC12

 EG

 AN
 GA

 KCIK,SO,

CaC12

TPF7552
O12G1790

101G1932
102Gl194
ESM3059

910S2033

OIOG2045

O12G1790
iWako

 Pure Chemical Industries, Ltd., Ogaka, Japan
2Kanto

 Chemical  Co., Inc,, Tokyo,  Japan
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did not  directly touch  vessel  bottom, were  each  immersed  in 10 ml  solutions  at  room

temperature  fer 20 min.  The ion concentration  of  each  solution  was  determined

using  high performance liquid chromatography  (LC-10ATVP, Shimadzu  Corporation,

Kyoto, Japan) with  two  columns,  the Shim-pack IC-Cl and  IC-Al (Shimadzu Corpo-
ration,  Kyoto, Japan) for cationic  and  anionic  analyses,  respectively.  The  mobile

phases used  for eluting  the monovalent  cation,  divalent cation  and  anion  were  5 mM

nitric  acid,  4 mM  tartaric acid-2  mM  ethylenediamine,  and  2.5 mM  phthalic acid-2.4

mM  tris(hydroxymethyl)aminomethan,  respectively.  The HPLC  analyses  were  carried

out  with  a  flow rate  of  1.5 mL/min  at  40℃ and  the determination of  each  ion coneen-

tration was  achieved  by absolute  calibration  methods.

Measurement  of  volume  changes  in calcium  aiginate  gels
According to the previous  paper'), the volume  changes  of  desalted gels in each  solu-

tion, AV/Vo,  were  determined from  the buoyancy  change  after  20 min's  immersion.

Here, the buoyancy  change  for gel due to  elution  of  ions from.the gel was  negligible.

Statistical Analysis
Statistical analysis  was  made  using  the  Student's t-test.

                               RESULTS

Changes in ion concentration

The changes  of  each  ion concentration  in the solutions  after  the Ca-Alg gel immer-

sion  are  shown  in Figs. 1-6. The positive values  indicate an  increase in ion concentra-

tion, while  negative  values  indicate a  decrease.

   In EG  solutions,  Iittle change  in Na'  and  Cl' concentrations  occurred  (Fig.1).
The concentrations  of  Ca2' eluted  in O.03, O.3 and  O.6 M  EG  solutions  from  the gel

reached  4.4× 10'3, 5.2× 10-3 and  5.eXIOT3 mM,  respectively.  However, the difference
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in concentration  between the solutions  was  not  significant  (p>O.05).
   In AN  solutions,  changes  in Na'  and  Cl- concentration  remained  almost  con-

stant,  as  well  as  with  the EG  solution  (Fig. 2). The increases in Ca2' concentration

in the O.e3, O,3 and  O.6 M  AN  solutions  were  approximately  twice those in the EG  so-

lutions, 9.0× le-3, 11.2× 10L3 and  7.4× 10'3 mM,  respectively.  There was  no  significant

difference among  the three AN  solutions  (p>O.05),
   In GA  solutions,  elution  of  Cl' was  not  observed  at  any  solution  concentration,

while  Na'  concentration  reduced  with  increases in GA  concentration  (Fig,3). The
elution  of  Ca2' increased with  GA  concentratien.  The  concentrations  of  Ca2' eluted

in the O03, O.3 and  O.6 M  solutions  were  26× 10-3, 144× 10-3 and  3eOXIO-3 mM,  re-

spectively,  indicating a  linear increase with  the concentration  of  the original  solu-

tions.  The  increase in Ca2' in the O.6 M  so]ution  was  approximately  40 times that

in the AN  solution.  
'
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   In the KCI  solutions,  K'  and  Cl'reduced  by equivalent  amount  and  the reduction

was  almost  Iinearly propertional  to the increase in KCI  concentration  (Fig.4). On

the other  hand, the concentration  of  Ca2' increased to O.69, 2.28 and  3,10 mM,  in the

O.03, O.3 and  O.6 M  solutions,  respectively.  The increases were  10 to 26 times higher,

compared  to  those  of  the GA  solutions.

   In the K2S04 solutions,  Ki and  S042- reduced  with  increasing concentrations  of

K2S04 (Fig.5). The higher the solution  concentration,  the greater the reduction  in

each  solution's  ion concentration.  The S042' molar  concentration  was  eventually  ap-

proximately  half that  of  K'. [I]he concentrations  of  Ca2" increased to O.62, 2.09 and

2.45 mM,  respectively,  in the O.O15, O.15 and  O.3 M  solutions,  which  was  somewhat

lower than  those of  the corresponding  KCI  selutions.

   In the CaC12 solutions,  a  change  in concentration  of  Na'  was  not  observed  after

the gel immersion (Fig,6). Both the concentration  of  Ca2' and  Cl- reduced  with  in-

creases  in the CaC12 concentrations  of  the original  solutions.

Changes in calcium  aiginate  gel volume

The volume  changes  of  gels, AV/Vo,  when  immersed  in the three types of

nonelectrolytic  solutions  for 20 min  are  shown  in Fig.7. Less  change  was  observed

after  immersion in the EG  and  AN  solutions,  while  contraction  occurred  in the GA

solution.  The higher the concentration  of  GA,  the greater the contraetion.

   The volume  changes  in monovalent  and  divalent metallic  salt  solutions  are  shown

in Fig.8. The gels swelled  in KCI  and  K2S04 solutions  and  contracted  in the CaCl2

solution.  The deg.ree of  swelling  in the KCI.and K2S04 solutions  was  the greatest at

O.3 M  and  O.15 M,  respectively,  and  they decreased at.higher  concentrations,  The de-

gree of  gel shrinkage  in the CaClz solution  was  14% with  the  O.03 M  siolution, and

this declinecl gradually with  increases in the CaC12 concenttation  of  the original  solu-

tlons.
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                              DISCUSSION

Dimensional changes  in alginate  impressions in solutions  are  caused  by physical  and

chemical  interactions between solutions  and  alginate  gels, In the present  study,  the
                   '

characteristic  swelling/deswelling  behaviors of  alginate  gels were  observed  when  im-
mersed  in three types of  solutions,  namely,  nonelectroiyte,  monovalent  or  divalent
salt  solutions.  In general, polymer  gels consist  of  macromolecular  network  and  the
solvent  molecules  therein.  Thus, the solvent  in a  gel can  be extruded  out,  or  uptaken

from outside  into the gel, according  to the foree balance between the network  chain

elasticity  and  osmotic  pressure  of  the  solvent.  Moreover, this balance may  be af-

fected by the affinity  between the polyelectrolyte and  the solvent,  and  the osmotic

pressure difference between the gel and  the outer  solution8). The effects  of  these fac-
tors on  the behavior of  swelling/deswelling  of  each  gel in･each solution  are  discussed
below.

/

Gel volurne  changes  in the nonelectrolytic  solution

In so}utions  up  to O.6 M  with  nonelectrolytes  EG  and  AN,  gel volume  scarcely

changed  (Fig.7), Also, there was  little change  in concentration  of  Na'  and  Cl- in
these solutions,  but there was  a  slight  Ca2' elution  (Figs.1 and  2). However, since

the level of  Ca2' elution  was  very  low, EG  and  AN  were  thought  to be less influential
on  interactions between gel and  solution.  When  the calcium  alginate  gel was  im-
mersed  in solutions,  an  osmotic  pressure  difference between the desalted gel and  im-
mersion  solution  containing  nonelectrolytes  was  generated.

   Hence, we  can  assume  that  the solvent  in the gel may  move  into the  solution  in
order  to cancel  out  the  osmotic  pressure difference, Ieading to gel contraction.  In
centrast  to this speculation,  no  volume  change  occurrecl  in the two  nenelectrolytic  so-

lutions, Therefore, it is thought  that the alginate  gel may  have no  semipermeability

for nonelectrolyte  solutes  and  that  the solvent  can  not  move  ene  way  from  gel to so-

lution. A  concentration  difference between gel and  solution  would  make  solute  spe-

cies diffuse into the gel via  a  driving force until  equilibrium  was  attained  between
them.  In another  nonelectrolyte  GA  solution,  the gel vo}ume  decreased almost  line-
                                                                        ,
arly  with  increases in GA  concentration  (Fig. 7). In addition,  movement  of  traces of
Na'  into gel and  elution  of  Ca2' from the gel were  observed  (Fig.3). The Na"  in the
GA  solution  was  a  constituent  of  the reagent  (O.O196 of  Na'  was  detected in the 25%

glutaraldehyde  reagent).  The eluted  amount  of  Ca2' into the GA  solution  was  3 to
40 times of  that into the AN  solution.  The eluted  Ca2' probably  arises  from  the cal-

cium  alginate  gel, Thus, the GA  solution  is thought  to  function to liberate the cal-
cium  from  the gel by scission  of  the erosslink.  The gel, however, contracted  in the
GA  solution,  in contrast  to the  prediction that crosslink  scission  in the gel would

lead to a  reduction  in the crosslinking  density, thereby  increasing the degree of  swel-

ling. This phenomenon  eould  be attributed  to another  pos$ible chemical  interaction
between the  alginate  gel and  GA  solution.  Since the GA  solution  was  acidic  at  pH
3, hydronium  ions would  substitute  both calcium  ions in the crosslink,  and  sodium
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ions associating  with  the carboxylate  residue,  turning the carboxylate  residue  to an

insoluble acid  residue.  On  the other  hand, based on  an  analogy  of  the reaction  be-
tween  hydrexyl groups  in polymers  and  dialdehydes, reported  by Yamauchi9), it is

predictable  that hydroxyl groups  in alginate  may  react  with  glutaraldehyde,  a

dialdehyde, to increase the crosslinking  bond in the gel network,  causing  gel contrac-

tion. Additionally, it should  be noted  that  the disinfectant potential of  glutaralde-

hyde may  be reduced  by consuming  part  of  the glutaraldehyde  in the reaction  with

alginate.

Gel volume  changes  in the rnonovalent  rrzetallic salt  solution

Gels immersed  in solutions  containing  K', KCI  or  K2S04 swelled.  The degree of  swel-

ling varied  with  the type and  concentration  of  salts,  with  the maximum  at  O.3 M

K'  concentration,  and  decreasing at  higher concentrations  in the case  of  KCI  solu-

tions (Fig.8). K', Cl- and  S04Z- in the solution  were  trapped  in the gel with  simul-

taneous  elution  of  Ca2' from  it (Figs.4 and  5). As reported  by Wang  et  al.iD),

calcium  in the alginate  gel was  replaced  with  K'' and  eluted  into the solution.  The

experimental  results  indicated that Ca2' elution  increased with  KCI  concentration  and

the degree of  swelling  decreased with  concentration  levels above  O.3 M.  More  Ca2'

elution  and  less crosslinking  density led to an  increase in the swelling.  We  can  not

explain  the reason  for this contradiction.  Presumably, cations  other  than  Ca2i en-

tered the gel replacing  the roles  of  Ca2+ cations  as  crosslink  agents.  However, it is

thought  that the greater  difference in salt  concentration  between solution  and  gel re-

sults  in solvent  movement  from  the gel to the solution  due to the osmotic  pressure

difference between them, and  that the higher ionic strength  in the gel acts  on  the

morphological  changes  in inter-crosslinking molecular  chains  from  extended  form  to

shrunk  form. The mechanism  of  swelling  in the K2S04 solution  was  considered  to be

almost  the same  ･as in KCI, while  the maximum  degree of  swelling  in the K2S04 solu-

tion was  twice that in the KCI  solution.  Also, the crosslink  scission  in the K2S04  so-

lution progressed more  than  in the KCI  solution.  The gel immersed  in the K2S04

solution  was  evidently  softer  than  that  with  KCI, especially  at  high concentrations.

Swelling of  the gel in K2S04 may  have been due to the effect  of  aniens,  as  well  as

cations.  To  discuss the effect  of  anions,  KCI  and  K2S04 solutions  with  the same  con-

centration  of  K'  are  compared  with  each  other  below, assuming  that  their degrees of

ionization were  equal.  The concentration  of  Ca2' in the O.3 M  K2S04 solution  after

immersing  in the gel (Fig. 5) was  obviously  lower than  that  in the O.6 M  KCI  solution

(Fig.4). Based on  the difference in solubility  between CaS04  and  CaC12, this sug-

gested that S042- facilitated dissociation of  Ca2' in the  gel more  extensively  than

Cl-,

Gel volurrze  changes  in the divalent metallic  $alt  solution

When  immersed  in the CaC12 solution,  gel trapped  Ca2' from  the solution  and  con-

tracted. After 2Q min's  immersion, the eoncentration  in the Ca2' in O.03, O.3 and  O.6

M  CaC12 solutions  decreased by 2.2, 20.1 and  26.2 mM,  respectively  (Fig. 6), followed
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by gel contraction  of  14, 16, and  23%, respectively  (23% contraction  was  observed  in

the O.9 M  solution)  (Fig.8). As  is well  known, Ca2' reacts  with  residual  carboxylate

groups  in alginate  gels to increase crosslinking  density, thus facilitating gel contrac-

tion. Here, to estimate  how  many  Ca2' ions trapped  in the gel were  relevant  to the
crosslinking  of  residual  carboxylate  groups,  the amount  of  Ca2+ required  for
crosslinking  was  calculated.  The weight  of  a  piece of  an  alginate  gel specimen  made

from  196 sodium  alginate  sol  was  c.a. Q.8 g. Assuming  that 196 of  the gel specimen
corresponded  roughly  to  the weight  of  sodium  alginate,  the molarity  of  mannuronic

acid  residues  was  4.04× 10-2 mM.  The crosslinking  of  alginate  through  mannuronic

acid  residues  by Ca2' can  be expressed  as:

   2(Na-Alg),,,id., +  Ca2`' -  (Ca-Alg2)...,sli.k +  2Na'

Accordingly, CaZ' ions of  a  half mole  of  mannuronic  acid  residues,  2,02× 10-2 mM,

were  required  for crosslinking  all residues.  On  the other  hand, the amount  of  Ca2'
ions trapped in the gel from  10 ml  each  of  the e.03, O.3 and  O.6 M  solutions  were

2.2× 10-2, 20.1× 10-2 and  26.2× 10-2 mM,  respeetively.  These estimates  showed  that an

excegs  amount  of  Ca2' ions were  trapped  in the gel, In general, multifunctional  algi-

nates  have lower gel points, that  is, only  a  low percentage  of  Ca2' ions is stoichio-

metrically  needed  for gel formation. Thus, it is thought  that  most  carboxylate

residues  in the gel remain  unreacted,  and  that part  of  the uncrosslinked  residues,

which  are  available  for additional  crosslinking  of  the swollen  gel due to the desalting
process, can  react  with  Ca2' ions leading to additional  contraction.  This is consis-

tent with  the evidence  that the dependence of  additional  gel contraction  on  the con-

centration  of  the immersing solution  was  not  very  high, as  shown  in Fig.8. .

   From  this study,  the mechanism  of  swelling/deswelling  of  calcium  alginate  gels
in nonelectrolyte  and  electrolyte  solutions,  which  were  clinically  used  as  fixing and

disinfectant solutions,  was  clarified.  This study  contributes  to the development of  di-
rnensionally  stable  fixing and  disinfectant treatment  solutions  for alginate  impres-
 ,slons.
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